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vitro multichannel experimentation on neuronal cells, developed at Caltech over the 
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1980s and the 1990s and aptly called a canopy neurowell. A-C. Silicon 
micromachined neurochip characterized by a very good interface between 
individual neuronal cells and electrode equipment (adapted from Tatic-Lucic et al. 
[360]). A. Neuronal cells are seeded on the substrate, which is etched with square 
pits (side = 25 μm); only individual cells are positioned inside a single pit. As the 
cell grows, it adheres on the internal surface of the pit and expands in volume, 
therefore exerting pressure on the two electrodes respectively positioned on the 
bottom and on the top of the pit end reducing contact impedance.  B-C. Scanning 
electron micrograph showing the top view of the pit respectively at two different 
magnifications, before and after cell seeding. ...........................................................47 

Figure 13.  Diagram representing the most widely deployed devices for in vitro 
multichannel extracellular experimentation on neuron-silicon junctions, adapted 
from multiple studies by Offenhausser [365-367, 372-375, 380]. A. Equivalent 
circuit for a typical experiment, consisting of a cell positioned on a field emission 
transistor; the cell is then impaled on this predetermined location by means of an 
intracellular pipette, also used for either patch-clamp recording or cellular electrical 
stimulation. B-C. Patterning approaches to control the placement of cells in 
determined positions on the electrode array, therefore creating a defined network of 
neurons with controlled polarity and synaptogenesis. D-E. Diagram representing 
the process flowchart used by Wolfrum et al. for the fabrication of patterned gold 
nanopillars in selected areas of the substrate – defined by lithography (adapted from 
[380]). A silicon stamp is used to indent the aluminum layer of a substrate. The 
imprinted aluminum film is anodized into alumina to produce a very regular array 
of pores connecting to the underlying gold film. Gold is then electrochemically 
deposited inside these pores and the complete chemic etching of the template 
material reveals the final structures, characterized by scanning electron microscopy.
.................................................................................................................................... 50 

Figure 14.  Diagram representing the most widely deployed devices for in vitro 
multichannel extracellular experimentation on neuron-silicon junctions, adapted 
from multiple studies by Fromherz [394, 396, 398].  A-D. Microchip developed and 
manufactured in the laboratory of P. Fromherz in München (adapted from Jenkner 
et al. [394]). This class of devices feature planar electrode tips. E-G. Scanning 
electron micrograph highlighting a variation of the neuron-silicon junction pursued 
by Fromherz and colleagues. This setup features vertical posts located around each 
channel, consisting of a field emission transistor, in order to hold the cell in place, 
therefore inhibiting cell motility over the course of the experiment, to ultimately 
secure a stable connection between adjacent cells and the underlying substrate 
[395]. H.  Artificially colorized scanning electron microscopy of multi-transistor-
array neurochip fabricated using CMOS technology, in collaboration with Infineon 
Technologies AG; this device was used in conjunction with very large squid 
neurons (adapted from Lambacher et al. [398]). I. Schematic of the cell-transistor 
system cross section (not to scale: diameter of cell = 20 μm, distance of cell and 
chip = 70 nm). The intracellular voltage VM is controlled by a patch-clamp pipette. 
The total membrane current IM arises from the attached and free parts of the 
membrane. The extracellular voltage VJ in the cell-chip junction arises from current 
through the attached membrane that flows along the resistance of the cell-chip 



 

 xv 

junction and modulates the source-drain current of the transistor (adapted from 
[408-410]). L. Schematic illustrating the setup used for planar lipid bilayer field 
emission transistors (adapted from [421]). ................................................................54 

Figure 15.  Diagram representing the three most widely deployed devices for in vitro 
multichannel recording, developed by and adapted from Berdondini et al. [422]. A, 
B. Optical micrograph illustrating the arrangement of the electrode tips relative to 
the average cell size (distance between immediately adjacent electrodes = 25 μm). 
C. The physical barriers around the five main areas – obtained by patterning thick 
Epon SU-8 photoresist – allow for clustering the network into a number of sub-
networks, while preserving a high degree of functional connectivity within and 
among the subpopulations. D. Complete device wirebonded on a PCB and featuring 
a cuvette to retain the cellular medium. .....................................................................56 

Figure 16.  Multi-microelectrode array for simultaneous recording and stimulation of 
organotypic slices from the hippocampus developed in the late 1990s in the 
laboratory of H. Haemmerle in Reutlingen (adapted from Egert et al. [423] and 
commercialized by Multi Channel Systems GmbH). This class of devices features 
planar electrode tips. A. Process flowchart for the fabrication of the multi-channel 
probe. B. Detailed scanning electron micrograph illustrating the tip of a single 
electrode, which is circular with a large diameter to increase the recording area, 
while at the same time reducing electrode impedance. C. High resolution scanning 
electron microscopy representing the nanoscale porous features at the surface of the 
exposed portion of the electrode, also designed to increase electrode surface area 
and to reduce impedance to 80-250 KΩ, compared to flat gold microelectrodes. D. 
Optical micrograph illustrating the relative proportion of the organotypic 
hippocampal slice, of the electrode width and of the electrode spacing between 
adjacent electrodes, equal to either 200 μm or (200*√2) μm (square geometry). E. 
Photograph showing the relative dimension of the array. F. Assembly of the chip 
consumable and of the preamplification unit contacted at the perimeter of the array. 
G. Assembly of the multi-channel probe in conjunction with a micromanipulator for 
single-channel patch-clamp or alternatively for multichannel recording an/or 
stimulation using a flexible multiple electrode array deposited on polyimide. ........57 

Figure 17.  Fabrication of Pt-tipped microelectrodes, adapted from Berdondini et al., 
Thiebaud et al., Jahnsen et al., Kristensen et al. [438-440, 442, 443]. A. Diagram 
representing the fabrication of Pt-tipped microelectrodes obtained from wet etching 
of silicon, followed by platinization, nitridation, a second step lithography and 
partial nitride etching. B-C. Detail of the three-dimensional devices subsequent to 
selective nitride etching. D-E. An additional step may be undertaken to 
electrochemically deposit an additional layer of Pt on the tip of the electrode to a 
varying extent, therefore further reducing electrode impedance by increasing the 
surface of the conductor, while increasing the long-term durability and chemical 
stability of the electrode tip, particularly at the Pt-nitride interface. F. Low 
magnification of the electrode recording locus, which highlights the presence of 
individually-addressable channels terminating with a three-dimensional tip, as well 
as the presence of an array of holes which are used for perfusion of the solution 
directly to the target tissue. G-H. Histology of a tissue slice used in conjunction 
with the fabricated multiple electrode array. The presence of holes in the target 
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tissue, surrounded by astroglial cells with few neurons is indicative of a rather 
inefficient interface between the inorganic electrode array and the living neuronal 
cells. ............................................................................................................................59 

Figure 18.  Diagram representing the three-dimensional multi electrode array for multi-site 
stimulation and recording in acute brain slices, developed by the research team of P. 
Renaud in Lausanne  (adapted from Heuschkel et al. [444] and commercialized by 
Ayanda Biosystems S.A.). A-C. Optical micrograph of the MEA at three different 
magnifications, illustrating the electrode width and the electrode spacing between 
adjacent electrodes, equal to either 200 μm or (200*√2) μm (square geometry). D. 
Scanning electron micrographs show the three-dimensional geometry of the 
electrode tips, that are made of etched silicon plated with metallic conductor and 
ITO to carry the signal to the conducting leads. The substrate is subsequently 
coated uniformly with insulator and selectively deinsulated at the tip apex for 
spatially-selective conduction to be effected. ............................................................61 

Figure 19.  Diagram representing the active-pixel sensors based on CMOS technology 
developed by Berdondini et al. for in vitro extracellular recording (adapted from 
Berdondini et al. [439, 450, 451]). A. The two-dimensional array of pixels is 
organized into rows and columns, and each recording channel is not individually 
addressed, but can only be accessed via leads from the center of the device to its 
periphery, which are shared with other electrodes of the array. B-F. The CMOS 
architecture of an active-pixel sensor features aluminum-alloy-based electrodes in 
contact with the electrophysiological solutions. These are chemically unstable and 
are therefore electrolessly post-processed with selective, electrochemically-based 
gold deposition, which originate different electrode tip morphologies depending on 
the plating conditions and plating time......................................................................64 

Figure 20.  Scanning electron micrographs of astrocytes and neurons adhering onto silicon 
micropatterned substrates (adapted from Turner, Craighead and colleagues [453-
456]. A-C. Astrocytes – large types of neuroglial cells in the central nervous system 
that support and nurture neuronal cells – adhering on substrates consisting of 
vertically aligned posts of silicon on a planar silicon substrate. D-E. Neuron 
adhering on an identical type of substrate, with E representing a detail at high 
magnification of the portion of D highlighted by the white rectangle......................66 

Figure 21.  One-dimensional multielectrode arrays for neural recording, stimulation and/or 
inhibition, adapted from Patolsky et al. [1, 457]. A. High resolution scanning 
electron mirograph of a neuron positioned over an array of horizontally aligned 
nanowire field emission transistors. The signal propagates from the dendrite to the 
cell body to the axonal termination, to contact synaptically another cell. The 
essential structure of a device consists of the neuron body with its axon and 
dendrites stretched over an array of silicon nanowire transistors (not visible at the 
magnification used in A). On the right-hand side, the plots show higher latency 
times for dendrites rather than axons, coupled to a higher propagation speed for 
axons rather than for dendrites. B. A polylysine pattern directs the dendrite and 
axon growth transversally across the nanowire array during cell growth and ensures 
successful neuron–nanowire electrical contact. Measurements are made by 
stimulating the neuronal action potential at the cell body with a microelectrode and 
detecting the signal at a given nanowire–neuron junction. Growing the axon or 
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dendrite across a series of nanowires permits the measurement of both signal speed 
and distortion. Moreover, setting the voltage of one of the nanowires in the series 
above a certain threshold completely blocks signal propagation (scalebar = 40 nS = 
40 nΩ-1).......................................................................................................................68 

Figure 22.  Portable hybrid miroelectrode array recording system incorporating cultured 
neuronal networks for neurotoxin detection in pharmacological research, adapted 
from Pancrazio et al. [482]. A. Open case, featuring several internal subsystems. B. 
Recording chamber made in stainless steel 316 and supported on a plastic base 
plate. C. Schematic view of the chamber with the multielectrode array. D. Software 
interface. E. Extracellular action potential or spike from a cultured murine spinal 
cord network on the multielectrode array. F. The electrical activity of the cells is 
influenced by the nature of the electrophysiological milieu, circulated through the 
cell culture on the multielectrode array via custom fluidic channels........................72 

Figure 23.  Nanowire field effect transistor-based sensing device manufactured by Lieber 
and colleagues (adapted from [1]). A. The binding of a protein with a net negative 
charge to a p-type nanowire yields an increase in conductance. B. Schematic of a 
biochip incorporating the device with appropriate microfluidics. C. Schematic 
illustration of a multi-plexed, realtime sensor for multiple biological species 
(proteins, viruses, etc).................................................................................................76 

Figure 24.  Embryonic stem cells positioned on an array of silicon nanowires orthogonal 
with respect to the adhesion plane, used by Yang and colleagues (adapted from 
[521])...........................................................................................................................77 

Figure 25.  Three-dimensional PDMS posts used to transduce cell adhesion force, 
manufactured by Chen and colleagues (adapted from [525-527])............................79 

Figure 26.  Positioning plot of the most salient studies described in previous sections of this 
chapter to address each of the three drivers: i) cell cell-biomaterial interaction, (ii) 
signal discrimination and device sensitivity, (iii) signal selectivity. The results are 
normalized for each driver. ........................................................................................81 

Figure 27. Positioning plot of the most salient studies described in previous sections of this 
chapter to illustrate throughput and reliability vs. an aggregate measure of 
performance defined as the area delimited by the envelope connecting the scores for 
each device driver. The results are normalized for each driver. ...............................83 

Figure 28. Diagram representing the central portion of the three types of devices. Each 
portion of the array featured equispaced, interdigitated, individually-addressable 
electrode tips at the vertices of a hexagonal-equilateral array. This geometry was 
devised in order to either detect or emit signal at equidistant nodes of a grid. The 
grey hexagons are used to mark the recording area of four adjacent electrodes, 
which was used to determine the spatial resolution of the electrode array. The 
devices for multi-cellular and inter-cellular applications were fabricated using 
optical lithography (red), while the central portion of the device for intra-cellular 
applications was fabricated using e-beam lithography (blue).................................136 

Figure 29. Diagram representing the three homothetic sets of dimensions used for the 
interdigitated electrode array geometry illustrated in Figure 28. The similitude ratio 
between the inter- and the multi-cellular devices was set to be equal to 10 X, while 
the similitude ratio between intra- and the multi-cellular devices was set to be equal 
to 37 X. The resulting range in spatial resolution was not arbitrary but resulted from 
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the tradeoff between processing limitations and the need for high spatial resolution. 
The devices for multi-cellular and inter-cellular applications were fabricated using 
optical lithography (red), while the central portion of the device for intra-cellular 
applications was fabricated using e-beam lithography (blue).................................137 

Figure 30. Diagram representing the detail of three homothetic electrodes taken from 
Figure 29. This diagram highlights the dimensions of the electrode tips relative to 
the dimensions of the complete electrode. The similitude ratio between the inter- 
and the multi-cellular devices was set to be equal to 10 X, while the similitude ratio 
between intra- and the multi-cellular devices was set to be equal to 37 X. The 
devices for multi-cellular and inter-cellular applications were fabricated using 
optical lithography (red), while the central portion of the device for intra-cellular 
applications was fabricated using e-beam lithography (blue).................................138 

Figure 31. Diagrams representing the geometry of the three devices at low magnification. 
Each of the three devices had identical geometry at the external periphery. The 
devices for multi-cellular and inter-cellular applications were fabricated using 
optical lithography (red), while the device for intra-cellular applications was 
fabricated using e-beam lithography (blue) for the central portion of the 
interdigitated electrode array, in conjunction with optical lithography (red) for the 
more peripheral part of the chip. The double row of minute squares on each side of 
the IC corresponded to pads which were used to connect the electrodes of the 
device to an external printed circuit board via a chip holder. .................................139 

Figure 32. Representation of the electrode array for the intra-cellular device respectively at 
four different magnifications. The sections of the device which were built using 
optical lithography are represented in red, while the sections built using e-beam 
lithography were represented in blue. ......................................................................140 

Figure 33. Representation of the recording array for the intra-cellular device respectively at 
three different magnifications. The sections of the device which were built using e-
beam lithography were represented in blue. A set of sacrificial lines (represented in 
green) was designed around the individual electrodes within the portion built via e-
beam lithography. The presence of sacrificial lines used in conjunction with 
electrode leads of variable width, allowed an even exposure of the central portion of 
the device. .................................................................................................................141 

Figure 34. Representation of the two deposition processes that can be undertaken to 
selectively deposit a metal of a substrate. Left. In the direct deposition process, the 
metal is initially deposited (grey) over a clear substrate (red), followed by the 
lithographic deposition of the photoresist (green). The photoresist is then used to 
selectively protect the metal underneath it during metallic etching from the top. The 
features deposited during the lithography directly correspond to the features where 
the metal is ultimately deposited. Right. In the indirect deposition process, the 
photoresist (green) is lithographically deposited on a clear substrate (red), followed 
by metal deposition (grey). The photoresist is used to selectively dissolve in a 
solvent, therefore removing any portion of metallic film other than those where the 
metal is ultimately desired. The features deposited during the lithography are 
complementary to the features where the metal is ultimately deposited. Therefore 
the process is aptly called indirect metal deposition. ..............................................145 
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Figure 35. Diagram illustrating the sequence of processes which could have been 
undertaken to selectively metallize the multi-, inter- and intra- cellular integrated 
circuits, in alternative to the list of processes 1-5 illustrated in Figure 42 that were 
used in this thesis. A liftoff process with chemical image reversal is here illustrated 
and analyzed, although it was not pursued since it was not regarded advantageous. 
1. RCA-cleaned wafers were initially oxidized. 2-4. The first lithographic process 
was then undertaken and is here shown without regard to the difference between 
optical and e-beam lithography. 2. The photoresist was initially exposed. 3. The 
wafers were then inserted within a vacuum oven with anhydrous NH3 which reacted 
within the photoresist inducing decarboxylation and chemically reversing the 
image. 4. After development, the selected portions of the silicon dioxide insulating 
surface left uncovered corresponded to the areas which were intended to be covered 
by the electrode channels. Detailed information on the specific vertical profiles for 
the photoresist morphology, which differed between the optical and the e-beam 
processes, are reported in the following sections of this chapter. 5-6. Titanium 
metallization was then performed using an e-beam evaporation setup. The same 
setup was then used to deposit a film of gold on the titanium adhesion layer. The 
titanium-gold bi-layer adhered directly on the silicon dioxide insulating substrate 
only on selected areas where the interdigitated electrode channels were intended to 
be deposited. Detailed information on the specific vertical profiles for the titanium 
and the gold layer and on resist morphology, which differed between the optical 
and the e-beam processes, are reported in the following sections of this chapter. 7. 
A gold and titanium liftoff process was then undertaken. The Au-Ti bi-layer 
adhered directly on the silicon dioxide insulating substrate; for this reason, the Au-
Ti bi-layer remained attached to the substrate and was not lifted off in those 
selected areas left exposed after the lithography step.  The Au-Ti bi-layer was 
removed in all other sections of the wafer that were protected with photoresist. The 
processed device was analogous to the one documented in step 5 of Figure 42. The 
remaining manufacturing sequence consisted of CVD oxidation, nitridation, second 
lithography step and photoresist strip. The final four steps here illustrated were 
analogous to steps 6-10 documented in Figure 42. 1-7. The thickness of the multiple 
layers in this picture and in the following ones is represented qualitatively and with 
arbitrary colors for ease of representation. Detailed information on the specific 
vertical profiles for the titanium and the gold layer and on resist morphology, which 
differed between the optical and the e-beam processes, is reported in the following 
sections of this chapter. ............................................................................................150 

Figure 36. Illustration of reticle phase. A. Brightfield version of the reticle for the inter-
cellular device. B. Darkfield version of the reticle for the same device. The 
darkfield reticle phase was the one selected for all projection lithography steps in all 
the devices.................................................................................................................153 

Figure 37. Illustration representing the selection process which was used to determine the 
photolithographic approach for the fabrication of the devices in this study. Each 
factor was Boolean. The evaluation of each of the Boolean factor was either 
positive (denoted in green) or negative (denoted in red). Once the three factors were 
intersected, they resulted in 23 conditions which were evaluated to be either fully 
satisfactory (denoted with green cubes), partially satisfactory (denoted by yellow 
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cubes) or fully unsatisfactory (denoted by red cubes). The approach for device 
fabrication which was selected comprised the following conditions: darkfield 
reticle; positive photoresist; liftoff. Chemically-induced image reversal was 
excluded from the list of processes to pursue in the fabrication phase in light of its 
experimental complexity. .........................................................................................154 

Figure 38. Diagram illustrating the sequence of processes that could have been undertaken 
to selectively metallize the multi-, inter- and intra- cellular integrated circuits, in 
alternative to the list of processes 1-5 illustrated in Figure 42. A nanoimprint 
lithography process with image inversion was here used. 1. RCA-cleaned wafers 
were initially oxidized. 2-6. The first lithographic process was then undertaken. 2. 
The RCA-cleaned wafer was uniformly coated with photoresist. 3. A three-
dimensional patterned photomask was then manufactured and contacted with the 
coated photoresist. The photomask was made in fused silica and the relative sizes of 
the features on the mask reproduced the features to be obtained on the wafer (1X 
scaling factor), in light of the reliance of this process on contact lithography. 4. The 
pressure and the duration of the contact process were controlled relative to the 
feature sizes to obtain of the wafer. 5. The embossed features left uncovered on the 
photoresist corresponded to the areas that were intended to be covered by the 
electrode channels. 6. The embossed photoresist was then UV cured. 4-6. The UV 
curing process was pursued either in isolation (with no mask interposed between 
the UV source and the SiO2 substrate, as in 6), or in conjunction with the embossing 
process. Detailed information on the specific vertical profiles for the photoresist 
morphology, which differed between the optical and the e-beam processes, are 
reported in the following sections of this chapter. 7-8. Titanium metallization was 
then performed using an e-beam evaporation setup. The same setup was then used 
to deposit a film of gold on the titanium adhesion layer. The titanium-gold bi-layer 
adhered directly on the silicon dioxide insulating substrate only on selected areas 
where the interdigitated electrode channels were intended to be deposited. Detailed 
information on the specific vertical profiles for the titanium and the gold layer and 
on resist morphology are reported in the following sections of this chapter. 9. A 
gold and titanium liftoff process was then undertaken. The Au-Ti bi-layer adhered 
directly on the silicon dioxide insulating substrate; for this reason, the Au-Ti bi-
layer remained attached to the substrate and was not lifted off in those selected 
areas left exposed after the lithography step.  The Au-Ti bi-layer was removed in all 
other sections of the wafer that were protected with photoresist. The processed 
device was analogous to the one documented in step 5 of Figure 42. The remaining 
manufacturing sequence consisted of CVD oxidation, nitridation, second 
lithography step and photoresist strip. These processes were analogous to steps 6-10 
documented in Figure 42. 1-9. The thickness of the multiple layers in this picture 
and in the following ones is represented qualitatively and with arbitrary colors for 
ease of representation. ..............................................................................................162 

Figure 39.  Illustration of the original method for micro-contact printing of gold used by 
Wilbur et al.[61]. ......................................................................................................164 

Figure 40. Illustration of the simplified method for micro-contact printing of metals used by 
Hidber et al. [63, 64]. ...............................................................................................166 
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Figure 41. Illustration of the simplified method for micro-contact printing of metals used by 
Kim et al. [66]...........................................................................................................167 

Figure 42. Diagram illustrating the sequence of processes undertaken to fabricate multi-, 
inter- and intra- cellular integrated circuits. A liftoff process with image inversion 
was here used. 1. RCA-cleaned wafers were initially oxidized. 2. The first 
lithographic process was then undertaken and is here shown without regard to the 
difference between optical and e-beam lithography. The selected portions of the 
silicon dioxide insulating surface left uncovered corresponded to the areas that were 
intended to be covered by the electrode channels. Detailed information on the 
specific vertical profiles for the photoresist morphology, which differed between 
the optical and the e-beam processes, are reported in the following sections of this 
chapter. 3-4. Titanium metallization was then performed using an e-beam 
evaporation setup. The same setup was then used to deposit a film of gold on the 
titanium adhesion layer. The titanium-gold bi-layer adhered directly on the silicon 
dioxide insulating substrate only on selected areas where the electrode channels 
were intended to be deposited. Detailed information on the specific vertical profiles 
for the titanium and the gold layer and on resist morphology, which differed 
between the optical and the e-beam processes, are reported in the following sections 
of this chapter. 5. A gold and titanium liftoff process was then undertaken. The Au-
Ti bi-layer adhered directly on the silicon dioxide insulating substrate; for this 
reason, the Au-Ti bi-layer remained attached to the substrate and was not lifted off 
in those selected areas left exposed after the lithography step.  The Au-Ti bi-layer 
was removed in all other sections of the wafer that were protected with photoresist. 
6-7. CVD oxidation and nitridation processes were then undertaken sequentially. 
The profiles of the CVD oxide and nitride layers are here represented with a sharp 
step although in reality they are more conformal. 8. A second lithography step was 
performed and is here represented with no differentiation between optical and e-
beam lithography. The selected portions of the silicon oxide / silicon nitride 
insulating bi-layer left uncovered corresponded to the tips of the underlying 
electrode circuitry and were exposed in subsequent processes. 9. Plasma-enhanced 
CVD etching was performed for the silicon nitride and for the silicon oxide layers 
respectively. Selected portions of the silicon oxide / silicon nitride insulating bi-
layer were left uncovered after the photoresist exposure in the lithographic process 
(without regard to the difference between optical and e-beam lithography). These 
portions were etched anisotropically for the entire thickness of each of the two 
films, therefore exposing the tips of the underlying electrode channels. The etching 
for the silicon nitride film preceded the etching for the underlying CVD-grown 
silicon oxide layer. 10. The photoresist was finally stripped. The final device was 
comprised of a silicon oxide / silicon nitride insulating bi-layer with interspersed 
wells exposing the tips of an underlying array of conducting gold electrodes. 1-10. 
The thickness of the multiple layers in this picture and in the following ones is 
represented qualitatively and with arbitrary colors for ease of representation. 
Detailed information on the specific vertical profiles for the titanium and gold layer, 
as well as on resist morphology, which differed between the optical and the e-beam 
processes, is reported in the following sections of this chapter. In addition, the 
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profile of the CVD oxide / nitride bi-layer is here represented with a sharp step 
although in reality it is more conformal...................................................................169 

Figure 43. Diagram illustrating the sequence of processes undertaken to fabricate the intra- 
cellular integrated circuit. RCA-cleaned wafers were initially oxidized. 1. A liftoff 
metal deposition process with image inversion was used to define the electrode 
array in the periphery. Optical lithography was used in this instance. 2. A second 
liftoff metal deposition process with image inversion was used to define the 
electrode array at the center of the device. E-beam lithography was used in this 
instance. The two sets of electrodes were aligned in (x,y) coordinates and were 
designed to overlap the extremities of the features defined by each lithographic 
step, therefore securing contact between complementary portions of the features 
deposited during the two lithographic processes. 3-4. CVD oxidation and nitridation 
processes were then undertaken sequentially. The profiles of the CVD oxide and 
nitride layers are here represented with a sharp step although in reality they are 
more conformal. 5. A second e-beam lithography step was then performed at the 
center of the device.  Selected portions of the silicon oxide / silicon nitride 
insulating bi-layer were left uncovered after the photoresist exposure in the 
lithographic process to expose the interdigitated electrode tips at the center of the 
device. 6. Plasma-enhanced CVD etching was performed for the silicon nitride and 
for the silicon oxide layers respectively. The portions defined by the previous 
lithography process were etched anisotropically for the entire thickness of each of 
the two films, therefore exposing the tips of the underlying electrode channels. The 
etching for the silicon nitride film preceded the etching for the underlying CVD-
grown silicon oxide layer. Only the central tips of the gold interdigitated electrodes 
were selectively etched. 7. The photoresist was then stripped away. 8. Optical 
lithography was then used at the periphery of the device. Selected portions of the 
silicon oxide / silicon nitride insulating bi-layer were left uncovered after the 
photoresist exposure in the lithographic process to expose the electrode pads at the 
periphery of the device. 9. Plasma-enhanced CVD etching was performed for the 
silicon nitride and for the silicon oxide layers respectively. The portions defined by 
the previous lithography process were etched anisotropically for the entire thickness 
of each of the two films, therefore exposing the tips of the underlying electrode 
channels. The etching for the silicon nitride film preceded the etching for the 
underlying silicon oxide layer. The peripheral pads of the gold electrodes were 
selectively etched. 10. The photoresist was then stripped away. The final device 
was comprised of a silicon oxide / silicon nitride insulating bi-layer with 
interspersed wells exposing the tips of an underlying array of conducting 
interdigitated gold electrodes. 1-10. The thickness of the multiple layers in this 
picture and in the following ones is represented qualitatively and with arbitrary 
colors for ease of representation. Detailed information on the specific vertical 
profiles for the titanium and gold layer, as well as on resist morphology, which 
differed between the optical and the e-beam processes, is reported in the following 
sections of this chapter. In addition, the profile of the CVD oxide / nitride bi-layer is 
here represented with a sharp step although in reality it is more conformal. .........171 

Figure 44. Schematic representation of Figure 43 (1-2), illustrating the uninterrupted 
conduction path along the lead subsequent to the second metal deposition.  The Au-
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Au cross-sectional interface between portions of the lead deposited in different 
instances is represented in orange. ...........................................................................173 

Figure 45. Processing sequence for photomask lithography. 1. Chromium was initially e-
beam evaporated on fused silica panes. 2. These were then coated with photoresist 
on the same side; the photoresist was then exposed to a laser source in a process of 
direct lithography. 3. The chromium layer was then etched using a backlit bath to 
avoid chromium over-etching. 4. The photoresist was finally stripped. The resulting 
mask was checked for compliance with the dimensional criteria. For ease of 
representation, the thickness of the layers in this picture is represented qualitatively 
and with arbitrary colors...........................................................................................176 

Figure 46. Picture of the finished reticles to be used for wafer photolithography (reticle 
size: 5”x5”x0.90”). ...................................................................................................177 

Figure 47. Schematic representation of the lithographic steps undertaken to fabricate the 
multi-cellular device. Each darkfield mask was fabricated by means of laser 
lithography as described in this chapter (section 3.4.2). 1. A LOR – imaging resist 
bi-layer was used in this instance in the context of a liftoff process, as illustrated in 
Figure 42.  2. The second lithography step was attained by deploying a single layer 
of imaging resist and by exposing selected features of photoresist corresponding to 
the tips of the underlying circuitry, as illustrated in Figure 42. Proper alignment 
between the first and the second optical lithography steps was achieved by 
extensive use of fiducials and registration marks on each photomask. Individual 
features were magnified by a factor of 5X on the mask and subsequently reduced to 
their intended size on the wafer (min. feature size of 7.5 μm) using a GCA 6300 5X 
i-line stepper. The final device was comprised of individual electrodes with a width 
of 7.5 μm at the center of the IC, which were covered with a silicon oxide / silicon 
nitride insulating bi-layer throughout the surface of the IC, with the exception of the 
tips at its center and of the pads at its periphery......................................................178 

Figure 48. Schematic representation of the lithographic steps undertaken to fabricate the 
inter-cellular device. Each darkfield mask was fabricated by means of laser 
lithography as described in this chapter chapter (section 3.4.2). 1. A LOR – imaging 
resist bi-layer was used in this instance in the context of a liftoff process, as 
illustrated in Figure 42.  2. The second lithography step was attained by deploying a 
single layer of imaging resist and by exposing selected features of photoresist 
corresponding to the tips of the underlying circuitry, as illustrated in Figure 42. 
Proper alignment between the first and the second optical lithography steps was 
achieved by extensive use of fiducials and registration marks on each photomask. 
Individual features were magnified by a factor of 5X on the mask and subsequently 
reduced to their original size on the wafer (min. feature size of 750 nm) using a 
GCA 6300 5X i-line stepper. The final device was comprised of individual 
electrodes with a width of 750 nm at the center of the IC, which were covered with 
a silicon oxide / silicon nitride insulating bi-layer throughout the surface of the IC, 
with the exception of the tips at its center and of the pads at its periphery. ...........179 

Figure 49. Schematic representation of the lithographic steps undertaken to fabricate the 
intra-cellular device. The complete sequence of steps undertaken in order to 
selectively metallize the center and the periphery of the intra-cellular device is 
described in Figure 42 and Figure 43. 1. Optical lithography was initially used to 
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define the features at the periphery of each individual IC. A LOR – imaging resist 
bi-layer was used in this instance in the context of a liftoff process.  2. E-beam 
lithography was then used to define the features in the center of each individual IC. 
No photolithographic mask was used in this process. The initial e-beam step was 
used to deposit the conductive nanoscaled circuit in accordance with the liftoff 
processes described in section 3.3.5.  A PMMA bi-layer was used in this phase. The 
wafer was then uniformly oxidized and nitridized. 3. A second e-beam step was 
then used to uncover the tips of individual nanoscale electrodes. The second 
lithography step was attained by deploying a single layer of PMMA imaging, since 
there was no need to create a reentrant vertical resist profile, and by exposing 
selected features of photoresist corresponding to the tips of the underlying circuitry. 
Each feature was comprised of a central set of interspersed nanoscaled wells 
exposing the tips of an underlying array of conducting gold electrodes. The wafer 
was subsequently exposed to the CVD anisotropic etch. 4. A second optical 
lithography step was then used to expose the pads at the periphery of the IC for 
contact to an outside circuitry via wirebonding.  Individual features were magnified 
by a factor of 5X on the mask and subsequently reduced to their intended size on 
the wafer (min. feature size of 750 nm) using a GCA 6300 5X i-line stepper. The 
relative dimensions of the conducting features respectively built using e-beam and 
optical lithography ensured proper contact. The alignment between all lithographic 
steps was achieved by extensive use of fiducials and registration marks on each 
photomask and direct-write process.........................................................................181 

Figure 50. Diagram representing the sequence used for the selective metallization via 
optical lithography. These fabrication steps were used for the fabrication of the 
multi- and inter-cellular devices as well as for the peripheral portion of the intra-
cellular device. 1. A liftoff resist (LOR) underlayer was initially prebaked on the 
wafer. 2. The LOR was subsequently covered by a thicker imaging resist. 3-4. The 
bi-layered structure was then exposed and developed, creating a bi-layer reentrant 
sidewall profile. 5. A Ti adhesion layer and an Au film were then sequentially 
deposited on the structure, ensuring discontinuous film deposition along the vertical 
walls and uniform coverage on the horizontal surfaces. 6. The liftoff process was 
then performed, using a solution of acetone and methylene chloride. For ease of 
representation, the thickness of the layers in this picture is represented qualitatively 
and with arbitrary colors...........................................................................................187 

Figure 51. Diagram representing the sequence used for the selective metallization of the 
central portion of the intra-cellular device, attained via e-beam lithography. 1. A 
PMMA underlayer with low molecular weight (495 kDa) was initially prebaked on 
the wafer. 2. Subsequently, this was covered by a thicker PMMA overlayer with 
high molecular weight (950 kDa). 3-4. The bi-layered structure was subsequently 
exposed and developed, creating a bi-layer reentrant sidewall profile. 5. A Ti 
adhesion layer and an Au film were then sequentially deposited on the structure, 
ensuring discontinuous film deposition along the vertical walls and uniform 
coverage on the horizontal surfaces. 6. The liftoff process was then performed, 
using a solution of acetone and methylene chloride. For ease of representation, the 
thickness of the layers in this picture is represented qualitatively and with arbitrary 
colors. Figure 51 differs from Figure 50 in light of the profile of the vertical walls 
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created during the lithographic process, which were developed isotropically in the 
case of LOR and overdeveloped in the case of PMMA 495...................................190 

Figure 52. Illustration of the finished devices. A. Multiple wafers were manufactured for 
each device type. B. The finished wafers were then manually diced to obtain single 
devices. Accurate quality controls were conducted manually via microscopy 
throughout the fabrication process, and several devices were discarded, as shown in 
B. ...............................................................................................................................196 

Figure 53. Characterization of the multi-cellular device at multiple magnifications. A-C. 
Optical microscopy at three different magnifications. D-F. SE microscopy on 
different portions of the same device highlighting that the dimensional and 
functional design criteria were satisfied for the purposes of the present study. .....197 

Figure 54. Characterization of the inter-cellular device at multiple magnifications. A-C. 
Optical microscopy at three different magnifications. D-G. SE microscopy on 
different portions of the same device highlighting that the dimensional and 
functional design criteria were satisfied for the purposes of the present study. .....198 

Figure 55. Characterization of the intra-cellular device at multiple magnifications. A-D. 
Optical microscopy at four different magnifications. E-F. SE microscopy on 
different portions of the same. G. Atomic force microscopy highlighting the critical 
dimensions in the (x,y) plane and in the z axis. The microscopy demonstrates that 
the dimensional and functional design criteria were satisfied for the purposes of the 
present study. ............................................................................................................199 

Figure 56. A. Diagram representing the relative dimensions of the chip and of the 240 
channels CERQUAD chip holder. The leads connecting the chip holder to the 
printed circuit board were planar and much longer than needed, in order to be 
machine-bent and subsequently cut according to the specific geometrical 
dimensions of the printed circuit board. The chip was bonded on the chip holder 
using epoxy. B. CAD design representing the trace for each wire in (x,y) 
coordinates. C. A fully automated setup with position control was used to wirebond 
the pads on the chip to the pads on the IC holder. D. Diagram representing the 
components of the wirebonding assembly...............................................................201 

Figure 57. A. A wire-bonded device adjacent to a 1 US cent coin to provide scaling 
information. The leads connecting the chip holder to the printed circuit board were 
machine-bent and cut to fit the geometrical constraints of the printed circuit board. 
B. Illustration of the chip wire-bonded on the chip holder from the top. C-E. Optical 
and scanning electron microscopy for the wire-bonded pads on the chip and on the 
chip holder. The gold wire use for the wirebonding process had a diameter of 50 
μm and an average length of 6.5 mm.......................................................................202 

Figure 58. Diagram illustrating the sequence of processes undertaken to fabricate the 
printed circuit board. 1. A copper clad laminate was built by hot pressing a copper 
thin film on a FR-4 dielectric sheet. 2, 3. A first lithography step was undertaken to 
pattern the copper conducting leads comprising the board. 4-5. A second 
lithography step was then undertaken to deposit photoresist on the portions of the 
board that were complementary with respect to the features already deposited in 
copper. 6-7. A uniform adhesion layer of Ni was then deposited, followed by a 
uniform layer of gold. 8. The nickel-gold bi-layer was then selectively removed 
from the FR-4 dielectric sheet using a liftoff process. ............................................203 
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Figure 59. A. Blueprint representing the 224 channels first generation printed circuit board 
that was designed to hold the IC holder package assembly and featured evenly 
distributed soldering contacts drilled around the IC holder. B. The printed circuit 
board was fabricated and the chip holder assembly was surface-mounted on the 
board. First generation boards featured shorter leads parallel to each other in 
proximity of the contact to IC holder, and resulted in channel cross-talk. The yield 
limitations resulting from the assembly of the  IC holder onto first generation 
boards were overcome by the second generation design. C. Second generation 
boards featured 224 soldering contacts along the board perimeter, therefore 
allowing for longer leads parallel to each other in proximity of the contact to the IC 
holder. D. The use of second generation boards led to tighter connections between 
the board and the external circuitry, but resulted in much higher yields in the 
assembly of the IC holder to the printed circuit board, and was therefore preferred 
to first generation devices. The specimen illustrated in D was silk-screened with a 
proprietary polymer to reduce in-plane cross-talk through the FR-4 dielectric 
composite material and increase signal-to-noise ratio of the finished device. .......206 

Figure 60. Enclosure of PCB and IC holder assembly within a shielded switchbox and 
thermal management of the complete device. A. Shielded and electrically-insulated 
conducting cables were used to connect the RCA connectors on the sides of the 
enclosure box to the drilled pads on the board. The leads were of uniform length 
and were first soldered on the PCB. B. Electronic enclosures (Hammond Mfg. Co., 
Inc.) were manually drilled 224 times to house RCA connectors to be manually 
connected to the individual leads on the PCB. The enclosure was fitted with an 
appropriate copper-based heat sink to be used in conjunction with an external  
recirculating bath. C. The PCB was fastened to the heat sink via downward force 
exercised by four springs on the corners of the PCB, therefore securing contact. 
Thermal interface material was used to contact the lower of the PCB, made of 
copper, to the copper centering holder on the heat sink. One side of the switchbox 
was cut to swivel forward, when used in combination with an optical microscope. 
D. Three analogous assemblies were manufactured for the three types of devices 
used in this study (Figure 31, Figure 63). In each panel a 1 US cent coin or a 20 US 
dollar note are provided for scaling information. ....................................................208 

Figure 61. Diagram illustrating the first type of interface developed between neuronal cells 
and IC platform. The first type of interface consisted of an array of vertically-
aligned carbon nanotubes infiltrated with PMMA. The electrical coupling between 
the IC platform and the composite construct was undertaken using a downward 
pressure to hold the composite construct in tight proximity with respect to the IC 
platform.....................................................................................................................212 

Figure 62. Diagram illustrating the second type of interface developed between neuronal 
cells and IC platform. This second type of interface consisted of a porous insulating 
matrix made of vertically-aligned pores, which were then infiltrated with 
appropriate metallic conductors. The electrical coupling between the IC platform 
and the composite construct was undertaken using a downward pressure to hold the 
composite construct in tight proximity with respect to the IC platform. ................213 

Figure 63. Diagram illustrating the first type of interface here described, between bio-
electrically active cells and the three types of IC platforms documented in this 
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study. The interface consists of a conductor-insulator composite construct featuring 
hierarchically-ordered and vertically-segregated conducting paths. The same 
approach was pursued for the second type of composite interface described in this 
study. Since the performance of the first type of interfaces was found to be 
deficient, in vitro electrophysiological experimentation was undertaken only using 
the second type of interfaces (Figure 62).................................................................214 

Figure 64. Diagram illustrating the assembly comprised by the IC platform, the composite 
interface and the stainless steel cuvette designed to hold the cells in appropriate 
medium. All the materials in direct contact  with biological cells used in this 
assembly were approved for in vitro experimental use, therefore minimizing the 
negative impact of the device on cell cultures. The relative height of the chamber 
marked as d was designed to reduce the impact of shear fields created by the flow 
of medium from the inlet to the outlet, therefore reducing artifacts affecting cell 
metabolism. In addition, d was calibrated in order to match the focal length of the 
microscope lens needed for each experiment: at low magnifications a quartz 
porthole could be used to improve the long-term viability of the experimental setup. 
At higher magnification, immersion lenses were used (represented by the inverted 
truncated cone in grey), with no quartz porthole between the cells and the lens. ..215 

Figure 65. A. Array of vertically aligned carbon nanotubes before polymer infiltration. B-
D. The array of vertically aligned carbon nanotubes is characterized using scanning 
electron microscopy (SEM) at increasing magnification (from left to right). ........219 

Figure 66. A. Sample of pristine PMMA with no nanotube loading. B. Sample of vertically 
aligned carbon nanotube arrays infiltrated with PMMA. C-E. The array of vertically 
aligned carbon nanotubes infiltrated with PMMA is characterized using scanning 
electron microscopy (SEM) at increasing magnification (from left to right). ........220 

Figure 67. Photographs of the electrolytic cell used for the anodization of the alumina. A. 
Power supply used in potentiostatic mode. B. Electrolytic cell comprised of two 
supporting structures to hold the aluminum foil at the anode. C. Electrolytic cell 
used in combination with a cathode and the two anodes. The electrolytic cell was 
symmetric with respect to the position of the cathode, and the distance between the 
cathode and each of the two anodes was maintained constant across several 
experiments...............................................................................................................221 

Figure 68. Diagram illustrating the sequence of processes undertaken to fabricate anodized 
rational alumina templates. 1. A high purity, high cubicity aluminum foil was 
initially electropolished to remove local asperities and surface non-uniformities. 2. 
The aluminum was electrolytically anodized in an electrolytic cell using a Pb 
cathode. The aluminum was contacted to the anode surface and the interface 
between the anode and the aluminum was sealed using either silicone or a rubber 
gasket. 3-4. The anodization process was undertaken over a long time interval and 
resulted in the creation of a porous alumina template. 5. The aluminum was either 
anodized throughout its thickness or, alternatively, the remainder of the aluminum 
was etched using a metal-selective etchant..............................................................222 

Figure 69. Scanning electron micrographs of anodized alumina templates using oxalic acid 
as an electrolyte. A-B. View at two different magnifications of the side that was 
most proximal to the anode, where anodization finished (average pore radius: 
111.58 nm). In white are shown the projections illustrating the effective dimension 
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of the exposed electrode tip for each of the three IC devices (Figure 53, Figure 54, 
Figure 55 respectively for α, β and γ) – to be contacted with the conducting 
nanowires infiltrated through the porous alumina template. The exposed electrode 
tip for the extracellular device (Figure 53, α) is found to connect to an average of 
90 nanowires grown within the porous alumina template. The exposed electrode tip 
for the intercellular device (Figure 54, β) is found to connect to an average of 7 
nanowires grown within the porous alumina template. The exposed electrode tip for 
the intracellular device (Figure 55, χ) is found to connect to an average of 3 
nanowires grown within the porous alumina template. C-D. View at two different 
magnification factors of the side which was most proximal to the electrolyte, where 
anodization initiated. The relative pore size was maintained constant across the 
cross-section of the template. E. Cross-section of one of the alumina templates 
showing a relative uniformity in the pore size across the cross-section, as well as 
continuous pore extension from side A to side B....................................................223 

Figure 70. Scanning electron micrographs of anodized alumina templates using phosphoric 
acid as an electrolyte. A. The average pore size was smaller and more uniform than 
in the case of alumina templates produced with oxalic acid as an electrolyte. B. 
Cross-section of one of the alumina templates showing a relative uniformity in the 
pore size across the cross-section, as well as continuous pore extension from side A 
to side B. C-D. The uniformity of the pore size is maintained at lower 
magnifications, although a relatively limited variation in orientation is observed 
across the different grains comprising the anodized aluminum foil. ......................224 

Figure 71. Plots of potential and current over time, which reaffirms the potentiostatic nature 
of the electrochemical bath and illustrates the saturation of current over time, as the 
pores of the alumina template are gradually filled. .................................................227 

Figure 72. Diagram illustrating the sequence of processes undertaken to fabricate the gold-
plated copper / anodized alumina composite. 1. The 2 3Al O template was e-beam 
evaporated with a layer of copper on its lower (non visible) side. 2-4. The seed 
layer of copper on the lower side of the alumina template was used as the counter 
electrode in an appropriate electrolytic cell. The working electrode was constituted 
by a high surface area copper bulk solid. The copper grew within the pores of the 
alumina template in a time-dependent fashion. 5. An electropolishing process was 
then needed in order to remove the seed Cu layer and the excessive copper 
deposited during electropolishing. This step was needed in order to prevent cross-
talk between adjacent conducting copper rods on the upper surface, which would 
decrease the lateral resolution of the device. 6. The copper therefore was made 
coplanar with respect to the alumina. 7. The alumina was etched in 3 4H PO , in 
order to change the profiles of the Cu rods from planar to three-dimensional.  8. 
Finally, the protruding Cu nanorods were selectively plated with a gold film using 
an electroless process. The alumina was not plated with gold in this process. ......228 

Figure 73. A. Computer controlled potentiostatic setup used for the plating and the 
polishing experiments described in this section. B. Electrolytic cell used to plate the 
template. C.  Electrolytic cell used to electro-polish the excessive copper plated on 
the template...............................................................................................................229 

Figure 74. Field emission microscopy of copper nanorods protruding from the alumina 
template, which had been selectively plated with gold. A-B. Cross-sectional views 
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respectively from the front and from a slanted angle. C. View of the copper 
nanorods protruding from each of the two sides of the composite construct. A thin 
platinum film was deposited on the composite construct in order to enhance 
contrast and reduce secondary electron charging. ...................................................232 

Figure 75. Diagram representing the metallization process at the pore of a composite 
interface. A. The dimensions of the pore diameter in the template, relative to the 
thickness of the conducting seeding layer, can be used to synthesize either 
nanotubes (for / 2l d> ) or nanowires (for / 2l d< ). B-C. Field emission 
microscopy of copper nanotubes protruding from the cross-section of an alumina 
template, which was broken to make its cross-section visible, pulling the nanotubes 
out of the alumina matrix. ........................................................................................234 

Figure 76. Diagram illustrating the combination of structures that can be obtained 
subsequent to refinement of copper metallization for anodized rational alumina 
templates. A. Heterogeneous coaxial nanostructures: multiple nanotubes are 
initially synthesized for decreasing diameters, followed by the synthesis of a coaxial 
nanowire. B. Heterogeneous striped nanostructures: either single nanotubes or 
coaxial nanotubes are coated with a metallic layer using above-threshold 
electrochemical potentials, leading to a condition where the thickness of the 
metallic layer is greater than the diameter of the nanotube. The resulting structure is 
formed by two stripes featuring respectively multiple coaxial nanotubes (stripe A) 
and multiple coaxial nanotubes with one nanowire at the center (stripe B). ..........235 

Figure 77. Field emission microscopy of copper nanowires protruding from the cross-
section of an alumina template, which was broken to make the nanotube cross-
section visible. The extensive surface topography of the nanowires is in this case 
evident; in particular, the nanowires are grown up to a given length at a low 
anodization potential. The anodization potential is then increased, only for 
demonstration purposes and for a short amount of time, in order to illustrate the 
fabrication of a more porous layer of the same metal. The increased porosity is 
caused by H evolution when a higher electroplating potential is used in the cell. .235 

Figure 78. Experimental setup used for the creation of the nanostructures illustrated in this 
disclosure. A. A potentiostat is used in conjunction with an isothermal setup 
consisting of a thermally insulated enclosure, where the electrochemical cell is 
contained, and of an external recirculating bath. The enclosure provided an 
isothermal environment and prevented the evaporation of selected chemicals from 
the electrolytic cells, therefore contributing to maintain the composition of the cell 
constant, ultimately maintaining a constant deposition rate.  B. A detail of the 
electrochemical cell where the experiments were performed using a potentiostatic 
protocol. ....................................................................................................................237 

Figure 79. Diagram illustrating the sequence of processes undertaken to fabricate the metal 
/ anodized alumina composite with protruding tapered nanowire tips and 
characterization of completed process, alternative to the one described in Figure 72 
(6-7). A-B. The composite construct was etched chemically in 3 4H PO  and the 
alumina etched faster than the copper, therefore resulting in a reduction of the 
template thickness that matched the length of the copper nanowires. Subsequent 
etching of the composite substrate resulted in preferential etching of the alumina 
template, as well as in the partial etching of the high aspect ratio metallic 
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nanostructures by virtue of their enhanced surface area, causing a change of the tip 
morphology from cylindrical to conical. C. Scanning electron micrograph 
illustrating the controlled corrosion of the Cu nanowire tips into tapered conical 
structures. ..................................................................................................................238 

Figure 80. Assembly of a composite construct and a stainless steel cuvette on IC platform. 
A. A custom-made stainless steel cuvette assembly was fabricated to hold the 
cellular medium within an enclosed space and to act as a common electrical ground 
when the device electrodes were used in single-ended mode. The cuvette had an 
inlet and an outlet for the perfusion of the cellular medium. A coaxial shielded 
copper cable was used to connect the cuvette to an external ground. B. The 
composite interface was connected to the lower side of the cuvette assembly using 
appropriate silicone sealant. This step was very sensitive and therefore performed 
with extreme care under a low magnification microscope with micromanipulators, 
to avoid damaging the composite interface. C. A round quartz porthole was 
positioned in contact with the upper side of the cuvette assembly, to allow for 
general-purpose and low-magnification microscopy. Alternatively, in those 
conditions where high magnification microscopy was needed using immersion 
lenses, no quartz porthole was used. D. A photographic shutter could be used in 
combination with the rest of the assembly to reduce light interference from the sides 
of the cuvette. E-F. The cuvette assembly was accurately positioned to match the 
central portion of the IC platform – the recording locus – with particular care paid 
in order to avoid contacting the wirebonded contacts on the IC platform during the 
assembly. The red circle illustrates the position used to direct the temperature 
reading on the thermally-conductive proprietary ceramic material comprising the IC 
holder. The temperature reading was attained via external infrared spectroscopy and 
was used to set the temperature of the outer recirculating bath to match a target 
reading of 37.5°C on the IC holder. .........................................................................241 

Figure 81. Use of the IC device in conjunction with a reflection fluorescence microscope 
featuring downward illumination (i.e., lenses located above an opaque substrate). 
The stage was custom-made and could be moved in the x, y and z axis................242 

Figure 82. Design principles for interfacing the composite construct to the IC platform, 
relative to the nominal dimensions of the integrated circuit listed in Table 1, and to 
a close-packed array of nanowires with an average diameter of 111 nm and an 
average distance between adjacent nanowires of 20 nm (Figure 69 B). A. Diagram 
representing the relative nominal dimensions of the conducting nanorods, their 
average spacing, the thickness of the insulation layer around the well corresponding 
to the tip of the conducting channel on the IC platform and the height of the 
nanorods. In order to avoid bridging between adjacent nanowires in proximity to 
the edge of the well at the tip of the conducting channel, the thickness of the 
insulation layer around the well had to be lower than the spacing between adjacent 
nanorods (d1 < d2).  Additionally, the height of the nanorods – corresponding to the 
duration of the chemical etching of the alumina (grey), had to greatly exceed the 
thickness of the insulation layer around the well (d1 < h), therefore leading to 
marginal deflection angles. B. Three-dimensional representation of the relative 
nominal geometry at the interface between the IC platform (multi-cellular device) 
and a selected number of nanorods protruding from the composite construct, for 
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nanorods high enough to lead to negligible deflections proximally to the edge of the 
well, at the tip of the conducting channel. This design was regarded as optimal for 
interfacing the composite construct to the IC platform. C. Interface between the IC 
platform (multi-cellular device) and a selected number of nanorods protruding from 
the composite construct, for very short nanorods compared to the thickness of the 
insulation layer around the well, at the tip of the conducting channel, therefore 
leading to high deflections proximally to the edge of the well at the tip. This design 
was avoided because it led to bridging of adjacent nanowires and subsequent cross-
talk. D-E. Three-dimensional representation of the relative nominal geometry at the 
interface between the IC platform (respectively for inter-cellular and intra-cellular 
devices) and a selected number of nanorods protruding from the composite 
construct, for nanorods high enough to lead to negligible deflections proximally to 
the edge of the well, at the tip of the conducting channel. This design was regarded 
as optimal for interfacing the composite construct to the IC platform for inter-
cellular and intra-cellular devices. These nominal design characteristics are 
contrasted to the real dimensions of the built device, previously illustrated in Figure 
69 A-B.......................................................................................................................244 

Figure 83. Field emission microscopy of copper nanorods protruding from the alumina 
template before and during device operation (upper side of composite interface, 
directly facing the cells). A-D. Micrographs at different magnifications to illustrate 
the general uniformity of the interface film manufactured at the micro- and meso-
scales. E-F. Micrograph illustrating the central portion of the interface for an 
intercellular device whose leads were energized with a 1.5 V battery under a 
scanning electron microscope. The micrographs reveal an array of regularly-spaced 
spots of brighter contrast with respect to the background, highlighted in F. The 
relative size of the spots and their distance match the dimensions and the geometry 
on the IC platform (specifically of the inter-cellular device), as described in Table 1 
and subsequent figures. ............................................................................................246 

Figure 84. Electrical integration of the electrophysiological device for recording and 
stimulation (items proportionally scaled). A. Electrophysiological device connected 
to 10 individually-addressable RCA connectors (8 for recording or stimulating 
channels, 2 references) via electromagnetically-shielded cables (RG-174/U type, 
Belden Wire and Cable Co., Inc.). B. Connector to headstage amplifier made of 10 
coaxially shielded cables (CON/8o50m-10P, Omnetics, Inc. and Plexon, Inc.). C. 
Headstage amplifier (HST/8o50-G20-GR, Plexon, Inc.) with a 20X gain, connected 
to insulated cable (HSC/8, Plexon, Inc.). D. DC Analog power supplies coupled to 
constitute a single bipolar power supply (+ 5V; - 5V; 10 mA) to power the 
headstage amplifiers (6824A, Hewlett-Packard). E. Connector block (SCC-68, 
National Instruments, Inc.) used to interface the output of the headstage amplifier 
with the data acquisition hardware (H, I, J, K), as well as with the power supplies 
(D) and with an optional preamplifier (G). F. Test board (HTU/8o50, Plexon, Inc.) 
to simulate a square waveform, which allows to test the connections and the gains 
of the amplification setup configuration – either at the level of the headstage 
amplifier or at the level of the electrophysiological device, with appropriate 
microcontacts. G. Additional preamplification equipment (PBX2/16wb-G50, 
Plexon, Inc.) with a 50X gain, used in series with the headstage amplifier (F) for 
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additional variable gain. H. Shielded cable (SHC68-68-EPM, National Instruments, 
Inc.) to connect the connector block to the data acquisition card. I. Multifunction 
data acquisition card (NI PCI-6281 National Instruments, Inc.) featuring 16 analog 
inputs, 24 digital I/O and 2 analog outputs, which is inserted on the motherboard of 
a personal computer. J. Desktop personal computer featuring dual physical 
processors (Intel, Inc.), each one emulating two hyperthreading processors, for a 
total of four processors operating in a Windows operating system (Windows XP 
SP2, Microsoft Corp.). K. Software installed on the personal computer (Labview 
8.0 and DAQmx 8.0.1 by National Instruments, Inc.) essentially constituting an 
additional instruction layer over the one of the operating system, to operate the data 
acquisition card with the combined capability of introducing ad-hoc virtual devices 
for data acquisition and processing..........................................................................258 

Figure 85. A. Block diagram of the main core of the vi program used to acquire data using 
the NI-PCI 6281 in single-ended acquisition mode. The main constituents of this 
program were a data acquisition input module addressing all 16 input channels. 
Each channel was acquired using simple relays, wafeform graphs and absolute 
indicator modules. The ensemble of routines for each channel was grouped within a 
loop and the measured output of this loop was recorded into a text file in ASCII 
format. B. Graphical user interface corresponding to the main core of the vi 
program used to acquire data using the NI-PCI 6281 in single-ended acquisition 
mode..........................................................................................................................267 

Figure 86. Intracellular recording of the membrane potential and action potential generation 
in the squid giant axon, adapted from Hodgkin and Huxley [9]. A. A glass 
micropipette, about 100 μm in diameter, was filled with seawater and lowered into 
a squid giant axon that had been dissected free. The axon, about 0.5 mm in 
diameter, was transilluminated from behind. B. The nerve action potential (the 
sinewave at the bottom provides a timing scalebar)................................................269 

Figure 87. A. Astrocyte-mediated coupling of synaptic activity to local vasodilatation in a 
fully developed system (adapted from Parri and Crunelli [38]). B. Model 
highlighting the different stages of synapse development and possible contributions 
by astrocytes. (a) At the embryonic stage, before astrocytes (green) are generated, 
neuronal processes (presynaptic indicated in yellow, postsynaptic in white) form 
few and immature synapses. (b) The massive increase in synapse number during the 
postnatal stage might be enabled by astrocyte-derived components (green text). (c) 
Excess synapses might be eliminated by astrocytic processes invading the synaptic 
cleft or by release of proteases that digest synapse-stabilizing components. C-D. 
Optical micrographs of neuronal cells grown respectively in the absence and in the 
presence of glia cells, accompanied by patch-clamp recordings. Glia are evidently 
found to enhance the number of synapses per neuron. B-D were entirely adapted 
from Slezak and Pfrieger, [33]. ................................................................................282 

Figure 88.  Complete setup used for the electriphysiological experimentation. α. Computer 
for acquisition of images from fluorescence microscope. β. Fluorescence 
microscope (Nikon Eclipse E 600). The electrophysiological sensor is installed on 
the microscope stage. χ. Fluidics equipment connected to cuvette installed on the 
electrophysiological sensor, for medium exchange. δ. Recirculating bath connected 
to the electrophysiological sensor on the microscope stage....................................289 



 

 xxxiii 

Figure 89. Scanning electron micrographs illustrating the diversification of glia cells on the 
substrate. Nanowire pulling and partial bending on the perimeter of the cell 
membrane is clearly visible......................................................................................298 

Figure 90. Scanning electron micrographs illustrating the diversification of neurons on the 
substrate; nanowire pulling and partial bending on the perimeter of the cell 
membrane can be clearly noticed.............................................................................300 

Figure 91. Reflection fluorescence optical micrographs illustrating that the neurons are 
alive (Live/dead molecular probes by Invitrogen, Corp.; green = alive, red = dead), 
showing extensive diversification on the substrate. A. Hippocampal neuronal cells a 
few hours immediately after culture (day 01 after seeding). The cells float in the 
solution and are not yet adhered on the substrate B. Hippocampal neuronal cells 10 
days after seeding show extensive diversification and dendritic growth................301 

Figure 92. Diagram illustrating the progression of cell adhesion and diversification on the 
freestanding, vertically-aligned nanowire substrates used in this study (red indicates 
the nucleus, grey indicates the cytoplasm). The diagram was drawn directly based 
on the average cell conformation for each class of samples analyzed via 
microscopy. The represented nanowire deflection accurately portrays the deflection 
observable in the selected micrographs. The specific growth rate is related to the 
substrate preparation and protein coating which was used in this study, as described 
in Chapter 4. The diagram highlights a higher number of pulled nanowires 
concentrated in proximity to the portions of cellular membrane with higher 
curvature. ..................................................................................................................302 

Figure 93. Levels of analysis for the study of cellular adhesion force field in neurons. A. At 
the neuronal level, it is possible to establish a lower limit for the aggregate adhesive 
force exerted by the cell on the substrate, which is provided by the summation of 
the forces used to plastically deform each individual nanowire. B. At the dendritic 
level, it is possible to identify a subset of plastically deformed nanowires which are 
distinct from the surrounding portions of the cellular membrane and which are all 
converging towards a common center of force G. C. At the focal adhesive level, it 
is possible to identify individual nanowires bent under the effect of the force field, 
and to study the force field leading to the deformation of each single nanowire. This 
analysis at the focal adhesive level was conducted at a magnification greater than 
10,000X.....................................................................................................................303 

Figure 94. The mechanical response of the substrate was calibrated to match the force field 
exerted by the cell adhering on the substrate. This diagram represents a cross 
section of the cell and of the nanowire array taken by slicing the substrate along an 
orthogonal plane which intersects the cell in correspondence of its nucleus. A-B. 
The cell generally adhered on the substrates and started spreading from the center 
toward its periphery by anchoring to selected loci (Figure 92 D) on the nanowire 
tip. C. In rare cases, the mechanical cellular adhesion was too strong compared to 
the load bearing capacity of the nanowire substrate. When this was indeed the case, 
cell detachment generally occurred, ultimately leading to cell death. ....................304 

Figure 95. Scanning electron micrograph illustrating cell detachment, which occurred in 
rare cases, between day 1 and day 5 after seeding. This condition led to cell death 
and was ascribed to a mechanical cellular adhesion force field which was too strong 
compared to the load bearing capabilities of the substrate......................................305 
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Figure 96. Scanning electron micrograph illustrating cell adhesion onto planar glass 
substrates, which illustrates a similar morphology between the cells grown on glass 
substrates and the ones grown on freestanding nanowires, illustrated in Figure 90.306 

Figure 97. Bend test of a cylindrical freestanding cantilever subject to elastic and plastic 
deformations. A-D. analysis of the normal stresses in the beam. A. A cantilever AB 
of length L is subject at its free end A to a concentrated load P (F bending). The 
largest value of the bending moment occurs at the fixed end B and is equal to M = 
PLvertical. B. As long as this value does not exceed the maximum elastic moment Mγ, 
that is, as long as PLvertical ≤ Mγ, the normal stress σx will not exceed the yield 
strength σy anywhere in the beam. C. As P is increased beyond the value 

vertical

M
L

γ , 

yield is initiated at points B and B’ and spreads toward the free end of the beam. D. 
Assuming the material of a bulk macroscopic cylindrical freestanding cantilever is 
elastoplastic, and considering a cross section CC’ located at an arbitrary distance 
from the free end A of the beam, it is possible to define a parabola delimiting the 
boundary between the elastic and the plastic zones. As long as PLvertical ≤ Mγ, the 
parabola defined above intersects the line BB’; however, when PLvertical reaches the 
value PLvertical = Mp, where Mp is the plastic moment, the vertex of the parabola is 
now located in section BB’, and this section has become fully plastic. The radius of 
curvature of the neutral surface at that point is equal to zero, indicating the presence 
of a sharp bend in the beam at its fixed end. A plastic hinge therefore develops, and 
the load p

vertical

M
P

L
= is the largest load which can be supported by the beam. The apical 

portion of the beam illustrates the presence of dislocations – generally distributed in 
a conventional metallic sample. In the elastic regime, the number of dislocations 
remains constant, while their position may vary. In the plastic regime and for a 
polycrystalline metal of conventional grain size, the dislocations multiply – a 
process generally known as work hardening. For a nanocrystallyne metal, instead, 
the dislocations structures are quite different, as described in the following section 
5.2.2. E. Distribution of the shearing stresses in a section which is partly elastic. As 
the cross-sectional area of the elastic portion of the section decreases, τmax increases 
and eventually reaches the yield strength in shear τy. A more detailed analysis of 
this mode of failure should take into account the combined effect of the normal and 
shearing stresses. F. The shear stress distribution on a circular cross section, 
showing that the shear stresses at a line AA’ are not parallel to the y axis of the 
circular cross section and therefore cannot be determined easily by the shear stress 
formula VQ

It
τ =

% . However, across the neutral axis (diameter) of the circular cross 

section, the theory of elasticity shows that the elementary solution VQ
It

τ =
% is quite 

accurate. G. Moment-curvature diagram for a beam of elastoplastic material, which 
has a region of linear elasticity between regions of perfect plasticity. D-E were 
adapted from Beer et al. [19], F-G adapted from Craig, 1996 [12]. Appendix 7 
defines several of the terms used in this caption. ....................................................309 

Figure 98. Schematic representation of the relative influence of bending and tensile forces 
on a single freestanding nanowire subject to the interaction of both forces applied 
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on the apical portion of the nanowire. A. The bending force dominates the tensile 
force, which is in the elastic regime for the specific metal used in the nanowire. B. 
The bending force is still greater than the tensile force, which is however larger in 
modulus than in A and in the plastic domain for the specific metal used, therefore 
resulting in a net straightening  of the nanowire. C. The tensile force dominates the 
bending force. This results in a net straightening of the nanowire from an initially 
curved orientation. The straight morphology is maintained until the nanowire 
fractures. The orientation of the nanowire is defined by the angle α, which can be 
easily estimated by simple trigonometry as follows: sinverticalL AB α= ; 

sin verticalL
AB

α = ; 1sin verticalL
AB

α − ⎛ ⎞= ⎜ ⎟
⎝ ⎠

. In the case of a straight nanowire as the one 

represented in C, we have that 
2
πφ α= − , therefore leading to cosverticalL AB φ= , 

which leads to: 1cos verticalL
AB

φ − ⎛ ⎞= ⎜ ⎟
⎝ ⎠

. ........................................................................315 

Figure 99. Diagram illustrating the variation of the mechanical force for the cells, relative 
to their position with respect to focal adhesion sites. A-B. In close proximity to 
focal adhesion sites, the cell exherts a bending and tensile force on the nanowires 
comprising the substrate. A, C. Further away from the focal adhesion sites, on the 
contrary, the cell exerts a compressive stress which results in buckling of the 
nanowires. D. The buckling under compressive stress may be modeled by 
considering a pin-ended member with distributed flexibility. In this modeling 
option, the nanowire is loaded by an axial compressive force P applied by the pins; 
this model  is valid only under the following assumptions: (i) the nanowire is 
initially perfectly straight, and it is made of a linearly elastic material, (ii) the 
nanowire is free to rotate, at its ends, about frictionless pins passing through the 
centroid of the cross section, (iii) the nanowire is symmetric about the xy plane, and 
any lateral deflection of the nanowire takes place in the xy plane. E. The buckling 
can also be modeled by considering a member which is assumed to be perfectly 
straight and perfectly rigid. The torsional spring at B has a defined spring constant, 
so it produces a restoring moment that is directly proportional to the angle of 
deflection of member AB from the vertical.............................................................317 

Figure 100. Surface of copper crystallization in a nanowire grown within an alumina 
template (micrograph taken before electroless gold plating). Crystal growth was 
interrupted before the nanowire reached the opposite side of the template, and 
revealed a surface topography constituted of grains with an average diameter of 
about 40 nm. .............................................................................................................320 

Figure 101. Schematic representation of a stress-strain curve for respectively 
nanocrystalline and microcrystalline materials. This plot is generally used to argue 
in favor of an elastoplastic behavior for nanocrystalline copper. The mechanical 
behavior of elastoplastic materials can be summarized as follows: as long as the 
stress σ is lower than the yield strength σy, the material behaves elastically and 
obeys Hooke’s law, Eσ ε= . When σ reaches the value σy, the material starts 
yielding and keeps deforming plastically under a constant load. If the load is 
removed, unloading takes place along a straight-line segment CD parallel to the 



 

 xxxvi 

initial portion AY of the loading curve. The segment AD of the horizontal axis 
represents the strain corresponding to the permanent set of plastic deformation 
resulting from the loading and unloading of the specimen. Adapted from Champion 
et al. [20] for the case of bulk nanocrystalline copper. ...........................................322 

Figure 102. Schematic representation of bending moment vs. curvature and true stress vs. 
true strain for an elastoplastic material. A. The strain energy for a plastic 

deformation to a curvature plasticφ corresponds to 
0

( )plastic M d
φ

φ φ∫ , which can be 

approximated to the sum of the area of the elastic component (Equation 7) and the 
area of the plastic component, (the former being equal to ( )plastic yield yieldMφ φ− ). B. 

Similarly, the strain energy for a plastic deformation to a strain plasticε corresponds 

to 
0

( )plastic d
ε

σ φ ε∫ , which can be approximated to the sum of the area of the elastic 

component (Equation 10) and the area of the plastic component, (the former being 
equal to ( )plastic yield yieldε ε σ− )...................................................................................332 

Figure 103. Optics of a beam in an arbitrary three-dimensional Cartesian space. A. In the 
absence of visual cues or references (i.e., shadows, illumination, edges, etc.), the 
precise orientation of a beam from an observer located in O is indeterminate. B. In 
the presence of a set of references provided by a three-dimensional grid whose units 
are known and constant across the three planes, it is possible not only to 
qualitatively determine the orientation of the beam, but also to measure its length as 
well as the angle of deflection relative to the basal plane, for example. (As a 
reference, the beams in A and B have been drawn parallel with respect of the plane 
constituted by the sheet of paper).............................................................................340 

Figure 104. The measurement of the angular difference between a bent nanowire and an 
average nanowire direction cannot be undertaken by measuring angular differences 
of the two nanowires on the plane of the micrograph. A. The solution to overcome 
this problem from a geometrical point of view is to draw the plane defined by the 
bent nanowire and the average nanowire direction passing by the nanowire 
extremity (i.e.: only one plane passes through three points). B. The angle α – 
correctly measured on the plane defined by the bent nanowire and the average 
nanowire direction – is very different from the angle α1 – erroneously measured on 
the micrograph plane. ...............................................................................................342 

Figure 105. Histogram illustrating cell density for neuronal cells on freestanding, vertically 
aligned nanowires and in plane silica controls. The error bars represent the standard 
error of the mean, defined as the standard deviation divided by the sample size...344 

Figure 106. Histograms illustrating the evolution of cellular area (A) and perimeter (B) for 
neuronal cells on freestanding, vertically aligned nanowires and on plane silica 
controls. The error bars represent the standard error of the mean, defined as the 
standard deviation divided by the sample size. .......................................................345 

Figure 107. Histograms illustrating the evolution of circularity (A) and Feret’s diameter (B) 
for neuronal cells on freestanding, vertically aligned nanowires and on plane silica 
controls. The error bars represent the standard error of the mean, defined as the 
standard deviation divided by the sample size. .......................................................347 



 

 xxxvii 

Figure 108. Scanning electron micrographs for a sample chyaracterized by uneven 
nanowire density, where selected portions were deprived of freestanding, vertically-
aligned nanowires, while the entire substrate was then coated with poly-D-lysine 
and laminin. A-E. All the micrographs show selective attachment to the nanowires, 
with limited or absent adhesion onto the bare alumina template. ...........................349 

Figure 109. Histograms illustrating the evolution of adhesive force over time. A. The 
adhesive force for each focal adhesion site is represented in red, while the adhesive 
force measurements at the dendritic level are represented in green. B. Adhesive 
force computed for the entire cell. The error bars represent the standard error of the 
mean, defined as the standard deviation divided by the sample size......................350 

Figure 110. Histograms illustrating the evolution of adhesive strain energy over time. A. 
The adhesive strain energy for each focal adhesion site is represented in red, while 
the adhesive force measurements at the dendritic level are represented in green. B. 
Adhesive force computed for the entire cell. The error bars represent the standard 
error of the mean, defined as the standard deviation divided by the sample size...354 

Figure 111. Histograms illustrating the evolution of adhesive power over time. A. The 
adhesive power for each focal adhesion site is represented in red, while the adhesive 
power measurements at the dendritic level are represented in green. B. Adhesive 
power computed for the entire cell. The error bars represent the standard error of 
the mean, defined as the standard deviation divided by the sample size................355 

Figure 112. Force measurement error and sources of measurement inaccuracy. A. The force 
measurements performed in this thesis relied on the measurement of XB  and were 
therefore very accurate at low values of the angle α. Conversely, the measurements 
became very inaccurate at high value of α, reaching the limit of infinite error and of 
force indeterminateness for  90α = o . B. This dependence of the error on the 
measured angle may be expressed trigonometrically as a function of the tangent of 
α. ...............................................................................................................................357 

Figure 113. In this thesis, the electrophysiological data gathered in situ (A), analyzed ex 
situ and combined with extensive histological and morphological data obtained via 
scanning electron microscopy ex situ on the same substrates (B). The scanning 
electron microscopy characterization on cell histology and morphology was not 
necessarily conducted on the same cell sub-population investigated 
electrophysiologically...............................................................................................363 

Figure 114. Representation of an action potential obtained for standard conditions – at 
37°C and in the absence of chemical stimulation, at day 10 after seeding. The 
cellular response was characterized by the presence of two local minima, 
respectively interpreted to correspond to a fast and a slow K+ response................364 

Figure 115. Representation of an action potential obtained for standard conditions – at 
37°C and in the absence of chemical stimulation, at day 10 after seeding. The plot 
illustrates the results for a single cell recorded with a single electrode, over an 
extended timeline of about 2.5 s. .............................................................................365 

Figure 116. Representation of an action potential obtained at 30°C and in the absence of 
chemical stimulation, at day 10 after seeding. Similarly to the plot represented in 
Figure 114, this action potential is characterized by the presence of two local 
minima. The peak amplitudes of this plot are however reduced compared to the 
amplitude obtained at 37°C......................................................................................367 
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Figure 117. Representation of the different steps used to generate the argument of the 
integral function corresponding to the Kullback-Leibler function, from the raw data 
initially available. A. Plot of a single action potential from the onset to the end 
(Figure 114), therefore excluding the resting potential. B. Plot of a resting potential 
for a duration corresponding to the duration of the action potential in A. C. Ratio of 
the action potential curve to the background noise of the resting potential. D. 
Absolute value of the ratio of the action potential to the resting potential, to obtain 
an argument function which can then be used to derive a logarithmic expression. E. 
Logarithm of the absolute value of the ratio of the action potential to the resting 
potential. F. Logarithm of the absolute value of the ratio of the action potential to 
the resting potential multiplied by the single action potential. G. Absolute value of 
the logarithm of the absolute value of the ratio of the action potential to the resting 
potential multiplied by the single action potential – calculated to eliminate the 
problem in the sign of the resulting integral function. H. Fitting function for the 
dataset presented in F, derived as explained in Appendix 9. ..................................376 

Figure 118. Representation of the relative information entropy for an action potential, 
corresponding to the integral shown in Equation 39. All values are expressed in 
bans, since the logarithm of base 10 was used in the previous derivations A. 
Integration of the dataset shown in Figure 117 G, where the different portions of the 
plot have been marked after the fast and slow K+ response, initially found in the raw 
data, as shown in Figure 117A. B. Integration of the absolute value for the fitting 
function illustrated in Figure 117 H. The close match between the integration of the 
result datasheet and the actual fitting function shows that the latter appropriately 
regresses the experimental data................................................................................377 

Figure 119. Electrophysiological recordings obtained with planar photoetched 
multielectrode surfaces, reported by Gross and Lucas in 1982 [4].........................378 

Figure 120. Heat changes for nerve fibers during the action potential. A. Heat production 
and absorption due to five shocks at intervals of 200 ms. The plot illustrates a net 
generation of heat subsequent to each shock (adapted from Hill and colleagues, [3, 
4]). B. Integrated heat and differential heat for a different neuron tested in similar 
conditions to the ones used for the plot illustrated in A. The plot is the result of 
averaging over multiple heat recordings and  contradicts the results in A, as it 
illustrates a net absorption of heat subsequent to each shock (adapted from Howarth 
and colleagues, [5]). C. The neural membrane is modeled after a capacitor and the 
square of the voltage between the two sides of the membrane is proportional to the 
energy needed to charge the capacitor.  The plot illustrates that the square of the 
voltage is proportional to the heat of the nerve pulse; the heat, however, is 
considerably larger in magnitude than the capacitor energy. The heat during the 
nerve pulse returns to the baseline indicating that the nerve pulse is adiabatic 
(adapted from Ritchie and Keynes [6])....................................................................387 

Figure 121. Schematic diagrams for the different methods used by Tasaki and colleagues to 
measure structural variations in a cell during an action potential. A. Piezoelectric 
bender transducer with an operational amplifier. B. Corresponding mechanical 
response (upper trace) and intracellularly recorded action potential (lower trace). C. 
Photonic sensor for surface displacement measurements consisting of a light source, 
a thin platinum foil and a photodetector. D. Displacement of the nerve surface 
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evoked by an outwardly directed current pulse (continuous line) and by an inwardly 
directed pulse (broken line). E. Gulton bender apparatus. F. Recording of the 
mechanical response of a ganglion cell (top trace) and of an action potential 
(bottom trace). G. Birefringence apparatus comprised of a polarizer and an 
analyzer, which was used for the detection of mechanical displacement during the 
emanation of an action potential. H. Corresponding birefringence results evoked by 
30 ms-long current pulses (top and bottom). The middle trace shows a suppression 
of the fast component of the birefringence signal by immersion of the neural cell in 
a Ca2+ free medium. All the results derived from each of the measuring techniques 
mentioned above are in phase with the corresponding electrical stimulation, and 
therefore indicate that the mechanical displacements occur during the emanation of 
the action potential. Adapted from Iwasaki and Tasaki, 1980 [22] and I. Tasaki, 
1999 [23]...................................................................................................................392 

Figure 122. Selectively permeable K+ channel. The flux of K+ through the membrane is 
determined by both the K+ concentration gradient and by  the electric potential of 
the membrane. This is caused by an excess of positive charges on the external 
surface of the cell, which creates an excess of negative charges inside the cell. This 
sharp charge separation prohibits the further efflux of K+, while it creates the 
conditions for an equilibrium at which the electrical forces and the chemical forces 
due to the differences in the concentration gradient are equal and opposite in sign 
(as shown by the two arrows)...................................................................................397 

Figure 123. Currents generated by the Na+ ionic channels, by K+ ionic channels and by 
both Na+ anf K+ channels using different values of inversion potential. The ionic 
currents – responsible for the membrane potential at resting conditions, are 
determined by examining the inversion potential. This is defined as the potential at 
which the incoming and the outgoing currents are at equilibrium. The membrane is 
tested on each row at a specific value of voltage in a voltage-clamp configuration 
(with Vm constant – see paragraph 2.5.1 for an explanation of this methodology). 
The variation of the current displayed in the first column (from left to right) is 
caused by Na+ ionic channels alone, since all the K+-selective ionic channels are 
chemically blocked. Similarly, the variation of the current displayed in the second 
column is caused by K+ ionic channels alone, since all the Na+-selective ionic 
channels are chemically blocked. The third column measures the combined effect 
of Na+ and K+ ionic channels. Upon test initiation, when the membrane potential is 
brought to an equilibrium potential for the ion responsible of the conservation of 
membrane potential via passive transport, there is no current flow. If the only ionic 
species responsible for the generation of the membrane current were the Na+ , the 
equilibrium potential would be equal to +55 mV. Similarly, if the only ionic species 
responsible for the generation of the membrane current were the K+ , the 
equilibrium potential would be equal to -75 mV. However, both ionic species and 
both types of ion channels are present, and the equilibrium voltage is approximately 
equal to 0 mV. (Adapted from Kandel et al., [28]). ................................................400 

Figure 124. I-V curves for passive transport through ionic channels for both Na+ 
(represented in red), K+ (represented in blue), and a combination of passive ionic 
channels of the Na+ and K+ type – in equal proportions (represented in green). For 
each ionic species, a continuous straight line and a non-linear function are drawn. 
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The straight line represents the I-V curve for a single ionic species assuming 
opened ionic channels which are unaffected by local variations in voltage, while the 
non-linear curve represents the I-V curve for a single ionic species whose channels 
open or close as a function of the voltage. The behavior of the ionic species may be 
approximated to the linear case only for the purposes of discussions on the 
membrane potential at rest. The difference in slope between the Na+ and K+ type 
curves illustrates that at rest the membrane is more permeable to the K+ ions rather 
than to the Na+. However, the linear approximation becomes inadequate in case of 
an action potential, since its generation and propagation are heavily dependent upon 
voltage-dependent ionic channels, as described later in this chapter. (Adapted from 
Kandel et al., [28])....................................................................................................401 

Figure 125. Currents and differences in voltages generated by the Na+ and K+ ionic 
channels, reflecting the function illustrated in green in Figure 124. The membrane 
is tested on the first row (from left to right) at a specific value of voltage, in a 
voltage-clamp configuration (with Vm constant). On the second row, the membrane 
is tested using a current clamp configuration (see paragraph 2.5.1 for an explanation 
of this methodology).  For every condition, the current generated by active transport 
is balanced by an identical current with opposite direction generated by passive 
transport (Adapted from Kandel et al., [28]). ..........................................................402 

Figure 126. A model for the operation of the Na+,K+-ATPase protein pump. A. The enzyme 
exists in two conformational states, E1 and E2. In state E1, the ion-binding site is 
open to the intracellular solution and preferentially binds Na+ ions; in E2, the ion-
binding site faces the extracellular solution and preferentially binds K+. ATP 
phosphorilates the enzyme in the E1 conformation to give a high energy 
intermediate, E1∼P. When the enzyme relaxes to the low energy conformation E2–
P, the Na+ ions dissociate on the extracellular side of the membrane and K+ ions are 
bound. Hydrolysis of E2–P releases Pi inside the cell. This returns the protein to the 
E1 conformation so that the K+ ions are released inside the cell. B. The net activity 
of the pump can be summarized as an efflux of 3 Na+ ions and an influx of two K+ 
ions. ...........................................................................................................................404 

Figure 127. Diagram illustrating the Albers-Post cycle, which describes the enzymatic 
activity and the transport properties of the Na+,K+-ATPase protein. Main features of 
the pumping process are (1) a ping-pong mechanism, i.e. both transported ion 
species are transferred successively and in opposite direction across the membrane, 
(2) the transport process for each ion species consists of a sequence of reaction 
steps, which are ion binding, ion occlusion, conformational transition of the protein, 
successive deocclusion of the ions and release to the other side of the membrane. 
(3) Recent experimental evidence shows that the ion-binding sites are placed in the 
transmembrane section of the proteins and that ion movements occur preferentially 
during the ion binding and release processes. The diagram, which is comprised of 
many partial reactions – is characterized completely by three categories of 
parameters – rate constants, ligand concentrations, and the concentration of protein 
states – while each reaction step has a forward and a backward rate concentration, 
both of which define the kinetic properties. Adapted from Apell, 1997 [32]. .......406 

Figure 128. Voltage-gated channels selectively permeable for either Na+ (left) or K+ (right). 
A. During the normal conditions present at resting potential, and in the presence of 
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a normally polarized membrane, the channels are closed. B. The channels open 
only subsequent to a transient depolarization induced by the excitatory post-
synaptic activity of a neighbouring cell. ..................................................................409 

Figure 129. According to the model by Hodgkin and Huxley (1952), ionic channels can be 
represented as a battery connected in series with a conductor g’K. The picture 
illustrates a single K+ ionic channel. ........................................................................412 

Figure 130. A portion of the electrophysiological model for the neuron by Hodgkin and 
Huxley (1952). A. The three different passive ionic channels present on the 
membrane are connected in parallel by the conductor on the two sides of the 
membrane – comprised respectively of the extracellular medium and of the 
cytoplasm. B. Equivalent circuit comprised of three ionic channels – respectively 
K+, Na+ and Cl- . The K+ current flows extracellularly, while the Na+ current flows 
intracellularly; the current flow for Cl- is not significant. .......................................414 

Figure 131. Complete equivalent circuit according to the electrophysiological model for the 
neuron formulated by Hodgkin and Huxley (1952). ...............................................415 

Figure 132. Plots for derived current, power and aggregate energy released during the 
generation of an action potential. A. Plot of the voltage for a single action potential 
from the onset to the end (see also Figure 2, Chapter  6), therefore excluding the 
resting potential. B. First derivative of the single action potential illustrated in A, 
aptly called voltage rate. C. Plot of current vs. time for the single action potential 
illustrated in A. According to the model by Hodgkin and Huxley, it is possible to 
rely on an average and constant value of capacitance to determine the current, on 
the basis of a determined input voltage. D. Electrical power generated by a single 
action potential. E. The plot of the power shows some negative portions in light of 
its derivation from partly negative functions. A new ad-hoc power function ℘ is 
defined as the absolute value of P. F. Energy generated during the generation of an 
action potential as E dt= ℘∫ . ..................................................................................418 

Figure 133. Plots for derived current, power and aggregate energy released during the 
resting potential. A. Plot of the voltage for resting potential, of duration comparable 
to the one of an action potential (Figure 132) from the onset to the end (see also 
Figure 2, Chapter  6). B. First derivative of the single resting potential illustrated in 
A, aptly called voltage rate. C. Plot of current vs. time for the single resting 
potential illustrated in A. According to the model by Hodgkin and Huxley, it is 
possible to rely on an average and constant value of capacitance to determine the 
current, on the basis of a determined input voltage. D. Electrical power generated 
by the resting potential. E. The plot of the power shows some negative portions in 
light of its derivation from partly negative functions. A new ad-hoc power function 
℘ is defined as the absolute value of P. F. Energy generated during the generation 
of a resting potential as E dt= ℘∫ ...........................................................................420 

Figure 134. Plots for derived energy released during the generation of an action potential as 
well as during the resting potential, and calculated signal-to-noise ratios. A. Energy 
generated during the generation of a resting potential as E dt= ℘∫ (Figure 132 F). 
B. Energy generated during the generation of an action potential, similarly derived 
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as in A (Figure 133 F). C-D. SNR calculated in absolute and in decibel scale, as 
described in Equation 55. .........................................................................................423 

Figure 135. Hierarchy of energy usage for a single rat neuron (mean firing rate of 4 Hz). 
Percentage values showing the expenditure maintaining resting potentials, 
propagating action potentials through a neuron, and driving presynaptic Ca2+ entry, 
glutamate recycling, and postsynaptic glutamatergic ion fluxes 
( 9100% = 3.29*10 ATP molecules/sec, corresponding to an aggregate power range 
between -101.63*10 W and -102.73*10 W for each neuron). The values of metabolic 
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♣♦♥♠ 
 

This thesis leverages the tremendous contribution by Rolf Landauer to the world 

of physics of information and computational physics to study the neuronal cell – the 

computational unit at the core of the brain, as well as the most complex and efficient 

computing machine known to mankind. In his work Landauer taught the world that 

information is physical – registered by physical systems such as strands of DNA, neurons 

and transistors – and that the manners in which systems such as cells, brains and 

computers can process information is governed by the laws of physics. The apparently 

simple and unproblematic statement of the physical nature of information has profound 

consequences, that were described in Landauer’s 1999 obituary appeared on Nature, and 

reported below 1.  

 
“[…] Logical operations that get rid of information, such as erasure, necessarily require the dissipation of 

energy. Erasure transforms information from accessible to an inaccessible form, known as entropy, whereas 

logical operations that can be reversed do not lead to a rise in entropy. Landauer identified the minimum 

amount of entropy increase required for each bit erased as ln 2S k= , where k is Boltzmann’s constant. 

Landauer’s principle transformed the physics of information by identifying the basic trade-off between 

information and physical quantities. In the 1980’s, Landauer’s colleague at IBM, Charles Bennett, applied 

his principle to provide a self-consistent solution to the century-old problem of Maxwell’s demon. In his 

research into the molecular nature of heat in the mid-nineteenth century, James Clerk Maxwell had noted 

that a hypothetical being that could acquire information about the velocities of individual molecules of a 

gas could shepherd fast molecules in one direction and slow molecules in another, thereby decreasing the 

gas’s entropy. But the second law of thermodynamics says that entropy does not decrease. Because of its 

pernicious effect, William Thompson and Lord Kelvin dubbed this being “Maxwell’s demon”. In order to 

preserve the second law of thermodynamics, scientists earlier this century postulated that getting and 

processing information must necessarily involve an increase in entropy. Landauer’s principle shows that, 

whereas Maxwell’s demon can, in principle, use information about the gas to do work without increasing 

                                                 
1 Lloyd, S., Rolf Landauer (1927-99). Nature, 1999. 400: p. 720. 
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entropy, when it erases that information it must pay a price of ln 2k in entropy per bit, exactly canceling 

the advantage it obtained in the first place. In the 1970s, working from Landauer’s result, Bennett (and 

independently Ed Fredkin and Tom Toffoli of MIT) showed that all computation could, in principle, be 

carried out in a logically reversible fashion: as a result, computation does not require dissipation. The fact 

that modern computers dissipate large amounts of heat arises from practical engineering concerns rather 

than from physical necessity.” 

 

The work presented in this thesis stems from the seminal work of Landauer to 

demonstrate that the emanation of an action potential by a neuron is physically 

irreversible, and provides an initial quantification of the entropy increase during such 

logical operation. The importance of this conclusion leads me to conclude by 

acknowledging the more fundamental inspiring source of this thesis in the person of 

Ludwig von Boltzmann – the father of statistical thermodynamics and one of the most 

influential physicists of the 19th century – to whom I paid tribute during a recent visit to 

his gravesite in Vienna (Figure 1). This work stands in the shadow of von Boltzmann’s 

genius – in an attempt to redeem his sadly irreversible and extreme final action. 

 

 

Figure 1. Boltzmann's grave in the Zentralfriedhof, Vienna, with bust and entropy formula lnS k= Ω  

(photograph taken in March, 2004). 
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ABSTRACT 

 

In this study, a novel class of neural electrophysiological devices featuring 

vertically aligned three-dimensional conducting nanostructures was designed and 

fabricated. This class of device features enhanced (i) cell-biomaterial interaction 

(resulting from the coating of the device nanostructured electrodes with poly-D-lysine 

and laminin, and from the structured topography of these electrodes), in combination with 

enhanced (ii) signal selectivity (originating from a spatial resolution ranging between 
-3 21.20*10  channels /μm  and 21.68 channels /μm , and a temporal resolution of 2 

μs/sample) and (iii) signal discrimination (emerging from the signal-to-noise ratio for a 

cell generating an action potential, relative to its noise background level at rest, measured 

equal to 12.64 dB). 

 

The deflection of the three-dimensional electrode tips generated by neurons 

adhering on the hierarchically-structured substrates over multiple weeks was used to 

transduce the elastoplastic force, energy and power generated by a neuron to adhere on a 

substrate. These dimensions were found to be a strong function of scale and were 

therefore measured at three different spatial resolutions – (i) at the focal adhesive level 

(invariant focal adhesive force of 16.5 μN, strain energy between 10 pJ and 15 pJ and 

strain power ranging from 175 aW after the first day of culture, to approximately 10 aW 

measured 20 days after cell seeding), (ii) at the dendritic levels (focal adhesive force 

varying between a minimum of 20 μN to almost 45 μN, strain energy varying between 40 

pJ and less than 10 pJ, while the strain power varies between a maximum of 425 aW after 

the first day of culture, to less than 25 aW, measured 20 days after cell seeding occurred) 

and (iii) at the aggregate cellular level (adhesive force varying between a minimum of 

about 50 μN to 750 μN, adhesive strain energy between 35 pJ and 750 pJ measured at day 

20, maximal strain power one day after neuron seeding, equal to 2.8 fW 2, and subsequently 

decreased to a minimum of approximately 100 aW measured at day 12 after seeding). 

                                                 
2 1 fW = 10-15 W; 1 aW = 10-18 W 
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These results suggest a relative invariance of force and energy at the focal 

adhesive level, while at the dendritic and cellular levels both force and energy are found 

to vary greatly during the weeks of the experiment; at the cellular level, force and energy 

reach a maximum during the last day of the experiment, indicating a likely increase for 

these two dimensions for longer time intervals, therefore leading to conclude that at this 

level adhesive force and energy are a strong function of cell diversification – specifically 

cellular increase in area and production of dendritic extroflections or arborizations. 

Conversely, the strain power was maximal for all the levels of analysis, at day one after 

seeding. This factor seems to suggest that the high power expenditure of the cell during 

the initial stages of development is necessary both to anchor the spherically-shaped and 

intrinsically unstable cell on the substrate, as well as to differentiate the spherical 

geometry – typically a very stable, low energy configuration – into a diversified, polar 

morphology, with considerably higher surface and associated energy. 

 

The fabricated device was interfaced with appropriate signal preamplification, 

amplification, data acquisition hardware and software, to record voltage signals over time 

for extracellular action potentials as well as resting potentials generated by neuronal cells 

grown in vitro. The substrate was appropriately coated with poly-D-lysine and laminin to 

enhance cell-biomaterial interaction at the interface level. Individual action potentials 

were successfully detected, subsequent to a short train of electrical stimulation. 

 

The voltage for an action potential relative to the resting potential measured for the 

same cell was then used to measure the electrical signal emanating from the cell at sub-

second timescale, and was then analyzed in form of information theory, using the 

Kullback-Leibler definition of divergence of the distribution from a reference measure – 

aptly derived with few modifications from Shannon’s definition of entropy – to calculate 

the information entropy of an action potential. The aggregate information entropy for an 

action potential measured using the equipment designed and fabricated in this thesis was 

found to be equal to 15.56 bytes, portraying a sharp difference between a slow phase and 

a fast phase – respectively identified as slow K+ response and fast K+ response in this 

thesis. 
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Finally, the experimental results gathered in this thesis are analyzed in 

combination with the literature to determine the thermodynamic energy balance for a 

neuron generating an action potential at sub-second timescale. Under the assumption of a 

constant capacitance, the electrical energy expense for an action potential is determined 

to be equal to -113.44*10  J, and the corresponding electrical power is calculated equal to 
-101.91*10 W. Correspondingly, the derived value for the electrical energy during a 

resting potential is found to be equal to -111.0*10  J and the corresponding electrical power 

expended by a cell to generate a resting potential is calculated to be equal to -115.55*10 W. 

From the literature the average of the aggregate biochemical and metabolic energy for an 

action and a resting potential are determined to be respectively equal to -111.83*10 J and 
-127.89*10 J. The second principle of thermodynamics is then applied to estimate the 

entropy variation during the generation of an action potential – calculated equal to 
-145.18*10 /J K  – and during a period of resting potential – calculated equal to 
-156.79*10 /J K . These results can correspondingly be represented in terms of entropy 

rates and are found to be equal to  -132.87*10 /  J s K for an action potential and to 
-143.77*10 /  J s K for a resting potential, leading to conclude that the emanation of an 

action potential by a neuron is a physically irreversible phenomenon. Additional 

conclusions based on statistical thermodynamics are made to determine a lower limit for 

the frequency of occurrence of a macrostate (the Wahrscheinlichkeit), corresponding to 

the generation of an action potential. 

 

In conclusion, this body of work analyzes the development of a new class of 

hierarchically-integrated neural electrophysiological devices featuring three-dimensional 

nanostructured electrodes. These devices, which feature enhanced cell-biomaterial 

interaction, signal selectivity and discrimination, have been successfully deployed to 

integrate a discussion on neuronal electrophysiology based on (a) mechanics, (b) 

information theory and (c) thermodynamics. 
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Many of the cells are very tiny, but they are very active; they manufacture various 

substances; they walk around; they wiggle; and they do all kinds of marvelous things – 

all on a very small scale. Also, they store information. Consider the possibility that we 

too can make a thing very small, which does what we want – that we can manufacture an 

object that maneuvers at that level! (*) 

 

Information can be thought of as the negative of entropy. I intend to ask myself questions 

about the information content of the cell. It seems to me I' m the big winner.(◊) 

 

A result is called valid if it is both accurate and precise. Accuracy is the degree of 

veracity, while precision is the degree of reproducibility. (•) 

 

 

 

 

(*) From The Marvelous Biological System, an excerpt of the talk entitled There’s Plenty 

of Room at the Bottom given by R.P. Feynman on December 26, 1959 at the annual 

meeting of the American Physical Society at the California Institute of Technology. 

(◊) From Always on the Move, an excerpt of an interview to George M. Whitesides 

appeared on Chemical and Engineering News, 2007. 85: p.18-25. 

(•) From Wikipedia, article entitled Accuracy and Precision, last modified on 09:19, 27 

April 2007 by an anonymous author of the world wide web. 
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NOTATION 

 

 References in the format [_ _ _-_ _ _], [_ _ _-_ _ _], when present, indetify 

sources respectively from the scientific and the patent published literature.  
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CHAPTER ONE 

INTRODUCTION 

 

The work here described has been conceived and executed under a reductionist 

stance – the presumption that the fundamental essence underlying natural phenomena can 

be reduced to the understanding of simpler and more fundamental entities or laws [1, 2]. 

In light of this view, we mechanistically reduce the object of this study – biological 

intelligence – to the study of a complex machine – the brain made of neuronal cells – that 

we assume accessible only upon deployment of appropriately-designed technical 

equipment. The method described in this study is empirical [3] and based on the 

development of equipment for neuronal analysis, on the recording of the cellular outputs 

and on a formulation of a theory appropriate in order to account for the results. The 

equipment here used has been conceived to interface electrochemically-active organic 

cells, and it consists of inorganic circuits capable of transducing cellular activity or of 

eliciting evoked responses at the cellular level.  

 

The foundation of biological intelligence in its broadest meaning can be seen in 

the innate capability [4, 5] of biological cells to actively share information amongst 

themselves through selective membranes, using appropriate fluxes of matter – ions or 

proteins –  as well as differences in electrical potential that are fine-tuned in intensity as 

well as in frequency and phase. Within this framework, the design and control of the 

interface between organic, electrochemically active biological cells and inorganic circuits 

capable of transducing cellular activity or of eliciting evoked responses is of fundamental 

importance for the life sciences.  

 

In addition, the human ability to sense the environment and gain experience from 

it, to create art, to learn the complex laws of nature, and to generate expectations about 

the outcome of future events on the basis of experience, can be regarded as the direct 

result of a self-regulating complex cellular system producing highly distributed patterns 

of neuronal firing. One could argue, therefore, that hidden within the intricate principles 



 

  3 

that govern the way brain circuits operate lies the key to understanding the very essence 

of what it is to be human [6]. 

 

 The mechanistic reduction aimed towards the generation of suggestions as to how 

the unknown may be related to the known [7] is not new in western philosophy and 

science, as it dates back to the atomists [8, 9]. The innovation brought by the present 

study does not lie in the stance nor in the method, which are assumed to be valid, but in 

the technical means deployed to gather the fundamental experimental data sought in this 

study. We here leverage the recent advancements made across multiple disciplines within 

the physical, chemical, biological and engineering sciences – materials science and solid 

state physics [10], as well as biotechnology and biomedical engineering [11] – to 

establish new design principles and fabricate novel devices for neuronal experimentation. 

In this context, nanoscience and nanotechnology have emerged as the set of tools, 

techniques and unique applications involving the structure and composition of materials 

on a nanoscale (i.e., with at least one dimension < 100 nm) [12, 13], and their application 

to the domain of the life sciences has essentially defined the new scientific discipline by 

the name of nano-biotechnology [14]. 

 

The scope of the research and development activity encompassed within these 

novel disciplines is by definition broad and interdisciplinary and the rate of growth in the 

expansion of our knowledge, thanks to the new toolboxes and solutions devised by 

nanotechnologists at the crossroad between physics, chemistry, biology and engineering, 

is expected to grow each one of these disciplines in an explosive fashion very soon, and 

for very long. This is the case in light of the correspondence between the scale of the 

phenomena being the object of the investigation and the tools devised to image, 

investigate, manipulate or otherwise control such phenomena – both in space and in time.  

 

In a recent talk, A.M. Sastry gave an inspiring account of the nanoscale 

phenomena occurring in close proximity of a cellular membrane, which is reported in the 

following lines [15] to emphasize the need for a scientific investigation based on tools 

with dimensional characteristics commensurate with the ones of the object of study:  
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 “If one could be shrunk so as to sit astride a single, fine, filamentary protein in the relatively vast, yet intricate 

and locally specialized cytoskeletal structure supporting a cell, the heterogeneity within the cytosol, and the 

stochastic nature of interactions of proteins and ions would be self-evident. The rapidly changing trajectories 

of signaling ions (e.g. Ca2+, K+, Na+) in the cell might appear (assuming that one’s vision allowed processing 

of distinct events at the microsecond scale) alternately as Brownian flashes zinging madly among membranes 

and into and out of organelles, or even as organized clusters of ions into “blips” or “puffs,” or waves, using 

terms commonly used to describe calcium transport”. 

 

Finally, while it is expected that the method outlined above will provide 

significant enhancements to our knowledge of biological intelligence, we wonder with 

marvel on whether the pursuit of such a bottom-up approach will one day enable our 

successors to deterministically account for all the different facets of life and organic 

intelligence. This is a question destined to remain open for a very, very long time.  
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CHAPTER TWO 

HISTORICAL REVIEW AND RATIONALE 

 

This chapter is subdivided into four main sections to introduce the very specific 

field of in vitro lab-on-a-chip technologies covered by this thesis, in the broader context 

of neural electrophysiological and prosthetic technologies. 

 

The first section briefly introduces the research domain for the thesis project here 

undertaken and is followed by the description of four main fields of applications. This 

section highlights the basic neuroscientific field of research as the primary research 

interest of this thesis, characterized by a high performance and limited reliability 

compared to, for example, the case of clinical studies. 

 

The second section outlines the key three drivers for the domain of application 

previously determined – (i) cell-biomaterial interaction, (ii) signal discrimination and 

device sensitivity, and (iii) signal selectivity. These were treated as the most significant 

points of reference, which were used to evaluate the progress of the project here 

described throughout the different phases of completion. 

 

The third section investigates the range of neurotechnological applications in vivo 

– both in the clinical, as well as in the basic neuroscientific research domain. Emphasis is 

here given to the breadth of the discussion, rather than to the depth, to provide a complete 

overview of this range of technologies. 

 

Finally, the three sections reviewed above are completed by a final detailed 

review of the neurotechnological applications in vitro, to cover the focus of this thesis 

research project on lab-on-a-chip neural electrophysiological devices. 
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2.1. Definition of the Research Domain 

 

The interface between nanosystems and biosystems is emerging as one of the 

broadest, most dynamic and promising areas of science and technology, bringing together 

biology, chemistry, physics, biotechnology, medicine, and many areas of engineering. 

The combination of these diverse areas of research is expected to bring revolutionary 

advances in healthcare, medicine, and the life sciences through the creation of new and 

powerful tools that enable the direct, sensitive and rapid analysis of biological and 

chemical species [1]. 

 

The birth of the science investigating the interface between biological cells and 

inorganic devices is rather recent, since in principle it can be traced back to the study of 

animal electricity by Galvani and Volta in the eighteenth century [2-4]. This field of 

human undertaking has expanded quite significantly to bridge the gap between the 

physical and life sciences, covering a multitude of disciplines initially regarded to be 

independent. For the purposes of the present discussion, we arbitrarily subdivide this field 

of research into four main disciplines, which are hereby listed and shown in Figure 2.  

 

Basic (neuro) scientific research, aimed at uncovering the physiological 

functioning and operative principles of biological cells. 

Clinical therapeutics and medical research, aimed at developing new ways to 

cure pathological conditions. 

Theoretical neuroscience, aimed at analyzing the manner in which information is 

processed by either real or virtual neuronal networks. 

Biosensing and chemical detection, aimed at uncovering the effect of genes, 

proteins or molecules on biological cells and on their electrochemical metabolism.  

 

The four disciplines outlined above are found to be mutually supporting and 

interdependent. It is important to emphasize that the subdivision here introduced is 

entirely arbitrary and conducted for the sake of simplicity. In addition, the separation 

between the different disciplines, if indeed confirmed to be useful by other investigators, 
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is expected to dynamically shift over the course of time to new and currently unexplored 

forms; for this reason, the reader is encouraged not to consider this discussion as 

definitive. 

 
Figure 2. Classification of the four main disciplines covering the broad science investigating the interface 

between biological cells and inorganic devices. The arrows denote the strong interrelation between each 

discipline. Although this taxonomical separation is entirely arbitrary, it is regarded to be useful for the 

purposes of the present discussion. The quadrichromatic shaded background represents an ideal continuum 

space that can be used to describe the broad science investigating the interface between biological cells and 

inorganic devices. The focus of the investigation here pursued is in basic neuroscientific research and 

experimental neurobiology as well as, in a more indirect way, in clinical therapeutics, medical imaging and 
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general assistive technology. Any type of innovation brought in a single field is believed to be applicable 

and beneficial to the other three main disciplines. The four different disciplines are also categorized within 

the two properties of performance and reliability to denote the respective needs that are present in the 

science investigating the interface between biological and inorganic devices. The maximum reliability is 

here attributed to clinical therapeutics and medical imaging, in light of the very tight causal relation 

between the possible failure of a device operating in this set of applications and the death of a human being. 

A lower reliability score is assigned to applications in biosensing, chemical detection and drug discovery 

that are generally built with intrinsic redundancies and statistical measurements of error. A score of high 

performance and low reliability is attributed to basic neuroscientific applications, where the device is 

expected to perform at very high performance levels for a limited amount of time, generally for as long as 

the experiment lasts. A score of high performance and high reliability is assigned to applications in 

theoretical neuroscience, organic and adaptive computing, on which our society has become increasingly 

dependent for a very wide range of tasks.   

 

The work here presented is primarily focused on applications in basic 

neuroscience research and experimental neurobiology as well as, in a more indirect way, 

in clinical therapeutics, medical imaging and general assistive technology. Since however 

we feel that any type of innovation brought in one of the four fields described above is 

beneficial to the other three main disciplines, we anticipate positive implications in the 

remaining two disciplines. 

 

Section 2.3 introduces the disciplines of clinical therapeutics, medical imaging 

and prosthesis. Sections 2.4 and 2.5 introduce the disciplines of basic neuroscientific 

research, neurobiology and imaging. Sections 2.7 discusses the use of interfaces between 

biological cells and integrated circuits respectively in the field of biosensing and 

chemical pharmacology. No detailed discussion on theoretical neuroscience or 

computational studies was here made, as it was deemed to be beyond the scope of this 

thesis. 
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2.2. Definition of the Fields of Application, Current Limitations and Key 

Drivers 

 

Since the first experiments in electrophysiology by Galvani and Volta in the 

eighteenth century [2-4] and the dispute that followed their interpretation for over two 

centuries, much research has been conducted into the possibility of using electricity to 

cure diseases and into the basic operation of electrical nerve signals.  

 

The contemporary investigation of physiological functions using electricity to 

either record signal from or send signal to living matter covers a wide range of disciplines, 

being by nature interdisciplinary. The field is generally subdivided into two main 

domains – (i) the development of in vivo tools for basic research, diagnosis and therapy, 

as well as the generation of novel prosthetic devices for living organisms, and (ii) the ex 

vivo imaging of organs, tissue slices, multiple or individual cells by means of in vitro 

preparation and analysis. It is important to emphasize that these two domains are not 

impervious to one another and that this distinction is limited to the manner the results are 

gathered, and not to the general model used by physiologists to interpret the experimental 

data, which extends across in vivo and ex vivo classifications. 

 

In this thesis we limit the research domain to ex vivo experimentation conducted 

using the in vitro preparation of neuronal cells. This choice is made in light of the 

complexity of in vivo animal experimentation, which generally requires large research 

labs to address the ethical, scientific and technical issues necessary in order to conduct 

the research. In addition, the innovative nature of the technology that is here developed 

makes the choice of in vitro experimentation ideal to test the general viability and 

performance of the device, before experimentation in living organisms. Since the 

approach described in this thesis is considered valid – in principle and in practice – for 

both in vivo and ex vivo experimentation, and since the development of research 

equipment in these strongly interdependent domains of investigation is rather 

homogeneous, this introduction reviews both domains to better define the fields of 

application. 
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In both in vivo and ex vivo experimentation, the use of micromachining 

technology and flexible materials for the fabrication of the substrate, of the conducting 

leads and of the electrical insulation enable the manufacturing of miniaturized implants 

that offer new opportunities to assist those suffering from neurological disorders and 

opens new possibilities in the study of neurobiology and neusorcience [5]. In this context, 

the creation of an interface between brain and machine – an old concept [6] – has recently 

received a resurgence of attention. The main characteristic making neural prostheses 

attractive in implantology lies in the capability to dynamically reconfigure them 

subsequent to surgical intervention using appropriate computer-based telemetry, or to 

reversibly interrupt their functions in case of prosthesis inefficacy or of manifestation of 

side-effects. 

 

Despite all the technical achievements and the practical advantages, the principal 

challenges in the effective deployability of neural equipment remain ponderous: both in 

vivo and in vitro, neural devices have to successfully interact with a highly delicate, 

protective and complex biological system that exerts chemical and mechanical forces on 

foreign materials introduced within it. The complexity of the nature of such interaction is 

such that the advances in our understanding of neural systems are expected to proceed 

hand in hand with the design improvements in the experimental techniques used to study 

these systems [7].  

 

While in the case of in vivo experimentation the advances in electrode and 

hardware design are directed towards the creation of electrodes with added safety, 

simplicity and effectiveness, compared to the existing solutions, it is acknowledged that a 

redesign of surgical implantation techniques and surgical procedures is necessary in order 

to minimize brain tissue damage, facilitating penetration of the prosthesis to the locus of 

intervention. In the case of in vitro experimentation the main efforts are instead directed 

towards the design of novel and more effective electrodes with added performance, as 

well as towards the development of new data analytical techniques to analyze 

increasingly large quantities of data [7]. 
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Both in vivo and in vitro, the pursuit of effectiveness is concurrently driven in the 

following three directions: (i) the enhancement of cell-biomaterial interaction, (ii) the 

enhancement of signal discrimination and (iii) the enhancement of signal selectivity 

(Figure 3). Each of these drivers is analyzed in the following paragraphs. 

 

Cell-biomaterial interaction. The material solutions chosen to build the devices 

need to be non-toxic, non-inflammatory, non-allergenic, non-carcinogenic, non-

thrombogenic, light and soft to prevent mechanically-induced traumatization [8]. In 

addition, functional devices to be implanted in vivo need to be mechanically durable and 

chemically stable in the body, withstanding the chemically aggressive milieu in the neural 

tissue over decades, to prevent ion leakage currents [5]. In vivo, we see that any object 

inserted into the brain damages the parenchyma, leading to disruption of the blood 

vessels and to microhemorrhage. Neurons are also structurally damaged as the electrode 

is inserted, while astrocytes – the most prevalent type of glial cell playing a role in 

supporting brain tissue and nourishing neurons – begin to proliferate [9], forming a loose 

encapsulation around the electrode, with a thickness in the range of 100–200 μm, and 

therefore undermining the electrical performance of the device. At the same time, another 

type of glia, the microglia – the central nervous system analogs of macrophages, derived 

from monocytes – proliferate, engulf fragments of damaged cells and give origin to scar 

formation, which results in electrode encapsulation. A poorly understood cascade of 

signaling events leads to the proliferation of non-local cellular elements, immune 

components and epithelial cells. Local changes in the extracellular concentration of K+ 

and Ca2+ also contribute to alter the activity of neurons in vicinity of the prosthesis [10].  

The second component of the implant reaction is a chronic process, taking place on a 

slower timescale after implantation, and results in the formation of a tight cellular sheath 

around the electrode [11]. As the sheath forms, the amount of exposed surface is reduced, 

which raises the electrode impedance.  

 

Both in vivo and in vitro, the selection of material solutions capable of inhibiting 

adverse secondary reactions such as the excessive proliferation of neuroglia, of astrocytes 

and of reactive fibrous tissue, has to be persistently pursued in order to prevent decrease 
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in functionality in those interstices between the device and the tissue where the device is 

intended to be operative.  

 

Signal Discrimination and Device Sensitivity. The signal-to-noise ratio – defined 

as the power ratio between a signal and the background noise in a neural device – needs 

to be taken into careful consideration in order to transmit signal from and to the tissue 

being studied. Impedance is the primary parameter affecting signal-to-noise ratio in a 

neural recording experiment. Electrode impedance is by definition an inverse function of 

the area of the recording locus at a given electrode tip, and the factors responsible for 

electrode impedance are highly localized spatially even relative to an electrode whose 

dimensions are in microns. As a result, microscopic surface roughness on the metal 

electrode plays a large part in determining the electrode impedance, and metallization – 

in particular platinization – has been used to lower impedance without significantly 

affecting electrode size [12]. Similarly, the use of three-dimensional electrodes compared 

to the use of planar electrode tips is found to positively enhance signal-to-noise ratio in 

neural recording equipment. For three-dimensional electrodes, the shape of the tip (i.e., 

cylindrical, conical) is also found to significantly affect the surface and subsequently the 

signal-to-noise ratio of the resulting devices [13]. Since the electrical impedance of each 

microelectrode depends primarily on the area of exposed metal at the tip, the 

corresponding impedance characteristics can be controlled through the degree of 

electrode metal deposition and insulation. At the same time it is important to carefully 

design the electrophysiological measurements to be accurate and precise, mitigating 

measurement errors. The accuracy of a measurement represents the offset between the 

mean of the distribution of measured values relative to a reference target value; the 

precision, on the contrary, represents the standard deviation of the distribution of 

measured values for a given target reference. 

 

Signal Selectivity. As already stated in the introduction, the dimensional 

characteristics of a neural device must be commensurate with the phenomenon being 

studied, and the electrode density of such device must be sufficiently high in order to 

image the neural tissue with adequate detail. This is true also for the sampling frequency 
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of the device, which should be at least two to five times higher than the frequency of the 

imaged signal 3. Crosstalk between output leads is a major contributor to interelectrode 

coupling [12] and therefore the relative position of electrode tips and leads acquire high 

importance. The recent availability of low-cost electronic equipment for signal 

conditioning and analysis over multiple channels has enabled a net increase both in space 

and in time resolution of the hardware used for neural experiments. 

 

It is important to highlight the strong interaction that the three factors mentioned 

above have on each other, as illustrated in Figure 3. 

 
Figure 3. Drivers for the development of effective neural electrophysiological devices. The arrows in the 

diagram represent the strong inter-dependency existing between each driver and the remaining two. The 

trichromatic shaded background represents an ideal continuum space that can be used to measure the 

capability of each neural device nd to address each specific driver in arbitrary units. If each dimension is 

normalized on each axis, we can quantitatively measure the score of each device across the three drivers 

                                                 
3 See note 2, Appendix 4 on the Nyquist-Shannon theorem. 
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and then define the area delimited by a continuous envelope connecting the scores on the three axis  for 

each device, therefore providing a semiquantitative aggregate measure of device effectiveness. The device 

1d represented in the diagram for illustrative purposes shows a very high signal selectivity coupled to a 

comparatively lower signal discrimination and, in turn, an even lower cell-biomaterial interaction (the 

origin identifies a minimal score, while the circumference identifies a maximal score r = 1). 

 

A negative cell-biomaterial interaction is likely to cause a negative effect on 

electrode impedance and on signal discrimination, as well as a loss of signal selectivity 

by scar tissue interposition between the recording or stimulating sites and the target 

biological tissue. Similarly, the impedance of a given electrode design defines its signal 

discrimination and the operating currents needed for the device to operate. If these 

parameters result to exceed cell-specific thresholds, a negative cell-biomaterial 

interaction will result, with a series of complex cascade effects at the ionic and 

electrolytic level, which will likely affect the long-term viability of the electrode. In 

addition, the role of the insulation and its stability become significant factors in the 

preservation of both the signal-to-noise levels and the spatio-temporal resolution, thus 

showing that it is not possible to separate the mechanical and electrical parameters of the 

recording equipment [14]. 

 

The following landmark case in the history of physiology is here used to 

succinctly illustrate the importance that novel powerful analytical techniques, as well as 

technological advancement across all the three drivers described above have in order to 

draw an accurate model of the cortical representation for movement in the brain. The 

question of exactly how many neurons control the speed and fluidity of a specific motor 

task was first addressed in the animal model by Humphrey et al. [15] who demonstrated, 

using single-neuron electrode recordings, that motor cortical neurons can provide reliable 

estimates of force and direction for a given muscular movement. The equipment available 

at this time did not allow multiple electrode recording and therefore resulted in a 

significant limitation of signal selectivity. This problem was then further explored by 

Georgopoulos [16, 17] and by Maynard et al. [18], whose results led them to suggest that 

movement depends on the weighted activation of millions of neurons in a wide area of 

the motor cortex and on the resulting aggregate activation level of such area.  
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Subsequent studies initiated by Taylor et al. [19] conceived on the notion of a 

widely distributed population code revealed, on the contrary, that only a few dozen 

neurons (a tiny fraction of those constituting the motor cortex) are sufficient to generate 

effective and accurate hand movements [20, 21]. Furthermore, studies based on single 

neuron correlation analysis, sensitivity analysis and cellular directional tuning analysis 

have confirmed the importance of neurons over neural populations in the performance of 

a given motor task [22]. Recent research based on enhanced experimental methodologies 

solves the apparent paradox between the two opposing views expressed above in light of 

the modulatory role of learning and planning within a neuronal network [23], which 

would enable very limited numbers of neural cells to execute tasks generally performed 

by general-purpose networks. This case and its immediate consequences are further 

discussed in section 2.4. 

 

The literature portrays numerous other cases similar to the one described above – 

both for in vivo and for in vitro experimentation – which highlight the role of 

technological advancement to change existing models in physiology as well as in 

neurobiology, clinical medicine and the life sciences in general. The following literature 

review further documents this enabling relationship.  

 

2.3. Applications In Vivo. Implantable Electrophysiological Devices Used in 

Diagnostics, Therapeutics and Prosthesis 

 

In contemporary medicine, the most widely known neuroprosthesis for the 

peripheral nervous system is the internal artificial pacemaker, first implanted in 1958, and 

the defibrillator, which are extensively deployed for cardiac resynchronization therapy 

[24-28]. These devices consist of a central enclosed microprocessor control and sensing 

unit that provides electrical stimulation to the heart through a conducting lead [29-39]. 
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The same treatment based on myo-electrical stimulation is used to treat chronic nausea in 

gastroparesis [40-43] or for obesity management following bariatric surgery 4 [44, 45]. 

 

Electrophysiological stimulation of the peripheral nervous system has been used 

successfully to treat a broad range of syndromes. Vagus nerve stimulation (VNS) is 

deployed to treat medically-refractory epilepsy [46-50], [51-54], chronic or recurrent 

depression [55-58], [53, 54], morbid obesity [59], [53, 54, 60, 61] and refractory migraine 

[62], [53, 54]. The combined stimulation of the vagus and of the trigeminal nerves has 

been used as an analgesic to treat pain [63, 64], [53, 54, 65], while some authors report on 

the use of VNS to facilitate recovery from deep coma [66, 67]. Stimulation of the sacral 

nerve has been used to treat refractory incontinence [68-71], [53, 68-70, 72-76]. 

 

Transcutaneous electrical neural stimulation (TENS) has shown to have 

considerable efficacy in the treatment of chronic neuropathic pain. Analgesic electrical 

stimulation of the spinal cord dorsal nerve roots has therefore been introduced as a novel 

treatment for chronic neuropathic pain, to overcome the dependency on large doses of 

pain medications. This technique is performed using dorsal column stimulation units that 

are surgically placed in the dorsal epidural space or subarachnoid space near a dorsal root 

ganglion, with a pulse generator placed in the subcutaneous tissues of the back [77-79], 

[80, 81]. 

 

Functional electrical stimulation of paralyzed muscles has been used at many 

different levels for peripheral stimulation to improve muscular physiological properties 

and to partially restore functionality after spinal cord injury [82-85], [86-90], while 

electrical stimulation of the phrenic nerve has been used to treat respiratory insufficiency 

in patients with myasthenia gravis and diaphragm spasms [91-94]. 

 

Electrophysiological stimulation is widely deployed for neuroprosthesis of the 

central nervous system. Intracranial electrodes can be used to monitor the pressure 
                                                 
4  Surgery concerned with the control and treatment of obesity and allied diseases, fom the Greek βαροζ - 

weight. 
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surrounding the brain in patients who have sustained head trauma, brain hemorrhage, or 

conditions in which the brain may swell: if pressure surrounding the brain becomes too 

high, it can decrease the blood flow to the brain and lead to brain damage [95]. Subdural 

recording electrodes can be made of strips of four to six electrodes or a matrix of 

electrodes embedded in a silicone rubber sheet [96]. Depth electrodes are placed directly 

in the brain tissue, and they feature wires made from polyethylene, stainless steel, 

platinum or platinum-iridium alloys [95]. Deep brain stimulation (DBS) of the thalamic 

ventral intermediate nucleus, of the subthalamic nucleus and of the internal globus 

pallidus has emerged as the surgical treatment of choice for the reversible therapy of 

Parkinson’s disease, and has almost completely replaced pallidotomy and thalamotomy 

surgical interventions, as well as chronic pharmacological therapy based on levodopa (L-

Dopa) [97-102], [103-107]. This therapeutic approach uses small electrical impulses to 

inhibit the brain signals that evoke the tremors, and it deploys a stimulation battery pack 

implanted beneath the skin in the upper chest. The same therapeutic approach based on 

stereotactic DBS [108, 109] is used successfully for the treatment of dystonia [110-120], 

tremor control therapy [121-125], [126, 127], chronic pain [128-133], intractable epilepsy 

[134-137], refractory depression [138-140], obsessive compulsive disorder and other 

kinds of neuropsychiatric illness [139, 141, 142].  DBS has also been deployed to treat 

persistent vegetative state and minimally-conscious state in coma caused by various kinds 

of brain damage [143-147]. 

 

In selected patients, cerebellar stimulation may be used to reduce spasticity 

associated with cerebral palsy [95, 127, 148-150]. 

 

The contemporary efforts to restore vision by artificial means based on electrical 

stimulation of the central nervous system have been pioneered by the German 

neurosurgeon Otto Foerster in the 1920s by means of direct stimulation of the visual 

cortex, as reported by Lakhanpal et al. [151]. This approach was followed by the creation 

of real implantable devices for the surface of the visual cortex in the 1960s, as described 

in a recent major review by Margalit et al. [152]. In 1977 a new approach was initiated 

based on the retinal implantation of indwelling electrodes to try to evoke a visual 
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response [153]. Since these initial attempts in the field, limited by a lack of visual 

resolution (pixels), by the relatively large device size and by complications after 

implantations, considerable progress has been made: current devices are implanted 

behind the retina (subretinal), in front of the retina (epiretinal), on the optic nerve and 

directly on the visual cortex [154-156]. The direct stimulation of the visual cortex has 

been mastered by the research team lead by W.H. Dobelle, which in 2000 achieved the 

connection of a digital camera, computer and associated electronics to the visual cortex 

[157]. In the field of retinal prosthesis [158], several devices have been developed to 

generate meaningful visual information in patients affected by retinitis pigmentosa, by 

age-related macular degeneration or by a variety of retinal diseases leading to the 

degeneration of the retinal pigment epithelium and of the photoreceptor layer in the outer 

portion of the inner retina [155, 159-163], [164-174]. This class of devices generate 

patterns of ganglion cell activity routed to the optic nerve that closely resemble the spatial 

and temporal components of those patterns that are normally elicited by light. 

 

Implantable cochlear prostheses are being used clinically to directly stimulate the 

cochlea, therefore restoring functional hearing in patients suffering from profound 

sensorineural deafness [175-179]. The devices include one or more electrodes implanted 

in or near the cochlea to provide electrical stimulation of the remaining auditory nerve 

fibers, thereby bypassing the defective sensory hair-cells [180-186]. Implantable 

vestibular prosthesis consisting of micro-electromechanical accelerometers directly 

stimulating the vestibular nerve are also being explored to restore balance subsequent to a 

range of degenerations of the semicircular canals in the inner ear [187]. This approach is 

alternative to the more traditional one based on vibrotactile stimulatory feedback [188, 

189]. 

 

The electrophysiological recording from single-neuron recordings in the central 

nervous system was extensively explored since the 1960’s, both in humans and in 

behaving monkeys [190, 191]. More recent progress has been made on the detection of 

the motor cortex to control remote assistive computer devices and to restore limited 

voluntary movement of targeted muscles with the aid of muscle stimulators, therefore 
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constituting the foundations for a hybrid brain-machine interface (BMI). The concept of a 

BMI acquires particular relevance in light of brain plasticity – the dynamic change of the 

location for specific processing functions that occurs as a result of learning and 

experience [192] – and therefore generates wide interest in light of the possibility to 

create aids and communication channels for paralyzed humans [193, 194]. These studies 

have been centered around interfaces to the cerebral cortex, where it is believed that 

motor intent and sensory percepts are more readily accessed than elsewhere in the brain. 

The detection of neuromotor signal and its subsequent translation into command signals 

that can control devices appears practically viable in light of the extensive 

interconnection between the visual, premotor, motor and somatosensory brain areas for 

the initiation of motor activity, attentional processes and feedback control [195, 196]. 

Experimentation in behaving monkeys has shown that natural output from the motor 

cortex can be used to effectively control computer cursors [19, 20, 197] and has paved 

the way to new systems that use externally-derived neural signals as a command source 

[198-202]. Faster and potentially more flexible systems that directly use intracortical 

recording are being developed to control remote switches [203-205] and to drive robotic 

limbs with what effectively amounts to the mere power of thought [206-209]. These 

results seem to support the philosophically non-trivial hypothesis that a closed-control 

loop established between the brain and an artificial device would in essence coincide with 

the incorporation of electronic, mechanical or even virtual objects into the somatic or 

motor representations within the brain of the patient, who would operate them as simple 

extensions of the body [210]. 

 

Additional research findings explore the possibility of using computers to return 

behaviorally-useful feedback information to the cortex [193, 211]. Although scientific 

and technological challenges remain, progress in creating useful human BMIs is 

accelerating: in the near future such devices are expected to by-pass the loss of 

neurological functions associated with descending corticospinal pathways in amyotrophic 

lateral sclerosis (Lou Gehrig’s disease), brain stem stroke, muscular dystrophy, high-level 

quadriplegia, spinal cord injury and degenerative muscular diseases where the cerebral 

structures necessary to formulate and command movement are operational, but the means 
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to enact motor intent are severely compromised [212-216]. In this context, voluntarily-

generated activity in the motor cortex of a patient with near-total paralysis has been 

demonstrated [217, 218].  

 

With regard to electrode design, an increasing emphasis is being given to the 

enhancement of biocompatibility for a direct brain-machine interface to chronically 

record signal and stimulate cells and tissue in a consistent fashion. In this context, 

nanoporous surfaces have been used to emulate the extracellular matrix, which consists 

of nanostructured microtubules, therefore leading to a positive cellular response with 

reduced scar tissue formation [219, 220].  

 

Additional efforts are focused on the provision of an outlet for severely paralyzed 

individuals to communicate with the world through a graphical user interface [193] and 

direct connection of critical outputs to paralyzed muscles via peripheral stimulatory 

devices that can operate on a stand-alone basis, without the need for a full-fledged 

computer. Several modeling techniques have been used to build BMIs capable of learning. 

Bayesian networks have been used to infer probability distributions over brain- and body- 

states during planning and execution of actions, to build a BMI capable to perform 

probabilistic inferences [221-223]. A variety of other modeling techniques are also being 

used [224-226]. In the context of BMI algorithmic architectures, it may be useful to 

highlight a patent by Sun Microsystems, Inc. on a network for implanted computer 

devices [227], which illustrates a recent interest of the information technology industry 

for this innovative field.  

 

 Finally, novel modes of intervention in medical neuroscience are being tested to 

address neural prosthesis in the brain without violating the brain parenchyma. Llinas et al. 

have achieved electrical recording from the spinal cord vascular capillary bed in vitro, 

using electrically insulated platinum or conducting polymer filamentous electrodes [228]. 

Although experimentation in this audacious field is still limited to the in vitro preparation, 

it is reasonable to expect a transition to the animal model in the coming future. 
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2.4. Applications In Vivo. Devices and Techniques for Basic Neuroscience and 

Physiology in the Animal Model 

 

The example provided at the end of section 2.2 suggests that the brain utilizes 

distributed codes that can only be analyzed by simultaneously recording the activity of 

multiple neurons [229]. The historical development of in vivo experimentation however 

can be traced back to the use of single electrodes recording one neuron at a time, first 

introduced by Adrian in 1926 [230]. Since its inception, the single electrode recording 

technique focused on the extracellular response properties of single neurons and on how 

an individual neuron may encode a given sensory percept or generate a particular 

behavior. The research conducted using this approach was often limited to the 

macroscopically-observable study of the contraction of muscular fibers, either by (i) 

electrical recording of the succession of impulses on  a nerve fiber following externally-

generated flexion of the muscle fiber innervated by the specific fiber, or by (ii) electrical 

stimulation of the fiber, eliciting a contraction in the corresponding muscle fiber 

innervated by the fiber.  

 

Single electrode analysis generally failed in the study of more complex structures 

such as the optic nerve fibers, in light of the extensive elaboration of the optic stimuli by 

the interaction of many nerve cells. Despite its fundamental contribution to modern 

neuroscience, the single neuron recording technique severely limits the investigation of 

the concurrent time-dependent interactions between large neuronal populations, since 

large neuronal ensembles can be studied only by obtaining sequential unitary samples. 

Therefore, the lack of adequate electrophysiological techniques for neuronal ensemble 

recordings has contributed to the difficulty in characterizing the distributed and dynamic 

interactions between large populations of neurons involved in the processing and storing 

of information [231]. 

 

The most significant innovations in the field of multielectrode devices for the in 

vivo animal model have been targeted to the study of the central nervous system, and the 

first multiple penetrating microelectrode devices for intracortical neural research 
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consisted of known electrically-conductive materials that were stiff enough to be inserted 

through the pia or the dura without buckling. Still in use today, these devices are as 

simple as a stiff and sharpened insulated metallic wire, a carbon wire or a drawn glass 

pipette filled with an aqueous conductor [232-234]. For a metal electrode the recording 

area is confined to a small site at the electrode tip by a thin layer of insulation [235, 236], 

while a glass pipette is filled with a concentrated electrolyte and contacts tissue 

electrically through a fluid junction at the pipette tip. The construction of either of these 

conventional microelectrodes is generally considered to be “art”, however, because the 

fabrication techniques used impose inherent limitations on the precision and 

reproducibility of the resulting tip sizes, shapes and impedance levels. 

 

Due to their high impedance and small size of the recording site, in order to be 

effective, these electrodes had to be rigorously positioned near their target neurons using 

precision micromanipulation, and recordings could only be held for several minutes to 

several hours before repositioning was required. These drawbacks reduced the 

attractiveness of this technique for long-term chronic implants [237]. The first paper to 

propose the integrated circuit approach to extracellular microelectrodes for direct 

measurements in the brain was published in 1970 by Wise et al. [14, 238-240]. This work 

proposed to overcome a series of limitations associated with conventional 

microelectrodes and it introduced an array of gold microelectrodes supported on a silicon 

carrier that projected beyond the carrier for a distance of about 50 μm to allow a close 

approach to active neurons. These electrodes were covered with a thin (0.4 μm) layer of 

silicon dioxide that was selectively removed at the electrode tips using high-resolution 

photoengraving techniques to define the recording areas precisely. The intrinsic 

advantage in using integrated circuit fabrication was that, unlike conventional electrodes, 

the physical dimensions of the electrode can be closely controlled [241] and in fact they 

can be designed for a given application, avoiding changes in interelectrode spacings 

during use, in light of the rigid fixing of the electrodes on the carrier. 

 

These novel devices have been regularly upgraded since their initial creation to 

constitute what is now commonly known as the Michigan probe [242], after the 
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development of this kind of probe by Wise, Anderson and colleagues at University of 

Michigan – Ann Arbor during the past forty years [243-249], which is currently 

commercialized by NeuroNexus Technologies, Inc. (Figure 4). This setup has evolved 

from initial recordings with an amplitude limited to a few tens of μV to a few hundreds of 

μV in the most recent embodiments [250], and is inserted in the target tissue with high-

precision electrostatic microactuators [251]. 

 

Researchers from a variety of groups now routinely employ multiple single 

microelectrodes [252, 253], which are often called polytrodes [254] and are aligned into 

arrays to provide ever-increasing numbers of electrode sites in one device [255-257]. 

Some of these devices have also been used for applications in target tissues other than the 

nervous system, such as the heart tissue [258]. Specific modifications of these have 

positionable electrodes [259, 260], while others have single electrodes (with larger site 

sizes and / or reduced impedances) modified into setups featuring multiple channels that 

are capable of recording neural activity without precise positioning [231, 261]. In 

addition, a novel version of these devices incorporates microfluidic conduits to dose 

appropriate neuroregenerative chemicals [242, 262-264]. These devices are regarded to 

remain functional upon implantation for one to twelve months, but the same individual 

neurons can’t be tracked longer than about six weeks [237]. As a result, the surface of 

neural recording electrodes has been modified in order to provide higher interfacial area – 

lowering the impedance of the electrode site, therefore improving signal transport – while 

at the same time incorporating biomolecules with cell adhesion functionalities [265].   

 

Novel polyimide-based devices have been designed to provide a conformal 

coverage when placed upon the curved surface of the brain, although many applications 

require electrodes to be implanted into the cortex [237, 266]. The flexibility of the 

polyimide is intended to provide strain relief against the forces of micromotion between 

the tissue and the implemented device. In addition, the polyimide surface chemistry is 

amenable to modifications and preparations that allow a host of bioactive organic species 

to be either absorbed or covalently bonded to its surface. Device flexibility and 

bioactivity are intended to provide an optimal implant environment and extend the 
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longevity of the tissue-electrode interface. Biologically-active nerve growth factor have 

also been used in an effort to improve the performance and function of the neural 

interface, actively promoting neurite growth toward the recording site [267] or mitigating 

tissue disruption brought by the electrode insertion [242, 262]. 

 

 
 

Figure 4.  Diagram representing the different variations of the Michigan probe, developed over four 

decades  from 1970 by the research group of K.D. Wise and D.J. Anderson [14, 237, 239, 240, 243-249] 

and currently commercialized by NeuroNexus Technologies, Inc.. A. Diagram illustrating the first 

multielectrode microprobe which introduced integrated-circuit fabrication techniques to overcome many of 

the problems associated with conventional microelectrodes (adapted from Wise et al., [14]). B-C. Electrode 

designs featuring holes in proximity of the tip of each of the channels present on each Michigan probe, in 

order to enhance tissue repair subsequent to electrode insertion (in C the electrode tips are represented close 

to a 1 US cent to provide scaling information). D-E. Three-dimensional 1024-site 128-channel 

neuroelectronic interface based on complementary metal oxide semiconductor (CMOS), consisting of 

several coplanar electrode rows – stacked parallel to one another, with dedicated on-board signal 
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conditioning, and RF telemetry. F. Insertion of one stack of electrodes inside the cortex – in vivo. G. 

Diagram of one structure used for realizing buried microchannels sealed via chemical vapor deposition for 

drug delivery in the silicon substrate, along with a diagram of the resulting probe. The probes contain 

electrical recording/stimulating sites, orifice shutters, fluidic cables, and in-line flowmeters are shown. 

 

 A significant improvement related to the concept of multielectrode device 

developed by K.D. Wise, D.J. Anderson and colleagues is represented by the work 

performed by J. Pine and colleagues in the 1980s-1990s [268-271]. The part of this work 

related to in vitro experimentation is illustrated in section 2.6, in Figure 5 and Figure 12. 

The electrode geometry utilized by Pine and colleagues is similar to the one of the 

Michigan probe, as it consists of vertically aligned “blades” supporting the electrodes, to 

be inserted within the host brain tissue. The metal electrodes of these probes traditionally 

feature non-specific contact to many cells in the neighborhood of the electrode tip. 

However, the functionality of Pine’s probes feature a significant innovation which makes 

these probes unique, as they feature hollow receptacles with a grillwork suspended 

canopy to grow specific cells within the electrode well, in direct contact with the metallic 

electrode at its bottom. Cells are first cultured in vitro inside the canopy neurowells: as 

the cells grow in dimensions, they apply a pressure against the canopy, to secure a low 

noise electrical contact with the underlying metallic electrode on the lower side of the 

canopy neurowell. Over prolonged growth conditions, the cellular body of single cells 

constrained within the canopy neurowells will emanate dendritic arborizations which will 

extend far outside the neurowell. Once the entire assembly constituted by the probe with 

the neurowells and the attached cells is implanted in a host neural tissue, it behaves as a 

highly cell-type-specific device, capable to establish synaptic connections only with those 

specific cell types in the target tissue that match the type of the cells originally grown in 

the canopy neurowell. This technique has been demonstrated to reduce the decrease in 

electrode effectiveness which is generally observed in conventional electrodes over time, 

and it clearly illustrates a novel concept of hybrid BMI. 
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Figure 5.  Diagram representing the neural probe developed by Pine and colleagues in the 1980s-1990s 

[268-271] (see also Figure 12). A-B. Scanning electron micrograph and diagram for a probe featuring 

hollow receptacles with a grillwork suspended canopy. C. Diagram representing the process flowchart used 
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to manufacture the canopy neurowell, which is subsequently used to host individual neurons. D-E. 

Operational principles differentiating conventional metal non-specific electrodes from the cell-type-specific 

hybrid device of Pine and colleagues. F. Variation of well and canopy design to fit an hexagonal outline. G. 

Illustration of the complete hybrid device featuring dendritic arborizations protruding from the canopy 

wells – ready for implantation in the target neural tissue. 

 

Complex electrode designs allowing for batch fabrication of multi-site devices 

constitute a more recent generation of implantable neural interfaces. These usually 

monolithic, multisite devices have the capability for integrated electronics and cabling, 

and are created by incorporating planar photolithographic and silicon micromachining 

manufacturing techniques to electrically stimulate or record neurons at the focal level 

beneath the surface. 

 

The device designed and fabricated by the group of Normann et al. in the 1990’s – 

currently commercialized by Cyberkinetics Neurotechnology Systems, Inc. (Figure 6) – 

represents an important development in the field of in vivo multi-channel 

electrophysiology [272-277]. The fabrication method is rather complex and it involves 

the lithographic patterning of an array of aluminum contacts on the bottom of a wafer, 

followed by the application of a strong thermal gradient of 1250°C between the opposite 

sides of the wafer: as a result, the aluminum contacts form an aluminum-silicon eutectic 

which migrates along the thermal gradient towards the hotter side. As the eutectic 

droplets move through the wafer, the silicon recrystallizes behind them, eventually 

traversing the entire thickness of the wafer and doping the trails with aluminum p+, 

relative to an otherwise n-type wafer. Subsequent to this treatment, the wafer is diced to 

create a three-dimensional array of columns whose position match the placement of the 

p+ trails on the substrate. Upon completion of this process, the resulting p+ columns are 

further treated with dynamically flowing wet etching to impose a tapered, needle-like 

profile on the otherwise orthogonal pillars. 

 

The tips of the vertical pillars are then selectively platinized and subsequently the 

remaining part of the vertical pillars is passivated using polyimide. This process results in 

the creation of high aspect ratio, individually addressable electrodes, which can then be 
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used for electrophysiological experimentation on the cortex using a high velocity injector, 

to reduce tissue damage [278, 279]. The range of applications of this technology spans 

across recordings in the peripheral nervous system [280] with special emphasis on the 

cochlear nerve [281, 282], in the sensory, [283] visual [277, 284, 285] and motor [286] 

cortex and have been embraced by the scientific community for the design and 

fabrication of cortical implants [287, 288].  Similar devices intended for recording or 

stimulation of the cerebral cortex have been created from silicon, or have been designed 

to incorporate molybdenum – as well as other materials that are stiff enough to penetrate 

the pia upon implantation. 

 

Histological analysis subsequent to implantation was performed by Normann and 

colleagues, as well as by other distinct research groups [289], and revealed that the 

insertion of these probes or of similar ones led to the creation of a compact sheath of scar 

tissue. This is at least partially composed of reactive glia, which electrically insulate the 

probe from the brain and therefore lead to considerable local disruption at the interface 

between device electrodes and target cortical tissue (Figure 6F). 
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Figure 6.  Diagram representing the three most widely deployed devices for in vivo experimentation in the 

animal model. A-C. The Utah intracortical electrode array, developed in the laboratory of R.A. Normann in 

the 1990s [272-277] and currently commercialized by Cyberkinetics Neurotechnology Systems, Inc.). The 

main structure of the electrode is made of anisotropically-etched n-type silicon selectively doped with a p-
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type donor. A. Diagram of the doping technique which used an aluminum-silicon eutectic migrating along 

the thermal gradient towards the hotter side. B. Scanning electron microscopy of the wafer subsequent to 

anisotropic dicing, which created a geometry matching the dimensions of the preceding doping process. 

This process resulted in vertical, individually-addressable p-type pillars. C. Scanning electron micrograph 

showing the geometry of the electrode array subsequent to dynamic wet chemical etching. The array 

consists of tapered electrode tips with an average diameter of 100 μm, a spacing between adjacent 

electrodes of either 400 μm or (400*√2) μm (square geometry) and a customizable electrode length in the 

millimeter range. D. Electrical schematic of an individual tip, which was partially platinized on the tip and 

passivated on the root, to ensure electrical selectivity. E. Cross-sectional optical micrograph highlighting 

the buildup of scar tissue (thickness of about 100 μm) in correspondence of the position of the right 

electrode (adapted from Rousche et al. [279]). F. Transversal optical micrograph highlighting the buildup 

of scar tissue and the considerable local disruption at the interface between device electrodes and target 

cortical tissue. In order to reduce the disruption of shear forces upon insertion, the electrode is inserted at 

high speed in the cortex using a hydraulic apparatus (adapted from Rousche et al. [279]). G. Three-

dimensional multi-site, multi-modal probes, adapted from Osorio and Bhavaraju [288], which represent a 

further evolution of the device by Normann and colleagues. 

 

The group of Nicolelis et al. has recently pursued alternative designs for the 

development of a high-density microwire array [290, 291]. These devices consist of 

teflon-coated stainless steel microwires having customizable electrode length in the 

millimeter range with a diameter of about 50 μm, which are connected to a printed circuit 

board leading to the off-board electronics (Figure 7). 

 

 
Figure 7.  Diagram representing the electrode system developed at Duke University by the laboratory of 

M.A.L. Nicolelis for a high-density microwire array (adapted from Nicolelis et al., [290, 291]). A. Teflon-

coated stainless steel microwires with a diameter of about 50 μm and are connected to a printed circuit 

board leading to the off-board electronics. B. Several assemblies are stacked to constitute a three-
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dimensional multielectrode array featuring a spacing between adjacent electrodes of either 300 μm or 

(300*√2) μm (square geometry) and a customizable electrode length in the millimeter range. 

 

Despite all the multiple electrode designs discussed above that feature three-

dimensional and high aspect ratio electrode arrays, planar electrode arrays deposited on a 

perforated or otherwise highly porous substrate are often used both for electrodes 

positioned on the cortex [292], as well as for sieve electrodes – to record from and 

accordingly stimulate cranial nerves and the peripheral nervous system [293-296]. 

 

2.5. Applications Ex Vivo. Devices and Techniques for Basic Neuroscience and 

Physiology in Intra- and Extra-Cellular Studies of Single Cells 

 

For almost fifty years, microelectrodes pulled from metal wires or glass tubing 

have been the basic tools of experimental electrophysiologists. With these tools it has 

been possible to: record and stimulate intra- or extracellularly, pre- or postsynaptically; 

detect slowly changing direct current (DC) potentials as well as rapid transient impulses; 

release intracellular dyes or microquantities of drugs with iontophoresis 5  and 

electrolytically lesion fiber tracts [297, 298]. The basic experimental apparatus for single 

channel recordings is illustrated in Figure 8. This pool of techniques, which heavily relies 

upon the development of glass and metallic electrodes, have evolved considerably over 

the course of the past decades, up to the level of resolution of single ionic channels in the 

case of patch clamp recording [299, 300]. 

                                                 
5  Iontophoresis is a non-invasive method of propelling high concentrations of a charged substance, normally 

medication or bioactive-agents, transdermally by repulsive electromotive force using a small electrical charge 

applied to an iontophoretic chamber containing a similarly charged active agent and its vehicle. 
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Figure 8.  Illustration of the general setup used for pipette work in the in vitro single channel 

electrophysiological setup. The main advantage of this setup lies in its flexibility and reconfigurability, 

where each electrode pipette is independent and controlled by micromanipulators featuring multiple 

degrees of freedom. However the system cannot be easily deployed with a larger number of conducting 

channels, in light of the high precision needed in the recording and in light of the difficulty to 

micromanipulate multiple independent electrodes. The setup can be used for extracellular potential 

recordings, intracellular or patch-clamp recordings. In addition, this system can be used in stimulation 

mode. The cell culture is mounted on an isothermal support and the experiment is conducted with in situ 

transmission optical microscopy for control of the electrode tips, while the entire stage is adjusted on a 

pneumatic, vibration-free table. (Adapted from the March 2005 issue of the MIT Technology Review 

[301]).  
 

While glass pipettes were generally fabricated by mechanical drawing under heat, 

decreasing the crossection in a controllable fashion before rupture, electrolytically 

sharpened metal wires were defined by dipping the bare metal tips into an insulating 

lacquer and allowing the insulation to contact back from the tip as it dried, or by 

removing the insulation from the tip with a high voltage discharge, or by other 

specialized techniques [241]. 

 

Glass pipettes are generally regarded to be well suited to intracellular biopotential 

recording: their design makes it possible to record direct current (DC) and low-frequency 

potentials with good accuracy, and the fabrication techniques used in their construction 

permit the realization of the very small tip sizes needed for membrane penetration. 
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However, the frequency response of the micropipette is limited to a few kilohertz by the 

high series resistance of the pipette coupled with the shunt capacitance from electrode to 

ground, and the pipette structure is therefore less well suited for recording fast 

biopotentials. 

 

Although metal microelectrodes cannot be used for DC recording due to the 

polarization problems, they are well suited for recording fast extracellular activity. Their 

impedance levels are usually lower than those of pipettes, and because here the electrode 

impedance is largely capacitative, metal microelectrodes are not affected by the high-

frequency limitations associated with glass pipettes. The choice of the metal electrode 

over the glass pipette sacrifices DC and very low-frequency response for good low-noise 

performance; in light of this dichotomy, metal and glass electrodes are accordingly used 

in extra- and intra-cellular applications, respectively [12]. 

 

Several major problems are associated with the use of classical microelectrodes. 

On one hand, it is extremely difficult to present standard arrays of electrode tips to tissue, 

unless the loci are adjacent to one another. Multi-barrel pipettes may offer a viable 

alternative to the problems deriving from the use of plain pipettes, although they are 

generally bulky and inflexible, and suited to acute rather than chronic preparations. In 

addition, the development of on site signal conditioning units is inhibited for classical 

microelectrodes, leading to limitations in the signal-to-noise ratio of extracellular 

recordings as well as to difficulties in the control of stimulations parameters, which may 

result in histological damage [302]. 

 

In the remaining part of this section we review the patch clamp technique, which 

has offered significant improvements over traditional in vitro electrophysiological 

methods.  
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2.5.1. Current Clamp, Voltage Clamp and Evolution to Patch Clamp 

Techniques 

 

The extracellular voltage clamp and current clamp methods evolved directly from a 

series of landmark experiments initiated in the 1940s by Marmont [303], as well as by Cole 

and Curtis [304-307] and by Cole and Hogkin [308].  

 

Marmont developed the current clamp method to allow for the recording of the 

trans-membrane voltage, while keeping electrical current through the recording electrode 

either very small or at least constant. In this mode, the membrane potential is free to vary, 

and the experimental apparatus subsequently records the voltage that the cell generates on 

its own or as a result of stimulation. The current clamp methodology, therefore, quickly 

became a viable tool to study how a cell responds when electrical currents enter it – for 

example unveiling how neurons respond to neurotransmitters that act by opening 

membrane ion channels.  

 

The same setup developed and used by Marmont during the day was used by Cole 

and Curtis during the night using the voltage clamp technique to measure the ion currents 

across a neuronal membrane (i.e., using an intracellular electrode), while holding the 

membrane voltage at a set level, by virtue of the fact that neuronal membranes contain 

many different channels, some of which are voltage-gated.  By allowing the membrane 

voltage to be manipulated independently of the ionic currents and held at a level 

determined by the experimenter, this technique allowed for the current-voltage 

relationships of membrane channels to be studied in detail, ultimately outlining the ionic 

causes of the action potential.  

 

These experiments culminated in the experiments performed by Hodgkin, Huxley 

and Katz in the Physiological Laboratory at the University of Cambridge in the period 

1949-1952 [309-316], on the flow of current through the surface membrane of a giant nerve 

fiber [317]. These authors conclusively modeled the biophysical membrane response and 

found that the inward current is due to Na+, while the outward current is due to K+. These 
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experiments laid the foundation of our knowledge on the excitable properties of the axon 

membrane and the mechanisms of impulse initiation [318-323].  

 

The patch clamp technique was developed by Erwin Neher and Bert Sakmann as an 

alternative to the conventional intracellular recording techniques, which involve impaling a 

cell with a fine intracellular electrode [299, 300, 324]. This methodology relies on a patch-

clamp microelectrode – a micropipette with a relatively large tip diameter – and places the 

microelectrode next to a cell, followed by the application of gentle suction through the 

microelectrode to draw a piece of the cell membrane (the “patch”) into the microelectrode 

tip. This partial aspiration of the membrane patch inside the pipette – without rupture of the 

membrane – forms a high resistance “seal” with the cell membrane (Figure 9 A). This 

configuration is the "cell-attached" mode, and it can be used for studying the activity of the 

ion channels that are present in the patch of membrane. If more suction is applied, the small 

patch of membrane in the electrode tip can be displaced, leaving the electrode sealed to the 

rest of the cell . This “whole-cell” mode allows very stable intracellular recording (Figure 9 

C). A disadvantage (compared to conventional intracellular recording with sharp 

electrodes) is that the intracellular fluid of the cell mixes with the solution inside the 

recording electrode, and so some important components of the intracellular fluid can be 

diluted. A variant of this technique, the "perforated patch" technique, tries to minimise 

these problems. Instead of applying suction to displace the membrane patch from the 

electrode tip, it is also possible to withdraw the electrode from the cell, pulling the patch of 

membrane away from the rest of the cell. This approach enables the membrane properties 

of the patch to be analysed pharmacologically. 

 

Since the development of the first patch clamp technique, which first allowed the 

detection of single channel currents in biological membranes [324], this technique has been 

further refined to enable higher current resolution, direct membrane patch control as well as 

physical isolation of membrane patches [325]. 
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Figure 9.  A. Representation of a cellular membrane. Ions are transported through ion channels located on 

the membrane lipidic bilayer, each one of which can be specific to one type of ion like Na+ or K+. Every 

single ion channel consists of one protein molecule or a molecular complex, which forms the walls of a thin 
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channel connecting the interior of the cell with its exterior. The ion channel has such a small diameter that 

it corresponds to the width of only one single ion. The ion channel is opened or closed as its molecule 

changes shape. When, for example, the ion channel molecule for sodium is opened, sodium ions in a long 

row will pass through the minute ion channel into the cell, because there are more sodium ions outside the 

cell than on the inside. Since ions are electrically charged, an electric current will also pass through the 

open ion channel (adapted from E. Neher, 1991 [299]). B. Graphical representation of the quantity 

“current” in logarithmic scale, with representative examples of current signals or current carrying elements 

from electronics and biology. The shaded region was dominated by background noise before the 

development of the patch clamp technique (adapted from E. Neher, 1991 [299]). C. Schematic 

representation of the procedures that lead to the different patch clamp configuration, adapted from Neher, 

1991 [299]. 

 

2.5.2. Planar Patch Clamp Techniques 

 

The in vitro measurement of ionic metabolism has been subject to intense 

research effort since the discovery of the patchclamp in 1976 by Sakmann and Neher 

[324]. The scientific investigation in this field has focused on the structure, function, and 

regulation of ion channels, their involvement in various diseases, and the functional 

changes that cause channelopathies 6 [326]. In this context, particular attention has been 

dedicated to the measurement of [Ca2+], which plays an important role in cell signal 

transduction: rapid oscillatory local changes in Ca2+ concentration control numerous 

cellular enzymes and propagation of these changes as intracellular calcium Ca2+ functions 

as a signaling messenger [327, 328]. Patch clamping has rapidly expanded to become the 

“gold standard” in the study of ion channel function, but is still a laborious technique 

requiring precision micromanipulation under high power visual magnification, vibration 

damping, and very experienced and skillful experimenters [329]. In light of these reasons, 

high-throughput studies required in proteomics as well as drug development have had to 

rely on less valuable methods such as fluorescence-based measurement of intracellular 

ion concentrations or membrane voltage. While the traditional apparatus for intracellular 

studies on ionic metabolism relies on glass pipettes and is therefore limited to a few 

                                                 
6 Channelopathies are diseases caused by disturbed function of ion channel subunits or the proteins that 

regulate them. These diseases may be either congenital (often resulting from a mutation or mutations in the 

encoding genes) or acquired (often resulting from autoimmune attack on an ion channel). 
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channels operating on a few cells, new technological solutions are being developed for 

parallel measurements of a number of cells in the culture, in order to increase the 

accessibility of patch clamping via automated processes executed by robotic devices, to 

ultimately gain better understanding of the cell physiology at the network level [330]. A 

number of research groups and many companies are investigating parallel patch-clamp 

recordings on planar lab-on-a-chip surfaces for intracellular recordings [331-339]. Figure 

10 illustrates the three basic architectures of the electrode array used for planar patch 

clamp. The work of Guenat et al., [332] is particularly significant, as it resulted in the 

fabrication of a first substrate featuring protruding, high aspect ratio, hollow tips 

throughout the cross-section, from one side of the silicon wafer to the opposite one. This 

substrate is then interfaced to and sealed on a second one, which features individually-

addressable electrode metallic tips embedded within individually addressable 

microfluidics, in positions which match the position of the electrodes [340]. Alternative 

fabrication processes for planar patch-clamps have also been conceived [341], while 

novel approaches relying on air molding techniques have also been developed [342, 343]. 

 

The operational principle of a planar patch-clamp simply relies on suction of fluid 

inside the individually-addressable microfluidics, to electrically couple the overlying 

cells with minimal impedance to the underlying metallic electrodes embedded within 

individual fluidic channels. An adaptation of this architecture with larger electrode 

diameters has also been used for the monitoring of extracellular ionic activities [344].  
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Figure 10.  Conventional and planar patch clamping. A. Illustration representing conventional patch 

clamping, which deploys a micropipette with a relative large diameter (Figure 9 A, C). B-D. Diagrams 

illustrating two variations for the components of one type of a planar patch clamping device, its operation 

as well as scanning electron microscopy of the suction well, adapted from Lenert et al. [338]. E-G. 

Diagrams illustrating an innovative planar patch clamping device, its operation as well as a scanning 
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electron micrograph of the suction well. This device is branded as Cytopatch ® and is commercialized by 

Cytocentrics AG (adapted from Stett et al. [326]).  H-M. Fabrication of threedimensional, high aspect ratio 

hollow electrodes used for planar patch clamp experimentation, adapted from Guenat et al., [332]. H. 

Diagram representing the fabrication steps used for the manufacture of ion-selective microelectrodes. The 

process is based on the creation of high aspect ratio cavities within the silicon by deep reactive ion etching, 

followed by a 500 nm thick low stress SixNy layer is deposited by a low-pressure chemical vapor deposition 

(LPCVD) process and by wet etching on the opposite side of the wafer, in order to perforate the wafer on 

selected portions corresponding to the position of the electrode. The nitride caps of the tips are then etched 

via reactive ion etching and the wafer is then mounted on a pyrex substrate with individually-addressable 

conducting electrodes deposited inside cave channels matching the position of the protruding hollow tips in 

the silicon substrate. I.-L. Scanning electron microscopy of finished devices. M. Top-down view of the 

finished device deployed with biological cells.  
 

2.6. Applications Ex Vivo. Devices and Techniques for Basic Neuroscience and 

Physiology in Extracellular Studies of Multiple Cells 

 

The in vitro study of multiple cells in multichannel mode deposited on an array of 

electrodes was developed concurrently with respect to the first ex vivo studies on single 

cells described in section 2.5 above, in an effort to overcome the limitations and 

considerable experimental difficulties of single-cell ex vivo studies. This section is 

subdivided into three main subsections, respectively devoted to the development of two-

dimensional, three-dimensional and one-dimensional electrode geometries. The order of 

presentation is related to the historical progression – from the discovery and development 

of planar two-dimensional electrode geometries dating back to the 1970s, to the 

deployment of three- and one-dimensional devices started in the late 1990s. 

 

2.6.1. Planar, Two-Dimensional Multielectrode Arrays (MEAs) 

 

Planar multielectrode arrays – often referred to intercheangeably as 

microelectrode arrays (MEAs) – represent the first attempt made to overcome the 

technical limitations of the classical pipette work using the experimental setup previously 

described and illustrated in Figure 8. The first embodiment of this technology is generally 

attributed to Bergveld who in 1970 designed and fabricated a new solid-state device for 
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the measurement of ion activities in electrochemical and biological environments [345, 

346]. The development of the ion-sensitive field-effect transistor by Bergveld, 

documented in his publications in 1970, 1972 and in following years, is also discussed in 

section 2.7 in light of the relevance of this field of innovation to the broad goal of 

biochemical detection. 

 

In a classic study on in vitro multi-site recording of heart cells published on 

Experimental brain research in 1972, Thomas et al. then introduced multichannel 

recording using printed circuit microelectrodes [347]. This study was followed in 1974 

by a study published on the Bulletin of experimental biology and medicine USSR by 

Shtark et al., which first described a chamber for neurophysiological investigations of 

nerve-tissue cultures, consisting of a 12-electrode matrix made by spraying metal on a 

glass coverslip [348], followed in rapid succession, by a study in 1975 by the work of 

Pickard et al. to study functional plasticity in neuronal networks [302]. All these studies 

are considered today as equally important since they were the first ones to pursue the use 

of integrated circuit fabrication techniques for electrophysiological experimentation in 

the in vitro preparation. It is also important to underline that all these publications partly 

anteceded the development of integrated circuit fabrication techniques for in vivo 

preparations, as shown in section 2.4 of this chapter. 

 

In the 1980s Gross et al. reported a vigorous, spontaneous single unit activity 

recorded from monolayer cultures of mouse spinal neurons growing on multielectrode 

plates containing photoetched gold conductors [349-352]. Several other results have been 

obtained in the 1980s using neurons in conjunction with similar methodologies [353, 

354], confirming the viability of the technology based on planar multielectrodes similar 

to the ones of Gross and colleagues.  

 

Figure 11 illustrates the equipment deployed for the two fundamental experiments 

of Pickard and Gross. In more recent times, the same type of experiments has been used 

by Gross and colleagues to investigate the effect of drugs or other chemicals on neurons. 

A complete hybrid device has been assembled to use neurons as sensing devices for 
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neurotoxicological and environmental analysis. These recent developments are discussed 

in section 2.7.1 in more detail. 

 

Extracellular devices such as metal multi-wire arrays and microfabricated silicon-

based multielectrodes, have proved useful tools in resolving the firing times of multiple 

neurons, where information is considered to be carried in patterns of spike arrival times 

[355], despite a loss in signal discrimination when measuring any small synaptic 

potentials, due to their capacitive coupling. Over the course of the development from 

single- to multielectrode electrophysiological techniques for the in vitro preparation, 

however, it became apparent that instead of bringing electrodes to cells, it was more 

advantageous to reverse the concept and bring cells to a fixed matrix of electrodes 

attached to the floor of the culture chamber. 

 

The main advantages of this new approach introduced by Pickard et al. were (i) 

the potential for simultaneous recording from and stimulation of a large number of 

neurons, (ii) the elimination of vibrations between recording electrodes and signal source, 

(iii) the ability to carry out experiments in closed, sterile chambers, and (iii) the ability to 

carry out high-power microscopy during recording [356]. The usefulness of this new 

electrophysiological technique was however hindered by a variety of neurobiological and 

technical difficulties such as (i) insulation breakdown after days under warm saline, (ii) 

electrode reinsulation by vigorous glia growth, (iii) poor cellular adhesion to the most 

stable insulation materials and (iv) the monitoring of signals from the relatively small 

CNS neurons [356]. 

 

The following part of this chapter reviews the many different approaches which 

have been pursued in the literature following the study by Pickard et al. 
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planar electrode tips. A. Ion sensitive field effect transistor developed by Bergveld in the Netherlands, 

deployed on taenia coli (adapted from Bergveld, 1970 and Bergveld, 1972 [345, 346]). B. Printed circuit 

microelectrode array developed by Thomas et al. at Harvard Medical School in 1972 for multisite 

recording of heart cells (adapted from Thomas et al. [347]). C. First device for neural electrophysiological 

experimentation on neurons developed in 1973 by the Academy of Medical Sciences of the former USSR 

(adapted from Shtark et al. [348]). D. Multielectrode array for the study of the honeybee brain, developed 

in 1976 (adapted from Pickard et al. [357]). Despite the evident technical limitations in the outline of the 

electrodes, this is the first study that thoroughly demonstrated the use of techniques commonly deployed by 

the microelectronics industry for the purpose of neurobiological research. E. Complete assembly of a 

multielectrode array developed and used by G.W. Grosss in 1979 and throughout the 1980s for the study of 

rhythmic bursting in cultured CNS monolayer networks (adapted from Gross and colleagues [349, 358]), 

with an optical micrograph illustrating the electrode spacing between adjacent electrodes, equal to either 60 

μm or 120 μm (rectangular geometry). 

 

The insulating support most widely used in the literature is generally silicon 

dioxide, since it is optically transparent, therefore enabling concurrent in situ microscopy 

while the electrophysiological experiment is being performed. Since the optical 

information is lost at the gold conductors, attempts have been made to enable increases in 

electrode density without the serious and eventually unacceptable loss of morphological 

data. These problems have been addressed by the use of optically-transparent indium-tin 

oxide (ITO) as a conductor material for the electrodes [358]. 

 

Other arrays have been fabricated to employ conductive leads made of ITO and 

insulation that are transparent, making the dishes compatible with novel voltage-sensitive 

dyes and inverted microscopy [359].  While the use of voltage-sensitive dyes to optically 

measure the change in membrane potential from large numbers of neurons 

simultaneously is promising, it is limited by the lack of a complementary means for 

stimulating the cells, and by dye phototoxicity. The experimental procedure for this study 

is very elaborate, as it consists in growing a confluent layer of glia cells over the neurons 

to seal them close to the electrodes, or in lowering a gas permeant electrical insulator (e.g. 

silicon oil) over cells during recording sessions, therefore preventing bath electrolytes 

from shunting the signal, consequently obtaining high signal-to-noise ratios [359].  
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The simplification brought in the 1980s and 1990s, when monolayer cultures were 

introduced, was still insufficient for quantitative analyses, since the minimum dimensions 

of the cultures greatly exceeded the density and position of the recording matrix: under 

such conditions, the activity being monitored originated from neurons located up to 1.0 

cm from the recording loci [358]. This limitation made the visual identification of 

network components, as well as the network mapping after fixation, very difficult, 

therefore making it necessary to grow networks in much smaller culture areas to further 

simplify the electrophysiological and morphological analyses.  

 

Compared to conventional techniques, recordings with printed-circuit, 

multielectrode patterns provided a more global view of culture activity. Since the cultures 

grow on the electrode matrix, recording is possible with minimal disturbance and 

invasiveness of the neuronal circuitry. A review of the literature, however, confirms that 

alternating quiescence and paroxysmal activity 7 has been observed from single spinal 

neurons in cultures. Synchronous, repetitive spike activity has also been documented for 

two connected neurons, although only for a transient duration. However, these activities 

were not shown to persist for long periods [358]. 

 

 The persistence over time of a high quality contact between the cell and the 

electrodes has been extensively explored by J. Pine [360-362], in an effort to provide an 

excellent signal-to-noise ratio. While the initial approach pursued by Pine was based on 

the use of extracellular three-dimensional microcircuit electrodes coated with platinum 

black to enhance electrode surface and reduce electrode impedance [363], the most recent 

variation to this approach is illustrated in Figure 12 A-C, and it consists in seeding 

neuronal cells on the substrate, which is etched with square pits (side = 25 μm) with only 

individual cells getting positioned inside a single pit. As the cell grows inside a pit, it 

adheres on the internal surface of the pit and expands in volume, therefore exerting a 

pressure on the two electrodes respectively positioned on the bottom and on the top of the 

pit end, reducing contact impedance.  

 
                                                 
7 Activity characterized by sudden, violent outbursts that are often recurring over time. 
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Figure 12.  Diagram representing the setup used by J. Pine and colleagues [360, 361] for in vitro 

multichannel experimentation on neuronal cells, developed at Caltech over the 1980s and the 1990s and 

aptly called a canopy neurowell. A-C. Silicon micromachined neurochip characterized by a very good 

interface between individual neuronal cells and electrode equipment (adapted from Tatic-Lucic et al. [360]). 

A. Neuronal cells are seeded on the substrate, which is etched with square pits (side = 25 μm); only 

individual cells are positioned inside a single pit. As the cell grows, it adheres on the internal surface of the 

pit and expands in volume, therefore exerting pressure on the two electrodes respectively positioned on the 

bottom and on the top of the pit end reducing contact impedance.  B-C. Scanning electron micrograph 

showing the top view of the pit respectively at two different magnifications, before and after cell seeding. 
 

A cornerstone in the study of neuron-chip interfaces is represented by the names 

of Offenhausser and Fromherz. Their initial collaboration, under the auspices of 

Offenhausser’s Ph.D. thesis and of Fromherz advising and tutoring, clearly stands out 

amongst the many other studies on this planar MEAs conceived in the 1990s [364]. 

 

The transistor recordings used by Offenhausser are based on a planar source and 

drain within the silicon chip, with the cell lying between the two extremities of the 

transistors to measure extracellular potentials [365-368]. In standard planar field-effect 

transistors (FET), the conductance of the semiconductor between the source and the drain 

is modulated between ON and OFF states by a third gate electrode capacitatively coupled 

through a thin dielectric layer to the semiconductor. In the case of a p-type semiconductor, 

applying a negative gate voltage leads to an accumulation of majority charge carriers 

(positive holes) and a corresponding increase in conductance. The dependence of the 

A 
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conductance on gate voltage and corresponding charge at the gate electrode/dielectric 

interface makes FETs natural candidates for electrically-based sensing. This is the case in 

light of the fact that the binding of a charged or polar biological or chemical species to 

the gate dielectric is analogous to applying a voltage using a gate electrode. For instance, 

binding of a protein with net negative charge to the surface of a p-type FET will lead to 

an accumulation of positive hole carriers, ultimately leading to an increase in device 

conductance. 

 

In the design paradigm of Offenhausser and colleagues, the intracellular voltages 

are measured and controlled as well, through a patch pipette used concurrently with the 

transistor [365, 369], as illustrated in Figure 14 A.  In a further development of these 

techniques, Offenhausser and colleagues refined the design and fabrication of similar 

neuron-silicon junctions based on field-effect transistors [370], allowing noninvasive 

measurements of cell activity. They have suggested that changes in ion concentration in 

the small cleft between the cell and FET may change the surface potential of the FET, 

therefore highlighting the importance of the cell-device interface for the quality of the 

recorded signal [369]. These studies have been conducted in conjunction with 

lithographic patterning approaches to control the placement of cells in determined 

positions on the electrode array, therefore creating a defined network of neurons with 

controlled polarity and synaptogenesis – an aspect of fundamental interest in the 

development of applications ranging from cellular biosensors to tissue engineering [371-

375] (Figure 14 B-C). New devices have also been developed featuring onboard 

preamplification and amplification circuitry [376], or using headstage amplification 

devices [377], to increase signal-to-noise ratio. The same approach has been used to 

study signals from rat heart muscle cells and to detect minute changes of the extracellular 

membrane voltage, with potential applications in drug screening [378, 379]. 

 

Offenhausser and colleagues recently demonstrated the fabrication of large scale 

nano- and micropatterned gold nanopillar arrays at predefined positions on a silicon 

substrate [380]. This technology is here described in order to adequately illustrate it in 

relation with the rest of the work by Offenhausser and colleagues, although it could 
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equally be part of section 2.6.2 on three-dimensional microelectrode arrays. The method 

used by Offenhausser employs an imprinted porous alumina layer as a template film for 

electrodeposition. The stamp for the imprinting procedure is formed by a strandard 

lithographic process combined with wet-chemical etching of silicon. The stamp pattern is 

then transferred onto a thin gold/aluminum film covering a silicon substrate material 

(Figure 13 D). Following imprinting of the aluminum film and anodization into alumina 

(Al2O3), the thin film is progressively etched with nanochannels that selectively connect 

to the underlying gold surface at the indented regions. The subsequent electrochemical 

deposition of gold inside the nanochannels and the dissolution of the alumina membrane 

result in the creation of patterned areas of Au nanopillars (Figure 13 D). Despite the 

initial promise of this methodology, the recording or stimulation of cells hasn’t already 

been documented using these novel structures.  

 



 

50 

 
Figure 13.  Diagram representing the most widely deployed devices for in vitro multichannel extracellular 

experimentation on neuron-silicon junctions, adapted from multiple studies by Offenhausser [365-367, 372-

375, 380]. A. Equivalent circuit for a typical experiment, consisting of a cell positioned on a field emission 

transistor; the cell is then impaled on this predetermined location by means of an intracellular pipette, also 

used for either patch-clamp recording or cellular electrical stimulation. B-C. Patterning approaches to 

control the placement of cells in determined positions on the electrode array, therefore creating a defined 

network of neurons with controlled polarity and synaptogenesis. D-E. Diagram representing the process 

flowchart used by Wolfrum et al. for the fabrication of patterned gold nanopillars in selected areas of the 
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substrate – defined by lithography (adapted from [380]). A silicon stamp is used to indent the aluminum 

layer of a substrate. The imprinted aluminum film is anodized into alumina to produce a very regular array 

of pores connecting to the underlying gold film. Gold is then electrochemically deposited inside these pores 

and the complete chemic etching of the template material reveals the final structures, characterized by 

scanning electron microscopy.  

 

Fromherz further investigated the direct neuron-transistor interface in subsequent 

studies [381, 382], both in recording [383-388], in stimulation [389], as well as in ping-

pong, bidirectional recording and stimulation – via closed-signal loops induced between 

the neuron and insulated field effect transistors on the integrated circuit [390, 391] – or, 

finally, in direct communication with another nerve cell via the semiconductor chip with 

integrated circuitry for analog-digital-analog processing [392]. Field emission transistors 

have also been used to study the excitatory chemical synapse between a single pair of 

identified neurons [393].  

 

A recent example of direct neuron-transistor interfaces used in recording mode 

pursued by Fromherz in Jenkner et al. [394] is focused on the creation of a stable and 

high quality interface between neuronal cells and electrode tips. Figure 14 D-G illustrates 

this study where the electrodes are designed to converge on a central recording area with 

circular outline, coated with poly-L-lysine to promote selective cell adhesion. The initial 

approach pursued by Fromherz and colleagues did not convincingly address cellular 

recordings over prolonged time intervals, since as soon as the cells seeded on the 

substrate move from their original positions, the signal-to-noise ratio becomes too low for 

a recording to be undertaken. A more sophisticated variation of this approach consisted in 

the creation of vertical posts located in correspondence with the position of the field 

emission transistor, created to inhibit cell migration over the course of the experiment, 

therefore securing a stable connection between adjacent cells and the underlying substrate 

[395, 396]. In a different setup, Lambacher et al. report on a novel two-dimensional 

electrical mapping of neuronal activity using a 1 mm2 array of 16384 sensor field-effect 

transistors fabricated by extended CMOS technology, in collaboration with Infineon 

Technologies AG. This study led to the creation of electrical maps of small neuronal 

networks at a spatial resolution of 7.8 μm, but obviously resulted in a limitation in 
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temporal resolution, in light of the exorbitantly high number of recording channels 

(Figure 14 H) [397, 398]. 

 

The in vitro approach pursued by Fromherz and colleagues has not been limited to 

cultured cells, but it has also been extended to organotypic cells cultures – thin slices of 

brain tissue, generally from the hippocampus [399-401]. In addition, neuropatterning 

techniques have also been developed in order to guide the growth of cultured neurons to 

fit the geometrical constraints and the placement of neuronal cells above the electrodes or 

transistors present on the chip [402, 403]. 

 

In a recent modification of the traditional setup used for electrophysiological 

cellular imaging, Braun and Fromherz used an optical method to image electrically the 

cell-silicon junction based on luminescent molecular electronic probes [398, 404, 405], 

capitalizing on a thorough experience on fluorescent, voltage-sensitive dyes [386, 406, 

407]. In their setup the cell is stimulated by a periodic voltage between the silicon and the 

bath; a membrane-bound dye is used to probe the resulting voltage across the cell 

membrane. The fluorescent signal – acquired at high spatial resolution with a confocal 

microscope – reveals microscopic details with a much finer resolution compared to 

impedance measurements of cells on metal electrodes, which is limited to infer global 

electrical properties of confluent cells with a rather ambiguous interpretation of seal 

resistance. A lock-in technique is used for the acquisition of the fluorescent signal, which 

can be gathered with a time resolution of 0.4 ms or less [407]. 

 

A different but related approach pursued by Fromherz and colleagues is focussed 

on the use of FET recording to study differences in activation of ionic channels observed 

in cell adhesion, considering the area of cell adhesion on a solid substrate as a model 

system, in an effort to electrically characterize cell membranes in contact with the 

extracellular matrix [396, 408-416]. In these studies, the cell membrane and the recording 

FET substrate are separated by a thin film of electrolyte that plays the role of a gate for a 

FET with source and drain. The cell is joined to a micropipette to control the intracellular 

voltage and generally to measure the current through the cell membrane. As a result, the 
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ion current through the adherent membrane flows along the thin film of electrolyte and 

originates an extracellular voltage between the cell and the chip which modulates the 

source-drain current (Figure 14 I). This level of analysis has been pushed to a 

considerable level of refinement, and it has led to the determination that the current 

flowing from the bath along the narrow cleft between the cell and the substrate can 

modify the voltage across the membrane leading to bistability, hysterisis and memory 

effects [417]. Moreover, this self-gating occurring in cell-adhesion has been found to be 

triggered by minute modulations of cell attachment [418, 419], of cell form [420] or of 

intracellular potential [382]. This biophysical approach provides a basis for studying 

selective accumulation and depletion of ion channels in cell adhesion, as well as for the 

development of cell-based chemical biosensoric devices and neuroelectronic systems. 

Further biophysical studies by Fromherz and colleagues on the electrical characterization 

of lipid bylayers using transistor-based solid state technologies to be used as bioelectronic 

transducers are discussed in section 2.7.  
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Figure 14.  Diagram representing the most widely deployed devices for in vitro multichannel extracellular 

experimentation on neuron-silicon junctions, adapted from multiple studies by Fromherz [394, 396, 398].  

A-D. Microchip developed and manufactured in the laboratory of P. Fromherz in München (adapted from 

Jenkner et al. [394]). This class of devices feature planar electrode tips. E-G. Scanning electron micrograph 

highlighting a variation of the neuron-silicon junction pursued by Fromherz and colleagues. This setup 

features vertical posts located around each channel, consisting of a field emission transistor, in order to 

hold the cell in place, therefore inhibiting cell motility over the course of the experiment, to ultimately 

secure a stable connection between adjacent cells and the underlying substrate [395]. H.  Artificially 
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colorized scanning electron microscopy of multi-transistor-array neurochip fabricated using CMOS 

technology, in collaboration with Infineon Technologies AG; this device was used in conjunction with very 

large squid neurons (adapted from Lambacher et al. [398]). I. Schematic of the cell-transistor system cross 

section (not to scale: diameter of cell = 20 μm, distance of cell and chip = 70 nm). The intracellular voltage 

VM is controlled by a patch-clamp pipette. The total membrane current IM arises from the attached and free 

parts of the membrane. The extracellular voltage VJ in the cell-chip junction arises from current through the 

attached membrane that flows along the resistance of the cell-chip junction and modulates the source-drain 

current of the transistor (adapted from [408-410]). L. Schematic illustrating the setup used for planar lipid 

bilayer field emission transistors (adapted from [421]). 

 

Berdondini et al. investigated the information processing capabilities and 

neuronal network dynamics of neuronal ensembles constituted by dissociated neuronal 

cultures coupled to microelectrode arrays relying on interconnected sub-populations of 

cortical neurons [422]. The rationale is to sub-divide the neuronal network into 

communicating clusters while preserving a high degree of functional connectivity within 

each confined sub-population, therefore achieving a compromise between a very large 

neuronal population and a patterned network, such as the ones currently used with 

conventional MEAs. This architecture is illustrated in Figure 15. 

 

 

C 

A B

D



 

56 

Figure 15.  Diagram representing the three most widely deployed devices for in vitro multichannel 

recording, developed by and adapted from Berdondini et al. [422]. A, B. Optical micrograph illustrating the 

arrangement of the electrode tips relative to the average cell size (distance between immediately adjacent 

electrodes = 25 μm). C. The physical barriers around the five main areas – obtained by patterning thick 

Epon SU-8 photoresist – allow for clustering the network into a number of sub-networks, while preserving 

a high degree of functional connectivity within and among the subpopulations. D. Complete device 

wirebonded on a PCB and featuring a cuvette to retain the cellular medium. 
 

A significant development in the field of planar multielectrode arrays has evolved 

towards the end of the 1990s by the group headed by Haemmerle in Reutlingen, using 

gold microelectrodes deposited on glass, followed by insulation, deinsulation at the 

electrode tip and selective coverage of the tips with TiN [423-425]. The coating with TiN 

presents a series of advantages over conventional metallic electrodes, related to the 

nanostructure surface topography of the TiN layer, which results in enhanced surface area, 

enhanced cell adhesion and reduced impedance, and which features greater mechanical 

stability, therefore allowing reuse of these electrodes for multiple electrophysiological 

experiments (Figure 16). This class of devices, commercialized by Multi Channel 

Systems GmbH, features a preamplification unit directly mounted on the multi electrode 

array consumable, therefore contributing to maintain the high signal-to-noise ratio. In 

light of its versatility, this device has been used by Haemmerle and colleagues in a 

variety of experiments for visual prosthesis [426], drug discovery, safety pharmacology 

and basic research [427, 428], as described in section 2.7.1. In addition, the multi-

microelectrode array produced by Multi Channel Systems has been deployed in a broader 

variety of studies [429], which encompass cardiophysiology, chronobiology, 

pharmacology, ion channel screening, neural regeneration, synaptic plasticity, spike 

sorting and basic physiology. 
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Figure 16.  Multi-microelectrode array for simultaneous recording and stimulation of organotypic slices 

from the hippocampus developed in the late 1990s in the laboratory of H. Haemmerle in Reutlingen 

(adapted from Egert et al. [423] and commercialized by Multi Channel Systems GmbH). This class of 

devices features planar electrode tips. A. Process flowchart for the fabrication of the multi-channel probe. B. 

Detailed scanning electron micrograph illustrating the tip of a single electrode, which is circular with a 

large diameter to increase the recording area, while at the same time reducing electrode impedance. C. 

High resolution scanning electron microscopy representing the nanoscale porous features at the surface of 

the exposed portion of the electrode, also designed to increase electrode surface area and to reduce 

impedance to 80-250 KΩ, compared to flat gold microelectrodes. D. Optical micrograph illustrating the 

relative proportion of the organotypic hippocampal slice, of the electrode width and of the electrode 

spacing between adjacent electrodes, equal to either 200 μm or (200*√2) μm (square geometry). E. 

Photograph showing the relative dimension of the array. F. Assembly of the chip consumable and of the 

preamplification unit contacted at the perimeter of the array. G. Assembly of the multi-channel probe in 

conjunction with a micromanipulator for single-channel patch-clamp or alternatively for multichannel 

recording an/or stimulation using a flexible multiple electrode array deposited on polyimide. 
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 Finally, the patterning approach used by Offenhausser and Fromherz in 

conjunction with the deployment of planar multiple electrode arrays, and previously 

described in this section, has been successfully used by a variety of other research groups, 

such as the group headed by Turner and Craighead [430, 431], in conjunction with the 

work by Kam et al. [432, 433], of Jimbo’s group [434, 435], as well as of the group of 

Wheeler and colleagues [436, 437].  

 

2.6.2. Three-Dimensional Multielectrode Arrays 

 

The introduction of three-dimensional electrode arrays for extracellular studies 

dates back to at least the 1990s and was motivated by the need for lower impedance at the 

cell-electrode interface and higher signal-to-noise ratios relative to planar multiple 

electrode arrays. 

 

The research teams of Koudelka-Hep in Neuchatel and of P. Renaud in Lausanne 

– who are amongst the main contributors in this field – led to the development of three-

dimensional multi-electrode array tips used for multi-site stimulation and recording in 

acute brain slices. The electrode tips feature a three-dimensional geometry and are made 

of etched silicon plated with metallic conductor to carry the signal to the conducting leads. 

The substrate is subsequently coated uniformly with insulator and selectively deinsulated 

at the tip apex for spatially-selective conduction to be effected [438-440] (Figure 17). 

Oxygen and nutrients are generally supplied to the tissue slice by diffusion only (usually 

from one side) and can become limiting for tissue stability, long-term viability, and slice 

thickness; this is especially true for MEAs, which are used to record on the face of the 

slice not directly exposed to the continuous stream of buffer. To overcome this issue, 

several of the MEAs developed for acute brain slices feature arrays of holes perforated 

through the substrate, therefore allowing nutrient and by-product exchange on both sides 

of the organotipic slice, via perfusion [441] (Figure 17 F).  
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Figure 17.  Fabrication of Pt-tipped microelectrodes, adapted from Berdondini et al., Thiebaud et al., 

Jahnsen et al., Kristensen et al. [438-440, 442, 443]. A. Diagram representing the fabrication of Pt-tipped 

microelectrodes obtained from wet etching of silicon, followed by platinization, nitridation, a second step 
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lithography and partial nitride etching. B-C. Detail of the three-dimensional devices subsequent to selective 

nitride etching. D-E. An additional step may be undertaken to electrochemically deposit an additional layer 

of Pt on the tip of the electrode to a varying extent, therefore further reducing electrode impedance by 

increasing the surface of the conductor, while increasing the long-term durability and chemical stability of 

the electrode tip, particularly at the Pt-nitride interface. F. Low magnification of the electrode recording 

locus, which highlights the presence of individually-addressable channels terminating with a three-

dimensional tip, as well as the presence of an array of holes which are used for perfusion of the solution 

directly to the target tissue. G-H. Histology of a tissue slice used in conjunction with the fabricated 

multiple electrode array. The presence of holes in the target tissue, surrounded by astroglial cells with few 

neurons is indicative of a rather inefficient interface between the inorganic electrode array and the living 

neuronal cells. 

 

Metal-tipped three-dimensional electrodes are primarily used for extracellular 

monitoring of organotypic hippocampal brain slices [440, 442, 443], and constitute a 

promising improvement in the field of in vitro brain research, relative to acute brain slice 

preparations. This technique provides an opportunity to study new aspects of the biology 

of brain cells both during development and after maturation; the cultured brain tissue 

derived from newborn or early postnatal preparations is generally regarded to develop 

with a similar morphology, synaptogenesis, electrophysiology and biochemistry as if it 

had remained in situ in the intact animal – despite the absence of afferent fibers and 

efferent targets that induces a cellular reorganization of the connections in the explanted 

tissue slice. The relative similarity of the isolated tissue slices to the original host tissue, 

coupled to the capability to perform long-term experiments of up to 6-8 weeks, makes 

organotypic cell slices suitable candidates for basic electrophysiological studies. 

 

Renaud and colleagues have focused on the design and fabrication of low-cost 

planar multi-electrode arrays with two major improvements – (i) the integration of three-

dimensional electrodes in order to improve recording from acute tissue slice preparations 

and (ii) the integration of surface microchannels for local solution delivery, i.e. local 

chemical stimulation [444-447]. The main advantage of protruding electrodes compared 

to planar electrodes for extracellular measurements consists in the penetration of the 

tissue preparation, allowing for improvement of signal recording (larger amplitudes) and 

stimulation (lower stimulation threshold), even though the outer cell layers of the tissue 
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slice samples are generally severely damaged during preparation (Figure 18). On the 

other hand, a larger electrode area is obtained with 3D electrodes, reducing electrode 

impedance and the resulting noise level. The introduction of surface microchannels is a 

key feature for local perfusion and chemical stimulation of target neural networks without 

affecting the surrounding tissue or culture medium – a feature which is expected to 

increase chemical stimulation selectivity in the cell preparation during experimentation. 
 

 
Figure 18.  Diagram representing the three-dimensional multi electrode array for multi-site stimulation and 

recording in acute brain slices, developed by the research team of P. Renaud in Lausanne  (adapted from 

Heuschkel et al. [444] and commercialized by Ayanda Biosystems S.A.). A-C. Optical micrograph of the 

MEA at three different magnifications, illustrating the electrode width and the electrode spacing between 
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adjacent electrodes, equal to either 200 μm or (200*√2) μm (square geometry). D. Scanning electron 

micrographs show the three-dimensional geometry of the electrode tips, that are made of etched silicon 

plated with metallic conductor and ITO to carry the signal to the conducting leads. The substrate is 

subsequently coated uniformly with insulator and selectively deinsulated at the tip apex for spatially-

selective conduction to be effected.  

 

The studies reported by the Danish group of Zimmer using the devices fabricated 

by the research group of Koudelka-Hep in Switzerland [442, 443] (Figure 17) however 

demonstrate that recordings from organotypic cell cultures grown on silicon-based 

microelectrodes typically result in signals with an amplitude on the order of tens to 

hundreds of microvolts. Conversely, when conventional extracellular microelectrodes are 

used, the recorded signals are typically ten times larger in amplitude. This discrepancy 

highlights the necessity of better electrode designs to increase signal-to-noise ratio and to 

enhance electrode performance. The need for better electrode design is particularly 

evident from the bildup of astroglial scar tissue in the immediate adjacency of each three-

dimensional electrode, which reduces the overall signal-to-noise ratio of the electrode, as 

illustrated in Figure 17 G-H. 

 

 Oka et al. have applied the use of platinum black to obtain three-dimensional 

electrode tips, therefore enhancing signal-to-noise ratios, similarly to the studies 

described above [448]. 

 

As an alternative to the methods previously illustrated, a flexible and perforated 

32-element planar microelectrode array has been fabricated and used to measure evoked 

potentials in brain slices [449]. In this case, the perforation has been used to enhance 

nutrient and by-product transport via perfusion, and the flexible microelectrode array 

enables a better contact to the cells compared to otherwise rigid planar devices.  

 

While the traditional approach to the field leverages multiple electrode arrays of 

individually-addressable electrodes to be used in recording and stimulation mode, a 

radically new approach for in vitro electrophysiological recordings of tissue cultures has 

been pursued by Berdondini et al., based on the use of high density active microelectrode 
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array architectures [450]. This approach is based on active-pixel sensors (APS) – image 

sensors consisting of an integrated circuit containing an array of pixel sensors, each 

containing an active transistor reset and readout circuit. Such an image sensor is produced 

by a complementary metal oxide semiconductor (CMOS) process and is emerging as an 

inexpensive alternative to charge-coupled devices (CCDs) in the field of image 

acquisition, by virtue of low power draws and lower production costs. The two-

dimensional array of pixels is organized into rows and columns, and pixels in a given row 

share reset lines, so that a whole row is reset at once. Select lines of each pixel in a row 

are tied together as well. The outputs of each pixel in any given column are tied together. 

Since only one row is selected at a given time, no competition for the output line occurs. 

The array used by Berdondini et al. leverages an active pixel sensor (Alcatel 

Microelectronics, Inc.) integrating 4096 gold microelectrodes with an electrode 

separation of 20 μm on a surface of 2.5 mm * 2.5 mm,  as well as a high-speed random 

address logic, allowing the sequential selection of the measuring pixels. The electrodes in 

contact with the cellular medium are made of an aluminum-based alloy, which is unstable 

when used for prolonged amounts of time in electrophysiological medium solutions. This 

problem is overcome by the development of an electroless post-processing technique for 

depositing gold as an electrode material [451], which results in a chemically-stable, high-

surface-area and low-impedance contacts (Figure 19). 
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Figure 19.  Diagram representing the active-pixel sensors based on CMOS technology developed by 

Berdondini et al. for in vitro extracellular recording (adapted from Berdondini et al. [439, 450, 451]). A. 

The two-dimensional array of pixels is organized into rows and columns, and each recording channel is not 

individually addressed, but can only be accessed via leads from the center of the device to its periphery, 

which are shared with other electrodes of the array. B-F. The CMOS architecture of an active-pixel sensor 

features aluminum-alloy-based electrodes in contact with the electrophysiological solutions. These are 

chemically unstable and are therefore electrolessly post-processed with selective, electrochemically-based 

gold deposition, which originate different electrode tip morphologies depending on the plating conditions 

and plating time. 

 

This set of scalable, low cost technologies appears particularly well suited in 

order to investigate electrophysiological metabolism of cardiomyocytes, but it appears 

unsuitable in order to record signal from neural cultures, in light of the high noise and 

low sampling frequency of the multiplexing logic, relative to the wide area of the array, 

to the high number of cells to be sampled, as well as to the considerably lower signal 

amplitudes which are present in neurons with respect to cardiac cells. This is so in light 

of the fact that each recording channel is not individually addressed, but can only be 

accessed via leads from the center of the device to its periphery, which are shared with 

other electrodes of the array. In addition, this setup cannot be used in stimulation mode or 

in combined recording and stimulation without severely affecting the sampling rate and 

overall device functionality. 

 

A recent study by Jimbo et al. [452] developed  a programmable multisite 

stimulation unit, which produces minimal interference with simultaneous extracellular 

and patch or whole-cell clamp recording. The developed multisite stimulation and 

recording system features novel interface circuit modules, in which preamplifiers and 

transistor logic-driven solid-state switching devices are tightly integrated, therefore 

permitting PC-controlled remote switching of each substrate electrode from electrical 

recording to stimulation mode. This allows not only flexible selection of stimulation sites, 

but also rapid switching of the selected sites between stimulation and recording, within 

1.2 ms, therefore allowing almost continuous monitoring of extracellular signals at all the 

substrate-embedded electrodes, including those used for stimulation. In addition, the 

vibration-free solid-state switching made it possible to record whole-cell synaptic 
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currents in one neuron, evoked from multiple sites in the network. In light of these 

characteristics, the authors used this system to visualize spatial propagation patterns of 

evoked responses in cultured networks of cortical neurons and to study synaptic 

integration within single neurons. 

 

 To conclude, three-dimensional vertically aligned posts have been used by 

Turner, Craighead and colleagues to investigate cell adhesion on silicon micro- and nano-

structures for astrocytes and neurons [453-456], independently from the 

electrophysiological approach pursued by these same authors to record 

electrophysiological signals from planar microelectrode arrays [430, 431]. It is important 

to note that Turner, Craighead and colleagues based the majority of the work here 

described not on neurons, but on astrocytes – large types of neuroglial cells in the central 

nervous system that support and nurture neuronal cells – and that no electrical 

measurement was made by these authors in relation to the work illustrated in Figure 20. 
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Figure 20.  Scanning electron micrographs of astrocytes and neurons adhering onto silicon micropatterned 

substrates (adapted from Turner, Craighead and colleagues [453-456]. A-C. Astrocytes – large types of 

neuroglial cells in the central nervous system that support and nurture neuronal cells – adhering on 

substrates consisting of vertically aligned posts of silicon on a planar silicon substrate. D-E. Neuron 

adhering on an identical type of substrate, with E representing a detail at high magnification of the portion 

of D highlighted by the white rectangle. 

 

2.6.3. One-Dimensional Multielectrode Arrays 

 

One-dimensional multielectrodes rely on high length-to-diameter ratio structures 

used as the sensing or stimulating interface device. Recent developments focused on 

field-effect sensors based on semiconducting nanowires positioned parallel to an 
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insulating substrate, show promise for creating highly sensitive one-dimensional probes 

for biological systems. The high sensitivity of nanowires composed of silicon or other 

semiconductors can be ascribed to the geometry of these structures, which ultimately 

leads to depletion or accumulation of carriers through their entire cross-section, compared 

to otherwise planar devices discussed in section 2.6.1 above, where only a limited portion 

near the electrode surface is subject to variations in charge density.  

 

Significant advances in this field have been made by Lieber and colleagues, who 

use semiconducting nanowires to measure conductivity changes in response to variations 

in the electric field or potential at the surface of the device. The approach based on one-

dimensional multielectrode arrays, has been used both for neuroscientific studies, as we 

here illustrate, as well as for nanoelectronic devices with applications in (bio)chemistry, 

microelectronics and pharmaceutical screening, as described in the previous section 2.7.2 

of this thesis. Patolsky et al. use nanowire field-effect transistors integrated with the 

individual axons and dendrites of live mammalian neurons, where each nanoscale 

junction is used to either detect or stimulate, and/or inhibit neuronal signal propagation [1, 

457]. More specifically, the configuration of nanowire-axon junctions in arrays, as both 

inputs and outputs, enables the complete or partial inhibition of signal propagation 

through the axon, by both local electrical and chemical stimuli, therefore creating a fully 

reversible excitatory or inhibitory neural interface. 

 

Figure 21 illustrates the hybrid device used in conjunction with substrate 

patterning, to constrict the growth of neuronal dendrites and axons to a straight 

orientation. The semiconducting nanotubes – positioned in a quasi-paralleled orientation 

via Langmuir-Blodgett technique – are contacted by overimposing contact leads which 

connect them to the outes circuitry and allow the monitoring of signal propagation from 

the dendrite to the cell body and ultimately to the axon. The importance of this work lies 

in its evident scalability: successful growth and signal detection of a neuronal axon across 

50 nanowire elements suggests the potential of these devices for designing real-time 

cellular arrays and for drug testing. 
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Further reference to the work by Lieber and colleagues on one-dimensional 

multielectrode arrays is reported in section 2.7.2 in the context of applications in 

biosensing, chemical pharmacology and biochemistry. 

  

 
Figure 21.  One-dimensional multielectrode arrays for neural recording, stimulation and/or inhibition, 

adapted from Patolsky et al. [1, 457]. A. High resolution scanning electron mirograph of a neuron 

positioned over an array of horizontally aligned nanowire field emission transistors. The signal propagates 

from the dendrite to the cell body to the axonal termination, to contact synaptically another cell. The 

essential structure of a device consists of the neuron body with its axon and dendrites stretched over an 

array of silicon nanowire transistors (not visible at the magnification used in A). On the right-hand side, the 

plots show higher latency times for dendrites rather than axons, coupled to a higher propagation speed for 

axons rather than for dendrites. B. A polylysine pattern directs the dendrite and axon growth transversally 

across the nanowire array during cell growth and ensures successful neuron–nanowire electrical contact. 
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Measurements are made by stimulating the neuronal action potential at the cell body with a microelectrode 

and detecting the signal at a given nanowire–neuron junction. Growing the axon or dendrite across a series 

of nanowires permits the measurement of both signal speed and distortion. Moreover, setting the voltage of 

one of the nanowires in the series above a certain threshold completely blocks signal propagation (scalebar 

= 40 nS = 40 nΩ-1). 

 

2.7. Applications Ex Vivo in Biosensing, Chemical Pharmacology, Biochemistry 

and Microelectronics 

 

The rapid development of IC-technology during the last few decades has strongly 

stimulated the fabrication of (bio)chemical and biomedical sensors based on solid-state 

devices. This electrically-based technology is quite distinct, although not necessarily 

independent from, common optically-based assays, as the latter set of technologies 

generally rely only on bound dyes and fluorescent probes. Label-free electrical readouts 

therefore offer enhanced simplicity, versatility and ultimately lower costs, and can be 

applied in fields as broad and as diverse as chemical pharmacology, biochemistry, 

microelectronics, neuropathology and neurotoxicology.  

 

This section is subdivided into three main subsections respectively devoted to the 

development of two-dimensional, three-dimensional and one-dimensional sensing 

devices. The order of presentation mirrors the historical progression – from the discovery 

and development of planar two-dimensional electrode geometries dating back to the 

1980s and 1990s, to the more recent discovery of novel, high length-to-diameter micro- 

and nanosctructures, followed by their deployment in one-dimensional devices started in 

the late 1990s. 

 

2.7.1. Two-Dimensional Electrophysiological Sensing Devices 

 

The use of multiple electrode arrays in electrochemistry dates back to 1970 when 

a very innovative sensor – the ion-sensitive field effect transistor (ISFET) – was invented 

by Bergveld [345]. The idea of the ISFET is very attractive, as such a device can be 

easily miniaturized and combined with electronic circuits on the same silicon chip. An 
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ISFET is a normal MOS transistor without a gate – therefore permitting the electrolyte to 

be in direct contact with the gate oxide. This results in a modulation of the electrical 

parameters recorded at the MOS, which is caused by a variation of the chemical 

characteristics of the electrolyte, such as pH.  Bergveld’s subsequent developments of his 

initial device were intended for the measurement of pH and sodium ion activity, as well 

as for recording physiological transient action potentials [346, 458, 459]. 

 

Matsuo and Wise in 1971 reported a similar device [240], followed by a large 

number of publications on the exact theoretical principles of the ISFET, which were not 

known at the time. This effort resulted in a great variety of devices such as enzyme FETs 

(ENFET), immunochemically sensitive FETs (IMFET), biologically-enabled FETs 

(BIOFET), and referenced FETs (REFET) [460]. Despite these very intense efforts over 

multiple years, the success of this approach has not been satisfactory, in light of multiple 

technical difficulties affecting the functionality of these sensors [461]. In the remaining 

part of this section we discuss biosensors and hybrid organic – inorganic devices of novel 

conception and reduction to practice, which offer multiple advantages and more promise 

than conventional approaches based on the initial design by Bergveld and on its partial 

modifications.  

 

Principally, two-dimensional (bio)chemical sensors consist of a (bio)chemically 

sensitive membrane combined with a signal transducing solid-state chip, and often 

incorporating microfluidics appropriate to the task to be undertaken in the specific 

application. One of the most significant and earliest contribution to the field can be found 

in the work by Montal and Mueller in 1972, who used a voltage clamp method to study 

bimolecular membranes formed from two lipid monolayers at an air-water interface [462]. 

 

Amongst the most significant developments in this field, the group of Fromherz 

and colleagues has developed membrane-transistor cables featuring a biomolecular layer 

of lipids deposited over planar field-effect transistors (FETs), with an electrolyte used as 

a spacer [463]. This configuration allows for a direct measurement of the opened 

channels, which is directly related to changes in voltage recorded by the circuitry 
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underlying the membrane, therefore determining the distribution of ion channels along 

the membrane [464]. These hybrid systems open the field of integrated ionic-electronic 

systems, and allow for the fundamental study of ionic flows through membranes per se, 

in isolation from the extremely complex and diverse interactions with organules and 

proteins which occur in the living cell. More information on the series of experiments 

pursued by Fromherz and colleagues on the study of neurons adhering onto FETs is 

reported in section 2.6.1 of this thesis, with particular reference to Figure 14 L. 

 

Similar studies based on tethered lipid membranes using impedance spectroscopy 

have been performed by Terrettaz and Vogel [328], with an emphasis on the 

reconstitution of ion channel proteins – indispensable in cellular signaling – in lipid 

bilayers tethered to gold electrodes [465, 466], to ultimately study the modulation of their 

channel activity by specific ligand or analyte binding [467, 468] and the impedance 

spectroscopy of biorecognition reactions [469]. In addition, the hybrid lipid-silicon 

structure may be suitable to couple semiconductor and electroactive proteins for 

innovative bioelectronic active devices [421].  

 

Different kinds of hybrid miniature electrochemical biosensors have been built 

with enzymes immobilized into the channels of the sensor chip – for example either 

penicillinase [470] or glucose [471-473] or other enzymes linked to an antibody [474] – 

which play an important role in areas like process technology, environmental analysis 

and immune diagnostics for medical technology. Additional progress has been made in 

this field to design and fabricate electrogenerated chemiluminescence analysis ion 

microfluidic chips [475, 476].  

 

Gross and colleagues have distinguished themselves for the ability to apply the 

original multielectrode technology developed in the 1970s and 1980s for more applied in 

vitro applications in chemical detection, drug discovery and safety neuropharmacology 

[477-480]. A recent study in particular, establishes a novel method in order to 

quantitatively identify substances on the basis of electrical metabolic activity of neuronal 

networks [481]. The significance of the recent results by Gross and colleagues is 
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represented by a portable sensor for neurotoxicity based on a multielectrode array [482, 

483], illustrated in Figure 22. 

 

 

Figure 22.  Portable hybrid miroelectrode array recording system incorporating cultured neuronal networks 

for neurotoxin detection in pharmacological research, adapted from Pancrazio et al. [482]. A. Open case, 

featuring several internal subsystems. B. Recording chamber made in stainless steel 316 and supported on a 

plastic base plate. C. Schematic view of the chamber with the multielectrode array. D. Software interface. 

E. Extracellular action potential or spike from a cultured murine spinal cord network on the multielectrode 

array. F. The electrical activity of the cells is influenced by the nature of the electrophysiological milieu, 

circulated through the cell culture on the multielectrode array via custom fluidic channels.  
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The research effort in chemical detection and safety neuropharmacology by Gross 

and colleagues is being expanded and continued by other groups – for the study of the 

effect of psychoactive drugs – specifically antidepressants [484] and antiepileptics [485]. 

In this context, a paper written in 2000 by Fertig et al. has successfully demonstrated the 

stable integration of isolated cell membrane patches into semiconductor devices for in 

situ scanning probe microscopy, as well as other electrochemically-based methodologies 

[486].  

 

A different device – a potentiometric microphysiometer currently commercialized 

by Molecular Devices, Corp. as Cytosensor® – makes use of a light addressable 

potentiostatic sensor to measure extracellular pH, which is correlated with cellular 

metabolic activity, after the very important scientific experiment by Parce et al. [487, 

488].  

 

Giaever and Keese developed a very interesting technique to investigate cellular 

micromotion as a function of changes in electrode impedance on gold-deposited 

electrodes [489-492]. They observed large fluctuations in the measured electrical 

impedance of the electrodes, whch are a direct measure of cell motion and which 

continue even when the cell layer becomes confluent. More recently, Ghosh et al. have 

induced an electrical potential of order one volt across a cell membrane for a fraction of a 

second, therefore creating a temporary breakdown of ordinary membrane functions [493]. 

This effect – generally referred to as electropermeabilization – is known as 

electroporation when actual pores form in the membrane such that molecules normally 

excluded by the membrane can enter the cells. By this method, Ghosh et al. have 

followed in real time the anchorage-dependent cells, monitoring the impedance of the 

electrode with a low-amplitude AC signal, as well as small changes in cell morphology, 

cell motion and membrane resistance. 

 

The microelectrode arrays developed by Haemmerle et al., which are described in 

more detail in section 2.6.1, have also been used in safety pharmacology to monitor both 

acute and chronic effects of drugs and toxins on a variety of organotypic slices [427, 429, 
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494, 495] – thin slices of tissue matter contacted directly with the multielectrode array – 

and to perform functional studies under physiological or induced patophysiological 

conditions that mimic in vivo damages [496]. 

 

More recently, the planar device architecture has been used in a variety of 

applications – from biochips to integrated biochemical analysis systems – featuring 

chemical specificities and functionalities for customized detection. In this context, novel 

electrochemical transducers have been developed [497, 498], as well as fluidic microchip 

array sensing devices for nitric oxide determination in solution [499], or microelectrode 

sensors for biomedical and environmental applications [500], as well as trace element 

monitoring. 

 

 Finally, the planar patch clamp technology has recently developed to the level of a 

novel set of tools for drug discovery, molecular biology, genomics and proteomics [339]. 

More details on this topic can be found in section 2.5.2. 

 

2.7.2. One-Dimensional Electrophysiological Sensing Devices 

 

Nanowire-based sensing devices are based on semiconducting nanowires [501-504] 

connected between two conducting channels and oriented parallel to the insulating 

substrate, therefore offering the functionality of a field effect transistor. Subsequent to the 

surface-modification of such devices with specific receptor groups chemically linked to the 

surface of the nanowire, any analyte binding to the receptor leads to an increase or decrease 

in the device conductance, depending on the net charge of the biomolecule and the 

semiconductor type (p or n). 

One-dimensional functional multielectrodes exhibit high sensitivity in light of the 

extremely high surface-to-volume ratio of the nanowires which comprise them, relative to 

the planar devices discussed in section 2.7.1 above, where only a limited portion near the 

electrode surface is subject to variations in charge density.  
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Within this framework, the research program led by C. Lieber has demonstrated 

the ability to perform pH sensing [505], as well as multiplexed, realtime label-free 

detection of cancer markers [506], DNA and DNA mutations [507], select chemical 

species [508], proteins and viruses [1, 509-511] at femtomolar concentrations, paving the 

way towards novel nanoelectronic devices with a broad range of diagnostic applicability 

in the life sciences (Figure 23). Moreover, this core technology has been effectively 

demonstrated in the context of multiplexed multielectrode arrays for basic neuroscientific 

research, as illustrated in section 2.6.3 of this thesis. 

 

2.7.3. Three-Dimensional Electrophysiological Sensing Devices 

 

In recent times, a novel method for the qualitative and / or quantitative 

determination of biological and chemical compounds has been established, on the basis 

of the specific interaction of these molecules with appropriately immobilized, viable cells 

and on the basis of the measured change in electrical potential for the cell [512]. 

Alternatively, a different biosensor has been constructed which comprises a cellular 

sensory material that is also the transducer. This novel whole-cell based biosensing 

technology that detects the electric response of cultured cells suspended in a gel matrix to 

varius ligands or proteins promises to be extremely useful in terms of the detection of 

hepatitis C in human blood, as well as of plant viruses and herbicides [513].  
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Figure 23.  Nanowire field effect transistor-based sensing device manufactured by Lieber and colleagues 

(adapted from [1]). A. The binding of a protein with a net negative charge to a p-type nanowire yields an 

increase in conductance. B. Schematic of a biochip incorporating the device with appropriate microfluidics. C. 

Schematic illustration of a multi-plexed, realtime sensor for multiple biological species (proteins, viruses, etc). 

 

Other groups have modified the use of one-dimensional functional multielectrodes 

by passivating them with polymeric membranes such as Nafion [514], which may in turn 

be functionalized with molecular receptors, therefore showing potential for performing as 

flexible multiplatforms for a combination of, for example, protein or virus screening, 

concurrently with ion or chemical discrimination [515-518]. These devices, being 

developed and commercialized by Nanomix, Inc., have also been shown capable of 

monitoring simple organic chemical reactions such as the electronic degradation of starch 

[519]. 

A 

B 

C 



 

77 

In addition, Craighead’s group has developed sensors based on carbon nanotubes 

supporting lipid bilayers to study the interactions of single molecules, with important 

applications for the study of molecular recognition and other biological processes occurring 

at cell membranes [520]. 

 

Recent and preliminary research by Yang and colleagues [521] showed the viability 

of interfacing mammalian cells to silicon nanowires orthogonal with respect to the 

adhesion plane. The silicon nanowires were found to penetrate the cellular membrane, with 

seemingly negligible effects on long-term cell viability (Figure 24). 

 

 
 

Figure 24.  Embryonic stem cells positioned on an array of silicon nanowires orthogonal with respect to the 

adhesion plane, used by Yang and colleagues (adapted from [521]). 

 

Moreover, these structures were also found to be able to partly introduce DNA 

molecules aptly attached to the wires into the membrane, and are currently being 

experimented with the long-term goal of electrophysiologically inducing differentiation of 

stem cells to into cardiac cells. Despite the relative interest of these devices, the position of 

the silicon nanowires appears difficult to control, and the electrical contact between 

adjacent structures appears indiscriminate, with no adequate method to eliminate cross-talk 

between adjacent nanowires.  

 

Similarly, Li and colleagues at the NASA Ames Research Center have conducted 

preliminary experiments involving the use of vertically aligned carbon nanofiber arrays as 

neural interfaces, in an effort to modulate neural signals more precisely than conventionally 
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-sized electrodes, while inducing considerably less damage to tissues [522]. The results 

gathered in this direction, to date, appear severely affected by nanofiber coalescence caused 

by capillary forces, which lead to the creation of compacted agglomerations of nanowires 

featuring a conical shape, resulting in poor spatial resolution and selectivity, according to a 

well established body of prior evidence on similar high-aspect-ratio nanostructures [523]. 

In conclusion, Li and colleagues have patented a complete device comprised of 

threedimensional nanostructures grown on an integrated circuit [524]; this unit promises to 

be used in chemical or biological sensors, and the authors recently claim to be using it in 

the hope to create an interface to the brain that both monitors neural activity and stimulates 

neural tissue as necessary. The overarching goal of this technology – pursued at NASA by 

Li and colleagues – is to assist future deep-space astronauts for an extended number of 

years. 

 

Despite their bold and futuristic claims, these authors have not yet reported any 

result on in vivo experimentation on the open literature, and even a partial reduction to 

practice of this invention hasn’t yet been disclosed to the public. 

 

2.7.4. Three-Dimensional Sensing Devices for Mechanical Investigation of 

Adhesion Force  

 

The range of technologies which rely on three-dimensional structures for sensing of 

cellular metabolism is very wide and not limited to electrophysiology. A relatively recent 

set of studies by the group of Cristopher S. Chen has successfully demonstrated the 

synthesis of free-standing, aligned poly(dimethylsiloxane) (PDMS) posts featuring a 

diameter of many microns, which were used in conjunction with in situ optical microscopy, 

as well as with ex situ scanning electron microscopy [525-527]. Figure 25 illustrates this set 

of promising technologies.  

 

With the appropriate surface density of vertical posts positioned on a substrate, a 

cell is found to spread across multiple posts (Figure 25 A). Under the proper geometric 

constraints of post height and width, the cells exerting traction forces on the tip of the 
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PDMS needles are found to elastically deflect the elastomeric posts (Figure 25 B). The 

angle of deflection is then used in combination with the spring constant of PDMS to 

calculate the adhesion force of cells on the substrate, under the assumption of minimal 

interference of substrate topography on cell growth. 

 

 
Figure 25.  Three-dimensional PDMS posts used to transduce cell adhesion force, manufactured by Chen and 

colleagues (adapted from [525-527]). 

 

Although this technique was used only in the case of smooth muscle cells, there 

appears to be no reason limiting the applicability of this approach to other cell cultures such 

as neurons – only in conditions where no electrical response is being investigated. This 

technique is not suitable, however, for concurrently investigating mechanical and electrical 

cellular metabolism, in light of the electrically-insulating nature of the substrate the cells 

adhere to. 

 

2.8. Concluding Remarks 

 

In conclusion, we reviewed the literature presented in this chapter with a focus on 

section 2.4, 2.5 and 2.6. We compared the performance of the devices and methods 

previously described, with reference to the three main drivers introduced in section 2.1, 
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measuring: (i) cell-biomaterial interaction, (ii) signal discrimination and device sensitivity, 

(iii) signal selectivity. 

 

Figure 26 illustrates a positioning plot to quantitatively measure the ability of the 

most salient studies described in previous sections to address each of the three drivers. 

Figure 27 plots a descriptive numerical index of throughput and reliability vs. an aggregate 

performance benchmark for the most salient studies reviewed in this chapter, which is 

measured across the three drivers listed above and calculated as the area of the grey shape 

for each quadrant. The dimensions of the diagrams in Figure 26 were measured using 

values directly reported from, plotted or otherwise derivable from scaled micrographs on 

the references cited in this chapter. The range of values for all the devices analyzed was 

then normalized to fit on the interval from 0.0 to 1.0, and plotted accordingly in the figure. 

In Figure 27, the three benchmark values plotted in Figure 26 were summed and then 

renormalized to fit on the interval from 0.0 to 1.0 and plotted accordingly on the abscissa as 

an aggregate performance benchmark. The ordinate axis in Figure 27 was measured either 

by reporting the appropriate duration of each experiment mentioned in the cited references, 

or by otherwise relying on qualitative accounts by persons with ordinary skills in the art. 

 

In both diagrams, the reference after “Dell’Acqua-Bellavitis, 2007” pertains to this 

thesis and illustrates a specific range of combinations for the three main performance 

drivers which has not yet been explored experimentally, therefore presenting a novel 

scientific opportunity in the field of physiology and cellular biology at large, which is 

addressed by the present work. 

 

The remaining sections of this work describe an innovative lab-on-a-chip device 

featuring nanophase surface topography, which has been designed, manufactured and 

tested to address the specific combination of the three performance drivers that have not yet 

been addressed by the literature. 







 

  83 

 
Figure 27. Positioning plot of the most salient studies described in previous sections of this chapter to 

illustrate throughput and reliability vs. an aggregate measure of performance defined as the area delimited 

by the envelope connecting the scores for each device driver. The results are normalized for each driver. 
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CHAPTER THREE 

MATERIALS AND METHOD OF PROCEDURE. FABRICATION OF THE 

ELECTROPHYSIOLOGICAL APPARATUS 

 

The fabrication process described in this chapter is comprised of the following 

sections, listed as follows: 

 

1. Design for the ICs 

2. Fundamentals on photolithography for IC fabrication 

3. Review and selection of lithographic techniques for IC fabrication 

4. Reticle design and fabrication 

5. Alignment strategies for the lithographic processes used to fabricate the three 

types of devices 

6. Fabrication of the ICs 

7. Packaging of the ICs on chip holders 

8. Design and fabrication of a printed circuit board (PCB) and surface-mounting of 

the chip holder assembly on the PCB 

9. Connection of the PCB and IC holder to shielded switchbox and thermal 

management 

10. Rationale for an interface between ICs and bio-electrically active cells 

11. Design and fabrication of nanotube / PMMA composite interfaces between bio-

electrically active cells and ICs 

12. Design and fabrication of gold-plated copper / anodized alumina composite 

interfaces between bio-electrically active cells and ICs 

13. Assembly of composite interface on IC platform and deployment in conjunction 

with optical microscopy 

14. Concluding remarks 

 

The following sections in this chapter illustrate each step individually. Each 

section integrates the description and the results of the characterization methods 
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undertaken in order to ensure quality of the finished device across each step of the 

fabrication process. 

 

3.1. Design for the ICs 

 

Three geometrically different types of devices were fabricated in this study for 

electrophysiological applications. The device with the coarser spatial resolution was 

intended for use on medium to large cell networks. The circuit with the intermediate 

spatial resolution had a finer and more densely packed electrode array designed to 

investigate the interaction between one cell and selected neighboring ones, while the 

device with the finest spatial resolution was intended for use at the level of individual cell 

membrane potentials. For this reason, the three devices produced are respectively called 

multi-cellular, inter-cellular and intra-cellular. The devices all featured individually-

addressable interdigitated electrodes whose main distinguishing features are listed in 

Table 1 below.  
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Table 1. Synoptic description of the geometric features for each individual chip manufactured in this study. 

 Device Type 

 Multi-cellular Inter-cellular Intra-cellular 

Similitude ratio 1.00 X 10.00 X 37.50 X 

Symmetry Center-symmetric Center-symmetric Center-symmetric 
Lead width 
at the center  

7.50 μm 
width and pitch 

750.00 nm 
width and pitch 

200.00 nm 
width and pitch 

Lead width 
at the pads 
(periphery) 

7.50 μm width 
92.50 μm pitch 

5.00 μm width 
95.00 μm pitch 

5.00 μm width 
95.00 μm pitch 

Well size at the 
center 
(width * height) 

w = (5.00-7.50) 
μm 

h = (5.00-7.50) 
μm 

w = (500.00-750.00) 
nm 

h = (500.00-750.00) 
nm 

w = (50.00-200.00) 
nm 

h = (50.00-200.00) 
nm 

Min. conducting 
feature size  

7.50 μm 750.00 nm 200.00 nm 

Distance between 
channel tips at 
center 

62.00 μm 6.20 μm 1.65 μm 

Total recording 
area at center 
(width * height) 

w = 2.00 mm 
h = 400.00 μm 

w = 200.00 μm  
h = 40.00 μm 

w = 53.33 μm 
h = 10.66 μm 

Recording area 
832.44 

2μm
channel

 8.32 
2μm

channel
 0.59 

2μm
channel

 

Device space 
resolution 
(channel density) 

-3
2

channels1.20*10  
μm

 

2

channels0.12 
μm

 
2

channels1.68 
μm

 

Total device size width = 10.27 mm
height = 10.27 

mm 

width = 10.27 mm 
height = 10.27 mm 

width = 10.27 mm 
height = 10.27 mm 

External pads size width = 100 μm 
height = 100 μm 

width = 100 μm 
height = 100 μm 

width = 100 μm 
height = 100 μm 

Well size at the 
peripheral pads 
(width * height) 

w = 100 μm 
h = 100 μm 

w = 100 μm 
h = 100 μm 

w = 100 μm 
h = 100 μm 

Distance between 
external pads on a 
row 

100 μm 100 μm 100 μm 

Distance between 
pad rows 

600 μm 600 μm 600 μm 
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The design method described in this section was conceived specifically to 

fabricate metallic electrode arrays using lithography in a cleanroom environment. Further 

details on the relation between the design and the manufacturing constraints can be found 

in the subsequent sections of this chapter.  

 

All the devices were intended for in vitro use and featured 224 individual 

channels converging towards the central portion of each unit. This quantity of electrodes 

exceeded the number of channels conventionally used in the field at the time this study 

was initiated. The large quantity of electrodes featured by the designed devices was 

motivated by the following needs: 

 

1. Compensate for possible limitations in the manufacturing yields by increasing the 

number of electrodes on a chip to ensure viability for a sizeable number of them. 

2. Increase the probability to detect signal from or emit signal towards individual cells 

located in the central portion of the array. 

3. Increase the probability to continually detect signal from or emit signal towards cells 

as these grew in dimension over time and as these moved across the sample. 

 

 The resulting architectures featured a redundant number of electrodes to be 

deployed either in their entirety or limited to selected portions within the array, with the 

capability to easily rearrange the configuration of deployed electrodes at each given time. 

 

3.1.1. Design Principles for Multiple Electrode Arrays 

 

The devices were designed using a bottom-up method – from the central portion 

to the periphery. A hexagonal-equilateral array was initially marked to indicate the tips 

for each channel comprising the device.  This geometry was deployed in order to obtain 

equispaced electrode tips at the center of the device, to be used to either detect or emit 

signal at equidistant nodes of a grid. The method used to design the electrode array 

comprising the devices in this initial stage is represented in Figure 28. 
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Figure 28. Diagram representing the central portion of the three types of devices. Each portion of the array 

featured equispaced, interdigitated, individually-addressable electrode tips at the vertices of a hexagonal-

equilateral array. This geometry was devised in order to either detect or emit signal at equidistant nodes of 

a grid. The grey hexagons are used to mark the recording area of four adjacent electrodes, which was used 

to determine the spatial resolution of the electrode array. The devices for multi-cellular and inter-cellular 

applications were fabricated using optical lithography (red), while the central portion of the device for 

intra-cellular applications was fabricated using e-beam lithography (blue).  

 

 The electrode configuration obtained was then scaled in order to match or exceed 

the spatial resolution of existing electrode array devices available either in form of 

prototypes or industrial products at the time this study was initiated. The spatial 

resolution of the array was calculated as the inverse of the area of one of the contiguous  

hexagonal fields centered on the electrode tip, as represented in Figure 28. During the 

scaling process, the need for a range of devices capable to extend the limitations derived 

from the deployment of electrode arrays with uniform spatial resolution was experienced. 

The necessity to detect or emit an electric field at increasingly finer spatial resolutions is 

discussed in the following sections of this thesis in terms of the variation of 

electrophysiological behavior which can be observed at different length scales in cell 

biology. In light of the motivations expressed above, the geometry of the central portion 

of the array was scaled to fit the three homothetic sets of dimensions illustrated in Figure 

29. In the case of the intra-cellular device, the feature sizes for the central portion of the 

array exceeded the minimum feature sizes obtainable with optical lithography and were 

therefore designed to be fabricated using electron-beam (e-beam) lithography. The 

features designed for optical lithography and e-beam lithography for each device were 

1 X 

Multi-cellular 

10 X

Inter-cellular

37 X

Intra-cellular 
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drawn in red and blue respectively in Figure 28, Figure 29, Figure 30 and Figure 31. The 

similitude ratio between the central recording arrays of the different types of devices is 

indicated in Table 1. 

 

 
Figure 29. Diagram representing the three homothetic sets of dimensions used for the interdigitated 

electrode array geometry illustrated in Figure 28. The similitude ratio between the inter- and the multi-

cellular devices was set to be equal to 10 X, while the similitude ratio between intra- and the multi-cellular 

devices was set to be equal to 37 X. The resulting range in spatial resolution was not arbitrary but resulted 

from the tradeoff between processing limitations and the need for high spatial resolution. The devices for 

multi-cellular and inter-cellular applications were fabricated using optical lithography (red), while the 

central portion of the device for intra-cellular applications was fabricated using e-beam lithography (blue).  

 

The feature sizes chosen for each device type illustrated in this section are the 

result of a tradeoff between processing limitations and specific technical requirements for 

the physiological study here pursued. In particular, the increase in resistance and 

impedance caused by incrementally small electrodes had to be considered as the most 

prominent factor limiting incremental reductions of electrode width, in the attempt to 

enhance the spatial resolution of the device. The electrical characterization of the 

fabricated devices is discussed in Chapter 4 and Appendix 3 of this thesis. Once the 

individually-addressable electrode tips were defined in the central portion of the device, a 

set of leads was then drawn at regular intervals between the tips along the longitudinal 

direction, in order to connect the central electrode tips to an array of peripheral pads 

arranged on the perimeter of a squared area. The width of each lead was set to be equal to 

the width of the spacing between adjacent leads; the number of the leads and of the 

1 X 

Multi-cellular 

10 X

Inter-cellular

37 X

Intra-cellular 
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spacings was maximized relative to the distance between the tips in order to maximize 

channel density within the central portion of the array.  

 

Figure 30 illustrates a representative electrode within the array, highlighting the 

dimensions of the electrode tip relative to the remainder of the electrode in the central 

portion of the array. 

 
Figure 30. Diagram representing the detail of three homothetic electrodes taken from Figure 29. This 

diagram highlights the dimensions of the electrode tips relative to the dimensions of the complete electrode. 

The similitude ratio between the inter- and the multi-cellular devices was set to be equal to 10 X, while the 

similitude ratio between intra- and the multi-cellular devices was set to be equal to 37 X. The devices for 

multi-cellular and inter-cellular applications were fabricated using optical lithography (red), while the 

central portion of the device for intra-cellular applications was fabricated using e-beam lithography (blue).  

 

The three designed devices featured a well defined spatial resolution which was 

constant throughout the central portion of the array. Several attempts were made to 

integrate the three different dimension sets illustrated in Figure 29 and Figure 30 within a 

single device. None of these attempts was regarded feasible for fabrication purposes, in 

light of the large discrepancy between the dimensions of the device features and the total 

device size. One of these attempts is illustrated in Appendix 1 for illustrative purposes.  

 

The longitudinal lead terminations surrounding the tip array were then designed to 

diverge radially towards the periphery of the circuit. Each of the three device types had 

identical geometry at the external periphery, consisting of an array of contact pads 

located on two rows at the perimeter of a square with a side of 10.27 mm, as shown in 

1 X 10 X 37 X

Multi-cellular Inter-cellular Intra-cellular 



 

 139 

Figure 31 and as described in Table 1. The relative dimensions of the contact pads at the 

periphery of each chip was designed to be contacted to an outside circuitry via wire-

bonding, as described later in this chapter. All devices were designed to be center-

symmetric, to facilitate processing during the packaging of the devices within chip 

holders. 

 

 
Figure 31. Diagrams representing the geometry of the three devices at low magnification. Each of the three 

devices had identical geometry at the external periphery. The devices for multi-cellular and inter-cellular 

applications were fabricated using optical lithography (red), while the device for intra-cellular applications 

was fabricated using e-beam lithography (blue) for the central portion of the interdigitated electrode array, 

in conjunction with optical lithography (red) for the more peripheral part of the chip. The double row of 

minute squares on each side of the IC corresponded to pads which were used to connect the electrodes of 

the device to an external printed circuit board via a chip holder. 

 

The multi- and inter-cellular devices, as well as the peripheral portion of the intra-

cellular device were made using i-line (365 nm) optical lithography techniques with no 

use of e-beam lithography. E-beam lithography was used on the central part of the device 

for intra-cellular recordings (Figure 31, right panel) in light of the requirement for a 

minimum feature size of 200 nm – a requirement which could not be matched using i-line 

optical lithography in light of its exposure wavelength, equal to 365 nm. The deployment 

of e-beam lithography was limited to the central square portion of the array having a side 

of 580 μm, in light of the considerable expansion of the exposure time brought by this 

method, which relies on an electron beam sequentially scanning the surface in the x and y 

10.27 mm 10.27 mm 10.27 mm 

Multi-cellular Inter-cellular Intra-cellular 
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axis with a raster pattern over nanometric portions of space (Figure 32). Optical 

lithography was used for the peripheral portion of the IC in light of its faster exposure for 

each dye, as it relies on the concurrent exposure of selected sample portions with no 

serial scanning of the surface. 

 
Figure 32. Representation of the electrode array for the intra-cellular device respectively at four different 

magnifications. The sections of the device which were built using optical lithography are represented in 

red, while the sections built using e-beam lithography were represented in blue. 

 

The width of the leads comprising the central portion of the intra-cellular device 

was maintained above the threshold of 200 nm in order to prevent loss of spatial 

resolution. As the distance between adjacent features decreases below the threshold of 

200 nm, the effect of secondary electron scattering – caused by the interaction between 

the substrate and the electron beam – becomes dominant, resulting in overexposure. 

Although the impact of small feature sizes can be reduced by aptly reducing the silicon 

wafer thickness to as low as 3 μm, or by proximity correction, none of these methods was 

577 μm 60 μm 15 μm 

10.27 mm 
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considered viable in this instance and the minimum width of the electrodes present on the 

device was limited to the value of 200 nm. 

 

In order to guarantee an even and uniform exposure of the features in the central 

portion of the intra-cellular integrated circuit and to maintain spatial resolution, local 

differences in average feature density within the intra-cellular device were eliminated. A 

set of sacrificial lines was designed around individual electrodes within the portion built 

via e-beam lithography. In addition, the use of leads tapered toward the inner portion of 

the intra-cellular device allowed to overcome the reduction in average electrode density 

which would be experienced from the center to the periphery with electrodes of uniform 

width. The tapering of the electrodes toward the center of the device allowed for a 

reduction of the average electrode resistance with a positive effect on device 

performance, compared to interdigitated electrodes having a constant width of 200 nm 

across the device. Figure 33 illustrates the geometry of the sacrificial features and of the 

tapered electrode leads. 

 
Figure 33. Representation of the recording array for the intra-cellular device respectively at three different 

magnifications. The sections of the device which were built using e-beam lithography were represented in 

blue. A set of sacrificial lines (represented in green) was designed around the individual electrodes within 

the portion built via e-beam lithography. The presence of sacrificial lines used in conjunction with 

electrode leads of variable width, allowed an even exposure of the central portion of the device. 

 

10 μm 40 μm 600 μm 

Tapered electrode leads 
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3.2. Fundamentals on Photolithography for IC Fabrication 

 

The following section discusses the fundamentals of photolithography which had to 

be taken into consideration upon selection of the most viable process to fabricate the three 

type of devices. 

 

3.2.1. Differences in Chemistry Underlie the Differences in Tone of Photo-

Resistive Media 

 

Lithographic techniques can be broadly defined as a set of planographic processes 

to transfer an image from a plane surface (originally a smooth stone or metal plate) to a 

foreign medium, and are based on the differential miscibility of a certain ink in a 

developer.  Photolithography deploys light or, more in general, a radiating energy source,  

to induce a change in the miscibility of two phases and therefore transfer an image. 

 

Photo-resistive media – generally referred to as photoresists – can be broadly 

subdivided into two main categories on the basis of their tone, which is directly related to 

fundamental differences in chemistry: 

 

- Positive photoresists, which become more acidic upon exposure to an energy 

source and can therefore be selectively removed subsequent to alkaline 

development, while unexposed portions remain on the substrate. 

 

- Negative photoresists, which cross-link upon exposure to an energy source, 

therefore selectively adhering to the substrate while unexposed regions dissolve 

away during development. 

 

The most widely used semiconductor photoresists are of positive type and consist 

of the mixture of three components – an alkaline soluble novolac resin, a photosensitive 

dissolution inhibitor (PDI) and a carrier solvent [1]. The PDI serves to retard the 

dissolution rate of the novolac resin in alkaline solutions. When exposed to light within a 
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specific energy range, the PDI undergoes photochemical decomposition which renders 

the polymer soluble in an alkaline developer [2]. In this reaction, the PDI – a diazoketone 

– generates a reactive intermediate ketene and liberates nitrogen upon UV exposure. The 

ketene reacts with the available water to form an indene carboxylic acid which is soluble 

in the basic developer. The differential solubility rate between exposed and unexposed 

areas allows the transfer of the images of circuit elements from a patterned glass photo-

mask into developed resist images with tight control of their physical dimensions. The 

dissolution of the novolac resin is controlled by the presence of either the dissolution 

inhibitor or the enhancer (carboxylic acid) and this process is called positive photoresist 

lithography because clear areas present on the mask are reproduced as clear areas in the 

photoresist in what is called a positive image. 

 

From an optical point of view, the chemical reaction described above, where a 

photo-active compound (diazoketone) is changed from a dissolution inhibitor to a 

dissolution enhancer (carboxylic acid), guarantees a high contrast sensitivity for all 

positive photoresists. 

 

Negative photoresists, on the contrary, form radical species which can result in 

crosslinking reactions, increased molecular weight and insolubilization upon exposure to 

ultra-violet light, therefore enabling their deployment as temporary stencils to delineate 

levels of circuitry in semiconductor devices and printed circuit boards. Insolubilization 

can be achieved by using materials which upon exposure either increase in molecular 

weight or are photochemically rearranged to form new insoluble products. Photoinitiators 

are generally used to increase molecular weight: these can generate free radicals or strong 

acids to facilitate polymeric cross-linking or the photopolymerization of monomeric or 

oligomeric species. When an increase in molecular weight cannot be used, the 

photochemical creation of hydrophobic or hydrophilic groups is deployed: these provide 

preferential solubility between the exposed and the unexposed resist films [3]. 

 

Negative resists comprise the largest segment of the photoresist market in light of 

their wide deployment in the printed circuit board industry, where dimensional control is 
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less critical than on the semiconductor materials. For applications in chip fabrications, the 

selectivity of negative photoresists can be tuned with a lower degree of accuracy than the 

one of positive resists and the latter category is always chosen when high spatial 

resolution, good step coverage, and high aspect ratio features are needed. 

 

3.2.2. Mutually Exclusive Deposition Processes for Photolithographic Image 

Transfer 

 

Lithographic metal deposition on a substrate can be pursued in two mutually 

exclusive ways, as listed below and as illustrated in Figure 34: 

 

- Direct depostion, where the photoresist deposition antecedes the metal layer 

deposition, with the former used to selectively protect the latter from the action of 

an etchant from the top. In this type of deposition, the features deposited during 

the lithography correspond to the features where the metal is ultimately deposited.  

 

- Indirect deposition (also known as liftoff), where the photoresist deposition 

precedes the metal layer deposition, with the former used to selectively dissolve 

in a solvent from the sides of each feature toward its center. In this type of 

deposition, the features deposited during the lithography are complementary to 

the features where the metal is ultimately deposited, and the process is aptly 

called indirect metal deposition. 
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Figure 34. Representation of the two deposition processes that can be undertaken to selectively deposit a 

metal of a substrate. Left. In the direct deposition process, the metal is initially deposited (grey) over a 

clear substrate (red), followed by the lithographic deposition of the photoresist (green). The photoresist is 

then used to selectively protect the metal underneath it during metallic etching from the top. The features 

deposited during the lithography directly correspond to the features where the metal is ultimately deposited. 

Right. In the indirect deposition process, the photoresist (green) is lithographically deposited on a clear 

substrate (red), followed by metal deposition (grey). The photoresist is used to selectively dissolve in a 

solvent, therefore removing any portion of metallic film other than those where the metal is ultimately 

desired. The features deposited during the lithography are complementary to the features where the metal is 

ultimately deposited. Therefore the process is aptly called indirect metal deposition. 

 

Liftoff processes are used to pattern metal lines on semiconductive or insulating 

substrates where the use of chemical or plasma etching is either undesirable or 

incompatible with the process of materials involved. The most common configuration of 

the process consists in covering the substrate with positive photoresist in its entirety 

except where the metallization is desired [4], [5]. The metal is subsequently deposited, 

covering the entire substrate on top of the photoresist (where the metal is not desired) and 

in contact with the substrate in the exposed areas (where the metal is desired). Once the 
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photoresist is removed, the unwanted metal is lifted away from the substrate in a solvent 

bath, leaving behind the metal in the desired positive pattern. 
 

The primary advantage for using liftoff deposition consists in its tight linewidth 

control. Typically, a chemical etch for a polycrystalline, fine grain size, evaporated metal 

is isotropic in nature (i.e., etches equally in all directions). Variations in the metallic film 

thickness across the wafer due to processing-related deviations often require the wafer to 

be overetched in order to ensure complete etching has occurred. Overetching reduces the 

chances of metal bridging across adjacent features, which would result in short circuiting, 

but at the same time it rounds the vertical profile of the features, resulting in positive 

slopes (over cutting). In addition, overetching translates into local line widths reductions 

and non-uniformities where the film thickness is least, coupled to underetching (i.e., the 

etchant works under the resist mask). The liftoff process on the contrary depends only on 

the control of the photoresist thickness and vertical profile, which can be appropriately 

monitored. Although the liftoff process requires a more laborious setup than the one for 

direct metal deposition, it allows to maintain the linewidth independent of metal 

thickness or variations in the etch process. In light of this reason, liftoff lithography was 

used extensively in this thesis, while direct lithography was not. 

 

3.2.3. Processing Solutions for Indirect (Liftoff) Lithography 

 

This section describes the limitations of liftoff lithography, as well as a range of 

possible techniques to overcome such limitations. 

 

As the UV light passes through the photoresist film, it is increasingly absorbed, 

therefore causing the bottom of the film to receive a lower energy dose than the top. UV 

light absorbance makes the bottom of the wafer less soluble in the developer than the top, 

resulting in rounded resist profiles with positive slopes (over cutting) and  ultimately 

reducing resolution.  In order to bypass these limitations and develop a controllable, 

repeatable liftoff, a variety of processes have been developed in the attempt to modify the 

positive resist profile and to create negatively-sloped vertical resist walls (undercutting). 
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One method to enhance undercutting is called single layer liftoff and it employs 

surface modifications: the photoresist is exposed normally and soaked in an aromatic 

solvent, typically chlorobenzene [6], [7]. The penetration of the solvent into the resist is 

controlled by the soaking time. The previously exposed areas, where penetrated, tend to 

dissolve slower than the un-penetrated areas under normal development, therefore 

creating an undercut structure. This process is very susceptible to a number of variables 

including exposure energies, developer concentrations, temperature, time and especially 

trace impurities in the chlorobenzene. For this reason, no further consideration was given to 

this specific process in order to fabricate the integrated circuit described in this study. 

 

Other approaches to produce liftoff involve complex multilevel structures (i.e., 

double- and triple-layers) [8]. A typical structure consists of a bottom layer in 

polymethylmethacrylate (PMMA), which is then coated with a different positive 

photoresist and then normally developed and exposed. By over-developing the PMMA, 

an undercut structure is produced. Problems however occur at the interface of the two 

resists, which tend to intermix in an uncontrollable manner even when the coating with a 

second layer of photoresist is preceded by a softbaking of the first one. Similar problems 

also occur due to the softbake step used to cure the top resist, which affects the bottom 

resist at the same time. This approach was tested and successfully pursued for the metal 

deposition in all the devices fabricated in this thesis. 

 

Tri-level structures have been developed where the interface between the two 

resists is separated by a sacrificial dielectric (i.e., SiO2 or Si3N4) or metallic film. This 

approach requires an additional etch step to remove the intermediate layer before 

developing the bottom layer of photoresist. This bottom layer can be either a photoactive 

or a non-photoactive layer, like polyimide, in which case it is simply etched through once 

the intermediate layer is patterned. 
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3.2.4. Chemically-Induced Image Reversal 

 

The following paragraphs introduce the process of image reversal of a photoresist. 

When the use of a chemically reversed photoresist is compared to the use of the same 

photoresist with no chemical reversal, it is important to note that chemical reversal 

requires a change in phase mask to (i.e., if the initial mask to process a positive 

photoresist was, for example, of the darkfield type, a brightfield mask of opposite phase 

must be used if the positive resist is to be chemically inverted). 

  

The first principles of image reversal were first introduced in 1975, when it was 

found that the addition of specific chemicals to the photoresist could catalyze a reversal 

reaction. In particular, it was found that the addition of basic materials such as 

monazoline 8, imidazole, or triethanolamine to the liquid positive photoresist, followed by 

a reversal bake and a flood exposure, could chemically reverse the exposed image [7].  

The basic chemistry of this phenomenon can be explained as follows: when selected 

portions of the positive photoresist film are conventionally exposed to the UV light, they 

produce carboxylate salt, as previously explained in section 3.2.1. Subsequent heating of 

the resist prior to development (~100°C) causes the salt to decay via thermal 

decarboxylation, releasing CO2 and transforming the molecules into a non-acidic form 

that is poorly soluble in the basic developer. The previously exposed regions are therefore 

made insoluble as the unexposed regions, and in addition do not contain any photoactive 

compounds to react in subsequent UV exposures. A flood exposure is then used to expose 

the areas not previously exposed, therefore creating a negative image of the original one. 

The areas previously unreacted now undergo the normal conversion and are developed in 

an aqueous base. As a result, the positive resist is reversed and functions as a negative 

resist. The most important consequence of the reversal process for the liftoff is that not 

only the tone of the resist is reversed, but the slopes as well. What was initially a positive 

slope is now a negative slope, exactly as desired for liftoff. 

 

                                                 
8 Minazoline is a registered trademark of Mona Industries, Inc., Patterson, NJ-USA. 
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It has later been shown that the decarboxylation reversal process can be achieved 

by subjecting the resist to a wider variety of basic solutions [8]. The problems 

encountered with additives, however, were numerous, making repeatable process 

development rather complex: additives introduced the potential of particulate 

contamination, were difficult to mix homogeneously and had short life spans – typically 

limited to only several hours, due to oxidation reactions with the air. The solution to 

minimize these drawbacks by processing image reversal in a vacuum appeared non 

feasible. 

 

In alternative to the decarboxylation reversal process described above, which is 

based on additives, it was subsequently discovered that the dissolution enhancer can be 

degraded thermo-chemically and, under the proper conditions, such degradation can lead 

to the reversal of the resist image. The reversal can be achieved by baking the resist-

coated substrates inside an oven in the presence of a basic vapor, followed by a flood 

exposure. During the baking, the vapor diffuses into the film initiating the 

decarboxylation reaction in the previously exposed regions. Since the reaction is 

diffusion-limited, it can be easily controlled by maintaining constant temperature and 

vapor pressure. The image reversal system by Yield Engineering Systems, Inc. (YES) 

delivers anhydrous ammonia (NH3) into a vacuum oven. This system provides an easier 

control of vapor pressure in the absence of residual water vapor that would react with 

NH3 producing NH3OH, a corrosive contaminant to the system. 

 

A study in the 1970s discovered that photolysis of certain thermally stable onium 

salts produced strong acids that could function as catalysts to initiate many chemical 

reactions, providing a path to highly sensitive resists and coatings [3, 9-11]. Compared to 

the conventional free-radical initiators, the onium salts have excellent thermal stability, 

are not sensitive to oxygen, and exhibit no "dark" or side reactions in solution. This 

discovery led to the development of novel negative-resist systems in which differential 

solubility between the exposed and unexposed areas of the resist film was achieved by 

using the photogenerated acid as a catalyst to either increase the molecular weight of the 

system or generate chemically-induced image reversal. The increase in molecular weight 
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could be achieved by cationically polymerizing monomers such as epoxies and vinyl 

compounds, or by enabling condensation reactions between phenol formaldehyde resins 

and amino-based cross-linkers. Chemically-induced image reversal could be achieved 

through the acid-catalyzed deprotection of a variety of esters. Since during this process 

the by-product of the deprotection regenerates the acid, these photoresist systems have 

been addressed to as chemically amplified [3]. 

 

The concept of using the same positive photoresist featuring high contrast, good 

step coverage, and high aspect ratios in a chemically reversed mode is intriguing and 

offers several reasons of preference, especially in combination of darkfield masks, which 

have the combined advantage of reducing both light scattering effects and minimize 

sensitivity to particulate contamination. Figure 35 represents the selective metallization in 

the case of a chemically-induced image reversal followed by liftoff. 

 

 
Figure 35. Diagram illustrating the sequence of processes which could have been undertaken to selectively 

metallize the multi-, inter- and intra- cellular integrated circuits, in alternative to the list of processes 1-5 

illustrated in Figure 42 that were used in this thesis. A liftoff process with chemical image reversal is here 

illustrated and analyzed, although it was not pursued since it was not regarded advantageous. 1. RCA-

1. Thermal oxidation of silicon 

2.  Exposure 

5. Ti adhesion layer deposition 

6. Au deposition 

7. Liftoff 3.     Decarboxylation with 
anhydrous NH3 

4.  Development 

First step 
lithography 
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cleaned wafers were initially oxidized. 2-4. The first lithographic process was then undertaken and is here 

shown without regard to the difference between optical and e-beam lithography. 2. The photoresist was 

initially exposed. 3. The wafers were then inserted within a vacuum oven with anhydrous NH3 which 

reacted within the photoresist inducing decarboxylation and chemically reversing the image. 4. After 

development, the selected portions of the silicon dioxide insulating surface left uncovered corresponded to 

the areas which were intended to be covered by the electrode channels. Detailed information on the specific 

vertical profiles for the photoresist morphology, which differed between the optical and the e-beam 

processes, are reported in the following sections of this chapter. 5-6. Titanium metallization was then 

performed using an e-beam evaporation setup. The same setup was then used to deposit a film of gold on 

the titanium adhesion layer. The titanium-gold bi-layer adhered directly on the silicon dioxide insulating 

substrate only on selected areas where the interdigitated electrode channels were intended to be deposited. 

Detailed information on the specific vertical profiles for the titanium and the gold layer and on resist 

morphology, which differed between the optical and the e-beam processes, are reported in the following 

sections of this chapter. 7. A gold and titanium liftoff process was then undertaken. The Au-Ti bi-layer 

adhered directly on the silicon dioxide insulating substrate; for this reason, the Au-Ti bi-layer remained 

attached to the substrate and was not lifted off in those selected areas left exposed after the lithography 

step.  The Au-Ti bi-layer was removed in all other sections of the wafer that were protected with 

photoresist. The processed device was analogous to the one documented in step 5 of Figure 42. The 

remaining manufacturing sequence consisted of CVD oxidation, nitridation, second lithography step and 

photoresist strip. The final four steps here illustrated were analogous to steps 6-10 documented in Figure 

42. 1-7. The thickness of the multiple layers in this picture and in the following ones is represented 

qualitatively and with arbitrary colors for ease of representation. Detailed information on the specific 

vertical profiles for the titanium and the gold layer and on resist morphology, which differed between the 

optical and the e-beam processes, is reported in the following sections of this chapter. 

 

 The liftoff metallization technique utilized in the present study would have had to 

rely on a bright-field mask if a positive, chemically reversed resist were to be used. The 

use of bright-field masks would have enhanced light scattering and would have increased 

sensitivity to particle contamination, therefore limiting high resolution transmission. In 

addition, the introduction of a chemical reversal process would have introduced 

additional noise to the definition of the features on the substrate, therefore reducing the 

resolution of the device.  The tradeoff between brightfield masks and positive, chemically 

reversed resists was considered in terms of costs and benefits for each of these 

approaches.  The use of a darkfield mask appeared more advantageous to pursue the 
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objectives of the present study compared to the chemical reversal of the resist, which was 

not considered further. 

 

3.2.5. Reticle Phases for Projection Photolithographic Image Transfer 

 

The selection of the reticle phase plays an integral part in the determination of 

fabrication approaches to the fabrication of a device. The specific requirements for the 

reticle design dimensions, for the type of material it has to be made of and for several 

other factors vary depending on the selected lithographic method, on the type of 

equipment and on the ultimate precision to be obtained, as described in section 3.3 below. 

The present discussion is generally applicable to projection photolithographic image 

transfer. 

 

Reticles are typically bright-field or dark-field, depending on the average 

transparency or opacity of the background relative to features on the foreground, as 

illustrated in Figure 36. For reticles featuring a high density of devices, however, the 

differentiation between bright-field and dark-field becomes less noticeable and, as a 

consequence, the relevance of this factor in the design of a device becomes less critical. 

 

Brightfield images are generally easier to design using vectorial graphics software, 

in light of the proprietary nature of contour discrimination algorithms that must be 

deployed to invert a brightfield pattern into a darkfield one. Despite the more difficult 

fabrication, darkfield reticles are generally superior compared to brightfield ones in light 

of their reduction of both light scattering and sensitivity to particle contamination. In 

addition, the risk caused by overexposure is higher with brightfield reticles, where it can 

lead to a loss of resolution or feature distortion, than with darkfield ones, which can be 

designed to have higher lateral resolution. 
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Figure 36. Illustration of reticle phase. A. Brightfield version of the reticle for the inter-cellular device. B. 

Darkfield version of the reticle for the same device. The darkfield reticle phase was the one selected for all 

projection lithography steps in all the devices. 

 

The devices fabricated in the present study featured a low density, especially 

towards the periphery, and therefore allowed the unequivocal selection of the dark-field 

design for all projection lithography steps used to fabricate all the devices. 

 

3.2.6. Selection of a Viable Approach for Photolithographic Processing of the ICs 

 

The selection of the most suitable approach was performed by analyzing costs and 

benefits for the following four factors, organized in a matrix: 

 

- Deposition process (direct vs. indirect or liftoff) 

- Photoresist tone or sign (positive vs. negative) 

- Photoresist mode or polarity (identical vs. chemically reversed) 

- Mask phase (brightfield vs. darkfield, or inverted) 

 

Cr on SiO2 (opaque) 

SiO2 (transparent) 

B A 
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The photoresist mode was excluded from the pool of factors initially considered for 

device fabrication, in light of the experimental difficulties of chemically-induced image 

reversal. The remaining three factors are shown in Figure 37. Each factor was set to be 

Boolean (i.e., with only two values possible), in light of the fact that the fabrication process 

had to be undertaken by a single process engineer, with no resources for testing of different 

experimental approaches.  

 

The selection of the dark-field mask phase (see paragraph 3.2.5) in combination 

with an indirect litoff deposition process (see paragraph 3.2.2 and 3.2.3) were matched by 

the use of a positive resist with high lateral resolution for the fabrication of all device types.  

 
Figure 37. Illustration representing the selection process which was used to determine the 

photolithographic approach for the fabrication of the devices in this study. Each factor was Boolean. The 

evaluation of each of the Boolean factor was either positive (denoted in green) or negative (denoted in red). 

Once the three factors were intersected, they resulted in 23 conditions which were evaluated to be either 

Photo- 
resist 
Tone 

Metallization  
Process 

Positive  (exposed regions become more acidic and 
are removed subsequent to alkaline development 
- Thin resist layer 
- High contrast, good step coverage 
- High lateral resolution 
- Suitable for fabrication of features with low a. r. 

Negative (exposed regions cross-link; unexposed 
regions dissolve away during development) 
- Thick resist layer 
- Low contrast, uneven step coverage 
- Low lateral resolution 
- Suitable for fabrication of features with high a. r. 

Dark field 
- Requires expensive 

software CAD packages 
or manual phase change 

- Reduced light scattering 
- Diffractive interference 

only for λ close to minimum 
mask feature size  

- High lateral resolution 
- Reduced sensitivity to 
particle contamination 

Direct metal deposition and  etching 
- Does not require undercutting and design of photoresist profile 
- Low lateral control 
- Suitable for fabrication of features with high a. r. 
 

Bright field 
- Generally easy to design 

using CAD 
- Enhanced light scattering 

- Diffractive interference 
only for λ close to minimum 

mask feature size 
- Low lateral resolution 

- Enhanced sensitivity to 
particle contamination 

Indirect metal deposition and etching (liftoff) 
- Requires undercutting and design of photoresist profile 
- High lateral resolution 
- Suitable for fabrication of features with low a. r. 
 

Mask Phase 
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fully satisfactory (denoted with green cubes), partially satisfactory (denoted by yellow cubes) or fully 

unsatisfactory (denoted by red cubes). The approach for device fabrication which was selected comprised 

the following conditions: darkfield reticle; positive photoresist; liftoff. Chemically-induced image reversal 

was excluded from the list of processes to pursue in the fabrication phase in light of its experimental 

complexity. 

 

Once the fabrication approach was selected, it became important to select the most 

suitable lithographic technique based on the analysis of the literature. The following section 

documents the relevance of this review for the purposes of the present study. 

 

3.3. Review and Selection of Lithographic Techniques for IC Fabrication 

 

This section discusses a wide spectrum of lithographic techniques that had to be 

analyzed in order to select the most suitable combination to fabricate the three different 

types of devices. 

 

Since the resolution (R) of a projection system is proportional to the exposing 

wavelength (λ) and inversely proportional to the numerical aperture (NA) of the lens 

( /R NAλ= ), higher resolutions are achieved by increasing the numerical aperture or by 

reducing the exposing wavelength. The numerical aperture is a dimensionless number NA 

defined by the following relation: sin( / 2)NA I a= , where I is the index of refraction of the 

medium in which the lens is working (1.0 for air, up to 1.56 for oils), and a is the angular 

aperture of the lens. This number provides a measure of the diameter of the aperture 

compared to the focal length, therefore characterizing the resolving power of a lens and its 

ability to project more light on the specimen. 

 

3.3.1. Contact Printing Techniques 

 

This set of techniques refers to the light exposure process wherein the photomask is 

over-imposed on the resist-covered wafer with a certain degree of pressure and vacuum to 

secure a tight contact between the image-bearing photomask and the wafer. Light with a 

wavelength range from 400 nm to 280 nm (mid-UV regime) can be used with this 
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technique that is capable of attaining sub-micron resolutions. However, the reliance of this 

image transferring technique on contact between the mask and the resist diminishes the 

uniformity of attainable resolutions across the wafer. In addition, the contact-based nature 

of this technique, limits its reduction to a ratio of 1X (i.e., all features on the mask are 

reproduced on the wafer at a 1:1 scale). 

 

3.3.2. Projection Lithographic Techniques 

 

Mid-UV Projection Photolithography. These techniques are performed on a stepper 

and feature a highly accurate camera which reduces the image on the reticle by a factor of 

1/5 X up to 1/3 X, which is constant for each given equipment setup. This reduction 

procedure enables the production of a low-cost photomask with micrometric minimum 

feature sizes, whose image can be reduced appropriately on the silicon wafer, to ultimately 

produce the integrated circuits at scale 1X. The presence of the highly accurate camera 

reduction system allows for a considerable enhancements over the range of minimum 

feature sizes obtainable using contact lithography. The most significant approach to further 

resolution in the UV spectrum  has been to shift from the g-line (436 nm) to i-line (365 nm) 

and then to increase the NA of the i-line step-and-repeat exposure tools with the 

deployment of oils or demineralized water [12]. 

 

The following techniques are competitive to one another and differ on the basis of 

the radiation they deploy to obtain image transfer. They are still very experimental and 

none of them has yet emerged as the standard method for projection photolithography of 

devices with minimum width below 40 nm. In light of these factors, they are shortly 

presented as future candidates to enhance the spatial resolution obtained with the 

projection photolithographic process that were used in this thesis and that are documented 

in Figure 42. 

 

Deep-UV Projection Photolithography. The most viable candidate to reduce 

minimum feature size beyond the limit of i-line UV lithography (365 nm wavelength) 

used in this study is represented by deep-UV lithography. This technique was initially 
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deployed in the 250 nm wavelength regime, where it has also been used to manufacture 

three-dimensional structures [13]. The control of birefringence induced by the spatial 

dispersion has enabled the reduction of the wavelength regime beyond the limit of 200 

nm [14], allowing the use of 193 nm and of 157 nm wavelengths sources 9. In addition, 

when this method is used in combination with phase shift masks, it enables reaching the 

limit in resolution of 120 nm in width [15]. Although this set of methodologies is 

currently deployed in standardized industrial lithographic processes, the extremely high 

capital expenditure needed to use deep-UV steppers, as well as the set of problems 

involved with the development of a reliable fabrication technique for the purposes of the 

present study appeared insurmountable and therefore this method was not pursued further 

in this study. 

 

Extreme UV Projection Photolithography. Although the tools for extreme UV 

lithography are still being developed, and although the set of technical solutions being 

adopted for this novel technology is still under tight proprietary control, this method 

appears capable to deploy laser plasma radiation sources operating at a frequency range 

from 10 nm to 14 nm to carry out projection imaging. Current technical limitations are 

centered upon the construction of efficient high power radiation sources and on the 

design and fabrication of coatings capable to withstand the disruptive energy of the 

radiation source for reflective coatings to be used in mirrors and photomasks [16]. This 

technique is soon expected to overcome these technical limitations and to reduce the 

minimum feature size obtainable with lithography to as low as 30 nm. Although the 

deployment of extreme UV appears far-fetched and high risk for the purposes of the 

present study, this methodology holds enormous potential for future attempts to reduce 

the minimum feature size of the devices beyond the dimensions featured in this study.  

 

X-Ray Projection Lithography. This lithographic methodology is undertaken with 

a synchrotron radiation source and requires careful photomask design. Although the 

                                                 
9 John E. Bjorkholm, Advanced Lithography Department, Technology and Manufacturing Group, Intel 

Corporation, Santa Clara, CA. Private communication. 
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characteristic wavelength can be as small as 0.58 nm [17], the minimum feature size 

obtainable with this methodology has generally been regarded to be limited to the range 

between 300 nm and 400 nm [18] by poor resist adhesion and resist cracking. A study by 

Ueno et al. documents the obtainment of high aspect ratio features with a minimum width 

of 70 nm using a very thin membrane that had been patterned into a photomask with 

direct-write e-beam lithography [19]. Although low cost mask fabrication processes have 

been documented, [20] this methodology appeared prohibitively difficult to be obtained 

for the purposes of the present study, in light of the limited availability of a synchrotron 

source, as well as in light of the difficulties involved in proximity correction for sub 100 

nm mask design [21]. 

 

Ion-Beam Projection Lithography. This set of techniques employ a mask 

manufactured by direct write methods that is irradiated with a uniform beam of light ions, 

H+, H2
+ or He+, therefore enabling small minimum dimensions as well as high throughput. 

Ions suffer little or no scattering in the resist, therefore being particularly suited for high 

resolution lithography. In addition, the linewidth is not a strong function of dose, and the 

resist sensitivity is relatively independent from resist thickness or ion energy, therefore 

enabling good process latitude [22]. This technique deploys proximity exposure, with a 

mask-to-wafer distance in the range from 10 μm to 20 μm, [23], [24], [25]. The 

complicated mask manufacturing process coupled to the micrometric control of the mask-

to wafer distance made this technique not viable for the purposes of the present study.  

 

Electron-Beam Projection Lithography. Electron projection lithography is 

considered one of the leading candidates to replace optical lithography tools for the 

printing of integrated circuits with sub-65 nm width [26], [27]. Similarly to ion-beam 

projection lithography, this technique deploys proximity projection [28]. Space-charge 

effects caused by Coulomb interactions in high-throughput charged particle lithography 

systems lead to an image blur that has to be corrected [29], [30]. In addition, proximity 

correction has to be performed for adequate mask design and beam dosage [31], [32]. 
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In light of its pre-eminence in spatial resolution, obtainable minimum feature size 

and flexibility within an academic environment, proximity-corrected e-beam lithography 

was selected in this study to fabricate the intracellular type of device in a direct-write, 

non projection mode that is described in the following section. 

  

3.3.3. Direct-Write Maskless Lithographic Techniques 

 

Focused-Ion-Beam Lithography. This technique offers several advantages over 

maskless processes, such as direct-write e-beam lithography. Ion-beam patterning of the 

photoresist offers higher sensitivity and lesser backscattering, therefore reducing 

proximity effects [33]. The ionic species generally used are Ga+ [34] and Si+ [35], and the 

substrates are generally flood exposed with near-UV radiation subsequently to the ion 

beam direct write [35]. This technique is used in combination with either positive or 

negative photoresists and is capable to achieve a nanometer resolution of as low as 30 nm 

[36] [37], coupled to a high aspect ratio for the processed patterns [33], [38]. In addition, 

direct patterning of metals using focused-ion beam at high space resolution has also been 

documented [39]. 

 

Electron-Beam Direct-Write Lithography. One of the first applications of this 

methodology dates back to 1969, when pairs of interleaved aluminum “fingers” featuring 

a width of 300 nm and a pitch of 700 nm were manufactured at I.B.M. T.J. Watson 

Research Center [40]. Although the resolution limit of electron beams deployed in 

transmission electron microscopy is equal to 1 Å, the ultimate resolution of electron beam 

lithography is not set by the resolution of electron optical system, but by the resolution of 

the resist and by the subsequent fabrication process [41]. In addition, the interaction of 

the electron beam with the target material results in secondary electron scattering that 

ultimately overexposes the photoresist. This problem can be overcome when software-

based or hard-ware based proximity correction is deployed [42], therefore enabling 

critical dimensional control. The resolution of e-beam lithography has been reduced 

below 10 nm using ultrasonic agitation to overcome intermolecular forces during the 

resist development, in an attempt to assist the dissolution process, preventing exposed 
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resist molecules to be dissolved into the developer solution [43].  The deployment of pure 

isopropyl alcohol (IPA) as a developer has also been shown to reduce the minimum 

feature size below 10 nm for isolated features [44]. Several studies have also shown that 

transfer technologies like lift-off and reactive-ion etching can be attained at these length 

scales [44], [45], [46]. Additional studies have also contributed to enhance the precision 

of the alignment of different lithographic steps relative to one another [47]. Although the 

main limitation of e-beam lithography has traditionally been regarded to be low 

throughput, which has made this technique too slow for mainstream device 

manufacturing [48], recent technological enhancements have allowed the introduction of 

multiple electron-beam lithography, which offers the potential to improve throughput for 

direct wafer writing and mask patterning and that could have far-reaching implications 

for the semiconductor industry [49]. Despite the small feature sizes documented in the 

studies described above, the resolution for practical devices fabricated using e-beam 

lithography remains limited by the development of the resist after exposure and by 

pattern transfer, therefore ranging from 10 nm to 500 nm [41], [50], [51], [52] – an 

interval that matched the requirements for the fabrication of the intracellular device. In 

light of this reason, this technique was selected for the fabrication of the afore-mentioned 

device. 

 

Two-Photon Direct Write Lithography. This methodology has been demonstrated 

to be an attractive alternative for fabricating three-dimensional micro- and nano-scaled 

devices because of the superior spatial confinement on both the lateral and longitudinal 

directions [53].  Two-photon lithography is based on the concept that under sufficient 

illumination intensity, electronic transitions that would normally require absorption of 

one UV photon for excitation can be accomplished by simultaneous absorption of two IR 

photons. When this high intensity IR light enters a photoactive material, the excitation 

reaction is confined to a focal point at a precise depth in a substrate. This occurs because 

the photoactive material is transparent to IR light and very little absorption occurs in the 

out of focus area to attenuate the light intensity. In addition, the quadratic dependence of 

two-photon absorption on the incident intensity ensures confinement of the absorption to 

very small volumes [54]. Although initially the minimum width obtainable with two-
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photon lithography used to be limited to 300 nm [55], features with a minimum width of 

30 nm have recently been demonstrated with this technique [56], [57]. Since this novel 

technological improvement to the technique here illustrated is still difficult to replicate, 

this method wasn’t used in any on the fabrication steps documented in this thesis. 

 

3.3.4. Conformal Contact Lithography Techniques (Soft Lithography) 

 

Nanoimprint Lithography. The first methodology to be described is called 

nanoimprint lithography [58] and it deploys a three-dimensional mask to emboss the 

pattern on the photoresist, followed by UV curing, as illustrated in Figure 38. More 

recent configurations feature in situ curing of the photoresist while this is embossed by a 

transparent three-dimensional mask [59]. Although nanoimprint lithography appeared a 

suitable candidate to fabricate micro- and nano-scale devices, in light of the obtainable 

feature sizes as small as 5 nm in width and 14 nm in pitch [60], its capability to obtain 

good alignment between multiple successive lithographic steps appeared limited by the 

relative inaccuracy of the piezoelectric motors controlling the stage. The combination of 

this technical limitation with the high cost of each glass embossing mask, which had to 

match the dimensions of the desired features on the wafer, made this method not practical 

for the purposes of the present study. 

 

Figure 38 represents the typical sequence of fabrication steps undertaken for 

indirect liftoff metal deposition in the context of nanoimprint lithography. Although 

direct metal deposition, as defined in section 3.2.2, can in principle be performed using a 

nanoimprint lithographic setup, liftoff is generally preferred in light of the tighter 

dimensional control. 
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Figure 38. Diagram illustrating the sequence of processes that could have been undertaken to selectively 

metallize the multi-, inter- and intra- cellular integrated circuits, in alternative to the list of processes 1-5 

illustrated in Figure 42. A nanoimprint lithography process with image inversion was here used. 1. RCA-

cleaned wafers were initially oxidized. 2-6. The first lithographic process was then undertaken. 2. The 

RCA-cleaned wafer was uniformly coated with photoresist. 3. A three-dimensional patterned photomask 

was then manufactured and contacted with the coated photoresist. The photomask was made in fused silica 

and the relative sizes of the features on the mask reproduced the features to be obtained on the wafer (1X 

scaling factor), in light of the reliance of this process on contact lithography. 4. The pressure and the 

duration of the contact process were controlled relative to the feature sizes to obtain of the wafer. 5. The 

embossed features left uncovered on the photoresist corresponded to the areas that were intended to be 

covered by the electrode channels. 6. The embossed photoresist was then UV cured. 4-6. The UV curing 

process was pursued either in isolation (with no mask interposed between the UV source and the SiO2 

substrate, as in 6), or in conjunction with the embossing process. Detailed information on the specific 

vertical profiles for the photoresist morphology, which differed between the optical and the e-beam 

1. Thermal oxidation of silicon 

2.    Photoresist coating 

6.    UV curing 

7.    Ti adhesion layer deposition 

8.    Au deposition 

3.    Contact lithography with 3D patterned 
photomask 

4.    Embossing and invert image transfer 

9.    Liftoff 

5. Image inversion 
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processes, are reported in the following sections of this chapter. 7-8. Titanium metallization was then 

performed using an e-beam evaporation setup. The same setup was then used to deposit a film of gold on 

the titanium adhesion layer. The titanium-gold bi-layer adhered directly on the silicon dioxide insulating 

substrate only on selected areas where the interdigitated electrode channels were intended to be deposited. 

Detailed information on the specific vertical profiles for the titanium and the gold layer and on resist 

morphology are reported in the following sections of this chapter. 9. A gold and titanium liftoff process was 

then undertaken. The Au-Ti bi-layer adhered directly on the silicon dioxide insulating substrate; for this 

reason, the Au-Ti bi-layer remained attached to the substrate and was not lifted off in those selected areas 

left exposed after the lithography step.  The Au-Ti bi-layer was removed in all other sections of the wafer 

that were protected with photoresist. The processed device was analogous to the one documented in step 5 

of Figure 42. The remaining manufacturing sequence consisted of CVD oxidation, nitridation, second 

lithography step and photoresist strip. These processes were analogous to steps 6-10 documented in Figure 

42. 1-9. The thickness of the multiple layers in this picture and in the following ones is represented 

qualitatively and with arbitrary colors for ease of representation. 

 

Micro-contact Printing. This technique attempts to combine the accuracy of 

optical-lithographic approaches with the economy of classical printing to create a low-

cost, large-area, and high-resolution patterning process. Micro-contact printing was 

pioneered by the research group of G. Whitesides and it consists of a flexible way to form 

patterned self-assembled monolayers (SAM) with regions terminated by different 

chemical functionalities and thus featuring different physical and chemical properties. 

This technique deploys fabricated stamps formed by molding a silicon elastomer using a 

master prepared by microlitohography. Polydimethylsiloxane (PDMS) is generally used 

for this purpose: the material is poured over the master, degassed and cured to replicate in 

reverse the three-dimensional features on the master. The elastomeric stamp is then used 

to print alkanethiols on a metal support pattern. Alkanethiols chemisorb spontaneously on 

a gold surface from solution and form adsorbed alkanethiolates with loss of hydrogen. 

SAMs of long-chain alkanethiolates on gold and other metals can act as nanometer resists 

by protecting the supporting metal from corrosion when appropriately formulated 

etchants are used [61]. The resulting device consists of a structured gold film, which can 

have several applications in the electronics industry as sacrifical masks and as structured, 

light guiding stamps for transferring high-resolution patterns into photoresists [62]. When 

the microstructures of gold fabricated by microcontact printing are used as sacrificial 
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masks, they can act as resists for the anisotropic etching of a variety of underlying 

substrates like silicon, silicon dioxide and silicon nitride to name a few; the gold features 

can then be removed subsequent to selective etching of the substrate using a metallic 

etchant like aqua regia (a fresh mixture of 3HNO  and HCl ). The original method used 

by Wilbur et al. is illustrated in Figure 39.    

 

 
Figure 39.  Illustration of the original method for micro-contact printing of gold used by Wilbur et al.[61]. 

 

1.   Master prepared by lithography 

2.   Molding of silicon elastomer with invert 
image transfer 

3.   Freestanding silicon elastomer stamp 

4.   Dipping of silicon elastomer stamp on 
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5.   Dipping of silicon elastomer stamp on 
alkanethiols  

6.   Selective transfer of alkanethiols on a 
SiO2 substrate coated with Au  

7.   Direct image transfer and removal of the 
stamp 

8.   Spontaneous chemisorption of 
alkanethiols on Au to form adsorbed 
alkanethiolates (SAM) 
 

9.   Au etch 
 

10.   Ti etch 

11.   Alkanethiolate strip from Au. Structured 
Au film on SiO2. 
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 The critical dimension of soft lithography has traditionally been limited by the 

choice of commercial siloxane with a Young’s modulus of 3 MPa as a stamp material. 

This material proved to be too soft to achieve features smaller than 500 nm due to 

spreading of the contact surface at normal printing pressures and due to swelling. Harder 

stamp materials have been developed to allow printing with critical dimension on the 

wafer to closely match the critical dimension on the mask below the 100 nm threshold 

[62]. 

 

 The original method for microcontact printing has been simplified by the same 

group that invented the technique [63, 64], to deliver palladium colloids catalyst 

stabilized with tetraalkylammonium bromides to the surface of either silicon, silicon 

dioxide or a variety of polymers. The palladium catalyst is then annealed to ensure 

appropriate adhesion on the substrate; following this treatment the film can be coated 

with copper or a variety of other metals using electroless deposition, as illustrated on 

Figure 40. 
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Figure 40. Illustration of the simplified method for micro-contact printing of metals used by Hidber et al. 

[63, 64]. 
 

Micro-contact printing has also been deployed in the context of liftoff lithography. 

A study by Kim et al. deploys a prepatterned, metal-coated silicon stamp [65], which is 

then pressed on a substrate coated by the same metal at the top, with an underlying organic 

film. Under pressure, the metal coating on the stamp cold-welds to the metal cathode 

coating the organic film; once the stamp is separated from the substrate, the photoresist 

results to be structured with submicrometer definition [66]. Figure 41 illustrates the concept 

of soft liftoff lithography as it applies to the purposes of the present study, where an 

electrically insulated oxidized wafer is coated with a thick photoresist layer and is 

subsequently plated with an adhesion layer of titanium followed by a thicker layer of gold. 

The figure illustrates that soft liftoff lithography could serve the purposes of the present 

study, although it highlights that the photoresist would have to remain on selected portions 

1.   Master prepared by lithography

2.   Molding of silicon elastomer with invert 
image transfer 

3.   Freestanding silicon elastomer 
stamp 

4.   Dipping of silicon elastomer stamp in Pd 
colloidal solution  
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after dipping in Pd colloidal solution  

6.   Selective transfer of Pd colloidal solution 
on glass

7.   Direct image transfer and removal of the 
stamp 

8.   Adhesion of Pd onto substrate. 
Annealing of Pd at a moderate temperature 

9.   Electroless deposition of Cu onto Pd. 
Structured Cu/Pd film on glass 
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of the complete processed wafer underlying the structured metallic film. The selection of a 

biocompatible resist like polymethylmetacrylate (PMMA) should be taken in consideration 

if the device were to be in immediate contact with mammalian cells.  

 

 
Figure 41. Illustration of the simplified method for micro-contact printing of metals used by Kim et al. 

[66]. 

 

3.3.5. Selection of Lithography Techniques 

 

A cost-benefit analysis was conducted transversally across the pool of techniques 

analyzed above[67, 68]. Each of these techniques was measured across the following main 

factors: 

- Minimum feature size 

- Cost and availability 

- Yield 

- Extent of technical development in the scientific community 

- Number of required processes  

- Technological complexity relative to the equipment used 

1. Metal-coated silicon stamp 

2. Direct image transfer on SiO2 coated 
with photoresist, adhesion layer and 
same metal as the one present on the 
stamp 

3. Application of pressure to obtain 
cold welding 

4. Removal of silicon stamp. Selected 
metallic portions - initially on the wafer – 
are now welded to the stamp. 

5. Structured metallic film on 
photoresist and SiO2. 
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I-line UV projection photolithography was selected to deposit the conducting 

electrodes in all substrates (first step lithography) via liftoff lithography of a titanium 

adhesion layer followed by a gold film. 

 

A bi-layer of silicon oxide and silicon nitride was used to ensure electrical 

insulation and mechanical stability of the gold electrodes deposited during the first step 

lithography process. Both the oxide and the nitride were deposited using a plasma – 

enhanced chemical vapor deposition process and featured low stress and good adhesion 

respectively to the combination of the gold film and of the thermally deposited oxide, as 

well as to each other. The combination of silicon oxide and silicon nitride bi-layers was 

chosen in light of the high electrical resistivity of the oxide coupled to the high stability of 

the nitride in moisture and other organic environment.  

 

I-line projection lithography was also used to expose the tips of such electrodes 

subsequent to the deposition of a dielectric layer (second step lithography). 

 

Figure 42 illustrates the sequence undertaken to manufacture the multicellular and 

intercellular devices, which was characterized by two optical lithography steps. An initial 

liftoff lithography step was used to define the gold channels. This step was then followed 

by deposition of an insulating bi-layer and then by a second lithography step aligned with 

respect to the first step, which was used to define those portions of the insulating bi-layer 

which had to be etched to uncover the underlying gold electrode pads.  

 

The central portion of the intra-cellular device was built using e-beam lithography, 

in light of the high technical sophistication of this technique and in accordance with the 

design criteria already outlined in section 3.1.1. The intercellular devices were therefore 

built using four lithographic processes – an initial optical lithography step, followed by two 

e-beam lithography steps, followed by a final optical lithography step. All four steps had to 

be carefully aligned with respect to each other to ensure tip-to-pad connectivity in the 
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device. More detailed information on the interplay of UV lithography with e-beam 

lithography to fabricate the intracellular device is described in Figure 43. 

 

 
Figure 42. Diagram illustrating the sequence of processes undertaken to fabricate multi-, inter- and intra- 

cellular integrated circuits. A liftoff process with image inversion was here used. 1. RCA-cleaned wafers 

were initially oxidized. 2. The first lithographic process was then undertaken and is here shown without 

regard to the difference between optical and e-beam lithography. The selected portions of the silicon 

dioxide insulating surface left uncovered corresponded to the areas that were intended to be covered by the 

electrode channels. Detailed information on the specific vertical profiles for the photoresist morphology, 

which differed between the optical and the e-beam processes, are reported in the following sections of this 

chapter. 3-4. Titanium metallization was then performed using an e-beam evaporation setup. The same 

setup was then used to deposit a film of gold on the titanium adhesion layer. The titanium-gold bi-layer 

1.  Thermal oxidation of silicon 

2.  First step lithography with image 
inversion 

3.  Ti adhesion layer deposition 

4.  Au deposition 

5.  Liftoff 

6.  CVD SiO2 deposition 

7.  CVD Si3N4 deposition 

8.  Second step lithography with direct 
image transfer, aligned with respect to the 
first step lithography. 

9.  Si3N4 and SiO2 CVD etch 

10.  Photoresist strip 
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adhered directly on the silicon dioxide insulating substrate only on selected areas where the electrode 

channels were intended to be deposited. Detailed information on the specific vertical profiles for the 

titanium and the gold layer and on resist morphology, which differed between the optical and the e-beam 

processes, are reported in the following sections of this chapter. 5. A gold and titanium liftoff process was 

then undertaken. The Au-Ti bi-layer adhered directly on the silicon dioxide insulating substrate; for this 

reason, the Au-Ti bi-layer remained attached to the substrate and was not lifted off in those selected areas 

left exposed after the lithography step.  The Au-Ti bi-layer was removed in all other sections of the wafer 

that were protected with photoresist. 6-7. CVD oxidation and nitridation processes were then undertaken 

sequentially. The profiles of the CVD oxide and nitride layers are here represented with a sharp step 

although in reality they are more conformal. 8. A second lithography step was performed and is here 

represented with no differentiation between optical and e-beam lithography. The selected portions of the 

silicon oxide / silicon nitride insulating bi-layer left uncovered corresponded to the tips of the underlying 

electrode circuitry and were exposed in subsequent processes. 9. Plasma-enhanced CVD etching was 

performed for the silicon nitride and for the silicon oxide layers respectively. Selected portions of the 

silicon oxide / silicon nitride insulating bi-layer were left uncovered after the photoresist exposure in the 

lithographic process (without regard to the difference between optical and e-beam lithography). These 

portions were etched anisotropically for the entire thickness of each of the two films, therefore exposing the 

tips of the underlying electrode channels. The etching for the silicon nitride film preceded the etching for 

the underlying CVD-grown silicon oxide layer. 10. The photoresist was finally stripped. The final device 

was comprised of a silicon oxide / silicon nitride insulating bi-layer with interspersed wells exposing the 

tips of an underlying array of conducting gold electrodes. 1-10. The thickness of the multiple layers in this 

picture and in the following ones is represented qualitatively and with arbitrary colors for ease of 

representation. Detailed information on the specific vertical profiles for the titanium and gold layer, as well 

as on resist morphology, which differed between the optical and the e-beam processes, is reported in the 

following sections of this chapter. In addition, the profile of the CVD oxide / nitride bi-layer is here 

represented with a sharp step although in reality it is more conformal. 
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Figure 43. Diagram illustrating the sequence of processes undertaken to fabricate the intra- cellular 

integrated circuit. RCA-cleaned wafers were initially oxidized. 1. A liftoff metal deposition process with 

image inversion was used to define the electrode array in the periphery. Optical lithography was used in 

this instance. 2. A second liftoff metal deposition process with image inversion was used to define the 

1. Liftoff metal deposition of peripheral 
electrode array (Ti + Au) using optical 
lithography 

2. Liftoff metal deposition of central 
electrode array (Ti + Au) using e-beam 
lithography 

3. CVD SiO2   

4. CVD Si3N4  

5. E-beam lithography to expose the electrode 
tips at the center 

6. Si3N4 and SiO2 CVD etch 

7. Photoresist strip 

8. Optical lithography to expose the 
electrode pads at the periphery 

9. Si3N4 and SiO2 CVD etch 

10. Photoresist strip 
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electrode array at the center of the device. E-beam lithography was used in this instance. The two sets of 

electrodes were aligned in (x,y) coordinates and were designed to overlap the extremities of the features 

defined by each lithographic step, therefore securing contact between complementary portions of the 

features deposited during the two lithographic processes. 3-4. CVD oxidation and nitridation processes 

were then undertaken sequentially. The profiles of the CVD oxide and nitride layers are here represented 

with a sharp step although in reality they are more conformal. 5. A second e-beam lithography step was 

then performed at the center of the device.  Selected portions of the silicon oxide / silicon nitride insulating 

bi-layer were left uncovered after the photoresist exposure in the lithographic process to expose the 

interdigitated electrode tips at the center of the device. 6. Plasma-enhanced CVD etching was performed for 

the silicon nitride and for the silicon oxide layers respectively. The portions defined by the previous 

lithography process were etched anisotropically for the entire thickness of each of the two films, therefore 

exposing the tips of the underlying electrode channels. The etching for the silicon nitride film preceded the 

etching for the underlying CVD-grown silicon oxide layer. Only the central tips of the gold interdigitated 

electrodes were selectively etched. 7. The photoresist was then stripped away. 8. Optical lithography was 

then used at the periphery of the device. Selected portions of the silicon oxide / silicon nitride insulating bi-

layer were left uncovered after the photoresist exposure in the lithographic process to expose the electrode 

pads at the periphery of the device. 9. Plasma-enhanced CVD etching was performed for the silicon nitride 

and for the silicon oxide layers respectively. The portions defined by the previous lithography process were 

etched anisotropically for the entire thickness of each of the two films, therefore exposing the tips of the 

underlying electrode channels. The etching for the silicon nitride film preceded the etching for the 

underlying silicon oxide layer. The peripheral pads of the gold electrodes were selectively etched. 10. The 

photoresist was then stripped away. The final device was comprised of a silicon oxide / silicon nitride 

insulating bi-layer with interspersed wells exposing the tips of an underlying array of conducting 

interdigitated gold electrodes. 1-10. The thickness of the multiple layers in this picture and in the following 

ones is represented qualitatively and with arbitrary colors for ease of representation. Detailed information 

on the specific vertical profiles for the titanium and gold layer, as well as on resist morphology, which 

differed between the optical and the e-beam processes, is reported in the following sections of this chapter. 

In addition, the profile of the CVD oxide / nitride bi-layer is here represented with a sharp step although in 

reality it is more conformal. 

 

 The interaction between the first and the second metal deposition steps had to be 

carefully considered in order to ensure proper electrical conduction. In particular, the sets 

of interdigitated electrodes deposited respectively with optical and e-beam lithography 

were designed to overlap for a length of 3 μm. In principle, the use of titanium as an 

adhesion layer uniformly deposited on the contact area before the second gold deposition 

step could have metallized the vertical profiles of the gold, therefore providing an 
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additional resistance in series with the electrode resistance, originated at the gold-

titanium-gold metal interface. The use of non-conformal e-beam evaporation to perform 

the metal deposition prevented this scenario from occurring and the resulting 

individually-addressable electrode featured an uninterrupted gold conduction path, as 

illustrated in Figure 44. 

 
Figure 44. Schematic representation of Figure 43 (1-2), illustrating the uninterrupted conduction path along 

the lead subsequent to the second metal deposition.  The Au-Au cross-sectional interface between portions 

of the lead deposited in different instances is represented in orange. 
 

3.4. Reticle Design and Fabrication 

 

This section describes the manipulation of the electronic files generated in the 

manner described in section 3.1, as well as the fabrication technique that were used to 

transfer the patterns from the personal computer screen to a chrome-plated glass reticle. 

The set of reticles generated was then used to perform the lithography on the wafers, as 

described in the following sections of this chapter. 

 

3.4.1. Computer-Aided Design for Reticle Laser Direct-Write Lithography 

 

The final blueprints for each device type were subdivided into layers – each layer 

representing the features to be exposed during each lithography step. The Autocad software 

package by Autodesk, Inc. was used for the design of all the integrated circuits 

1. Ti and Au deposition – first deposition step (optical lithography) 

2. Ti and Au deposition – second deposition step (e-beam lithography) 

50 nm 

5 nm 
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5 nm 
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5 μm3 μm



 

 174 

manufactured in this study. The final blueprint files for each device were saved with a 

Drawing eXchange Format (DXF) and then converted into a Global Directory Service II 

(GDS-II) file format – conventionally used in the microfabrication industry – using the 

LinkCAD software package by Bay, Inc. The use of the Autocad platform was an 

economical and effective alternative to the competing Cadence platform by Cadence 

Design Systems, Inc. – a comprehensive platform specifically created to serve the 

electronics design and manufacturing industry. 

 

The GDS-II files corresponding to each lithography step consisted of polygons and 

had to be fractured into arrays of rectangles and trapezoids compatible to machine language 

license (LIC) file format using a Computer Aided Transcription System (CATS) pattern 

conversion suite by Synopsis, Inc.. The fractured LIC files were fed to a Heidelberg DWL-

66 direct laser writer.  This sequence of successive file conversions was used to 

manufacture appropriate reticles to be used as masks for the lithographic fabrication of the 

ICs. It is important to consider that the CAD design of the devices, the production of the 

reticles and the final fabrication of the devices were all tightly integrated processes. In 

particular, the device patterns corresponding to each lithographic step were magnified in 

scale by a factor of 5X, in order to be imaged with a reduction of 5:1 by a highly accurate 

camera onto a silicon wafer, to ultimately produce the integrated circuits at scale 1X. This 

scaling procedure of initial magnification followed by a reduction allowed the fabrication 

of devices with smaller feature sizes than would have otherwise been possible using contact 

lithography equipment with magnification of 1X. It was in fact possible to produce reticles 

with feature sizes five times larger than corresponding feature sizes on the wafer, relying 

on the optics of the photostepper to reduce the device minimum feature width to the sub-

micrometric domain. 

 

The reticles featured a set of alignment fiducial marks on their perimeter to align 

each reticle to the stepper projection stage. In addition, the reticles featured multiple 

alignment marks on the dye area, which were used for successive development.  
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3.4.2. Fabrication of Transmissive Reticles for Wafer Using Laser Direct-Write 

Lithography 

 

Each of the three devices was built using two optical lithography steps, therefore 

requiring a total of two reticles per device. In the case of e-beam lithography deployed for 

the intracellular device, the files were used to directly expose the resist on the wafer, 

without the need for a set of photomasks. Photomasks fabrication was performed in this 

study and was not outsourced to third party vendors in order to reduce aggregate device 

costs. 

 

High quality, low refractive index fused silica panes (Telic Company, Inc.) were 

coated on a single side with chrome (50 nm) using an e-beam metal evaporation setup. 

Each pane was squared and featured dimensions of 5”x5”x0.90”to fit the specifications of 

the lithographic equipment to be used in the following stages of the IC fabrication 

process. The chrome-plated side of the glass pane was then coated with AZ1500 

photoresist by Clariant International Ltd. The photoresist thickness was set to be equal to 

530 nm and the fuse silica pane coated with photoresist was pre-baked for 40 min at 95ºC. 

Each drawn CAD file converted into a LIC file and then transferred on a Heidelberg 

DWL-66 direct laser writer (Heidelberg Instruments Mikrotechnik GmbH) which was 

then used to expose chrome-plated, photoresist-coated fused silica panes in a process of 

direct lithography. The DWL 66 is a high-resolution imaging system capable of 

achieving over 500,000 dpi using a 40-nanometer writeable address grid. The DWL-66 

direct writer featured 442 nm He-Cd laser source and a 10 mm head with a minimum 

feature size on the mask of 1 μm. This optical system was sufficiently precise to pattern 

the masks needed for the present study, which featured a minimum feature size of 3.75 

μm (corresponding to the minimum feature size of 750 nm on the wafer, multiplied by 

the 5 X stepper reduction factor). The photomasks were then used as reticles in a process 

of wafer optical lithography, as documented in section 3.5. 

 

Subsequent to the exposure step, each mask was developed for 1 min in AZ 300 

MIF by Clariant International Ltd. The developed chrome-plated glass panes were then 
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immersed in a backlit chromium etchant bath by Transene Company, Inc. This setup was 

coupled to transmission optical microscopy to allow for qualitative control of the etch 

rate, avoiding over-etching of the chromium to ensure accurate feature reproduction at 

the wafer level. All the photomasks were subsequently resist-stripped, spinwashed and 

desiccated for subsequent use in device lithography. Figure 45 and Figure 46 illustrate 

respectively the processing steps for photomask fabrication, as well as the final reticles 

for wafer lithography.  

 

The reticle lithography step was pursued at the Cornell Nano-Scale Science & 

Technology Facility (a member of the National Nanofabrication Users Network), which 

is supported by the National Science Foundation under Grant ECS-9731293, its users, 

Cornell University, and Industrial Affiliates. 

 

 
Figure 45. Processing sequence for photomask lithography. 1. Chromium was initially e-beam evaporated 

on fused silica panes. 2. These were then coated with photoresist on the same side; the photoresist was then 

exposed to a laser source in a process of direct lithography. 3. The chromium layer was then etched using a 

backlit bath to avoid chromium over-etching. 4. The photoresist was finally stripped. The resulting mask 

was checked for compliance with the dimensional criteria. For ease of representation, the thickness of the 

layers in this picture is represented qualitatively and with arbitrary colors. 

 

 

2. Laser lithography on Heidelberg DWL-
66 direct writer 

1. Electroplating of Cr on glass 

4.  Photoresist strip and quality control 

3. Cr-etch (Transene ®) with visual control 
of etch rate via transmission optical 
microscopy. 



 

 177 

 
Figure 46. Picture of the finished reticles to be used for wafer photolithography (reticle size: 5”x5”x0.90”). 

 

3.5. Alignment Strategies for the Lithographic Processes Used to Fabricate the 

Three Types of Devices 

 

Figure 47 and Figure 48 illustrate the different masks that were used in the 

lithographic process respectively for multi- and inter-cellular devices. Two masks were 

fabricated for each device. Each mask featured alignment marks to the stepper projection 

stage along its perimeter. In addition, four alignment marks on the four corners of each 

mask were designed to align the first lithographic step to the second lithographic step. 

The alignment marks drawn on the two lithographic steps were complementary with 

respect to each other, to minimize the error during the alignment process. 
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The alignment to the stepper projection stage was undertaken automatically by the 

stepper upon mask loading. The alignment between the two lithographic steps was 

undertaken manually by incremental mismatch reduction. In this process the second 

alignment mask was maintained on the stepper projection stage while several wafers 

ready to be processed for the second lithography step were positioned on the stage at a 

predefined origin position and then exposed and developed. The mismatch between the 

features on the mask and the features on the wafer was measured using an optical 

microscope embedded within the stepper tool, therefore maintaining the same coordinate 

system for the two lithography steps. The exposure recipe on the stepper was then 

corrected for a θ  rotation as well as for a (X,Y) pass shift across the exposure and 

development process for a wide number of wafers, minimizing the error after each step to 

ultimately achieve satisfactory alignment conditions. 

 

 
Figure 47. Schematic representation of the lithographic steps undertaken to fabricate the multi-cellular 

device. Each darkfield mask was fabricated by means of laser lithography as described in this chapter 

(section 3.4.2). 1. A LOR – imaging resist bi-layer was used in this instance in the context of a liftoff 

process, as illustrated in Figure 42.  2. The second lithography step was attained by deploying a single layer 

of imaging resist and by exposing selected features of photoresist corresponding to the tips of the 

underlying circuitry, as illustrated in Figure 42. Proper alignment between the first and the second optical 

1. First optical lithography step 
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on the four corners 
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lithography steps was achieved by extensive use of fiducials and registration marks on each photomask. 

Individual features were magnified by a factor of 5X on the mask and subsequently reduced to their 

intended size on the wafer (min. feature size of 7.5 μm) using a GCA 6300 5X i-line stepper. The final 

device was comprised of individual electrodes with a width of 7.5 μm at the center of the IC, which were 

covered with a silicon oxide / silicon nitride insulating bi-layer throughout the surface of the IC, with the 

exception of the tips at its center and of the pads at its periphery. 

 

 
Figure 48. Schematic representation of the lithographic steps undertaken to fabricate the inter-cellular 

device. Each darkfield mask was fabricated by means of laser lithography as described in this chapter 

chapter (section 3.4.2). 1. A LOR – imaging resist bi-layer was used in this instance in the context of a 

liftoff process, as illustrated in Figure 42.  2. The second lithography step was attained by deploying a 

single layer of imaging resist and by exposing selected features of photoresist corresponding to the tips of 

the underlying circuitry, as illustrated in Figure 42. Proper alignment between the first and the second 

optical lithography steps was achieved by extensive use of fiducials and registration marks on each 

photomask. Individual features were magnified by a factor of 5X on the mask and subsequently reduced to 

their original size on the wafer (min. feature size of 750 nm) using a GCA 6300 5X i-line stepper. The final 

device was comprised of individual electrodes with a width of 750 nm at the center of the IC, which were 

covered with a silicon oxide / silicon nitride insulating bi-layer throughout the surface of the IC, with the 

exception of the tips at its center and of the pads at its periphery. 
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In the case of maskless direct-write e-beam lithography used for the intra-cellular 

device, the GDS-II files consisting of polygons, which represented the pattern for each 

lithography step, were fractured into arrays of rectangles and trapezoids compatible to 

machine language Caltech Intermediate Graphic (CIF) file format using a CATS pattern 

conversion suite. These files were then outputted to a Leica VB-6. 

 

Proper alignment between the first e-beam lithography step and the existing array 

of gold electrodes deposited with optical lithography was obtained after inspecting the 

substrate using the e-beam lithography setup in scanning electron microscopy (SEM) 

mode, positioning the substrate in selected areas of the array where alignment marks had 

been positioned. These areas were positioned relatively far away from the gold features and 

the SEM was used at low voltage in order to ensure that the alignment procedure did not 

result in exposure of the photoresist and in loss of resist sensitivity during the subsequent 

exposure step. Two alignment strategies were possible in this instance and are explained 

below: 

 

- stage moves in (x,y) and θ , while the e-beam remains steady (tolerance: ± 40 nm) 

- e-beam moves with piezo-drives, while the stage remains steady (tolerance: ± 20 

nm) 

 

The second lithographic strategy was here pursued in light of the higher accuracy it 

provided for the overall process. 

 

The alignment for the second optical lithography step was referenced to the marks 

present on the first lithography mask, similarly to the strategy already pursued for the 

multi- and inter-cellular devices. 

 

The complete sequence of the lithographic steps that were undertaken to fabricate 

the intra-cellular device is represented in Figure 49. 
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Figure 49. Schematic representation of the lithographic steps undertaken to fabricate the intra-cellular device. 

The complete sequence of steps undertaken in order to selectively metallize the center and the periphery of the 

intra-cellular device is described in Figure 42 and Figure 43. 1. Optical lithography was initially used to define 

the features at the periphery of each individual IC. A LOR – imaging resist bi-layer was used in this instance 

in the context of a liftoff process.  2. E-beam lithography was then used to define the features in the center of 

each individual IC. No photolithographic mask was used in this process. The initial e-beam step was used to 

deposit the conductive nanoscaled circuit in accordance with the liftoff processes described in section 3.3.5.  

A PMMA bi-layer was used in this phase. The wafer was then uniformly oxidized and nitridized. 3. A second 
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e-beam step was then used to uncover the tips of individual nanoscale electrodes. The second lithography step 

was attained by deploying a single layer of PMMA imaging, since there was no need to create a reentrant 

vertical resist profile, and by exposing selected features of photoresist corresponding to the tips of the 

underlying circuitry. Each feature was comprised of a central set of interspersed nanoscaled wells exposing 

the tips of an underlying array of conducting gold electrodes. The wafer was subsequently exposed to the 

CVD anisotropic etch. 4. A second optical lithography step was then used to expose the pads at the periphery 

of the IC for contact to an outside circuitry via wirebonding.  Individual features were magnified by a factor of 

5X on the mask and subsequently reduced to their intended size on the wafer (min. feature size of 750 nm) 

using a GCA 6300 5X i-line stepper. The relative dimensions of the conducting features respectively built 

using e-beam and optical lithography ensured proper contact. The alignment between all lithographic steps 

was achieved by extensive use of fiducials and registration marks on each photomask and direct-write process. 

The final device was comprised of individual, interdigitated, individually addressable electrodes with 

nanometric size at the center of the IC and with micrometric size at its periphery (Figure 31, Figure 32). All 

interdigitated electrodes were uniformly covered with a silicon oxide / silicon nitride insulating bi-layer 

throughout the surface of the IC, with the exception of the tips at its center and of the pads at its periphery. 

 

The e-beam exposure step was pursued at the Cornell Nano-Scale Science & 

Technology Facility (a member of the National Nanofabrication Users Network), which is 

supported by the National Science Foundation under Grant ECS-9731293, its users, 

Cornell University, and Industrial Affiliates. 

 

3.6. Fabrication of the ICs 
 

The majority of the processes for the fabrication of the IC were undertaken at the 

Rensselaer Nanotechnology Center and at the Rensselaer Center for Integrated 

Electronics. These centers were also responsible for technical assistance during 

individual experimental execution and for the training needed to operate the necessary 

equipment. All processes here described were conducted in accordance with the 

guidelines set forth by the Department of Environmental Health and Safety at Rensselaer 

and were performed in full conformity to Occupational Safety & Health Administration 

(OSHA) applicable standards. 

 

All substrate fabrication procedures illustrated in this chapter were performed on 

4” diameter silicon test wafers, manufactured by Silicon Quest International. The 
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thickness was characterized by the manufacturer to be in a range between 475 μm and 

575 μm. These wafers featured a single polished surface in the (100) plane with respect 

to the silicon crystal lattice. The wafers were doped with boron (p-type) and were 

characterized to have a resistivity in the range 1-20 Ω-cm . 

 

The manufacturing process was comprised of the following six steps: 

 

1. RCA cleaning 10. 

2. Dry thermal oxidation.  

3. Selective metallization via lithography. 

4. CVD oxidation and nitridation. 

5. Selective etch of nitride and oxide via lithography. 

6. Photoresist strip. 

 

The sequence for all these steps is illustrated in Figure 42. The following sections 

describe each step of the fabrication sequence individually and in further detail. 

 

3.6.1. RCA Cleaning 

 

RCA cleaning was performed immediately before dry thermal oxidation, 

following the guidelines reported by Kern [69].  As–received silicon wafers used for the 

fabrication of multi-, inter- and intra- cellular devices were treated for 10 min in a 

solution of ammonium hydroxide 11 , hydrogen peroxide 12  and de-ionized water (DI 

                                                 
10 This process was named after the RCA Laboratories (a division of Radio Corporation of America), where it 

was developed by Werner Kern in 1965 and it consists in a cleaning procedure for the fabrication of silicon-

based semiconductor devices. Since this date, it has become the industry standard. 
11 The ammonium hydroxide ( 4NH OH ) was manufactured by Mallinckrodt Baker, Inc. and characterized 

to have composition in the following range: 4NH OH (21-72) wt%, 2H O  (28-79) wt%, 3NH (10-35%). 

12 The hydrogen peroxide ( 2 2H O ) was manufactured by Mallinckrodt Baker, Inc. and characterized to have 

composition in the following range: 2 2H O  (29-32) wt%, 2H O (68-71) wt%. 
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water) maintained in a temperature range of 75-85°C. In this treatment – denominated 

RCA 1 – the components were mixed in the following nominal volume ratios: 1:1:5 

4NH OH : 2 2H O : DI.  This process creates an approximately 100 nm thick oxide on the 

surface of the silicon, which effectively traps any surface impurities for subsequent 

removal. 

 

The wafers were then rinsed in DI water and then treated for 5 min in buffered 

oxide etch (BOE) 13 – a diluted solution of hydrofluoric acid (HF) – maintained at room 

temperature. This process removes the oxide layer formed during RCA 1, allowing the 

removal of any organics present on the wafers. 

 

A further treatment consisting of hydrochloric acid 14, hydrogen peroxide 15 and 

DI water was performed for 10 min at a temperature range of 75-85°C, in order to 

remove any fast diffusing metallic impurity. In this treatment – denominated RCA 2 – the 

components were mixed in the following relative amounts: 1:1:5 HCl : 2 2H O : DI. 

 

The wafers used for the fabrication of multi-, inter- and intra- cellular devices 

were then rinsed in DI water and then treated for 5 min in fresh BOE 16 at ambient 

temperature. After a final rinse in DI water and careful drying with a compressed 

nitrogen flow, the wafers were ready for dry thermal oxidation. 

 
 

                                                 
13 The buffered oxide etch, 10:1 (BOE) was manufactured by Mallinckrodt Baker, Inc. and was compatible 

with complementary metal oxide semiconductor (CMOS) processes. It is characterized by the manufacturer to 

have composition in the following range:  HF (4.4-4.7) wt%, 4NH F (35.5-37.5) wt%, 2H O (57.8-60.6) 

wt%. 

14 The hydrochloric acid ( HCl ) was manufactured by Mallinckrodt Baker, Inc. was CMOS compatible and 

characterized to have composition in the following range: HCl  (37-38) wt%, 2H O  (62-63) wt%. 

15 Same chemical and composition specified in note 12. 
16 Same chemical and composition specified in note 13. 
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3.6.2. Dry Thermal Oxidation 

 

Dry thermal oxidation was used to create a multi-micron-thick layer of thermal 

silicon dioxide. This would then be used as an insulating layer to avoid leakage and 

preserve the electrical selectivity of the multiple channels comprising the device. 

 

The furnace used for this purpose was manufactured by Bruce Corporation. The 

temperature and the oxidation time were selected on isothermal growth curves for Si 

<100>, as reported by Gandhi [70]. The selected recipe offered a nominal oxide thickness 

of 3.5 μm grown in a time of 48 hours, at a temperature programmed to vary cyclically 

between 800°C and 1000°C in an atmosphere alternatively composed of oxygen, nitrogen 

and hydrogen, ensuring the presence of water vapor to enhance the oxidation reaction. 

 

The effective thickness of the thermal oxide was characterized by non-contact 

optical metrology on a Nanospec/AFT film analysis system by Nanometrics, Inc., and it 

was found to be equal to 3.15 μm. Since the electric field loss through the insulator is 

equal to a value of 1 /MV mμ , the considerable thickness of the thermal oxide here 

grown was used to enhance the sensitivity and the signal to noise ratio for the final 

devices. 
 

3.6.3. Selective Metallization via Lithography 

 

All processes described in this section are referred to the previous description of 

the fabrication process and in detail to Figure 42 and Figure 43. Liftoff lithography based 

on positive resists was chosen to metallize the individual channels for the integrated 

circuit in light of the several advantages presented in the previous sections of this chapter. 

 

Optical Stepper Lithography. This technique was used to manufacture multi-

cellular and intercellular devices as well as the peripheral portion of the intra-cellular 

device, following the recipe here described. Oxidized wafers were initially cleaned with 

acetone, methanol and isopropyl alcohol (IPA) and then dehydrated at 200°C for 20 
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minutes. The wafers were then spincoated for 1 minute at 2500 rpm with Microprime 

MP-P20 adhesion promoter by Shin-Etsu MicroSi, Inc. – a blend of 20% 

hexamethyldisilazane (HMDS) and 80% propyleneglycol monomethyl ether acetate 

(PGMEA). The wafers were subsequently spincoated for 45 sec at 5000 rpm with liftoff 

resist (LOR) series 3A by Microlithography Chemical Corp. (Microchem Corp.), 

therefore obtaining a thickness of 700 Å, as represented in Figure 50 (1). LOR consists in 

a proprietary resist based on the polydimethylglutarimide platform. Subsequent prebaking 

at 170°C for 5 min dried the LOR film and fixed the undercut rate to the value of 40 

Å/sec. The wafers were then spincoated at 4000 rpm with AZ 7209 – an i-line positive 

imaging photoresist by Clariant International Ltd. – to obtain a layer thickness of 9000 Å, 

as represented in Figure 50 (2). The wafers were prebaked a second time at 90°C for 1 

minute and exposed on a GCA 6300 5X i-line stepper after accurate calibration via 

exposure and focus matrices. The exposure stage is represented in Figure 50 (3). 

Subsequent post-exposure baking was then performed at 100°C for 1 minute, according 

to the specifications for the imaging resist (post exposure baking does not affect the 

performance of LOR). The wafers were then cooled for 2 minutes and then developed for 

1 min in AZ 300 MIF by Clariant International Ltd. – a 2 wt % formulation of 

tetramethylammonium hydroxide (TMAH) compatible both with the imaging resist and 

with the LOR. A final post-develop hardbaking process was performed at a temperature 

of 120°C for 1 minute. The duration of the hardbaking process was limited by the 

necessity to avoid excessive hardening of the photoresist which would limit the efficacy 

of the subsequent liftoff process. The resist profile is represented in Figure 50 (4), and 

resulted in an undercutting of approximately 1000 Å, subsequent to the LOR processing 

described above. The wafers were then inspected via optical microscopy. 

 

A second calibration of the results was then performed by exposing, post-

exposure-baking, developing and then hardbaking a group of five dummy wafers with 

light intensities and foci varying around a mean value (i.e., on an exposure and focus 

matrix). The value of light intensity that provided the best spatial resolution was then 

chosen as definitive in order to perform optical lithography for all subsequent wafers in a 

given batch. 



 

 187 

 

Figure 50 represents in detail the series of processes undertaken in order to 

perform the optical lithography for multi- and inter-cellular devices and for the peripheral 

electrodes of the intra-cellular device. 

 

 
 
Figure 50. Diagram representing the sequence used for the selective metallization via optical lithography. 

These fabrication steps were used for the fabrication of the multi- and inter-cellular devices as well as for 

the peripheral portion of the intra-cellular device. 1. A liftoff resist (LOR) underlayer was initially prebaked 

on the wafer. 2. The LOR was subsequently covered by a thicker imaging resist. 3-4. The bi-layered 

structure was then exposed and developed, creating a bi-layer reentrant sidewall profile. 5. A Ti adhesion 

layer and an Au film were then sequentially deposited on the structure, ensuring discontinuous film 

deposition along the vertical walls and uniform coverage on the horizontal surfaces. 6. The liftoff process 

was then performed, using a solution of acetone and methylene chloride. For ease of representation, the 

thickness of the layers in this picture is represented qualitatively and with arbitrary colors. 

 

1. Coat and prebake liftoff resist (LOR). 

2. Coat and prebake imaging resist (the 
imaging resist is thicker than LOR). 

3. Expose imaging resist. 

4. Develop imaging resist and LOR. LOR 
develops isotropically, creating a bi-layer reentrant 

sidewall profile (undercut rate defined as x
t

Δ
Δ

). 

5. Deposit Ti adhesion layer and Au film. The re-
entrant profile ensures discontinuous film 
deposition along the vertical walls and uniform 
coverage on the horizontal surfaces. 

6. Liftoff bi-layer resist stack, leaving only the film 
in the desired location. 

Liftoff for LOR – Imaging Resist Bi-layer 
(Used in Optical Lithography) 

Δx 
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A Ti adhesion layer with a thickness of 5 nm was then deposited subsequent to 

the lithography steps described above – both in the case of optical and of e-beam 

lithography. The e-beam evaporator used was a SC-4500 model manufactured by CVC, 

Inc. E-beam evaporation in a vacuum environment (typically in the 10-6 to 10-8 Torr 

range) was preferred to sputtering as the metallic films obtained by the latter are highly 

conformal and would therefore completely cover the vertical walls of the photoresist, 

ultimately impairing the liftoff process. In addition, e-beam evaporation was preferred to 

thermal evaporation in light of the lower quality and reduced coverage uniformity of the 

film obtained using the latter method. In e-beam evaporation an electron beam is directed 

via a magnetic field to impinge on the surface of a metal target, heating it in a controlled 

manner. Due to the elevated temperature of the metal melt, a vapor pressure is created 

which allows the metal atoms to diffuse throughout the chamber, subsequently hitting the 

substrates. 
 

An Au adhesion layer with a thickness of 50 nm was then e-beam evaporated on 

the Ti film both in the case of devices processed via optical lithography and in the case of 

devices processed via e-beam lithography. The deposition of the Au layer occurred 

immediately after the Ti deposition without breaking vacuum between the two processes. 

This processing sequence eliminated the possibility for oxidation of the Ti layer, which 

would result in inefficient Au adhesion. 

 

The choice of Ti as an adhesion layer between SiO2 and Au was motivated by the 

poor adhesion of Au directly on the SiO2, which is caused by the poor wetting properties 

of the Au/SiO2 interface [71]. In light of these considerations, it is thermodynamically 

favorable to minimize the contact area between Au and SiO2 and to opt for Ti as an 

interlayer between Au and SiO2. The use of Ti is also motivated by the good match of the 

crystallographic properties for Au (FCC unit cell, atomic radius of 1.44 Å) and Ti (HCP 

unit cell, atomic radius of 1.45 Å) [72], which bond tightly to each other via 

interdiffusion. 

 

 The liftoff step was performed both in the case of devices processed via optical 

lithography and in the case of devices processed via e-beam lithography by immerging 
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the wafers in a bath of methylene chloride ( 2 2CH Cl , 99 wt%)) and acetone ( 3 2( )CH CO , 

98 wt%) for 8 hours. The volume ratio for the liftoff bath was 9:1 2 2CH Cl : 3 2( )CH CO .  

 

E-beam Lithography. This technique was used to fabricate the central portion of 

the intra-cellular device, as explained in previous sections of this chapter. Here the 

oxidized wafers were processed according to the procedure described above to create a 

set of peripheral electrodes via liftoff optical lithography. The processed wafers where 

then claned with acetone, methanol and isopropyl alcohol and then dehydrated at 200°C 

for 20 minutes. A polymethylmetacrylate (PMMA) bi-layer was then deposited on the 

wafer as described below. The wafers were subsequently spincoated for 1 minute at 3000 

rpm with  PMMA 495 series A4 resist – a 4 wt% solution of PMMA with molecular 

weight of 495 kDa in anisole solvent, mixed from an original PMMA 495 series A8 resist 

formulation by Microchem Corp. – therefore obtaining a thickness in a range between 

1680 Å  and 1740 Å. Subsequent prebaking at 170°C for 15 minutes dried the PMMA 

495 film. The wafers were then spincoated at 2000 rpm with PMMA 950 series M2 resist 

– a 2 wt% solution of PMMA with molecular weight of 950 kDa in methyl isobutyl 

ketone (MIBK) solvent diluted from an original PMMA 950 series M5 resist formulation 

by Microchem Corp. – to obtain a layer thickness of 1060 Å. The wafers were prebaked a 

second time at 170°C for 15 minutes and exposed on a Leica VB6 e-beam lithography 

system, after accurate calibration via dose matrix as described in the following part of 

this section. The exposure stage resulted in overexposing the PMMA 495 underlayer 

which ultimately caused the re-entrant sidewall profile for the bi-layer. No post-exposure 

baking was performed and the wafers were directly developed for 3 minutes in M/I 1:3 

NanoTM PMMA developer by Microchem Corp. – a 1:3 MIBK:IPA formulation. No post-

develop hardbaking process was performed. The resulting resist profile resulted in an 

undercutting of 250 Å. 

 

A second calibration of the results was then performed by exposing, post-

exposure-baking, developing and then hardbaking a group of five dummy wafers with 

relative energy dose that was varying around a mean value. The value of light intensity 

that provided the best spatial resolution was then chosen as definitive in order to perform 
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optical lithography for all subsequent wafers in a given batch. Detailed information on 

the exposure parameters for e-beam deposition can be found in Appendix 2. 

  

Figure 51 represents in detail the series of processes undertaken in order to 

perform the e-beam lithography for the central portion of the intra-cellular device. 

 

 
Figure 51. Diagram representing the sequence used for the selective metallization of the central portion of 

the intra-cellular device, attained via e-beam lithography. 1. A PMMA underlayer with low molecular 

weight (495 kDa) was initially prebaked on the wafer. 2. Subsequently, this was covered by a thicker 

PMMA overlayer with high molecular weight (950 kDa). 3-4. The bi-layered structure was subsequently 

exposed and developed, creating a bi-layer reentrant sidewall profile. 5. A Ti adhesion layer and an Au film 

were then sequentially deposited on the structure, ensuring discontinuous film deposition along the vertical 

walls and uniform coverage on the horizontal surfaces. 6. The liftoff process was then performed, using a 

solution of acetone and methylene chloride. For ease of representation, the thickness of the layers in this 

picture is represented qualitatively and with arbitrary colors. Figure 51 differs from Figure 50 in light of the 

1. Coat and prebake PMMA 495. 

2. Coat and prebake PMMA 950 (PMMA 495 
resist is thicker than PMMA 950). 
 

 
3. Expose PMMA 950. 

4. Develop PMMA 950 and overdevelop PMMA 495. 
PMMA 495 subsequently creates a re-entrant 

sidewall profile (undercut rate defined as x
t

Δ
Δ

). 

5. Deposit Ti adhesion layer and Au film. The re-
entrant profile ensures discontinuous film 
deposition along the vertical walls and uniform 
coverage on the horizontal surfaces. 

6. Liftoff bi-layer resist stack, leaving only the film 
in the desired location. 

Liftoff for PMMA Bi-layer 
(Used in E-beam Lithography) 

Δx 
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profile of the vertical walls created during the lithographic process, which were developed isotropically in 

the case of LOR and overdeveloped in the case of PMMA 495. 

 

3.6.4. CVD Oxidation and Nitridation 

 

All processes described in this section are referred to the previous description of 

the fabrication process and in detail to Figure 42 and Figure 43 above. An IPE model 

1000 plasma enhanced chemical vapor deposition system by Ion & Plasma Equipment, 

Inc. was used to deposit a thin conformal silicon oxide film on the portions of the wafers 

previously covered by thermally-grown silicon oxide and by e-beam evaporated gold. 

The specific conditions for oxide deposition are reported in Table 2. 

 

Temperature 240°C 
Power Level 50 Watts 
Source Gas SiH4 (10 sccm), N2O (50 sccm) 
Flow 
Setpoints SiH4 20%, N2O 50% 
Throttle 
Pressure 450 mTorr 
Rough 
Pressure 40 mTorr 
Deposition 
Rate 36-38 nm/min 

 
Table 2. Experimental parameters used for CVD oxide deposition. 

 

The wafers for multi-, inter- and intra- cellular devices were exposed for 2,60 

minutes, therefore leading to a thickness for the oxide film in a range between 93 nm and 

99 nm. 

 

The same setup was used to deposit silicon nitride on the portions of the wafers 

covered by CVD-deposited silicon oxide. The specific conditions for oxide deposition are 

reported in Table 3. 
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Temperature 300°C 
Power Level 50 Watts 
Source Gas SiH4 (18 sccm), NH3 (60 sccm) 
Flow 
Setpoints SiH4 36%, NH3 60% 
Throttle 
Pressure 550 mTorr 
Deposition 
Rate 16 nm/min 

 
Table 3. Experimental parameters used for CVD nitride deposition 

 

The wafers for multi-, inter- and intra- cellular devices were exposed for 6.90 

minutes, therefore leading to a thickness for the nitride film of about 110 nm. 

 

3.6.5. Selective Etch of Nitride and Oxide via Lithography 

 

A second lithography step was performed on the wafers for multi-, inter- and intra- 

cellular devices in order to uncover the tips of the interdigitated electrodes at the center of 

the devices. All processes described in this section are referred to the previous description 

of the fabrication process and in detail to Figure 42 and Figure 43 above. Lithography was 

used to selectively expose the oxide and nitride bi-layer to subsequent anisotropic plasma 

etching.  

 

Optical Stepper Lithography. This technique was used in multi- and inter-cellular 

devices. In the case of intra-cellular devices, on the contrary, the center of the device was 

patterned via e-beam lithography, subsequently followed by optical lithography for the 

periphery of the device. A single positive resist was used to selectively expose those 

portions of the IC where the silicon nitride and the silicon oxide had to be subsequently 

etched. AZ 7209 – an i-line positive imaging photoresist by Clariant International Ltd. was 

used for optical lithography on a GCA 6300 5X i-line stepper. The lithographic processing 

steps undertaken in this instance were similar to the ones described in section 3.6.3. 
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E-Beam Lithography. PMMA 495 series A4 resist by Microchem Corp. was 

deployed for the second e-beam lithographic step for the intra-cellular device. PMMA 495 

series A4 was spincoated at 2550 rpm for 1 min, exposed on a Leica VB-6 system and 

developed by immersion for 3 minutes in M/I 1:1 NanoTM PMMA developer by 

Microchem Corp. – a 1:1 MIBK:IPA formulation. 

 

An additional calibration of the lithographic results was then performed by 

exposing, post-exposure-baking, developing and then hardbaking a group of five dummy 

wafers with light intensities and foci varying around a mean value (i.e., on an exposure 

and focus matrix). The value of light intensity which provided the best spatial resolution 

was then chosen as definitive in order to perform optical lithography for all subsequent 

wafers in a given batch. A similar process was undertaken for e-beam lithography. 

Detailed information on the exposure parameters for e-beam deposition can be found in 

Appendix 2. 

 

A third set of calibrations on dummy wafers was undertaken to measure the 

degradation rate for the photoresist during etching respectively of the nitride and of the 

oxide, in the two cases of optical and e-beam lithography. These calibration experiments 

were conducted by spincoating, developing and postbaking the same photoresists 17 to be 

used for the selective etching of silicon nitride and silicon oxide, maintaining the 

processing conditions identical. An incision was produced using a sharp metallic object on 

a developed layer of photoresist to locally remove the photoresist and to subsequently 

measure resist thickness via decremental-height profilometry. The etch rate for the types of 

photoresists used above was found to be negligible in the case of the AZ7209 photoresist, 

while for the PMMA 495 it was found to be a relatively constant percentage of the etched 

thickness of the nitride and silicon films – between 10 % and 15 %. This observation led to 

careful processing and control of the experimental conditions for the etching of the intra-

cellular devices, in order to minimize the probability to over-etch.  

                                                 
17 Note: the photoresist for the dummy experiments was not flood-exposed since the features which had to 

withstand the chemistry of the plasma during the etching process were not exposed during the lithography 

process (phositive resist). 
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The lithography steps described in this section were attained by deploying a single 

layer of imaging resist and by exposing selected features of photoresist corresponding to 

the tips of the underlying circuitry. Differently from the selective metallization process, 

which required a photoresist bi-layer (section 3.6.3), a single resist layer was used since 

there was no need to create a reentrant vertical resist profile for the subsequent process of 

CVD etching. 

 

The etching action of this CVD setup was anisotropic, therefore resulting in 

features with vertical walls that maintained the desired aspect ratio. A Plasmatherm 73 

CVD system was used to etch the nitride and the oxide insulating films. The silicon nitride 

was plasma-etched in a CHF3 environment (flow setpoint = 45%) mixed with O2 at room 

temperature (flow setpoint = 5%), at a pressure of 30 mTorr, with a power level of 166 W. 

Several calibration runs were performed on dummy wafers in order to determine the etch 

rate for the nitride film processed above with high accuracy, therefore avoiding overetching 

of the underlying oxide, which could result in damage of the device The etch rate for CVD 

nitride grown in conditions analogous to the ones described above was found to be equal to 

38 nm/min. 

 

The silicon oxide was plasma-etched in a CHF3 environment (flow setpoint = 

20%) at room temperature, at a pressure of 30 mTorr and with a power level of 277 

Watts. Several calibration runs were performed on dummy wafers in order to determine 

the etch rate for the oxide film with high accuracy, therefore avoiding overetching of the 

oxide, which would undermine the stability of the underlying gold. The etch rate for 

CVD oxide grown in conditions analogous to the ones described above was found to be 

equal to 29 nm/min. 

 

The final device was comprised of individual interdigitated electrodes with a 

width of 7.5 μm and 750 nm at the center of the IC – respectively for multi- and inter-

cellular devices. These were covered with a silicon oxide / silicon nitride insulating bi-
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layer throughout the surface of the IC, with the exception of the tips at its center and of 

the pads at its periphery. 

 

3.6.6. Photoresist Strip 

 

The remaining photoresist was then stripped away from selected portions of the IC, 

subsequent to the etching of the oxide and of the nitride in the selected areas where the gold 

electrodes needed to be exposed. A solution of 3:1 2 4H SO 2 2H O  that is generally called 

Piranha, in light of its natural exothermic behavior, would be the most adequate candidate 

for this application. However, this solution is so energetic, operating at temperatures above 

100°C, that it would likely etch the titanium and the gold away. 

 

For this reason, a lower temperature substitute was used to strip the resist 

remained on the wafers. The chemical used is called Nano-Strip 2X by Rockwood 

Specialties Group, Inc., consisting of a proprietary mixture of 2 4H SO  and 2 2H O  

operating at only 60°C. This chemical was preferred to the third possible option of dry 

oxygen plasma for photoresist stripping in light of the risk of accidentally over-etching 

the silicon nitride – silicon oxide bi-layer, ultimately resulting in a compromised 

insulating performance of the electrode. The Nano-Strip provided a gentle, easily 

controllable resist strip process with minimal damage to the Ti and Au features. 

 

3.6.7. Characterization of Completed Devices 

 

Careful quality checks were conducted across each step of the fabrication process. 

Several fabricated devices featured a number of relative imperfections and therefore had 

to be discarded. The limitations in yield were caused by the large extent of manual 

processes undertaken throughout device fabrication.  For example, the manual direct 

lithography of the reticles resulted in a higher degree of dimensional variability compared 

to the level of consistency that could have been obtained had mask fabrication been 

outsourced to a professional service. However, in-house reticle fabrication allowed for 

testing of the masks on the photostepper where these ultimately had to be used. This 
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activity resulted in slight changes to both the fabrication of the reticle and to the 

subsequent lithographic step; this extensive and reoccurring validation, which would not 

have been achievable otherwise, greatly contributed to the proper fabrication of the 

devices. 

 

 The small feature sizes being pursued relative to the capabilities of the deployed 

equipment caused additional limitations in yield and required a vast number of wafers to 

be processed, with higher operating costs. This limitation however did not result in a 

compromise of quality for the manufactured devices. Figure 52 illustrates the finished 

devices both before and after wafer dicing and allows for an appraisal of the low yield 

and, consequently, of the high number of devices that had to be manufactured. 

 

 
Figure 52. Illustration of the finished devices. A. Multiple wafers were manufactured for each device type. 

B. The finished wafers were then manually diced to obtain single devices. Accurate quality controls were 

conducted manually via microscopy throughout the fabrication process, and several devices were 

discarded, as shown in B. 

 

B A 
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Finally, the characterization of intracellular devices via electron microscopy was 

highly disruptive, since it involved the sputter-coating of each device with a conductor, in 

order to reduce charging and loss of imaging resolution.  In light of this reason and of the 

low fabrication yield, only imperfect dummy samples were used for characterization 

purposes. 

 

Figure 53, Figure 54 and Figure 55 document the characterization of respectively 

the multi-cellular, inter-cellular and intra-cellular devices at multiple magnifications 

using a combination of optical and field emission scanning electron microscopy 

(FESEM), as well as atomic force microscopy (AFM) for the intra-cellular device. 

 

The fabricated devices fulfilled the requirements of tip equidistance, channel 

selectivity and tip-to-pad connectivity for the purposes of the present study. 

 

 
Figure 53. Characterization of the multi-cellular device at multiple magnifications. A-C. Optical 

microscopy at three different magnifications. D-F. SE microscopy on different portions of the same device 
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highlighting that the dimensional and functional design criteria were satisfied for the purposes of the 

present study. 

 

 
Figure 54. Characterization of the inter-cellular device at multiple magnifications. A-C. Optical 

microscopy at three different magnifications. D-G. SE microscopy on different portions of the same device 

highlighting that the dimensional and functional design criteria were satisfied for the purposes of the 

present study. 
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Figure 55. Characterization of the intra-cellular device at multiple magnifications. A-D. Optical 

microscopy at four different magnifications. E-F. SE microscopy on different portions of the same. G. 

Atomic force microscopy highlighting the critical dimensions in the (x,y) plane and in the z axis. The 

microscopy demonstrates that the dimensional and functional design criteria were satisfied for the purposes 

of the present study. 

 

3.7. Packaging of the ICs on Chip Holders 

 

The finished ICs were diced and mounted on a ceramic quadrangular chip 

package (CERQUAD) mod. nr: CQZ24001, manufactured by Kyocera Corporation – 

Japan, which featured 240 independent channels. The pads on the chip were then wire-

bonded to the pads on the chip holder package via automatic gold wire-bonding station. 

A high purity gold alloy was chosen as the material of choice to wirebond the chip to che 

chip holder, which also featured gold conduction leads. Gold was chosen in light of its 

low resistivity, to reduce the possibility of compromising the signal to noise ratio that 

would have been caused by a resistance in series with the conducting channels. The wire-

bonded leads featured a diameter of 30 μm. The leads connecting the CERQUAD 

package supplied by Kyocera to the printed circuit board were planar and much longer 
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than needed, in order to be machine-bent and subsequently cut according to the specific 

geometrical dimensions of the printed circuit board to be used.  

 

A CAD blueprint was drawn to represent the detailed position and elevation of the 

wire-bonding leads with respect to the pads, therefore guiding the automatic wirebonding 

station in order to avoid intersecting adjacent leads, which would result in short-circuiting 

channels in the device. The Autocad software package by Autodesk, Inc. was used for 

this purpose.  

 

During the wire-bonding process, a fine hollow tip holding the wire from within 

was pushed to one of the pads; as soon as the tip contacted the pads, the tip generated a 

pulse of ultrasonic energy. The combined control of (i) the ultrasonic energy, (ii) the total 

time this energy was emitted on the pads, the (iii) downward force pushing the tip on the 

pad, (iv) the melting point of the metal alloys constituting the wire and the pads, as well 

as of the (v) relative thickness of the metal on the pads was necessary for proper wire-

bonding to be undertaken. 

 

This process is represented in Figure 56. The design of the wire-bonding blueprint 

was pursued by the author, while the actual assemblage of the wire-bonded leads was 

outsourced to Corwil Technology Corporation. Figure 57 represents the appearance of a 

wire-bonded device, highlighting some details of the bonded pads using scanning 

electron microscopy. 
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Figure 56. A. Diagram representing the relative dimensions of the chip and of the 240 channels 

CERQUAD chip holder. The leads connecting the chip holder to the printed circuit board were planar and 

much longer than needed, in order to be machine-bent and subsequently cut according to the specific 

geometrical dimensions of the printed circuit board. The chip was bonded on the chip holder using epoxy. 

B. CAD design representing the trace for each wire in (x,y) coordinates. C. A fully automated setup with 

position control was used to wirebond the pads on the chip to the pads on the IC holder. D. Diagram 

representing the components of the wirebonding assembly. 
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Figure 57. A. A wire-bonded device adjacent to a 1 US cent coin to provide scaling information. The leads 

connecting the chip holder to the printed circuit board were machine-bent and cut to fit the geometrical 

constraints of the printed circuit board. B. Illustration of the chip wire-bonded on the chip holder from the 

top. C-E. Optical and scanning electron microscopy for the wire-bonded pads on the chip and on the chip 

holder. The gold wire use for the wirebonding process had a diameter of 50 μm and an average length of 

6.5 mm. 

 

3.8. Design and Fabrication of a Printed Circuit Board (PCB) and Surface-

Mounting of the Chip Holder Assembly on the PCB 

 

A printed circuit board was designed and manufactured using the Autocad software 

package by Autodesk, Inc. The design of the PCB layout blueprint was pursued by the 

author, while the actual assemblage of the wire-bonded leads was outsourced to PCB 

Design and Assembly, a division of Sierra Protoexpress Inc. The fabricated board was 

made of FR-4 dielectric composite material, comprised of a proprietary resin and of glass 

fibers. The board featured gold electrodes on a nickel-copper bi-layer adhered to the FR-4 

dielectric material. Gold was chosen consistently to the portions of the device that had 

previously been manufactured, in light of its low electrical resistivity. The sequence to 

manufacture this assembly is illustrated in Figure 58 and can be summarized as follows: a 

copper clad laminate was patterned with a lithography step to mark the outline of the 
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conducting features that were then coated in gold. A lift-off lithography step was 

undertaken to deposit a nickel adhesion layer, followed by a gold conducting film on the 

top. The first board (Figure 59 A-B) was designed to have a minimum feature size equal to 

6 mil (152.4 μm), while the second one (Figure 59 C-D) had a minimum feature size of 10 

mil (254 μm), therefore being more fault tolerant than the first type – particularly during 

the positioning of the chip-holder over the board. In both cases, the thickness of the Ni-Au 

bi-layer was equal to 20 μm. 

 

 

Figure 58. Diagram illustrating the sequence of processes undertaken to fabricate the printed circuit board. 

1. A copper clad laminate was built by hot pressing a copper thin film on a FR-4 dielectric sheet. 2, 3. A 

first lithography step was undertaken to pattern the copper conducting leads comprising the board. 4-5. A 

second lithography step was then undertaken to deposit photoresist on the portions of the board that were 

complementary with respect to the features already deposited in copper. 6-7. A uniform adhesion layer of 

Ni was then deposited, followed by a uniform layer of gold. 8. The nickel-gold bi-layer was then 

selectively removed from the FR-4 dielectric sheet using a liftoff process. 

1. Cu clad laminate 

2.  First step lithography 

3. Cu etch and photoresist strip

4. Second step lithography 

5.   Second step lithography after 
photoresist development 

6.    Ni adhesion layer deposition 

7.    Au deposition 

8.    Liftoff 
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Panel A and C on Figure 59 illustrate the PCB layout blueprint. Each section 

marked in green on this blueprint corresponded to the gold conducting features on the 

board, while the portions marked in red corresponded to the area of contact between the IC 

holder and the board. The board was initially fabricated in gold, according to Figure 58. A 

stencil was then fabricated and applied on the board in order to selectively expose the red 

portions in Figure 59 to a solder deposition step. The IC holder contact leads were bent and 

machine-cut to match the leads in the central portion of the board, which had been 

selectively coated with solder. The overall assembly of the PCB, of the IC holder and of the 

IC (wire-bonded to the IC holder) was then inserted inside an oven at a temperature of 

120ºC for 30 min. This temperature was just above the melting point of the solder, and it 

was compatible with the service temperature of all the other components of the assembly. 

As a result, the IC holder assembly was surface mounted (i.e., soldered) on the contacts in 

the central portion of the board, therefore ensuring selective conductivity of the signal from 

the board to the chip or viceversa. Two different generations of boards were designed and 

fabricated, as shown in Figure 59: the first board (Figure 59 A-B) was developed in order 

to maximize the ease to connect the board to the external circuitry, and featured soldering 

contacts evenly drilled around the IC holder. However, the design tolerance for the 

assembly of the IC holder onto first generation boards was too limited, resulting in a 

relative local misalignment of the IC holder with respect to the board. More specifically, 

this board design featured short leads parallel to each other in proximity of the contact to 

the IC holder, therefore requiring a very precise cutting and bending of the leads from the 

CERQUAD IC holder to the printed circuit board. Differences in bending between adjacent 

contacts on the IC holder resulted in a mismatch of the channel projections for the IC 

holder with respect to the channels laid on the printed circuit board, which ultimately led to 

channel cross-talk.  

 

The second generation (Figure 59 C-D) board featured soldering contacts along its 

perimeter: this design reduced the ease of connection between the external circuitry and the 

board, but presented higher tolerance for the assembly of the IC holder onto the boards, 

consequently leading to higher manufacturing efficiencies. In light of these factors, the 

second generation design was preferred to the first one. The soldering contacts were drilled 
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through the thickness of the PCB and were then plated in gold to secure soldering of the 

conducting wires – connecting each channel on the PCB to the outer circuitry – to three 

surfaces (the upper surface of the pad, the cylindrical surface of the hole and the surface on 

the lower, opposite side of the PCB) instead of a single planar surface. Subsequently to the 

successful and error-free assembly of the chip-holder onto the printed circuit board, the 

latter was silk-screened with a proprietary polymer to reduce in-plane cross-talk through 

the FR-4 dielectric composite material and to increase signal-to-noise ratio of the finished 

device. 

 

 

A B 

C D 
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Figure 59. A. Blueprint representing the 224 channels first generation printed circuit board that was designed 

to hold the IC holder package assembly and featured evenly distributed soldering contacts drilled around the 

IC holder. B. The printed circuit board was fabricated and the chip holder assembly was surface-mounted on 

the board. First generation boards featured shorter leads parallel to each other in proximity of the contact to IC 

holder, and resulted in channel cross-talk. The yield limitations resulting from the assembly of the  IC holder 

onto first generation boards were overcome by the second generation design. C. Second generation boards 

featured 224 soldering contacts along the board perimeter, therefore allowing for longer leads parallel to each 

other in proximity of the contact to the IC holder. D. The use of second generation boards led to tighter 

connections between the board and the external circuitry, but resulted in much higher yields in the assembly 

of the IC holder to the printed circuit board, and was therefore preferred to first generation devices. The 

specimen illustrated in D was silk-screened with a proprietary polymer to reduce in-plane cross-talk through 

the FR-4 dielectric composite material and increase signal-to-noise ratio of the finished device. 

 

3.9. Connection of the PCB and IC Holder to Shielded Switchbox and Thermal 

Management 

 

The PCB assembly was then fitted within an electronic enclosure endowed with 

224 RCA connectors on the sides (Figure 60 A-D). Each pad on the board featured a hole 

centered on the pad and drilled through the entire thickness of the FR-4 material. This array 

of holes within the pads was designed to fit soldered shielded conducting cables between 

the pads on the board and the RCA connectors fitted on the sides of an aluminum enclosure 

box (Hammond Mfg. Co., Inc.). The specific cable used for this purpose was an 

electromagnetically-shielded one (RG-174/U type, trade nr.: 8216, Belden Wire and Cable 

Co., Inc.). The aluminum enclosure box, when used in conjunction with a metallic net on 

the upper side of the device acted as an effective electromagnetically shielding Faraday 

cage to enhance signal discrimination.  

 

Finally, the cells and the medium seeded inside the chamber had to be maintained 

at a constant temperature of 37.5°C. This tight temperature requirement was maintained 

by creating a large heatsink underneath the IC platform – IC holder – printed circuit 

board assembly, kept at constant temperature by means of an external recirculating bath.  

The heat sink was thermally coupled both in the downward direction – to the enclosure 

switchbox – as well as in the upward direction – to the IC holder. The temperature of the 
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recirculating bath was controlled to maintain a temperature of 37.5°C on the IC holder, as 

measured via appropriate laser-guided infrared spectroscopy.  This solution was 

alternative to the one usually used to control for the temperature of the medium solution 

via an external apparatus comprised of a thermally-heated syringe needle for chamber 

perfusion (i.e., the one supplied by Multichannels Systems GmbH); the advantage of the 

solution adopted in this case consisted in eliminating the electrical noise generated by 

electrical heaters. This solution therefore positively impacted signal discrimination.  

 

The PCB was then fastened to the heat sink via downward force exercised by four 

tensioned springs on the corners of the PCB, therefore securing contact; thermal interface 

material was used to contact the lower side of the IC holder, made of thermally conducting 

proprietary ceramic material, through an inset carved in the PCB, to the copper centering 

holder on the heat sink. Similarly, thermal interface material was used to contact the heat 

sink to the enclosure switchbox. One side of the switchbox was cut to swivel forward, 

when used in combination with an optical microscope, therefore allowing the sliding of the 

device on the microscope stage, without the need to incline the device at an angle. 

 

The RCA couplings were selected in light of the low noise of this connection – to 

avoid compromising signal discrimination. Each RCA connector was intended to be 

manually connected to a channel leading to the outer circuitry and operating either in 

stimulation or recording mode. In this light, therefore, each RCA coupling was used as a 

switch between the following three states: (i) active – recording mode; (ii) active – 

stimulation mode; (iii) inactive, depending on the specific experimental needs, as well as 

on the relative location of the bioelectrically-active cells with respect to the channel tip. By 

dynamically rearranging the configuration of the recording or stimulating or inactive 

channels as the cells either move or grow over the substrate, it is possible to use fewer 

recording channels than the ones present on the IC platform, both in the analog-to-digital 

(A/D) and digital-to-analog (D/A) processes. 
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Three analogous assemblies were manufactured to house the three types of devices 

used in this study, whose design and manufacture were previously illustrated in Figure 31 

as well as in Figure 53, Figure 54 and Figure 55 respectively. 

 

 
 

Figure 60. Enclosure of PCB and IC holder assembly within a shielded switchbox and thermal 

management of the complete device. A. Shielded and electrically-insulated conducting cables were used to 

connect the RCA connectors on the sides of the enclosure box to the drilled pads on the board. The leads 

were of uniform length and were first soldered on the PCB. B. Electronic enclosures (Hammond Mfg. Co., 

Inc.) were manually drilled 224 times to house RCA connectors to be manually connected to the individual 

leads on the PCB. The enclosure was fitted with an appropriate copper-based heat sink to be used in 

conjunction with an external  recirculating bath. C. The PCB was fastened to the heat sink via downward 

force exercised by four springs on the corners of the PCB, therefore securing contact. Thermal interface 

material was used to contact the lower of the PCB, made of copper, to the copper centering holder on the 
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heat sink. One side of the switchbox was cut to swivel forward, when used in combination with an optical 

microscope. D. Three analogous assemblies were manufactured for the three types of devices used in this 

study (Figure 31, Figure 63). In each panel a 1 US cent coin or a 20 US dollar note are provided for scaling 

information. 

 

3.10. Rationale for an Interface Between ICs and Bio-Electrically Active Cells 

 

The main motivation of this study lied in the need for devices with nanometer 

resolution in space and millisecond resolution in time that maximize the interaction of the 

following three drivers: (i) the enhancement of cell-biomaterial interaction, (ii) the 

enhancement of signal discrimination and (iii) the enhancement of signal selectivity, to 

be used for in vitro electrophysiological imaging experiments on mammalian cells – 

specifically neurons. The three IC devices documented insofar were topographically 

planar and therefore not suitable for cell adhesion and long-term electrophysiological 

studies. Patterning of the substrate with appropriate chemical treatment (i.e.; etching of 

the insulator covering the conducting channels on the IC platform, leading to the creation 

of nano- or microcavities) in order to promote cell-biomaterial interaction was initially 

considered but was not regarded as suitable for the fulfillment of the three motivations 

described above. This was the case because of the intrinsic drawbacks of such method, 

which would limit the minimum feature size obtainable on the device and which would 

introduce enormous concentrations of defects within the device, ultimately reducing its 

service life and negatively affecting the quality of the recording. 

  

 Similarly, the ability to enhance cell-biomaterial interaction using anisotropic 

etching on the IC platforms via an additional lithography process was not regarded as 

viable. This approach would lead to the creation of micropillars and microtrenches in 

well-determined locations on the IC platform, therefore increasing the surface area of the 

substrate in order to improve the cellular response. However, this method would lead to a 

reduction in the spatial resolution of the platform by at least an order of magnitude, and 

the on-board circuitry would have to be designed with more widely-dispersed electrode 

tips to allow for the presence of micropillars interspersed between adjacent conducting 

channels.   
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Since an interfacial topography could not be viably introduced on the IC platform 

without negatively affecting its functionality, an alternative route was pursued in this 

thesis. This consisted in the juxtaposition of a hierarchically structured composite 

construct acting as an interface layer between biological, electrically active cells and the 

inorganic integrated circuitry. Two different types of composite constructs were built and 

both featured vertically-aligned, individually distinct conducting leads oriented 

orthogonally with respect to the plane of the IC platform. In both types of composite 

constructs, the conducting leads were isolated from adjacent identical structures by the 

presence of an electrical insulator, in an attempt to reduce cross-talk between neighboring 

homologous structures along planes parallel to the one of the IC platform. The degree of 

electrical coupling between neighboring conducting leads was found to directly influence 

the spatial resolution of the finished device and therefore had to be carefully considered 

during interface design and subsequent testing. 

 

Differently from the design and lithographic fabrication of the IC platform, which 

led to the deterministic placement of individual electrode tips in specific locations of the 

IC platform, the composite interface was obtained using fabrication methods which were 

completely independent from the lithographic techniques previously described. This 

aspect led to a much finer array of electrically-conducting channels – reciprocally 

insulated from one another – and clearly differentiates the technology here developed 

from the one disclosed by Li and colleagues in a relatively recent patent application [73], 

where on the contrary the high aspect ratio electrode structures are directly grown on the 

exposed portions of the integrated circuit (see section 2.7.3 of this thesis) 18. 
                                                 
18 Given the current state of the art, the research approach pursued in this thesis seems more viable because 

it can be performed at room temperature, therefore avoiding device damage. Direct growth of 

nanostructures on the exposed portions of a circuit such as the one described by Li and colleagues, on the 

contrary, is generally achieved at high temperatures (generally higher than 300°C) by nucleation and 

growth processes, therefore resulting in a high probability of device damage. Where alternative methods 

are available at colder temperatures, for example by electrochemical means, the structures generally need to 

be subsequently annealed at higher temperatures, in order to improve their properties, similarly disrupting 

the integrity of the circuit. 
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The research approach here described is also distinct from the one pursued by Yang 

and colleagues [74], who position silicon nanowires orthogonally with respect to the 

substrate plane and to the adhesion plane for the cell, but otherwise in a locally 

indiscriminate position, with no adequate method to eliminate cross-talk between adjacent 

nanowires (see section 2.7.3 of this thesis).  

 

The materials and methods used in this study resulted in a uniform spatial 

distribution and density of the conducting leads, which were oriented perpendicularly to 

the plane of the IC platform on any cross-section of the composite interface. The spatial 

resolution of the IC platform was maintained over the length of the composite interface 

by electrically coupling individual channels on the IC holder to corresponding multiple 

channels on the composite interface of the array, while maintaining each electrode 

reciprocally insulated from the neighboring ones. This redundancy led to electrode 

terminations at the level of the composite interface that featured a considerably higher 

average surface area compared to each electrode on the IC platform underlying the 

composite interface. The increase in average surface area for each electrode was 

implemented in order to improve device performance across all the three main 

dimensions under consideration, as illustrated below. 

 

(i) Cell-biomaterial interaction is generally regarded to improve when a specific cell 

is exposed to surfaces featuring higher adsorption of selected proteins with specific 

conformation, leading to focal adhesion and ultimately to cell proliferation.  

 

(ii) Signal discrimination improves when the impedance is reduced, subsequent to 

higher surface area electrodes and stronger electrical coupling between the cell and the 

electrophysiological device – obtained by improving cell-biomaterial interaction. 

Enhancements in signal discrimination lead to lower noise and higher dynamic range.  
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(iii) Signal selectivity improves driven by enhancements in signal discrimination and 

cell-biomaterial interaction, therefore enabling the design of novel devices with reduced 

minimum feature sizes, finer electrode densities and higher spatial resolution. 

 

The electrical coupling between the IC platform and both types of composite 

constructs was undertaken using a downward pressure to hold the composite construct in 

tight proximity with respect to the IC platform, and was executed in conjunction with the 

installation of a stainless steel cuvette, as described in the subsequent Section 3.13. 

   

Two distinct types of composite constructs were fabricated and tested as interfaces 

between neuronal cells and IC platforms. The diagram in Figure 61 illustrates 

schematically the approach to interfacing organic cells to inorganic ICs used with the first 

type of composite interface, which consisted of an array of vertically-aligned and 

electrically conducting carbon nanotubes infiltrated with polymethylmethacrylate 

(PMMA). The synthesis of this hierarchically structured interface type was performed by 

chemical vapor deposition, followed by in situ polymerization of monomers within the 

array, and is described further in the subsequent Section 3.11.  

 

 
Figure 61. Diagram illustrating the first type of interface developed between neuronal cells and IC platform. 

The first type of interface consisted of an array of vertically-aligned carbon nanotubes infiltrated with PMMA. 

The electrical coupling between the IC platform and the composite construct was undertaken using a 

downward pressure to hold the composite construct in tight proximity with respect to the IC platform. 
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In the first type of composite interface, the synthesis of the conducting fibers 

preceded the electrical insulation between adjacent fibers, which was achieved by 

infiltrating a monomer that was subsequently in situ polymerized.  

 

The second type of composite interface was complementary to the first type and 

was built by first creating a hierarchically structured porous insulating matrix made of 

vertically-aligned pores, and was followed by the infiltration of such vertically-aligned 

pores with an appropriate combination of metallic conductor – electrochemically-deposited 

copper, subsequently coated electrolessly with gold. The process used is in all similar to 

existing methods for the synthesis of reciprocally-insulated arrays of nanotubes or 

nanowires [75-77]. Gold was chosen as the metal of choice for the coating of the 

conducting nanorods infiltrated within the porous alumina matrix, in light of its chemical 

inertness and long durability in corrosive environments such as cellular media. The 

diagram in Figure 62 illustrates schematically the approach to interfacing organic cells to 

inorganic ICs used with the second type of composite interface. The synthesis of this 

hierarchically-structured interface type was performed by electrochemical means and is 

described further in the subsequent Section 3.12.  

 
Figure 62. Diagram illustrating the second type of interface developed between neuronal cells and IC 

platform. This second type of interface consisted of a porous insulating matrix made of vertically-aligned 

pores, which were then infiltrated with appropriate metallic conductors. The electrical coupling between the 
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IC platform and the composite construct was undertaken using a downward pressure to hold the composite 

construct in tight proximity with respect to the IC platform. 

 

Each of the three IC platforms built in this study (Figure 42 and Figure 43) were 

subsequently interfaced with bio-electrically active cells via the two types of composite 

constructs schematically illustrated in Figure 61 and Figure 62. Figure 63 represents the 

coupling of the first type of composite interfaces to the three different IC platforms 

previously described. The performance of both types of composite interfaces was tested 

thoroughly, as described in the following sections, and resulted in the selection of the 

second type of composite interface to perform the in vitro electrophysiological study 

described in the following chapter. The first type of composite interface on the contrary 

was discarded, in light of its inefficient performance, as described in the following sections. 

 
Figure 63. Diagram illustrating the first type of interface here described, between bio-electrically active 

cells and the three types of IC platforms documented in this study. The interface consists of a conductor-

insulator composite construct featuring hierarchically-ordered and vertically-segregated conducting paths. 

The same approach was pursued for the second type of composite interface described in this study. Since 

the performance of the first type of interfaces was found to be deficient, in vitro electrophysiological 

experimentation was undertaken only using the second type of interfaces (Figure 62).  
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The diagram in Figure 64 represents the assembly comprised by the IC platform, 

the second type of composite interface and a custom-made stainless steel cuvette to hold the 

cells in appropriate medium and in isolation with respect to the outside circuitry.  The 

cuvette featured an inlet and an outlet to perfuse the medium through the chamber, 

therefore ensuring that cells were provided with appropriate nutrients, while at the same 

time discharging the metabolized byproducts over time. The relative height of the chamber 

(marked as d in Figure 64) was designed to exceed the diameters of both the inlet and outlet 

by a factor of three, and the inlet and outlet were positioned on the upper portion of the 

chamber – opposite to the portion dedicated to the electrical recording and stimulation of 

the cells. This criterion was put in place in order to minimize the creation of a shear field 

proximal with respect to the lower side of the chamber where the cells are seeded; such a 

stress field in fact could potentially alter cellular metabolism, therefore resulting in 

experimental artifacts. 

 

 
Figure 64. Diagram illustrating the assembly comprised by the IC platform, the composite interface and the 

stainless steel cuvette designed to hold the cells in appropriate medium. All the materials in direct contact  

with biological cells used in this assembly were approved for in vitro experimental use, therefore minimizing 

the negative impact of the device on cell cultures. The relative height of the chamber marked as d was 
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designed to reduce the impact of shear fields created by the flow of medium from the inlet to the outlet, 

therefore reducing artifacts affecting cell metabolism. In addition, d was calibrated in order to match the focal 

length of the microscope lens needed for each experiment: at low magnifications a quartz porthole could be 

used to improve the long-term viability of the experimental setup. At higher magnification, immersion lenses 

were used (represented by the inverted truncated cone in grey), with no quartz porthole between the cells and 

the lens.  

 

At the same time, the height of the chamber illustrated in Figure 64 had to be 

calibrated in order to match the focal height of the specific optical microscope and of the 

specific lens to be used in conjunction with the electrophysiological imaging experiments.   

For low magnification microscopy (d < microscope focal length), the cuvette was fitted 

with a quartz porthole (Technical Glass Products, Inc.) with optimal average percent 

transmittance of ≈ 100% in the wavelength region from 200 nm to 2000 nm, as measured 

on a 10 mm thick substrate (including surface reflection losses). In order to perform optical 

microscopy at higher magnifications, the cuvette was designed to host the lower end of an 

immersion microscope lens (d > microscope focal length), in this case without the quartz 

porthole previously described. 

 

The assembly of the IC platform, of the PCB, of the composite interface and of the 

cuvette was designed to move in one degree of freedom with respect to a fixed position of 

the lens in an optical microscope. The final device was designed to work in conjunction 

with a reflection confocal microscope featuring downward illumination (i.e., lenses located 

above an opaque substrate). 

 

The following two sections describe in more detail the two approaches to build a 

rational composite construct between bio-electrically active cells and ICs. The approach 

described in section 3.11 is focused on the synthesis of conductive carbon nanotube fibers, 

followed by infiltration of an insulating polymer matrix, in the attempt to create a 

composite interface featuring conducting nanowires reciprocally insulated from each other.   

The approach described in section 3.12 is complementary to the one in section 3.11 and it 

is focused on the synthesis of an insulating porous alumina matrix that was then filled with 

conducting nanorods, reciprocally insulated from each other.  
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3.11. Design and Fabrication of Nanotube / PMMA Composite Interfaces 

Between Bio-Electrically Active Cells and ICs 

 

Synthesis of Vertically Aligned Nanotube Substrates by Chemical Vapor 

Deposition. Vertically aligned carbon nanotubes arrays were synthesized by catalytic 

pyrolysis of a carbon source following a suitable modification of published techniques 

[78, 79]. Ferrocene – 10 10C H Fe  – was used as the catalyst precursor, while xylenes –

6 4 3 2( )C H CH – were used as the carbon source.  

 

Infiltration of Vertically Aligned Carbon Nanotube Substrates with 

Polymethylmethacrylate. Emphasis is here given to the polymerization of PMMA in light 

of the need to achieve electrical insulation between adjacent CNT bundles and in light of 

the acceptable response of this polymer shown by biocompatibility tests and by animal 

studies, in accordance with the following three tests and appropriate certifications 

respectively issued by the following organizations: 

 

(i) ISO 10993 for Local Effects after Implantation, issued by the International 

Standards Organization (ISO), 

(ii) FDA-Modified ISO-10993, Part 1 “Biological Evaluation of Medical Devices” 

tests issued by the U.S. Food and Drug Administration (FDA), 

(iii) Class VI Biological Testing Procedures issued by the United States 

Pharmacopeial Convention, Inc. (USP). 

 

Nanotube infiltration with parylene – a low-k dielectric polymer that would be ideal 

in order to prevent crosstalk between adjacent nanotubes – was also considered as an 

alternative to PMMA, in light of its biocompatibility relative to the certifications mentioned 

above. However, the low rate of infiltration of this polymer within the nanotube array led to 

regard this option as non practical, and it was finally discarded [80]. 

 

The infiltration of nanotubes with PMMA was achieved by mixing the nanotubes 

with the monomer methyl methacrylate (MMA), followed by in situ polymerization [81, 
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82], [83], [84]. The specific recipe for the fabrication of aligned MWNT / PMMA films is 

described as follows. The monomer: methyl methacrylate ( 5 8 2C H O , 99 wt%), initiator: 2, 

2’ – azobisisobutyronitrile (AIBN, 8 12 4C H N ) and the chain transfer agent: 1-decanethiol 

( 10 22C H S , 96 wt%), were mixed together in a given proportion (60 ml MMA: 0.17 g 

AIBN: 30 μl – decanethiol), according to published techniques [85]. A portion of this 

solution was then taken out in a glass vial, in which the substrate with aligned nanotube 

arrays was gently immersed – the nanotube-side facing the top. The remaining portion of 

the same solution was then taken in a separate vial to polymerize pure PMMA as a control 

sample. The resulting two quartz vials were then sealed in an Ar atmosphere and 

polymerization was carried out in a water bath at 55°C, for 24 hours. After polymerization, 

the glass vials were broken and the PMMA – MWNT and pure PMMA discs were 

extracted. The resulting films featured aligned MWNT in the PMMA polymer matrix. 

 

 The composite constructs were positioned in intimate contact with a multiple 

electrode array, as presented in Figure 63. In this phase, the lower surface of the 

nanotube/PMMA composite was chemically and mechanically etched in order to expose 

the tips of the carbon nanotube bundles, therefore enabling electrical contact between 

underlying gold electrodes and vertically aligned carbon nanotubes (Figure 66).  

 

The electrical resistance of these composites was measured at room temperature 

ex situ – separately from the IC – in a dry non-aqueous environment and was 

characterized to be equal to 1.8 kΩ. In particular, the measurement of the electrical 

resistance was performed by contacting one side of the composite with a copper plate and 

the opposite side of the composite with a 4 µm wide gold microtip. Since the relative 

dimensions of the recording tip used in the electrical measurement exceeded the diameter 

of individual nanotubes by two orders of magnitude, the electrical resistance measured 

corresponded to an aggregate measurement on bundles of adjacent carbon nanotubes and 

did not correspond to the resistance of individual multi-wall nanotubes. 
 

The carbon nanotube/PMMA composites were characterized throughout each step 

of their synthesis by scanning electron microscopy. The arrays grown on silicon dioxide 
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exhibited a relatively high level of alignment and uniform length (Figure 65). Most 

importantly, this alignment was preserved subsequent to the in situ polymerization 

process (Figure 66) and the carbon nanotubes protruding from each side of the PMMA 

matrix exhibited electrical connectivity and conductivity between each side of the 

nanotube/PMMA composite. 

 

 
Figure 65. A. Array of vertically aligned carbon nanotubes before polymer infiltration. B-D. The array of 

vertically aligned carbon nanotubes is characterized using scanning electron microscopy (SEM) at 

increasing magnification (from left to right). 

A 
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Figure 66. A. Sample of pristine PMMA with no nanotube loading. B. Sample of vertically aligned carbon 

nanotube arrays infiltrated with PMMA. C-E. The array of vertically aligned carbon nanotubes infiltrated 

with PMMA is characterized using scanning electron microscopy (SEM) at increasing magnification (from 

left to right). 

 

One of the challenges of the in situ polymerization method lies in nanotube 

aggregation, which should be avoided during the polymerization process. This problem 

becomes more pronounced especially at larger volume fractions of nanotubes, therefore 

making it difficult to achieve high loadings of nanotubes in composites using this method. 

The direct repercussion of nanotube aggregation resulted in cross-talk where charge was 

conducted across the cross-section of a nanotube sample, therefore negatively impacting 

the selectivity and the lateral resolution of the composite construct. 

A 
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In light of this fundamental problem, this methodology was discarded to develop 

alternative methods based on the deployment of a rationally-designed porous insulator 

infiltrated with a conductor, as described in the following section. 

 

3.12. Design and Fabrication of Gold-Plated Copper / Anodized Alumina 

Composite Interfaces Between Bio-Electrically Active Cells and ICs 

 

Synthesis of Anodized Rational Alumina Templates. A 99.99% purity, high cubicity 

aluminum foil of about 100 μm thickness was inserted at the anode of an electrolytic 

potentiostatic cell. The term high cubicity refers to the rectangularly oriented aluminum 

grain structure which is intentionally produced in the foil. The electrolytic cell was 

comprised of a DC power supply, of a lead cathode and of the aluminum workpiece anode. 

The electrolyte used was either a solution of oxalic acid in water ( 2 2 4C H O , 0.3M) or a 

solution of phosphoric acid in water ( 3 4H PO , 0.3M). Oxalic acid solutions were used in 

combination with a potential of 40 V, and generally lead to larger pore diameter than was 

the case with phosphoric acid solutions, which were used with a potential of about 20 V. 

The electrolytic potentiostatic cell that was used for this set of experiments is shown in 

Figure 67, while the diagram in Figure 68 represents the complete anodization process. 

 

The anodized alumina templates were characterized as shown in Figure 69 and 

Figure 70. 

 

 
Figure 67. Photographs of the electrolytic cell used for the anodization of the alumina. A. Power supply 

used in potentiostatic mode. B. Electrolytic cell comprised of two supporting structures to hold the 
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aluminum foil at the anode. C. Electrolytic cell used in combination with a cathode and the two anodes. 

The electrolytic cell was symmetric with respect to the position of the cathode, and the distance between 

the cathode and each of the two anodes was maintained constant across several experiments.  
 

 
 

Figure 68. Diagram illustrating the sequence of processes undertaken to fabricate anodized rational alumina 

templates. 1. A high purity, high cubicity aluminum foil was initially electropolished to remove local 

asperities and surface non-uniformities. 2. The aluminum was electrolytically anodized in an electrolytic cell 

using a Pb cathode. The aluminum was contacted to the anode surface and the interface between the anode 

and the aluminum was sealed using either silicone or a rubber gasket. 3-4. The anodization process was 

undertaken over a long time interval and resulted in the creation of a porous alumina template. 5. The 

aluminum was either anodized throughout its thickness or, alternatively, the remainder of the aluminum was 

etched using a metal-selective etchant. 

 

1. Electropolished Al 

2. Electrolytical anodization of Al (t = t0) 

3. Electrolytical anodization of Al (t = t0+Δt’) 

4. Electrolytical anodization of Al (t = t0+Δt’’) 

5. Etching of excessive Al (aqua regia) 
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Figure 69. Scanning electron micrographs of anodized alumina templates using oxalic acid as an 

electrolyte. A-B. View at two different magnifications of the side that was most proximal to the anode, 

where anodization finished (average pore radius: 111.58 nm). In white are shown the projections 

illustrating the effective dimension of the exposed electrode tip for each of the three IC devices (Figure 53, 

Figure 54, Figure 55 respectively for α, β and γ) – to be contacted with the conducting nanowires infiltrated 

through the porous alumina template. The exposed electrode tip for the extracellular device (Figure 53, α) 

is found to connect to an average of 90 nanowires grown within the porous alumina template. The exposed 

electrode tip for the intercellular device (Figure 54, β) is found to connect to an average of 7 nanowires 
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grown within the porous alumina template. The exposed electrode tip for the intracellular device (Figure 

55, χ) is found to connect to an average of 3 nanowires grown within the porous alumina template. C-D. 

View at two different magnification factors of the side which was most proximal to the electrolyte, where 

anodization initiated. The relative pore size was maintained constant across the cross-section of the 

template. E. Cross-section of one of the alumina templates showing a relative uniformity in the pore size 

across the cross-section, as well as continuous pore extension from side A to side B.  

 

The scanning electron characterization of the rationally anodized alumina templates 

showed that the average pore size was smaller and more uniform when phosphoric acid 

was used as an electrolyte, compared to the case of alumina templates produced with oxalic 

acid as an electrolyte.  
 

 
 
Figure 70. Scanning electron micrographs of anodized alumina templates using phosphoric acid as an 

electrolyte. A. The average pore size was smaller and more uniform than in the case of alumina templates 

produced with oxalic acid as an electrolyte. B. Cross-section of one of the alumina templates showing a 

relative uniformity in the pore size across the cross-section, as well as continuous pore extension from side 

A to side B. C-D. The uniformity of the pore size is maintained at lower magnifications, although a 
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relatively limited variation in orientation is observed across the different grains comprising the anodized 

aluminum foil. 

 
The characterization of both substrates revealed a high degree of uniformity in pore 

size across the cross-section, as well as continuous pore extension through the template. 

The anodization process was a time-dependent phenomenon and on average the alumina 

templates were etched for about 8 hours, corresponding to a progression of the anodization 

equal to 60 μm through the thickness of the sample. The excessive aluminum was generally 

etched using a metal-selective chemical etchant. 

Conformal Copper Metallization of Anodized Rational Alumina Templates and 

Formation of Copper Nanorods within the Templates. The anodized alumina templates 

were coated on a single side with a seed layer of Cu (thickness: 50 μm) using e-beam 

evaporation. This layer was necessary in order to nucleate the copper crystal, therefore 

enabling the crystal growth process. As previously highlighted with Figure 44, e-beam 

evaporation is non-conformal and was not able to metallize the pores of the alumina 

template throughout their thickness, in light of the high aspect ratio of these structures. A 

conformal electrochemically-based metallization step was therefore pursued and is 

described in this section. The copper plated side of the template was then coated with a 

dielectric polymer to prevent electroplating on this side of the template. The resulting 

substrate was then contacted to the counter electrode of a potentiostatic setup. The working 

electrode of such setup was contacted to a copper bulk solid featuring a high surface area, 

which was used to dissolve the copper atoms and to transfer them inside the pores of the 

alumina template during the plating process. The reference electrode of the electrolytic 

cells was of the Hg  - Hg - 2 4K SO  type, and the electrolyte was obtained by mixing 50 g of 

copper (II) sulfate pentahydrate ( 4 25CuSO H O• , 98 wt%) with 10 ml of sulphuric acid 

( 2 4H SO , 52-100 wt%) in 200 ml of DI water ( 2H O ).  The specific values used to plate the 

template are reported in Table 4, while Figure 71 shows the time dependence of the current 

during the potentiostatic experiment. This curve demonstrates the saturation current used to 

fully infiltrate the templates used in this study, with the specific geometrical dimensions 

illustrated in Figure 70. Prolonged plating leads to overfill the pores of the alumina 

template, therefore requiring an additional electro-polishing step (see Figure 72).  
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The potentiostatic setup used is illustrated in Figure 73 B and was comprised of a 

potentiostat (Gamry Instruments, Inc.), a stirrer and an electrolytic cell. Several 

experiments were conducted to optimize the parameters in Table 4, relative to the surface 

area of the anode and cathode in the electrolytic cell, to the force of the clamp holding the 

alumina template and to the stir rate for the electrolytic cell, needed to secure a constant 

flux of copper ions within the pores of the alumina template.   

 

Potentiostatic Plating 
Counter electrode plates the template and evolves gas (H+) 

Working electrode positioned in the electrolyte polishes and gets 
consumed 

Initial E(V) 0.01 
Initial Time (s) 33150 
Final E(V) 0.01 
Final Time (s) 0 
Sample Period (s) 25 
Limit I (mA/cm2) 1000 
Sample Area (cm2) 1 
Density (g/cm3) 8.96 
Equivalent Wt 31.733 

 

Table 4. Operating values used to program the potentiostat in order to plate the pores inside the alumina 

template with copper. 

 

These parameters led to the electrochemical deposition of polycrystalline copper, as 

characterized via transmission electron microscopy and scanning electron microscopy. No 

evidence of preferred deposition in one selected crystalline plane – which has been shown 

to lead to single-crystalline copper nanorods grown inside the alumina templates [86] – was 

found.  

 

Figure 72 (1-4) below illustrates the sequence of steps undertaken to electro-plate 

and completely fill the pores within the alumina template. The copper plating of the 

template was time-dependent and was interrupted upon completion of the filling of the 

alumina pores. Although the completion of the pore fill-up was clearly identifiable by a 
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change in voltage on the potentiostat, excessive copper was usually deposited on the 

surface which had initially been coated with the Cu seed layer. In order to remove this layer 

of excessive copper, an electro-polishing step was needed and is described in the following 

paragraph. 

 

 

Figure 71. Plots of potential and current over time, which reaffirms the potentiostatic nature of the 

electrochemical bath and illustrates the saturation of current over time, as the pores of the alumina template 

are gradually filled. 

 

Conformal Electropolishing of the Excessive Copper on the Anodized Rational 

Alumina Templates. The alumina template featured pores that were completely filled 

throughout their length as well as cross-section. In addition, the surface that had been left 

unprotected by the dielectric film featured a layer of excessive copper deposited over the 

seed copper layer. This layer had to be removed in order to avoid cross-talk across the 

cross-section of the alumina template, therefore maintaining its lateral resolution and 

ensuring signal selectivity. 
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Figure 72. Diagram illustrating the sequence of processes undertaken to fabricate the gold-plated copper / 

anodized alumina composite. 1. The 2 3Al O template was e-beam evaporated with a layer of copper on its 

lower (non visible) side. 2-4. The seed layer of copper on the lower side of the alumina template was used as 

the counter electrode in an appropriate electrolytic cell. The working electrode was constituted by a high 

surface area copper bulk solid. The copper grew within the pores of the alumina template in a time-dependent 

fashion. 5. An electropolishing process was then needed in order to remove the seed Cu layer and the 

excessive copper deposited during electropolishing. This step was needed in order to prevent cross-talk 

between adjacent conducting copper rods on the upper surface, which would decrease the lateral resolution of 

the device. 6. The copper therefore was made coplanar with respect to the alumina. 7. The alumina was etched 

in 3 4H PO , in order to change the profiles of the Cu rods from planar to three-dimensional.  8. Finally, the 

protruding Cu nanorods were selectively plated with a gold film using an electroless process. The alumina 

was not plated with gold in this process. 

 

1. Al2O3  rational template a Cu seed layer is 
evaporated on the lower surface 

2. Electrolytic plating of Al2O3 (t = t0). 
Working electrode positioned on the side 
opposite with respect to the Cu seed layer 
previously evaporated 

3. Electrolytic plating of Al2O3  with Cu (t = 
t0+Δt’) 

4. Electrolytic plating of Al2O3  with Cu (t = 
t0+Δt’’) 

5. Electropolishing of excessive Cu on the 
upper surface

6. Cu / porous Al2O3 rational 
composite

7. Etching of Al2O3 with H3PO4 

8. Electroless selective plating of 
Cu tips with Au 



 

 229 

  
Figure 73. A. Computer controlled potentiostatic setup used for the plating and the polishing experiments 

described in this section. B. Electrolytic cell used to plate the template. C.  Electrolytic cell used to electro-

polish the excessive copper plated on the template.  

 

The configuration of the working electrode and of the counter electrode was 

inverted from the one featured in the electro-plating electrolytic cell. The working electrode 

Computer-controlled potentiostat 

Plating setup Polishing setup 
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electrode 
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was now contacted with the copper-filled alumina template, while the counter electrode 

was set to contact the copper bulk solid with high surface area (Figure 73 C). The same 

Hg  - Hg - 2 4K SO  reference electrode type was used and the electrolyte was obtained by 

mixing 103.64 ml of phosphoric acid ( 3 4H PO ,85 wt%) with 146.59 ml of isopropyl 

alcohol ( 3 2( )  CH CHOH , 99 wt%). The copper etch rate was carefully calibrated for the 

specific dimension of the template to electro-polish. The etch rate was increased by 

increasing the concentration of water or of phosphoric acid, while a decrease in etch rate 

was obtained by adding more isopropyl alcohol into the system. This molecule, in fact is 

less polar and contributes to reduce the dissociation of 3 4H PO . 

 

The potentiostatic setup deployed to electropolish the substrates is illustrated in 

Figure 73 C and the specific parameters used to polish the template are reported in Table 5.  

 

Potentiostatic Polishing 
Working electrode polishes the template and gets consumed 

Counter electrode positioned in the electrolyte plates and evolves gas (H+) 
Initial E(V) 1 
Initial Time (s) 14400 
Final E(V) 1 
Final Time (s) 0 
Sample Period (s) 1 
Limit I (mA/cm2) 1000 
Sample Area (cm2) 1 
Density (g/cm3) 8.96 
Equivalent Wt 31.733 

 
Table 5. Operating values used to program the potentiostat in order to polish the excessive copper on the 

alumina template. 

 

Figure 72 (5-8) above illustrates the sequence of steps undertaken to electro-polish 

the layer of excessive copper on the alumina template. 

 

Selective Alumina Etching. The alumina template was then mildly etched in a 

solution of  phosphoric acid ( 3 4H PO , 5 wt%) for a time interval that varied between 20 
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min and an hour. This step was used to change the profiles of the Cu rods from planar to 

three-dimensional. 

 

Selective Electroless Gold Deposition on Copper. The copper tips protruding from 

the alumina template were selectively plated with gold in order to enhance long term 

viability of the device in the highly corrosive cellular medium, and to enhance 

biocompatibility. While copper oxide has a toxic effect on mammalian cells, gold is 

chemically inert and has not been demonstrated to significantly affect cellular metabolism. 

An immersion – gold, cyanide-free electroless chemical kit supplied by Transene, Inc. was 

used for this purpose. 

 

The pores in the rational alumina templates were filled with copper high aspect 

ratio nanorods; the section of these rods that was protruding from the alumina template was 

selectively plated with gold using an immersion electroless process. This sequence was 

preferred to the direct deposition of gold inside the alumina pores in light of the lower costs 

of copper, coupled to the relative mild hazardous level of copper electrochemical 

processing. Gold electrochemical processing on the contrary evolves cyanide, therefore 

entailing a higher hazardous experimental environment. 

 

It is important to underline that the gold electroless plating step was conducted 

immediately after the previous processing steps, avoiding exposure of copper to oxygen 

that would result in the formation of a thin layer of oxide, and that would ultimately impair 

electrical conduction for the device, by increasing electrode impedance at the cell-electrode 

interface. 

 

The final appearance of the interface was characterized using field emission 

scanning electron microscopy and is reported in Figure 74. A thin platinum film was 

deposited on the composite construct shown in the micrographs of Figure 74 in order to 

enhance contrast and reduce secondary electron charging. The devices used for the 

characterization via scanning electron microscopy were therefore made unusable for 

electrophysiological testing in light of the thin platinum coating, similarly to the case 
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previously analyzed for the characterization of the multi-cellular, inter-cellular and 

intracellular ICs (respectively shown in Figure 53, Figure 54 and Figure 55). 

 

 
 

Figure 74. Field emission microscopy of copper nanorods protruding from the alumina template, which 

had been selectively plated with gold. A-B. Cross-sectional views respectively from the front and from a 

slanted angle. C. View of the copper nanorods protruding from each of the two sides of the composite 

construct. A thin platinum film was deposited on the composite construct in order to enhance contrast and 

reduce secondary electron charging. 

 

It is important to specify that, subsequent to the list of processes described in 

Figure 72, the samples were diluted in water. Since all subsequent sample manipulations 

were performed in an anhydrous environment, it was necessary to reduce the surface 

tension during water evaporation for the samples illustrated in Figure 74. These were 

therefore dried gradually, by immersion in increasing dilutions of ethanol in water for a 

duration of five minutes at every dilution step, in the following relative volumes: x : 

2 5  C H OH : 2  H O , with x = 0.2; x = 0.4; x = 0.6; x = 0.8; x = 1. Additional 

benchmarking tests were conducted using a critical point drier (Tousimis, Inc.) with a 

cycle time of one hour in a liquid 2CO  environment – at high pressure. The samples 

dried using the immersion in increasing dilutions of ethanol in water were characterized 

via scanning electron microscopy to be practically identical to the ones dried using the 

longer critical point drying process.  

 

Cross-sectional views Planar view

A B C 
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Additional research was conducted with the intent of enhancing the control over 

the spatial distribution for the arrays of vertically aligned, high aspect ratio metallic 

nanostructures, as well as over the diameter and surface topography of individual 

nanorods, in order to enhance the control over both signal discrimination and spatial 

resolution of the composite interface. These novel methods are hereby presented and can 

be used in combination with, or in alternative to the techniques illustrated in the previous 

portion of this section, for electrophysiological studies of biological cells. 

 

Conformal Copper Metallization of Anodized Rational Alumina Templates and 

Formation of Copper Nanotubes and Coaxial Structures within the Templates. The 

plating technique previously described in Table 4 and in Figure 72 (2-4) was 

appropriately refined using a sub-threshold electrochemical potential in the plating bath, 

leading to the infiltration of metal through the pores of the alumina template in form of 

nanotubes rather than nanowire. More specifically, the thickness of the conducting 

seeding layer (l) relative to the average pore diameter (d) within the template was found 

to either lead to the creation of nanowires (for / 2l d< , Figure 74) or of nanotubes with a 

hollow cross-section (for / 2l d> , Figure 75). 

 

This novel method can be used for the synthyesis of coaxial heterostructures 

where one or a multiple set of nanotubes are initially synthesized (l1 < 1 / 2d , l2 < 

2 / 2d , …  ln-1 < 1 / 2nd − ) for decreasing diameters, followed by the synthesis of a coaxial 

nanowire (for ln > / 2nd ), as represented in Figure 76, left panel). 

 

In addition, the method described above can also be used to synthesize 

hierarchical nanostructures where either single nanotubes or coaxial nanotubes are coated 

with a metallic or otherwise electrically conducting layer using above-threshold 

electrochemical potentials, leading to a condition where the thickness of the metallic 

layer is greater than the diameter of the nanotube ( / 2l d> ). This condition leads to the 

creation of striped heterostructures and junctions made with the same or with different 

types of conductors (e.g. metals), as illustrated in Figure 76, right panel).  
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Figure 75. Diagram representing the metallization process at the pore of a composite interface. A. The 

dimensions of the pore diameter in the template, relative to the thickness of the conducting seeding layer, 

can be used to synthesize either nanotubes (for / 2l d> ) or nanowires (for / 2l d< ). B-C. Field 

emission microscopy of copper nanotubes protruding from the cross-section of an alumina template, which 

was broken to make its cross-section visible, pulling the nanotubes out of the alumina matrix. 

 

All the methods previously described in this section could be tailored to feature 

different degrees of metal (or other conductor) surface topography, by slight variations of 

electrochemical potential to control H evolution, which in turns results in different 

degrees of porosity in the finished metal structures, as evidenced in Figure 77. 
 

Seeding Layer A 

B C
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Figure 76. Diagram illustrating the combination of structures that can be obtained subsequent to refinement 

of copper metallization for anodized rational alumina templates. A. Heterogeneous coaxial nanostructures: 

multiple nanotubes are initially synthesized for decreasing diameters, followed by the synthesis of a coaxial 

nanowire. B. Heterogeneous striped nanostructures: either single nanotubes or coaxial nanotubes are coated 

with a metallic layer using above-threshold electrochemical potentials, leading to a condition where the 

thickness of the metallic layer is greater than the diameter of the nanotube. The resulting structure is 

formed by two stripes featuring respectively multiple coaxial nanotubes (stripe A) and multiple coaxial 

nanotubes with one nanowire at the center (stripe B). 

  

 
 Figure 77. Field emission microscopy of copper nanowires protruding from the cross-section of an 

alumina template, which was broken to make the nanotube cross-section visible. The extensive surface 

topography of the nanowires is in this case evident; in particular, the nanowires are grown up to a given 

length at a low anodization potential. The anodization potential is then increased, only for demonstration 

l2 

l1 

Multiple coaxial nanotubes with one 
nanowire at the center Stripe B: Multiple coaxial nanotubes with one 

nanowire at the center 
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purposes and for a short amount of time, in order to illustrate the fabrication of a more porous layer of the 

same metal. The increased porosity is caused by H evolution when a higher electroplating potential is used 

in the cell. 

 

The manipulation of surface topography for the metal structures to be contacted 

with the cells led to a controlled variation of electrode impedance, with positive 

repercussions for the device signal-to-noise ratio. 

 

Figure 78 illustrates the experimental setup used to perform the electrochemical 

experiments here described: this consisted of the same potentiostat illustrated in Figure 73 

– a stirrer and an electrolytic cell – that were used in conjunction with an isothermal 

insulated electrochemical cell connected to an external recirculating bath maintained at 

20°C, to accurately control for the plating rates. As previously described, the containment 

of the equipment within this isothermal enclosure led to a finer experimental control over 

the temperature and evaporation rates of the solution, as well as over the relative 

concentration of the chemicals comprising this solution. 

 

Similarly to the experiments described above, several experiments were conducted 

to optimize the plating parameters with respect to the desired electrode physical 

characteristics, and relative to the surface area of the anode and cathode in the electrolytic 

cell, to the force of the clamp holding the alumina template and to the stir rate of the plating 

or etching solution, needed to secure a constant flux of copper ions within the pores of the 

alumina template or conversely to etch the copper away from the substrate in a uniform 

fashion.  The solution in the electrochemical cell was regularly changed in order to secure 

adequate consistency between the different potentiostatic experiments. 

 

Conformal Copper Metallization of Anodized Rational Alumina Templates and 

Formation of Nanowires with Tapered Tips. The plating technique described in Table 4 

and in Figure 72 (2-4) was further modified in order to obtain tapered electrode tips.  

Once the synthesis of the nanostructures was completed up to a length shorter than the 

thickness of the rationally designed porous electrical insulators – as illustrated in Figure 

72 (3) – the electrically insulating matrix was etched to a thickness lower than the length 
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of the vertically-conducting nanostructures, to prevent feature loss as the conductors  

(e.g., metal) exceeded the alumina boundary (Figure 79). The etching of the alumina 

composite construct was undertaken in 3 4H PO  (85 wt%) at boiling point (158°C) or at 

slightly lower temperatures than boiling point (140°C ), therefore resulting in preferential 

etching of the alumina with respect to the copper, with subsequent exposure of the tips of 

the copper nanowires. This in turn resulted in a mild etching of the high aspect ratio 

metallic nanostructures as well, by virtue of their enhanced surface area, which makes the 

etching process more efficient than bulk corrosion of the same material, and ultimately 

led to a change of the tip morphology from cylindrical to conical (Figure 79). 

 

 
Figure 78. Experimental setup used for the creation of the nanostructures illustrated in this disclosure. A. A 

potentiostat is used in conjunction with an isothermal setup consisting of a thermally insulated enclosure, 

where the electrochemical cell is contained, and of an external recirculating bath. The enclosure provided 

an isothermal environment and prevented the evaporation of selected chemicals from the electrolytic cells, 

therefore contributing to maintain the composition of the cell constant, ultimately maintaining a constant 

deposition rate.  B. A detail of the electrochemical cell where the experiments were performed using a 

potentiostatic protocol. 

 

The combination of all the techniques illustrated above was used in order to study 

and optimize the different conditions for the synthesis of the anodized rational alumina 

templates metallized with vertically aligned nanowires – the composite interface used in 
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this study. The process used to fabricate the composite devices which were then used for 

electrophysiological testing was mostly adherent to the description provided in Table 4 

and Figure 72, but was comprised of an etching bath in 3 4H PO  (85 wt%) at 140°C, 

similarly to the description provided on page 237 and Figure 79. Finally, the nanorods 

comprising the interface were electrolessly coated in gold, as illustrated in Figure 72 (8). 

This specific process was selected in light of the ease of manufacturability and in order to 

obtain repeatable and good quality topographies for minimally-invasive cell adhesion. 

Figure 83 in a subsequent section of this study illustrates the finished substrates used for 

electrophysiological testing. 

 

 
Figure 79. Diagram illustrating the sequence of processes undertaken to fabricate the metal / anodized 

alumina composite with protruding tapered nanowire tips and characterization of completed process, 

alternative to the one described in Figure 72 (6-7). A-B. The composite construct was etched chemically in 

3 4H PO  and the alumina etched faster than the copper, therefore resulting in a reduction of the template 

thickness that matched the length of the copper nanowires. Subsequent etching of the composite substrate 

resulted in preferential etching of the alumina template, as well as in the partial etching of the high aspect ratio 

metallic nanostructures by virtue of their enhanced surface area, causing a change of the tip morphology from 

Etching of Al2O3 with H3PO4 at T ~ 
Tboiling for a variable etch time (panel 
7 on 

Etching of Al2O3 with H3PO4 at T ~ Tboiling 
for a variable etch time. The nanorod tips 
change morphology from cylindrical to 
conical

A B 
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cylindrical to conical. C. Scanning electron micrograph illustrating the controlled corrosion of the Cu 

nanowire tips into tapered conical structures. 

 

3.13. Assembly of Composite Interface on IC Platform and Deployment in 

Conjunction with Optical Microscopy 
 

The electrical coupling between the IC platform and the composite construct was 

secured by fastening the latter component with a circular cross-section (diameter = 4 mm) 

along its circumference, to match the center of the recording loci for the corresponding 

IC platforms. This operation was undertaken using a downward pressure to hold the 

composite construct in tight proximity with respect to the IC platform, and was executed 

in conjunction with the installation of a stainless steel cuvette, as described in the 

following section of this thesis. 

 

The composite construct was cut to a round geometry (diameter = 4 mm) and 

fastened onto a round cuvette in stainless steel (OD = 4 mm, ID = 3.5 mm) featuring an 

inlet and an outlet. A Silbione MED ADH 4300 RTV medical grade, room temperature 

vulcanizing silicon adhesive (Bluestar Silicones USA, Corp., formerly Rhodia Silicones, 

Inc.) was used on the outer circumference of the stainless steel cuvette to bond it to the 

composite platform. The silicone was sealed under a load of 100 g distributed over the 

area of 11.7 mm2 for the stainless steel circular ring, generating a pressure of 88.32*10−  

Pa distributed across the cuvette cross section.  

 

The combination of the composite construct and of the cuvette was then fastened 

to match the central portion of the IC platform – the recording locus – by securing to the 

IC platform the outer circumference of the stainless steel cuvette, coupled to the 

circumference of the composite construct. The same Silbione medical grade, room 

temperature vulcanizing silicon adhesive was used for this purpose under the same load 

of 100 g, this time distributed over a wider area of 50.24 mm2 and generating a pressure 

of 71.96*10− Pa distributed over the area of the composite interface membrane. 

 



 

 240 

The cuvette was fabricated in stainless steel to hold the cellular medium within an 

enclosed space without corroding, while at the same time securing electrical conductivity 

in those circumstances when the cuvette was used as a common ground for all the 

electrodes of the IC platform, connected in single-ended mode.  

 

All materials used for the assembly of the cuvette and for its sealing onto the IC 

platform were approved for experimental use by the appropriate certifications referred to 

above – respectively issued by the International Standards Organization (ISO), the U.S. 

Food and Drug Administration (FDA), and the United States Pharmacopeial Convention, 

Inc. (USP). 

 

As previously described, a round quartz porthole was positioned in contact with 

the upper side of the cuvette assembly, to allow for general-purpose and low-

magnification microscopy. Alternatively, in those conditions where high magnification 

microscopy was needed using immersion lenses, no quartz porthole was used. The 

cuvette assembly was accurately positioned to match the central portion of the IC 

platform – the recording locus – with particular care paid in order to avoid contacting the 

wirebonded leads on the IC platform during the assembly (Figure 80).  
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Figure 80. Assembly of a composite construct and a stainless steel cuvette on IC platform. A. A custom-

made stainless steel cuvette assembly was fabricated to hold the cellular medium within an enclosed space 

and to act as a common electrical ground when the device electrodes were used in single-ended mode. The 

cuvette had an inlet and an outlet for the perfusion of the cellular medium. A coaxial shielded copper cable 

was used to connect the cuvette to an external ground. B. The composite interface was connected to the 

lower side of the cuvette assembly using appropriate silicone sealant. This step was very sensitive and 

therefore performed with extreme care under a low magnification microscope with micromanipulators, to 

avoid damaging the composite interface. C. A round quartz porthole was positioned in contact with the 

upper side of the cuvette assembly, to allow for general-purpose and low-magnification microscopy. 
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16 mm 8 mm 

20 mm 10 mm 
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Alternatively, in those conditions where high magnification microscopy was needed using immersion 

lenses, no quartz porthole was used. D. A photographic shutter could be used in combination with the rest 

of the assembly to reduce light interference from the sides of the cuvette. E-F. The cuvette assembly was 

accurately positioned to match the central portion of the IC platform – the recording locus – with particular 

care paid in order to avoid contacting the wirebonded contacts on the IC platform during the assembly. The 

red circle illustrates the position used to direct the temperature reading on the thermally-conductive 

proprietary ceramic material comprising the IC holder. The temperature reading was attained via external 

infrared spectroscopy and was used to set the temperature of the outer recirculating bath to match a target 

reading of 37.5°C on the IC holder. 
 

Figure 81 illustrates the use of the IC device in conjunction with a reflection 

fluorescence microscopy setup. 

 

 
Figure 81. Use of the IC device in conjunction with a reflection fluorescence microscope featuring 

downward illumination (i.e., lenses located above an opaque substrate). The stage was custom-made and 

could be moved in the x, y and z axis.  

 

As previously described, the electrical coupling between a single electrode tip on 

the IC platform and multiple finer and reciprocally-insulated conducting channels on the 

composite interface was crucial in order to retain spatial resolution from the IC platform 

to the composite interface. Table 6 illustrates the main geometric differences between the 

IC platform – previously described in Table 1 – and the composite interface used for this 

study – illustrated in Figure 74. 
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 Multi-
cellular IC 

Inter- 
cellular IC 

Intra-
cellular IC 

Composite 
Interface 

Min. conducting 
feature size  

7.50 μm 750.00 nm 200.00 nm (100-120) nm 

Distance between 
channel tips (center 
to center) 

62.00 μm 6.20 μm 1.65 μm (250-270) nm 

Recording area 832.44 
2μm

channel
 

8.32 
2μm

channel
 0.59 

2μm
channel

 0.06
2μm

channel
 

Device space 
resolution 
(channel density) 

2
-3 μm1.20*10  

channel
 

2

channels0.12 
μm

 
2

channels1.68 
μm

 
2

channels15 
μm

 

 

Table 6. Synoptic description of the geometric features for each individual chip manufactured in this study 

and for the composite interface used in conjunction with all three types of devices. 

 

Specific attention had to be paid in order to maintain lateral resolution, ensuring 

that the electrical coupling between a single conducting channel on the IC platform was 

limited to only the conducting nanorods in the composite interface that were located 

directly above the tip of a specific conducting channel on the IC platform, and not to the 

conducting nanorods located in the surroundings of the conducting channels. This 

selectivity was warranted by designing and fabricating the composite interface in an 

appropriate way, to ensure that (i) no bending of the nanorods located directly above the tip 

of a specific conducting channel occurred, or that (ii) in those circumstances where bending 

did occur, it did not result to be of detriment to the quality of the recording. Additional 

controls were performed during the operation of the device via scanning electron 

microscopy – to ensure that its spatial resolution was preserved – as well as subsequent to 

device disassembly, after operation, to ensure proper connectivity between the interface 

and the IC platform. 

 

The design of the composite interface carefully considered the relative dimensions 

of the conducting nanorods, their average spacing, the thickness of the insulation layer 

around the well corresponding to the tip of the conducting channel on the IC platform, and 

the height of the nanorods. In order to avoid bridging between adjacent nanowires in 

proximity to the edge of the well, at the tip of the conducting channel, the thickness of the 
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insulation layer around the well had to be lower than the spacing between adjacent 

nanorods (d1 < d2 Figure 82 A).  Additionally, the height of the nanorods – controlled by 

monitoring the duration of the chemical etching of the alumina (grey), had to greatly 

exceed the thickness of the insulation layer around the well (d1 < h), therefore leading to 

marginal deflection angles for those nanorods proximal to the edge of the insulation layer, 

at the tip of each conducting channel on the IC platform (Figure 82). 

 

 
Figure 82. Design principles for interfacing the composite construct to the IC platform, relative to the 

nominal dimensions of the integrated circuit listed in Table 1, and to a close-packed array of nanowires 

with an average diameter of 111 nm and an average distance between adjacent nanowires of 20 nm (Figure 

69 B). A. Diagram representing the relative nominal dimensions of the conducting nanorods, their average 

spacing, the thickness of the insulation layer around the well corresponding to the tip of the conducting 

channel on the IC platform and the height of the nanorods. In order to avoid bridging between adjacent 

nanowires in proximity to the edge of the well at the tip of the conducting channel, the thickness of the 

insulation layer around the well had to be lower than the spacing between adjacent nanorods (d1 < d2).  
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Additionally, the height of the nanorods – corresponding to the duration of the chemical etching of the 

alumina (grey), had to greatly exceed the thickness of the insulation layer around the well (d1 < h), 

therefore leading to marginal deflection angles. B. Three-dimensional representation of the relative nominal 

geometry at the interface between the IC platform (multi-cellular device) and a selected number of 

nanorods protruding from the composite construct, for nanorods high enough to lead to negligible 

deflections proximally to the edge of the well, at the tip of the conducting channel. This design was 

regarded as optimal for interfacing the composite construct to the IC platform. C. Interface between the IC 

platform (multi-cellular device) and a selected number of nanorods protruding from the composite 

construct, for very short nanorods compared to the thickness of the insulation layer around the well, at the 

tip of the conducting channel, therefore leading to high deflections proximally to the edge of the well at the 

tip. This design was avoided because it led to bridging of adjacent nanowires and subsequent cross-talk. D-

E. Three-dimensional representation of the relative nominal geometry at the interface between the IC 

platform (respectively for inter-cellular and intra-cellular devices) and a selected number of nanorods 

protruding from the composite construct, for nanorods high enough to lead to negligible deflections 

proximally to the edge of the well, at the tip of the conducting channel. This design was regarded as 

optimal for interfacing the composite construct to the IC platform for inter-cellular and intra-cellular 

devices. These nominal design characteristics are contrasted to the real dimensions of the built device, 

previously illustrated in Figure 69 A-B. 
 

The etching of the alumina matrix illustrated in Figure 72 (7) of the composite 

interface was calibrated in order to lead to fully-extended nanorods higher than 1 μm, in 

accordance with the three-dimensional renditions in Figure 82 B-E for all three types of 

IC platforms.  

 

The performance of the assembled device was characterized by scanning electron 

microscopy before, during and subsequent to its operation. The analysis of the composite 

film both before and after device assembly and operation – on both sides of its surface – 

revealed that the relative dimensions of the conducting nanorods, their average spacing, 

the thickness of the insulation layer around the well corresponding to the tip of the 

conducting channel on the IC platform, and the height of the nanorods where all 

maintained within the specifications illustrated in Figure 82. The micrographs in Figure 

82 E-F illustrate the central portion of the upper side of the composite interface while in 

operation: the device leads at the level of the IC holder were energized with a 1.5 V 

battery – encased in epoxy to avoid leakages which would impair and damage the 
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scanning electron microscope. At low magnifications, the relatively low voltage was not 

excessively disruptive of the electron beam and led to highlight an array of regions on the 

membrane surface with higher contrast compared to the background – in good agreement 

with the geometric characteristics of the device listed in Table 6. 

 

 
Figure 83. Field emission microscopy of copper nanorods protruding from the alumina template before and 

during device operation (upper side of composite interface, directly facing the cells). A-D. Micrographs at 

different magnifications to illustrate the general uniformity of the interface film manufactured at the micro- 

and meso-scales. E-F. Micrograph illustrating the central portion of the interface for an intercellular device 

whose leads were energized with a 1.5 V battery under a scanning electron microscope. The micrographs 

reveal an array of regularly-spaced spots of brighter contrast with respect to the background, highlighted in 

A B 

C D 

E F 
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F. The relative size of the spots and their distance match the dimensions and the geometry on the IC 

platform (specifically of the inter-cellular device), as described in Table 1 and subsequent figures.  
 

The ex-situ characterization of the lower side of the composite film – in contact 

with the IC platform – did not reveal any significant degree of bending of the nanorods in 

those locations matching the tips of the conducting channels, on the underlying IC. The 

absence of noticeable plastic bending of the conducting nanorods led to the conclusion 

that if bending possibly occurred when the composite construct was interfaced to the IC 

holder, it was restricted to the edge of the well at the tip of the conducting channel, and 

limited to the elastic regime. 

 

Scanning electron microscopy characterization was finally performed also for the 

IC platform subsequent to interfacing with the composite construct, and revealed no 

significant damage of the silicon nitride and silicon oxide films comprising the insulation 

layer, for all types of devices.  

 

3.14. Concluding Remarks 

 
 The design and fabrication methodologies presented in this chapter illustrate the 

design and fabrication of a hierarchically-organized composite device to be used for in 

vitro electrophysiological studies of bio-electrically active mammalian cells – for 

example, neurons. 

 

These novel devices differ from alternative ones developed and reported by others 

in the past because of the following four main features, listed below. 

 

(i)   Three-dimensional electrode arrays positioned on otherwise planar circuitry, 

(ii) Electrodes containing high aspect ratio conducting nanostructures – nanowires, 

nanotubes or hybrid hierarchical compositions thereof – either individually freestanding 

or arranged in a bundle, 

(iii) Conducting high aspect ratio electrode nanostructures that can be chemically 

functionalized, 
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(iv) Spatial resolution that can eventually be reduced to the nanoscale dimension 

of individual, electrically-insulated conducting nanostructures that comprise the 

electrodes. 

 

The following chapter describes the data acquisition hardware and software – 

used in connection with the device, whose fabrication was reviewed in this chapter. 

Additionally, the chapter outlines the cell culture protocols used to grow the cells onto 

the substrate. 
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CHAPTER FOUR 

MATERIALS AND METHOD OF PROCEDURE. DATA ACQUISITION, AND 

ELECTROPHYSIOLOGICAL EXPERIMENTATION ON NEURONAL CELLS 

 
This chapter integrates the previous chapter on the fabrication of the 

electrophysiological apparatus by describing the data acquisition hardware and software, 

as well as the offline data analysis. In addition, a detailed account of the cell culture 

protocols used for the electrophysiological experiments is also provided. 

 

 The chapter is subdivided into seven main sections, listed hereby: 

 

1. Integration of data acquisition hardware 

2. Data acquisition software 

3. Offline data analysis and definition of the experimental approach 

4. Cell culture protocols 

5. Cellular electrophysiology paradigm 

6. Cellular viability assays using fluorescence microscopy 

7. Osmotic shock treatment followed by trypsination for cell termination, 

detachment and device re-deployment 

 

Each of the seven portions listed above is described individually in the following 

sections. 

 

4.1. Integration of Data Acquisition Hardware 

 

Figure 84 illustrates the combination of devices and equipment which was used to 

test and operate the experimental setup for the acquisition of electrophysiological signal 

and the electrophysiological stimulation of the cells.  The main electrical characteristics 

of each component are discussed in the following three main subsections describing the 

electrophysiological device, the amplification setup and the data acquisition hardware. 
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Figure 84. Electrical integration of the electrophysiological device for recording and stimulation (items 

proportionally scaled). A. Electrophysiological device connected to 10 individually-addressable RCA 

connectors (8 for recording or stimulating channels, 2 references) via electromagnetically-shielded cables 

(RG-174/U type, Belden Wire and Cable Co., Inc.). B. Connector to headstage amplifier made of 10 

coaxially shielded cables (CON/8o50m-10P, Omnetics, Inc. and Plexon, Inc.). C. Headstage amplifier 

(HST/8o50-G20-GR, Plexon, Inc.) with a 20X gain, connected to insulated cable (HSC/8, Plexon, Inc.). D. 

DC Analog power supplies coupled to constitute a single bipolar power supply (+ 5V; - 5V; 10 mA) to 

power the headstage amplifiers (6824A, Hewlett-Packard). E. Connector block (SCC-68, National 

Instruments, Inc.) used to interface the output of the headstage amplifier with the data acquisition hardware 

(H, I, J, K), as well as with the power supplies (D) and with an optional preamplifier (G). F. Test board 

(HTU/8o50, Plexon, Inc.) to simulate a square waveform, which allows to test the connections and the 

gains of the amplification setup configuration – either at the level of the headstage amplifier or at the level 

of the electrophysiological device, with appropriate microcontacts. G. Additional preamplification 

equipment (PBX2/16wb-G50, Plexon, Inc.) with a 50X gain, used in series with the headstage amplifier (F) 

for additional variable gain. H. Shielded cable (SHC68-68-EPM, National Instruments, Inc.) to connect the 

connector block to the data acquisition card. I. Multifunction data acquisition card (NI PCI-6281 National 

Instruments, Inc.) featuring 16 analog inputs, 24 digital I/O and 2 analog outputs, which is inserted on the 
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motherboard of a personal computer. J. Desktop personal computer featuring dual physical processors 

(Intel, Inc.), each one emulating two hyperthreading processors, for a total of four processors operating in a 

Windows operating system (Windows XP SP2, Microsoft Corp.). K. Software installed on the personal 

computer (Labview 8.0 and DAQmx 8.0.1 by National Instruments, Inc.) essentially constituting an 

additional instruction layer over the one of the operating system, to operate the data acquisition card with 

the combined capability of introducing ad-hoc virtual devices for data acquisition and processing. 

 

4.1.1. Electrophysiological Device 

 

The RCA connectors installed on the sides of the switchbox of the 

electrophyiological devices, whose assembly was described in Chapter 3, were connected 

to individual electromagnetically-shielded cables (RG-174/U type, trade nr.: 8216, 

Belden Wire and Cable Co., Inc.), and each RCA contact was individually-addressable, 

therefore allowing for a rapid readdressing over the course of the experiment. Detailed 

calculations of the aggregate nominal resistance for the multicellular, intercellular and 

intracellular types of devices are presented in Appendix 3. 

 

A rigorous experimental determination of device impedance would require, as 

already specified in Appendix 3 for the case of resistance, a frequency-dependent 

measurement of impedance at both ends of the section or sections most greatly 

contributing to resistive load for a given electrode – in this specific case, the pad to be 

wirebonded and the electrode tip. Since this was not possible, in light of the extremely 

small size of the electrode tips (Figure 47, Chapter 3) in direct contact with the neuronal 

cell, we here rely on the ranges for nominal resistance shown in Table 3, Appendix 3, 

which are relevant for a DC current applied to the circuit. In order to generalize the 

discussion to the domain of AC currents, it is important to convert the benchmarks shown 

in Table 3, Appendix 3 from values expressed in terms of resistance to values expressed 

in terms of impedance – the physical quantity providing a measure of total opposition to 

current flow in an alternating current circuit. In the analysis of an alternating current 

electrical circuit, impedance is generally defined as being constituted by two components 

– the ohmic resistance and the reactance – and is usually represented in complex notation 

as: 
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    Z R iX= +    
Equation 1 

 

where R is the ohmic resistance and X is the reactance – the imaginary part of impedance, 

which is caused by the presence of inductors or capacitors in the circuit, and which 

produces a phase shift between the electric current and the voltage in the circuit. 

 

 On the basis of the design principles used for the fabrication of the device, we can 

reasonably assume that inductance is equal to zero, in light of the absence of significant 

magnetic fields, coiled circuitry or other inductive device component capable of 

generating an electromotive force. Similarly, we can assume that capacitance is equal to 

zero in light of the very high quality and uniformity of the insulating bi-layer of silicon 

oxide and silicon nitride, which feature low permittivity and dielectric constants, and in 

light of the lack of any pair of closely-spaced energized conductors or other capacitative 

component installed in the device. As a result, it is possible here to equate resistance with 

impedance, therefore determining the broad range of nominal input impedances for a 

device in a dry, non-aqeous environment shown in Table 7, after Table 3, Appendix 3.  

 

Device Type  

Multi-cellular Inter-cellular Intra-cellular 

Nominal device 

impedance [Ω] 

2 22.05*10 2.49*10−  2 22.64*10 3.13*10−  2 23.87*10 6.12*10−  

 

Table 7. Aggregate nominal device impedance from the level of the headstage amplifiers to the electrode 

tip directly in contact with the bioelectrically-active neuronal cells. 

 

 The nominal impedances shown in Table 7 for the device here fabricated were 

determined under the assumption of a linear ohmic device behavior – in other words, the 

assumption of a linear relation between the input and the output of the device, as well as 

between its current and its voltage. This is perfectly acceptable and reasonable in light of 

the manner the device was built, given the absence of non-linear devices such as diodes, 
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for example, as well as the absence of parts of the device behaving non-linearly – for 

example in the case of a faulty insulation between the electrically conducting metal of 

each electrode and the electrolytic medium used for cell culture. Subsequent experimental 

testing undertaken on the device corroborated the device linearity.   

 

The nominal resistances shown in Table 7 are constant only within a specified 

range of frequency – generally lower than 100 kHz, and therefore broadly matching the 

specific requirements for the experiment here undertaken, in the absence of reflections. 

At higher frequencies, the electrode starts behaving as a waveguide, and the signal travels 

as an electrical wave down the conductor. In addition, at the limit of extreme frequencies, 

the capacitive reactance approaches zero so that a capacitor approaches a short circuit for 

very high frequency sinusoidal sources 19. Conversely, at high frequency the inductive 

reactance increases so that an inductor approaches an open circuit 20 . The relative 

predominance of the capacitive or inductive component in a circuit therefore determines 

which of these two anomalous limits prevails, resulting in impaired device functionality 

for either one of these conditions at high frequencies. 

 

 Signal reflections may alter the nominal resistance, and they occur when a signal 

– transmitted along a transmission medium, such as a copper cable or an optical fibre – is 

reflected at least in part back to its origin, rather than being carried all the way along the 

cable to the far end. This happens when sets of imperfections in the electrode or  cable 

cause impedance mismatching and non-linear changes in the cable characteristics. These 

abrupt changes in characteristics cause some of the transmitted signal to be reflected, 

ultimately negatively impacting signal transmission. Special care was spent during device 

fabrication in order to reduce the probability of defects causing signal reflections. 

 

                                                 
19 This condition is contrasted with the opposite one of zero frequency, such that the capacitive reactance 

grows without bound, so that a capacitor approaches an open circuit. 
20 This condition is contrasted to the one of low frequency such that the inductor approaches a short circuit. 
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 In conclusion, the value of nominal device impedance provided above is either 

comparable to or superior to those of many studies desribed in the literature – amongst all, 

the classic studies by Pickard [1, 2] and Gross [3, 4]. 

 

4.1.2. Amplification Setup 

 

The amplification setup used for this study consisted in a headstage amplifier 

(HST/8o50-G20-GR, Plexon, Inc.) with a 20X gain for only eight channels, expandible to 

16 channels. The limited number of amplified channels compared to the aggregate 

number of channels at the device level was caused by the high cost of amplification 

devices. For higher gain, additional preamplification equipment (PBX2/16wb-G50, 

Plexon, Inc.) with a 50X gain was often used in series with the headstage amplifier. This 

device was operable in a wide range of frequencies – from 3Hz to 8kHz – therefore 

versatilely operating in the broad range of frequencies required for the pursuit of the 

project described in this thesis. Appropriate bipolar analog power supplies were used to 

power the amplification devices (rated with 5V V= ± ;  10I mA= ). Bipolar power supply 

units deliver two DC supply voltages, one at positive voltages and another one at 

negative voltages, to allow the amplified output voltage to swing in both positive and 

negative directions, as is required for neural signals. 

  

The HST/8o50-G20-GR headstage amplifier had an input impedance of 38 MΩ at 

1 kHz.  Compared to the nominal device impedances shown in Table 7, the headstage 

amplifier has a greater impedance, which was used to reduce the current output of the 

cells, while maximizing the voltage transfer prior to amplification. This set of 

specifications were perfectly in line with the desired experimental outcome – the 

recording of cellular voltage output, while neglecting current outputs. The connectivity of 

the HST/8o50-G20-GR headstage amplifier to the PBX2/16wb-G50 did not pose any 

problem as to relative matching of the output and input of each of these devices, which 

are often used in pairs. 
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Finally, a test board (HTU/8o50, Plexon, Inc.) was used to simulate a square 

waveform, which allows to test the connections and the gains of the amplification setup 

configuration – either at the level of the headstage amplifier or at the level of the 

wirebonded connectors on the electrophysiological device, with appropriate 

microcontacts.  

 

4.1.3. Data Acquisition Hardware 

 

The data acquisition hardware used for the electrophysiological experiments was 

provided by National Instruments, Inc. and primarily relied on a NI PCI-6281 

multifunction M series data acquisition card used in a Labview 8.0 environment on a 

personal computer using Windows XP SP2. The most notable characteristics of this data 

acquisition card are: (i) its optimization for 18-bit A/D analog input accuracy; (ii) its 

resolution, equivalent to 5½ digits for DC measurements; (iii) its accuracy, since this card 

incorporates the NI-PGIA 2 amplifier technology optimized for high linearity and fast 

settling to 18 bits; and (iv) its sensitivity, measured in terms of the smallest detectable 

change that an instrument can measure for a given input range setting, and equal to 800 

nV for a minim voltage range of (-100 mV; +100 mV). This card also features a 

programmable lowpass filter to reject high-frequency noise and to prevent aliasing. All 

these features are distributed over 16 single-ended analog inputs (8 differential inputs) 21 

with a sampling rate of 500 kS/s (multichannel) and 625 kS/s (1-channel mode) 22.  

                                                 
21 Differential inputs are signal input circuits where SIGNAL LO and SIGNAL HI are electrically floating 

with respect to the ANALOG GROUND. An A/D data acquisition card in differential input configuration will 

feature one HI (+) and one LOW (–) pin for each input, with an optional single LLGND (LOW LEVEL 

GROUND) pin shared amongst all inputs, which may be used if a ground connection is required. This 

configuration allows the measurement of the voltage difference between two signals tied to the same ground 

and provides superior common-mode noise rejection. Differential inputs are generally used in all those 

conditions where electromagnetic interference (EMI) or radio frequency interference (RFI) is present, since 

the voltage is induced on both signal wires and is therefore subtracted out in the voltage measurement. A 

differential input amplifier therefore rejects the common mode voltage, provided that the common mode 

voltage plus the input signal does not exceed the device's common mode rejection (CMR) specification. 
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In addition to the properties specified above, this high-accuracy M series device 

features two analog output channels with an update rate of 2.86 MS/s with programmable 

offsets and references to obtain a 16-bit resolution on any custom signal. A more detailed 

set of specifications for the NI PCI-6281 is available in Appendix 4. 

 

The card was connected to the headstage amplifiers or the preamplifiers via a 

shielded cable (SHC68-68-EPM, National Instruments, Inc.) and a connector block 

(SCC-68, National Instruments, Inc.) (Figure 84). 

 

In conclusion, the number of channels simultaneously monitored was optimized 

with respect to the cost of each channel to be amplified. Alternative multifunction data 

acquisition cards were considered which featured a higher number of recording channels 

(up to 64 channels on a single board), but which however had a proportionally reduced 

sampling rate, in light of the fact that the cards’ performance is bottle-necked at the level 

of the embedded on-board multiplexer, which acquires and digitizes the signal on each 

channel. Data analysis was conducted offline, with software-based analysis packages on 

selected portions of the electrophysiological response spectrum. Faster and more 

elaborate multifunction data acquisition cards with on-board A/D conversion were not 

chosen for this project because of their prohibitive cost and because they were not found 

                                                                                                                                                 
Single-ended inputs on the contrary have no common mode range because there is only one low wire, which is 

shared by all inputs. For this reason, these inputs are subject to voltage fluctuations between signal high and 

signal ground. In the specific case in question, an A/D board in single-ended configuration with 16 single-

ended inputs features 16 HIGH (+) lines and one LOW (-) line (sometimes called LLGND). Even if some 

cards may have several LOW lines, these are generally built to provide extra places to make an electrical 

connection to the ground, but are all tied together into a single ground. 

22 The data acquisition card works at the highest sampling rate of 625 kS/s when a single channel is used. 

Conversely, when multiple channels are used, the card activates an onboard multiplexer and therefore operates 

with a delay which reduces the sampling rate to 500 kS/s. The sampling rate for n channel will therefore be 

equal to (500 kS/s) / n for n  inputs (either single-ended or differential ones). 



 

265 
 

to provide significant improvement over the National Instruments acquisition card here 

chosen and described above [5].  

 

4.2. Data Acquisition Software 

 

The NI PCI 6281 multifunction data acquisition board was selected in light of its 

high-end capabilities, as highlighted in Appendix 4, as well as in light of its versatility 

and support of a Labview 8.0 application software environment with DAQmx driver and 

application programming interface packages – all functioning on a Windows XP SP2 

operating system. The DAQmx package, in particular, incorporated a series of very 

important and useful software device modules which were incorporated within the design 

of the final software interface, greatly reducing the overall complexity of software design. 

The software interface used in a Labview application software environment is based on 

the visual interface program file format (abbreviated with the extension “.vi”) that takes 

advantage of the computer’s graphics capabilities to make the program easier to use.  

 

Figure 85 A illustrates a block diagram of the main core of the vi program used to 

acquire data using the NI-PCI 6281 in single-ended acquisition mode. The main 

constituents of this program were a data acquisition input module addressing all 16 input 

channels. Each channel was acquired using a simple relay, a wafeform graph and an 

absolute indicator module. The ensemble of routines for each channel was grouped within 

a loop and the measured output of this loop was recorded into a text file in ASCII format, 

to be used during subsequent offline analysis. This recording measurement – or an 

elaboration thereof – could also be used as a stimulation input to one of the two analog 

outputs – therefore being fed back to a couple of channels at a time, ultimately 

electrically stimulating the target cells on the electrophysiological device. Although the 

system was designed with this capability in mind, this property wasn’t actually used 

during the electrophysiological sessions in light of the tremendous experimental difficulty 

entailed by the realtime acquisition, processing and stimulation. Despite the possibility to 

automate the workflow for realtime acquisition, processing and stimulation, this option 

was not pursued in light of the limited resources available to refine the software interface 
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to such an extent. The consequence of this decision led to more easily–interpretable 

results, which were moreover not influenced by electrophysiological adaptation or 

plasticity 23, therefore bearing a higher degree of determinism to the study in question. 

 

Figure 85 B illustrates the graphical user interface corresponding to the main core 

of the vi program used to acquire data using the NI-PCI 6281 in single-ended acquisition 

mode. The picture shows 16 waveform graphs – in all similar to oscilloscopes, featuring a 

Cartesian real-time representation of signal amplitude vs. time – with appropriate settings 

for variable-gain amplification using the on-board amplifier, as well as appropriate dials 

showing instantaneous or average digitized readings. 

                                                 
23 The term neuroplasticity refers to organic changes that occur in the organization of brian tissue – at any 

level. The concept of plasticity can be applied to molecular as well as to behavioural events, and is very 

complex, as it can involve many levels of organization. In the context of the experiments here described, we 

can define plasticity as the dynamic reallocation of synapses over time between adjacent neurons comprising 

the network, coupled to the forming of new synapses and to the modification of their structures. This process 

is influenced by the local environment – specifically by modifications mainly in the molecular chemistry and 

in the time distribution of electrical signal – and results in the modification of the electrophysiological signal, 

as well as in cell migration and in functional and morphological changes in cell metabolism. The term 

acquires a specific significance for the limited cases of the hippocampus and of the olfactory bulb of the 

mammalian brain: in these selected, highly specific areas, neurogenesis has been demonstrated, leading to an 

extended definition of brain plasticity which also includes neurogenesis – only for these selected structures. 
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Figure 85. A. Block diagram of the main core of the vi program used to acquire data using the NI-PCI 

6281 in single-ended acquisition mode. The main constituents of this program were a data acquisition input 

module addressing all 16 input channels. Each channel was acquired using simple relays, wafeform graphs 

and absolute indicator modules. The ensemble of routines for each channel was grouped within a loop and 

the measured output of this loop was recorded into a text file in ASCII format. B. Graphical user interface 

corresponding to the main core of the vi program used to acquire data using the NI-PCI 6281 in single-

ended acquisition mode. 

 

The initial motivation at the core of the design for the Labview control software 

interface was to build a graphical user interface capable of selecting and appropriately 

modifying the software conditioning levels during the recording of the 

electrophysiological signal. This would have allowed for an adjustment of the dynamic 

range – the ratio between the minimum and the maximum signal amplitude – therefore 

allowing for a direct control over system sensitivity – the change in the neural response 

per unit of signal strength. However, subsequent analysis of this design highlighted it to 

B 

A 
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be impractical because it required an excessive amount of human intervention, especially 

when applied on multiple channels. A simpler type of design was used with a constant 

amplitude input range from - 100 mV to + 100 mV, subsequently refined to the range 

from -1 mV to +1 mV. 

 

The design of the software graphical user interface and corresponding block 

diagrams were intentionally maintained as simple as possible, in order to simplify 

operation during the electrophysiological acquisition sessions.  Subsequent filtering and 

ad-hoc tests were conducted during the offline data analysis described in the following 

section on selected portions of the electrophysiological response spectrum. 

 

4.3. The Cocktail Party Problem. Offline Data Analysis and Definition of the 

Experimental Approach 

 

The electrophysiological study of neuronal cells grown in vitro on lab-on-a-chip 

multielectrode devices can be approached in multiple different ways, in light of the 

intrinsic complexity of the signal and the corresponding multiple levels of analysis. 

Neuronal cell populations in vitro are known to emit two electrophysiological types of 

signal – action potentials and field potentials. 

 

Action potentials (also known as spikes) are waves of electrical discharge 

generated by individual neuronal cells at the membrane and propagating along the 

membrane to the axon. They are caused by two physical phenomena occurring 

concurrently at the level of the cellular membrane [6]: (a) a “passive” transport 

component – the electrodynamic charge distribution of ions across the two sides of the 

cell membrane, which in equilibrium tends to equipotentiality 24 , as well as the 

                                                 
24 The electrodynamic equilibrium of different ionic species across the two sides of a membrane is predicted 

by the Nernst Equation that – when applied to cell biology – is formulated as follows: 

[ ]
[ ]0

ion out of cell membrane0.0591log
ion inside cell membrane

E E
n

= + , where  
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diffusional transport of ionic species through the membane, and (b) an “active” transport 

component provided by the selective permeability of the membrane to these ions, where 

each membrane is comprised of a lipidic layer interspersed with ionic pumps – proteins 

actively transporting ions from the extracellular milieu to the intracellular one or 

viceversa, against an electrochemical potential gradient and therefore requiring 

thermodynamic and metabolic work [7, 8]. 

 

The first and most widely known account on action potentials is the one provided 

by Hodgkin and Huxley in a 1939 paper on the intracellular electrophysiology of the 

squid giant axon [9]. Figure 86 B illustrates the typical shape of the action potential – a 

sudden excitatory increase in a cell’s membrane potential, relative to an extracellular 

reference. This plot shows an initial resting potential followed by a depolarization (i.e., a 

decrease in the absolute value of the cell membrane potential) up to a maximum of about 

40 mV, in turn followed by a hyperpolarization (i.e., an increase in the absolute value of 

the cell membrane potential) to approach the initial condition of resting potential. 

 

 
Figure 86. Intracellular recording of the membrane potential and action potential generation in the squid 

giant axon, adapted from Hodgkin and Huxley [9]. A. A glass micropipette, about 100 μm in diameter, was 

filled with seawater and lowered into a squid giant axon that had been dissected free. The axon, about 0.5 

                                                                                                                                                 
E is a cell membrane potential with respect to one cation, n is the number of electrons transferred in the half-

reaction – either the oxidation or reduction reaction component of a redox reaction, and where [ ] is used to 

indicate concentrations. 
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mm in diameter, was transilluminated from behind. B. The nerve action potential (the sinewave at the 

bottom provides a timing scalebar). 

 

When a neuron is at rest, there are relatively more sodium ions in the extracellular 

space and more potassium ions in the intracellular space. At rest, the resting membrane 

electrochemical potential (i.e., the voltage difference across the neural membrane) is 

about −70 mV. If an external stimulation causes the resting potential to move toward 0 

mV and the depolarization reaches the threshold of −55 mV, the neuron naturally fires a 

spike – an explosive release of charge between a neuron and its surroundings, that is 

created by a depolarizing current. The action potential is fired only in those conditions 

when the critical threshold of −55 mV is reached; if the neuron does not reach this 

critical threshold level, then no action potential will occur. Conversely, when the critical 

threshold is reached, an action potential will always fire in a deterministic fashion and 

with a constant amplitude. The following excerpt from the work of Bershadskii et al. 

describes the detailed mechanism of depolarization in detail [10]. 

 
“[…] A stimulus first results in the opening of Na+ channels in the neuron membrane (membrane's channels 

are transmembrane proteins that open in response to changes in membrane potential allowing a particular 

ionic species to cross the membrane). Since there are a lot more (positive) Na+ ions on the outside, and the 

inside of the neuron is negative relative to the outside, Na+ ions rush into the neuron. Therefore the neuron 

becomes more positive and depolarized. It takes longer for voltage-gated K+ channels to open. When they 

do open, K+ rushes out of the cell, reversing the depolarization (action potential peaks at around 55 mV = 

Nerst equilibrium potential for Na+). Also about this time, Na+ channels start to close. [The delayed efflux 

of K+ coupled with a influx of Na+ determine a net efflux of positive charges from the cell, which] causes 

the membrane potential to go back toward the rest potential value −70 mV (a repolarization). It takes about 

1.5 ms for a neuron to return to its resting potential. Even after the membrane is repolarised, some Na+ 

channels remain inactivated, such that a second activation potential requires a higher stimulus than the 

previous threshold voltage. Depending on different types of voltage-dependent ion channels, different types 

of action potentials are generated in different cell types and the qualitative estimates of the potentials and 

time periods can be varied. Moreover, there is a distribution of threshold values over different channels in 

the same membrane, due to fluctuations in the local environment [11]. If the threshold value is passed, 

gating occurs and the channel opens with high probability.” 
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Field potentials instead are electrical potentials produced extracellularly by 

multiple cells in a population, and can be detected using extracellular microelectrodes. In 

these experimental recordings, the extracellular field potential is generally detected as a 

change in baseline for an electrical potential, which varies with a frequency of a few Hz 

and whose source and composition is often ambiguous, making its interpretation difficult. 

Contributions from neighbouring neurons firing action potentials often overlap, 

producing extracellular potentials of up to several millivolts which, when spatially 

integrated over even larger populations of cells, produce signals commonly called local 

field potentials that generally have an amplitude ranging from a few tens of μV to several 

hundreds, and even in the mV regime. 

 

The main focus of the research presented in this thesis was on the basic 

neuroscience of the action potential and on its detection (i.e., recording and elicitation), 

with no specific interest for field potentials. For this purpose, open-source software with 

graphical user interface, freely available on the Internet is often used for the offline 

classification and management of neural ensemble data [12]. Nev2lkit – a toolkit for 

handling neuronal event files – in combination with the Plexon demo offline sorter were 

here used for spike sorting in the multichannel signal: these software packages are able to 

load multielectrode data files in various formats and can then sort extracted spikes from 

large sets of data. This allows to select those regions of the recordings characterized by 

the presence of action potentials. Furthermore, this package incorporates tools to identify 

noise and review individual and groups of spikes, and the sorting is performed using 

principal component analysis 25 that can be performed simultaneously on many records 

from the same experiment. Subsequent to the identification of regions of interest where 

spikes were present, finer analysis was performed with Excel (Microsoft, Corp.) and 

OriginPro 7.5 (OriginLab, Corp.). 

 
                                                 
25 PCA is a technique used to reduce multidimensional data sets to lower dimensions for analysis. PCA 

involves the computation of the eigenvalue decomposition or singular value decomposition of a data set, 

usually after mean centering the data for each attribute. The results of a PCA are usually discussed in terms of 

scores and loadings. 
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Different kinds of sorting based on the elimination of extreme deviations from the 

standard deviation were also considered as alternatives, although they weren’t ultimately 

chosen because they rely on the assumption that the signal is normally distributed in 

frequency over a given range [13], which is still regarded as controversial.  

 

More refined modeling techniques can be applied when the spatial localization of 

a signal derived from the combination of multiple neurons on the array is the primary 

interest. The goal of these studies is generally to investigate the evolution of the neural 

signal and the degree of interaction existing between adjacent neurons – both in the space 

(i.e., raster plots) and in the time domains. These are here presented for the sake of 

completion and to provide an example of additional techniques that can be used to 

analyze the neural data, although none of the techniques here reviewed was used to 

analyze the results presented in Chapter 6, in light of the decision to focus this thesis on 

the fundamental study of the action potential for isolated neurons. 

 

In these cases, correlation analysis and clustering techniques are often used to 

analyze the data acquired from multiple channels, in order to discern the relative 

dependence of the signal from one channel with respect to the signal from adjacent 

channels, ultimately determining if such channels receive inputs from either a single cell 

or from multiple cells connected to one another, or from a well defined distribution of 

neuronal populations on the [x, y] plane of the recording array. This analyis is generally 

based on a combination of independent component analysis 26 , principal component 

analysis [5, 14], single neuron correlation analysis, sensitivity analysis 27 , cellular 

directional tuning analysis [15], discriminant analysis, multiple linear regressions and 

artificial neural networks 28 [16].  

                                                 
26 ICA is a computational method for separating a multivariate signal into additive subcomponents, supposing 

the mutual statistical independence of the non-Gaussian source signals. 

27 Sensitivity analysis modeling techniques study how the variation in the output of a model (numerical or 

otherwise) can be apportioned, qualitatively or quantitatively, to different identifiable sources of variation. 

28 A neural network, also known as a parallel distributed processing network, is a computing algorithm that is 

loosely modeled after the cortical structures of the brain. It consists of interconnected processing elements 
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Clustering methods can also be used: these decompose the data set into a set of 

disjoint clusters and then minimize some measure of dissimilarity in the samples within 

each cluster, while maximizing the dissimilarity of different clusters [12]. The measure of 

dissimilarity used in such algorithms is often the average squared distance of the data 

items from their nearest cluster centroids [17]. This defines a set of implicit decision 

boundaries that separate the clusters or groups of units according to the selected analysis 

method. The result is that groups of relatives are formed into classes that are subsets of 

the entire array. 

 

The correlation analysis described above to identify the spatial location of cells, 

clusters or a combination thereof, can otherwise be used to identify their degree of 

interaction in the temporal domain. Software packages of the kind of DATA-MEAns 

feature conditioned spikes analysis, which consists of finding events that occur within a 

specified temporal window among two or more cells. The events here considered are 

conditioned spike times, where the condition generally imposed is the presence of 

another spike in its temporal vicinity. 

 

 A recent paper by Ortega et al. [18] describes the use of a new methodology for 

studying neural ensemble recordings The method provides complementary information 

about the stimuli that are contained in the temporal pattern of the spike sequence, 

therefore testing if several consecutive spikes from different neurons within an extended 

time window encode behaviorally-relevant information. This technique can be a useful 

procedure to describe population spike dynamics, and the broader context is further 

described by these authors, as reported verbatim in the following paragraph.  

 

                                                                                                                                                 
called nodes or neurons that work together to produce an output function. The output of a neural network 

relies on the cooperation of the individual neurons within the network to operate. Processing of information by 

neural networks is characteristically done in parallel rather than in series (or sequentially), as in earlier binary 

computers – classified as Von Neumann machines. 
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“[…] An emerging view in neuroscience is that sensory and motor information is processed in a 

parallel fashion by populations of neurons working in concert (Fernández et al., 2000; Nicolelis, 1999; 

Nicolelis and Ribeiro, 2002; Panzeri et al., 1999). Encouraged by this progress, many laboratories are 

investing considerable effort into the development of recording techniques and spike-sorting algorithms 

that permit simultaneous recording of the activity of multiple neurons (Kralik et al., 2001). In this context, a 

fundamental and long-standing question is the type of neural codes used by the population of neurons to 

represent information in trains of action potentials (Meister and Berry, 1999; Rieke et al., 1997). The firing 

rate of spike trains is a candidate for such a neural code (Abbot and Sejnowsky, 1998), however it is 

possible that spike timing rather than firing rates plays a significant role in this task (Funke and Worgötter, 

1997; Singer, 1999). A key factor in distinguishing among these theories is the temporal precision of 

individual action potentials. In spite of that, and as it was very clearly pointed out by some authors (Rieke 

et al., 1997; Usrey and Reid, 1999), this distinction cannot be pushed too far because both concepts are 

intrinsically related and the mere introduction of time discretization certainly blurs their differences. 

Therefore, it is important to measure this precision and to develop new methods to describe population 

spike trains. Taking into account the above considerations, we have developed a simple representation of 

the spiking dynamics in multi-electrode recordings. As we shall explain below, the events we consider are 

conditioned spike times, where the condition we impose is the presence of another spike in its temporal 

vicinity. By using this procedure, several characteristics of cell dynamics are readily apparent, and 

moreover, a tight correlation between stimuli and cell responses can be assessed. We introduce this new 

representation as a complementary tool to be used jointly with standard raster plots.” 

 

Ample evidence from different systems suggests that rate and spike timing are 

important variables for encoding information. In this sense, it should be emphasized that 

modulation of biologically significant information in a living organism occurs on time 

scales comparable to the mean interval between spikes, so that sensory neurons can 

generate only a few spikes before the parameters of the stimulus change. Although the 

application of the sets of algorithms described above would definitely provide value to 

this thesis, the analysis was here limited to the study of the action potential and to the 

elementary signal transduction at the interface with the device, as it was believed that 

such study would provide greater and more fundamental benefit in terms of basic 

physiology and neural prosthesis design. 
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4.4. Cell Culture Protocols 

 

Several of the techniques used in this study were elaborated on the basis of the 

work by Potter and DeMarse, who were able to refine their techniques for year-long 

studies of neuronal cells on multi-electrode arrays [19]. 

 

Prior to contact with the neuronal cells, the surface of the substrate had to be 

treated with a solution of poly-D-lysine and laminin in water for a duration of 1 hour, 

immediately followed by thorough rinsing in water [20], [21]. The precise solutions and 

working concentrations are illustrated herein: poly-D-lysine (P6407; Sigma Aldrich Corp.) 

was diluted in sterile tissue grade H2O (17-724F; Cambrex BioScience Walkersville, Inc.) 

in a concentration of 0.1mg
ml

. Similarly, 500 μl of laminin (L2020; Sigma Aldrich Corp.) 

were mixed with 49.5 ml of culture PBS 29 (17-516F; Cambrex BioScience Walkersville, 

Inc.). The two working concentrations of laminin, poly-D-lysine and the PBS were mixed 

in the following relative amounts: 200 lμ laminin stock solution : 300 lμ  poly-D-lysine 

stock solution : 500 lμ  culture PBS, to reach the following working concentration: 

30 g
ml
μ of poly-D-lysine, and 2 g

ml
μ of laminin. 

 

Subsequent to the deposition of the protein layer outlined above, the cells were 

seeded onto the substrate, and cultured in accordance to pre-existent literature [21] and to 

the following three paragraphs, which describe the specific protocols used for each type 

of neuronal cells. 

 

                                                 
29 Phosphate buffered saline, a buffer solution commonly used in cell culture studies, which mainly contains 

sodium chloride, sodium phosphate and potassium phosphate. The buffer helps to maintain a constant pH and 

the concentration generally matches the human body (isotonic). PBS has many uses in cell biology because it 

is isotonic and non-toxic to cells. 
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4.4.1. Cell Culture of Cryopreserved Primary Embryonic Cortical Cells 

Isolated from the Rat. The Role of Astrocytes and Glial Cells 

 

The neuronal medium initially used for the rat brain hippocampal neurons was 

prepared as follows: 96 ml of neurobasal medium (21103-049; Invitrogen Life 

Technologies, Inc.) were mixed with 1 ml of 200 mM L-glutamine 30 (17-605E; Cambrex 

Bioscience Walkersville, Inc.) and 1 ml of 10,000 U/ml penicillin/streptomycin (17-602E; 

Cambrex Bioscience Walkersville, Inc.). Immediately before deployment on the cells, 2% 

B27 supplement (17504-044; Invitrogen Life Technologies) was added to this solution. 

The cells were then treated with this medium solution, which was changed once every 2-

3 days for the entire duration of the cell culture experiment. 

 

As an alternative to the procedure outlined above, the Bulletkit primary neuron 

growth medium (CC-4461; Lonza Walkersville, Inc. – formerly Cambrex BioScience 

Walkersville, Inc.) was used. This kit consists of 200 ml of primary neuron basal medium 

(CC-3256; Lonza Walkersville, Inc) – a proprietary formula containing water, 

aminoacids and trace elements – mixed with primary neuron growth medium 

SingleQuots (CC-4462; Lonza Walkersville, Inc) – a combination of NSF-1 31 (4 ml), L-

glutamine (2 ml), penicillin/streptomycin (2 ml). 

 

The culture medium was maintained at the proper pH and oxygen tension by a 20 

ml/min moist flow of 5% CO2, 95% air, and temperature within the recording chamber 

was maintained at 37ºC, except when deliberately varied with the microscope stage 

heater connected to a recirculating bath. Small transient temperature variations were 

introduced to test cell responsiveness and to elicit bursting activity, in accordance with 

previous experiments [4]. Most cell bodies were found to be below 10 μm diameter 

                                                 
30 An aminoacid commonly known as a neurotrophic factor, which has been documented to promote cell 

adhesion and differentiation. 
31 Neural survivor factor, a commonly used growth factor – a class of naturally-occurring proteins capable of 

stimulating cellular proliferation and cellular differentiation. 
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during the initial phase of the experiment, although further growth and axon formation 

occurred as the experiment progressed over time. 

 

Glial cells – generally estimated to outnumber neurons by about 10 to 1 [6] in the 

mammalian brain – appear in some regions of the recording matrix; these are non-

neuronal cells that provide physiological support (i.e., nutrients and oxygen), maintain 

homeostasis (for example by regulating the external chemical environment of neurons, by 

removing excess ions, notably potassium, and by recycling neurotransmitters released 

during synaptic transmission), form myelin to electrically insulate one neuron from 

another (especially when subject to electrical stimulation [22]), guide migration of 

neurons in early development [23, 24], destroy pathogens, remove dead neurons and 

produce molecules [25] that modify the growth of axons and dendrites [26], therefore 

actively contributing to signal transmission throughout the nervous system [27]. Steve 

Goldman interestingly proposes a developmental model where glia cells act as both 

progenitors and regulators of neuronal production and phenotype, defining niches for cell 

genesis in a brain tissue, which otherwise is not particularly friendly to new neurons [28, 

29]. This model is complemented by Wegner and Stolt amongst others, who discuss the 

developmental transcription factors at the basis of the diversification of stem cells into 

neurons or glia [30]. 

 

Historically, the initial electrophysiological experiments on ex-vivo neuronal cells 

have been administered with the intent to prevent glia proliferation, under the 

presumption that gliosis (i.e., excessive glia formation) would be detrimental to the 

neurons [31] and ultimately lead to neural loss or otherwise to electrical insulation at the 

neuron – device electrical interface, as is often experienced in the case of devices 

implanted in vivo (Figure 5F, Chapter 2). This was the case because, for example, glia 

were not believed to have chemical synapses or to release neurotransmitters. They were 

considered to be the passive bystanders of neural transmission [29]. Therefore, in those 

cases where glia proliferated, they were generally prevented from overgrowing the 

culture by fluorodeoxyuridine (FdU), which was added one to two days after seeding the 

substrate with cells [32]. 
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Recent findings on brain physiology – particularly focused on the hippocampus 

and the cerebellum – have however indicated that glia are also active participants in 

synaptic transmission [33, 34], regulating clearance of neurotransmitter from the synaptic 

cleft [27], releasing factors such as adenosine 5'-triphosphate (ATP) 32, which modulate 

presynaptic function and which serve as an important stimulus for myelin to form, and 

even releasing neurotransmitters themselves [37]. More in detail, astrocytes – the most 

aboundant type of glial cells, which constitute the main building block of the blood brain 

barrier (Figure 87A), with numerous projections anchoring neurons to their blood supply 

[38] – are crucial in the clearance of neurotransmitter from within the synaptic cleft, 

                                                 
32 Adenosine 5'-triphosphate (ATP) is a multifunctional nucleotide that acts as a "molecular currency" of 

intracellular energy transfer, transporting chemical energy within cells for metabolism. It is produced as an 

energy source during the processes of photosynthesis or cellular respiration, and is consumed by many 

enzymes and a multitude of cellular processes including biosynthetic reactions, cell motility and cell division. 

ATP is also incorporated into nucleic acids by polymerases in the processes of DNA replication and 

transcription. In signal transduction, ATP is used as a substrate by kinases that phosphorylate proteins and 

lipids, as well as by adenylate cyclase, which uses ATP to produce the second messenger molecule cyclic 

AMP. The discovery of ATP is generally attributed to Karl Lohmann in 1929 [35], but it was only in 1941 

that it was proposed to be the main energy-transfer molecule in the cell by Fritz Albert Lipmann [36]. 
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preventing toxic build up of certain neurotransmitters such as glutamate [39], 33 therefore 

playing a crucial role in the modulation and prevention of excitotoxicity 34. 

                                                 
33  Also known as glutamic acid, glutamate is classified as the most abundant fast excitatory neurotransmitter 

in the mammalian nervous system. It is stored in vesicles at the chemical synapse, and the nerve impulses 

trigger release of glutamate from the pre-synaptic cell, while in the opposing post-synaptic cell, glutamate 

receptors, such as the N-methyl-D-aspartic acid (NMDA) receptors, bind glutamate and are activated, 

ultimately securing neurotransmission of the electrochemical signal from one cell to the neighbouring one. 

Glutamate is acknowledged to have a significant role in synaptic plasticity, and it is believed that glutamic 

acid is involved in cognitive functions like learning and memory in the brain. The action of glutamate on the 

NMDA receptor is mimicked by the action of NMDA, which acts as a specific agonist at the NMDA receptor; 

however, NMDA binds to and regulates only the above receptor, and not other glutamate receptors. The 

introduction of glutamate markers (i.e., glutamate-binding protein with two fluorescent proteins) into cells 

enables optical detection of the glutamate concentration, therefore mapping the connections between neurons 

and understanding synapse function [40]. Paradoxically, glutamate is also the prime example of an excitotoxin 

for the mammalian central nervous system. 
34 Excitotoxic cell death is caused by glutamate transporters, which in physiological conditions are found in 

neuronal and glial membranes, rapidly removing glutamate from the extracellular space. When brain injury, 

damage or disease occur, glutamate transporters can work in reverse, and excess glutamate can accumulate 

outside cells. This process causes calcium ions to enter cells via NMDA receptor channels, leading to 

neuronal damage and eventual cell poisoning or death, and is aptly called excitotoxicity [31]. Specifically, the 

mechanisms of cell death include two main phenomena: (i) damage to mitochondria from excessively high 

intracellular Ca2+ [41], resulting in opening of pores in the membranes of mitochondria, causing mitochondria 

to swell and release proteins that can lead to apoptosis. The opening of the pores can also cause mitochondria 

to release more calcium [42]. Alternatively, excitotoxic cell death may be caused by (ii) Glu/Ca2+-mediated 

promotion of transcription factors for pro-apoptotic genes, or downregulation of transcription factors for anti-

apoptotic genes [43]. More specifically, this results in activation of intracellular proteases and neuronal nitric 

oxide synthase, with generation of free radicals, and damage to cellular membranes, structural proteins, and 

essential enzymes. Programmed cell death mechanisms, such as p53 activation, activation of cell death-

promoting Bcl-2 family members, and endonuclease-induced DNA laddering, have similarly been found to 

occur in neuronal death [43]. Excitotoxicity caused by glutamate occurs as part of the ischemic cascade, and it 

is associated with stroke and diseases like amyotrophic lateral sclerosis, lathyrism, and Alzheimer's disease, or 

ischemia [42]. The excessive concentration of glutamic acid has been implicated in epileptic seizures: 

microinjection of glutamic acid into neurons produces spontaneous depolarisations around one second apart, 

and this firing pattern is similar to what is known as paroxysmal depolarising shift in epileptic attacks [43]. 

This change in the resting membrane potential at seizure foci could cause spontaneous opening of voltage 

activated calcium channels, leading to a cascade of glutamic acid release and further depolarization. 
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Additional evidence has been gathered in favor of active communication 

electrochemical signaling between astrocytes and neurons, which modulates the activity 

of the latter cell type [44]. This finding can be summarized in terms of an increase of 

Ca2+ in astrocytes, accompanied by an increase of Ca2+ in neighbouring neurons, coupled 

to the additional finding that changes in the concentration of Ca2+ lead to measurable 

changes in neural activity. Notably, Parpura and Haydon raised internal Ca2+ in astrocytes, 

which evoked slow inward currents that were recorded electrophysiologically from single 

neurons, therefore demonstrating that modest changes of astrocytic Ca2+ evoke 

glutamatergic currents in neighboring neurons [45]. 

 

Furthermore, at least in vitro, astrocytes can release neurotransmitter glutamate in 

response to the rise of Ca2+, therefore modulating intersynaptic crosstalk by transmitter 

spillover from the synaptic cleft and by its transmitter diffusion over a distance to 

neighbouring synapses [46]. Another unique type of glia, the oligodendrocyte precursor 

cells (OPCs) ultimately differentiate to coat axons in the central nervous system with 

their cell membrane, called myelin, producing the so-called myelin sheath. The myelin 

sheath provides coaxial insulation to the axon that allows electrical signals to propagate 

more efficiently. OPCs have been found to have very well defined and functional 

synapses from at least two major groups of neurons, further invigorating the current 

theory on the active involvement of astrocytes in neural metabolism [33]. 

 

If therefore the influence of glia on neurons has been convincingly ascertained, 

relatively recent findings have also demonstrated an influence exercised by neurons on 

glia cells – a control exercised by healthy neurons of the activation state and immune 

functions of microglia to prevent unwanted immune-mediated damage of neurons [47]. 

These results in particular show the ability of differentiated neurons to maintain a 

controlled inflammatory state through production of factor(s) favoring the apoptotic 

elimination of activated microglia, and they also suggest that immature neurons may, on 

the contrary, favor the survival of microglia during development [48]. 
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According to modern scrutiny, therefore, the only notable differences between 

neurons and glia are the ability to generate action potentials and the polarity of neurons, 

namely the axons and dendrites, which glia lack [49]. Moreover, it is inappropriate 

nowadays to consider glia as 'glue' in the nervous system as the name implies, since glia 

are also crucial in the development of the nervous system and in processes such as 

synaptic plasticity and synaptogenesis [27, 29]. 

 

In light of the crucial role exercised by glia in the brain and in particular in the 

hippocampus, where several of the cells in question were initially removed from, the 

experimental approach here utilized was focused on the recreation of cellular conditions 

matching the ones present in the brain to the greatest possible extent. In general, neuronal 

signal was analysed both in the absence of glia cells and in their presence, to then draw a 

comparison between the electrophysiological response of the two cell lines. In all cases, 

however, neuronal signal was found to be unvaried – irrespective of the presence of glia 

cells. 

 

Figure 87 B-D illustrates the main differences between the same neuronal cell line 

grown in the presence and in the absence of glia cells. 
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Figure 87. A. Astrocyte-mediated coupling of synaptic activity to local vasodilatation in a fully developed 

system (adapted from Parri and Crunelli [38]). B. Model highlighting the different stages of synapse 

development and possible contributions by astrocytes. (a) At the embryonic stage, before astrocytes (green) 

are generated, neuronal processes (presynaptic indicated in yellow, postsynaptic in white) form few and 

immature synapses. (b) The massive increase in synapse number during the postnatal stage might be 

enabled by astrocyte-derived components (green text). (c) Excess synapses might be eliminated by 

astrocytic processes invading the synaptic cleft or by release of proteases that digest synapse-stabilizing 

components. C-D. Optical micrographs of neuronal cells grown respectively in the absence and in the 

B A 

D C 
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presence of glia cells, accompanied by patch-clamp recordings. Glia are evidently found to enhance the 

number of synapses per neuron. B-D were entirely adapted from Slezak and Pfrieger, [33]. 
 

Control experiments were also conducted with antibiotic or anti-mycotic 

compounds during the seeding and development of the cultures, as well as during the 

recording phase. Appropriate control experiments on cell outgrowth were similarly 

performed during cell development, as well as during electrophysiological recording. 

Since the results gathered in the presence of such compounds were found to be 

comparable to the ones obtained in their absence, the use of antibiotics and anti-mycotics, 

which simplifies the cell culture procedures significantly, was adopted uniformily across 

all cell culture procedures described in this chapter and in the remaining portion of this 

thesis. The presence of compounds known to directly affect electrical activity (K+, Ca2+, 

glycine, aspartate, glutamate) was also monitored [13].  

 

 In light of the considerations expressed above, we here used cryopreserved rat 

brain hippocampus neuronal cells (R-Hi-501; Lonza Walkersville, Inc.), which are ready 

to use embryonic neurons (including glia) at the 18th to 19th day of gestation (E18, 19). 

Each vial, containing ~ 0.25 ml of cell suspension stored in liquid nitrogen, was thawed 

in a water bath preheated at 27°C, keeping the time between the removal of the vial from 

the liquid nitrogen container tank and its placing into the pre-heated water bath as short 

as possible. No centrifuge or vortex was used in this process, as this would result in 

irreversible mechanical damage of the cell membrane. The 0.25 ml volume of cells was 

then transferred into a 15 ml centrifuge tube, and 4.75 ml of pre-warmed medium were 

immediately added drop-wise onto the cells, while rotating the tube by hand over a time 

of approximately 2 minutes 35.  The resulting 5 ml of solution were then transferred onto 

the wells of a 24-well plate, with a volume of 24 ml/well, or onto the wells of a 96-well 

plate, with a volume of 200 μl/well. 

 

To gather an accurate measurement on cell seeding density, 20 μl of cell solution 

were then separated as aliquot and then mixed with 20 μl of 0.4% trypan blue dye, to 
                                                 
35 This procedure was necessary in order to avoid osmotic shock.  
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perform cell counting on a hemocytometer under a fluorescence microscope. The cells 

were further diluted with B27/neurobasal/0.5 mM glutamine medium to a plating density 

of 4 23.2*10  cells / 2 cm  in a solution with a volume of 0.4 ml dispensed over a 22 cm  

substrate. 

 

The cells were then incubated for 4 hours at 37°C in a 5% CO2 incubator. The 

medium was then removed from the cells, leaving a small volume to ensure that the cells 

did not dry out. Pre-warmed medium was then added and the cells were then kept at 37°C 

in a 5% CO2 incubator. The medium was then changed at day 5, while for a longer period 

of cultivation, 50% of the medium was replaced with fresh, pre-warmed medium every 3-

4 days 36. Cell death is generally observed from day 1-5, and this is a normal occurrence 

which does not necessarily compromise the end result of the experiment.  

 

4.4.2. Cell Culture of Live Primary Embryonic Hippocampal Cells Isolated 

from the Rat 

 

In addition to the use of cryopreserved primary embryonic cortical cells, live 

primary embryonic hippocampal cells were also used. The substrate preparation for these 

cell types was identical to the one used for cryopreserved neurons, previously described 

in section 4.4. The tissue culture protocol, on the contrary, was substantially different and 

more complicated, as here described. Cells in the form of embryonic brain tissue 

(PC35101; Neuromics, Inc.) extracted from the day 18 (E18) embryonic Sprague/Dawley 

or Fischer 344 rat brain were stored at 4°C and shipped immersed in shipping medium – 

a proprietary formula containing water, aminoacids and vitamins. Upon plating, an 

enzymatic solution was made to dissolve the extracellular matrix. The enzymatic solution 

was made by mixing 2 ml of shipping medium with 4 mg of papain (P4762; Sigma 

Aldrich Corp.) – with no addition of B27 – and it was followed by filtering of the 

solution with a 0.2 μm filter after adding papain, to ensure preservation of sterile 

                                                 
36 Repeated thermal cycling of the medium was avoided, and only the volume required was transferred and 

thermally cycled at each procedure. 
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conditions. Subsequently, 2 ml of shipping medium were removed from the tissue tube to 

a 15 ml sterile tube, and replaced by 2 ml of enzymatic solution, to dissolve the 

extracellular matrix in the tissue. The tissue was then incubated for 30 minutes at 30°C 

and subsequently the enzymatic solution was removed, without removing the tissue, 

adding back 1 ml of medium contained temporarily in the 15 ml tube. A 1 ml pipettor 

with a sterile blue plastic tip or a silanized 9-inch Pasteur pipette with the tip barely fire 

polished 37 was used to triturate the tissue. This procedure is aimed at dissecting tissue 

clumps by passing them repeatedly through a pipette to dissociate cells for culture, and 

was here administered by sucking the tissue with the medium into the pipette and 

immediately dispensing the contents back into the same container, taking care not to 

create bubbles. This trituration step was repeated about ten or more times, until most of 

all the cells were dispersed. Undispersed pieces were allowed to settle by gravity for 1 

min.  

 

The dispersed cells (supernatant) were then transferred into the 15 ml tube at this 

time containing only 1 ml of medium from the procedure described in the previous 

paragraph, and the cells were gently mixed by swirling. The cells – at this point stronger 

than the cryopreserved ones described in section 4.4.1, were then centrifuged at 1,100 

rpm (200 xg) for 1 minute. The supernatant was discarded, while being careful not to 

remove any of the cells from the cell pellet; the tube was flicked a few times to loosen the 

cell pellet, and was then resuspended in 1 ml of a freshly made B27/neurobasal/0.5 mM 

glutamine medium, prepared according to the guidelines set forth in section 4.4.2 above. 

The cells were then pipetted up and down a few times, carefully avoiding direct contact 

with air bubbles, which would poison them and damage their membranes. 20 μl of cell 

solution were then separated as aliquot and then mixed with 20 μl of 0.4% trypan blue 

dye, to perform cell counting on a hemocytometer. The cells were further diluted with 

B27/neurobasal/0.5 mM glutamine medium to a plating density of 4 23.2*10  cells / 2 cm  

in a solution with a volume of 0.4 ml dispensed over a 22 cm  substrate. 

                                                 
37 Fire-polished pipettes are preferred because this treatment removes any asperity which would otherwise be 

found in the bevel of the pipette and which could perforate the cellular membrane. 
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The cells were then incubated for 4 hours at 37°C in a 5% CO2 non-humidified 

incubator. After 4 days, the medium was then removed from the cells, leaving a small 

volume to ensure that the cells did not dry out. Pre-warmed medium was then added and 

the cells were then kept at 37°C in a 5% CO2 incubator. The medium was then changed at 

day 5, while for a longer period of cultivation, 50% of the medium was replaced with 

fresh, pre-warmed medium every 3-4 days 38. Again, cell death is generally observed 

from day 1-5, and this is a normal occurrence, which does not necessarily compromise 

the end result of the experiment.  

 

4.4.3. Cell Culture of Live Primary Embryonic Cortical Cells Isolated from the 

Rat 

 

In addition to the two cell culture protocols described above, live primary 

embryonic neuronal cells extracted from the cortex – cells in the form of embryonic brain 

tissue (PC35102; Neuromics, Inc.) extracted from the day 18 (E18) embryonic 

Sprague/Dawley or Fischer 344 rat brain – were also used. The substrate preparation for 

these cell types was identical to the one used for cryopreserved neurons, previously 

described in section 4.4, and the tissue culture preparation was identical to the one 

illustrated in section 4.4.2. 

 

4.5. Cellular Electrophysiology Paradigm 

 

The occurrence of action potentials in neurons cultured in vitro is not a 

spontaneous phenomenon, but it is often induced by either chemical or 

electrophysiological means. Action potentials can be elicited chemically by increasing 

the extracellular potassium concentration [50]; the higher extracellular potassium 

concentration leads to a reduction of the concentration gradient that drives potassium out 

of the cell, therefore shifting the intracellular potential to a more positive value at rest. An 
                                                 
38 Repeated thermal cycling of the medium was avoided, and only the volume required was transferred and 

thermally cycled at each procedure. 
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increase in resting potential leads to higher excitability of the cell, therefore increasing 

the probability to reach the threshold potential needed for the initiation of an action 

potential. Despite the apparent simplicity of this method to control electrophysiological 

activity at the cellular level, it is found that small increases in potassium concentration 

may elicit an increase in membrane excitability, while greater increases lead to a decrease 

in excitability [50]. In light of the relative difficulty to control for the appropriate 

concentration to obtain maximal excitability, which is also found to be cell-type 

dependent, we opted in this thesis to elicit action potentials by electrophysiological 

stimulation – a more easily controllable and more finely tunable method, in light of the 

combination of hardware and software here developed. 

 

The application of a local electric pulse on the cell membrane with a voltage 

exceeding the membrane dielectric strength leads to electroporation – a reversible 

permeabilization of the lipid bilayer, which constitutes the cell membrane, leading to the 

creation of transient aqueous pores on the membrane. As a result, the transmembrane 

electrical resistance is dramatically reduced and extensive transport of molecules 

generally occurs between the intracellular and the extracellular milieu [51]. This 

generalized increase of permeability – often used in transfection studies as a way to 

introduce macromolecules, genes, markers or viral agents in the intracellular space – 

leads to a reduction of the resting potential, which contributes to make the cell reversibly 

more excitable [52].  The associated decrease in transmembrane electrical resistance in 

turn leads to higher susceptibility to capacitive coupling between the electrode, the 

medium immediately above the electrode surface and the cell adhering onto the substrate 

and the electrode. The resulting efficiency of the transfer of energy from the integrated 

circuit comprising the multiple electrode array and the cell is therefore enhanced in all 

those conditions where the dielectric membrane acting as a capacitor is mechanically 

impaired. 

 

The efficacy of this technique for in vitro experimentation using multiple 

electrode arrays is documented by many studies – amongst which the ones by Jimbo et al. 
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[21] and Gross et al. [32], which also show that excessive electrical stimulation may be 

harmful to cells and may lead to synaptic modification and reduced cell adhesion.  

 

The specific electrical stimulation here used was based on previous recent studies 

obtained by Patolsky et al. [53], and consisted in biphasic train pulses with a duration 

varying in the range between 500 μs and 500 ms, and with a variable amplitude between 

± 0.4 V and ± 0.9 V. No direct control on the depolarizing current was possible, in light 

of the equipment here used for the stimulation, which relied on voltage control. The 

biphasic train pulse was injected immediately before the onset for the recording of the 

electrophysiological activity of the cell, with no overlap of the stimulation and recording 

phases. Figure 88 illustrates the setup used for the electrophysiological experimentation. 

 

No direct evidence of cell damage or of significant reductions in cell adhesion 

was observed subsequent to biphasic train pulse injections.  

 

The electrophysiological study here described was undertaken in conjunction with 

temperature variations of the recording locus, to investigate the operation of the device in 

relation to the known influence of temperature over cell bioelectric activity, documented 

by a number of studies [4, 54, 55]. These studies document a reduction in spike frequency 

and amplitude at lower temperatures, which is generally reversible and results in an 

increase of physiological spike frequencies and amplitudes as soon as the temperature of 

the chamber is increased again (Fig. 4 A-C and Fig. 6 in Gross et al., 1982). 

 

For this purpose, a heating bath was connected to the device stage in order to 

remotely control for the temperature on the recording locus (Figure 5 and Figure 33 B, 

Chapter 3). This setup was preferred in light of its reduced noise and power density on 

the recording locus, compared to electrical heaters directly coupled to the stage, or to 

resistive heaters which are often used in close proximity to the chamber and in 

combination with the perfusion of the medium solution 39. 
                                                 
39 For example, the TC 01/TC 02 PID-based temperature controller used in conjunction with an electrically-

resistive perfucion cannula, by Multi Channel Systems MCS GmbH. 
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A-K. Electrical integration of the electrophysiological device for recording and stimulation setup. Note 

Faraday shielding in A and in G, which was used to reduce electromagnetic interference. 

 

4.6. Cellular Viability Assays Using Fluorescensce Optical Microscopy 

 

Viability assays were performed on both controls, as well as – in some occasions 

– on cells cultured on the electrophysiological devices, to determine if the extent of 

outgrowth was satisfactory, and to identify the position of the cells on the underlying 

recording array with respect to a fixed reference, for the purpose of selecting the 

individual device channels to record from. When live/dead molecular probes cell viability 

kits (i.e.: L7013; Invitrogen, Corp.) were used on cells seeded onto the device, the 

concentration was kept at a subthreshold level (at a concentration equal to 1/4 of the 

recommended concentration) to minimize the disruption on cellular metabolism exercised 

by the fluorescent dye on the cells. Live/dead molecular probes were otherwise used at 

full concentration in other viability assays, which weren’t used for electrophysiological 

measurements. 

 

Live/dead reagent stock solutions are comprised of two components: calcein AM, 

at 4 mM in anhydrous dimethyl sulfoxide (DMSO) and ethidium homodimer-1 at 2 mM 

in 2DMSO:H O 1:4 . These were thawed and allowed to warm to room temperature. 20 

μL of the 2 mM EthD-1 stock solution supplied in the kit were then added to 10 mL of 

sterile, tissue culture–grade PBS, vortexing to ensure thorough mixing. This leads to a 4 

μM EthD-1 solution. 

 

5 μL of the supplied 4 mM calcein AM stock solution were then mixed with the 

10 mL EthD-1 solution previously obtained, vortexing the resulting solution to ensure 

thorough mixing. The resulting approximately 2 μM calcein AM and 4 μM EthD-1 

working solution was then added directly to cells. The final concentration of DMSO was 

lower than 0.1%, a level generally innocuous to most cells. Since aqueous solutions of 

calcein AM are susceptible to hydrolysis, the working solutions were used within a day 

of their initial preparation. 
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In order to reduce the invasiveness of the molecular probes on the cell cultures to 

be used in the electrophysiological experiment, propidium iodide stains were used to 

mark dead cells only, without affecting live cells. Cells were rinsed twice with PBS; 

propidium iodide (P3566; Invitrogen, Corp.) – a popular red-fluorescent nuclear and 

chromosome counterstain – was used to stain the cells. Since propidium iodide is not 

permeant to live cells, it was also commonly used to detect dead cells in a population. 

From an aqueous stock of 4.6 ml/ml propidium iodide, 15 μl (1:100 dilution of the stock) 

of fluorescein diacetate (F7378; Sigma Aldrich, Corp.) from an acetone stock of 15 

mg/ml were added into 1.5 ml of Hanks' Balanced Salt Solution (HBSS) at a dilution of 

(1:100) (14175-145; Invitrogen, Corp.). 40 μl of the resulting solution were then added to 

each multiple electrode array with 0.4 ml HBSS (further 1:100 dilution).  

 

4.7. Osmotic Shock Treatment Followed by Trypsination for Cell Termination, 

Detachment and Device Re-Deployment 

 

In order to efficiently redeploy the built devices for multiple experiments, the cell 

culture monolayers were shocked osmotically by flowing a solution of DI water 

immediately followed by a solution of PBS, therefore leading to the rupturing of the cell 

membranes. A 0.2 mg/ml solution of trypsin (15050-057; Invitrogen, Corp.) was then 

flowed through the substrate. Trypsin is a protease generally secreted into the intestine – 

a class of enzymes, which acts to hydrolyse proteins into smaller peptides or amino acids. 

Trypsin also catalyses the hydrolysis of peptide bonds. This enzyme was used in order to 

digest the cellular membanes present on the substrate, therefore enabling the 

redeployment of the built devices for additional experiments. 
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CHAPTER FIVE 

RESULTS. MEASUREMENTS OF ADHESIVE FORCE, STRAIN ENERGY AND 

STRAIN POWER FOR NEURONS ADHERING ON A SUBSTRATE 

 
This chapter is organized around three main sections – (i) a qualitative description 

of the interaction of the neuronal cells with the substrates comprised of freestanding 

nanowires, based on scanning electron microscopy (SEM), (ii) an analysis of neuronal 

adhesion on the interface substrates covering a mechanistic and metallurgical point of view, 

complemented by a description of the optics used to measure deflection and force, (iii) the 

description of the results on cell adhesion, subdivided between a morphological description 

of the cells adhering onto the freestanding nanowire substrates, and the measurement of 

cellular adhesive force, strain energy and strain power. 

 

5.1. Interaction of Neuronal Cells with Freestanding, Vertically-Aligned 

Nanowire Substrates 

 

The interaction of neuronal cells with vertically-aligned nanowire substrates was 

characterized by scanning electron and fluorescence microscopy as positive, leading to 

extensive cell spreading and diversification 1 or 2 days after seeding. All the microscopy 

reveals a thorough extension of filopodia – bundles of actin filaments – in the outward 

direction with respect to the cellular nucleus and ahead of the rest of the cell, to probe the 

cellular upcoming environment. A similar extension is also generally regarded to be 

responsible for the occurrence of cell motility – the movement of cells across the substrate 

or within a tissue. Figure 89 illustrates a typical micrograph for glia cells, while Figure 90 

documents the diversification process for neurons. 

 

The main cell line used in this chapter consisted of live primary embryonic 

hippocampal neurons isolated from the rat. All the results described in this section were 

gathered using the same batch of cells provided by Neuromics, Inc., as described in  

Section 4.4.2. of this thesis. The substrates, comprised of freestanding aligned nanowires, 

were coated with proteins to promote cell adhesion, as described in section 4.4. of this 
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thesis. The initially suspended neurons used in this study had a spherical morphology with 

a diameter ranging between 2.5 μm and 3.5 μm. The following two paragraphs describe the 

current model generally accepted by the scientific community for cell adhesion. 

 

 
Figure 89. Scanning electron micrographs illustrating the diversification of glia cells on the substrate. 

Nanowire pulling and partial bending on the perimeter of the cell membrane is clearly visible. 

 

In order to remain alive, the neurons – similarly to all cells – must attach to the 

substrate and diversify, developing a polarity via preferential spreading in selected 

orientations. This process at the microscale occurs concurrently with respect to protein 

adsorption, desorption, diffusion and to changes in conformation on the surface, which 

occur at the nanoscale. The very nature of the interactions occurring at the nanoscale 

determines the nature and the overall result of cell adhesion and diversification, as was 

described elsewhere [1]. We here summarize the intricate and dynamic process 

undertaken by a cell in order to adhere on a substrate, where integrins – a variety of 

glycoproteins found on cell surfaces – play a pivotal role by binding their extracellular 

heads to ligands in extracellular matrix proteins – in this case to poly-lysine. Upon 

binding, the legs of the integrins undertake a conformational change which is transmitted 

to the intracellular side of the cell membrane, where the signal is transmitted to the actin 

cytoskeleton [2]. Without attachment to the cytoskeleton, a cell adhesion protein that is 

tightly bound to a ligand would be in danger of being hydrolyzed by extracellular 

hydrolytic enzymes that would rip out the adhesion protein from the fragile cell 

membrane.  
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Figure 90. Scanning electron micrographs illustrating the diversification of neurons on the substrate; 

nanowire pulling and partial bending on the perimeter of the cell membrane can be clearly noticed. 
 

Subsequent to the transmission of the signal to the cytoskeleton, other integrins 

are recruited to the area and clustering occurs [3-6]. Integrin clustering is mirrored by the 

intracellular clustering of cytoskeletal and cytoplasmic proteins that anchor to the 

adhesion site and therefore result in a remodeling of the actin cytoskeleton [7]. This 
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process leads to the formation of focal adhesion complexes – dynamic structures 

involving different intracellular signaling proteins, transmembrane integrins and 

extracellular proteins as the structures mature. Focal and adhesion complexes are the 

areas of closest approach between the cell membrane and the surface, they form structural 

links between the extracellular matrix and the cellular cytoskeleton and they move to 

enable cell migration and the formation of extracellular matrix [8]. 

 

In this study, many neuronal cultures were grown for up to 20 days on a large array 

of samples comprised of freestanding, vertically aligned nanowires (Chapter 3). Appendix 

5 documents a subset of scanning electron micrographs obtained from these substrates. 

Figure 91 illustrates a set of fluorescence optical micrographs showing that the cells are 

alive and diversify extensively over time (see also section 4.6 of this thesis). 

 

 
Figure 91. Reflection fluorescence optical micrographs illustrating that the neurons are alive (Live/dead 

molecular probes by Invitrogen, Corp.; green = alive, red = dead), showing extensive diversification on the 

substrate. A. Hippocampal neuronal cells a few hours immediately after culture (day 01 after seeding). The 

cells float in the solution and are not yet adhered on the substrate B. Hippocampal neuronal cells 10 days 

after seeding show extensive diversification and dendritic growth. 
 

The direct observation of multiple samples grown for variable durations led to 

outline the growth mode for neurons, which is illustrated in Figure 92. 
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Figure 92. Diagram illustrating the progression of cell adhesion and diversification on the freestanding, 

vertically-aligned nanowire substrates used in this study (red indicates the nucleus, grey indicates the 

cytoplasm). The diagram was drawn directly based on the average cell conformation for each class of 

samples analyzed via microscopy. The represented nanowire deflection accurately portrays the deflection 

observable in the selected micrographs. The specific growth rate is related to the substrate preparation and 

protein coating which was used in this study, as described in Chapter 4. The diagram highlights a higher 

number of pulled nanowires concentrated in proximity to the portions of cellular membrane with higher 

curvature.  

 

The diagrams in Figure 92 show that the cellular adhesive force is exerted on the 

substrate by local disruptions in nanowire alignment and by local mechanical damage to the 

individual nanowires. In addition, the micrographs in Figure 90 and the diagram in Figure 

92 show that the strength of attachment is not uniform along the cellular perimeter, but on 

the contrary it is concentrated primarily in the portions of the cellular membrane with 

higher curvature. This non-uniformity is caused by the general inhomogeneity of the local 

adhesion sites and of the adhesive protein densities found in many different cell lines 

between the different portions of the cell membrane, and is a key factor in the development 

of cellular polarity (i.e., the creation of a main or of multiple axes of symmetry) and 

diversification. 

 

In this study, we address this non-uniformity in cellular adhesion force field and 

the resulting discrepancy between the orientation of the deflected nanowires at three 
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different levels of analysis, as illustrated in Figure 93. At the neuronal level, a lower limit 

of the adhesive force field is calculated in aggregate by the summation of the forces 

exerted to plastically deform the nanowires on the cellular perimeter. At the dendritic 

level, a lower limit of the adhesive force field is calculated by the summation of the 

forces exerted to plastically deform a distinct subset of nanowires which are all bent 

converging towards a common center of force G. At the focal adhesive level, it is 

possible to identify individual nanowires bent under the effect of the force field, and to 

study the force field leading to the deformation of each single nanowire. 

 

 
Figure 93. Levels of analysis for the study of cellular adhesion force field in neurons. A. At the neuronal 

level, it is possible to establish a lower limit for the aggregate adhesive force exerted by the cell on the 

substrate, which is provided by the summation of the forces used to plastically deform each individual 

nanowire. B. At the dendritic level, it is possible to identify a subset of plastically deformed nanowires 

which are distinct from the surrounding portions of the cellular membrane and which are all converging 

towards a common center of force G. C. At the focal adhesive level, it is possible to identify individual 

nanowires bent under the effect of the force field, and to study the force field leading to the deformation of 

each single nanowire. This analysis at the focal adhesive level was conducted at a magnification greater 

than 10,000X. 
 

When considering the cell in the vertical projection, it was possible to determine 

that the mode of cell adhesion on the substrate occurred primarily in one fashion, 

represented in Figure 94 A-B. Cell spreading from the center of the cell to the outer 

medium occurred by subsequent anchoring of the cell on selected nanowires in proximity 

to focal adhesion sites, and by pulling and bending those nanowires towards the center of 

3μm 3μm 750 nm 
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G
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the cell. The pulling and bending force was likely caused by the collagen fibers, which 

constitute the main architecture of the cytoplasmic milieu, providing a scaffold for the 

intracellular organelles, as well as for active transport mediated by proteins within the cell.  

 
 

Figure 94. The mechanical response of the substrate was calibrated to match the force field exerted by the 

cell adhering on the substrate. This diagram represents a cross section of the cell and of the nanowire array 

taken by slicing the substrate along an orthogonal plane which intersects the cell in correspondence of its 

nucleus. A-B. The cell generally adhered on the substrates and started spreading from the center toward its 

periphery by anchoring to selected loci (Figure 92 D) on the nanowire tip. C. In rare cases, the mechanical 

cellular adhesion was too strong compared to the load bearing capacity of the nanowire substrate. When 

this was indeed the case, cell detachment generally occurred, ultimately leading to cell death. 
 

The mechanical response of the substrate was calibrated to match the mechanical 

force field exerted by the cell adhering on the substrate. This calibration was performed by 

testing of various substrates obtained with different recipes and different nanowire diameter 

in the context of multiple cell adhesion experiments.  
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In rare cases, the mechanical cellular adhesion force field was too strong compared 

to the load bearing capabilities of the substrate. This condition is illustrated in Figure 94 C 

and generally led to cell detachment, ultimately leading to cell death (Figure 95). This set 

of conditions was found only in sporadic cases, concentrated during the time between cell 

seeding and day 5 after seeding.  

 

 
Figure 95. Scanning electron micrograph illustrating cell detachment, which occurred in rare cases, between 

day 1 and day 5 after seeding. This condition led to cell death and was ascribed to a mechanical cellular 

adhesion force field which was too strong compared to the load bearing capabilities of the substrate. 

 

In order to control the influence on cell morphology exerted by the substrate 

topography on cell growth and diversification, multiple experiments were performed on 

glass substrates which were coated with poly-D-lysine and laminin in the exact manner as 

the one described in paragraph 4.4, Chapter 4. Figure 96 illustrates the average result for 

hyppocampal neuronal cells on glass substrates. Together with a thorough body of  

additional evidence, this micrograph illustrates a strong similarity between the reaction of 

neuronal cells to either flat glass substrates or to vertically aligned nanowire substrates. 
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Additional controls were performed for cells cultured on freestanding vertically 

aligned nanowire substrates and dried at three different rates, using solutions which 

featured sharply different vapor pressures; these experiments were inconclusive in 

determining any noticeable difference in the topography of the nanowire substrates used for 

this study across the three drying conditions. In addition, thorough controls were conducted 

to investigate the influence of cell drying on the morphology of the neuronal polulations, 

and this was found to be unaffected by variations in drying protocols 40. No disruption in 

the cellular membrane was detected using scanning electron microscopy, and no 

apppreciable variation in average volume was found across the cells cultured at each given 

day. 

 

 
Figure 96. Scanning electron micrograph illustrating cell adhesion onto planar glass substrates, which 

illustrates a similar morphology between the cells grown on glass substrates and the ones grown on 

freestanding nanowires, illustrated in Figure 90. 
 

5.2. Mechanical Transduction of the Adhesion Force Field for Neuronal Cells 

 

In this section we partly follow the approach pursued by  Cristopher S. Chen and 

colleagues  [9-11], described in section 2.7.4 of this thesis, which led to the isolation of the 

mechanical force used for a cell to adhere to a substrate. These authors created patterned 
                                                 
40 A supercritical Automegasamdri chamber by Tousimis, Inc. was used to conduct this experiment: the 

substrates were inserted in the chamber in a solution of ethanol, which was then sealed and subject to cycles 

of high pressure CO2 followed by cycles at increasingly lower pressure, until the entire contents in the 

chamber in the liquid phase were turned into vapor.  
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elastic substrates made of vertically-aligned high aspect ratio PDMS posts with micron-

sized diameter to investigate adhesion force, which varied proportionally as a function of 

the elastic deflection of these structures. Differently from these authors, however, we here 

introduce a method based on the elastoplastic deformation of the force-transducing 

element, which in the case here described consists of a high aspect ratio copper nanowire 

coated with a thin layer of gold for biological viability. While Chen and colleagues used a 

method to transduce cellular ashesion force as a function of the elastic displacement of 

elastic micron-sized posts, in this study we rely on the plastic deformation of elasto-plastic 

copper nanowires to transduce cellular adhesion force on the substrate. 

 

In the following sections we investigate the structural mechanics, the metallurgy 

and the optics that are relevant to accurately monitor cellular adhesion force on a substrate 

of force-transducing nanowires. 

 

5.2.1. Mechanics of Nanocrystalline Copper Comprising the Force-Transducing 

Freestanding Nanowires 

 

For the purposes of the present discussion, we neglect the thin layer of gold on the 

nanowires, which was obtained by electroless plating, as described in section 3.12 and in 

Figure 46, Chapter 2 of this thesis. This is indeed the case because the gold coating of 

about 10 nm in thickness was not intended to introduce any load-bearing capacity, but on 

the contrary was only intended for biological viability, since gold is chemically inert, and 

therefore prevents the corrosion of the copper nanorods, ultimately inhibiting the release 

of toxic redox chemical byproducts into the cellular milieu. Once the gold coating is 

neglected, the study of the force-transducing freestanding element may be simplified to 

the mechanical bending deformation of copper nanorods anchored to the alumina 

template located at the bottom of the hierarchically-structured substrate. The following 

paragraphs on mechanics refer extensively to Craig, 1996 [12], to Housner and Vreeland 

[13] as well as to Timoshenko and colleagues [14, 15]. 
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5.2.1.1.    Bending 

 

From a mechanical standpoint, the force-transducing freestanding nanowires can 

initially be modeled after a cylindrical cantilever beam with uniform cross-section, 

subject to a bend test, in the absence of torque, as specified by the American Society for 

Testing and Materials (ASTM) standards [16, 17]. It is important to notice that it would 

otherwise be inappropriate to model the force-transducing freestanding nanowires after a 

three-point bending test, in light of the geometrical constraints provided by the alumina 

substrate supporting the nanowire on one end, and by the freestanding nanowire tip on 

the opposite end. Figure 97 provides a series of schematic illustrations for the case of 

pure bending exercised on a freestanding cylindrical cantilever. 

 

In the elastic regime, it is possible to relate the bending force to the angle of 

deflection, therefore using the deflection of the nanowire as a direct measure of the force 

being applied to it by the cell [9]. For a cylindrical beam undertaking a bending test, the 

following analytical formula has been established [18], as derived in Appendix 6: 

 

3

3
p

vertical

EIP e
L

=   

Equation 2 

 

where P , E , I , verticalL  and pe  are respectively the bending force, Young’s modulus, the 

moment of inertia (
4

4
rI π

= , for a cylindrical beam [15]), the length and the resulting 

deflection of the post, measured in radiants. Figure 97 also describes the bending of a 

cylindrical beam in the plastic regime, highlighting the interface between the elastic and the 

plastic regions of the beam undertaking deformation. 
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Figure 97. Bend test of a cylindrical freestanding cantilever subject to elastic and plastic deformations. A-

D. analysis of the normal stresses in the beam. A. A cantilever AB of length L is subject at its free end A to 

a concentrated load P (F bending). The largest value of the bending moment occurs at the fixed end B and 

is equal to M = PLvertical. B. As long as this value does not exceed the maximum elastic moment Mγ, that is, 

as long as PLvertical ≤ Mγ, the normal stress σx will not exceed the yield strength σy anywhere in the beam. C. 
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As P is increased beyond the value 
vertical

M
L

γ , yield is initiated at points B and B’ and spreads toward the free 

end of the beam. D. Assuming the material of a bulk macroscopic cylindrical freestanding cantilever is 

elastoplastic, and considering a cross section CC’ located at an arbitrary distance from the free end A of the 

beam, it is possible to define a parabola delimiting the boundary between the elastic and the plastic zones. 

As long as PLvertical ≤ Mγ, the parabola defined above intersects the line BB’; however, when PLvertical 

reaches the value PLvertical = Mp, where Mp is the plastic moment, the vertex of the parabola is now located 

in section BB’, and this section has become fully plastic. The radius of curvature of the neutral surface at 

that point is equal to zero, indicating the presence of a sharp bend in the beam at its fixed end. A plastic 

hinge therefore develops, and the load p

vertical

M
P

L
= is the largest load which can be supported by the beam. 

The apical portion of the beam illustrates the presence of dislocations – generally distributed in a 

conventional metallic sample. In the elastic regime, the number of dislocations remains constant, while 

their position may vary. In the plastic regime and for a polycrystalline metal of conventional grain size, the 

dislocations multiply – a process generally known as work hardening. For a nanocrystallyne metal, instead, 

the dislocations structures are quite different, as described in the following section 5.2.2. E. Distribution of 

the shearing stresses in a section which is partly elastic. As the cross-sectional area of the elastic portion of 

the section decreases, τmax increases and eventually reaches the yield strength in shear τy. A more detailed 

analysis of this mode of failure should take into account the combined effect of the normal and shearing 

stresses. F. The shear stress distribution on a circular cross section, showing that the shear stresses at a line 

AA’ are not parallel to the y axis of the circular cross section and therefore cannot be determined easily by 

the shear stress formula VQ
It

τ =
%

. However, across the neutral axis (diameter) of the circular cross section, 

the theory of elasticity shows that the elementary solution VQ
It

τ =
%

is quite accurate. G. Moment-curvature 

diagram for a beam of elastoplastic material, which has a region of linear elasticity between regions of 

perfect plasticity. D-E were adapted from Beer et al. [19], F-G adapted from Craig, 1996 [12]. Appendix 7 

defines several of the terms used in this caption. 

 

Appendix 7 derives the flexural strain energy for an elastic beam, which is given by: 

 
2

0

1
2

L M dxV
EIσ = ∫   

Equation 3 

 

and the shear strain energy due to the transverse energy is given by: 
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2

0

1
2

L sf V dxV
GAτ = ∫
%

, 

Equation 4 

where the terms are described below. 

 

Given the bend test of the cylindrical cantilever subject to a load P, as represented 

in Figure 8, Equation 3 and Equation 4 above can be simplified in the following form: 

 
2 3

6
verticalP LV
EIσ =  

Equation 5 

2

2
s verticalf P LV

GAτ =  

Equation 6 

 

In Equation 3 and Equation 4 above, M identifies the bending moment, 

V% identifies the shear force defined as dMV
dx

=% ,  A is the cross-sectional area and G is the 

shear modulus. In the case of a circular cross-section for a cylindrical beam, we have that 

the value of sf is equal to 10
9

. The derivations in Appendix 7 have been conducted based 

on the assumption that the mechanical action exerted by the cells onto the nanowires is 

fully stored as strain energy (i.e., linear elasticity), and that no dissipation – i.e., in the form 

of heat – occurs during the process. 

 

As was shown at the end of Appendix 7, for high aspect ratio beams we find that 

V
V
τ

σ
 is generally negligible. In these cases, therefore, we find that shear deformation can 

be neglected, while it becomes important in the case of stubby beams. Since the 
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nanowires used in this study for force transduction featured a very high aspect ratio, we 

neglected shear stain energy and used the following approximation: 

 
2 3

6
vertical

bending
P LV V

EIσ= =&  

Equation 7 

 

All the equations above were derived under the assumption of a single elastic 

nanowire bent in elastic, non plastic mode. 

 

For the case of plastic deformation, which indeed occurs in the set of experiments 

described in this thesis, Equation 2 and Equation 7 provide a lower limit respectively for 

bending force and bending energy of a single, plastically-bent nanowire. 

 

5.2.1.2.    Tension 

 

Subsequent to a more detailed analysis, it is possible to realize that pure bending 

is only one aspect of a more complex mechanical behavior which is also governed by 

uniaxial tension, occurring concurrently or immediately following nanowire bending 

caused by the cellular extroflections on the substrate. In this light, it is therefore possible 

to approximate the mechanical behavior of the nanowires under scrutiny to a bending 

cantilever and a linear spring connected in series. The following portion of this section 

investigates the tensile behavior of the nanowires. 

 

Given the definition of stress ( )( )
( )x

F xx
A x

σ = in a uniaxial tensile experiment where 

( )x xσ and ( )A x are known, it is possible to deduce ( )F x  – both for elastic as well as for 

plastic materials. For elastic materials, it should be possible to measure ( )x xσ as a 

function of the strain xε  for a material with known Young’s modulus E. In our case, 

however, the nanowires are clearly deformed plastically by the adhesion force of the cells. 
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This is so high as to sometimes fracture the nanowires. We can therefore use the ultimate 

tensile stress for each fractured nanowire in order to measure a lower limit in the tensile 

force exerted by the cells on the nanowires comprising the substrate. 

 

In addition, applying the elastic strain energy method, it is possible to derive the 

axial strain energy for the case of axial deformation, as described in the following 

paragraph. For a homogeneous material at any cross section (i.e., a material whose 

properties may vary along its main axis), Young’s modulus is equal to ( )E E x= . From 

the definition of strain, we have that: ( )( )
( )x

du xx
d x

ε = , where ( )u x is the displacement of 

the cross section at x. Given the definition of stress: ( )
( )x

F x
A x

σ =  where ( )F x is the 

internal force on the cross section at x, we can write that: 

 

F Aσ=  (or, using a different notation, P Aσ= , where P is the load) 
Equation 8 

 

and also that ( )dV A x dx= . The strain energy V can then be written as 0v
V V dV= ∫ , 

where 0V is the strain energy density, dV is the differential volume and V is the total 

strain energy. The strain energy above then becomes: 

 

2

0

1 ( ')
2

L
V EA u dx= ∫ , or 

2

0

1
2

L F dxV
EA

= ∫  

Equation 9 

  

For a uniform linearly elastic rod subject to an axial end load P, as the nanowires 

used in the present thesis, the above expression reduces to: 

 
2

2
initialP LV

EA
=  

Equation 10 
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This expression allows us to use the elastic linear strain energy for the axial 

deformation of each fractured nanowire in order to measure a lower limit in the elastic 

region for the tensile force exerted by the cells to plastically deform the nanowires 

comprising the substrate. 

 

Figure 98 illustrates the combined effect of bending and tension on a single 

nanowire, across multiple scenarios which differ between each other depending on the 

relative magnitude of the bending strain energy, compared to the tensile strain energy.  

 

Extensive scanning electron microscopy characterization led to determine that the 

mode of nanowire deformation exerted by a cell on the substrate is indeed the one 

represented in Figure 98 C, with minimal to non-existent deformation undertaken in the 

modes described in Figure 98 A-B. This is evident from the micrographs in Figure 90 and 

in Appendix 5.  

 

When bending and tension are considered in combination, as in the case of the 

experiment documented in Figure 89, Figure 90, Figure 92, Figure 93, Figure 94, it is 

reasonable to sum the bending and the tensile forces (respectively Equation 2 and 

Equation 8), where they are measurable, corresponding to the lower limit in the elastic 

regime of the force exerted by the cell on the substrate, which is found to plastically 

deform the nanowires. Correspondingly, the sum of the bending energy (Equation 7) with 

the linear strain energy (Equation 10), where they are measurable, can provide a lower 

limit for the actual aggregate elastic strain energy exerted by the cell to plastically deform 

each single nanowire both by bending and tension, where these two respective strain 

energies are measurable. This aggregate strain energy represents the maximum strain 

energy for an elastically deformed nanowire either in bending or in tension within the 

elastic, non-plastic regime, before reaching yield point.  
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Figure 98. Schematic representation of the relative influence of bending and tensile forces on a single 

freestanding nanowire subject to the interaction of both forces applied on the apical portion of the nanowire. 
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A. The bending force dominates the tensile force, which is in the elastic regime for the specific metal used 

in the nanowire. B. The bending force is still greater than the tensile force, which is however larger in 

modulus than in A and in the plastic domain for the specific metal used, therefore resulting in a net 

straightening  of the nanowire. C. The tensile force dominates the bending force. This results in a net 

straightening of the nanowire from an initially curved orientation. The straight morphology is maintained 

until the nanowire fractures. The orientation of the nanowire is defined by the angle α, which can be easily 

estimated by simple trigonometry as follows: sinverticalL AB α= ; sin verticalL
AB

α = ; 

1sin verticalL
AB

α − ⎛ ⎞= ⎜ ⎟
⎝ ⎠

. In the case of a straight nanowire as the one represented in C, we have that 

2
πφ α= − , therefore leading to cosverticalL AB φ= , which leads to: 1cos verticalL

AB
φ − ⎛ ⎞= ⎜ ⎟

⎝ ⎠
. 

 

At the dendritic level, bending and tension exerted by the cell on the nanowires 

resulted in the plastic deformation of multiple nanowires – all converging towards a 

common center of force G. In these cases, the discrete force resulting from bending and 

pulling was summed for all the nanowires which were partially deformed by the portion of 

cell under scrutiny. On the contrary, at the focal adhesive level, the bending and the tension 

action exerted by the cell were summed for each individual nanowire taken in isolation 

from the neighbouring ones.  

 

5.2.1.3.    Buckling 

 

Section 5.2.1.1 and 5.2.1.2 illustrate the mechanical behavior for the nanowires 

used to transduce cellular adhesive force onto a substrate. The accurate analysis of the force 

field exerted by the cell onto the underlying nanowires suggests that the mechanical force 

on these nanowires varies both over time (i.e., nr. of days after seeding) and over the 

position of the nanowires relative to focal adhesion sites (Figure 99). 

 

In proximity to focal adhesion sites, the cell exherts a bending and tensile force on 

the nanowires comprising the substrate; conversely, in regions adjacent to the focal 

adhesion sites, the cell exherts a compressive stress manifested by local nanowire buckling. 
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Figure 99. Diagram illustrating the variation of the mechanical force for the cells, relative to their position 

with respect to focal adhesion sites. A-B. In close proximity to focal adhesion sites, the cell exherts a bending 
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and tensile force on the nanowires comprising the substrate. A, C. Further away from the focal adhesion sites, 

on the contrary, the cell exerts a compressive stress which results in buckling of the nanowires. D. The 

buckling under compressive stress may be modeled by considering a pin-ended member with distributed 

flexibility. In this modeling option, the nanowire is loaded by an axial compressive force P applied by the 

pins; this model  is valid only under the following assumptions: (i) the nanowire is initially perfectly straight, 

and it is made of a linearly elastic material, (ii) the nanowire is free to rotate, at its ends, about frictionless pins 

passing through the centroid of the cross section, (iii) the nanowire is symmetric about the xy plane, and any 

lateral deflection of the nanowire takes place in the xy plane. E. The buckling can also be modeled by 

considering a member which is assumed to be perfectly straight and perfectly rigid. The torsional spring at B 

has a defined spring constant, so it produces a restoring moment that is directly proportional to the angle of 

deflection of member AB from the vertical.  
 

The buckling under compressive stress may be modeled using a pin-ended member 

with distributed flexibility (Figure 99D). Under this configuration, the critical load for an 

ideal nanowire is known as the Euler buckling load, and it corresponds to the solution of 

the differential equation governing the deflected shape of the pin-ended nanowire. The 

critical load is therefore given by the following expression: 

 
2

2cr
vertical

EIP
L
π

=  

Equation 11 

 

The assumptions to calculate this critical load, however, are unrealistic and cannot 

conceivably be applied to accurately describe nanowire bending under the boundary 

conditions present on the substrate. It therefore appears reasonable to use an alternative 

model which more accurately describes the conditions of the nanowire; the diagram in 

Figure 99 E illustrates the buckling of a rigid member pinned to a base and held by a linear 

torsional spring so as to produce a restoring moment that is directly proportional to the 

angle of deflection of member AB from the vertical. Using this simpler and more realistic 

approximation, it is possible to approximate the critical load as a function of the buckling 

deflection of the member, as follows: 
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cr
vertical

kP
L

θ=  

Equation 12 

 

where L is known, while kθ – the spring constant resisting to nanowire buckling – may in 

principle be experimentally measured using Hooke’s law applied to atomic force 

microscopy. 

 

It is important to highlight that this buckling action occurs underneath the cellular 

membrane, and therefore it is neither visible nor measurable using scanning electron 

microscopy. It therefore appears reasonable to limit the present discussion to the 

description of those measurable conditions generated by the cellular adhesive force field, 

underlining that other factors such as buckling may be considered in future studies for the 

purposes of a more thorough solution of the adhesive force and associated strain energies 

on the substrate.  

 

The following section investigates the metallurgy for the copper nanowires used in 

the transduction of adhesive force – an aspect of fundamental importance in order to 

quantitatively determine cellular adhesive force and associated strain energies on the 

substrate.  

 

5.2.2. Metallurgical Analysis of Nanocrystalline Copper Comprising the Force-

Transducing Freestanding Nanowires 

 

A detailed metallurgical analysis based on scanning electron microscopy of the 

copper nanowires comprising the array led to determine that these are formed of 

nanoscale granular crystals with an average diameter of 40 nm. As an example, Figure 

100 illustrates the individual crystals comprising the topography of the surface of 

nanowire crystallization. 
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Figure 100. Surface of copper crystallization in a nanowire grown within an alumina template (micrograph 

taken before electroless gold plating). Crystal growth was interrupted before the nanowire reached the 

opposite side of the template, and revealed a surface topography constituted of grains with an average 

diameter of about 40 nm. 
 

The mechanical behavior of copper nanocrystalline materials at room temperature 

is very distinctive and has been the object of multiple recent reports in the scientific 

literature [20-23]. At room temperature, microcrystalline metals and alloys generally 

undergo a nonrecoverable plastic deformation after the elastic regime, characterized by a 

gradual increase of the applied stress as a function of strain. This effect is common in the 

overwhelming variety of metals conventionally formulated and heat-treated, and it is 

referred to as work hardening – a phenomenon which is attributed to the continuous 

l1 

l2 

l1 ≈l2≈ 40 nm
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multiplication and entanglement of dislocations and therefore results in a decrease in 

ductility and toughness, which ultimately lead to damage and crack propagation [24]. An 

increasing body of experimental evidence coupled with simulation results has shown that 

these detrimental effects are suppressed in bulk nanocrystalline materials, where the grain 

size becomes smaller than the characteristic lengthscale associated with plastic 

deformation mechanisms – which are ascribed to the nucleation and the interaction 

between dislocations. According to Champion et al., three relevant length scales can be 

defined – the dislocation source length, the interaction distance between dislocations in a 

pile-up, related to the yield strength, and the mean free path of dislocations in the work-

hardening process [20]. In nanocrystalline materials, the grains are smaller than any of 

these lengths, which are themselves modulated by the intrinsic structural properties of the 

metal; in the case of nanocrystalline ductile metals (i.e., metals which would exhibit 

ductile behavior in conventional formulations), the dislocation activity is reduced and 

plastic deformation is assured by diffusional grain-boundary sliding. This fundamentally 

different structural and mechanical behavior is generally referred to with the term of 

elastoplasticity – the ability of a solid body subjected to external stress to undergo an 

initial elastic deformation with a linear dependence between the stress and the strain, 

followed by a plastic deformation at a constant Newtonian flow stress, characterized by 

the absence of work-hardening and neck formation. 

 

 According to this consistent body of experimental evidence, the grain size needed 

for copper to exhibit elastoplastic behavior at room temperature varies from 200 nm 

down to less than 40 nm  [20-23] – the average size of the grains which comprised the 

copper nanowires used to transduce force into displacement in the current experimental 

setup. At this small grain diameter, nanowire plasticity does not seem to be characterized 

by strain hardening, and dislocation motion and pileup have been shown not to be 

operative down to the average grain diameter of 40 nm. The yield point and the ultimate 

tensile stress for copper determined by Champion et al. using bulk nanocrystalline 

materials can be compared to experimentally-determined values measured by other 

authors or otherwise well established in the literature, as well as to results obtained via 
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molecular dynamics simulations, for either nanocrystalline copper or for conventional 

microcrystalline copper formulations. 

 

 
Figure 101. Schematic representation of a stress-strain curve for respectively nanocrystalline and 

microcrystalline materials. This plot is generally used to argue in favor of an elastoplastic behavior for 

nanocrystalline copper. The mechanical behavior of elastoplastic materials can be summarized as follows: 

as long as the stress σ is lower than the yield strength σy, the material behaves elastically and obeys 

Hooke’s law, Eσ ε= . When σ reaches the value σy, the material starts yielding and keeps deforming 

plastically under a constant load. If the load is removed, unloading takes place along a straight-line segment 

CD parallel to the initial portion AY of the loading curve. The segment AD of the horizontal axis represents 

the strain corresponding to the permanent set of plastic deformation resulting from the loading and 

unloading of the specimen. Adapted from Champion et al. [20] for the case of bulk nanocrystalline copper. 

 

 Table 8 provides a variety of values for yield strength and ultimate tensile 

strength in copper, while Table 9 provides values for shear modulus and shear strength 

for the same metal formulation; the ranges of values in these two tables can be observed 

to vary greatly, and in a manner which is directly related to at least the following three 

factors: (i) the material formulation tested, the sample preparation and the specific heat 

treatments used for such formulation; (ii) the specific parameters and equipment used in 
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the test itself, (iii) the assumptions made in the simulation of the results, where 

simulations were indeed used. 

  

Yield Strength, Young’s Modulus and Ultimate Tensile Strength for Copper 

(99.9 wt%) Material Formulations 

Author Material 

Formulation 

Tensile Yield 

Strength 

(MPa) 

Young’s 

Modulus 

(GPa) 

Ultimate 

Tensile 

Strength 

(MPa) 

Champion et 

al., 2003 [20] 

Microcrystalline 

Cu 

170 
(experimentally 

measured) 

≤ 100 
(experimentally 

derived) 

230 
(experimentally 

measured) 

Champion et 

al., 2003 [20] 

Nanocrystalline 

Cu 

∼ 400 
(experimentally 

measured) 

≤ 100 
(experimentally 

derived) 

385 
(experimentally 

measured) 

Lu et al., 

2004 [22] 

Coarse-grained 

Cu 

90 
(experimentally 

measured) 

20 
(experimentally 

derived) 

190 
(experimentally 

measured) 

Lu et al., 

2004 [22] 

Nanocrystalline 

Cu 

425 
(experimentally 

measured) 

106 
(experimentally 

derived) 

420 
(experimentally 

measured) 

Lu et al., 

2004 [22] 

Nanocrystalline 

highly twinned 

Cu 41 

960 
 

(experimentally 

measured) 

132 
 

(experimentally 

derived) 

1060 

(1.06 GPa) 
(experimentally 

measured) 

Schiøtz and 

Jacobsen [23] 

Nanocrystalline 

Cu 
(avg. diameter: 48.6 nm) 

2600 
(2.6 GPa) 

(molecular dynamics 

simulation) 

100 
 

(experimentally 

derived) 

1750 

(1.75 GPa) 
(molecular dynamics 

simulation) 

Schiøtz and 

Jacobsen [23] 

Nanocrystalline 

Cu 
(avg. diameter: 9.5 nm) 

1900 
(molecular dynamics 

simulation) 

89.5 

 
(experimentally 

2250 

(2.25 GPa) 
(molecular dynamics 

                                                 
41 Deposited by pulsed electrodeposition, a technique which permits electrolysis with a very high current 

density (several orders of magnitude higher than the one of DC electrolysis) for a short period of time, that is 

with a high deposition rate during the ON time. 
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(1.9 GPa) derived) simulation) 

Schiøtz and 

Jacobsen [23] 

Nanocrystalline 

Cu 
(avg. diameter: 4.7 nm) 

1400 

(1.4 GPa) 
(molecular dynamics 

simulation) 

50 
 

(experimentally 

derived) 

1625 

(1.62 GPa) 
(molecular dynamics 

simulation) 

C11000, 

reported in 

Callister, 

2001 [25] 

Electrolytic tough 

pitch Cu  

(hot rolled) 

69 
 

(experimentally 

measured) 

115 
 

(experimentally 

derived) 

220 
 

(experimentally 

measured) 

C11000, 

reported in 

Callister, 

2001 [25] 

Electrolytic tough 

pitch Cu  

(cold worked H04 

tempered) 

310  

 
(experimentally 

measured) 

N/A 345 
 

(experimentally 

measured) 

 

Table 8. Yield strength, Young’s modulus (also known as modulus of elasticity) and ultimate tensile 

strength for different copper (99.9 wt.%) material formulations at room temperature and atmospheric 

pressure. This table is intended to show the great variability in the different methods to prepare copper 

samples, test or otherwise simulate the properties of this material.  

  

Shear Modulus and Shear Strength for Copper (99.9 wt%) Material Formulations

Author Material 

Formulation 

Shear Modulus 

(GPa) 

Shear Strength 

(MPa) 

Callister, 2001 [25] Coarse-grained Cu 44-46 
(experimentally 

measured) 

42 
(experimentally 

measured) 

Crandall et al., 

1959 [26] 

Coarse-grained Cu 63.4 
(experimentally 

measured) 

N/A 

Peng et al., 2005 

[27] 

Coarse-grained Cu 42 N/A 

P. Heino, 2000 [28] Microcrystalline Cu 

 

N/A 1200-1400 

(1.2-1.4 GPa) 
(experimentally 
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measured) 

P. Heino and E. 

Ristolainen, 2001 

[29] 

Nanocrystalline Cu 13-17 
 

(molecular dynamics 

simulation) 

1600-2000 

(1.6-2.0 GPa) 
(experimentally 

measured) 
 

Table 9. Shear modulus (also known as modulus of rigidity) and shear strength for different copper (99.9 

wt.%) material formulations at room temperature and atmospheric pressure. This table is intended to show 

the great variability in the different methods to prepare copper samples, test or otherwise simulate the 

properties of this material.  

 

In this study we follow the results of Champion et al. for yield strength and 

ultimate tensile strength obtained by testing bulk nanocrystalline materials, and the 

results of Schiøtz and Jacobsen [23] obtained by testing nanocrystalline copper (avg. 

grain diameter: 48.6 nm). These two sets of results were experimentally obtained in a 

range of conditions which were most closely matching the ones used in our study (i.e., 

the average range in grain diameter was roughly compatible to the one used in the study 

presented in this thesis). Since we relied on the high aspect ratio of the nanowires 

transducing the force in order to simplify the solution for bending energy (Equation 7), 

we did not need any value reported in Table 9 for any computation related to shear strain.  

 

It is important to point out that some recent studies in the group of J.J. Borland 

and colleagues at Trinity College in Dublin-Ireland on nanowires subject to three-point 

bending using an atomic force microscope (AFM) have provided evidence which has 

been interpreted by these authors as a sign of work hardening and dislocation motion, 

therefore contradicting the results illustrated in Table 8 above [30-32]. In the following 

part of this section we demonstrate that this controversial body of evidence does not 

apply to the set of conditions used in the experimental portion of this thesis. 

 

First, the results reported to this date by Borland and colleagues do not discuss the 

case of the mechanical testing of nanowires made of copper, but rather the case of gold 

and silver nanowires. Although gold and silver share with copper the same cubic face-
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centered crystal structure and although these metals are part of the same group on the 

periodic table, it may be hazardous to generalize the outcome of a mechanical test 

undertaken at the nanoscale using gold or silver samples to the case of copper, in light of 

the increased dependency of such a test on electronic and thermal properties – which 

differ between the metals – compared to the case of a mechanical test undertaken on a 

bulk sample. In addition, the mechanics of a three-point bending test for a nanowire are 

intrinsically different from the ones described in section 5.2.1 used in this thesis. 

 

The paradigm used by Borland and colleagues in their tests relies on anchoring a 

metallic nanowire using electron-beam-induced deposition of Pt lines, followed by a 

lateral loading force exerted by an AFM tip on the nanowire. The lateral loading of the 

AFM tip onto the nanowire is exerted at very high speed: on average, in their studies, a 

nanowire with a diameter of 50 nm is hit by an AFM tip at a rate of 50 nm/s [30]. This 

rate is extremely high, and the authors do not mention specific information on the mass or 

otherwise on the force hitting the nanowire at such high rate. The lateral loading of the 

AFM tip onto the nanowires is performed multiple times, until failure occurs, effectively 

performing a fatigue experiment at high loading and unloading rates, which totally differs 

from both the uniaxial continuous loading used by the authors referred to in Table 8 [20-

23], and also differs substantially from the slow, continuous deformation exerted by the 

cells on nanowire substrates over many days, described in this thesis. 

 

The fatigue component of the tests performed by Borland and colleagues is also 

apparent by the fact that the piezo circuitry of a AFM moving laterally in scanning, not 

tapping mode does indeed have a resonant frequency and minimally oscillates along the z 

axis, often with an amplitude or a frequency which are outside of the resolution limits of 

the optics used in the AFM, but which are still significant compared to the nanowire 

diameter. This results in the action of lateral loading combined with a jig saw alternating 

loading, which indeed is more likely to create dislocations and subsequent work 

hardening in the nanowire. 
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In light of the points discussed above, therefore, the mechanical properties of the  

freestanding copper nanowires transducing cellular adhesion force are matched to the 

properties of bulk nanocrystalline materials tested by Champion et al., in light of the 

continuous loading at slow rates – compared to the experiments of Borland and 

colleagues – which characterizes both sets of conditions. The evidence on work-

hardening for copper nanocrystals provided by Borland and colleagues is dismissed as 

non-applicable to the geometrical constraints of the nanowires used in this thesis and in 

light of the cyclical fatigue loading used by these authors, which is inappropriate given 

the conditions used in the present study. 

 

5.2.2.1. Derivation of Force and Energy for the case of Aggregate 

Bending and Tension of Elastoplastic Freestanding Copper 

Nanowires  

 

The diagrams in Figure 97 G and Figure 101 for elastoplastic nanocrystalline 

copper are extremely useful and allow a considerable simplification of the expressions for 

bending force and bending energy. 

 

For a nanowire plastically deformed by bending and tension, we can express the 

aggregate force responsible for the case of elastic deformation as: 

 
single nanowire elastic

( ) ( )aggregate bending tension bending elastic tension elasticP P P P P= + = +   

Equation 13 

 

For a nanowire plastically deformed by bending and tension, we can express the 

aggregate force responsible for the case of plastic deformation as: 

 
single nanowire plastic

( ) ( )aggregate bending tension bending plastic tension plasticP P P P P= + = +   

Equation 14 
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The corresponding strain energy responsible for plastic deformation, on the 

contrary, can be expressed by the sum of the elastic and of the plastic deformations, using 

the following equation: 

 

( ) ( ) ( ) ( )aggregate bending tension bending elastic bending plastic tension elastic tension plasticV V V V V V V= + = + + +   

Equation 15 

 

The previous portion of this chapter allows us to mathematically derive only the 

elastic components of Equation 13 and Equation 15, while the plastic components would 

remain indeterminate. For elastoplastic materials, however, when the stress σ reaches the 

value σy, the material starts yielding and keeps deforming plastically under a constant load. 

The expression for the aggregate force, therefore, may be simplified if we consider the case 

of an elastoplastic material, where ( )bending plasticM is a known or derivable constant (Equation 

10G) and where, similarly, ( )tension plasticP  is a known constant. This simplification is 

particularly reasonable in light of the absence of necking, which has been confirmed by 

observation both in the published literature (see for example Champion et al., 2003 [20]) as 

well as in the examination of the several scanning electron micrographs analyzed in this 

thesis. 

 

It is possible to determine ( )bending elasticP starting from Equation 2: 3

3
p

vertical

EIP e
L

= , 

where pe  is the deflection of the post, measured in radiants, with 0 p yielde φ< < , with yieldφ  

defined as the curvature of the beam at yield point. Since 1
yield

yield

φ
ρ

= , it is possible to 

write the expression above as ( ) 3

3
bending elastic

elastic vertical

EIP
Lρ

= . 

  

To determine ( )bending plasticP we apply the simple definition of bending moment, 

which is given by verticalM xP L P= = , which can then be reduced to ( )
yield

bending plastic
vertical

M
P

L
=  
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for the case of plastic deformation; in this expression, verticalL can be measured 

experimentally, while yieldM  can be derived using the moment-curvature equation of 

Bernoulli-Euler beam theory EIM
ρ

=  used to determine the bending moment in a linear 

elastic material, where E – Young’s modulus – and I – the moment of inertia – are known, 

while the radius of curvature ρ  is experimentally measurable. This expression therefore 

can be reduced to: 

 

yield
yield

EIM
ρ

=  

Equation 16 

 

Therefore it is possible to conclude that: 

 

( )bending plastic
yield vertical

EIP
Lρ

=  

Equation 17 

 

Similarly, to determine ( )tension plasticP we use the definition of uniaxial tensile stress 

given by P
A

σ = , which can be reduced to ( )tension plastic yieldP Aσ= . 

 

( )tension elasticP , on the contrary, can be derived using Young’s modulus and the 

uniaxial elastic strain – an experimentally measurable quantity: since E σ
ε

= , with P
A

σ = , 

we can write that ( )tension elastic elasticP EAε= . To calculate elasticε , we multiplied yieldε  by a 
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normalization factor varying in the interval from 0 to 1, * vertical
elastic yield

initial

L
L

ε ε=& , where yieldε  

is known, 10initialL mμ=  42 and verticalL is a measurable quantity. 

 

Substituting accordingly, we derive a form for the bending and tensile force exerted 

by the cell to deform a single elastoplastic nanowire either elastically or plastically: 

 

( )single nanowire
3 ( )

( )

3
elastic elastic tension elastic

elastic vertical bending elastic

EIP EA
L

ε
ρ

⎛ ⎞
= +⎜ ⎟
⎝ ⎠

  

( )single nanowire 

( )
( )

plastic yield tension plastic
yield vertical bending plastic

EIP A
L

σ
ρ

⎛ ⎞
= +⎜ ⎟⎜ ⎟
⎝ ⎠

 

Equation 18 

 

In this equation, all the terms on the right hand-side are experimentally measurable. 

The notation used in the equation above is explained in the following lines: 

 

E : Young’s modulus 

I : moment of inertia (
4

4
rI π

= , for a cylindrical beam [15]) 

verticalL : vertical projection of the deflected beam length 

ρ : radius of curvature of the beam 

yieldM : bending moment at yield point 

A : cross-sectional area 

yieldε : uniaxial tensile elastic strain measured as * vertical
elastic yield

initial

L
L

ε ε=& , with initialL  defined 

as the initial length of the beam subject to tension 

                                                 
42  The assumption 10initialL mμ=  was motivated by the alumina etch rate, and etching times, which 

resulted in the average nanowire length here specified. In addition, this number was corroborated by direct 

observation via scanning electron microscopy.  
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yieldσ : uniaxial tensile stress at yield point 

 

In order to calculate yieldσ , the plots in Figure 97 G and Figure 101 are redrawn in 

Figure 102, under the elastoplastic assumption previously described in this chapter. Under 

the elastoplastic assumption, in those cases where the adhesive force exceeded the strength 

of the nanowire and its load bearing capacity, the force was reduced to the ultimate force at 

failure for the case of uniaxial tension.  

 

This approximation – corroborated by direct experimental observation – was made 

under the presumption that bending was predominant during the initial phase of nanowire 

plastic deformation, and that the tensile force was ultimately considerably greater than the 

bending force (Figure 98 C): 

 

( )single nanowire at FAILURE

( )aggregate elastoplastic yield tension plastic
P Aσ− =   

Equation 19 
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Figure 102. Schematic representation of bending moment vs. curvature and true stress vs. true strain for an 

elastoplastic material. A. The strain energy for a plastic deformation to a curvature plasticφ corresponds to 

0
( )plastic M d

φ
φ φ∫ , which can be approximated to the sum of the area of the elastic component (Equation 7) 

and the area of the plastic component, (the former being equal to ( )plastic yield yieldMφ φ− ). B. Similarly, the 
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strain energy for a plastic deformation to a strain plasticε corresponds to 
0

( )plastic d
ε

σ φ ε∫ , which can be 

approximated to the sum of the area of the elastic component (Equation 10) and the area of the plastic 

component, (the former being equal to ( )plastic yield yieldε ε σ− ). 

 

The measurements for elastic and for plastic deformation were solved separately, 

across this study. Since however a prevalence of plastic deformation was found, the 

dynamic range 43  for cellular adhesive force transduction was limited to the plastic 

deformation regime. 

 

 

This resulted in a limitation in dynamic range for the device in force transduction 

mode at the very high spatial resolution of the crossectional area for a single nanowire 

(d=110nm), equal to 2
2

1 26.3
0.0379

m
m

μ
μ

−≈ : at this spatial resolution the dynamic range 

was found to be equal to ∼ 0.90.   On the contrary, the dynamic range for the device in 

force transduction mode was found to be equal to 5 at a spatial resolution five times lower 

of 25 mμ − , therefore making the measurement of adhesive force more viable at this spatial 

resolution. 

 

We can then similarly proceed to derive an expression for aggregate bending 

energy and tensile strain energy used by the cell to plastically deform an elastoplastic 

nanowire, therefore reducing Equation 15 to experimentally measurable quantities. To 

proceeed further, the plots in Figure 97 G and Figure 101 are redrawn in Figure 102. This 

figure shows that for elastoplastic materials the strain energy density for a plastically 

deformed solid, corresponding to the integral of the moment-curvature plot (in the case of 

bending) or of the stress-strain curve (in the case of tension), may be simplified to the sum 

                                                 
43 The term dynamic range refers to the range of values that can be measured by a sensor or metrology 

instrument. In this instance, it is calculated as the ratio between the undistorted force signal with the highest 

possible intensity to the least intense signal. The higher the dynamic range, the broader the range of force 

signals detectable by the neural probe.  
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of the area of the elastic component and of the plastic component, where the latter 

component is characterized by constant moment (in the case of bending) and constant stress 

(in the case of tension). 

 

We first solve the tensile-related strain energy terms of Equation 15: from 

Appendix 7 we have that 0v
V V dV= ∫ , where 0V is the strain energy density, dV is the 

differential volume and V is the total strain energy. In addition, we know that 
2

0
1 1
2 2

x
x xV

E
σσ ε= = , that 

( )
( )x

F x
A x

σ =  and that, by definition, ( )dV A x dx= . The elastic 

component of the tensile-related strain energy is therefore derived as follows: 

 
2

( ) 0 0 20 0 0

2

0

1 1 ( ) ( )( ) ( )
2 2 ( )

1
2

elastic elastic elastic

elastic

L L Lx
tension elastic v

L

F x A xV V dV V A x dx A x dx dx
E A x E

F dx
EA

σ
= = = = =

=

∫ ∫ ∫ ∫

∫
 

Equation 20 

 

which is simplified to the following expression – where all the terms are experimentally 

measurable: 

 
2

( ) 2
initial

tension elastic
P LV

EA
= . 

Equation 21 

 

To derive the plastic component of the tensile-related strain energy, we refer back 

to 0v
V V dV= ∫ , where 0V is the strain energy density. Looking at Figure 102, the plastic 

component for an elastoplastic material formulation can be approximated to the area of a 

rectangle having width equal to ( )plastic yieldε ε− and height equal to yieldσ , where plasticε  is 

experimentally measurable, while yieldε and yieldσ are documented in the literature (Table 8) 

or can be easily derived from published data. In the macroscopic world, plasticε would be 
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measured relative to elongation as plastic initial
plastic

initial

L L
L

ε
−

= , using a strain gage in situ (i.e., 

during the tensile experiment) and ex situ (i.e., after the completion of the tensile 

experiment). In the experiment described in this thesis, we used the same formula 

vertical vertical initial
plastic

vertical initial

L L
L

ε −

−

−
= , where verticalL  is measurable under a scanning electron 

microscope (see Section 5.2.3), while vertical initialL −  was calculated as the vertical projection 

of the initial length of 10 μm for a nanowire oriented at 25° with respect to the normal 44, 

leading to 10 *cos 25 9.063vertical initialL m mμ μ− = =o . 

 

We can then express the plastic component of the tensile-related strain energy as: 

 

( ) 0 ( ) ( )

( ) ( )

plastic

elastic

plastic

elastic

L

tension plastic yield plastic yieldv L

L

yield plastic yieldL

V V dV A x dx

A x dx

σ ε ε

σ ε ε

= = − =

= −

∫ ∫

∫
 

Equation 22 

 

which is simplified to the following expression – where yieldε and yieldσ are documented in 

the literature (Table 8) or can be easily derived from published data, while all the other 

terms are experimentally measurable using a scanning electron microscope: 

 

( ) ( ) ( )vertical vertical initial
tension plastic yield plastic yield yield yield initial

vertical initial

L LV AL AL
L

σ ε ε σ ε−

−

−
= − = −  

Equation 23 

 

                                                 
44 The angle of 25φ = o  was characterized via SEM to be the maximum angle of deflection under bending 

and tension. For 25φ > o the nanowires were found to fracture, exceeding the ultimate tensile strength of the 

material. 
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To determine the bending-related strain energy terms of Equation 15 we proceed 

similarly to the discussion reported above for the tensile-related strain energy terms; from 

Appendix 7 and Equation 7, we have that 
2 3

( ) 6
vertical

bending elastic
P LV V

EIσ= =& . To derive 

the plastic component of the tensile-related strain energy, we refer back to 0v
V V dV= ∫ , 

where 0V is the strain energy density. From Figure 102, the plastic component for an 

elastoplastic material formulation can be approximated to the area of a rectangle having 

width equal to ( )plastic yieldφ φ− and height equal to yieldM . The term ( )plastic yieldφ φ−  can be 

expressed as 
1 1

plastic yieldρ ρ
⎛ ⎞

−⎜ ⎟⎜ ⎟
⎝ ⎠

, while Equation 16 leads to the following expression for 

yieldM : yield
yield

EIM
ρ

= . 

 

We can then express the plastic component of the bending-related strain energy as: 

 

( ) 0
1 1 ( )

1 1 ( )

plastic

elastic

plastic

elastic

L

bending plastic v L
plastic yieldyield

L

L
plastic yieldyield

EIV V dV A x dx

EI A x dx

ρ ρ ρ

ρ ρ ρ

⎛ ⎞
= = − =⎜ ⎟⎜ ⎟

⎝ ⎠
⎛ ⎞

= −⎜ ⎟⎜ ⎟
⎝ ⎠

∫ ∫

∫
 

Equation 24 

 

This expression is further simplified to the following expression, where all the 

terms are experimentally measurable – directly or indirectly: 

 

( )
1 1

bending plastic vertical
plastic yieldyield

EIV AL
ρ ρ ρ

⎛ ⎞
= −⎜ ⎟⎜ ⎟

⎝ ⎠
 

Equation 25 
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We can then incorporate Equation 7, Equation 21, Equation 23, Equation 25 into 

Equation 15 to obtain the strain energy responsible for the elasto-plastic deformation of a 

single nanowire: 

 
2 3

single nanowire

( ) ( )

2

( )

1 1
6

2

bending vertical
aggregate elastoplastic vertical

plastic yieldyieldbending elastic bending plastic

tension initial

tension elastic

P L EIV AL
EI

P L
EA

ρ ρ ρ

σ

−

⎛ ⎞⎛ ⎞⎛ ⎞
= + − +⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠

⎛ ⎞
+ +⎜ ⎟
⎝ ⎠ ( )

( )vertical vertical initial
yield yield initial

vertical initial tension plastic

L L AL
L

ε−

−

⎛ ⎞−
−⎜ ⎟

⎝ ⎠
 

Equation 26 

 

The notation used in the equation above is explained in the following paragraph: 

bendingP : bending force (Equation 2) 

verticalL : vertical projection of the deflected beam length 

E : Young’s modulus 

I : moment of inertia (
4

4
rI π

= , for a cylindrical beam [15]) 

ρ : radius of curvature of the beam ( yieldρ  is the curvature of the beam at yield point, while 

plasticρ : the curvature of the beam in the plastic region, beyond the yield point, with 

1
plastic

plastic

ρ
φ

= , where plasticφ was measured using the approximation in Figure 98 

A : cross-sectional area 

tensionP : tensile force (Equation 8) 

initialL : initial length of the beam subject to tension 

yieldσ : uniaxial tensile stress at yield point 

10 *cos 25 9.063vertical initialL m mμ μ− = =o  

yieldε : uniaxial tensile strain at yield point (i.e., pe  in Equation 2) 
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The computation for the strain in Equation 26 above was modified accordingly for 

those conditions where the nanowires were found to fail, since the adhesive force exceeded 

their load bearing capacity, using the value of 12.0%failureε =  documented by Champion et 

al. [20]: 

 
2 3

single nanowire at FAILURE

( ) ( )

2

1 1
6

2

bending vertical
aggregate elastoplastic vertical

plastic yieldyieldbending elastic bending plastic

tension initial

tension

P L EIV AL
EI

P L
EA

ρ ρ ρ−

⎛ ⎞⎛ ⎞⎛ ⎞
= + − +⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠

⎛ ⎞
+⎜ ⎟
⎝ ⎠

( )
( )

( )

( )yield failure yield initial tension plastic
elastic

ALσ ε ε+ −

 
Equation 27 

 

The dynamic range for strain energy of the device in force transduction mode was 

found to be equal to 10 at a spatial resolution of 25 mμ − , therefore making the measurement 

of adhesive strain energy accurate at this spatial resolution. 

 

Equation 18 and Equation 26 provide analytical expressions to obtain the aggregate 

bending and tensile force and the strain energy responsible for the elasto-plastic 

deformation of a single nanowire. These expressions are valid for a single nanowire. Since 

cell adhesion results in the deflection of many nanowires, the aggregate values of force and 

strain energy for either a whole cell or a portion thereof can be calculated as a function of 

the force and strain energies used to plastically deform individual nanowires on the 

perimeter of the cell, as shown in the following two equations: 

 

( )single nanowirecell

1

n

i aggregate elastoplastic
i

V V
−

=

=∑  

Equation 28 

( )single nanowirecell

1

n

i aggregate elastoplastic
i

P P
−

=

=∑  

Equation 29 
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The resulting values for aggregate adhesive force and strain energy calculated in the 

manner described above will result in an underestimation of the real values of adhesive 

force and strain energy, in light of: (i) the discrete nature of this measuring method, 

compared to the continuous nature of the force field; (ii) the limitation of the measurements 

for these two dimensions, which are undertaken only adjacent to the perimeter of the cell 

and not underneath it; (iii) the approximation of the interaction between the cell and the 

nanowire to a bending and tension action, not considering compressive buckling; and (iv) 

the underestimation of force and associated strain energies in those cases where the 

nanowires failed and were then dragged for a few hundreds of nanometers or, in rare cases, 

for a few microns. 

 

5.2.3. Optics for the Derivation of Force from the Displacement of Vertically-

Aligned Freestanding Nanowires 

 

Section 5.2.1 led to conclude that it is possible to determine a lower limit for cell 

adhesive force provided by the nanowire ultimate tensile stress, in those situations where 

a nanowire fails and gets pulled away from its initial nested site on the substrate. 

Moreover, this section leads to establish a more refined mode to measure cell adhesion 

via nanowire plastic bending, rather than nanowire failure alone, and provides the 

analytical instruments to measure a finer lower limit of  nanowire bending and pulling 

action, in those scenarios where a nanowire is plastically deformed as in Figure 98 C. 

 

In light of the points discussed above, therefore, the geometrical appearance of the 

nanowires (i.e., their bending angle or their failure from the alumina support) subsequent 

to their deployment in cell culture may be used to infer the magnitude and direction of the 

cellular adhesive force, coupled to the associated strain energies derived in Section 5.2.1. 

 

The measurement of the bending angle relative to an average direction for a single 

nanowire using scanning electron microscopy is fraught with difficulties. This is 

particularly the case when no information is provided on the angle between the sample 

plane in the scanning electron microscope and the objective lens.  The difficulty in 
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determining the bending angle relative to a normal direction can be compared to the 

hypothetical condition where an observer must determine the direction of a black beam in 

an idealized white room with uniform illumination from all sides, no shadows and no 

visual cues on the three-dimensionality of the room (i.e., shadows of the walls, of the 

corners etc.), as in Figure 103 A. In these conditions, the black beam may be interpreted 

by the observer as either longitudinal or oriented at an arbitrary angle on the plane 

orthogonal with respect to the plane of the objective lens. Only in the presence of 

appropriate visual cues it is possible to qualitative determine the orientation of the beam 

(Figure 103 B), although a quantitative estimation of this angle is likely to be very 

inaccurate in the absence of a three-dimensional grid similar to the one illustrated in this 

picture. 

 
Figure 103. Optics of a beam in an arbitrary three-dimensional Cartesian space. A. In the absence of visual 

cues or references (i.e., shadows, illumination, edges, etc.), the precise orientation of a beam from an 

observer located in O is indeterminate. B. In the presence of a set of references provided by a three-

dimensional grid whose units are known and constant across the three planes, it is possible not only to 

qualitatively determine the orientation of the beam, but also to measure its length as well as the angle of 

deflection relative to the basal plane, for example. (As a reference, the beams in A and B have been drawn 

parallel with respect of the plane constituted by the sheet of paper). 
 

A feasible manner to reconstruct the angular difference between a single nanowire 

and an average nanowire direction measured at one of the nanowire extremities is to 

individually identify the common plane between these two directions and to measure the 

angular difference orthogonally with respect to such common plane. This entails that the 

simple measurement of angular differences on a plane alternative to the common one 

A B 

O 

α 
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between two nanowires (i.e., the plane of the scanning electron micrograph) is going to 

be erroneous.  Figure 104 illustrates this concept using three-dimensional coordinates. 

 

A possible solution to accurately measure these angular differences between bent 

nanowires and the average direction of the nanowires in the absence of stress is provided 

by image-based three-dimensional modeling software, which offers the ability to recreate 

a three-dimensional virtual environment corresponding to a real space using one or more 

bidimensional pictures. These software solutions are widely used in the field of 

topography and consist of the following list of photogrammetric processes: (i) the 

acquisition of multiple relating images with feature matching; (ii) the recovery of three-

dimensional structure and of motion between the different images; (iii) a dense matching 

process leading to the creation of dense depth maps; and (iv) the construction of a three-

dimensional model via vectorial graphics [33, 34]. Once this three-dimensional software 

image is created, it is then possible to navigate the model in three-dimensional 

coordinates, accurately measuring angular distances. 
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Figure 104. The measurement of the angular difference between a bent nanowire and an average nanowire 

direction cannot be undertaken by measuring angular differences of the two nanowires on the plane of the 

micrograph. A. The solution to overcome this problem from a geometrical point of view is to draw the 

plane defined by the bent nanowire and the average nanowire direction passing by the nanowire extremity 

(i.e.: only one plane passes through three points). B. The angle α – correctly measured on the plane defined 

by the bent nanowire and the average nanowire direction – is very different from the angle α1 – erroneously 

measured on the micrograph plane.  

 

The incorporation of this software-based analysis, however, was regarded 

impractical in light of the large number of scanning electron micrographs needed to 

accurately reconstruct a detailed model of the complex substrate topography of the 

A 

B 
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samples used in our study. We therefore decided to rely on the measurements of the 

horizontal projections of the bent nanowires imaged via SEM with no tilt angle – 

orthogonally with respect to the substrate plane. Referring back to Figure 98 C, it is 

possible to measure the adhesive force exerted by the cell on each nanowire measuring 

the projection XB  of a nanowire AB , after the nomenclature used in Figure 98 C, when 

AB is known by controlling and measuring the etch rate of the 2 3Al O  template by the hot 

3 4H PO  solution, while the measurement for AX  is derived trigonometrically from XB  – 

experimentally measured – and AX . Using planar scanning electron micrographs, the 

measurements of the projection XB  are here used as the indicators of force adhesion 

transduction effected by the nanowires. 

  

5.3. Cell-Biomaterial Interaction. Plots and Diagrams of Cell Morphology 

 

An initial analysis was conducted to investigate the interaction between 

hyppocampal neuronal cells and the substrate consisting of freestanding, vertically aligned 

nanowires, relative to plane silica controls. All the measurements in this section were 

computed using the ImageJ software (v. 1.37), developed by Wayne Rasband at the 

National Institutes of Health, on scanning electron micrographs acquired as described in 

Chapter 4 and in section 5.2.3 of this chapter. This investigation led to determine that the 

substrate topography in the case of freestanding nanowire samples resulted in a 

downregulation of cell number density relative to silica controls (Figure 105).  
 

Despite this significant difference, however, the substrates consisting of 

freestanding vertically aligned nanowires were sufficiently effective in order to secure 

adequate adhesion, resulting in a sufficiently high probability for living cells to adhere onto 

the substrate during the time span of twenty days used in this study. Ex situ scanning 

electron microscopy was used to quantitatively characterize cell adhesion onto substrates. 

Figure 106 represents the development of cellular area and cellular perimeter respectively 

for neurons grown on vertically aligned nanowires and on plane silica controls.   
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Figure 105. Histogram illustrating cell density for neuronal cells on freestanding, vertically aligned 

nanowires and in plane silica controls. The error bars represent the standard error of the mean, defined as 

the standard deviation divided by the sample size. 

 

Similarly to Figure 105, this set of diagrams illustrates a diminished efficacy for 

vertically-aligned nanowire substrates relative to plane glass; however, the reduction in 

cell area and perimeter, which is observed in the case of the vertically aligned nanowire 

substrates, does not seem to be sufficient in order to significantly impair the functionality 

of the device, and an extensive syntonic increase in cellular area and perimeter is 

observed – both for the case of neurons grown on freestanding vertically aligned 

nanowires as well as for the case of neurons grown on glass. 
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Figure 106. Histograms illustrating the evolution of cellular area (A) and perimeter (B) for neuronal cells 

on freestanding, vertically aligned nanowires and on plane silica controls. The error bars represent the 

standard error of the mean, defined as the standard deviation divided by the sample size. 
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The results in Figure 106 feature three distinct local maxima for both cellular area 

and cellular perimeter in the case of neurons grown in both conditions. This result may be 

interpreted in terms of a selected response of the hippocampal neuronal cells used in this 

study to the environmental stimuli and to the biochemical nature of the milieu used in tissue 

culture.  This selectivity is particularly plausible if we consider the extensive degree of 

functional and physiological functionalization which is found in this subcortical structure, 

subdivided into the CA1, CA2 and the CA3 fields [35-37]. The difference between the 

neuronal responses for the case of neurons from different fields of the hippocampus and 

their relative differences in survavibility is apparent in the fact that the cells in the CA2 

field seem unusually resistant to conditions that usually cause large amounts of cellular 

damage, such as epilepsy; conversely, the cells located in different other portions of the 

hippocampus are more easily susceptible to damage in similar conditions [38]. 

 

Figure 107 illustrates the development of neuronal circularity and Feret’s diameter 

as a function of adhesion time. Circularity is here defined as 

2

AreaCircularity = 4
Perimeter

π ⎛ ⎞
⎜ ⎟
⎝ ⎠

 – the ratio of the area of the neuron to the area of a circle 

(the most compact shape) having the same perimeter of the neuron. A circularity value of 

1.0 indicates a perfect circle. As the value approaches 0.0, it indicates an increasingly 

elongated polygon with a developed polarity. Feret’s diameter, on the contrary, is defined 

as the longest distance between any two points along the selection boundary, and a high 

value for Feret’s diameter will correspond to a well developed cellular polarity. 

The trends for both circularity and Feret’s diameter over time illustrate the clear 

development of neuronal polarity and the deviation from the spherical cellular morphology, 

which is found in the early hours for the cells suspended in the medium and not yet adhered 

onto the substrates. These results illustrate that, as the cell attaches to the substrate, it starts 

differentiating to express its phenotype, which results in the development of a spread, non-

spherical geometry. Similarly to the cases discussed above, the plots illustrated in Figure 

107 show that, compared to the plane silica control, the substrates made of freestanding 

vertically-aligned nanowires exhibit slightly lower circularity and Feret’s diameter. 
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Figure 107. Histograms illustrating the evolution of circularity (A) and Feret’s diameter (B) for neuronal 

cells on freestanding, vertically aligned nanowires and on plane silica controls. The error bars represent the 

standard error of the mean, defined as the standard deviation divided by the sample size. 
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This difference, although significant and consistent across all adhesion times, did 

not seem to significantly impair cell outgrowth and viability in the case of substrates made 

of freestanding, vertically aligned nanowires. The generally positive interaction between 

the freestanding nanowires and the neurons was corroborated by additional micrographs 

which were taken on a defective substrate (Figure 108). 
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Figure 108. Scanning electron micrographs for a sample chyaracterized by uneven nanowire density, 

where selected portions were deprived of freestanding, vertically-aligned nanowires, while the entire 

substrate was then coated with poly-D-lysine and laminin. A-E. All the micrographs show selective 

attachment to the nanowires, with limited or absent adhesion onto the bare alumina template. 

 

In this substrate air bubbles were introduced and adhered onto the alumina template 

during the electroplating process (Figure 46, Chapter 3) prevented nanowire growth on 

selected portions of the substrate which was subsequently coated with poly-D-lysine and 

laminin (section 4.4, Chapter 4). In these conditions it is evident that the neurons adhered 

preferentially to the portions of the substrates with protruding nanowires, while no neurons 

adhered to the substrate portion deprived of nanowires, exposing the bare alumina substrate 

to the cells. 

 

5.4. Plots and Diagrams of Cell Dynamics and Energetics 

 

Following the analytical discussion introduced in the previous portions of this 

chapter, it is important to underline again the main assumptions here used in order to 

simplify the measurement of force ex situ via scanning electron microscopy: the nanowires 

were assumed to bend and buckle at the interface with the Al2O3 template support (Figure 

98 C, Figure 99 A-C), since the latter opposes a moment in the opposite direction with 

respect to the one applied by the adhesive cells on the apical portion of the nanowire. 

Additionally, the length of the nanowires was assumed to be constant and equal to 10 μm – 

a value which was carefully controlled as a function of the etching time of the alumina 

template. The local deviation in the length of the nanowires was neglected, and the term 

“elastic deformation” was used only in those cases where the bending radius of curvature 

was 5elastic mρ μ≥ , given the value of 5 mμ which was found to experimentally correspond 

to the radius of curvature at yield point for the nanocrystalline copper formulation 

comprising the nanowires used in this study. 

 

Figure 109 illustrates the evolution of adhesive force measured respectively at the 

individual focal adhesion site (red), at the dendritic level (green) and at the level of the 

entire cell (blue).  
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Figure 109. Histograms illustrating the evolution of adhesive force over time. A. The adhesive force for 

each focal adhesion site is represented in red, while the adhesive force measurements at the dendritic level 

A 

B 
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are represented in green. B. Adhesive force computed for the entire cell. The error bars represent the 

standard error of the mean, defined as the standard deviation divided by the sample size. 

 

As described previously in this chapter, at the spatial resolution of the focal 

adhesion site, the dynamic range of the force transducer was insufficient in order to 

measure any value of force varying appreciably from the mean. At the focal adhesion level, 

therefore, the average adhesive force exerted by the cell was found to be equal to the 

constant value of 16.61 μN. At the dendritic level, however, the adhesive force was found 

to vary in the range between 20 μN and 45 μN, mirroring the morphological patterns 

described in the previous paragraph, which were interpreted in terms of the selectivity in 

the responses of various sub-populations of cells within the hippocampus. A series of 

regressions were undertaken to test the correlation between force and the series of 

morphological parameters illustrated in the previous section (i.e., force vs. cellular area, or 

force vs. Feret’s diameter, etc.). Unfortunately, the coefficients of regression, which varied 

on a scale from 0 to 1, were found to be considerably smaller than 1 – the value 

corresponding to a perfect correlation – and generally in the range between 0.6 and 0.7. 

This analysis therefore revealed only a loose correlation between force and any 

morphological parameter defined in section 5.3.  

 

The aggregate force for each cell was found to vary in the approximate range 

between 80 μN and 870 μN, corresponding to the sum of the forces transduced by each 

bent nanowire along the cell outline. This value therefore indicates a large variation of 

adhesive force for an entire cell, across an entire order of magnitude. 

 

According to Chen and colleagues [9], the average values of adhesive force 

exerted on each post of their setup was found to range between 10 nN and 25 nN. This 

value – obtained on different cell lines from the ones used in this thesis, by measuring the 

deflection of micron-sized posts made of elastic PDMS, and captired using optical 

microscopy in planar view with zero tilt – is considerably lower compared to the values 

of force illustrated in Figure 109, which are at least three orders of magnitude higher. The 
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origin of this discrepancy between the results in this thesis and the ones in the work of 

Chen and colleagues is ascribed to two main factors here summarized. 

 

(i) The higher likelihood of slippage of the cell membrane over the micron-sized 

posts, which feature a relatively even topography – imparted to them by a stamp upon 

manufacture – and therefore do not feature an extensive surface area like the one present 

in the freestanding nanowire substrates used in this thesis. The nanostructures here used, 

on the contrary, presented a wide area for the protein layer to adhere to, and subsequently 

for the cells to attach onto, relative to the micron-sized PDMS posts used by Chen and 

colleagues . 

 

 (ii) The limitation of the measuring technique used by these authors to the 

measurement of a bidimensional force field, given the impossibility to measure deflection 

of the nanowires from the upright position using a longitudinal view. Compared to the 

technologies presented in this thesis, which allow to resolve three-dimensional 

deflections – specifically along the Z axis – via high resolution scanning electron planar 

micrographs, the measurements in the work of Chen and colleagues appears limited in 

spatial resolution to the recording of cellular adhesion in the x and y axis alone, and 

therefore can be regarded to result in an underestimation of the adhesive cellular force. 

 

Interestingly, in the uncommon case where the deformation of the nanowires used 

in this study was found to be in the elastic regime, the same range of adhesive force 

reported by Chen and colleagues could be found – indicating that, under the same set of 

restrictive constraints, the two measuring devices lead to very similar results. 

 

The plots in Figure 109 are complemented by plots of pressure vs. adhesion time 

and of adhesive linear density vs. adhesion time in Appendix 8, where pressure is defined 

as the ratio between the force exerted by the cell or by one of its aerial portions on the 

substrate, while linear density is defined as the ratio between the force exerted by any 

given cellular area on the substrate, and between its perimeter. Figure 110 shows the 
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evolution of adhesive strain energy measured respectively at the individual focal 

adhesion site (red), at the dendritic level (green) and at the level of the entire cell (blue).  
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B 
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Figure 110. Histograms illustrating the evolution of adhesive strain energy over time. A. The adhesive 

strain energy for each focal adhesion site is represented in red, while the adhesive force measurements at 

the dendritic level are represented in green. B. Adhesive force computed for the entire cell. The error bars 

represent the standard error of the mean, defined as the standard deviation divided by the sample size. 
 

At the focal adhesion level, the cell deployed an energy average centered – with a 

few exceptions – around the value of 15 pJ 45; at the dendritic level, the average adhesive 

strain energy was found to vary in the range between 16 pJ and 42 pJ, mirroring the 

morphological patterns described in the previous paragraph, which were interpreted in 

terms of a selectivity in the responses of various sub-populations of cells within the 

hippocampus. Similarly to the calculations for adhesive force, a series of regressions 

were undertaken to test the correlation between adhesive strain energy and the series of 

morphological parameters illustrated in the previous section (i.e., strain energy vs. 

cellular area, or strain energy vs. Feret’s diameter, etc.). No significant correlation was 

found, therefore leading to exclude a direct cause-effect relationship between strain 

energy and the morphological parameters previously considered. At the cellular level the 

strain energy utilized by the cell to adhere onto the substrate was measured to be varying 

in the range between 40 pJ and 740 pJ. Appropriate values for strain energy aerial density 

and linear density can be found in Appendix 8. 

 

The origin of this considerable variation in strain energy, which spans across an 

entire order of magnitude – especially in correspondence of the three local maxima, 

relative to the baseline level – is unknown, even though it seems reasonable to conclude 

that this variation in strain energy may be caused by a combination of genotypic 

expressions and phenotypic cues (the latter provided, for example, by local variations in 

substrate features). 

 

The development of strain power over time is illustrated in Figure 111, where the 

same color coding compared to the one of the previous figures applies.  

                                                 
45 1 pJ = 10-12 J 
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Figure 111. Histograms illustrating the evolution of adhesive power over time. A. The adhesive power for 

each focal adhesion site is represented in red, while the adhesive power measurements at the dendritic level 

A 
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are represented in green. B. Adhesive power computed for the entire cell. The error bars represent the 

standard error of the mean, defined as the standard deviation divided by the sample size. 

 
In all three cases, a sharp decrease in strain power is observed from day 1 until 

day 4 in tissue culture. This decline is so sharp that, in theory, a strain power half-life 

could be defined, relative to cell adhesion: as the cell adheres and diversifies over time, 

the expenditure of work by the cell decreases drastically. At the focal adhesion level, for 

example, the strain power is found to vary between the initial value of 175 aW 46 after 

day 1, to an average of 50 aW at day 3. At the dendritic level the variation is even sharper, 

from 425 aW after day 1 to about 50 aW after day 4. Finally, at the aggregate cell level, 

the variations of the strain power is even more dramatic – from 2800 aW to local minima 

of less than 200 aW after just three days of tissue culture. Appropriate values for strain 

power aerial density and linear density can be found in Appendix 8. 

 

This sharp decline in strain power is attributed to the large amount of work 

needed to modify the spherical geometry of minimum energy featured by an initially-

suspended cell, into a non-spherical differentiated polar cellular morphology.  

 

We finally include a note on the intrinsic error of the force measurement 

technique based on vertically aligned transducing nanowires, to provide a measure of 

accuracy – the offset between the mean of the distribution of measured values, relative to 

a reference target value (see also note 4, Appendix 4). The mechanical properties and the 

geometrical characteristics of the copper nanowires were assumed statistically constant 

across different nanowires on a sample, in light of the controlled synthesis conditions 

described in Chapter 3. Therefore, the source of measurement error and the resulting 

inaccuracy were ascribed primarily to the nanowire orientation – to the angle α, after the 

notation used in Figure 98 C of this chapter. The method of analysis here used was based 

on measurements from scanning electron micrographs which were gathered orthogonally 

with respect to the plane of the substrate used for cell culture. The resulting 

measurements were therefore very accurate at low values for the angle α (i.e., for higher 

                                                 
46 1 aW = 10-18 W 
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bending forces), approaching an accuracy of 100% – corresponding to the lack of error – 

for  0α = o . Conversely, the measurements became increasingly less accurate for higher 

values of α (i.e., for lower bending forces), approaching an accuracy of zero – 

corresponding to an infinite error and to force indeterminateness – for  90α = o . We can 

express this dependence of the measurement error on the bending angle and on the 

bending force in trigonometric terms, as follows: 

 

( )Force mesurement error  ( ) ( ) tanbending plasticf h P kα α= = =  

Equation 30 

 

Figure 112 illustrates the force dependence of the deflected angle, showing that the 

accuracy of the force-transducing system was very high and appropriately matched the 

requirements in the case of measurable, non-zero bending forces – as shown extensively in 

Figure 89 and Figure 90 of this chapter and in Appendix 5. 

 

 
Figure 112. Force measurement error and sources of measurement inaccuracy. A. The force measurements 

performed in this thesis relied on the measurement of XB  and were therefore very accurate at low values 

of the angle α. Conversely, the measurements became very inaccurate at high value of α, reaching the limit 
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of infinite error and of force indeterminateness for  90α = o . B. This dependence of the error on the 

measured angle may be expressed trigonometrically as a function of the tangent of α. 

 

While the measurement accuracy is provided by the offset between the mean of 

the distribution of measured values, relative to a reference target value, the precision of 

the force measurement here provided is represented by the standard deviation of the 

distribution of measured values for a given target reference. This information could be 

derived using standardized bending loads applied – for example – via atomic force 

microscopy (AFM), and correlating them with the resulting deflections of the force 

transducing elements measured via SEM. Since this set of experiments led to results 

which exceeded the requirements for precision in force transduction of this thesis, this 

discussion is not considered further. Similarly, the concept of signal-to-noise-ratio could 

not be defined in a physically-meaningful fashion and was not considered further in the 

context of the applied mechanics of the neural cell.  

 

In conclusion, in this chapter we have defined a paradigm to interpret the existing 

deflection of the freestanding, vertically aligned nanowires in terms of elastoplastic 

deformation by bending and by uniaxial tension. We have then used this information to 

calculate the values of adhesive force, adhesive strain energy and adhesive power 

deployed by neurons to adhere on a substrate and to diversify over time. 

 

The next chapter invertigates the electrophysiological results, in an effort to 

determine the quantity of information of an individual cell. 
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CHAPTER SIX 

RESULTS. ELECTROPHYSIOLOGICAL MEASUREMENTS AND QUANTITY 

OF INFORMATION FOR NEURONS ADHERING ON THREE-DIMENSIONAL 

NANOSCALE DEVICES 

 
This chapter covers both the electrophysiological results as well as the 

mathematical model used to analyze them. 

 

Ideally, the investigation of small nerve cell networks would require a 

simultaneous monitoring of morphological parameters such as cell position, type, 

geometry and interconnections, as well as of all electrophysiological activity [1]. The 

capability to identify and optically monitor the two-dimensional distribution of neurons 

over a substrate with three-dimensional surface topography, coupled to the simultaneous 

monitoring of the electrophysiological activity of all neurons in the network is expected 

to provide valuable information on bioelectric cellular metabolism. This approach has 

already been pursued with success [1], leading to simultaneous morphological and 

electrophysiological data over long periods in chemically controlled environments. 

 

In the present thesis, only a limited amount of histological evidence on cell 

morphology was gathered in situ, and this was primarily limited to the identification of a 

cell in a defined area of the substrate relative to a reference, in order to allow subsequent 

electrophysiological recording from selected electrodes spatially located underneath the 

given cell. The emphasis of the present work consisted in coupling electrophysiological 

data acquired in situ for relatively long periods of time with extensive histological and 

morphological data gathered ex situ on cell morphology, where the latter kind of 

characterization was not necessarily conducted on the same cell sub-population 

investigated electrophysiologically (Figure 113). The choice to conduct a limited in situ 

investigation of cell morphology and histology, while focusing on the 

electrophysiological analysis, was a result of the highly labour intensive experimental 

setup, which was manually operated by a single person. In addition, the ex situ 

histological investigation on cell morphology was conducted using scanning electron 
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microscopy at a high spatial resolution, therefore providing much better detail compared 

to the analysis which would otherwise be obtained via in situ optical microscopy. 

 

 
Figure 113. In this thesis, the electrophysiological data gathered in situ (A), analyzed ex situ and combined 

with extensive histological and morphological data obtained via scanning electron microscopy ex situ on 

the same substrates (B). The scanning electron microscopy characterization on cell histology and 

morphology was not necessarily conducted on the same cell sub-population investigated 

electrophysiologically. 

 

Similarly to the results shown in Chapter 5, the main cell line used in this chapter 

consisted of live primary embryonic hippocampal neurons isolated from the rat. All the 

results described in this section were gathered using the same batch of cells provided by 

Neuromics, Inc., as described in  Section 4.4.2. of this thesis. 

 

6.1. Electrophysiological Measurements 

 

The action potentials were recorded with the apparatus illustrated in Figure 113 

only subsequent to electrical stimulation, as described in section 4.5 of this thesis. No 

action potential was recorded in the absence of electrical stimulation, when only a 

background noise was recorded. Of the three classes of devices which were manufactured, 

the one which provided the best results and ease of use was the intercellular one, with 

intermediate spatial resolution. Figure 114 illustrates the typical action potential which 

A 
B 
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was recorded using the three-dimensional nanoscale electrodes described in this thesis. 

Relative to an electrophysiological recording obtained using conventional techniques, the 

diagram in Figure 114 illustrates a more significant undershoot region which consists of a 

second minimum, followed by a rising phase leading to the resting potential; this aspect 

is further considered later in this chapter. The peculiar repolarization of this pattern, 

which was recorded multiple times from several cells, is discussed later in this chapter in 

the context of ionic exchanges across the membrane and specifically of a fast and a slow 

potassium response in reciprocal electrochemical interaction, after the work by Fromherz 

and colleagues [2]. 

 

 
Figure 114. Representation of an action potential obtained for standard conditions – at 37°C and in the 

absence of chemical stimulation, at day 10 after seeding. The cellular response was characterized by the 

presence of two local minima, respectively interpreted to correspond to a fast and a slow K+ response. 

 

Fast K+ response  
Slow K+ response  

Resting potential Resting potential 

Primary rising 
phase

Secondary rising 
phase

Evolution of an Action Potential for Standard Conditions (Day 10 after Seeding) 

End of action potential 

Onset of 
action 

potential 
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Over a longer timeline, the action potentials – when present for a given cell 

subsequent to electrical stimulation – looked as illustrated in Figure 115, which was 

obtained with the same sampling frequency of Figure 114 and therefore manifests a loss 

in detail relative to this figure. The representation of the action potentials over a timescale 

longer than the one used in Figure 115 was not significant, since the resting potential was 

generally found to prevail throughout the duration of the recording, therefore illustrating 

that the occurrence of a train of action potentials – subsequent to electrical stimulation – 

was generally rather unusual. 

 

 
Figure 115. Representation of an action potential obtained for standard conditions – at 37°C and in the 

absence of chemical stimulation, at day 10 after seeding. The plot illustrates the results for a single cell 

recorded with a single electrode, over an extended timeline of about 2.5 s.  

 

As previously described in section 4.4.1, the effect of temperature on cellular 

electrophysiological behaviour was quantitatively analyzed to gather an indication of 

device electrophysiological viability, as well as to ensure that the recorded signal was 

genuine and not artifactual in nature. Small transient temperature variations (decreases of 

Evolution of an Action Potential for Standard Conditions (Day 10 after Seeding) 
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temperature in the range of 5°C in an hour) were introduced to test cell responsiveness 

and to elicit bursting activity, in accordance with the work by Gross and colleagues [3, 4] 
47 . Their previous studies demonstrated that most neurons stop firing below 20ºC, 

although not all cells were shown to display a temperature-dependent spontaneous firing 

pattern between 25ºC and 38ºC [4]. 

 

In the conditions used in this study, a temperature variation of only 10°C led to a 

considerable reduction in spike frequency and amplitude, as measured qualitatively on 

single cells. Figure 116 illustrates a representative action potential obtained for a cell at 

day 10 after seeding, in an environment at 37ºC, which was temporarily and reversibly 

cooled to 30ºC in order to control electrophysiological performance of the cell-device 

interface.  

 

 
                                                 
47 These authors describe cell culture exhibited activities ranging from rhythmic multi-unit bursts to long 

periods of intensive multi-cell firing, followed by intervals during which the bursting ceased almost 

completely. 

Evolution of an Action Potential at T=30ºC (Day 10 after Seeding) 
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Figure 116. Representation of an action potential obtained at 30°C and in the absence of chemical 

stimulation, at day 10 after seeding. Similarly to the plot represented in Figure 114, this action potential is 

characterized by the presence of two local minima. The peak amplitudes of this plot are however reduced 

compared to the amplitude obtained at 37°C. 

  

For temperatures lower than 27ºC, no spike activity could be recorded. A 

temperature-dependent reduction in both spike frequency and amplitude was observed, 

and found to be generally reversible: this reduction in metabolic electrophysiological 

rates was countered by an increase of physiological spike frequencies and amplitudes, as 

soon as the temperature of the chamber was increased back to the normal value of 37 ºC. 

 

In addition to the electrical stimulation, chemical controls were also undertaken 

by addition of sodium citrate (in a 25 mM concentration).  Sodium citrate addition has 

been previously shown to result in an increase of bursting, coupled to a decay of spike 

amplitude, which ultimately results in the irreversible termination of activity [4]. The 

effect of sodium citrate on bursting activity was qualitatively evident by a temporary 

increase in activity, coupled with a decrease in spike amplitude and followed by final 

cessation of firing. This control was alternative to increases in the K+ concentration in the 

culture, which were previously described in section 4.5 and which are found to lead to 

higher membrane excitability [5].  

 

The amplitude of the recorded spikes was found to vary greatly between the 

different experiments. On one hand, electrophysiological activity could only be recorded 

from neuronal cultures older than one week, therefore making the cultures less than one 

week old entirely silent. The spread in amplitudes was however noticeable even across 

neuronal cultures recorded at the same adhesion time, therefore leading to ascribe such 

changes to variations in cellular adhesion and coupling between the cell and the electrode 

[6].  

 

 In addition, the long-term recording of signal from a given cell population was 

found to manifest a time-dependent increase of noise, which is related to device and 
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insulation degradation. The extention of such degradation has not yet been characterized 

and will have to be determined over a number of future experiments. 

 

 While existing studies have deployed devices with high channel density similar to 

the one used in this thesis to study at high spatial resolution the temperature effects on 

neuronal extracellular electrical metabolism and synaptic activity [7], this thesis was 

rather focused on the analysis of the action potential in ideal conditions and with minimal 

noise, in an effort to quantitatively characterize the available information. The following 

section illustrates the theory used to quantify the information entropy of those cells 

whose electrophysiological behavior was measurable. 

 

6.2. Information Theory. From Numerical Distributions to the Notion of 

Information Entropy 

 

The following part of this chapter is focused on establishing a theoretical model to 

quantify and adequately describe the information content associated with the release of an 

action potential by a neuronal cell, on the basis of the results previously described in 

section 6.1. This work stems from the seminal paper by Claude E. Shannon, published in 

1948 and entitled: “A Mathematical Theory of Communication” [8], and is aimed at 

determining and quantifying the essential information content of a given neuron, 

independently of individual variations between the single cells and their adhesion onto 

the substrates, between the action potentials released by such neurons, or between the 

electrodes in place to record such potentials. This effort is in line with the reductionist 

stance illustrated in the first chapter of this thesis, and is based on the elementary 

mechanistic view of neurons as discrete, functionally distinct units which acquire signal 

from neibouring neurons, subsequently integrating and processing it to then retransmit 

the elaborated signal to other neigbouring neurons.  
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In this context, information is defined as the result of gathering, processing, 

organizing and deliverying data 48 and signals which are all undertaken by a transmitting 

system in a manner that increases the knowledge of a receiver. In this specific context, a 

signal is here defined as a time varying quantity – a scalar-valued function of time such 

as voltage (Figure 114, Figure 115, Figure 116) – although more generally signals may 

also be vectors, as well as functions of other relevant independent variables. The 

sequence of states associated with the time-dependent quantity here in question (i.e., 

voltage) is assumed to encode a message. The signal in question is assumed to result from 

an enormous number of discrete events at the atomistic and molecular level, which 

produce a continuous aggregate response at the scale measurable by each individual 

electrode. This continuous aggregate signal is then converted into a discrete-time signal – 

more specifically, digital signal – during the acquisition process performed by the 

hardware. The signal is then analysed as a distribution of individual non-dimensional 

numbers corresponding to individual voltage measurements, and on this ground it is then 

assumed to be a random, non-deterministic variable that can only be described or 

predicted using probability distributions. This non-deterministic hypothesis is made in 

light of the noise component that characterizes the signal under investigation. Since, 

however, the mechanism underlying the emission of an action potential by a cell is 

regarded to be generally understood – at least from the superficial point of view of the 

description provided in section 4.3 of this thesis – it is semantically more appropriate to 

describe the variable as pseudorandom, although this remark does not affect the 

mathematical validity of the formalism here used. 

 

Despite the discrete nature of the signal here analyzed, in the following portions of 

this chapter we often refer to continuous functions – as well as to sequences of 

pseudorandom numbers – to denote the continuous nature of the aggregate neuronal 

                                                 
48 Even though information and data are often used interchangeably, they are actually very different. Data 

represent a set of unrelated information, and as such are of no use until properly evaluated. Upon evaluation, 

once there is some significant relation between different data, and they show some relevance, then they are 

converted into information, which can be used for different purposes. Thus, till the data convey some 

information, they are not generally regarded as useful. 
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mechanisms – resulting from a cascade of discrete events underlying the emission of an 

action potential  – and to more conveniently summarize them using a regressing continuous 

function rather than the individual event sequence. We use continuous functions after the 

Radon-Nikodym theorem, which extends the ideas of probability theory from probability 

masses and probability densities defined over real numbers to probability measures defined 

over arbitrary sets, and viceversa. 

Shannon’s work first endowed the word information with the meaning of a 

measure, in rigorous, probabilistic and combinatorial terms, referring to the entropy of a 

discrete random variable in terms of the number of ways that the outcomes of an 

experiment can be realized [9]. If we consider a random variable X with m possible 

outcomes, and if we consider an experiment where n independent trials have been 

observed, with each trial giving a possible realization of the variable x, the number of 

possible sequences that can be obtained for n trials with m possible outcomes for each trial 

is: 

 

1 2 3

!
! !... !

nW
n n n

=  

Equation 31 

 

where 1n , 2n ,… mn  are the number of observations of outcomes  1x , 2x ,… mx , 

respectively such that 
1

n

i
i

n n
=

=∑ . If the number of observations, n, as well as 1n , 2n ,… mn  

are large compared with m, then Stirling’s approximation can be used, and the factorial on 

the numerator of Equation 31  becomes: ! 2n nn e n nπ−= , which, when taking the 

logarithms on both sides, can be written as log( !) log( ) log( )n n n n o n= − + + . 

 

Equation 31 above can therefore be written as: 
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1 1 1
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Equation 32 

 

For large n, it is possible to define ( )H X on the basis of the expression above as: 

 

1 1

1( ) log( ) log ( ) log ( )
n n

i i
i i

i i

n nH X W p x p x
n n n= =

= ≈ = −∑ ∑  for n large 

Equation 33 

 

where ( )ip x is the probability function for outcome ix  to occur. 

 

In the expressions above, if the logarithm of base 2 is used, the resulting values 

of ( )H X are expressed in bits. If conversely the logarithm of base e is used, the resulting 

values of ( )I X and of ( )H X are expressed in nats, while for the logarithm of base10 the 

appropriate unit is the ban, often also called as hartley 49.  

 

The use of the word entropy to measure the quantity of information is in a direct 

relationship with the physical state quantity of entropy – the measure of the unavailability 

of a system’s energy to do work [10] – and with the second principle of thermodynamics. 

This relationship can be expressed by the fact that it is impossible to destroy information 

without increasing the entropy of a system, which in practical terms often means generating 

heat 50. In statistical thermodynamics, the formula for the thermodynamic entropy S of a 

thermodynamic system is the Gibbs entropy, 

 

                                                 
49 One ban corresponds to about 3.32 bits (log2(10)), or 2.30 nats (ln(10)). 
50 The extremely close connection between information theory and thermodynamics is evident in the study of 

logic gates, where the theoretical amount of thermal energy released by an AND gate is higher than that for 

the NOT gate, since information is destroyed in an AND gate, while it is simply converted in a NOT gate. 
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lnB i iS k p p= − ∑  

Equation 34 

 

which can be extended into the world of quantum statistics and mechanics to give the von 

Neumann entropy, expressed in terms of the trace of a logarithmic function of ρ  – the 

density matrix of the quantum mechanical system: ( ln )BS k Tr ρ ρ= − . 

  

At a more philosophical level, further connections can be made between 

thermodynamic and information entropy 51: the thermodynamic entropy is interpreted as 

being an estimate of the amount of further Shannon information needed to define the 

detailed microscopic state of the system, that remains uncommunicated by a description 

solely in terms of the macroscopic variables of classical thermodynamics. For example, 

adding heat to a system increases its thermodynamic entropy because it increases the 

number of possible microscopic states that it could be in, thus making any complete state 

description longer. 

 

Shannon entropy can be extended to the continuous case using the following 

formula for continuous entropy or differential entropy: 

 

2( ) ( ) log ( )h f f x f x dx
∞

−∞
= −∫  

Equation 35 

 

where f denotes a probability function. 

                                                 
51 At an everyday practical level, the links between information entropy and thermodynamic entropy are not 

as close. Physicists and chemists are apt to be more interested in changes in entropy as a system spontaneously 

evolves away from its initial conditions, in accordance with the second law of thermodynamics, rather than an 

unchanging probability distribution. And, as the numerical smallness of Boltzmann's constant kB indicates, the 

changes in classical entropy S/kB for even minute amounts of substances in chemical and physical processes 

represent amounts of entropy which are large right off the scale, compared to anything seen in data 

compression or signal processing. 
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While Shannon entropy is widely used for the case of discrete variables, Equation 

35 above shows its limitations in the case of uncertainty or information related to 

continuous probability density functions, where the entropy can result to be negative and 

where it is not invariant under continuous co-ordinate transformations. In continuous cases 

it is more useful to consider the relative entropy of a distribution, defined as the Kullback-

Leibler divergence of the distribution from a reference measure m(x), which is invariate to 

coordinate reparametrizations: 

 

(
( )( ( ) || )) ( ) log
( )KL m

f xD f x x f x dx
m x

= ∫  

Equation 36 

 

Equation 36 is particularly useful in the case being studied because it allows to 

normalize the distribution corresponding to the firing of an action potential with respect to 

the distribution corresponding to the resting potential, following the aim of this chapter to 

determine and quantify the essential information content of a given neuron, therefore better 

eliminating individual variations between different cells and their adhesion onto the 

substrate, which would result in spurious differences between different recorded action 

potentials. It is important to highlight that, as Figure 114 and Figure 116 clearly represent, 

the functions to be inputed in Equation 36 are partly negative, therefore resulting in a 

negative argument of the logarithmic function, which would then result to be undefined. In 

order to prevent a lack of definition from occurring, Equation 36 above was modified to 

comprise the absolute value of the argument for the logathmic function, as follows: 

 

(
( )( ( ) || )) ( ) log
( )KL m

f xD f x x f x dx
m x

= ∫  

Equation 37 

 

In our case, therefore, the formula for the time-dependent relative information 

entropy of a single action potential can be written after Equation 37 as: 
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m t
−

−
−

= ∫  

Equation 38 

 

where f(t) represents the signal distribution corresponding to an action potential of duration 

from t1 to t2, while m(t) represents the signal distribution for any resting potential for the 

same cell, of duration from t1 to t2. 

 

Figure 117 illustrates plots for different functions, which are compiled from the raw 

data to construct the argument of the integral function in Equation 38. 
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Figure 117. Representation of the different steps used to generate the argument of the integral function 

corresponding to the Kullback-Leibler function, from the raw data initially available. A. Plot of a single action 

potential from the onset to the end (Figure 114), therefore excluding the resting potential. B. Plot of a resting 

potential for a duration corresponding to the duration of the action potential in A. C. Ratio of the action 

potential curve to the background noise of the resting potential. D. Absolute value of the ratio of the action 

potential to the resting potential, to obtain an argument function which can then be used to derive a 

logarithmic expression. E. Logarithm of the absolute value of the ratio of the action potential to the resting 

potential. F. Logarithm of the absolute value of the ratio of the action potential to the resting potential 

multiplied by the single action potential. G. Absolute value of the logarithm of the absolute value of the ratio 

of the action potential to the resting potential multiplied by the single action potential – calculated to eliminate 

the problem in the sign of the resulting integral function. H. Fitting function for the dataset presented in F, 

derived as explained in Appendix 9. 

 

Appendix 9 describes the method used to fit the argument of the integral function 

represented in Equation 38 and illustrated in Figure 117 H. 

 

Figure 117 F clearly shows that a large portion of the dataset used is comprised of 

negative values, which would result in the integral function being negative and 

monotonically decreasing for a considerable portion of the dataset. To eliminate this 

problem in the sign of the resulting integral function and to modify it into an increasing and 

physically meaningful function, the absolute value was taken, as shown in Figure 117 G 

and as shown in Equation 39. 
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ACTION POTENTIAL
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( )
( ) ( ) log
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tt

t t

f t
H t f t dt

m t
−

−
−

= ∫  

Equation 39 

 

The dataset was then integrated using the trapezoidal approximation52 for Equation 

39, and plotted in Figure 118 A; Figure 118 B represents the integration of the absolute 

value of the fitting function which was derived and shown in Appendix 9, and illustrated in 

Figure 117 H. 

                                                 
52 The Origin 7.0 software package by OriginLab, Inc was used for this purpose. 
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Figure 118. Representation of the relative information entropy for an action potential, corresponding to the 

integral shown in Equation 39. All values are expressed in bans, since the logarithm of base 10 was used in 

the previous derivations A. Integration of the dataset shown in Figure 117 G, where the different portions of 

the plot have been marked after the fast and slow K+ response, initially found in the raw data, as shown in 

Figure 117A. B. Integration of the absolute value for the fitting function illustrated in Figure 117 H. The close 

match between the integration of the result datasheet and the actual fitting function shows that the latter 

appropriately regresses the experimental data. 

 

The plots in Figure 118 illustrate the relative information entropy for a single 

recorded action potential using the experimental apparatus described in this thesis. The 

absolute values of relative information entropy associated with these plots are significant 

and are reported in Table 10. The experimental data is interpreted in both Figure 118 and 

Table 10 in terms of a fast and slow K+ response.  
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Information 

Entropy 
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Relative 
Information 

Entropy  
[nats] 

Relative 
Information 
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[bits] 

Relative 
Information 

Entropy 
[bytes] 

Fast K+  
Response 

 
7.5 

 
17.5 

 
24.9 

 
3.1125 

Slow K+  
Response 

 
30 

 
69 

 
99.6 

 
12.45 

Aggregate 
Response 

 
37.5 

 
86.25 

 
124.5 

 
15.5625 

 
Table 10. Relative information content for an action potential response, itemized between fast K+ response, 

slow K+ response and aggregate response, respectively expressed in bans, nats, bits and bytes.  
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In light of the considerations addressed before in this chapter, these plots are 

particularly meaningful because they provide a measurement on the information content 

associated with the release of an action potential by a given neuronal cell, independently of 

individual variations between the single cells and their adhesion onto the substrates, 

between the action potentials released by such neurons, or between the electrodes in place 

to record such potentials. This independence from the individual variations between the 

single cells is obtained by normalizing the dataset corresponding to each individual action 

potential with respect to the resting potential, which was itself recorded under the same 

conditions used to record the action potential. 

 

In the following part of this chapter we investigate the main experimental result 

shown in Figure 117 A, relative to other results available from the published literature. 

Figure 119 illustrates the electrophysiological recordings obtained with planar photoetched 

multielectrode surfaces, reported by Gross and Lucas in 1982 [4] and prototypical of many 

other subsequent experiments. 

 

 
 

Figure 119. Electrophysiological recordings obtained with planar photoetched multielectrode surfaces, 

reported by Gross and Lucas in 1982 [4]. 
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By comparing the results gathered experimentally in Figure 114 with the ones 

illustrated in Figure 119, it is possible to conclude on two main factors which uniquely 

characterize the results reported in this thesis. These are outlined below. 

 

Improvements in signal amplitude, signal-to-noise ratio and signal discrimination. 

The dynamic range for the electrophysiological recording documented in this thesis is 

considerably higher than the sets of electrophysiological recordings represented in Figure 

119. Specifically, the signal amplitude gathered in conjunction with the experimental setup 

used in this thesis is almost four times higher than the amplitude of approximately 350 

μmV documented by Gross and Lucas. This sharp improvement is certainly caused by 

incremental quality enhancements in the preamplification and amplification hardware used 

to condition the signal, accompanied by a net increase in temporal resolution and by a 

higher A/D sampling frequency which characterize the acquisition software. 

 

At the same time, the improved signal amplitude and signal-to-noise ratio are 

representative of a considerably more effective interface between the IC platform and the 

cell. Several factors contribute to improve the efficacy of this interface; the most prominent 

one is related to the use of three-dimensional electrodes featuring vertically aligned 

conducting nanostructures, compared to conventional microelectrode technology – 

featuring either three-dimensional or planar geometries. The use of higher surface area 

nanostructured electrodes greatly contributes to reduce electrode impedance and contact 

resistance, therefore significantly reducing noise level throughout the recording session. In 

addition, the design of chemically-functionalized nanophase electrodes used in this thesis 

has been demonstrated to improve cell attachment onto the substrates comprised of a 

multiplicity of nanoscale electrophysiological recording loci. Compared to conventional 

microelectrodes, which are often separated from the cell by a layer of electrophysiological 

medium solution, the electrode design featuring three-dimensional nanophase electrodes 

used in this thesis allows for higher aspect ratio, electrically conducting vertical structures 

directly contacting the cellular membrane – at least in part – therefore allowing for a more 

successful electrical coupling between the cell and the IC platform. 
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In addition, the difference in amplitude between the results in Figure 114 and the 

ones illustrated in Figure 119 may also be attributable – at least in part – to differences in 

the protocol used for cell growth or for cell stimulation, or otherwise to differences in the 

cells used in these two cases. 

 

The presence of a fast K+ depolarizing response in combination with a slow 

hyperpolarizing K+ response. The results in Figure 114 show the typical time-dependent 

voltage plot for an action potential, which is described by the following distinct phases – 

from its initiation to its completion. At the same time, the plot in Figure 114 also shows a 

slower component that is described after items 1-7 below. 

 

1. Resting potential. At resting, some K+ leak channels are open, but the voltage-

gated Na+ channels are closed; even though no net current flows, K+ moves across the 

membrane, thus pulling the resting potential close to the K+ equilibrium potential. 

 

2. Stimulation. A local membrane depolarization caused by an excitatory stimulus 

causes some voltage-gated Na+ channels in the neuron cell surface membrane to open, 

leading Na+ ions to rush in at high speed through the channels along their electrochemical 

gradient. Since this ionic species is positively charged, it initiates a reversal in the potential 

difference across the membrane from a positive-outside to a negative-inside. Initially, this 

inward movement of Na+ ions to the intracellular environment is partly favoured by the 

negative-inside membrane potential, but the ions are more generally under the influence of 

the driving force – the difference between the membrane potential and the equilibrium 

potential for Na+. 

 

3. Depolarization (also known as rising phase). As Na+ ions enter and the 

membrane becomes less negative, more Na+ channels open, causing an even greater influx 

of Na+ ions – a phenomenon generally described as positive feedback. As more Na+ 

channels open, the Na+ current dominates over the K+ leak current, and the membrane 

potential becomes positive inside. Recent experiments on cortical neurons seem to 
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interestingly suggest that Na+ channels open cooperatively, allowing for a faster uptake 

than would be predicted by Hodgkin-Huxley dynamics [11]. 

 

4. Peak. By the time the membrane potential has reached a peak value, time-

dependent inactivation gates on the Na+ channels have already started to close, reducing 

and finally preventing further influx of Na+ ions. While this occurs, the voltage-sensitive 

activation gates on the voltage-gated K+ channels begin to open. It has been noted that very 

few ions actually cross the membrane at any stage in the action potential, and that – for 

instance – there is no flood of Na+ into the cell; the gross intracellular and extracellular 

concentrations of both Na+ and K+ change only negligibly, while the change in membrane 

polarity occurs due to the permeability for Na+, increasing greatly via positive feedback – 

caused by the opening of voltage-gated Na+ channels during the depolarization phase – 

according to the Goldman equation (described in paragraph 7.3.3). 

 

5. Repolarization (also known as falling phase). As voltage-gated K+ channels 

open, there is an efflux of K+ ions driven by the K+ concentration gradient and initially 

favored by the positive-inside electrical gradient. As K+ ions diffuse out, this movement of 

positive charge causes reversal of the aggregate membrane potential to negative-inside, and 

repolarization of the neuron occurs back towards the large negative-inside resting potential. 

Even in this case, similarly to the peak phase described above, the change in membrane 

potential is not caused by a considerable aggregate movement of K+ ions across the 

membrane, but rather by a net change in permeability.  

 

6. Hyperpolarization. The closing of voltage-gated K+ channels is both voltage – 

and time-dependent; as K+ exits the cell, the resulting membrane repolarization initiates the 

closing of voltage-gated K+ channels. These K+ channels do not close immediately in 

response to a change in membrane potential; rather, voltage-gated K+ channels have a 

delayed response, such that K+ continues to flow out of the membrane even after this has 

fully repolarized. This effect is often referred to in terms of a delayed rectifier K+ channel, 

since it converts alternating current to direct current or at least to current with only positive 
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value, and leads to a transient dipping of the membrane potential below the normal resting 

value – for a brief moment (i.e., an underhsoot). 

 

7. Refractory period. Immediately after the action potential, the cell experiences a 

refractory period during which the initiation of an action potential becomes either 

statistically impossible or difficult. This refractory period consists of an absolute and of a 

relative phase: in the absolute refractory period, the Na+ channels cannot be opened by a 

stimulus, as they have entered the inactivated state. During this phase, no action potential – 

irrespective of the stimulating voltage being applied – can be fired. In the relative refractory 

period – immediately after the absolute phase – action potentials can be initiated, although 

at higher thresholds compared to conventional resting potential. Two are the reasons 

generally regarded responsible for the refractory period: the cell may be slightly 

hyperpolarized due to still higher than resting values for the K+ permeability, so that more 

voltage is reguired to reach threshold; in addition, the threshold itself may be higher than 

usual, because some of the Na+ channels may still be inactivated. The presence of a 

refractory period ensures that the propagation of the action potential occurs in an 

orthodromic unidirectional manner, and not antidromically. In addition, the Na+ channel 

can be defined to have at least three states: closed, open and inactivated – close and not 

able to open. 

 

 The slower component of the plot in Figure 114 may be interpreted in terms of a  

slow and less intense K+ response, relative to the first one described above. In order to 

accurately account for this phenomenon, some space is provided to describe the mechanism 

of current conduction from the cell onto the recording channel on the substrate. 

 

When extracellular microelectrodes are used, ions flow through open channels in 

the membrane into the narrow space between cell and chip, and induce an electric field in 

the underlying conductive channels on the IC platform. Fromherz and colleagues have 

addressed the establishment of an electrical coupling between the ion channels in the cell 

and an underlying conductor in terms of changes of the electrical potential and of the ion 

concentrations in the extracellular space, and they have proposed a one-compartment 



 

  383

model for electrodiffusion to describe the changes of the electrical potential and of the ion 

concentrations in the extracellular space between the cell and the chip [2, 12]. 

 

Following their model, we here propose that the depolarization phase after the 

completion of the action potential is due to an enhanced K+ concentration in the junction 

between the cell and the conductor, that lowers the driving force and the current across the 

membrane, and also to the electrical resistance of the junction.  This electrodiffusion model 

reproduces the fast change of the extracellular voltage, and it reveals a significant increase 

of [K+] in the junction that leads to a relaxation of the voltage: the subsequent closing of the 

channels result in a fast drop of the voltage, and a relaxation to resting levels. It is 

important to emphasize that the intracellular uptake of K+ and extracellular efflux of Na+ by 

the Na+,K+-ATPase ionic pump does not play a role during the falling phase of the action 

potential, since the action of the Na+,K+-ATPase ionic pump occurs at a much slower scale, 

as demonstrated by the fact that poison oubain inactivates the Na+,K+-ATPase without 

significantly affecting the firing of action potentials. More information on the functioning 

of the Na+,K+-ATPase ionic pump is presented in the following section 7.3.2. 

 

The slow change of extracellular voltage in the second phase is accounted for in 

terms of membrane capacitative discharging, according to the following description: the 

relaxation of the voltage found with pure electrodiffusion is overcompensated by the 

change of surface potential on the cell. Upon channel closing, there is a sudden drop of the 

signal due to discharging of the capacitance, that is followed by a slow decay resulting 

from the equilibration of ion concentrations and ion binding. Fromherz and colleagues also 

postulate a slow dynamics of ion binding for K+, Na+ and generally for proton binding onto 

the conducting channels, which occurs in the range of several milliseconds, although no 

precise kinetic measurement is available for the material formulation used in this study. 

 

We here embrace the model by Fromherz and colleagues to account for the fast and 

slow change in voltage subsequent to an action potential, which are here regarded to be 

caused respectively by electrodiffusion and by capacitive effects at the interface between 

the cell and the IC platform. The higher amplitude of the slow-phase hyperpolarizing 
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component relative to other studies is here regarded as attributable to the higher efficiency 

of the device here used relative to other planar devices, as well as to its ability to efficiently 

collect charge carriers by virtue of a higher surface area for each recording channel. 

 

In conclusion, the results presented in this chapter are significant because they 

attribute a measurement of quantity of information to the emanation of an action potential – 

a fundamental biophysical phenomenon at the core of intelligent biological life. 

 

The following chapter discusses the experimental results presented in Chapter 5 and 

in this chapter, in the context of broader considerations. 
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CHAPTER SEVEN 

ANALYSIS AND DISCUSSION ON THE CELL AS A THERMODYNAMICAL 

SYSTEM, IN CLASSICAL AND STATISTICAL MECHANICAL TERMS 

 

The present chapter examines the results illustrated in the previous chapters of 

this thesis, addressing them in the broader context of experimental evidence and 

theoretical models discovered and formulated by others over several decades of research 

in neuroscience. 

 

The chapter stems from the reductionist stance illustrated in Chapter 1 and 

reviews the energy balance and entropy increase for a single isolated living cell 

generating an action potential. The first half of the chapter describes the energy expenses 

needed for a cell to emanate an action potential, across the three dimensions listed below. 

 

1. Heat changes  

2. Force and displacement 

3. Electrical work 

 

The second half of the chapter describes the energy gains which become available 

to a cell as it metabolizes the chemicals readily available in the cellular milieu to live and 

to generate an action potential. This chapter also quantifies the aggregate net energy 

expenditure and entropy increase for the electrophysiologically-active cell. The second 

half of the chapter is therefore organized across the following four main sections. 

 

4. Bio-chemical and metabolic energy deployed by the cell 

5. Quantification of the aggregate energy balance and energy conservation 

6. Quantification of the increase of physical entropy 

7. Statistical thermodynamics for a cell 
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7.1. Energy Expenses. Heat Changes for the Neuron Emanating an Action 

Potential 

 

Although the first studies on heat changes in the pulsing neuron date back to the 

work of Hill and colleagues in 1921 [1] and to the experiments of Bugnard in the 1930’s 

[2], this initial body of evidence was limited by the lack of sophistication of the 

calorimetric equipment used. In 1958 Hill and colleagues published the first significant 

results on the heat production associated with a nerve impulse [3, 4]. Their measurements 

were performed using a thermopile composed of multiple thermocouples, and highlighted 

a positive and rapid heat production associated with the active phase of the impulse, 

which was followed by a rather slower heat absorption lasting for about 300 ms. The 

magnitude of the heat production phase exceeded the magnitude of the heat absorption 

phase and resulted in a net heat generation of about 68.37*10 / nerveJ g− for each pulse 

(Figure 120 A). 

 

 
Figure 120. Heat changes for nerve fibers during the action potential. A. Heat production and absorption 

due to five shocks at intervals of 200 ms. The plot illustrates a net generation of heat subsequent to each 
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shock (adapted from Hill and colleagues, [3, 4]). B. Integrated heat and differential heat for a different 

neuron tested in similar conditions to the ones used for the plot illustrated in A. The plot is the result of 

averaging over multiple heat recordings and  contradicts the results in A, as it illustrates a net absorption of 

heat subsequent to each shock (adapted from Howarth and colleagues, [5]). C. The neural membrane is 

modeled after a capacitor and the square of the voltage between the two sides of the membrane is 

proportional to the energy needed to charge the capacitor.  The plot illustrates that the square of the voltage 

is proportional to the heat of the nerve pulse; the heat, however, is considerably larger in magnitude than 

the capacitor energy. The heat during the nerve pulse returns to the baseline indicating that the nerve pulse 

is adiabatic (adapted from Ritchie and Keynes [6]). 

 

This net generation of heat in a nerve subject to an electrical pulse was initially 

confirmed by Howarth et al. in 1968 using cells subject to different chemicals or ionic 

concentrations [7]. These authors however, partly contradicted Hill in 1975, using a 

different type of fiber in a set of conditions and measuring setup comparable to the ones 

used by Hill, and showing that the magnitude of the heat absorption phase exceeds the 

magnitude of the heat generation phase of about 53.5*10 / nerveJ g− , therefore resulting in 

a net heat absorption [5] (Figure 120 B). In a different set of conditions featuring higher 

temperatures, Howarth et al. confirmed the results by Hill and colleagues (Figure 120 A). 

 

The ambivalence of the results illustrated above seems to persists in the work by 

Tasaki et al., who in 1989 confirmed the result found by Howarth on a new type of cells 

using similar conditions [8] (Figure 120 B), but in 1990 gathered experimental evidence 

in favor of net heat generation associated with synaptic transmission and of net heat 

additivity for repetitive spike stimulation [9, 10], similarly to the results found by Hill 

(Figure 120 A).  

 

A study by Ritchie and Keynes contributed to solve these apparent contradictory 

sets of experimental data by providing new results, which show no net heat dissipation 

within experimental error [6]. More interestingly, these authors model the electrical 

energy at the membrane after a capacitor, with 
( ) 2

0
( ) ( ) ( ) ( )

2
v t CE t C v t dv t v t= =∫ , where C 

is the membrane capacitance and v is the difference in potential on the two sides of the 

membrane. When the integrated heat release during the action potential is plotted 
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together with the square of the voltage changes at the membrane, the two functions are 

qualitatively found to be nearly identical (Figure 120 C). However, since the heat 

released during the action potential is several times larger than the energy of the capacitor, 

it is reasonable to conclude that the heat release is not explained by the charging of the 

membrane capacitor alone. In addition, Ritchie and Keynes show that the heat after the 

whole pulse returns to the baseline, in phase with voltage change and with no net heat 

dissipation – within experimental error (Figure 120 C) – is comparable to experiments by 

Tasaki and Nakaye [11]. 

 

In a very recent study, Heimburg and Jackson interpret these results in terms of an 

adiabatic or isocaloric transformation – a process in which no heat is transferred to the 

working fluid  [12, 13]. In addition, from the second law of thermodynamics applied to 

an infinitesimal process, it is possible to write that dQ TdS= , where Q is the heat, T is 

the temperature and S is the entropy. According to Heimburg and Jackson, the behavior 

described above is a manifestation of reversible infinitesimal changes in the molecular 

architecture of the insulating matrix of the membrane, which affect the electrical 

properties of the dielectric constituting the membrane capacitance [14].  Assuming a 

reversible adiabatic process, therefore, it is possible to conclude that 0dQ dS= = ; 

therefore, the entropy during the emanation of an action potential is here assumed to be 

constant, and the process is regarded as isentropic. For the cyclic process resulting from 

Figure 120 C, since entropy is a state function, it is also possible to write that the integral 

of dS around the full circle is: 

 

  , therefore leading to:   
Equation 40 

  

 In conclusion, a study on temperature gradients traveling with chemical waves  

suggests that temperature changes do not act constructively in the mass transfer processes 

such as the ones occurring through a semipermeable membrane, therefore yielding a clear 

indication that the driving forces for mass transport have to be produced by local 

concentration gradients or, alternatively, electrodynamical polarization [15]. This study is 

0dS =∫ 0dQ
T

=∫
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important because it suggests that heat transfer processes and the resulting temperature 

gradients do not cause mass transport through a cellular membrane, but are a result of 

alternative phenomena such as concentration gradients or electrodynamic polarization. 

 

In the remaining portion of this chapter we follow the results previously 

illustrated by Ritchie and Keynes and the analysis by Heimburg and Jackson and we 

consider the liberation of an action potential as a reversible adiabatic and isentropic 

process. 

 

7.2. Energy Expenses. Force and Mechanical Spikes Accompanying the Neural 

Action Potential 

 

Tasaki and colleagues, whose experimental work was briefly featured in the 

previous section of this chapter on neural heat exchange, conducted some landmark 

experiments which unveiled the presence of mechanical spikes accompanying the neural 

action potential, and which at the same time quantified the associated force and three-

dimensional displacement. 

 

The first experimental study by Tasaki et al. to show evidence in this direction 

dates back to 1968, when the observation of changes in fluorescence, turbidity and 

birefringence in phase with the emanation of an action potential led to the conclusion that 

the process of excitation in the nerve is accompanied by a transient conformational 

change in macromolecules of the nerve [16-18].  The authors argued in favor of a 

distributed localization around the cell membrane and in the immediate neighbourhood of 

the nerve, which is rapidly and drastically altered during excitation, therefore leading to 

the observed changes in optical properties of the nerve. 

 

Subsequent studies in the 1980s using contact-based methods which rely both on 

photonic solid state devices and on micro-electromechanical sensing circuits 

demonstrated that the rapid displacement of the nerve membrane occurring during action 

potentials is generally in the order of 10-20 nm in amplitude and is concurrent with a 
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swelling pressure of the order of 5 mg/cm2 for a nerve bundle [19-22]. These results were 

accompanied by experimental modelling on synthetic anionic gel beads and rods subject 

to swelling accompanied by Ca2+-Na+ exchange [23], and were interpreted as not 

attributable to the mixing of monovalent cations (Na+ and K+) across the membrane, but 

rather to the reversible exchange across the membrane of divalent cations such as Ca2+ [8] 

and to the invasion of water into the superficial protoplasmic layer 53  within the 

membrane bilayer [24, 25]. 

 

Recent results gathered using a high bandwidth atomic force microscope confirm 

the changes in terminal volume, that are detected as nanometer-scale movements of a 

cantilever [26]. These results allow the differentiation between a rapid mechanical 

response having a duration shorter than the aggregate duration of the action potential and 

represent a transient increase in terminal volume due to water movement associated with 

Na+ influx. The slower mechanical event, on the other hand, is interpreted to depend 

upon Ca2+ entry as well as on intraterminal Ca2+ transients. 

 

Additional results based on non-contact methods using dual-beam low-coherence 

interferometry to measure nanometer-size displacements lead to very similar results to 

those of Tasaki and colleagues [27]. 

 

These results strengthen the view of the action potential as a wave of running 

structural change – displacement of the membrane surface caused by Ca2+ binding, rather 

than electrostatic changes alone, which alter the membrane from a K+- to Na+-permeable 

conditions [23]. The multiple plots by Tasaki and colleagues shown in Figure 121 clearly 

contribute to characterize the allosteric 54 regulation of the cell and emphasize the great 
                                                 
53 The protoplasm is the living substance inside the cell. At the simplest level, it is divisible into cytoplasm 

and nucleoplasm, and it consists of a soft gel layer composed of highly structured macromolecular material 

containing a considerable amount of water and inorganic cations – principally Ca2+ and Na+ – under normal 

experimental conditions. 
54 The term allostery comes from the Greek αλλοσ, “other” and στερεοζ, “space”, referring to the regulatory 

site of an allosteric protein’s being separate from its active site. Allosteric regulation is a natural example of 

feedback control. 
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importance of the role played by water molecules in the process of nerve excitation, by 

increasing the electrical conductance of the cation-exchanger membrane.  

 

 
Figure 121. Schematic diagrams for the different methods used by Tasaki and colleagues to measure 

structural variations in a cell during an action potential. A. Piezoelectric bender transducer with an 

operational amplifier. B. Corresponding mechanical response (upper trace) and intracellularly recorded 

action potential (lower trace). C. Photonic sensor for surface displacement measurements consisting of a 

light source, a thin platinum foil and a photodetector. D. Displacement of the nerve surface evoked by an 

outwardly directed current pulse (continuous line) and by an inwardly directed pulse (broken line). E. 
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Gulton bender apparatus. F. Recording of the mechanical response of a ganglion cell (top trace) and of an 

action potential (bottom trace). G. Birefringence apparatus comprised of a polarizer and an analyzer, which 

was used for the detection of mechanical displacement during the emanation of an action potential. H. 

Corresponding birefringence results evoked by 30 ms-long current pulses (top and bottom). The middle 

trace shows a suppression of the fast component of the birefringence signal by immersion of the neural cell 

in a Ca2+ free medium. All the results derived from each of the measuring techniques mentioned above are 

in phase with the corresponding electrical stimulation, and therefore indicate that the mechanical 

displacements occur during the emanation of the action potential. Adapted from Iwasaki and Tasaki, 1980 

[22] and I. Tasaki, 1999 [23]. 

 

A recent set of studies by Heimburg and Jackson interprets the structural 

modifications of the cellular membrane – occurring concurrently with respect to the heat 

exchange and the mechanical forces induced by an action potential – in terms of chain 

melting transitions for the biomembrane [13]. During such transitions the heat capacity, 

the volume and area compressibilities, as well as the relaxation times all reach maxima. 

The resulting nonlinearities of compressibility as a function of temperature and pressure 

in the vicinity of the melting transition led these authors to suggest the possibility of 

soliton propagation 55 in such membranes.  As a result, when the membrane state is above 

the melting transition, solitons will involve structural changes in lipid state. 

 

 Under the sets of assumptions made above, an action potential generated by a cell 

exerts a mechanical action on the membrane, which results in transient changes of this 

structure. The quantification of the associated mechanical work and dissipative energy is 

fraught with difficulties and must necessarily depend on the specific conditions of cell 

adhesion on the substrate, resulting cellular geometry, differentiation and degree of 

myelinization.  

  

                                                 
55 A soliton is a self-reinforcing solitary wave (a wave packet or pulse) that maintains its shape while it travels 

at constant speed; solitons are caused by a cancelation of nonlinear and dispersive effects between the 

frequency and the speed of waves in the medium. Solitons are found in many physical phenomena, since they 

arise as the solutions of a widespread class of weakly nonlinear dispersive partial differential equations 

describing physical systems. 
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Heimburg and Jackson solved the intrinsic complexity of this problem making 

some simplifying assumptions and model the cellular membrane after a piezoelectric, 

therefore applying the Gouy-Chapman theory for the potential of surfaces in electrolytes 

[12]. In piezoelectrics, voltage changes and mechanical as well as density changes are 

tightly coupled. These assumptions led these authors to determine an equivalence of 

voltage with mechanical work, and to quantify the latter as the electrical work generated 

by a change of 40 mV at the soliton peak. 

 

In the remaining portion of this chapter, the piezoelectric assumption was 

embraced, as well as the equivalence of electrical and mechanical work, which underlies 

the work by Heimburg and Jackson. This assumption on the equivalence of the 

mechanical work generated by the displacement of the membrane to a voltage was 

coupled with the experimental finding by Tasaki and colleagues – that the mechanical 

spikes occur in phase with the electrical action potentials (Figure 121) – to simplify the 

calculation of the mechanical entropy increase and energy dissipated by the cell at the 

passage of a spike. Following Heimburg and Jackson it is therefore possible to derive the 

aggregate electrical energy expenditure and entropy increase occurring during an action 

potential by increasing the voltage for a single action potential of a constant amount, 

corresponding to the mechanical component of the action potential, and by multiplying it 

by the corresponding current – after the assumption of a cellular membrane with constant 

capacitance – as illustrated in the following section of this chapter. The specific voltage 

increase, however, is entirely dependent upon the experimental conditions used in the 

measurements, such as the neuronal cell line, the extent of cell adhesion and the duration 

of the experiment. 

 

Since the influence of these factors on the aggregate energy expenditure is overall 

expected to be negligible in conditions of strong attachment of the cell to the substrate, 

and also difficult to characterize, we simplify the calculation on energy expenses by 

neglecting the mechanical component in the remaining sections of this chapter. 
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7.3. Energy Expenses. Electrical Work for the Neuron Emanating an Action 

Potential 

 

This section investigates the neurophysiological foundations for the generation of a 

membrane resting potential and of an action potential across three main sub-sections 

respectively describing (i) passive transport through ionic channels, (ii) active transport 

through ionic pumps, (iii) electrodynamic transport through voltage-gated channels. The 

final section of this chapter quantifies the energy expenditure in the form of electrical work 

for the generation of an action potential – based on the results shown in Chapter 6. 

 

All the measurements reported in this section (i.e., voltage and current) were made 

using pipettes in contact with the cellular membrane, according to established techniques 

[28]. 

 

7.3.1. Passive Transport through Na+, K+ and Cl- Channels 

 

All neurons feature charge separation on the two sides of the membrane, leading to 

an excess of positive charges on the extracellular side, and to an excess of negative charges 

on the intracellular side of the membrane. This charge separation over the membrane 

thickness of a few nanometers is maintained constant and it generates the membrane 

potential – at resting conditions. The membrane potential is defined in Equation 41, by 

assigning the value of 0extracellularV = for the extracellular potential. 

 

m intracellular extracellularV V V= −  

Equation 41 

 

At resting conditions, the resting potential ( m RestingV − ) is approximately equal to -70 

mV, and any reduction of the associated charge separation is referred to as depolarization, 

while any increase in charge separation is referred to as hyperpolarization. 
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The membrane potential is generated primarily by the preponderance of select types 

of ionic passive channels in the membrane. Passive channels are made available by proteins 

on the membrane, which passively transport selected ionic species, by virtue of opening 

and of their selective affinity for certain ionic species. Passive transport is generated by the 

change in shape which occurs when proteins bond to another molecule or ion – generally 

referred to as facilitated diffusion – and it does not involve the expenditure of ATP 

(transport mediated by ATP hydrolyzation, also referred to as active transport, is discussed 

in a later section of this chapter, in the context of Na+,K+-ATPase). 

 

Four different types of ionic channels secure the generation of the membrane 

potential on the two sides of the membrane. These channels and the associated proteins – 

which differ in their number density across the membrane, therefore resulting in different 

permeabilities for the different ionic species – result in a inhomogeneous charge 

distribution for the four main ionic species across the membrane: the Na+ and the Cl- can be 

found at higher concentration extracellularly, while the K+ and the inorganic anions (A-) – 

constituted primarily by organic acids and proteins – can be found primarily intracellularly.  

 

The following discussion is focused on K+ ions, selectively permeable through the 

membrane from the intracellular environment to the extracellular milieu. The same kind of 

passive transport applies for all the other ionic species mentioned above, although not 

necessarily in the same direction, to distribute each ionic species on the two sides of the 

membrane, as previously described. K+ ions diffuse extracellularly following the 

concentration gradient across the selectively permeable K+ channels through the 

membrane, therefore creating an excess of positive charges on the extracellular portion of 

the cells, which will be counterbalanced by an excess of anions (Cl-) on the intracellular 

side. The resulting creation of an electric field across the two opposite sides of the 

membrane makes the diffusion of K+ autolimiting, since the accumulation of a net 

extracellular positive charge opposes the indefinite efflux of K+ ions, therefore reaching an 

equilibrium where the chemical-diffusional force is balanced by an identical and opposite 

electrodynamic force (Figure 122). 
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Figure 122. Selectively permeable K+ channel. The flux of K+ through the membrane is determined by both 

the K+ concentration gradient and by  the electric potential of the membrane. This is caused by an excess of 

positive charges on the external surface of the cell, which creates an excess of negative charges inside the cell. 

This sharp charge separation prohibits the further efflux of K+, while it creates the conditions for an 

equilibrium at which the electrical forces and the chemical forces due to the differences in the concentration 

gradient are equal and opposite in sign (as shown by the two arrows). 

 

The conservation of a concentration gradient for a cell featuring only K+ channels at 

resting potential does not require any energy expenditure other than for the synthesis of the 

selectively permeable membrane. Different concentration gradients for other ions do not 

bear any modifications of the concentration gradient and equilibrium potential for K+, as 

these do not react chemically with K+ and do not affect the functionality of the K+ channel, 

for which they have low affinity. Therefore, once such a gradient is established, it persists 

indefinitely without any expenditure of metabolic energy, ceteris paribus. The 

corresponding membrane potential for K+ is predicted by the Nernst equation, as described 

in section 4.3 previously in this thesis: 
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+

+

[K ]ln
[K ]

extracellular
K

intracellular

RTE
ZF+ =  

Equation 42 

 

In this equation, 
K

E + is the membrane potential at which the K+ ions are at 

equilibrium, R is the gas constant, T is the temperature in Kelvin, Z is the valence for the 

K+, F is Faraday’s constant, while +[K ]extracellular and +[K ]intracellular are the concentrations for 

K+ ions. Substituting the experiment values characteristic for K+ we get: 

 

20=26mV*2.3log 75mV
400K

E + = −  

Equation 43 

 

While glia are found to be uniquely permeable to K+ ions, since the experimental 

results match the predicted curve after the Nernst equation, neurons in general have an 

appreciable number of channels for ions different from K+ – primarily Na+ and Cl-, many of 

which are open at resting potential. The following discussion is however focused primarily 

on K+ and Na+, neglecting Cl- since the number of open channels for K+ and Na+ far 

outweighs that for Cl-. Substituting the values for Na+ in the Nernst equation we get: 

 

440=26mV*2.3log 55mV
50Na

E + = +  

Equation 44 

 

Compared to a membrane potential of 75 mV− for K+, the Na+ are 130 mV− off 

with respect to their own chemical potential, and the resulting strong electrochemical force 

will push them thorugh the opened Na+ channels: however, since the number of opened K+ 

is much higher with respect to that of the opened Na+ channels, m RestingV − will remain 

relatively close to the value of 
K

E + , and a steady-state dynamic equilibrium will be created 

between the K+ moving extracellularly and the Na+ moving intracellularly. 
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For a cell to maintain a stable membrane potential, with a constant charge 

separation existing on the two sides of the membrane, a dynamic equilibrium must be 

created between the influx of positive charges (Na+) and the efflux of charges with the 

same sign (K+). If this dynamic equilibrium were not present, the membrane potential 

within the cell would vary continuously, therefore compromising the metabolic stability of 

the cell. The concurrent presence of the two types of fluxes is not sustainable over time, 

however, since the energy of the combined Na+, K+system would be minimized over time – 

therefore reaching stability, for diminishing values of +[K ]intracellular , for increasing values of 

+[Na ]intracellular and for dissipation of the concentration gradient for both these ionic species. 

The dissipation of the ionic gradients is actively contrasted by the Na+,K+-ATPase ionic 

pump, which exudes Na+ ions from the cell while it introduces K+ intracellularly, therefore 

countering the respective electrochemical gradients for these two ionic species at the 

expense of energy gathered from the hydrolyzation of ATP.  

 

When the cell is at rest, the net balance between the active fluxes promoted by the 

Na+,K+-ATPase ionic pump and the passive ones generated by the Na+ and K+ ionic 

channels are at steady state. This is an energy-expensive condition where all state variables 

are constant by virtue of mass flows which occur to maintain a stable dynamical 

equilibrium, and in spite of ongoing processes that strive to change them. Steady state 

should not be confused with chemical equilibrium – a condition characterized by net 

reaction rates equal to zero.  

 

Figure 123, Figure 124 and Figure 125 illustrate the variation of current as a 

function of voltage for Na+ and K+ ions in the case of passive transport across the channels. 
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Figure 123. Currents generated by the Na+ ionic channels, by K+ ionic channels and by both Na+ anf K+ 

channels using different values of inversion potential. The ionic currents – responsible for the membrane 

potential at resting conditions, are determined by examining the inversion potential. This is defined as the 

potential at which the incoming and the outgoing currents are at equilibrium. The membrane is tested on 

each row at a specific value of voltage in a voltage-clamp configuration (with Vm constant – see paragraph 

2.5.1 for an explanation of this methodology). The variation of the current displayed in the first column 

(from left to right) is caused by Na+ ionic channels alone, since all the K+-selective ionic channels are 

chemically blocked. Similarly, the variation of the current displayed in the second column is caused by K+ 

ionic channels alone, since all the Na+-selective ionic channels are chemically blocked. The third column 

measures the combined effect of Na+ and K+ ionic channels. Upon test initiation, when the membrane 
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potential is brought to an equilibrium potential for the ion responsible of the conservation of membrane 

potential via passive transport, there is no current flow. If the only ionic species responsible for the 

generation of the membrane current were the Na+ , the equilibrium potential would be equal to +55 mV. 

Similarly, if the only ionic species responsible for the generation of the membrane current were the K+ , the 

equilibrium potential would be equal to -75 mV. However, both ionic species and both types of ion 

channels are present, and the equilibrium voltage is approximately equal to 0 mV. (Adapted from Kandel et 

al., [28]). 

 

 
Figure 124. I-V curves for passive transport through ionic channels for both Na+ (represented in red), K+ 

(represented in blue), and a combination of passive ionic channels of the Na+ and K+ type – in equal 

proportions (represented in green). For each ionic species, a continuous straight line and a non-linear 

function are drawn. The straight line represents the I-V curve for a single ionic species assuming opened 

ionic channels which are unaffected by local variations in voltage, while the non-linear curve represents the 

I-V curve for a single ionic species whose channels open or close as a function of the voltage. The behavior 

of the ionic species may be approximated to the linear case only for the purposes of discussions on the 

membrane potential at rest. The difference in slope between the Na+ and K+ type curves illustrates that at 

rest the membrane is more permeable to the K+ ions rather than to the Na+. However, the linear 

approximation becomes inadequate in case of an action potential, since its generation and propagation are 

heavily dependent upon voltage-dependent ionic channels, as described later in this chapter. (Adapted from 

Kandel et al., [28]). 
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Figure 125. Currents and differences in voltages generated by the Na+ and K+ ionic channels, reflecting the 

function illustrated in green in Figure 124. The membrane is tested on the first row (from left to right) at a 

specific value of voltage, in a voltage-clamp configuration (with Vm constant). On the second row, the 

membrane is tested using a current clamp configuration (see paragraph 2.5.1 for an explanation of this 

methodology).  For every condition, the current generated by active transport is balanced by an identical 

current with opposite direction generated by passive transport (Adapted from Kandel et al., [28]). 
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The transport for Cl- is similar to the series of processes illustrated above for Na+ 

and K+ ions: neurons possess a pump for Cl- which transports these ions extracellularly, 

therefore increasing 
-

-

[Cl ]
[Cl ]

extracellular

intracellular

, compared to simple processes of passive diffusion. The 

action of the Cl--ATPase therefore increases the concentration gradient across the 

membrane and makes 
Cl

E − more negative than m RestingV − . The resulting difference between 

Cl
E − and m RestingV − determines a constant flux of Cl- toward the intracellular environment, 

which will be counterbalanced by the active transport of Cl- towards the extracellular 

environment – maintained by the consumption of metabolic energy in form of ATP. 

 

7.3.2. Active Transport Associated with ATP Supply to the Na+,K+-ATPase Ionic 

Pump 

 

The protein primarily responsible for the active transport of Na+ and K+ ions is 

called Na+,K+-ATPase, and it operates in order to counterbalance the passive transport 

occurring for these two ionic species across the channels, therefore maintaining a constant 

value for the membrane potential at rest. This protein operates in the cytoplasmic 

membrane and it can couple a scalar chemical reaction – ATP hydrolysis – to vectorial 

processes, such as the transport of Na+ and K+ ions [29]. The pump has two polypepdide 

subunits, one of which contains the cation-binding sites and the catalytic site for ATP 

hydrolysis, while the smaller subunit is a glycoprotein with an unknown function. ATP 

binds to the enzyme only from the intracellular side of the membrane, and the enzyme 

releases ADP and Pi on the same side. Na+ ions also bind most strongly from the 

intracellular side, but K+ ions bind best from the extracellular side. The ion-pumping and 

ATPase activities of the enzyme are tightly coupled in the sense that ATP hydrolysis 

occurs at an appreciable rate only if Na+ and K+ both are present on appropriate sides of the 

membrane. For each ATP that it splits, the Na+,K+-ATPase pump moves three ions out of 

the cell and brings in two K+ ions. In this way the pump acts in an intrinsically electrogenic 

fashion, by creating an electric potential gradient across the membrane resulting from a net 

efflux of positive charges (Figure 126). 
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Figure 126. A model for the operation of the Na+,K+-ATPase protein pump. A. The enzyme exists in two 

conformational states, E1 and E2. In state E1, the ion-binding site is open to the intracellular solution and 
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preferentially binds Na+ ions; in E2, the ion-binding site faces the extracellular solution and preferentially 

binds K+. ATP phosphorilates the enzyme in the E1 conformation to give a high energy intermediate, E1∼P. 

When the enzyme relaxes to the low energy conformation E2–P, the Na+ ions dissociate on the extracellular 

side of the membrane and K+ ions are bound. Hydrolysis of E2–P releases Pi inside the cell. This returns the 

protein to the E1 conformation so that the K+ ions are released inside the cell. B. The net activity of the pump 

can be summarized as an efflux of 3 Na+ ions and an influx of two K+ ions.  

 

It is however important to highlight that the membrane potential of about -70 mV 

that is built up across the plasma membrane of a typical nerve cell probably owes more to a 

leakage of K+ back out of the cell through other types of channels. The K+ ions tend to leak 

out through the K+ pumps subsequent to the action of the Na+,K+-ATPase pump which 

elevates the internal K+ concentration above the extracellular concentration, therefore 

inducing an additional net efflux of K+[30]. 

 

The enzymatic activity and transport functions of this protein have been studied 

under a variety of ligand and environmental conditions, focusing on the partial reactions of 

the pumping cycle – which can be summarized by the Albers-Post or Post-Albers cycles 

[31]. The cyclic process is comprised of an ordered sequence of three categories of 

reactions – (i) phosphorilation/dephosphorilation, (ii) ion binding, ion release, and (iii) 

switching between the two major conformations, where the latter process includes the 

translocation of the ion binding sites between two aqueous interfaces of the protein [32] 

(Figure 127). 

 

The models in Figure 126 and Figure 127 feature an ATP enzyme with two 

conformations – E1 and E2, both of which can exist in phosphorylated states. E1 ∼ P features 

a high energy phosphoryl bond that is in equilibrium with the β-γ-phosphoryl bond of ATP. 

E2–P has a low-energy bond in equilibrium with Pi. Binding of Na+ from inside the cell 

occurs in conjunction with phosphorylation of the enzyme, in the E1 conformation, to form 

E1∼P. The spontaneous relaxation from E1 ∼ P to E2–P drives the cycle in the direction of 

Na+ uptake. K+ binds preferentially to E2–P from the extracellular medium and is imported 

when the dephosphorilated enzyme returns from conformation E2 to E1 [33, 34].  
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Figure 127. Diagram illustrating the Albers-Post cycle, which describes the enzymatic activity and the 

transport properties of the Na+,K+-ATPase protein. Main features of the pumping process are (1) a ping-pong 

mechanism, i.e. both transported ion species are transferred successively and in opposite direction across the 

membrane, (2) the transport process for each ion species consists of a sequence of reaction steps, which are 

ion binding, ion occlusion, conformational transition of the protein, successive deocclusion of the ions and 

release to the other side of the membrane. (3) Recent experimental evidence shows that the ion-binding sites 

are placed in the transmembrane section of the proteins and that ion movements occur preferentially during 

the ion binding and release processes. The diagram, which is comprised of many partial reactions – is 

characterized completely by three categories of parameters – rate constants, ligand concentrations, and the 

concentration of protein states – while each reaction step has a forward and a backward rate concentration, 

both of which define the kinetic properties. Adapted from Apell, 1997 [32]. 

 In addition to the physiological Na+,K+-exchange mode, the Na+,K+-ATPase 

protein can perform a variety of partial reactions that involve pumping modes such as (a) 

Na+-only mode, (b) K+-K+ eachange, or uncoupled Na+-efflux. The diagram in Figure 127 

illustrates a unique forward reaction in which phosphorylation is driven by ATP in the 

presence of 3 Na+ ions, coupled to a series of similar return pathways with differently 

occupied ion sites [32, 35]. 
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Multiple titration kinetic experiments have been conducted to characterize the rate 

constants or equilibrium constants for the overall phosphorylation reaction [36-40], 

allowing to determine that the free energy level is electrogenic, therefore indicating that the 

rate constant and as a consequence the corresponding free energy levels for ATP hydrolysis 

can be modulated by the membrane potential. The energy dissipated by the pump is the 

difference between the energy made available by ATP hydrolysis and stored energy; at a 

typical resting potential of -70 mV and at the range of temperatures used in this thesis – 

described in Chapter 6 – the energy made available by ATP is found to range between 30 

KJ/mole and 50 KJ/mole  [41-43] 56, equivalent to a range between -204.98*10  J/ATP 

molecule and -208.30*10  J/ATP molecule. On the basis of experimental evidence, Apell 

estimates the energy dissipated by the pump in the standardized range of conditions 

described above and – particularly – at resting potential – to be approximately equal to 20% 

of the energy made available by ATP – therefore equivalent to a range between 6 KJ/mole 

and 10 KJ/mole. The resulting efficiency of the pump at resting potential is estimated equal 

to 80%, therefore providing a free energy GΔ  between 24 KJ/mole and 40 KJ/mole. The 

voltage dependence of the Na+,K+-ATPase [45] gives it an efficiency equal to 100% at 

equilibrium potential – the membrane voltage characterized by no net flow of ions from 

one side of the membrane to the other, therefore reducing the concentration gradient 

countering the work performed by the pump to zero. 

 

The reaction steps of the Na+,K+-ATPase (Figure 127) occur in an aqueous 

environment, therefore making entropy changes primarily dominated by binding and 

releasing of water molecules or ions. The work generated by the Na+,K+-ATPase pump 

results in a negative entropy change caused mainly by immobilization of solvent molecules 

or ions in the protein. Apell determined an upper limit for the entropy change, which was 

quantified as: S= - 224 /J molKΔ , for the same range of temperatures used in Chapter 6 of 

this thesis [32]. This value for SΔ approximates the value of the entropy variation for ATP 

                                                 
56 This is a conservative estimate, since other studies quantify the free energy of ATP hydrolysis equal to 56 

KJ/mole [32], while another study reports it as equal to 60 KJ/mole [44]. The range here reported is used 

consistently throughout the text. 
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hydrolyzation at 100% efficiency derived from experimental measurements in Alberty, 

1969 [43]. 

 

7.3.3. Electrodynamic Transport through Voltage-Gated Channels and the 

Generation of the Action Potential 

 

When neurons are at resting potential, the continuous influx of Na+ through the 

passive channels is counterbalanced by a continuous efflux of K+ to maintain membrane 

potential constant. The corresponding steady state condition is not preserved any more as 

soon as the cell reaches an excessive depolarization that triggers an action potential. Such 

transitory depolarizations occur either by an excitatory post-synaptic potential, which 

determines the opening of Na+ voltage-gated channels, or otherwise by the electrical 

stimulation provided to the cells via appropriate circuitry, as previously described in 

Chapter 6 of this thesis. The voltage-dependent opening of the Na+ channels leads to an 

increased membrane permeability for this ionic species, which results in a charge 

imbalance with respect to the efflux of K+. The transitory charge imbalance between Na+ 

and K+ results in a membrane depolarization towards a value which approaches 

55mV
Na

E + = + and which in turn determines the opening of many other Na+ voltage-gated 

channels, in a positive feedback (Figure 128).  
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Figure 128. Voltage-gated channels selectively permeable for either Na+ (left) or K+ (right). A. During the 

normal conditions present at resting potential, and in the presence of a normally polarized membrane, the 

channels are closed. B. The channels open only subsequent to a transient depolarization induced by the 

excitatory post-synaptic activity of a neighbouring cell.  

 

The Na+ voltage-gated channels exist in two different configurations across the 

membrane: an activated form – typical of the initial phase of the action potential, 

characterized by rapid opening of the channels in response to a depolarization – and an 

inactivated form, characterized by a longer latency for the channel to close. The ongoing 

depolarization reaches a threshold beyond which it decelerates, as a result of the 

increasing closing of the Na+ voltage-gated channels, which in turns leads to the opening 

of K+ voltage-gated channels. The delayed efflux of K+ (since the internal potassium 

concentration is greater than the external), combined with a diminished influx of Na+, 
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determines a net efflux of positive charges from the cell, which is prolonged over time 

until the cell repolarizes to its resting potential. The repolarization of the membrane 

occurs when the K+ current exceeds the Na+ current, raising the membrane potential to 

the neighbourhood of the resting potential, at which potassium ions inside and outside the 

fibre are near to equilibrium [46]. 

 

When the value for mV is constant, its value can be derived analytically by 

balancing between the fluxes of the ionic flows across the membrane, to provide the 

Goldman equation, reported below – both for specific ionic species involved in the creation 

of a membrane potential, and in general form: 

 
+ + -
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+ + -

[K ] [Na ] [Cl ]
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Equation 46 

 

In the limit of an extremely high permeability for a single ionic species, the 

Goldman equation is reduced to the Nernst equation for that ion (Equation 42). In the 

following section we continue the description of the cell emitting an action potential and 

we refer extensively to the electrophysiological model by Hodgkin and Huxley – whose 

accuracy is still unmatched by more recent studies. 

 

7.3.4. The Electrophysiological Model of the Cell by Hodgkin and Huxley 

 

The studies of Hodgkin and Huxley, initially described in 1952, provide a model of 

membrane neurophysiology – both at resting potential and during the generation of an 

action potential – to describe ionic channels, the concentrations of specific ionic species 
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across the membrane and the ability of the membranes to cumulate electric charges [46-

50]. In their model, the most relevant functional properties of the neuron are represented by 

an equivalent circuit comprised only by conductors (and resistances), batteries and 

electrical capacitors. This model describes an intuitive but at the same time quantitatatively 

rigorous explanation of the elaborate manner in which ionic currents – determined by 

processes of ionic diffusion – originate the complex family of electrical signals in the cell. 

 

In the absence of ionic channels, the cellular membrane – constituted by a double 

layer of lipids – is a poor conductor of ionic currents: even at elevated differences in a 

potential gradient, the creation of appreciable current flows across the membrane is 

negligible, and the surface of a membrane with about 10-4 cm2 area in the absence of ionic 

channels would have a conductance of about 1 pS 57. However, as soon as we introduce the 

presence of ionic channels in the membrane, it is clearly possible to observe extensive 

charge transfer across it. As a result, the resting conductance of a normal membrane is 

equal to about 40 nS – approximately 40,000 times higher than the conductance measured 

in the absence of ionic channels. Therefore, in an equivalent circuit, each ionic channel 

could be represented using the symbol of a conductor. However, the flow of an ion through 

an ionic channel is reduced by a series of complex interactions with the walls of the 

channel, therefore reducing the conductance of the channel lumen with respect to the 

conductance of an equivalent volume of extracellular solution. This relationship can be 

similarly expressed in terms of a higher resistance for an ionic channel compared to the 

resistance of an equivalent volume of extracellular solution.  

 

Each ionic channel also generates an electromotive force on the two ends of the 

membrane – for example by diffusing the K+ ions, which are present intracellularly at high 

concentrations, towards the extracellular environment. This diffusion creates a net charge 

separation on the two ends of the membrane, with an accumulation of positive charges on 

the extracellular side of the membrane that is counterbalanced by an intracellular excess of 

negative charges (Figure 122). This process results in the establishment of a difference in 
                                                 
57 1 pS = 10-12 S = 1012 Ω. The Siemens is the derived SI unit for conductance and it is often referred to as the 

reciprocal of the ohm – the SI unit for resistance – or otherwise as mho.  
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electrical potential, with an associated electromotive force, and the electrical potential on 

the sides of each K+ channel, equal to approximately -75 mV (Equation 43), can therefore 

be represented as a battery in series with the resistance of the channel – described in the 

paragraph above – as illustrated in Figure 129. 

 

 
Figure 129. According to the model by Hodgkin and Huxley (1952), ionic channels can be represented as a 

battery connected in series with a conductor g’K. The picture illustrates a single K+ ionic channel. 

 

The entire population of the channels for a given ionic species can be represented 

by a single conductor in series with the battery. In this case, the conductance for the 

aggregate circuit 
K

g + comprised of many channels for the same ionic species, can be 

represented, in the case of K+ as: 
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where 
K

N + is the number of channels present and '
K

g + is the conductance for a single 

channel. 

 

The value of the battery for an equivalent circuit comprised of many channels for 

the same ionic species is entirely dependent upon the concentration gradient across the 

membrane for the species in question, and in the case of K+, it is equal to the value of 

K
E + of approximately -75 mV (Equation 43).  

 

The same approach may be used for all the other passive ionic species present on 

the neuronal membrane, obtaining a single circuit comprised of three series of batteries and 

conductors connected in parallel. This circuit adequately mimics the electrical bridging 

existing between the different ionic pumps, which adequately describes the extracellular 

liquids and the cytoplasm on the two sides of the membrane. For the sake of completion, 

the circuit should be completed by the conductance of the membrane, connected in parallel 

with respect to the other conductances; since however its value is negligible and on average 

at least four orders of magnitude smaller than the conductance of the other channels, 

membrane conductance is not considered further. The extracellular medium and the 

cytoplasm may be modeled after a short-circuit – i.e., a conductor with zero resistance.  

Adapting the Goldman equation (Equation 45), it is possible to derive a new expression for 

mV in the circuit here described (Figure 130), to obtain: 

 

K K Cl Cl Na Na
m

K Cl Na

g E g E g E
V

g g g
+ + − − + +

+ − +

+ +
=

+ +
 

Equation 48 

 

The circuit described above can be made more realistic by adding a current 

generator, analogously to the Na+,K+-ATPase ionic pump, which exactly counterbalances 

the passive flows of K+ and Na+ crossing the membrane with active flows to expel Na+ 

from the cell and to transport K+ intracellularly. The Na+,K+-ATPase ionic pump can be 

regarded as the necessary component to maintain the battery charge constant. 



 

  414

 

Finally, the model by Hodgkin and Huxley considers the capacitance of the 

membrane, which is represented by two conducting layers – the cytoplasm and the 

extracellular medium – separated by a thin layer of insulator – the lipidic membrane. Since 

the membrane is crossed by conducting ionic channels, it can be modeled after a capacitor 

undertaking electrical leakage over time. The completed circuit comprised of the Na+,K+-

ATPase ionic pump and of the membrane capacitance is illustrated in Figure 131. 

 

 
Figure 130. A portion of the electrophysiological model for the neuron by Hodgkin and Huxley (1952). A. 

The three different passive ionic channels present on the membrane are connected in parallel by the conductor 

on the two sides of the membrane – comprised respectively of the extracellular medium and of the cytoplasm. 

B. Equivalent circuit comprised of three ionic channels – respectively K+, Na+ and Cl- . The K+ current flows 

extracellularly, while the Na+ current flows intracellularly; the current flow for Cl- is not significant.  
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Figure 131. Complete equivalent circuit according to the electrophysiological model for the neuron 

formulated by Hodgkin and Huxley (1952). 
 

7.3.5. Quantification of the Electrical Power and Energy Needed to Generate an 

Action Potential 

 

The results illustrated in Chapter 6 documented the evolution of voltage over time 

for a single cell during the generation of an action potential. In principle, it would be 

possible to derive a value of ionic current based on the experimental determination of the 

voltage and on the knowledge of the equivalent circuit – illustrated in the preceding 

section. The experimental determination of the current associated with the voltage 

generated during the emission of an action potential is however fraught with difficulties, as 

it should rely on patch-clamping – a technique whose complexity is beyond the aim of this 

thesis and therefore is not described in the materials and methods section in Chapter 3. This 

methodology would be necessary to practically pursue this approach, based on the lack of 

information on the electrical parameters for the individual components comprising the 

circuit for the cells cultured in this experiment (i.e., resistance and electromotive force for 

the K+, Na+, Cl-, membrane capacitance). 

 

Based on the model by Hodgkin and Huxley, however, it is possible to derive the 

time-dependent evolution of the total ionic current flowing during the action potential, 

according to the following equation: 

g’Na=1/R’Na 

ENa – 
+ 

g’K=1/R’K 

EK + 
– 

g’Cl=1/R’Cl 

ECl + 
– 

Extracellular surface 

Intracellular surface 

IK INa INa IK + + + + + 
 
 
 
– – – – – –  
 
 

Na+,K+-ATPase 
ionic pump 
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total m
dVI C
dt

= − , 

Equation 49 

 

where mC is the membrane capacitance and dV
dt

is the first derivative of the voltage. Since 

the total membrane current is the sum of capacitative current ( m
dVC
dt

) and ionic current, 

when the total membrane current is equal to zero (as it is after the short current injection 

used to stimulate the cell is turned off), we can also conclude – more precisely – that 

total ionic m
dVI I C
dt

= = − , using the average value of 25 pF for Cm [50, 51] (Figure 132B–C).  

 

It is important to highlight that the average value for Cm may be different from the 

real value for the device capacitance used in this set of experiments, which was not 

measured in this thesis, in light of the tremendous technical difficulties related to the nature 

of such accurate measurements on devices featuring nanoscale structures. The possible 

discrepancy between the real value for Cm and the estimated average one reported above is 

expected on the basis of the difference between the electrodes and the measured values for 

both voltage and current, that are found when techniques such as patch-clamp recording 

and extracellular electrophysiological recordings are compared and analyzed on the same 

cell. While it is acknowledged that the three-dimensional nature of the electrodes used in 

this thesis, coupled with their nanoscale surface topography – are in essence new 

characteristics compared to the existing electrodes used in the literature – therefore 

requiring a number of specific measurements to verify the novel physical properties of 

these electrodes, this range of experiments was regarded to exceed the level of analysis of 

the current thesis, and was not here undertaken, although it is indicated as necessary for 

future experimental corroboration. 

 

The combination of the current with the voltage can be used to determine the 

electrical power used for the generation of an action potential, as follows: 
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*P I V= , 
Equation 50 

 

The power function defined above is partly negative, as a result of the partially 

negative voltage function and of the partially negative current function – derived as the first 

derivative of the voltage. In order to provide a more physically meaningful power function 

in the positive domain, we define the power deployed upon generation of an action 

potential using the absolute value of the function defined in Equation 50 above: 

 

' *P I V=  

Equation 51 

 

On the basis of this function, we can then derive the electrical energy generated 

during the emanation of an action potential as: 

 

*E dt I Vdt= ℘ =∫ ∫  

Equation 52 
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Figure 132. Plots for derived current, power and aggregate energy released during the generation of an action 

potential. A. Plot of the voltage for a single action potential from the onset to the end (see also Figure 2, 

Chapter  6), therefore excluding the resting potential. B. First derivative of the single action potential 

illustrated in A, aptly called voltage rate. C. Plot of current vs. time for the single action potential illustrated in 

A. According to the model by Hodgkin and Huxley, it is possible to rely on an average and constant value of 
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capacitance to determine the current, on the basis of a determined input voltage. D. Electrical power generated 

by a single action potential. E. The plot of the power shows some negative portions in light of its derivation 

from partly negative functions. A new ad-hoc power function ℘ is defined as the absolute value of P. F. 

Energy generated during the generation of an action potential as E dt= ℘∫ . 

 

It is then possible to extend the approach illustrated above – for the computation of 

the electrical energy and of the electrical power – to the case of the resting potential. Figure 

133 shows the series of results corresponding to the ones for the action potential illustrated 

in Figure 132. In particular, the plot shown in Figure 133 F shows a proportional 

relationship between the energy for a resting potential and time – differently from the case 

of the action potential shown in Figure 132 F that is clearly non linear. 

 

On the basis of the data illustrated in Figure 132 E and F and in Figure 133 E and F, 

we can calculate the total electrical energy and the power spent by a cell during the 

generation of an action potential and during a resting potential of comparable duration. The 

corresponding measurements are shown in Table 11 below. 

 

 Electrical 
Energy [J] 

Electrical Power 
[W=J/sec] 

Action 
Potential 

-113.44*10  -101.91*10  
 

Resting 
Potential 

 

-111.0*10  -115.55*10  
 

 
Table 11. Electrical energy consumption and electrical power for a single neuron either generating an action 

potential or at resting potential. 
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Figure 133. Plots for derived current, power and aggregate energy released during the resting potential. A. 

Plot of the voltage for resting potential, of duration comparable to the one of an action potential (Figure 132) 

from the onset to the end (see also Figure 2, Chapter  6). B. First derivative of the single resting potential 

illustrated in A, aptly called voltage rate. C. Plot of current vs. time for the single resting potential 

illustrated in A. According to the model by Hodgkin and Huxley, it is possible to rely on an average and 

constant value of capacitance to determine the current, on the basis of a determined input voltage. D. 
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Electrical power generated by the resting potential. E. The plot of the power shows some negative portions 

in light of its derivation from partly negative functions. A new ad-hoc power function ℘ is defined as the 

absolute value of P. F. Energy generated during the generation of a resting potential as E dt= ℘∫ . 

 

The amplitude of the voltage signals illustrated in Chapter 6 and in Figure 132 A 

fits a vast amount of experimental evidence obtained on neural recording with 

microelectrodes, such as, for example, the ones by Pine and colleagues, 1980 [52] and by 

Gross and colleagues [53].  The shape of the voltage plot for the action potential illustrated 

in Chapter 6 and in Figure 132 A was however peculiar and was succinctly discussed in 

Chapter 6 on the basis of an interpretation relying on K+ ionic flow. The derived values for 

the current were also comparable to other similar studies documented in the literature [51, 

54-57].  

 

7.3.6. Determination of the Signal-to-Noise Ratio for an Action Potential 

Recorded by the Nanophase Neural Device 

 

This section leverages the results for electrical power and energy gathered in the 

previous section for both the action potential and the resting potential, by calculating the 

corresponding signal-to-noise ratio (SNR) for the neuron, which is dependent on its 

adhesion onto the substrate, its proximity to the recording electrode and at the same time 

reflects the electrical characteristics of the electrophysiological recording apparatus.   

 

Using the classical engineering definition of signal-to-noise ratio, it is possible to 

write that: 

 
2

signal signal

noise noise

P A
SNR

P A
⎛ ⎞

= = ⎜ ⎟
⎝ ⎠

 

Equation 53 
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where P is the power, A is the root mean square amplitude and where both signal and 

noise power or amplitude must be measured at the same or equivalent points in a system, 

and within the same system bandwidth. 

 

      Since many signals often have a very large dynamic range, SNR is generally 

expressed using the decibel logarithmic scale, and is defined as follows: 

 

( ) 10 1010*log 20*logsignal signal
dB

noise noise

P A
SNR

P A
⎛ ⎞

= = ⎜ ⎟
⎝ ⎠

 

Equation 54 

 

The measurement of SNR based on instantaneous power for both the signal and the 

corresponding noise is affected by the phase difference between the two independent trains 

– measured from the same electrode adjacent to the same cell. Therefore, to compute the 

SNR we here rely on cumulatve energies rather than on corresponding instantanteous power 

measurements. In light of these considerations, the SNR for a single cell emanating an 

action potential is defined as follows – both in absolute and in decibel scale: 

 

action potential

resting potential

E
SNR

E
=      and       action potential

( ) 10
resting potential

10*logdB

E
SNR

E
=  

Equation 55 

 

This procedure is acceptable in light of the fact that the timescales for both the 

numerator and the denominator in the two expressions above match with one another, and 

in light of the fact that the measurements for both action potentialE  and resting potentialE  were 

gathered from the same cell via the same recording channel. 

 

 Figure 134 shows the variation of the SNR over time – based on the plots derived 

in Figure 132 F and Figure 133 F. The results for SNR for a neuron while it generates an 

action potential are plotted both in absolute and in decibel scale. 
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Figure 134. Plots for derived energy released during the generation of an action potential as well as during 

the resting potential, and calculated signal-to-noise ratios. A. Energy generated during the generation of a 

resting potential as E dt= ℘∫ (Figure 132 F). B. Energy generated during the generation of an action 

potential, similarly derived as in A (Figure 133 F). C-D. SNR calculated in absolute and in decibel scale, as 

described in Equation 55.  

 

 Table 12 summarizes the maxima of the SNR for a cell generating an action 

potential – relative to its noise background level at rest. 

 

 SNR Max ( )dBSNR  Max [dB] 
Action Potential Relative to Resting 
Conditions 

 
18.60 

 
12.64 

 
Table 12. Signal-to-noise ratio for a single neuron generating an action potential, relative to resting potential. 
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7.4. Energy Gains. Bio-Chemical and Metabolic Energy Deployed by the Cell 

Generating an Action Potential and Supplied in Form of ATP 

 

The anatomic and physiological data currently available can be used to analyze the 

energy gains for a neuron to generate an action potential. The work of Attwell and 

colleagues stands out as particularly useful in this regard, as they compute energy usage in 

a cell at the aggregate level, determining approximate numbers and influx rates of Na+, K+ 

and Ca2+ ions needed intracellularly, both at resting potential as well as during the 

generation of an action potential [58]. 

 

From these data they derive the corresponding number of ionic pumps on the 

membrane, which are needed to transport the required number of ions intracellularly at a 

sufficiently high influx rate, and they subsequently derive a corresponding energy 

consumption in terms of ATP molecules – generated by the oxidation of glucose to carbon 

dioxide and water [59] – which are consumed for each action potential event when the cell 

fires at an average frequency of 4 Hz. This on average is estimated to be equal to 82.77*10  

ATP molecules. The specification of the firing rate is necessary, since energy consumption 

is found to be a strong function of firing rate. In this instance, the firing rate of 4 Hz is 

compatible with experimental results gathered in Chapter 6. 

 

Considering an average duration of a neural event to be equal to a maximum of 180 

ms (a value which is compatible with the average frequency of 4 Hz and with Figure 2 and 

Figure 3, Chapter 6), the energy consumption for a neural event reported above can be 

expressed in terms of a power of 91.54*10  ATP molecules/sec. This result contrasts with 

the lower power of 84.27*10  ATP molecules/sec that is consumed by a neuron during 

resting potential. These results can then be converted into energy-related physical units, as 

shown in Table 13 and in Figure 135, if we consider that the free energy available from the 

hydrolysis of ATP to ADP, under intracellular conditions, is found to range between 30 

KJ/mole and 50 KJ/mole [41-43] (see note 4 of this chapter), equivalent to a range between 
-204.98*10  J/ATP molecule and -208.30*10  J/ATP molecule. 
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 Aggregate 
Biochemical and 

Metabolic 
Energy 

[ATP molecules] 

Biochemical and 
Metabolic Power 

[ATP molecules/sec] 

Aggregate 
Biochemical 

and Metabolic 
Energy [J] 

Biochemical 
and 

Metabolic 
Power 

[W=J/sec] 
Action 

Potential 
82.77*10  91.54*10  -11

-11

1.37*10 -
2.29*10

 
-11

-10

7.66*10  - 
1.27*10

 

Resting 
Potential 

 

81.19*10  84.27*10  -12

-12

5.92*10 -
9.87*10

 
-11

-11

2.12*10  -
3.54*10

 

 

Table 13. Metabolic energy consumption and metabolic power for a single rat neuron generating an action 

potential (mean firing rate of 4 Hz), ascribed to the functioning of the Na+/K+ pump. Data derived from Figure 

3A in Attwell and colleagues [58], and converted after Connelly, 1959 [41]. 

 

 
Figure 135. Hierarchy of energy usage for a single rat neuron (mean firing rate of 4 Hz). Percentage values 

showing the expenditure maintaining resting potentials, propagating action potentials through a neuron, and 

driving presynaptic Ca2+ entry, glutamate recycling, and postsynaptic glutamatergic ion fluxes 

( 9100% = 3.29*10 ATP molecules/sec, corresponding to an aggregate power range between 
-101.63*10 W and -102.73*10 W for each neuron). The values of metabolic energy and of metabolic power 

illustrated in Table 13 correspond to roughly 60% of the overall energy balance for the entire cell. 
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7.4.1. Energy Consumption in the Rat and in the Primate Neuron and Brain 

Tissue 

 

The data shown in Table 13 and in Figure 135 illustrate action potential–related 

energy usage in the rat brain neurons such as the ones experimented in Chapter 6. It is 

interesting to compare the data in Table 13 and in Figure 135 for the rat brain to the case of 

primate neurons, where the action potential–related energy usage is increased by a greater 

axon and by a higher mean firing rate (the firing rate of neurons in vivo can reach upward 

limits of 100–300 Hz [60]), although it is slightly decreased by a lower vesicle release 

probability at the higher frequency. More substantial changes in the predicted energy 

budget of the brain result from humans, where the predicted energy budget of the brain 

results from the 3- to 10-fold lower density of neurons, coupled to an unchanged density of 

synapses, therefore implying a 3- to 10-fold higher number of synapses for each neuron – 

equal to an average of 1000 synaptic connections made by each neuron on its population of 

target cells [61].   

 

This trend along the evolutionary scale from rats to humans is accompanied by an 

increase of the fraction of ATP used to reverse the postsynaptic effects of glutamate (from 

34% in rats to 74% in primates), to the detriment of energy used to generate an action 

potential, but at the same time it reduces the specific energy use and consumption of O2 of 

54% – to match with a lower metabolic rate in primates compared to the one for the rat 

[62]. 

 

 A comparison between the energy consumption for a neuron to generate an action 

potential in the rat or in the primate – and specifically in the human – is therefore difficult 

if based entirely on single cells, since these vary tremendously from the histological, 

functional and metabolic point of view. A more meaningful alternative is provided by 

multiplying the aggregate power consumption for the emanation of an action potential in 

a rat neuron (Figure 135) by the total number of neural cells present in both the rat and 

the human brain, and by comparing the resulting total brain power with established 

results obtained using alternative methods, such as blood-oxygen-level-dependent 
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techniques (i.e., functional magnetic resonsance imaging). This comparison is conducted 

after appropriate re-evaluation of the percentage energy use for action potentials in the 

case of the human brain.  

 

According to Herculano-Houzel and Lent, the total number of neurons in the 

human brain was once estimated at 85 billion ( 108.5*10 ), but recent studies estimate a 

total of 105 billion ( 111.05*10 ) neurons in the human cerebellum alone [63]. Alternative 

studies estimate the number of neurons in the brain ranges from below 10 billion 

( 101.0*10 ) [64] to 100 billion ( 111.0*10 ) [65, 66], up to somewhere between 500 billion 

( 115.0*10 ) and 1 trillion ( 121*10 ) [67], and the average numbers of neocortical neurons is 

estimated to be equal to 19 billion ( 101.9*10 ) in female human brains and 23 billion 

( 102.3*10 ) in male brains [67]. Despite this considerable variability – due to the use of 

different measuring techniques by the respective authors of these studies – the currently 

dominating view in the literature maintains that the order of magnitude for the number of 

neurons in the human brain is 111*10 . Conversely, the adult rat brain contains 330 million 

( 83.3*10 ) cells, of which 200 million ( 82.0*10 ) are neurons [63], and the remainder is 

comprised of glia cells. 

 

If we assume 50% of the brain neurons firing and 50% of the brain neurons at 

resting potential at any given time, we can estimate the aggregate electrical neural power 

for the human brain, ascribed primarily to the functioning of the Na+/K+ pump, using the 

data from Table 13 and Figure 135, which is found to vary between 4.89W  and 8.12W  

(Table 14). The electrical neural power for the human brain is found to match – under the 

conservative assumption of 50% load for brain neurons – a percentage between 30% and 

40% 58 of the power of 12W 59 described by Sarpeshkar, 1998 for the entire brain [69], 

which was estimated via blood-oxygen-level-dependent (BOLD) techniques, therefore 

                                                 
58 This percentage range reflects the increase of the fraction of ATP used to reverse the postsynaptic effects of glutamate, 

which is observed along the evolutionary scale from rats to humans, as explained previously in this section [68]. 
59 This value of power consumption – experimentally derived from BOLD techniques – is often approximated to about 

20% of the aggregate power consumption for a mature human, estimated to range between 80 W and 100 W. 
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also including glial metabolic contribution and, at the neural level, including also energy 

expenditure attributable to post synaptic glutamatergic ion fluxes and other factors 

(Figure 135). 

 

 Biochemical and 
Metabolic Power 

[W=J/sec] 

Estimated Load 
[%] 

Total Number of 
Neurons in the 

Brain 

Electrical 
Neural Power 
in the Human 

Brain [W] 
Action 

Potential 
-11

-10

7.66*10  - 
1.27*10

 
 

50 
 
3.83- 6.35  

Resting 
Potential 

 

-11

-11

2.12*10  -
3.54*10

  
50 

 
 

111*10   
1.06-1.77  

4.89-8.12  

(AVG: 6.50 ) 

 

Table 14. Computation for aggregate neural electrical power in the human brain, ascribed to the 

functioning of the Na+/K+ pump, derived from the metabolic power of individual cells computationally 

loaded at 50% (with therefore 50% of the population firing action potentials, while the remaining portion of 

the population is at resting potential). The resulting power consumption is found to match a percentage 

between 30% and 40% of the brain power (therefore corresponding to an estimate of the total consumption 

caused by action and resting potentials) derived by Sarpeeshkar [69] using blood-oxygen-level-dependent 

techniques. 
 

This indirect control with aggregate brain power, as determined via blood-

oxygen-level-dependent techniques, confirms that the data on biochemical and metabolic 

power in Table 13 and in Figure 135 are rather robust and may be used for either the rat 

or the primate brain and, specifically, for human neurons, regardless of the original 

portion of the brain being considered. 

 

Table 15 illustrates the same quantities previously shown in Table 14, which were 

referred to the case of the human brain, and uses the estimation of 200 million ( 82.0*10 ) 

neurons in the average rat brain [63], to determine the aggregate neural power in the rat 

brain, ascribed primarily to the functioning of the Na+/K+ pump. 
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 Biochemical and 
Metabolic Power 

[W=J/sec] 

Estimated Load 
[%] 

Total Number of 
Neurons in the 

Brain 

Electrical 
Neural Power 

in the Rat 
Brain [mW] 

Action 
Potential 

-11

-10

7.66*10  - 
1.27*10

 
 

50 
 
7.66- 12.7  

Resting 
Potential 

 

-11

-11

2.12*10  -
3.54*10

  
50 

 
 

82*10   
2.12-3.54  

9.78-16.24  

(AVG: 13.01) 

 

Table 15. Computation for aggregate electrical neural power in the rat brain, ascribed to the functioning of 

the Na+/K+ pump, derived from the metabolic power of individual cells computationally loaded at 50% 

(with therefore 50% of the population firing action potentials, while the remaining portion of the population 

is at resting potential). 
 

7.4.2. ATP Energy Supply Limits Computational Speed. A Comparative 

Excursus between Organic Biological and Solid-State Synthetic Computing 

Architectures 

 

The reduction in the energy used to generate an action potential from rats to 

humans, which is accompanied by an increase of the fraction of ATP used to reverse the 

postsynaptic effects of glutamate (from 34% in rats to 74% in primates), illustrates that 

distributed coding, in which a piece of information is represented as the simultaneous 

activity of a number of neurons – also known as neural representation – rather than the 

firing of a single neuron, offers economies of energy consumption in the brain: the optimal 

distribution of activity in the brain tissue depends on the relative amounts of ATP used to 

support the resting potential and to support active signaling. Attwell and colleagues 

calculate that to encode 100 different conditions, distributed coding on active cell signaling 

at 4 Hz offers a 4-fold reduction in energy consumption compared to, for example, a coding 

pattern concentrated on a single cell, which should fire at a frequency of 60 Hz to encode 
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100 different conditions, and at a frequency of 600 Hz – unattainable in cellular physiology 
60 – to encode 1000 conditions [60]. 

 

The extremely distributed architecture of the human brain allows it to perform a 

tremendous number of operations every second, for an aggregate power expenditure of 

only 12 W [69]. Using information previously presented in this chapter, it is possible to 

derive a net computational efficiency of approximately 151.66*10  synaptic operations per 

Joule (synop/J), as shown in Appendix 10. These estimates may be extended to the rat 

brain, which can be derived to have a power of 13 mW on the basis of the information 

previously presented in this chapter, and they lead to a net computational efficiency in the 

rat of approximately 131.23*10  synop/J (Appendix 10). These values for computational 

efficiency are significant when they are compared to the ones for synthetic computational 

architectures, such as the ones of the IBM BlueGene/L, currently the most powerful 

supercomputer in the world, the IBM PowerPC 440 Processor used in the IBM 

BlueGene/L, or the DEC Alpha 21164 Processor, which was introduced into the market in 

1995. The specific data used to quantify the computational efficiency for these three 

examples of computational architectures are shown in Appendix 10. Table 16 

schematically summarizes this insightful comparative excursus between organic and 

synthetic distributed intelligence. 

 

 

                                                 
60 For any computational device, the processing power is limited by the energy supply available. The 

availability of metabolic energy has been suggested to limit the size of the brain, and much of the energy 

use within the brain goes on reversing the ion fluxes that generate action potentials and synaptic currents. 

Any increase in mean rate would heavily compromise the construction, size and functionality of the 

neocortex, by requiring a considerable expansion of the vasculature in the host tissue and an increase of 

chemical energy consumption, which would in turn lead to lower neural density, higher distances between 

adjacent neurons, lower average conduction times across longer dendrites comprising each neuron, at the 

same time resulting in a foreseeable need for higher action potential intensities to overcome resistive 

dissipative loads on signal conduction over longer distances. This increase in size could lead to a 

considerable increase in heat dissipation, which would have to be compensated with additional measures 

that in turn would further reduce the functional efficiency of the brain. 
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 Performance Power 
[W] 

Computational 
Efficiency 

Operating 
Frequency 

[Hz] 
Human brain 162*10  synop/s 12 151.66*10  

synop/J 
100-300 

Rat 111.6*10  synop/s -3

-2

9.78*10 -
1.62*10

 

131.23*10  
synop/J 

4-10 

IBM 
BlueGene/L 
Supercomputer 
(2005) 

 
14 142.80*10 3.67*10−  
flop/s 

 
61.8*10  

8

8

1.55*10
2.03*10

−
 

flop/J 

 
87.0*10  

IBM PowerPC 
440 Processor  
(2005) 

 
92.8*10 flop/s 

 
4.5 

86.22*10  
flop/J 

 
87.0*10  

DEC Alpha 
21164 
Processor 
(1995) 

 
82.55*10  flop/s 

 
46 

 
75.54*10 flop/J 

 
82.33*10  

 

Table 16. Computational performance and efficiency for biological and synthetic architectures. The 

performance of the human brain relative to its power consumption is far greater than for the case of the rat 

brain, which in turn is 5 orders of magnitude greater than the one for the IBM BlueGene/L supercomputer – 

currently the most powerful in the world – and for the IBM PowerPC 440 processor – one of the most 

computationally-efficient processors currently available in the market, which is the processor of choice for the 

IBM BlueGene/L. The computational efficiency of the IBM PowerPC 440 processor exceeds the efficiency 

for the DEC Alpha 21164 processor, which was introduced into the market ten years before the introduction 

of the PowerPC 440 as the most computationally-efficient device in the market at the time. The computational 

efficiency of the IBM PowerPC 440 processor is slightly higher than the one for the IBM BlueGene/L 

supercomputer, which features ventilation, active heat exchange devices and cooling systems with a higher 

power consumption. 
 

The data illustrated in Figure 135 illustrate a robust hierarchy of energy usage, 

which remains valid in relative terms – irrespective of the specific type of neuronal tissue 

and irrespective of the species considered: action potentials and postsynaptic potentials are 

the most demanding metabolic neuronal activities, respectively followed by neuronal 

resting potential, presynaptic Ca2+ entry and neurotransmitter recycling, Ca2+ transients in 

spines and vescicle recycling. These results are also confirmed by the fact that blocking the 

Na+,K+-ATPase pump – on which essentially the majority of the energy budget is expended 
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– or inducing anesthesia or coma in the in vivo preparation lead to halving energy 

consumption or even to reducing it to 1/3 of the energy consumption in physiological 

conditions. When the Na+,K+-ATPase pump is blocked, the remainder of the metabolic 

activity is presumably expended for “housekeeping” tasks – to sustain basic cellular 

activities which are not tightly coupled to signaling, such as (i) the turnover of 

macromolecules – proteins, oligonucleotides, lipids – in an approximate percentage of 7% 

of ATP generation, (ii) axoplasmic transport, whose percentage of ATP generation has not 

yet been quantified, and (iii) mitochondrial proton leak – which is independent of ATP 

generation, but is generally regarded to account for 20% of the resting energy consumption. 

 

The high net cost of spike generation requires the neural tissue to use 

representational codes that rely on very few active neurons, at the same time allocating its 

energy resources flexibly among cortical regions according to task demand, effectively 

accomplishing functional and structural specialization across different neural networks 

supervised by mechanisms of selective attention [70]. 

 

While Attwell and colleagues carefully account for the energy expenditure during 

the generation of an action potential, as well as during synaptic transmission or during 

other kinds of biological work (Figure 135), we here focus on the chemical energy in the 

form of ATP used for the generation of an action potential event. We therefore neglect the 

results on glutamate chemical energy, which are intrinsically related to neurotransmission 

and post-synaptic action, since the results illustrated in Chapter 6 are relevant to single cells 

isolated from each other – where therefore no excitatory synaptic action plays a significant 

role.  

 

The frame of reference used by Attwell and colleagues, which is centered on ATP 

consumption – regards the energy used to generate ATP as positive, while the energy 

derived from ATP hydrolization – for example to activate the Na+,K+-ATPase ionic pump 

– is considered to have a negative sign. The approach used in the remaining portion of this 

thesis is however different from the one used by Attwell and colleagues. We here focus on 

a single event of neural activity – the action potential – and we consider the aggregate 
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consumption of ATP molecules to activate the primary ionic pumps which are responsible 

for the generation of an action potential – the Na+,K+-ATPase ionic pump – as an energy 

intake – a gain with a positive sign – which is counterbalanced by corresponding energy 

expenditures (with a negative sign) caused primarily by the electrochemical and 

mechanical work performed by the cell to emanate an action potential, as described in 

section 7.1, 7.2 and 7.3 of this chapter. 

 

The resulting difference between the energy input in form of ATP and the energy 

output – in form of electrochemical work extracted from ATP via hydrolyzation – is used 

to determine the entropy gain, which is intrinsic to any form of energy transformation – in 

this case from chemical to electrochemical and mechanical form (section 7.5 and 7.6). 

 

7.5. Aggregate Energy in the Form of Work to Ignite an Action Potential 

 

The values for energy and power shown in Table 11 correspond to a lower limit 

with respect to the aggregate energy spent by a cell during the generation of an action 

potential, for at least two main reasons – here explained. 

 

Inadequate characterization of the mechanical component for energy and work 

undertaken by the cell at the time resolution of the action potential. Section 7.1 led to the 

determination that the net heat released by a neuron during the generation of an action 

potential is zero, under the assumption of an adiabatic process. Section 7.2 showed that 

an electrical spike is associated to a mechanical spike, although no precise method to 

quantify the related energy expenditure has been determined in the literature. In particular, 

it appears that the mechanical force associated with the generation of an action potential 

depends on the adhesion conditions for the cell, on the substrate and on the extent of 

cellular diversification. The complexity in the characterization of all these variables at the 

high time resolution needed to study action potentials makes this effort beyond the aim of 

this thesis. 
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Characterization of the electrical performance of the interface between the cell 

and the device. The electrophysiological study of the cell described in this thesis was 

performed in the absence of external pipette electrodes used to contact the cell membrane 

in patch-clamping mode, as illustrated, for instance, in Figure 12A, Chapter 2. This 

decision was undertaken in order to simplify the experimental procedure, but it led to 

limitations in the ability to characterize the efficiency and other electrical parameters 

such as the resistance and the capacitance for the interface between the cell and the 

underlying IC platform. These parameters are found to be strong functions of cell 

adhesion on the substrate, which was characterized in Chapter 5 as positive over the 

entire duration of the experiments. Since however it is reasonable to expect losses and 

dissipation caused by the surrounding medium, the estimates on energy consumption, 

power and entropy increase shown in the previous sections and in the following one are 

here regarded as lower limits of higher corresponding values. 

 

7.6. Increase of Physical Entropy for a Cell Emanating an Action Potential 

 

The variation of entropy S during the generation of an action potential can be 

determined on the basis of the following well-known equation, expressed both in simple 

and differential form – under the assumption of a process undertaken at constant 

temperature: 

 

G H TS= − ,         G H T SΔ = Δ − Δ  
Equation 56 

 

where G  is the free energy generated during the action potential, H is the enthalpy and T is 

the temperature, defined both in simple and differential form as a function of the internal 

energy U  and of pressure-volume (PV) work: 

 

H U PV= + ,       ( )H U PVΔ = Δ −Δ  

Equation 57 
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Assuming a constant pressure, and under the assumption of a constant volume 

during the generation of the action potential – an assumption which appears reasonable in 

the case of a cell tightly coupled mechanically to the substrate via an adequate layer of 

proteins – we can simplify Equation 57 as:   H UΔ ≈ Δ . 

 

On the basis of the first law of thermodynamics, Equation 58 above then becomes 

 

B AH U U U Q WΔ = Δ = − = + , 

Equation 58 

 

where Q is the heat flow and W  is the work done by the system, therefore with a positive 

value according to the conventional definition. Following the assumption of the action 

potential as an adiabatic process ( 0Q = ) made by Heimburg and Jackson, as described in 

section 7.1 above, we can conclude that H WΔ = . Equation 56 above then becomes: 

 

G W T SΔ = − Δ  
Equation 59 

 

The entropy variation can therefore be derived as: 

 

W GS
T
−Δ

Δ =  

Equation 60 

 

In this equation, GΔ can be regarded as the free energy available to the cell in 

chemical form as ATP molecules, which power the Na+,K+-ATPase ionic pump, 

therefore creating the conditions for the action potential to ignite (quantified in section 

7.4 above). W is the electrical work undertaken by the cell to emanate an action potential, 

quantified in section 7.3.5 above on the basis of the results in Chapter 6, while T is the 

temperature in Kelvin – equivalent to 310.65 K (37.5°C). 
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These results can correspondingly be represented in terms of entropy rates – 

considering an average duration of a neural event to be equal to a maximum of 180 ms, as 

shown in section 7.4. 

 

On the basis of this information, approximate values corresponding to an entropy 

increase can be derived and are shown in Table 17 below. 

 
 GΔ  

[J] 
W 
[J] 

SΔ  
[J/K] 

/S TΔ Δ  [J/sK] 

Action 
Potential 

-111.83*10  -113.44*10
 

-145.18*10  -132.87*10  

Resting 
Potential 

-127.89*10  -111.0*10  -156.79*10  -143.77*10  

 

Table 17. Free energy, work, entropy and entropy rate for an action potential. The values for GΔ  

correspond to the average of the energies shown in Table 13. The values for W correspond to the energies 

reported in Table 11. The values for entropy were derived based on Equation 59. 

 

It is important to underline that in Table 17 the values or electrical work were 

experimentally derived from the results previously illustrated in this thesis, while the 

values for free energies were derived from the published literature on the subject (section 

7.4). The results illustrated in this table are significant, since they show that the amount 

of electrical work generated by the cell during the emanation of an action potential or 

during the resting potential is superior with respect to the free energy which was 

chemically supplied to the cell in form of ATP. 

 

The discrepancy between free energy and the electrical work may be accounted 

for by taking into consideration the train of electrical potentials which was supplied to the 

cell before it generated a spike: this prior stimulation may partially act as an enabler, 

therefore raising the susceptibility of the cell to transient depolarizations (section 7.3.3) 

via electroporation (section 4.5). Electroporation increases membrane permeability by 

transiently opening small pathways into the membrane which enhance ionic permeability, 

therefore exceeding the corresponding free energy which would be inputed to the cell in 



 

  437

form of ATP via the Na+,K+-ATPase ionic pump, in case the cell was assumed to be an 

isolated system. 
 

7.7. Statistical Thermodynamics for a Cell Emanating an Action Potential 

 

In this section we interpret the results obtained for the physical entropy in terms 

of the number of ways in which the system can be distributed in space, using the concept 

of configurational entropy established by von Boltzmann with his famous formula for 

entropy: 

 

lnS k= Ω ,            with -23k=1.3806505(24) × 10  /  J K , 

Equation 61 

 

where Ω  is the Wahrscheinlichkeit, the frequency of occurrence of a macrostate [71] or, 

more precisely, the number of possible microstates corresponding to the macroscopic state 

of a system — the number of unobservable "ways" the observable thermodynamic state of 

a system can be realized, by assigning different positions and momenta to the various 

molecules which comprise it: 

 
S
KeΩ = ,            with -23k=1.3806505(24) × 10  /J K , 

Equation 62 

 

Boltzmann’s model was originally intended for the case of an ideal gas, 

comprised of N identical particles, of which Ni are in the i-th microscopic condition 

(range) of position and momentum. In such a case, Ω  can be calculated using the 

following formula: 

 

!
!i

i

N
N

Ω =
∏

, 

Equation 63 
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Boltzmann’s equation can be equally applied to the case of the cell – the object of 

this thesis – to derive the value of a 'Ω  function; however, the complexity of a cell is far 

greater than that for an ideal gas made up of identical molecules. This is the case because 

the enclosed system of the cell is comprised of membranes, organules, complex 

molecules such as DNA which are transcribed by other molecules such as t-RNA to build 

a vast array of proteins whose synthesis in turn affects the expression of other proteins. 

The greater complexity of the cell and on the interactions between the molecules which 

comprise it can be expressed in terms of a greater hierarchical organization for the 

building blocks comprising the cell, in terms of the complex chemical nature of the 

proteins and ions, which react biochemically in real time and are catalyzed by a variety of 

enzymes, therefore changing conformation and structure over time. Additionally, the 

mobility of these molecules in the cellular medium varies over time and space, depending 

on whether these are located in the cytoplasm or in a variety of organelles within the cell. 

Finally, for the case of a neuron, the metabolism of the cell determines, and is itself 

determined by, the electromagnetic field generated during an action potential, therefore 

adding an emormous number of degrees of freedom to the problem in question, since 

several of the ions or molecules present in the cell are characterized by momentum (the 

product of mass and velocity) and charge. 

 

The determination of a 'Ω  function, therefore, may appear frivolous in the 

absence of a statistical mechanical description of the cell and of its metabolism. Such an 

objection is however here refuted on the basis of the tremendous complexity for such a 

model to be undertaken, on the still initial stage of development in physiology, and on the 

possible utility that an ab-initio calculation may provide as a lower limit for the 

Wahrscheinlichkeit to future generations of modelists in statistical mechanics applied to 

neurobiology. On these grounds, Table 18 illustrates the derived values for the change in 

'Ω  – the Wahrscheinlichkeit, the frequency of occurrence of a macrostate, whose exact 

mathematical definition is unknown – which occurs during an action potential or 

subsequent to resting potential, as a consequence of the increase in physical entropy 

illustrated above.  
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 'Ω  
Action 
Potential 

93.75*10e  
Resting 
Potential 

84.91*10e  

 
Table 18. Values for the Wahrscheinlichkeit – the frequency of occurrence of a macrostate – determined 

using the data gathered in Chapter 6 and after the values for physical entropy in Table 17. 

 

To conclude, we here report a citation after Howarth, 1975, which shows some 

insight into the statistical mechanics and thermodynamics for a cell generating an action 

potential, and into the main factors contributing to the values for Wahrscheinlichkeit 

provided in Table 18 [14]. 
 

“Large configurational changes (equivalent to a large overall SΔ ) in biological systems frequently arise 

from conformational changes of macromolecules or macromolecular organizations such as membranes, or 

from chemical reactions. In certain polyelectrolytic systems such changes involve metastable states and 

irreversible transitions of domain structures” […]. [The generation of an action potential is likely to be 

associated with structural changes of the excitable membrane]. 
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CHAPTER EIGHT 

SUMMARY AND CONCLUSIONS AND FUTURE WORK ON NEURAL MASS 

AND ON THE MECHANICAL FORCE GENERATED DURING AN  

ACTION POTENTIAL 

 

The development of this thesis project over multiple years of research has 

expanded the outline initially illustrated in Chapter 2 – focused on the design, fabrication 

and testing of novel electrophysiological devices featuring enhanced cell-biomaterial 

interaction, in combination with enhanced signal selectivity and signal discrimination. 

 

In its final form, this thesis attempts to integrate three significant fields of 

scientific endeavour – mechanics, information theory and thermodynamics – with respect 

to the electrophysiological study of the neuron and, more generally, of biological 

intelligence. This approach is significantly more insightful and thorough compared to the 

design and fabrication of a device capable of enhancing the combination of drivers 

illustrated above and in Chapter 2. 

 

8.1. Definition of the Thesis Structure 

 

The first portion of this chapter is dedicated to a review of the six dimensions 

illustrated in Figure 136, as they were investigated in the present body of work. The 

second portion, on the contrary, is focused on the exploration of possible future 

experiments that  potentially will be able to characterize the mechanical force exerted by 

a cell during the emanation of an action potential. 

 

At the device level, each of the three drivers that inspired the initial form of this 

thesis – enhanced cell-biomaterial interaction, in combination with enhanced signal 

selectivity and signal discrimination – is addressed in each chapter of this thesis. 
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At a more fundamental level, cell adhesion is first analyzed from a mechanistic 

point of view in Chapter 5 – investigating adhesive force, energy and power for a cell to 

adhere onto a substrate, over the timescale of multiple weeks of study. 

 

In Chapter 6 the neuron is investigated with a focus on the electrical signals 

emanating from a cell over the much shorter timescale of a few hundreds of milliseconds, 

and their analysis conducted on the basis of information theory, in an effort to 

characterize the information entropy for a single cell emanating an action potential. 

 

The approach of Chapter 7 consists in a broad review of the literature on cellular 

thermodynamics for the neuron, to establish an energy balance for the cell emanating an 

action potential, at the sub-second time resolution. This chapter differentiates between 

energy gains – in the form of biochemical and metabolic energy inputs – and between 

energy expenses – in form of thermal, mechanical and electrical energy required for the 

cell to emanate an action potential. The energy expense for the cell is then calculated on 

the basis of the experimental results illustrated in Chapter 6. This information is then 

comparatively discussed for both rat and human neurons. Additionally, the chapter draws 

on a number of assumptions based on the literature to derive a value for the power and 

entropy increase related to a single cell emanating an action potential. 

 

The integration of these different but complementary scientific disciplines is here 

believed to bring significant value to the study of neurophysiology, neuroscience and 

neurobiology, in an effort to more thoroughly describe the complex functioning of the 

neural cell – the most complex machine known to mankind – at the foundation of 

biological intelligence. 

 

Figure 136 illustrates a graphical representation of the approach and of the topics 

developed in this thesis – both at the device level, as well as at the level of 

multidisciplinary integration outlined above. This illustration is intended to facilitate the 

review of the most significant topics or results explored in this thesis, providing an 

abridged thematic index, as well as an analogue to Figure 2, Chapter 2. 
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Figure 136. Drivers for the development of effective neural electrophysiological devices, superimposed 

over the three main scientific disciplines investigated and integrated in this thesis. The two series of 

trichromatic shaded background represents an ideal continuum space that can be used to describe the broad 

science investigating the interface between biological cells and inorganic devices. The arrows in the 

diagram represent the strong inter-dependence and convergence for each item appearing in the picture onto 

the multidisciplinary study of neural electrophysiology. The figure is intended to summarize the key points 

which inspired the drafting of this thesis, and provides references to the main chapters and appendixes 

analyzing each item. When compared to Figure 2, Chapter 2, this figure shows a more significant breadth 

and a deeper level of analysis, extending the approach used to design and fabricate the device here 

developed across mechanics, information theory and thermodynamics – each of which represents a 

different but complementary facet of neural (electro)physiology. 

 

Figure 2 illustrates the integrated method used to analyze the results of this thesis 

across mechanics, information theory and thermodynamics, putting it in the context of the 

positioning plot previously reported in Figure 1, Chapter 2. This diagram shows that the 

study presented in this thesis on neural electrophysiology is positioned in the high 
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performance and low reliability segment, in light of the novelty of the experimental 

method here used and in light of the high level of reliability for each of the drivers 

illustrated in Figure 136. 

 
Figure 137. Positioning plot illustrating the approach used in this thesis, as shown in Figure 136, relative to 

the classification of the four main disciplines covering the broad science investigating the interface between 

biological cells and inorganic devices. The quadrichromatic shaded background represents an ideal 

continuum space that can be used to describe the broad science investigating the interface between 

biological cells and inorganic devices. This taxonomy of different scientific disciplines is categorized using 

the two properties of performance and reliability. 
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The emphasis of this integrative approach is on accuracy rather than precision: 

since the methods and the techniques used throughout this thesis are rather innovative, it 

appears reasonable to expect future technological refinements, which will inevitably lead 

to more precise measurements. However, the range of phenomena described in this thesis 

is foreseeably expected to remain defined in its actual terms: at the current level of 

information in our possession, the energy expenses and gains described in Chapter 7 

appear to fully and conclusively describe the underlying phenomenon consisting in the 

generation of an action potential – at least in its essential characteristics. The introduction 

of new components describing the generation of an action potential appears unlikely, but 

by no means impossible – given the current and rather primitive status of our knowledge 

on the subject.  

 

8.2.1. Device Design and Fabrication. System Integration Aimed at Optimizing 

Cell-Biomaterial Interaction, in Combination with Enhanced Signal 

Selectivity and Signal Discrimination 

 

The electrophysiological setup used in this study consisted of a device comprised 

of an integrated circuit and of a hierarchically-structured composite construct that were in 

intimate contact with one another. In particular, the composite construct acted as an 

interface layer between biological, electrically active cells and the inorganic integrated 

circuitry. Each of the three drivers is succinctly addressed in each of the following 

paragraphs. 

 

Signal selectivity. Three different types of devices were built, featuring different 

spatial resolutions, to address the hierarchical complexity for neuronal cells and for their 

constitutive subunits. The spatial resolution of the coarser device – aptly called multi-

cellular – was equal to -3 21.20*10  channels /μm ; the spatial resolution for the 

intermediate device – called inter-cellular – was equal to -3 21.20*10   channels /μm , while 

the one for the finest device – called intracellular – was found to be equal to 
21.68  channels /μm  (Table 1, Chapter 3). 

 



 

  451

The integrated circuits were custom-designed and fabricated using a combination 

of optical and e-beam lithographic techniques, as described in section 3.1; subsequent to 

device fabrication, the IC circuits were packaged onto an IC holder, and the assembly of 

the IC assembled onto the IC holder was then surface-mounted on a custom-design and 

custom-made printed circuit board. 

 

Each of the three types of integrated circuits was interfaced to a single type of 

composite construct featuring vertically-aligned conducting copper leads regularly 

interspersed between an insulating alumina matrix, which featured a spatial resolution of 
215 channels /μm . The composite construct was fabricated independently using a variety of 

anodization and plating electrochemical techniques, described in detail in Chapter 3. 

 

The data acquisition board connected to the device had a temporal resolution of 

500 kS/s 61, equivalent to 2 μs/S, measured in multi-channel mode (Appendix 4). 

 

The complete device was fitted with an appropriate cuvette connected to external 

fluidics used to perfuse the solution on the substrate where neuronal cells were grown. 

The composite device was encased within an electromagnetically-shielded enclosure that 

also acted as a heatsink to secure a constant temperature on the substrate. 

 

Signal discrimination. The device enclosed within the switchbox was 

interconnected to a sophisticated data aquisition hardware (as shown in section 4.1) and 

software (as illustrated in section 4.2) setup. The specifications for this setup were 

primarily dependent upon the data acquisition card, whose specifications are accurately 

described in Appendix 4. This setup was also used to stimulate the neurons on the 

substrate, in order to induce action potentials. This equipment was used to measure the 

signal-to-noise ratio for a cell generating an action potential – relative to its noise 

background level at rest, which was found to be equal to 12.64 dB. 

 

                                                 
61 1 S/s corresponds to a measurement of 1 sample per second, broadly equivalent to the definition of Hertz. 
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Cell-biomaterial interaction. The substrates were coated with poly-D-lysine and 

laminin before cell seeding, to secure appropriate adhesion and long-term viability 

(section 4.4). Ex situ characterization via scanning electron microscopy after the seeding 

of cells on the substrate and at different adhesion times revealed that neuronal interaction 

with the substrate was generally positive for all the samples analyzed (Appendix 5, 

Chapter 5). Neurons spread extensively across the membrane and progressively 

differentiated into dendrites for the entire duration of the experiment. Neural attachment 

was studied on the substrates comprised of vertically-aligned copper nanowires and on 

silica controls. Silica controls generally outperformed vertically-aligned nanowires 

substrates on all measured parameters, although the latter samples were sufficiently 

effective in order to secure adequate adhesion, resulting in a sufficiently high probability 

for living cells to adhere onto the substrate during the time span of twenty days used in 

this study. 

 

Section 5.3 describes the results on cell density and cell morphology that are 

relevant for the characterization of cell-biomaterial interaction in vertically-aligned 

nanowire samples, relative to control substrates. These are here summarized in the 

following paragraph. 

 

Cell density varied from an initial average value of 0.05 cells/μm2 for nanowire 

samples, relative to a value of 0.085 cells/μm2 – measured at day 1 – to a value below the 

threshold of  0.01 cells/μm2 for both nanowire samples and controls. Cellular area varied 

from a minimum of less than 100 μm2 at day 1 for both nanowire samples and controls, to 

a value above 1750 μm2 for cells grown on nanowire substrates, relative to a value above 

2500 μm2 for cells grown on silica controls – measured at day 18. Cell perimeter varied 

from a minimum of less than 100 μm at day 1 for nanowire samples relative to 110 μm  

for controls, to an average value of almost 500 μm for cells grown on nanowire substrates, 

relative to an average above 600 μm for cells grown on silica controls – measured at day 

18. The time-depenent increase for cellular area and perimeter that occurred for cells 

grown on nanowire substrates as well as on controls clearly illustrates an effective neural 
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diversification and an overall positive interaction between the neurons and the two types 

of substrates. 

 

Correspondingly, the circularity of the cells varied from a value of 0.175 for cells 

seeded on nanowire substrates at day 2, to a value of 0.065 at day 18 – indicating that as 

the cell differentiated on the substrate, it modified its morphology from a spherical to a 

spread shape, with a lower circularity. The value for Feret’s diameter followed the 

inverse trend and increased from ∼ 25 μm measured at day 2, to ∼ 125 μm measured at 

day 18 – for cells grown on nanowire substrates. The corresponding values for silica 

controls followed a very similar trend to the ones outlined above for cells grown on 

nanowire substrates, and can be observed in section 5.3. 

 

Section 8.2.2 summarizes the results obtained for cell-biomaterial interaction 

gathered in the context of neuronal biomechanics over a duration of 20 days. 

 

8.2.2. Cell Mechanics at the Timescale of Multiple Weeks. Quantification of 

Force, Energy and Power for a Neuron to Adhere on a Substrate 

 

The vertically-aligned nanowires protruding from the alumina substrate and 

comprised of nanocrystalline copper plated in gold were used as force-transducing 

elements by virtue of their super-elastoplastic stress-strain curve (section 5.2.2). The 

adhesion force imposed by the cell onto the substrate was measured in terms of nanowire 

deflections from the normal upward orientation, under the assumption of a predominance 

of nanowire tension over bending (section 5.2.1). Nanowire buckling was generally 

neglected, since it occurred primarily underneath the cellular membrane and therefore 

was not accurately measurable via scanning electron microscopy. 

 

The results were grouped across three subsets – respectively measured at the 

neuronal, at the dendritic and at the focal adhesive levels (section 5.1), and greatly varied 

across the three subsets. The dynamic range varied from the value of ∼ 0.90 at the spatial 

resolution of 226.3 mμ − , to the value of  5 at a spatial resolution five times lower and 
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equal to 25 mμ − , and the force measurement error for each nanowire varied proportionally 

to the tangent of the angle of deflection (section 5.4). 

 

The aggregate elastoplastic adhesive force measured at the focal adhesion level was 

found to be constant to an average value of 16.5 μN from day 1 to day 20. This constant 

value represents an invariable force exerted by the cell on all nanowires – in light of the 

very consistent geometrical features of the latter structures; this invariance is to be expected 

in light of the fact that the limit for the measurement of a force field varying in the 

macroscale that is transduced by infinitesimally-small transducers will tend to a constant 

value. At the same time, however, this force invariance measured at the nanoscale is 

symptomatic of a limited dynamic range at this high level of spatial resolution. The 

corresponding values for strain energy at the focal adhesive level were found to range 

between 10 pJ and 15 pJ, while the strain power at the focal adhesive level ranged from 

175 aW after the first day of culture, to approximately 10 aW measured 20 days after cell 

seeding. 

 

At the dendritic level, the aggregate elastoplastic adhesive force varied between a 

minimum of 20 μN to almost 45 μN, and the corresponding value for strain energy varied 

between 40 pJ and less than 10 pJ, while the strain power was found to vary between a 

maximum of 425 aW after the first day of culture, to less than 25 aW, measured 20 days 

after cell seeding occurred. 

 

The aggregate elastoplastic adhesive force for the entire neuronal cell varied 

between a minimum of about 50 μN to 750 μN – the latter value measured 20 days after 

cell seeding; correspondingly, the adhesive strain energy for the whole cell varied between 

35 pJ to 750 pJ at day 20. The strain power was maximal one day after neuron seeding, 

equal to 2.8 fW 62, and subsequently decreased to a minimum of approximately 100 aW 

measured at day 12 after seeding. 

 

                                                 
62 1 fW = 10-15 W 
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The elastoplastic adhesive strain pressure is measured in Appendix 8 – together 

with a variety of derived parameters – and varies in the range of a few MPa to an upper 

limit of 200 MPa – corresponding to the ultimate tensile strength for the copper 

nanomaterial formulation used in this set of experiments. 

 

These results suggest a relative invariance of force and energy at the focal 

adhesive level, while at the dendritic and cellular levels both force and energy are found 

to vary greatly during the weeks of the experiment; in particular, at the cellular level 

force and energy reach a maximum during the last day of the experiment – before culture 

termination – therefore leading to conclude that at this level adhesive force and energy 

are a strong function of cell diversification – specifically cellular increase in area and 

production of dendritic extroflections or arborizations. 

 

Significantly, however, the strain power was maximal for all the levels of analysis 

– focal adhesive, dendritic and cellular – during the initial existence of the culture – at 

day one after culture seeding. This factor seems to suggest that the high power 

expenditure of the cell during the initial stages of development is necessary both to 

anchor the spherically-shaped cell on the substrate, as well as to differentiate the 

spherical geometry – typically a very stable, low energy configuration – into a diversified, 

polar morphology, with considerably higher surface and associated energy. 

 

Section 8.2.3 summarizes the results obtained for information entropy gathered in 

the context of information theory over a sub-second time resolution. 

 

8.2.3. Electrical Measurements at Sub-Second Timescale. Information Entropy 

for a Single Neuron Emanating an Action Potential 

 

The results illustrated in Chapter 6 use the Kullback-Leibler definition of 

divergence of the distribution from a reference measure – aptly derived with few 

modifications from Shannon’s definition of entropy – to calculate the information 

entropy of an action potential. The aggregate information entropy for an action potential 
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measured using the equipment developed and deployed in this thesis is found to be equal 

to 15.56 bytes.  

 

This result is significant, as it shows a predominance of the information entropy 

generated during the slow K+ response relative to the fast K+ one. A body of experimental 

evidence will be needed to confirm this finding in future electrophysiological 

experiments. 

 

8.2.4. Thermodynamics at Sub-Second Timescale. Thermal, Mechanical and 

Electrical Energy Expenses; Electrical Power Expenses; Bioelectrical and 

Metabolic Energy Gains; Aggregate Work and Entropy; Statistical 

Thermodynamics for a Neuron Generating an Action and Resting 

Potential 

 

Chapter 7 is dedicated to the study of the cell emanating an action potential, in 

terms of classical and partly of statistical thermodynamics; the chapter reviews the 

literature on heat released during an action potential and determines that the generation of 

an action potential by a neural cell is an adiabatic or isocaloric transformation – a process 

in which no heat is transferred to the working fluid. Similarly, the literature is reviewed 

to determine a methodological basis in order to measure the mechanical force generated 

by the membrane displacement during an action potential. No definitive quantitative 

information is gathered from the literature in this case, and the following calculations on 

energy expenses in the remaining portions of the chapter are simplified by neglecting the 

mechanical component. 

 

The chapter then investigates the electrophysiological results shown in Chapter 6 

in the context of determining the electrical power associated with the generation of an 

action potential. For this purpose, the current is derived on the assumption of a constant 

capacitance from the voltage time-dependent results in Chapter 6. The resulting electrical 

energy expense for an action potential is determined to be equal to -113.44*10  J, and the 

corresponding electrical power is determined to be equal to -101.91*10 W. The derived 
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value for the electrical energy during a resting potential is found to be equal to -111.0*10  J 

and the corresponding electrical power expended by a cell to generate a resting potential 

is calculated to be equal to -115.55*10 W. The same derivations are then used to determine 

the signal-to-noise ratio for a cell generating an action potential – relative to its noise 

background level at rest, which was found to be equal to 12.64 dB. 

 

The electrical energy and power consumption for a cell to generate either an 

action or a resting potential is compared to the biochemical and metabolic energy 

provided to the cell in the form of ATP molecules, which is estimated in the literature on 

the basis of blood-oxygen-level-dependent techniques. This information is used to derive 

the aggregate biochemical and metabolic energy for an action potential and a resting 

potential both for the primate and the rat. For the case of the rat, the average of the 

aggregate biochemical and metabolic energy for an action and a resting potential is equal 

to -111.83*10 J and -127.89*10 J. 

 

The second principle of thermodynamics is then applied on the basis of ad-hoc 

assumptions, using the data provided above to estimate the entropy variation during the 

generation of an action potential – calculated equal to -145.18*10 /J K  – and during a 

period of resting potential – calculated equal to -156.79*10 /J K . These results can 

correspondingly be represented in terms of entropy rates – considering an average 

duration of a neural event to be equal to a maximum of 180 ms, as shown in section 7.4. 

The entropy rate variation is found to be equal to  -132.87*10 /  J s K for an action 

potential and to -143.77*10 /  J s K for a resting potential. 

 

This information is then used to derive a lower limit for the Wahrscheinlichkeit, 

the frequency of occurrence of a macrostate, corresponding to the generation of an action 

potential, as shown in section 7.7 on the statistical thermodynamics for a cell emanating 

an action potential. 
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8.2. Future Work. Experiments to Investigate Mass Changes during Neural 

Growth and Force during the Generation of an Action Potential 

 

The results illustrated in Chapter 7 identified the difficulty to quantify the 

mechanical force accompanying the neural action potential, in light of the complexity to 

design and build an accurate and comprehensive transducer to measure the force leading 

to the displacement of the membrane during the action potential. The difficulty to 

accurately transduce and measure the force field related to the generation of an action 

potential is accentuated by the fast time resolution needed for this effort. It is possible to 

understand that the simplifying assumption made in Chapter 7 to neglect this component 

may be inaccurate and may lead to an underestimation of the aggregate energy expense 

for a neuron to emanate an action potential.  

 

A possible manner to measure the transient force spike generated by the neural 

membrane during an action potential can be found in experiments where neural cells 

adhere on the tip of micro-electro-mechanical cantilevers, as shown in Figure 138. 
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Figure 138. Micro-electro-mechanical cantilever coated with poly-D-Lysine and laminin to enhance the 

adhesion of neurons in a liquid solution. Over a timescale of multiple days or weeks, this contraption can 

be used to accurately detect differences in neural mass – once the wet cantilever is temporarily removed 

from the electrophysiological solution necessary for cell survivability. Over the sub-second timescale, the 

device system could be used as an in situ force transducer, measuring the force generated by a neuron 

during the generation of an action potential.  The cantilever features a multiplicity of conducting channels 

leading to the cantilever portion where the cell is positioned. These leads are used to either stimulate or 

record signal from the cell. The soliton propagation generated by the membrane of a neuron effectively-

adhered on the cantilever tip is transmitted to the cantilever. The resonant frequency (i.e., the thickness) of 

the cantilever should be accurately designed to match the intensity of the force signal generated by the 

neuron.  If the cantilever is stationary, the soliton propagation will set it in motion, while if it is already 

resonating while the soliton is generated by the action potential, the resonant frequency will be modified 

accordingly. The laser focused on the cantilever surface allows for the oscillation to be transduced by 

appropriate external optics. 
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The studies by Heimburg and Jackson have interpreted the structural 

modifications of the cellular membrane – occurring concurrently with respect to the heat 

exchange and the mechanical forces induced by an action potential – in terms of chain 

melting transitions for the biomembrane [1]. Under specific sets of conditions, an action 

potential generated by a cell exerts a mechanical action on the membrane, which results 

in transient changes of this structure and which propagates as a soliton. The micro-

electro-mechanical circuitry shown in Figure 138 could be built with a resonant 

frequency matching the soliton frequency, and could be effectively fabricated using solid 

state membranes, by depositing a thin film on a substrate such as silicon, and by etching 

the bulk silicon away from the substrate, using a combination of techniques shown in 

Chapter 3. 

 

 Neural adhesion onto the cantilever tip would be promoted by coating with poly-

D-lysine and laminin, selectively on the tip, and an embedded circuitry of selectivel, 

reciprocally-insulated channels would be used to stimulate the neuron and record 

electrophysiological action potentis emitted by the cell. 

 

In the absence of an action potential, the system shown in Figure 138 could be 

used to measure the neural mass once the wet cantilever is temporarily removed from the 

electrophysiological solution – necessary for cell survivability – and allowed to resonate 

in an unrestricted fashion, similarly to the setup recently used by Craighead and 

colleagues [2-5]. Over many days or weeks, the mass of the cell adhered onto the tip of 

the cantilever would be found to change in a detectable manner. 

 

At a higher spatial resolution, the equipment illustrated in Figure 138 would not 

be able to detect any measurable difference in mass during an action potential, since this 

is originated by a difference in permeability, and the mass differential during the action 

potential is insignificant, and lower than the resolution limit of the appropriately-designed 

cantilever structure. 
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The micro-electro-mechanical cantilever device shown in Figure 138 could 

therefore be used for in situ measurements of force generated by the neuron during the 

action potential, without significant biasing of the results generated by mass variations 

ascribed to inflows or effluxes of selected species during the action potential. If the 

cantilever is initially stationary, the soliton propagation will set it in motion as a damped 

harmonic oscillator; if it is already resonating while the soliton is generated by the action 

potential, the resonant frequency will be modified accordingly. 

 

8.3. Future Applications in Neuroscience and Clinical Prosthetics 

 

The design and fabrication methodologies used in the present study differ from 

alternative ones developed and reported by others in the past because of the following 

four main features: (i) three-dimensional electrode arrays positioned on otherwise planar 

circuitry; (ii) nanoscale high spect ratio nanowires acting as force transducers; (iii) 

conducting nanowire electrode constructs that can be chemically functionalized; and (iv) 

spatial resolution that can eventually be reduced to the nanoscale dimension of individual, 

electrically-insulated conducting nanowires that comprise the electrodes. 

 
The use of thin-film arrays of extracellular recording electrodes has provided 

much information about the operation of single neurons since the 1970s, when they were 

first invented. Since then, functional relationships among areas in the brain have been 

established, or verified, particularly in connection with the sensory and motor areas. 

However, very little has been learned about how groups of neurons work together to 

process information, to provide control signals and on how synaptogenesis occurs; the 

slow pace in the understanding of neural signal processing appears to be directly caused 

by the absence of adequate electrodes and instrumentation [6]. 

 

Currently available and rapidly improving techniques will soon permit the in vitro 

culture of an increasing variety of bio-electrically active tissues and single cells. Perhaps 

the most interesting questions to be asked about such cultures are those dealing with the 

development and plasticity of electrical interactions among the cultured elements, where 
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by “plasticity” we denote the capability of the neural tissue to learn and adapt by 

dynamically establishing synapses between different cells within this tissue. Exploration 

of these questions would be greatly facilitated by a convenient, non-destructive method 

for maintaining electrical contact with an individual culture, at a large number of points, 

over periods of days or weeks [7]. In this light it could be advantageous to develop 

methods that allow the growth of a two-dimensional neuronal network on a fixed array, 

high density, multielectrode matrix built into the floor of a tissue culture chamber [8]. It 

is expected that future investigations of neuronal network development, plasticity, and 

conditioning will place increasing emphasis on the long-term monitoring of simultaneous 

single-unit activity from many interconnected neurons in well-defined networks under a 

variety of biological, physical and pharmacological influences. 

 

The future looks promising for many of the microsystem-based neuroprostheses. 

With the tremendous increase in integration density that is achievable by 

microelectronics and the decrease in their power consumption, a great variety of 

distributed microsystem can now be envisioned [9].  The crucial issue of signal 

conditioning and instrumentation may be solved in the near future by the application of 

mixed-signal VLSI into the design of neurophysiological instrumentation chips. This 

technology allows analog digital signals to coexist in the same microchip, and has the 

potential to provide the multichannel, programmable and low-noise package with 

integrated signal processing required for conditioning brain-derived signals for clinical 

implementation. Neuroprostheses featuring any combination of the four characteristics 

listed above and with the addition of a certain amount of integrated intelligence, such as 

telemetry or signal processing, could be implanted near the stimulation or recording sites 

in the central or peripheral nervous system [10]. 

 

Current knowledge of modern molecular and cell biology combined with that of 

microsystem technology will potentially lead to the development of biohybrid systems in 

the near future. These systems could allow covalent binding of molecules on the implant 

surface with the extracellular matrix to deliver implant fixation, or the incorporation of 

neurotrophic factors into biomaterials to guide nervous fibers during regeneration and 
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healing processes. The systems could also allow cultivation of (transgenic) cells in 

technical compartments and the connection via microsystems to nervous structures, for 

example, at peripheral nerve traumatization sites, which may open new therapies in 

neurology for diseases that until now have been fatal. 

 

Witnessing the relentless growth of the disciplines that define modern 

neuroscience, one cannot help wondering what kind of insights, clinical applications and 

technologies may emerge from brain research in the future, and, more important, how 

they will impact on our lives [10]. 

 

8.4. Beyond Reductionism 

 

The main scientific method used in this thesis and introduced in Chapter 1 is 

mechanistic in nature, therefore aiming to explain the complexity of the single neuron in 

terms of basic physical causes. More specifically, the approach here used is reductionist 

and therefore intends to understand the complexity of the brain and of its functioning by 

reducing them to the interactions of simpler and more fundamental phenomena – 

particularly related to the behavior and functions of individual cells. This approach has 

exhibited significant strength over the centuries to address the study of individual systems 

such as the neuron in isolation, the cell, or any other unicellular organism. 

 

A contrast to the reductionist approach can be found in holism or emergentism, 

which recognize the idea that entities – particularly multicellular living entities – can 

have properties as a whole that are not explainable from the sum of their parts, and that 

therefore need to be accounted for in terms of emergent properties. Under the holistic 

point of view – opposed to the reductionist one – “the whole is more than the sum of its 

parts.” Emergent properties result from the very large number of parts that constitute the 

system, often referred to as a complex system. 

 

A complex system whose properties can be understood by using probability and 

statistical methods – such as the ones used in Chapter 6 of this thesis – is often referred to 
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as a disorganized complex system [11]. If in fact the cell membrane, its permeability to 

selected ionic species or the membrane potential can be predicted in an almost 

deterministic fashion by a set of equations and models (i.e., the Hodgkin – Huxley 

model), the occurrence of an action potential for a single cell can be appropriately 

accounted for only by using probability theory, therefore treating the neuron as a 

disorganized complex, non-deterministic system. 

 

Conversely, organized complexity is defined to result from the non-deterministic 

interaction between parts such that the system manifests properties that are not carried by, 

or dictated by, individual parts. From this definition it is possible to conclude that the 

brain as a whole is organized and complex; the organized aspect of this form of 

complexity resides in the interaction between the parts – the individual neurons or 

clusters of neurons in a network, or any hierarchically-integrated superstructure 

comprised of neurons – whereas any form of central control is regarded as alien to this 

form of complexity [11]. 

 

Biological intelligence can be viewed as an emerging property of the system – 

originated by the individual interactions of the brain’s constitutive units or structures 

thereof, without any central guiding hand or any control. Similarly, consciousness – the 

characteristic of the mind generally regarded to comprise qualities such as subjectivity, 

self-awareness, sentience, sapience, and the ability to perceive the relationship between 

oneself and one's environment – may be regarded as an emergent property of the brain 

that stems from the interactive processing of its constituting neurons or neuronal 

networks, but that is seemingly absent from these constituting neurons or neuronal 

networks taken in isolation. 

 

To conclude, the method and the approach used in this thesis seem appropriate 

only for the limited purpose of studying single individual neuronal cells – taken in 

isolation from adjacent ones or from the complexity of the tissue of which the neurons 

are part, according to the analysis conducted in this thesis. On the basis of the 

information presented above, it appears reasonable to conclude that alternative methods 
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are being used and will soon be expected to play an increasingly useful role in the future 

of complex brain electrophysiology, accounting for the elaborate and cooperative 

neuronal interaction that we call intelligent behavior. 

 

8.5. References 

 

1. T. Heimburg, A.D. Jackson, On soliton propagation in biomembranes and nerves. 

Proceedings of the national academy of sciences of the United States of America, 

2005. 102: p. 9790-9795. 

2. B. Ilic, D. Czaplewski, M. Zalalutdinov, H.G. Craighead, P. Neuzil, C. 

Campagnolo, C. Batt, Single cell detection with micromechanical oscillators. 

Journal of vacuum science and technology B, 2001. 19: p. 2825-2828. 

3. B. Ilic, D. Czaplewski, H.G. Craighead, P. Neuzil, C. Campagnolo, C. Batt, 

Mechanical resonant immunospecific biological detector. Applied physics letters, 

2000. 77: p. 450-452. 

4. B. Ilic, H.G. Craighead, S. Krylov, W. Senaratne, C. Ober, P. Neuzil, Attogram 

detection using nanoelectromechanical oscillators. Journal of applied physics, 

2004. 95: p. 3694-3703. 

5. Craighead, H.G., Measuring more than mass. Nature nanotechnology, 2007. 2: p. 

18-19. 

6. S.L. Bement, K.D. Wise, D.J. Anderson, K. Najafi, K.L. Drake, Solid-state 

electrodes for multichannel multiplexed intracortical neuronal recording. IEEE 

transactions on bio-medical engineering, 1986. BME-33: p. 230-241. 

7. C.A. Thomas, P.A. Springer, Y. Berwald-Netter, L.M. Okun, A miniature 

microelectrode array to monitor the bioelectric activity of cultured cells. 

Experimental cell research, 1972. 74: p. 61-66. 

8. Gross, G.W., Simultaneous single unit recording in vitro with a photoetched, 

laser deinsulated gold multimicroelectrode surface. IEEE transactions on bio-

medical engineering, 1979. 26: p. 273-279. 



 

  466

9. T. Stieglitz, J.U. Meyer, Implantable mircosystems. Polyimide-based 

neuroprostheses for interfacing nerves. Medical device technology, 1999. 10: p. 

28-30. 

10. Nicolelis, M.A.L., Actions from thoughts. Nature, 2001. 409: p. 403-407. 

11. Waldorp, M. Mitchell, Complexity: the emerging science at the edge of order and 

chaos. 1994, New York: Penguin Books. 



 

  467

APPENDIX ONE 

DESIGN OF A DEVICE COMPRISED OF MULTISCALE, RECURSIVELY 

EMBEDDED ARRAYS 

 

 This section illustrates the geometry of a multiscale design that was initially 

pursued as an alternative to the single-scale devices documented in Chapter 3. The 

multiscale circuit featured a total recording area at the center of the device having a 

height of 450 μm and a width of 330 μm. An array of equidistant electrode tips was 

initially drawn to match the scale of the multi-cellular device described in Chapter 3. This 

array was then scaled to two different configurations having similitude ratios of 15 X and 

225 X, respectively. The array with the similitude ratio of 15 X was then embedded on 

selected loci of the array with the similitude ratio of 1 X. Similarly, the array with the 

similitude ratio of 225 X was then embedded at the center of the array with the similitude 

ratio of 15 X. A set of leads was then drawn at regular intervals between the tips along 

the longitudinal direction, in order to connect the central electrode tips to an array of 

peripheral pads arranged on the perimeter of a squared area. The resulting geometry 

featured 1008 channels.  

 

 This design was not pursued further in light of the small feature sizes comprising 

the device, relative to the total device size. The large discrepancy between the scale of the 

device features and the total device size would have resulted in high fabrication costs and 

high risk of failure upon manufacturing the device. In addition, the uneven distribution of 

the multiscale, recursively embedded arrays resulted in the potential for a mismatch 

between the location of the electrode array and the location of the biological cell in a set 

of physiological experiments. This last factor increased the risk of failure upon deploying 

the device experimentally. The summation of the risk of failure respectively in 

manufacturing and deploying the device experimentally was evaluated to be too high and 

therefore the multiscale, recursively embedded array design was not explored further in 

this thesis. Figure 139 illustrates the multiscale, recursively embedded array design at 

four different magnifications. 
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Figure 139. Diagram representing the multiscale, recursively embedded array design at increasingly higher 

magnification. This design was investigated in the initial stages of this project but it was not manufactured 

in light of the high risk of failure involved in its fabrication and deployment. 

 

6.5 μm 

20.20 mm 

380 μm 80 μm 
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APPENDIX TWO 

CALIBRATION FOR SELECTIVE METALLIZATION OF INTRA-CELLULAR 

DEVICES 

 

This appendix briefly describes the optimization process that had to be performed 

in order to successfully undertake the e-beam selective metallization process. Although 

the micrographs here documented addressed specifically the central portion of the intra-

cellular device, the same type of calibration was made for the other types of devices. 

 

Several dummy exposures were necessary in order to select the photoresist type 

and thickness relative to the thickness of the metal to deposit, for the lithography of the 

central portion off the intra-cellular IC. Figure 140 illustrates the selective metal 

deposition for a monolayer of a class of positive e-beam photoresists characterized by 

insufficient undercutting. The gold layer is practically uninterrupted across the vertical 

profile of the photoresist, therefore limiting the action of the solvent. As a result, none of 

the features standing on the photoresist is lifted off.  

  

A bi-layer photoresist structure was therefore introduced to provide adequate 

undercutting. This approach consists in depositing a photoresist with low molecular 

weight followed by a second photoresist with higher molecular weight and results in a re-

entrant vertical profile caused by the higher susceptibility to exposure and development 

of the lower layer compared to the one on the top.  

 

The experiment shown in Figure 140 led to reduce the thickness of the metal to 

deposit relative to the thickness of the photoresist. Figure 141 illustrates the selective 

metal deposition for a bi-layer of a class of positive e-beam photoresist characterized by 

excessive undercutting, limited adhesion of the metal to the substrate, limited metal 

thickness, coupled to a liftoff process with ultrasonication that was likely to be 

excessively energetic. The result is evident in the loss of device features shown in Figure 

141. 
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Figure 142 illustrates the selective metal deposition for a bi-layer of a class of 

positive e-beam photoresist characterized by appropriate undercutting, adequate adhesion 

of the metal to the substrate and adequate metal thickness, with no ultrasonication during 

liftoff. The result was positive and resulted in the selective liftoff of only the features 

which were designed to be removed from the wafer. 

 

 
Figure 140. Selective metal deposition for a monolayer of a class of positive e-beam photoresists 

characterized by insufficient undercutting. The gold layer is practically uninterrupted across the vertical 

profile of the photoresist, therefore limiting the action of the solvent. As a result, none of the features 

standing on the photoresist is lifted off.  

 
 

 

A 

B 

Reduced liftoff results in shorted 
devices 

A. PMMA Monolayer or 
ZEP 7000 / Au > 50 nm 
Excessive Au deposition and minimal 
undercutting inhibit liftoff, ultimately 
resulting in shorted devices 

B. PMMA Monolayer or ZEP 7000 / 50 
nm Au Minimal undercutting reduces 
liftoff 
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Figure 141. Selective metal deposition for a bi-layer of a class of positive e-beam photoresist characterized 

by excessive undercutting, limited adhesion of the metal to the substrate, limited metal thickness, coupled 

to a liftoff process with ultrasonication that was likely to be excessively energetic. The liftoff process 

resulted in loss of device features. 

 

 
Figure 142. Selective metal deposition for a bi-layer of a class of positive e-beam photoresist characterized 

by appropriate undercutting, adequate adhesion of the metal to the substrate and adequate metal thickness, 

with no ultrasonication during liftoff. The result was positive and resulted in the selective liftoff of only the 

features which were designed to be removed from the wafer. 

 

Excessive liftoff results in loss of device 
features 

PMMA Bilayer / Au < 50 nm 
Results in excessive liftoff, warped lines 
and loss of spatial resolution 

 PMMA Bilayer / 50 nm Au 
OPTIMIZED CONDITION: spatial resolution is 
preserved, undercutting enhances liftoff 
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 The selection of the photoresist system was conducted in conjunction with the 

optimization of the exposure conditions. In optical lithography this process is performed 

by varying the exposure time and the focus across a matrix, by developing the results in 

constant conditions and by analyzing the resist profiles. In e-beam lithography this was 

done by varying primarily the relative dose energy, amongst a number of other 

parameters. Figure 143 illustrates the process for two different e-beam exposures on the 

same photoresist system, showing that in one case the relative dose energy was below the 

photoresist sensitization threshold, while in the other case the exposure was adequate. In 

a third case, which is not illustrated, the photoresist was partially lifted off subsequent to 

exposure, therefore indicating excessive dose energy conditions.  

 

 
Figure 143. Above. Optical micrograph corresponding to uneven exposure of an e-beam resist, indicating 

that the dose energy was below sensitization threshold. The linescan profiler highlights the reflected RGB 

spectrum which correlate with differences in feature thickness and width. Below. Optical micrograph 

corresponding to the correct exposure for an e-beam resist.  
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The parameters for the dose matrix used in the first e-beam lithography for the 

central portion of the intra-cellular device are listed in Table 19 below. 

 

Voltage [nA] 100 kV 
Max Current 
[nA] 

4.375 

Adj. Frequency 
[kHz] 

25000 

Dose nr. 1 700 
Dose nr. 2 788 
Dose nr. 3 877 

Relative Dose 
Energy [μC/cm2] 

Dose nr. 4 999 
 

Table 19. Exposure parameters used for the dose matrix preceding the first e-beam exposure. 

 

Characterization of the wafer via optical and e-beam microscopy allowed to 

identify those devices on the wafers which were exposed the best, therefore with minimal 

underexposure or, conversely, with minimal overexposure. Subsequent to this dose matrix 

step, the first e-beam exposure for all the intra-cellular devices was homogeneously 

performed at 660 μC/cm2.  

 

The tips of the electrodes were exposed via an additional lithography step which 

also relied on a dose matrix to find the best exposure setting (Table 20). As the tips of the 

electrodes represented a considerably smaller surface portion than the electrodes 

selectively deposited during the first e-beam step, the exposure levels were here 

considerably higher than the thresholds used in the previous dose matrix (Table 19). In 

this case, the portion of photoresist corresponding to the tips of the electrodes for each 

device was not exposed homogeneously at the same energy setting, but was exposed with 

a specific dose across a dose matrix in order to cover the range from 50 nm to 200 nm for 

the width of the wells. 
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Voltage [nA] 100 kV 
Max Current 
[nA] 

4.375 

Adj. Frequency 
[kHz] 

25000 

Dose nr. 1 800.0 
Dose nr. 2 895.0 
Dose nr. 3 1000.7 
Dose nr. 4 1119.0 
Dose nr. 5 1252.0 

Relative Dose 
Energy [μC/cm2] 

Dose nr. 6 1400.0 
 

Table 20. Exposure parameters used for the dose matrix which defined the second e-beam exposure. 
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APPENDIX THREE 

TECHNICAL SPECIFICATIONS AND DETERMINATION OF RESISTANCE 

FOR THE COMPONENTS USED IN THE INTEGRATION OF THE 

ELECTROPHYSIOLOGICAL DEVICES 

 

The experimental determination of the aggregate device resistance measured for 

each channel would require the ability to connect an oscilloscope to both sides of the 

device – the RCA connector as well as the nanoscaled electrode tip – to then measure the 

ohmic resistance of the closed circuit. This process is however impaired by the fine 

electrode size in the central portion of the device, coupled to the intrinsic mechanical 

fragility of these nanostructures.  Several attempts were conducted in order to measure 

experimentally the resistance using metallic microprobes both in a dry as well as in an 

aqueous environment. All these attempts produced contradicting and inconclusive results 

which were strongly influenced by the pressure applied on the electrode tips in the central 

portion of the device, while the micro-electrode probe was contacted to close the circuit. 

Conversely, in those cases where an aqueous solution was used to close the circuit at the 

tip of the electrodes in the central portion of the device, the measurements were found, 

not surprisingly, to be greatly influenced by the kind of electrolyte used and by its 

concentration.  

 

An appropriate methodology to pursue this complex measurement could 

potentially be found in conducting atomic force microscopy (AFM) used in contact, 

conducting, non-tapping mode. An initial attempt was made to image the samples 

previously illustrated in Figure 47, Chapter 3 using AFM in either contact or tapping 

mode. This attempt did not lead to any discernable imaging result, and the appropriate 

parameters for the AFM could not be adjusted satisfactorily in order to image the sample 

in an acceptable fashion. These initial results led to the conclusion that AFM 

measurements in conducting mode to be undertaken on the samples shown in Figure 47, 

Chapter 3 would be very difficult and certainly beyond the purpose of the present thesis. 

In this light, we here calculate the aggregate nominal device resistance as the summation 

of the many resistances connected in series which comprise each channel from the input 
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to the headstage amplifier up to the electrode tip in the central portion of the device. In 

order to perform this calculation, we assume device linearity – in other words, the 

assumption of a linear ohmic relation between the input and the output of the device, as 

well as between its current and its voltage. This assumption is perfectly acceptable and 

reasonable in light of the manner the device was built, and was confirmed during 

subsequent device testing. A sufficient, non-necessary condition for this linearity can be 

provided by the absence of non-linear devices such as, for example, diodes, and by the 

absence of a manifest presence of devices acting as non-linear devices, such as, for 

example, a faulty insulation between a conducting electrode and an equally conducting 

electrolytic medium used for cell culture. 

 

3.1. Nominal Resistance for Cabling, Printed Circuit Board and Packaging 

 

The electromagnetically-shielded cable (RG-174/U type, trade nr.: 8216, Belden 

Wire and Cable Co., Inc.) used to connect the contacts on the printed circuit board (PCB) 

to the headstage amplifier via the RCA connectors installed on both sides of the 

switchbox walls was characterized by the manufacturer to have the specifications 

reported in Table 21. 
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Nominal DC 
Resistance 

(Ω/km) 

Nominal 
Impedance 

(Ω) 

Nominal Velocity 
of Propagation 63 

(%) 

Nominal 
Capacitance 

(pF/m) 

Nominal Attenuation
(Signal Loss / 

Length) 
  MHz dB/100 m 

318.2 50 66 101 1 6.2
        10 10.8
        50 19
        100 27.6
        200 41
        400 62.3
        700 88.6
        900 101.7
        1000 111.5

 

Table 21. Nominal specifications for the electromagnetically-shielded cable provided by the manufacturer. 

 

A total length of 20 cm was used to connect the PCB to the headstage amplifier, 

therefore equivalent to a nominal DC resistance of 63 mΩ – negligible for the purpose of 

the computation which is being addressed in the present section. 

 

RCA connectors (jack type MS12B-BULK and plug type 30-534 BU, Grimmer’s 

Electronics Supply, Corp.) were soldered to the shielded cables described above and used 

to individually address the recording or stimulating channels to specific channels on the 

electrophysiological switchbox. The contact resistance for the mated RCA connectors 

was specified to be equal to a maximum of 30 mΩ, therefore negligible for the purposes 

of the present study. 
                                                 
63 The nominal velocity of propagation characterizes the speed at which an electrical signal is transmitted 

through a medium, relative to the speed of light in a vacuum. This parameter is found to increase for increases 

in cross-sectional area of the wire, and is also a strong function of the resistance of the surface electrical 

insulation of the wire. This dependence is caused by the electron scattering occurring at the surface, which 

impairs the free flow of electrons along the wire. Given multiple AC or DC emitters individually connected to 

appropriate detectors through identical wires of equal length, in analogy to the individual channels of the 

device here described, the nominal velocity of propagation results in an identical propagation delay across all 

individual circuits. For the purpose of the device whose design and construction is here described, this delay is 

quantifiable in a few nanoseconds and is therefore far smaller than the time resolution of the data acquisition 

card. In conclusion, it is important to emphasize that the nominal velocity of propagation per se does not result 

in signal attenuation, but in a time delay between the emission and the detection of an electrical pulse.  
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The nominal resistance of the conducting leads with a rectangular cross-section 

comprising the printed circuit board was calculated to be equal to 133 mΩ, and was 

therefore deemed to be negligible, in light of the arithmetic following below. 

    lR
A
ρ

=  

    82.051*10Au mρ −= Ω   
    2 9 2250*20 5*10AuA m mμ −= =  
    2

( ) 3.25*10Au AVGl m−=  

1
( ) 1.33*10Au AVGR −= Ω  

 

The nominal resistance of the conducting leads with a rectangular cross-section 

comprising the packaging for the IC holder was calculated to be equal to 7.1 mΩ, and 

was therefore neglected for the determination of aggregate resistance, as illustrated in the 

calculation below. 

    lR
A
ρ

=  

    82.051*10Au mρ −= Ω   
    2 8 2150*200 3*10AuA m mμ −= =  
    2

( ) 1.05*10Au AVGl m−=  

3
( ) 7.1*10Au AVGR −= Ω  

 

The nominal resistance for the gold wire (diameter = 50 μm) used to wire-bond 

the chip to the chip holder was also found to be negligible, and is shown below. 

    lR
A
ρ

=  

    82.051*10Au mρ −= Ω   
    2 2 9 225 1.96*10AuA m mπ μ −= =  
    3

( ) 6.50*10Au AVGl m−=  

2
( ) 7.88*10Au AVGR −= Ω  
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 Finally, the remaining portion illustrates the more significant addendum to the list 

of resistances connected in series – the three types of integrated circuit fitted within each 

device, with the interface comprised of copper nanowires adjusted on top of the 

integrated circuits. 

 

3.2. Nominal Resistance for IC Devices 

 

The multicellular device featured electrodes with a width of 7.5 μm from the 

wirebonded pads located on the perimeter of the integrated circuit to the tip of the 

electrode. The device design, illustrated in Figure 4, Chapter 3, featured electrodes with a 

variable length, in light of the square array geometry, as highlighted in Figure 2. 

 

 

 

 

 

 

 

 

 
Figure 144. Schematic diagram illustrating the difference in length between the different electrodes, caused 

by the square array geometry and the positioning of the pads on two rows. 
 

The tip-to-pad electrode length therefore varied in the range from 3.7 mm to 4.5 

mm, consisting of a layer of Au which was 50 nm thick, therefore resulted in a resistance 

within the range from 22.02*10 Ω  to 22.46*10 Ω , computed as follows. 

    lR
A
ρ

=  
82.051*10Au mρ −= Ω   

    13 250 *7.5 3.75*10AuA nm m mμ −= =  
    3' 3.7*10l m−= ; 3'' 4.5*10l m−=  

2' 2.02*10AuR = Ω ; 2'' 2.46*10AuR = Ω  
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The intercellular devices featured electrodes with a total length which varied from 

3.76 mm to 4.66 mm, with a width of 7.5 μm for a portion respectively of 3.64 mm and 

of 4.54 mm, while the remaining length of 120 μm had a width of 750 nm.  The electrode 

structure consisted of a layer of Au which was 50 nm thick, therefore resulting in a 

resistance within the range from 264.6Ω  to313.6Ω , computed as follows. 

    lR
A
ρ

=  
82.051*10Au mρ −= Ω   

    13 250 *7.5 3.75*10I
AuA nm m mμ −= = ; 14 250 *750 3.75*10II

AuA nm nm m−= =  
3

1 3.64*10Il m−= ;  4
1 1.2*10IIl m−= ;  

3
2 4.54*10Il m−= ;  4

2 1.2*10IIl m−=  

2
1 1.99*10I

AuR = Ω ; 1 65.6II
AuR = Ω ; 1 264.6Tot AuR = Ω  

2
2 2.48*10I

AuR = Ω ; 2
2 65.6*10II

AuR = Ω ; 1 313.6Tot AuR = Ω  

 

 The intracellular device featured tapered electrodes, as previously illustrated in 

Figure 6, Chapter 3. The electrode structure consisted of a 70 nm thick gold layer –

thicker relatively to the other two devices, to overcome the increase in resistance caused 

by the considerably thinner electrode size. This architecture resulted in a resistance 

within the range from 387.60Ω  to 612.09Ω , computed in Table 22. 
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Section A Section B Section C Section D Section E 
3

1 3.35*10Il m−=
 

4
2 1.5*10Il m−=  5

3 8.5*10Il m−=  5
4 3.3*10Il m−=

 

5
4 2.2*10Il m−=

 
6

1 5*10Iw m−=    
(See 64) 

3
2 3.5*10Iw m−=

(See 2) 

6
3 1.5*10Iw m−=

(See 2) 

7
4 6*10Iw m−=

(See 2) 

7
5 2*10Iw m−=  

(See 2) 
2

1 1.96*10IR = Ω
 

2
2 1.25*10IR = Ω

 
3 18.30IR = Ω  4 16.10IR = Ω  5 32.20IR = Ω  

 387.60I
totalR = Ω

 
3

1 4.26*10IIl m−=
 

4
2 2.0*10IIl m−= 4

3 1.0*10IIl m−=  5
4 6.0*10IIl m−=

 

4
4 1.0*10IIl m−=

 
6

1 5*10IIw m−=  

(See 2) 

3
2 3.5*10IIw m−=

(See 2) 

6
3 1.5*10IIw m−=

(See 2) 

7
4 6*10IIw m−=

(See 2) 

7
5 2*10IIw m−=

(See 2) 

2
1 2.49*10IIR = Ω

 

2
2 1.66*10IIR = Ω

 
3 21.52IIR = Ω  4 29.27IIR = Ω  5 146.3IIR = Ω  

 612.09II
totalR = Ω

 
 

Table 22. Computations for each main section of the tapered electrodes used for the intracellular device. 

Each electrode got increasingly thinner from the periphery (section A) to the center (section B), in order to 

keep resistance at a minimum. The resistance was computed twice for each section for respectively the 

shortest and the longest electrode, coherently to Figure 2.  

 

3.3. Nominal Resistance for Copper Nanowires Grown within the Porous 

Alumina Template 

 

In conclusion, we looked at the final resistor in the chain from the headstage 

amplifier to the recording locus in contact with the cells – the copper based nanowires 

grown electrochemically within a rationally anodized alumina template and subsequently 

                                                 
64 Average width for a tapered electrode section calculated as the average of the width on one hand of the 

electrode section and the width on the opposite end of the electrode section. 



 

  482

coated electrolessly with gold, characterized with scanning electron microscopy in Figure 

47, Chapter 3. 

 

The average diameter of the nanorods was matched to the one of the nanopores in 

the alumina template, which was of 111.58 nm (Figure 42, Chapter 3). The resistivity of a 

copper nanorod was matched to the value characterized by Molares et al. 
71.71*10Cu mρ −= Ω , which is about one order of magnitude higher than the one for bulk 

Cu at 300°K ( 81.68*10Cu mρ −= Ω ) [1]. This enhanced value of resistivity can be due to a 

high contact resistance, to surface scattering of the electrons within the nanowire, or to an 

onset of Cu oxidation  [1]. The resulting resistance for a single copper nanorod was found 

to be equal to 273.29Ω  and was computed as follows. 

    lR
A
ρ

=  

71.71*10Cu mρ −= Ω   

    7 2 2 14 2(1.11*10 ) 3.86*10CuA m mπ− −= =  

56.17*10l m−=   

273.29CuR = Ω   

 

This result of resistance for a single copper nanowire had to be coupled to the 

configuration of identical copper nanowire resistances positioned in parallel in order to be 

significant, with reference to Figure 42 and Figure 55, Chapter 3. For multiple resistors 

connected in parallel we have that: 

 

1

1n

n
i i

R
R=

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
∑    Equation 64 

 

The individual resistance of a single copper nanowire can then be interfaced to multiple 

identical structures via the conducting nanowire tip – depending on the type of device 

used, as shown in Figure 42, Chapter 3. The following calculations are based on simple 

nanowires filled throughout their cross-section, therefore ignoring the more complicated 
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hollow electrode design illustrated in Figure 48, Chapter 3. For a multicellular device, we 

can substitute 90n =  in Equation 1 above, with i CuR R= , to obtain an aggregate 

resistance of 320 mΩ . Similarly, for an intercellular ( 7n = ) and for an intracellular 

( 3n = ) device we obtain respectively the values of 20 mΩ  and of 10 mΩ . 

 

3.4. Conclusion. Main Determinants for the Calculation of Aggregate Nominal 

Device Resistance 

 

We have reviewed all the electrically-conducting components which contribute to 

the buildup of electrical resistance in the device here constructed. The more considerable 

sources of resistance appear to be the leads and the fine electrodes located on the 

integrated circuits and in the porous alumina template. The aggregate ranges for nominal 

device resistance are shown in Table 7.  

 

Device Type  

Multi-cellular Inter-cellular Intra-cellular 

Aggregate nominal 

device resistance 

[Ω] 

2 22.05*10 2.49*10−  2 22.64*10 3.13*10−  2 23.87*10 6.12*10−  

 

Table 23. Aggregate nominal device resistance from the level of the headstage amplifiers to the electrode 

tip directly in contact with the bioelectrically-active neuronal cells. 
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APPENDIX FOUR 

METROLOGY AND TECHNICAL SPECIFICATIONS RELATED TO THE NI 

PCI 6281 MULTIFUNCTION DATA ACQUISITION CARD 

 

The following table summarizes in detail the technical specifications of the NI 

PCI 6281 multifunction DAQ used for the electrophysiological experiments documented 

in this thesis. The most relevant concepts and dimensions are carefully explained in terms 

of metrology analysis and theory. 

 

GENERAL SPECIFICATIONS 

Real-time compatibility Deterministic single-point control 

Triggering 65 Both analog and digital 

ANALOG INPUT 

Number of channels 16 single-ended channels, 8 double-ended 

channels 

Sampling rate 66 625 kS/s or 1.6 μs/S (1 channel) 

500 kS/s or 2 μs/S (multiple channels) 

                                                 
65 The ability of the board to start or stop signal acquisition or generation based on an external signal. This 

feature is usually used to synchronize and time different data acquisition processes. For an analog trigger, the 

level and slope of an analog signal are continuously monitored to determine is they satisfy the trigger 

condition. For a digital trigger, the rising or falling edge of a TTL signal initiates a specific process. 

66 The sampling rate of a device is a parameter that specifies how often conversions can take place; faster 

sampling rates correspond to the acquisition of more points in a given time, providing a better representation 

of the original signal. According to the Nyquist-Shannon theorem, exact reconstruction of a continuous-time 

baseband signal from its samples is possible if the signal is bandlimited and the sampling frequency is greater 

than twice the signal bandwidth. For appropriate conversion, therefore, it is important to sample at least twice 

the rate of the maximum frequency component in a signal in order to prevent distortion. The data acquisition 

card works at the highest sampling rate of 625 kS/s when a single channel is used. Conversely, when multiple 

channels are used, the card activates an onboard multiplexer and therefore operates with a delay that reduces 

the sampling rate to 500 kS/s, equivalent to a temporal resolution of . For multiplexed devices, the analog to 

digital converter samples many channels and the effective sampling rate for each individual channel is 
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Timing accuracy 50 ppm of sample rate 

Timing resolution 50 ns 

18 bits 

Nominal input range Nominal resolution 

assuming 5% over 

range 

- 10 V to + 10 V 80.1 μV 

- 5 V to + 5 V 40.1 μV 

- 2 V to + 2 V 16.0 μV 

- 1 V to + 1 V 8.01 μV 

- 500 mV to + 500 mV 4.01 μV 

- 200 mV to + 200 mV 1.60 μV 

Resolution 67 

  

- 100 mV to + 100 mV 80 nV 

                                                                                                                                                 
reduced in proportion to the number of channels sampled. The sampling rate for n multiplexed channels will 

therefore be equal to (625 kS/s) / n for n  inputs (either single-ended or differential ones). 

67 The number of bits the analog-to-digital converter (ADC) uses to represent the analog signal. The higher the 

resolution, the higher the number of divisions the voltage range is broken into, and therefore, the smaller the 

detectable voltage change. For an ADC with 18-bit resolution, the ADC converts analog inputs into one of 

262,144 codes – that is, one of 262,144 possible digital values. These values are spread fairly evenly across 

the input range.  

For an input range of -10V to 10 V, the voltage of each code of a 18-bit ADC is: 18

(10V-(-10V)) =76μV
2

. 

National Instruments uses a calibration method that requires some codes (typically about 5% of the codes) to 

lie outside of the specified range. This calibration method improves absolute accuracy, but it increases the 

nominal resolution of input ranges by about 5% over what the formula shown above would indicate. 
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Nominal input range Absolute accuracy 

at full scale (filter 

on – filter off) 

- 10 V to + 10 V 980 μV – 1050 μV 

- 5 V to + 5 V 510 μV – 550 μV 

- 2 V to + 2 V 210 μV – 230 μV 

- 1 V to + 1 V 120 μV – 130 μV 

- 500 mV to + 500 mV 70 μV – 80 μV 

- 200 mV to + 200 mV 39 μV – 43 μV 

Accuracy 68 

- 100 mV to + 100 mV 28 nV – 31 μV 

                                                 
68 A measure of the capability of an instrument at a given range setting to faithfully indicate the value of the 

measured signal. Accuracy is often specified as: accuracy = (% of reading) + offset , and in more precise 

terms, absolute accuracy = reading * gain error + range * offset error + noise uncertainty . The two 

components of reading and offset are often referred to respectively as precision and accuracy, relative to the 

measurement of a value used as a reference. The precision of the measurement represents the standard 

deviation of the distribution of measured values for a given target reference. The accuracy, on the contrary, 

represents the offset between the mean of the distribution of measured values relative to a reference target 

value (Figure 1).  

 

Figure 1. Differentiation between precision and accuracy, relative to a reference measurement. 

 

The term accuracy is not related to resolution. Accuracy is always lower than the resolution of the instrument. 

For example, a 5 ½ digit voltmeter can have an accuracy of 0.0125% of the reading + 24 μV on its 2.5 V 

range, resulting in an error of 149 μV when measuring a 1 V signal. On the other hand, the resolution of this 

same voltmeter is 12 μV, 12 times better than the accuracy, therefore indicating that the accuracy of an 

instrument is affected by several factors beyond just resolution.  
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Nominal input range Sensitivity (filter on 

– filter off) 

- 10 V to + 10 V 24 μV – 28 μV 

- 5 V to + 5 V 12 μV – 14 μV 

- 2 V to + 2 V 4.8 μV – 6.0 μV 

- 1 V to + 1 V 2.8 μV – 4.8 μV 

- 500 mV to + 500 mV 1.6 μV – 4.0 μV 

- 200 mV to + 200 mV 1.2 μV – 3.6 μV 

Sensitivity 69 

- 100 mV to + 100 mV 800 nV – 3.6 μV 

Nominal input range Random noise σ 

(μVrms) (filter on – 

filter off) 

- 10 V to + 10 V 60 – 70 

- 5 V to + 5 V 30 – 35 

- 2 V to + 2 V 12 – 15 

- 1 V to + 1 V 7 – 12  

- 500 mV to + 500 mV 4 – 10  

- 200 mV to + 200 mV 3 – 9  

Random noise 70 

- 100 mV to + 100 mV 2 – 9  

On-board memory 4095 samples 

Signal conditioning Low-pass filtering 

Input impedance 

device on 

Input impedance 

device off 

Input impedance 

> 10 GΩ 820 Ω 

Input bias current 71 ± 100 pA 

                                                 
69 Also known as responsivity, it is the ability of the sensor device to detect the smallest detectable voltage 

change, it is a function of noise and it reflects the minimum magnitude of input signal required to produce a 

specified output signal having a specified signal-to-noise ratio. 

70 Random variations of one or more characteristics of any entity or dimension – in this case of voltage. 
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Crosstalk between 

adjacent channels 

Crosstalk between 

separate channels 

Crosstalk (at 100 kHz) 72 

- 75 dB - 95 dB 

ANALOG OUTPUT 

Number of channels 2 

Update rate 2.86 MS/s (1 channel) 

2.00 MS/s (2 channels)  

Timing accuracy 50 ppm of sample rate 

Timing resolution 50 ns 

Resolution 16 bits 

Accuracy Nominal input range Absolute accuracy at 

full scale 

 - 10 V to + 10 V 1540 μV 

 - 5 V to + 5 V 820 μV 

 - 2 V to + 2 V 404 μV 

 - 1 V to + 1 V 259 μV 

Current drive (channel / total) 73 ± 5 mA 

Output impedance 0.2 Ω 

COUNTERS / TIMERS 74 

Number of counters / timers 2 

                                                                                                                                                 
71 Steady-state current used to operate the device. 

72 Undesired transfer of energy by capacitive, inductive or conductive coupling from one circuit or channel to 

another.  

73 The current drive is the ability of a signal generator or output of a data acquisition card to dissipate current 

for analog or digital output signals. This number indicates the maximum current drive per channel.  

74 Inputs that interface to digital signals and can measure frequency, events, or duty cycle, generating finite 

pulse trains, clocks and triggers. 
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Resolution 75 32 bits 

Maximum source frequency 76 

Minimum input pulse width 

80 MHz 

12.5 ns 

Timebase stability 77 50 ppm 

                                                 
75 The counter size or number of bits indicates how high a counter can count. For example, a 32-bit counter 

can count up to 322 1 4, 294, 967, 295− =  before it rolls over. A high number of bits is beneficial in cases such 

as pulse width measurements, where a wide dynamic range is required. For example, in all those cases where 

pulse widths are measured with a 12.5 ns resolution (80 MHz timebase) using a counter / timer with 32 bits, it 

is possible to measure pulse widths up to 32(2 1) *12.5ns 53s− = with 12.5 ns resolution.  

76 The maximum source frequency represents the speed of the fastest signal the counter can count. A counter 

frequency of 80 MHz corresponds to pulses that are 6
s=12.5 ns1/(80 *10 ) apart. 

77  Timebase stability is a widely-adopted measure of quality for an oscillator used for highly precise  

measurements in the timing domain. This dimension is directly related to jitter, which is defined as noise in 

the temporal or timing domain (horizontal axis in Figure 2). Intensitybase stability, on the contrary,  represents 

the quality of an oscillator in the signal domain, and the signal-to-noise ratio, defined as the ratio of a signal 

power to the noise power corrupting the signal, relates to noise in the signal intensity domain (vertical axis in 

Figure 2). 

 

Time 

In
te

ns
ity

 

 

Figure 2. Arbitrary eye diagram obtained using the equivalent time method, which illustrates the difference 

between jitter and signal-to-noise ratio. Jitter represents noise in the time domain of data acquisition. Signal-

to-noise ratio represents noise in the intensity domain (courtesy of Agilent Technologies, Inc.). 
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In ideal cases, the oscillation frequency is generally constant, but in reality many factors influence the 

behavior of an oscillator. Units used for stability are typically parts per million (ppm) or parts per billion 

(ppb). Stability may be converted into the sampling frequency error with the following simple calculation: 

sampling frequency error = (sampling rate * timebase stability) . 

In more concrete terms, a device with a timebase stability of 25 ppm and a sampling signal at a rate of 

100kS/s, the sampling frequency error of the clock is 100,000 * 25/1,000,000 = 2.5 Hz when sampling at a 

rate of 100 kS/s. Therefore, the sampling frequency confidence interval is 100 kHz ± 2.5 Hz. The stability 

value of 50 ppm here provided is such that the sampling frequency of a 10 MS/s oscillator will result in the 

following sampling frequency confidence interval: 10 MHz ± 500 Hz. 

Figure 3 illustrates a jitter eye diagram for the equipment here described, with a jitter probability density 

function which provides a measure of the sampling frequency error – also known as the time interval error.  

 

 

 

Figure 3. Jitter eye diagram illustrating a measurement of the jitter probability density function as a histogram 

projected on the upper right hand side. The picture also highlights the ideal sample point and the time interval 

error – an alternative term to the sampling frequency error referred to above in Note 13 – for the system in 

question. All measurements were obtained using the equivalent time method (courtesy of Tektronix, Inc.). 

 

Figure 4 schematically summarizes the segmentation between different contributors to jitter – deterministic or 

random in nature.  
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ANALOG TRIGGERS 78 

Number of triggers 1 

Resolution 10 bits 

Modes Analog edge triggering, analog edge triggering 

with hysterisis, analog window triggering 

Precision ± 1 % 

Input Impedance 10 kΩ 

Coupling DC 

  

                                                                                                                                                 

 

Figure 4. Classification of different kinds of jitter.  

 

Fore more information on jitter – beyond the level of the present discussion, please refer to the following two sources. 

1. R. Stephens Jitter 360° - Guides to Jitter Analysis Ch. 1-5. Tektronix, Inc. (www.tektronix.com)  

2. Using Clock Jitter Analysis to Reduce BER in Serial Data Applications  - Application Note. Agilent 

Technologies, Inc. (www.agilent.com)  

78 The ability of a board to start or stop signal acquisition or generation based on an external signal. This 

feature is usually used to synchronize and time different data acquisition processes. For an analog trigger, the 

level and slope of an analog signal are continuously monitored to determine if they satisfy the trigger 

condition. For a digital trigger, the rising or falling edge of a TTL signal initiates a specific process. 
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APPENDIX FIVE 

SCANNING ELECTRON MICROSCOPY OF NEURONS ADHERED TO THE 

COMPOSITE INTERFACE BETWEEN THE CELLULAR MILIEU AND THE IC 

PLATFORM 

 

This appendix is intended to summarize the characterization effort made using 

scanning electron microscopy (SEM), which consisted in the acquisition of about 2,500 

micrographs by a manual operator for a total of about 2.5 GB, in order to adequately 

represent the evolution of cell growth on the substrate during the time interval from day 1 

to day 22, measured from the onset of cell seeding. 

 

 Scanning electron microscopy was preferred to reflection optical microscopy in 

light of the considerably higher spatial resolution and dynamic range of such 

methodology on the opaque substrates used for the experimentation. 

 

 The substrates used for the SEM characterization consisted in the interface layer 

between the cellular milieu and the IC platform. These were removed from the three 

device assemblies illustrated in the previous section, subsequent to device operation. The 

substrates were dried using increasing dilutions of ethanol in water, exchanged gradually 

on the substrate to avoid osmotic shock. The removal operation was conducted carefully, 

in order to reduce the mechanical damage of the interface substrate. The removal 

operation was conducted in order to reuse the IC platform assemblies multiple times, and 

to ensure the specimen where cells grew could be fitted inside the stage of a SE 

microscope. 

 

Figure 145, Figure 146, Figure 147, Figure 148, Figure 149 and Figure 150 

illustrate the micrographs of hippocampal neuronal cells grown for respectively one, two, 

three, four, five and six days; Figure 151, Figure 152, Figure 153, Figure 154, Figure 155, 

Figure 156, Figure 157, Figure 158 represent the micrographs of the same neurons grown 

for respectively eight, ten, twelve, fourteen, sixteen, eighteen, twenty and twenty-two 

days.  
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Figure 145. Scanning electron micrographs of neurons at day 1 after seeding. 
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Figure 146. Scanning electron micrographs of neurons at day 2 after seeding. 
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Figure 147. Scanning electron micrographs of neurons at day 3 after seeding. 
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Figure 148. Scanning electron micrographs of neurons at day 4 after seeding. 

 

 
Figure 149. Scanning electron micrographs of neurons at day 5 after seeding. 
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  506
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Figure 150. Scanning electron micrographs of neurons at day 6 after seeding. 

 

 
Figure 151. Scanning electron micrographs of neurons at day 8 after seeding. 
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Figure 152. Scanning electron micrographs of neurons at day 10 after seeding. 
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Figure 153. Scanning electron micrographs of neurons at day 12 after seeding. 

 

 
Figure 154. Scanning electron micrographs of neurons at day 14 after seeding. 
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Figure 155. Scanning electron micrographs of neurons at day 16 after seeding. 
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Figure 156. Scanning electron micrographs of neurons at day 18 after seeding. 
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Figure 157. Scanning electron micrographs of neurons at day 20 after seeding. 

 

 
Figure 158. Scanning electron micrographs of neurons at day 22 after seeding. 
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APPENDIX SIX 

STRAIN ENERGY METHODS FOR CALCULATING THE BENDING 

DEFLECTION AT THE END OF AN ELASTIC CANTILEVER BEAM 

 

 The following derivation is based on two main references: the handbook on the 

mechanics of materials by Craig, 1996 [1] and the book on the analysis of stress and 

deformation by Housner and Vreeland [2]. When an element of elastic material is 

stressed in a general manner, the element will be strained and, as the planes on which the 

xσ  stresses act are displaced, the stresses do work. The amount of work done is 

calculated as follows. The force acting on each x-face is equal to xdydzσ . If the element 

were rigid, the work done during any displacement of the element would be equal to zero 

as the two stresses are oppositely directed and the work done by one would be cancelled 

by that done by the other. However, because of the straining of the element, the two 

stresses undergo different displacements and the work does not cancel. The work done by 

the force xdydzσ because of the straining is: 

 

0 0

( )( ) ( )
x x

x x x xdydz d dx d dxdydz
ε ε

σ ε σ ε=∫ ∫   

Equation 65 

 

If there is no dissipation of energy during the stressing, the work is stored in the element 

as strain energy and it can be recovered during the unloading process. The strain energy 

density (i.e., the strain energy per unit volume) is defined as: 
 

0
0

x

x xV d
ε

σ ε= ∫  

Equation 66 
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 In a stress-strain diagram, the above expression for 0V is the area under the stress-

strain plot. In the simple case of plane stress there are three stresses to be considered, and 

the strain energy density is: 
 

0
0 0 0

y xyx

x x y y xy xyV d d d
ε γε

σ ε σ ε τ γ= + +∫ ∫ ∫   

Equation 67 

 

 It is similarly possible to derive the area above the stress-strain diagram, which is 

aptly called the complementary energy density and is indicated as *
0V , calculated as 

follows: 
 

*
0

0 0 0

y xyx

x x y y xy xyV d d d
σ τσ

ε σ ε σ γ τ= + +∫ ∫ ∫   

Equation 68 

 

 For a linearly elastic material, it is possible to simplify 0V to the area of a triangle, 

for which we have: 
 

0
1 1 1
2 2 2x x y y xy xyV σ ε σ ε τ γ= + +   

Equation 69 

 

Given the expression immediately above for  0V , it is possible to generalize it to the 

three-dimensional state of stress of a linearly elastic material, as formalized in the 

following equation: 
 

0
1 1 1 1 1 1
2 2 2 2 2 2x x y y z z xy xy yz yz zx zxV σ ε σ ε σ ε τ γ τ γ τ γ= + + + + +   

Equation 70 
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 The strain energy in a cantilever beam may be evaluated by integrating the strain 

energy density 0V over the volume of the beam. Since, in the technical theory of bending, 

we have that: 
 

0y xy xz yz zε γ γ γ σ= = = = =   

Equation 71 

 

 It is possible to conclude that the strain energy density reduces to that of bending 

alone, and we have 0
1
2 x xV σ ε= . Using Hooke’s law under the assumption of a linearly 

elastic solid, we have x
x E

σε = , and the strain energy in the beam generalized to the 

three-dimensional state of stress is then provided by the following integral: 

 

21
2

xV dxdydz
E
σ

= ∫ ∫ ∫   

Equation 72 

xz
x

z

M y
I

σ = −   

Equation 73 

 

where the second equation reported above is the important flexure formula of Bernoulli-

Euler beam theory in linearly elastic beams, derived from the equally important moment-

curvature equation: 
EIM EIκ
ρ

= = . 

 

The expression for the strain energy in the beam then becomes:  
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2 2 2 2
2

2 2
0 0

1 1 1
2 2 2

l l
xy xy xz

z z z

M y M MV dxdydz y dydzdx dx
EI EI EI

= = =∫ ∫ ∫ ∫ ∫ ∫ ∫  

 Equation 74 

 

 Since 

2

2xz z
d vM EI
dx

= , the strain energy in the beam can also be written as: 

 

2
2

2
0

1 ( )
2

l

z
d vV EI dx
dx

= ∫   

Equation 75 

 

We can then introduce the notion of virtual displacement – an infinitesimal, imaginary 

displacement, that is consistent with all kinematic constraints. Virtual displacements 

satisfy the same boundary conditions and compatibility conditions that the real 

displacements must satisfy, and real forces are not altered by virtual displacements. From 

this definition follows that virtual work is the work done by real forces when virtual 

displacements occur; when a particle is in equilibrium under a system of forces, then for 

any virtual displacement, the virtual work is equal to zero. 

 

 According to the principle of virtual displacements, among all kinematically 

admissible configurations of an elastic deformable body, the actual equilibrium 

configuration is the one that satisfies W U∂ = ∂ when the body undergoes arbitrary virtual 

displacements from that configuration, where W is the virtual work and U is the strain 

energy. 

 

Castigliano expressed the virtual work of external forces in the following form:  

 

1

n

ext i i
i

W P qδ δ
=

= ∑  (Castigliano’s first theorem)  
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Equation 76 

 

where N is the number of independent displacements, iq , the iP ’s are called 

generalized forces and the correct values or expressions for the iP ’s are determined by 

formulating extWδ .  

 

In an analogous manner, when bodies are loaded by discrete forces, the complementary 

virtual work can be written in the form: 

 

1

n
c

i i
i

W v Pδ δ
=

= ∑   

Equation 77 

 

where the Pi’s can include couples and where v is the displacement (or rotation) that 

corresponds to the force (or couple) Pi. Since the complementary strain energy is 

fundamentally a function of the applied loads, an expression analogous to the equation 

above can be written for 
cVδ . This expression is: 

 

1

CN
c

i
i i

VV P
P

δ δ
=

∂
=

∂∑   

Equation 78 

 

 Inserting the two equations above one into the other, and noting that the virtual 

forces are independent, we have: 

 

C

i
i

Vv
P

∂
=

∂   

Equation 79 
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This expression is known as the Crotti-Engesser theorem, and applies to nonlinearly 

elastic bodies as well as linearly elastic bodies.  

 

The expression above can be written using the notation generally accepted as 

Castigliano’s second theorem, which is valid for linear bodies, such that the 

complementary energy and the strain energy are equal: 

 

p
i

Ve
P
∂

=
∂   

Equation 80 

 

where pe  is the displacement of the point of application of P in the direction of P – 

measurable in form of the deflection of the beam (in radiants).  

 

 Equation 11 can then be formulated to incorporate Castigliano’s second theorem 

in the following manner: 

 

 
0

1 l
xz

p xz
z

Me M dx
EI P

∂
=

∂∫   

Equation 81 

 

 Equation 17 only provides the deflection due to flexural stresses; the contribution 

of the shear stress can be included in the strain energy, but in the case of slender beams 

like the high aspect ratio nanowires used in this thesis, it will be negligibly small 

compared to the bending energy, and can therefore be excluded. This expression can be 

further modified to incorporate the bending moment ( )xzM P l x= − , to have: 
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3
2

0

1 ( )
3

l
vertical

p
z z

PLe P l x dx
EI EI

= − =∫   

Equation 82 

  

 The articulated derivation demonstrates that for a beam in the elastic regime, the 

following equation is valid: 

3

3
vertical

p
z

PLe
EI

= , where P , E , I , verticalL  and pe  are 

respectively the bending force, Young’s modulus, the moment of inertia (
4

4
rI π

= , for a 

cylindrical beam [3]), the vertical projection of the length of the post and its resulting 

deflection, measured in radians. 
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APPENDIX SEVEN 

STRAIN ENERGY METHODS FOR CALCULATING THE ELASTIC 

FLEXURAL STRAIN ENERGY AND THE ELASTIC SHEAR STRAIN ENERGY 

FOR A BENDING CANTILEVER BEAM 

 

 The following derivation is based on two main references: the handbook on the 

mechanics of materials by Craig, 1996 [1] and the book on the analysis of stress and 

deformation by Housner and Vreeland [2].  

 

7.1. Elastic Flexural Strain Energy 

 

A beam is characterized by flexural stress xσ and shear stress xyτ that vary with position 

in the beam. For a linear elastic body, the strain energy is given by the following equation: 

 

( )1
2 x x y y z z xy xy xz xz yz yzu σ ε σ ε σ ε τ γ τ γ τ γ= + + + + +  

Equation 83 

 

 From this equation it can be seen that the contributions of normal stress and shear 

stress to the strain energy can be treated separately. We can then introduce the Bernoulli-

Euler theory using the following four main assumptions. 

 

1. The beam possesses a longitudinal plane of symmetry (LPS) and is loaded and 

supported symmetrically with respect to this LPS.  

2. There is a longitudinal plane perpendicular to the LPS that remains free of 

strain (with 0xε = ) as the beam deforms. This plane is called the neutral surface. The 

intersection of the neutral surface with a cross section is called the neutral axis of the 

cross section.the intersection of the neutral surface with the LPS is called the axis of the 

beam. This forms the deflection curve of the deformed beam. 
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3. Cross sections, which are plane and are perpendicular to the axis of the 

undeformed beam, remain plane and remain perpendicular to the axis of the deformed 

beam, that is, to the deflection curve. 

4. Deformation in the plane of a cross section (e.g., the transverse strains yε and 

zε ) may be neglected in deriving an expression for the longitudinal strain xε . 

 

It is then possible to express the extensional strain yε as a function of the local radius of 

curvature ( )xρ , as follows: 

 

( , )
( )x
yx y
x

ε
ρ
−

=  

Equation 84 

 

From calculus, we can then express the deflection curve ( )v x , the slope ( )xθ and the 

radius of curvature ( )xρ as in the following (Figure 159), which includes an 

approximation:  
 

2

22

3/ 2 22

1

1

d v
d vdx
dxdv

dx

ρ
= =
⎡ ⎤⎛ ⎞+⎢ ⎥⎜ ⎟

⎝ ⎠⎢ ⎥⎣ ⎦

&  

Equation 85 

 
Figure 159. Geometric relationship of the deflection curve 

θ(x) = Slope 

y, v(x) 
Deflection curve 

v(x) = Deflection 

Center of curvature 

ρ(x) = Radius of curvature 

x 
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 From the expression above we have: 

 
2

2

( )( , )
( )x
y d v xx y y
x dx

ε
ρ
−

= = −&  

Equation 86 

 

where y is the distance from the neutral axis of the cross section. 

 

 Assuming Young’s modulus as independent of the position in the cross section, 

with ( )E E x= , the flexural stress xσ  is related to the internal bending moment ( )M x by 

the flexure formula, that is, by: 

 

( )( , )
( )x

M x yx y
I x

σ −
=  

Equation 87 

 

 By definition, we have that 0v
V V dV= ∫ , where 0V is the strain energy density, 

dV is the differential volume and V is the total strain energy. In the elastic regime the 

integral can be simplified to the area of the triangle: 
21 1

2 2x

x
x xV

Eσ
σσ ε= = . Substituting 

into the equation immediately above the approximation in Equation 4, as well as 

Equation 5, we obtain the following expression: 

 
22 2

2
20 0

1 1 ( )( ) ( )
2 ( ) 2

L L

A A

y d v xV E x dAdx E x y dAdx
x dxρ

⎡ ⎤⎡ ⎤−
= = ⎢ ⎥⎢ ⎥

⎣ ⎦ ⎣ ⎦
∫ ∫ ∫ ∫&  

Equation 88 

 

or: 
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2

0

1 ( '')
2

L
V EI v dxσ = ∫  

Equation 89 

 

where the substrate σ emphasizes the fact that this is the strain energy due to flexural 

stress. Alternatively, we have: 

2

0

1 1 ( )
2 ( ) ( )

L

A

M x yV dAdx
E x I xσ

⎡ ⎤−
= ⎢ ⎥

⎣ ⎦
∫ ∫  where dA  is an 

infinitesimally small cross sectional area. 

In final form we have: 

 
2

0

1
2

L M dxV
EIσ = ∫  

Equation 90 

 

7.2. Elastic Shear Strain Energy 

 

 Given a shear forceV%  defined as dMV
dx

=% , the shear flow in a beam is given by 

the expression: VQq
I

=
%

, which is derived based on the assumption that the distribution of 

flexural stress on a given cross section of the beam is not affected by the deformation due 

to shear [1]. From this expression it is possible to derive the transverse shear stress 

formula, which is generally written as: 

 

VQ
It

τ =
%

 or ( ) ( , )
( ) ( )xy

V x Q x y
I x t y

τ =
%

 

Equation 91 

 

 Where t is the average transverse shear stress at level y in section x, Q is the first 

moment, with respect to the neutral axis, of the cross sectional area above level y, I is the 
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moment of inertia of the entire cross section, taken with respect to the neutral axis, and t 

is the width of the cross section at level y. 

 

Similarly to the discussion in the previous paragraph of this appendix, we have that 

0v
V V dV= ∫ , where 0V is the strain energy density, dV is the differential volume and 

V is the total strain energy. In the elastic regime, the strain energy density related to xyτ  

can be simplified to the area of the triangle: 
2

21 1 1
2 2 2xy xy xy xy

xyV G
Gτ

ττ γ γ= = = , 

where G is the shear modulus of elasticity.  

  

Combining the expressions above, we get:  

 
2

0

2 2

2 20

1 1 ( ) ( , )
2 ( ) ( ) ( )

1 ( ) ( , )
2 ( ) ( )

L

A

L

A

V x Q x yV dAdx
G x I x t y

V x Q x y dA dx
G x I x t y

τ

⎡ ⎤
= =⎢ ⎥

⎣ ⎦
⎡ ⎤

= ⎢ ⎥
⎣ ⎦

∫ ∫

∫ ∫

%

%  

Equation 92 

 

The cross-sectional property called the form factor for shear can then be defined as 

follows, where A is the cross-sectional area: 

 
2

2 2

( ) ( , )( )
( )s A

A x Q x yf x dA
I x t y

= ∫  

Equation 93 

 

and is a dimensionless number that depends only on the shape of the cross section, so as 

to rarely vary with x. The two equations above can then be combined to obtain: 
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2

0

1
2

L sf V dxV
GAτ = ∫
%

 

Equation 94 

 

7.3. Elastic Flexural and Shear Strain Energies in a Free-Body Cantilever 

 

 Given the bend test of the cylindrical cantilever represented in Figure 8, Chapter 5, 

it is possible to solve it using the following free-body diagram: 

 

0yF =∑    ( )V x P= −%  

( ) 0M =∑    ( )M x Px= −  

 

The flexural strain energy is given by: 
2

0

1
2

L M dxV
EIσ = ∫ and the strain energy due to 

the transverse energy is 
2

0

1
2

L sf V dxV
GAτ = ∫
%

, where in the case of a circular cross-

section, we have that the value of sf is equal to 
10
9

. Substituting the values of V% and 

( )M x we get that the ratio 
V
V
τ

σ
is calculated as: 

 

2
2

0
2 3

2

0

( )
2 2
1 ( )

2 6

L
s s vertical

L
vertical

f f P LP dxV GA GA
P LV Px dx

EI EI

τ

σ

−
= =

−

∫

∫
 

Equation 95 
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 For most materials formulations and for high aspect ratio beams we generally find 

that 
V
V
τ

σ
 is negligible. In these cases, therefore, we find that shear deformation can be 

neglected, while it becomes important in the case of stubby beams. 
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APPENDIX EIGHT 

RESULTS FOR ADHESIVE FORCE, STRAIN ENERGY AND STRAIN POWER 

MEASURED OVER THE AREA AND PERIMETER FOR THE ENTIRE 

NEURON, ITS DENDRITES AND ITS FOCAL ADHESION SITES  

 

Figure 160 illustrates plots of pressure vs. adhesion time and of adhesive linear 

density vs. adhesion time, where pressure is defined as the ratio between the force exerted 

by the cell or by one of its portions on the substrate, while linear density is defined as the 

ratio between the force exerted by any given cellular area on the substrate, and between 

its perimeter. The results are subdivided into three plots – respectively at the cellular, 

dendritic and focal adhesion level. These results show that the adhesive pressure 

exercised by a single cell on the substrate varies between 0.5 MPa and 8 MPa; these 

pressure measurements increase if they are measured at the dendritic level and at the level 

of focal adhesion, where the adhesive pressure varies between a minimum of 40 MPa and 

a maximum of 200 MPa. Comparable increases can be found when we compare the linear 

density at the cellular level – in the range of a few N/m’s – to the same dimension at the 

dendritic level, where it varies in a range of a few tens of N/m’s. 

 

It is important to point out that all the plots in this section are not derived directly 

from the plots in Chapter 5, Figure 18, since the histograms of the cellular area and of the 

cellular perimeter in Figure 18 were obtained using a broader pool of micrographs – 

including several ones for which nanowire deflection could not be measured. Therefore, 

the plots in this appendix are not redundant, but are unique computations which are not 

replicated elsewhere in this thesis in any other form. 

 



 

  530

 
 

A 

B 



 

  531

 
 
Figure 160. Histograms illustrating the evolution of adhesive pressure and linear density over time. A-C. 

The respective values for each cell are represented in blue (A), the measurements at the dendritic level are 

represented in green (B), while the measurements at the focal adhesion level are represented in red (C). The 

error bars represent the standard error of the mean, defined as the standard deviation divided by the sample 

size. 

 
Similarly to the calculations for the case of force in Figure 160, the values of strain 

energy and strain power were similarly divided by the area or the perimeter of the selected 

portion of cell under scrutiny, to obtain respectively the strain energy areal density, the 

strain energy linear density (Figure 161), and the strain power areal density, as well as the 

strain power linear density (Figure 162).  

 

The strain energy areal density was found to vary in the range of the few N/m when 

measured at the aggregate cell level, while it was found to vary in the range of a few 

hundreds of N/m when measured at the dendritic and focal adhesion levels. Similarly, the 

strain energy linear density was in the range of a few N’s when measured at the cellular 

C 
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level, and it increased to the range of a few tens of N’s when measured at the dendritic 

level.  

 

 

B 

A 
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Figure 161. Histograms illustrating the evolution of adhesive strain energy areal and linear densities over 

time. A-C. The respective values for each cell are represented in blue (A), the measurements at the 

dendritic level are represented in green (B), while the measurements at the focal adhesion level are 

represented in red (C). The error bars represent the standard error of the mean, defined as the standard 

deviation divided by the sample size. 

 

For the case of adhesive strain power areal and linear density, similar 

considerations can be made: when the strain power density is measured at the cellular 

level, it varies in the range between 0 2

W
m
μ
μ

 and 40 2

W
m
μ
μ

; if measured over the area of the 

dendrite or of the focal adhesion site, the strain power areal density increases to several 

hundreds of 2

W
m
μ
μ

’s. In conclusion, similar considerations can be made for the case of 

strain power linear density, which varied in the range of a few W
m
μ
μ

’s when measured at 

the cellular level, while it increased to the range of the several hundreds of W
m
μ
μ

’s when 

measured at the dendritic scale. 
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Figure 162. Histograms illustrating the evolution of adhesive strain power areal and linear densities over 

time. A-C. The respective values for each cell are represented in blue (A), the measurements at the 

dendritic level are represented in green (B), while the measurements at the focal adhesion level are 

represented in red (C). The error bars represent the standard error of the mean, defined as the standard 

deviation divided by the sample size. 

 

C 
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APPENDIX NINE 

NON-LINEAR CURVE FITTING FOR THE TIME-DEPENDENT DATASET 

( )tℵ  

 

 This appendix describes the strategy that was used to regress the elaborated 

electrophysiological dataset ACTION POTENTIAL
ACTION POTENTIAL

RESTING POTENTIAL

( )
( ) ( ) log

( )
f t

t f t
m t

−
−

−

ℵ = , which 

is represented in Figure 117, in an effort to derive a time-dependent function ( )tℜ . 

 
Figure 163. Logarithm of the absolute value of the ratio of the action potential to the resting potential 

multiplied by the single action potential. 

 

 The dataset shown in Figure 117 was regressed using two sets of functions added 

together – respectively inverse polynomial and polynomial functions. More specifically, 

the first positive peak and the second negative one were regressed with two individual 

inverse polynomial functions, according to the following equation: 

 

0
0 2 4 6

1 2 3

( )
2( ) 2( ) 2( )1 c c c

af t y
t t t t t ta a a
w w w

= +
− − −⎛ ⎞ ⎛ ⎞ ⎛ ⎞+ + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠
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Equation 96 

 

The remaining portion of the curve was then regressed using a fifth-power 

polynomial: 

 
2 3 4 5

0 1 2 3 4 5( )f t A A t A t A t A t A t= + + + + +  

Equation 97 

 

Figure 164 plots the two sets of functions used to fit the dataset. 

 

 
Figure 164. Regressing functions used to fit the dataset ( )tℵ . A. Two inverse polynomial functions were 

used to fit the two peaks. B. A fifth-power polynomial was sufficient to fit the remaining portion of the 

dataset. 

 

All three sets of functions were then summed and appropriately adjusted to 

compensate for local differences. The resulting fitting function is illustrated in parametric 

form in Equation 98: 
 

B A 
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+ + + + + +

 

Equation 98 

 

The numerical form corresponding to Equation 98 follows hereby: 

 

( )tℜ =1.7728/(1+(2*(t-127.27656)/4.8)^2+(2*(t-127.27656)/4.8)^4+(2*(t-

127.27656)/4.8)^6)-0.24348/(1+31.86432*(2*(t-133.86187)/6.21953)^6)-

190.95241783982+4.4267801856165*t-0.0401292304638*t^2+1.7788913141665E-

4*t^3-3.8641974819216E-7*t^4+3.2987531595038E-10*t^5+0.0000000001 
Equation 99 

  

 In conclusion, the plot in Figure 165 for the function ( )tℜ  shows a good fit with 

the dataset ( )tℵ initially plotted in Figure 163, therefore suggesting a sound 

correspondence between experimental values and analytical model used to analyze them. 

 
 

Figure 165. Aggregate regressing function used to fit the dataset ( )tℵ previously illustrated in Figure 117. 

( )tℜ
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APPENDIX TEN 

KASPAROV VS. THE SYNTHETIC COMPUTING ARCHITECTURE 

 

Brain performance in the human can be calculated using the information provided 

in Chapter 7: considering an average of 111*10  neurons – each extending an average of 

1000 synapses to its population of target cells – we can estimate a total of 141*10 synapses 

in the human brain, which is in agreement with previous estimates [1]. Considering an 

average firing rate of 200 Hz, estimated from Attwell and Gibb [2], and conservatively 

assuming that at each given instant only 50% of the reciprocally-connecting synapses are 

active, the number of synaptic operations per second is equal to 14 2 162*10 *2*10 *0.5=2*10 . 

Given a synaptic performance of 162*10 synaptic operations per second (synop/s) and 

considering an aggregate human brain performance of 12 W, it is possible to derive a net 

computational efficiency of approximately 151.66*10  synaptic operations per Joule 

(synop/J). 

 

We can similarly proceed to determine the synaptic performance and computational 

efficiency for rat neurons: given a total number of neurons in the brain equal to 82*10 , we 

can consider the average number of synapses reciprocally connecting each neuron to a 

neuronal population target as equal to 1/5 the average number of synapses for each neuron 

in the human [3], therefore amounting to 200 synapses per neuron. These estimates result 

in a total of 104*10 synapses in the rat brain. Considering an average firing rate of 4 Hz, 

estimated from Attwell and Gibb [2], and assuming a 50% computational load for each of 

the reciprocally-connecting synapses, the number of synaptic operations per second is 

equal to 10 112*4*10 *4*0.5=1.6*10 . The synaptic performance of 111.6*10 synop/s in 

conjunction with an aggregate rat brain power of 13 mW, can be used to derive an average 

net computational efficiency in the rat of approximately 131.23*10  synaptic operations per 

Joule (synop/J). 

 

These important benchmarks for organic biological forms of intelligence may be 

compared with similar ones describing the computational performance for the currently 
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most powerful supercomputer – the BlueGene/L in the Lawrence Livermore National 

Laboratory – which also features a massively parallel architecture. In the field of solid state 

computation, the benchmark unit generally used is the floating point operation per second 

(flop/s) 79. The BlueGene/L is currently ranked as the most powerful supercomputer in the 

world – featuring a maximal achieved performance (Rmax) of 280.6 Tflop/s 

( 142.80*10 flop/s) and a theoretical peak performance (Rpeak) of 367 Tflop/s 

( 143.67*10 flop/s), for an aggregate electrical power of about 1.8 MW distributed over 

65,536 dual-processor compute nodes (131,072 processors), where each processor runs at 

700 MHz. This power results in a computational efficiency expressed at the level of the 

entire supercomputer of 81.55*10 flop/J (calculated as a function of Rmax) and 

of 82.03*10  flop/J (calculated as a function of Rpeak). At the level of the individual central 

processing units used in the BlueGene/L, the performance for the single processor, by the 

name of PowerPC 440, is benchmarked as equal to 2.8Gflop/s ( 92.8*10 flop/s), where each 

processor consumes a power of 4.5W, equivalent to a computational efficiency 86.22*10  

flop/J. 

 

The computational efficiency of 86.22*10  flop/J featured by BlueGene/L at the 

level of an individual PowerPC 440 processor by the end of 2005, which is still unrivalled 

at the end of 2007, may be effectively contrasted to the computational efficiency of the 

DEC Alpha 21164, which entered the market in 1995 – 10 years before the deployment of 

the PowerPC 440 for the  BlueGene/L – performing about 255 Mflop/s ( 82.55*10  flop/s), 

operating at a frequency of 233 MHz and consuming power in the amount of 46W. The 

resulting computational efficiency of the DEC Alpha 21164 can be calculated as 
75.54*10 flop/J – an order of magnitude lower than the one for the PowerPC 440 featuerd 

in the BlueGene/L – currently the world’s highest performing supercomputer. 
                                                 
79 The unit of floating point operation per second (flop/s) is often used in the field of scientific computation as 

a benchmark of computer performance for floating-point calculations, where the floating-point is a numerical-

representation system in which a string of digits (or bits) represents a real number. The LINPACK 

benchmarks are a measure of a system's floating point performance and they measure how fast a computer 

solves a dense n by n systems of linear equations Ax=b, which is a common task in engineering. 
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Table 5 in Chapter 7 schematically summarizes these insightful comparative 

excursus between organic and synthetic distributed intelligence. Although the net 

performance and computational efficiency for humans is far greater than the one for 

synthetic computing architectures, it is commonly known that computers can overcome the 

performance of humans in selected fields of applications such as chess [4]. In the remaining 

portion of this appendix we investigate qualitatively why this is the case.  

 

Chess is a relatively simple game whose rules can be easily programmed into a 

computer. In principle, is would be possible to program a powerful machine to play a 

perfect game by considering the theoretical number of possible chess games – also 

known as the Shannon number – and by programming the machine to consider all 

possible moves in a given position, then all possible moves for the opponent, etc.  – until 

the completion of the game (in each variation), after a finite number of moves (for 

example, for a maximum of 50 moves, according to the 50 move drawing rule). Each of 

these variations would end in win, loss or draw. By working backward from the projected 

end of the game, it would therefore be possible to determine whether there is a forced win 

or whether the position is a draw or a loss. In his 1950 paper entitled “Programming a 

Computer for Playing Chess”, Shannon demonstrated that this approach would not be 

practical, even with the high computing speed available in modern electronic calculators 

[5]: 

 

“In typical chess positions there will be of the order of 30 legal moves – the 

number holding fairly constant until the game is nearly finished as shown by De Groot, 

who averaged the number of legal moves in a large number of master games. Thus a 

move for white and then one for black gives about 103 possibilities per move. A typical 

game lasts about 40 moves to resignation of one party. This is a conservative estimate for 

our calculation, since the machine would calculate only out to checkmate [maneuvering 

the opponent's king into a check from which it cannot escape, thus bringing the game to a 

victorious conclusion], not resignation. However, even at this figure, there will be 
40*3 12010 10=  variations to be calculated from the initial position. A machine operating at 



 

  542

the rate of one variation per micro-second would require over 1090 years to calculate the 

first move!”  

 

The approach of considering Shannon’s number – the theoretical number of 

possible chess games – to program a machine for it to successfully play chess game, 

therefore, does not seem viable. As an alternative, Shannon estimated the number of 

possible positions – rather than the number of possible chess games – "of the general 

order of 64! / 32!(8!)2(2!)6, or roughly 1043". This calculation however included some 

illegal positions (e.g., pawns on the first rank, both kings in check) and excludes legal 

positions following captures and promotions. Victor Allis took these into account and 

calculated an upper bound of 5×1052 for the number of positions, estimating the true 

number to be about 1050 [6].  

 

Thus, it is possible for a computer capable of calculating millions of positions per 

second, to pre-program an enormous number of instructions for every move and positions 

it encounters. Effectively, modern chess-playing computers look as far ahead as they can 

into all possible future moves and evaluate the strength of each position according to 

preprogrammed rules. 

 

By calculating millions of positions per second, Deep Blue or its successor 

BlueGene avoid the Frame Problem 80 by having pre-programmed instructions for every 

                                                 
80 A common limit in artificial intelligence, the frame problems is formulated as the problem of expressing a 

dynamical domain in logic without explicitly specifying which conditions are not affected by an action. 

Alternatively, the frame problem is the problem of limiting the beliefs that have to be updated in response to 

actions. The frame problem is typically exemplified using the example of a computer programmed to order a 

sandwich at a restaurant like a person, which performs flawlessly until the waiter asks a question that 

presupposes knowledge of things on a broader scale – independent from the set of rules programmed in the 

computer. Upon the waiter asking the program designed to order food, "How is the weather today?", the 

computer will fail. Since the computer relies on a specified list of responses, any program lacking explicit 

responses about the weather will fail. (The computer, of course, could just respond "fine", but it would have to 

know to say "fine" and not say, "I don't know.") Any other interactions that are not straight-away 

consequences of ordering food (or playing chess, analyzing stock market trends, and so on) will fail as well. 
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move and position they encounter. Mindlessly computing positions, Deep Blue and 

BlueGene play magnificently powerful and brute-force chess. The character of the game 

of a human grand master, however, continues to be far more interesting than that 

performed by computers. No superiority of computer over human has been achieved as 

far as technique, style and ability to adapt in the game of chess. Since in chess the 

strategy and elegance of thinking are essential parts of the game, computer chess 

algorithms still need to be improved in these directions. 

 

A recent effort in this direction is constituted by powerful-enough computers with 

self-learning evolutionary programs, such as the ones using neural networks described by 

Fogel et al. [7, 8]. These self-learning programs – based on inherently parallel neural 

networks 81  – allow a computer to teach to itself to play chess at a high level of 

performance. At this time, the evolutionary algorithm is more flexible and adaptable than 

conventional algorithms, which rely on the brute force power of preprogrammed 

intelligence; the evolution of high-level chess programs suggests broader applications to 

problem solving, with the potential to go beyond the structured conventional engineering 

approaches common to many forms of human design. Evolutionary principles may also 

be used to address problems with no currently known solutions, and the development of 

these algorithms promises novel powerful problem-solving techniques that have the 

potential – although at a very preliminary stage – to overcome neurobiological learning 

and abstraction in a distant future. 

 

                                                                                                                                                 
Since computers are programmed, they cannot fill in what is not explicitly given in their programs, and it is 

impossible to pre-program all the information that might become necessary in intelligent interactions. 

Managing even brief conversational exchanges requires an effectively infinite lexicon of facts, that, even if 

they could be stored, could not be effectively used in real-time. 

81 Artificial neural networks are made up of interconnecting artificial neuron units – programming constructs 

that mimic the properties of biological neurons. These unit, called "neurons", "neurodes", or "processing 

elements" (PE) are connected together to form a network of nodes — hence the term "neural network". While 

a neural network does not have to be adaptive per se, its practical use comes with algorithms designed to alter 

the strength (weights) of the connections in the network to produce a desired signal flow. 
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