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ABSTRACT
Many applications of nanobiomaterials rely on or are enhanced by specific, protein-mediated
interactions with biological systems. These interactions can be engineered by chemically
modifying the surface of the material to affect protein adsorption, or by altering the topography of the nanoscale surface. The attachment or adsorption of proteins onto materials
can greatly affect the structure and subsequent function of those proteins, giving rise to
unpredictable and potentially undesirable effects. Thus, it is essential to develop a detailed
understanding of how nanostructured surface characteristics, such as atomic-scale topography, surface energy, and chemical structure may affect protein adsorption, structure,
function, and stability.
The presented work on gold nanoparticles (AuNP) in the forms of spheres (AuNS),
rods (AuNR), cubes (AuNC) and octahedra (AuNO) will elucidate the effect of nanoparticle morphology on adsorbed model proteins lysozyme (Lyz) and α-chymotrypsin (ChT).
It has been found that nanoparticle morphology does affect the structure of adsorbed
proteins as well as the extent of the surface coverage; however, the final form of the
nano-bio conjugate is protein specific. Lyz conjugates underwent loss of structure and
rapid aggregation regardless of AuNP morphology; however, ChT conjugates exhibited
no structure loss when immobilized on AuNS, and a significant, loading specific structure
loss when adsorbed on AuNR. Further work will be presented on efforts to determine the
role of crystal structure, surface energy, and ligand chemistry on adsorbed proteins. Wet
chemical methods are used to synthesize AuNC with {100} facets and AuNO with {111}
facets. Nanoparticles are characterized through electron microscopy, X-ray and electron
diffraction, X-ray photoelectron spectroscopy and inductively coupled plasma mass spectroscopy. Protein conjugation and changes in protein structure are monitored through a
variety of physical and spectroscopic techniques.
Although many current studies have focused primarily on exploiting nanostructured
material properties for biomedical applications, insufficient identification and understanding of key variables involved at the protein-nanomaterial interface hinder the development of these technologies. Fundamental understanding of how nanomaterial properties
affect protein structure and function will assist in the strategic engineering of proteinnanomaterial conjugates for a variety of important biomedical applications.

xiv

CHAPTER 1
Introduction and Specific Aims
The concept of nanotechnology as a field first gained recognition in the famous speech by
Richard Feynman given at a meeting of the American Physical Society in 1959 entitled,
“There is plenty of room at the bottom.” Feynman postulated that the direct manipulation of individual atoms would provide a more direct and powerful route to create novel
chemicals and structures then the top down approach utilized at the time.
Since that lecture, the field of nanotechnology has evolved tremendously, with many
promising applications revealed in nearly every field of science, including catalysis [1, 2],
sensing diagnostics [3], composite materials [4], thermal transport [5], electronics [6], energy storage [7], and many others. In particular, the concept of a nanoparticle or nanostructured materials as a platform for advances in biomedicine has rapidly evolved over
the past several decades. Initial studies of nanostructures in relation to biology began
with the effort to understand how physiology responds to different length scales [8]. It
has been clearly demonstrated that implantable devices possess a much higher efficacy
when the implant surfaces were engineered at the nano-scale, resulting in a minimized immune response, increased osseointegration, and decreased chance of infection [9]. Proteins,
as the primary mediators at the interface between foreign nanomaterials and biological
systems, interact with nanostructures in previously unforeseen ways due to similarity in
their dimensions. These observations prompted further questions about the nature of the
protein-nanostructure interface, and a desire to understand how nanostructures could be
engineered to optimize key interactions.
Over time, synthetic methods [10] and characterization techniques [11] have considerably advanced the understanding and control of nanomaterials. A nanoparticle, here
defined as any material with one dimension less than 100 nm, presents a variety of characteristics that are particularly suited to the study of biomolecule-nanostructure interactions.
For example, their large surface areas present opportunities for polyvalent functionality
[12], and nanoscale size has been shown to facilitate cellular uptake [13]. Furthermore,
the utility of these particles is enhanced by a wide range of potential materials available,
which may confer useful electronic [14], fluorescent [15], photothermal [16, 17], and magnetic properties [18]. However, many useful biomedical applications are frustrated by a
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qualitative understanding of the protein-nanoparticle interface. Without comprehensive
details, it is impossible to precisely engineer the nanobioconjugate or accurately predict
potential in vivo effects.
It has been extensively shown [19, 20, 21] that upon adsorption to a nanoparticle,
a protein’s secondary and tertiary structure may be perturbed. Enzymes, proteins which
catalyze reactions in biological systems, show exquisite substrate selectivity based on their
structure. Enzymes exhibit highly variable size, shape, folded conformation, number and
placement of surface active groups, hydrophobic/hydrophilic patches, and accessibility of
the active site, all of which may have significant effect on enzyme-nanomaterial interaction
and subsequent function. Misfolded enzymes may show reduced, or be devoid of, normal
biological activity [22, 23]; in addition, they may aggregate or interact inappropriately with
cellular components leading to impairment of cell viability and even cell death [24]. Given
these issues, it is critical to specifically and quantitatively address the nature of protein
conformation changes induced by nanoparticle attachment. Furthermore, a detailed and
quantitative understanding of how specific nanoparticle properties may allow controlled
changes in protein structure, which lead to desired biological outcomes, needs to be developed. Engineering the nanoparticle interface to control these subsequent interactions
is the key to realizing the full potential of nanobiotechnology.
Gold nanoparticles are an excellent choice for modeling the protein-nanoparticle
interface. Colloidal gold has been in existence for hundreds of years, used in stained
glass windows [25] and prescribed as a homeopathic remedy for rheumatoid arthritis [26,
27]. It has been shown to be relatively bioinert [28], though gold nanoparticles require
stabilization through modification of surface chemistry, which in some cases may confer
cytotoxicity to the particles [29]. Synthetic methods have been recently developed that
allow a high degree of control over nanoparticle size and shape; to date, gold nano-spheres
[30, 31], rods [32], cubes [32], plates [32], and cages[33] have been synthesized, to name
only the most common. Gold surfaces can be modified by taking advantage of the unique
bond between gold and sulfur, replacing shape-directing, cytotoxic surfactants with more
biologically amenable ligands [34, 35]. The unique scattering and absorption properties
of gold nanoparticles [36] make them promising candidates in a variety of biomedical
applications including biosensing [37], imaging diagnostics [38], and targeted therapeutics
such as drug [39] and gene [40] delivery, and photothermal [41] and radio frequencyinduced ablation [42]. However, in order to confer biological activity on these materials,
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it is essential to understand the role of particle properties, such as size, morphology, and
surface chemistry, in altering protein characteristics upon adsorption.
The primary aim of this work is to elucidate the role of particle morphology on
adsorbed enzyme structure and function. It has been shown that nanoparticle size may
stabilize or destabilize the structure of an adsorbed protein, and that nanoparticle surface
chemistry can be tuned to enhance or prevent protein adsorption entirely. The effect of
particle morphology has not been extensively studied. To this end, nearly monodisperse
populations of gold nanoparticles with controlled morphologies, specifically nanospheres,
nanorods, nanocubes, and nanooctahedra, will be synthesized. The nanoparticle populations will be thoroughly characterized in terms of their size, structure, and surface chemistry; they will then provide a platform to determine the effect of size, surface curvature,
and atomic topography on adsorbed protein structure.
Following characterization, the interactions of two enzymes, lysozyme and α-chymotrypsin, will be investigated. A variety of physical, spectroscopic and calorimetric techniques will be utilized to quantify how specific nanoparticle properties affect the adsorption, structure, and activity of the immobilized enzymes, as well as the stability and
structure of the final protein-nanoparticle conjugates. Changes in binding affinity, surface
density, and structure will be correlated with specific nanoparticle properties such as size,
radius of curvature, crystal structure, and ligand density.
Lacking in the field is a comprehensive understanding of how particle properties
(size, morphology, chemistry) individually and simultaneously affect the structure and
function of any protein with a given set of characteristics (size, morphology, charge structure, hydrophobicity). Combining the current experimental findings with previous results
obtained in the Dordick/Siegel groups and elsewhere, the work herein focuses on enabling a
comprehensive understanding of how specific particle properties will affect protein structure and function, an understanding enabled by controlling protein structure through
engineered particle properties.

Specific Aims of the Work
Aim I: Effect of Gold Nanoparticle Morphology on Adsorbed Protein Structure and
Function
The use of gold nanoparticles with different morphologies, particularly anisotropic
nanoparticles, is of increasing interest to the biomedical community as their many unique
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properties become realized. The shape effect on protein-nanoparticle interactions has not
been previously investigated in this context. Though there have been demonstrations of
how particle size and surface curvature affect adsorbed protein structure, decoupling these
variables may be accomplished through the study of different particle morphologies. For
example, a spherical particle has constant mean surface curvature H, as given by
1
H= .
r

(1.1)

Cylindrical morphologies as evidenced by a rod-shaped particle exhibit two principle curvatures, κ1 perpendicular to the long axis of the rod, and κ2 parallel to the rod axis. In
this configuration,
κ1 =

1
r

and κ2 = 0,

(1.2)

yielding a mean surface curvature of
H=

1
.
2r

(1.3)

Analyses such as these are complicated by the geometry at the nanorod ends, which can
be assumed to be spherical in nature. At this level, a quantitative comparison of the
effect spherical and cylindrical morphologies, all possessing the same length scale, have on
protein structure and function has been performed.

Aim II: Effect of Gold Nanoparticle Atomic-Scale Topography and Ligand Density
on Nanoparticle-Adsorbed Protein Structure and Function
While size and surface curvature have been shown to play an important role in
protein structure changes on adsorption, a more detailed analysis is possible with different
particle morphologies. A nanoparticle’s geometry is often idealized as a hard sphere, rod,
or platonic shape; it instead exists as sets of crystal facets, edges and vertices comprising
the actual particle structure. These structures, while covered to some extent by ligands,
can still influence the surrounding environment. Ligand surface coverage is incomplete
due to steric considerations, and the underlying crystal structure can greatly affect the
density of attached ligands. Each facet presents a different surface energy which affects
its interaction with the environment.
It is the primary goal of this thesis work to synthesize colloidal nanostuctures with
spherical, rod-like and cuboidal geometries and study the influence of morphology, cur-
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vature and crystal structure on adsorbed and covalently attached enzyme structure and
activity.

Aim III: Engineering Nano-Bioconjugates for Control of Biochemical Processes
Combining the results of Aims I & II, nanobioconjugates have been engineered which
combine desired material characteristics with controlled protein interactions in order to
effect desired biological outcomes. In collaboration with Rockefeller University, iron oxide
nanoparticles have been conjugated with antibodies specific to heat-activated channels
expressed on the cell surface. Investigation of nanoparticle ligand coatings optimized to
promote cell surface interactions and prevention of endocytosis has been performed, as well
as characterization of iron oxide nanoparticle properties to determine optimum channel
actuation. Further studies were carried out on novel biosynthesized ferritin-iron clusters,
determining how production of the clusters was affected by different cellular expression
methods. Finally, synthesis of gold nanorods with properties optimized to act as signal
transductors in channel activation was undertaken. Following optimization, the particles
were conjugated to antibodies against the TRPV1 channel and, following incubation, colocalization of the nanoparticles with the channel was observed.

CHAPTER 2
Literature Review
2.1

Nanoparticle Synthesis
Colloidal gold has been employed since Roman times for dyeing and stained glass,

due to the astonishing range and tunability of their exhibited optical properties. These
properties were first explored by Michael Faraday in 1857. He described the synthesis of
gold nanoparticles through the reduction of gold salts by carbon disulfide, with adsorbed
phosphorous stabilizing the surface. He related the nanoparticle’s optical properties to
size and light condition (transmission, reflection). Since that time, the mechanism of
nanoparticulate gold formation was identified, and led to a variety of synthesis methods
in both aqueous and organic environments, with very fine control over the particle and
surface chemistry.
The increased resolving power of modern electron microscopes has enabled better
quantification of nanoparticle size and metallic structure. Combining knowledge of gold
reduction and nanoparticle growth mechanisms, shape directing surfactants have been
added to experimental techniques in order to give increased control over gold nanoparticle
morphology. However, the use of the surfactant greatly reduced the utility of the particles
in biological systems due to undesirable interactions between the cationic surfactant head
group and cell walls. The unique electronic properties of gold nanoparticles, particularly
the presence of a surface plasmon, revealed a variety of uses in biomedicine which could not
be safely exploited due to concerns about cytotoxicity. Recent methods have been devised
to remove the cytotoxic surfactant while stabilizing the particles, allowing theoretical
complete control over particle size, shape and surface chemistry. This portion of the
literature review will address a variety of synthetic methods that control nanoparticle
size, morphology, and surface chemistry, seeking to elucidate the underlying mechanisms
that enable that control to occur. In addition, many properties of nanoparticles arise from
their large surface-area-to-volume ratio and the spatial confinement of electrons, phonons
and electric fields both in and around the particle. These characteristics will be explained
and a few potential applications addressed, though that will primarily be reserved for a
later section [43].
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2.1.1

Elemental Gold and Resulting Properties
Gold (atomic symbol Au) is located in group 11 of the Periodic Table, possessing

electron configuration [Xe]4f14 5d10 6s1 and, together with copper and silver, forms the
coinage metal group in the transition metals. It is relatively soft and bright yellow, with
the highest ductility and malleability of any of the elements. In its metallic state (oxidation
number 0), Au is unreactive to oxygen and concentrated acids or bases, even at elevated
temperatures. However, Au reacts readily with halogens and dissolves in solutions such
as aqua regia to form H[AuCl4 ] [43].
Gold has two common oxidation states, Au(I) and Au(III). The Au(I) core has a
5d10 electronic configuration. When bonded, it exhibits essentially linear, two coordinate
geometries in its complexes, and acts primarily as a stable cation in simple ionic complexes.
In aqueous environments, Au(I) is exceedingly unstable and will generally form both Au0
and Au(III) according to
3Au(I)(aq)→ 2Au(0)(s) + Au(III)(aq)

E0 = +0.47V,

with reduction potentials
Au0 → Au(I)

E0 = -1.83V

and
Au0 → Au(III)

E0 = -1.52V.

Complexes of Au(III) (diamagnetic 5d8 electron configuration) predominately occur
in a square planar geometry [44]. The ionic radius of the Au(III) ion (0.85Å) is less than the
Au(I) ion (1.37Å), which renders Au(III) much less polarizable. The configuration of Au
electrons yields a very high effective atomic number due to potential sp3 d hybridization,
in which the ligand donates a lone pair of electrons to the dx 2 -y 2 and dz 2 orbitals [44].
It has been shown that the majority of atoms in nanoparticles are present as Au0 ,
with some Au(I) present at the surface [45]. The effect of dipole interactions at the
surface of a gold metallic nanoparticle is complex and currently under investigation. The
relatively large polarizability of the gold atom makes it essentially impossible to achieve
colloidal gold nanoparticles in a pristine state, unprotected by any surfactant, polymer or
other ligand [45]; the metallic dipole interaction is predicted to extend up to 2.5 times the
radius of the particle into the surrounding medium [15, 46]. Some form of stabilization
is required to prevent aggregation, as colloidal particles tend to aggregate in order to
decrease overall surface area and energy.
There has been much work in the past two decades to elucidate the factors controlling
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nanoparticle morphology, and many of the first principles may be related back to classic
crystal development, particularly nucleation and growth. Homogenous nucleation (Fig.
2.1A) occurs via the formation of small transient clusters from a metastable solution,
which fluctuate until the incorporation of atoms results in the formation of a stable embryo
(critical cluster) [47]. In metal nanoparticle nucleation, atoms formed via reduction of
metal precursors become dimers and then grow into seeds [47]. Nucleation ceases when
the concentration of precursors falls below the minimum supersaturation level. In the case
of homogenous nucleation, the structure of a seed (crystal) can generally be predicted
through Wulff equilibrium shapes (Fig. 2.1B), which indicates that the shape of a crystal
will minimize surface energy for a given enclosed volume. For a metallic crystal, total
surface energy is determined not only by the shape, but also by the energy of the surface
facets [10]. In nanoparticles, additional considerations due to non-equilibrium conditions
generate shapes that deviate from those predicted by Gibbs-Wulff theory [47]. Factors such
as a large proportion of edge atoms, non-negligible edge energies, high surface energies and
surface stresses lead to a variety of non-equilibrium shapes. In particular, face-centered
cubic (FCC) crystals, such as gold, have a low twin boundary energy that results in many
twin defects in FCC nanocrystals. Twinning gives rise to two or more symmetrically
inter-grown crystals, separated by a twin plane (Fig. 2.1C). The formation of twinned
subunits with the twin boundary as the (111) plane is characteristic of many FCC metal
nanoparticles, as twinning facilitates the reconstruction and release of surface stress [10].
Therefore, when predicting particle shape, initial considerations are bounded by
the surface energy (γ) and stability of crystal facets; for FCC structures, such as gold,
γ{111} < γ{100} < γ{110} (Fig. 2.2) [10]. Secondary considerations are those of surface
area minimization for a given crystal shape. Over the course of a reaction, shrinkage
or elimination of higher-energy facets will occur along with the resultant growth of low
energy facets. The rate of growth can be modified by the adsorption of various additives,
controlling reaction time and other environmental factors [10]. This principle is generally
exploited to create anisotropic nanoparticle morphologies.
Ligand attachment to gold surfaces and nanostructures often takes advantage of
strong thiolate chemistry. Thiols (-RS), also known as mercaptans (captures mercury),
are well known for their ability to form stable heavy-metal derivatives. A significant
amount of work has been undertaken to understand the nature of the strong thiol-Au
bond (∼44 kcal/mol) [48], as exhibited in the formation of self-assembled monolayers
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Figure 2.1: (A) Contributing factors to heterogenous nucleation (∆r G), including interfacial surface energy (4π r 2 γ sl ) and the free energy per unit volume [-(4/3)πr3 ∆v G] yield the size of the
critical nucleation radius (rc ). (B) Simple Wulff construction, where blue is the crystal shape, the
surface red line is proportional to free surface energy, and the black lines are tangential to the
crystal surface. (C) Schematic example of tetragonal twinning, with the twin axis clearly defined.

Figure 2.2: (A) Predominant crystal planes for Au, an FCC crystal structure; facet packing for
the different planes, with increasing surface energy is given by (B).
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Figure 2.3: Energetic differences between top sites and hollow bottom sites on Au(111) results in
an energetically heterogenous surface, with preferential binding sites for thiolate ligands. Reprinted
with permission from [49]. Copyright (1996) American Chemical Society.

(SAMs). It is understood that the chemisorption of thiolates (-RS− ) in solution onto a
gold surface retain their form as gold(I) alkyl thiolate (RS-Au3 + ) on Au(111) surfaces,
epitaxially absorbing on the gold(0) substrate, probably through the following mechanism
[49]:
RS-H + Aun 0 → RS-Au+ Aun 0 + 21 H2 .
X-ray photoelectron studies have been used to relate the S2 p 3 binding energy to
2

the charge density on the S atom [50], indicating that sulfur atoms in both 2D and 3D
SAMs carry a charge of -0.2e [51] with ab initio calculations indicating that the discrete
charge on the S atom depends on the adsorption site. Gold is a face-centered cubic crystal
structure with a lattice parameter of 4.08Å. The close packed Au(111) surface is the most
stable, with an approximate surface energy of γ = 0.096 eV Å−2 [52]. Adsorption to a
hollow site in the Au(111) lattice has a charge of -0.4e, while adsorption onto a top site
is -0.7e (Fig. 2.3) [49]. Thus, for thiolate-Au binding, hollow sites are preferred, and
possess significant σ- and π-character with little contribution from the Au d-orbital or
polarization of S. Therefore, bonding in the hollow site is primarily covalent in nature,
while chemisorption on the top site has more ionic character.
In depth characterization of thiolate binding to different facets of gold has been
undertaken by several groups [53, 54]. Early diffraction studies of alkanethiolates on
Au(111) surfaces indicates that the symmetry of chemisorbed sulfur atom is hexagonal
(Fig. 2.4A) with an S-S spacing of 4.97Å [55]. Alkanethiolates have two binding modes for
the Au(111) hollow site, with potential bend angles around the S of 180◦ (sp hybridization)
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Figure 2.4: Thiolate ligand coverage on (A) Au(111) exhibits hexagonal close packed structure
(purple dots), while ligand packing on (B) Au(100) is square planar with a knights move configuration, with some ligands on top sites (orange dots) and others on bottom sites (pale orange dots).
(C) The mixture of hollow bottom sites and top sites for Au(100) results in differences in ligand
height on Au(100) surfaces. Reprinted with permission from [49]. Copyright (1996) American
Chemical Society.

or 104◦ (sp3 ), with the sp3 hybridization being slightly more stable [53]. However, the
final geometry of the monolayer is also dictated by the final packing structure of the ligand
chain; alkyl chains, which exhibit van der Waals interactions, are usually tilted ∼26-28◦
from the surface normal and their packing density is also dependent upon chain length
[49].
A combination of these parameters determines the final structure of the ligand
monolayer on the gold surface. For Au(111), even if the surface is atomically flat, it is
energetically heterogenous due to the energy difference between hollow and top sites (6
kcal/mol). Alkanethiolate adsorption on Au(100) exhibits a different packing structure
due to the arrangement of atoms on the Au surface. In particular, monolayers adsorbed on
Au(100) are tilted ∼5◦ C from the surface normal and exhibit a square planar arrangement
(Fig. 2.4B), driven by minimizing intra- and interchain energetics [49]. In order to accommodate van der Waals interactions between the chains, it is energetically favorable for a
portion of the alkanethiolates to adsorb on the top sites; the square planar configuration
is the best arrangement of alkyl chains in space, and results in an apparent mixture of
molecular heights on the Au(100) surface (Fig. 2.4C) [53].
These studies indicate that the surface protection of Au by thiolates is a complex
topic, with the final monolayer arrangement dependent upon the underlying structure of
the Au crystal as well as the chemistry and length of the ligand. When considering the
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surface arrangement of ligands on a gold nanoparticle, additional considerations such as
the curvature of the particle must be taken into consideration. This level of complexity
will be addressed in a later part of this chapter (Sec. 2.1.3).

2.1.2

Gold Nanoparticle Synthetic Methods
Early methods in gold nanoparticle synthesis, initiated by Faraday [56], primarily

composed of the reduction of Au(III) salt using a reducing agent such as sodium citrate at
elevated temperatures, or a room temperature reduction with sodium borohydride. These
metallic Au0 surfaces possess a strong tendency to aggregate unless stabilized by a capping
ligand.
In the Frens method [57], an aqueous gold solution is heated to 100◦ C and sodium
citrate is added. At elevated temperature, the citrate ion reduces the Au(III) ion to Au0
and then forms a coordinate covalent bond at the particle surface. The colloid is stabilized
through an electrostatic double layer formed by the negatively charged citrate ion and
sodium cations. The addition of NaCl or other salt solutions can interrupt the electrostatic
interactions, causing aggregation. The diameter of particles formed through the Frens
method may be controlled through concentration of citrate, with higher concentrations
leading to smaller particle size. Though it is possible to synthesize gold nanoparticle
(GNP)-citrate solutions that are stable for months, these particles tend to flocculate over
time and, once dried, are almost impossible to redisperse.
Additional methods of spherical particle synthesis in organic solvents have been pioneered by Brust [58]. Taking advantage of strong alkanethiolate/Au chemistry, AuCl4 was transferred from aqueous solution to toluene using tetraoctylammonium bromide
and reduced with aqueous sodium borohydride in the presence of dodecanethiol. This
method has been significantly exploited to create ≤ 4 nm gold monolayer-protected clusters (MPCs) that are extremely stable through isolating, drying, and re-dissolving, without
reversible aggregation or decomposition. Though this procedure is invaluable for particle
phase transfer and ligand exchange, the small size of the resulting particles has excluded
their use in the current work and this method will not be discussed in further detail.
Cetyltrimethylammonium bromide (CTAB) was explored as a shape directing surfactant in gold nanoparticle synthesis by Jana et al. in 2001 [31]. This method extended
the predictions of Faraday [56] and Turkevich [30] of nucleation and growth of small spherical particles to create shape anisotropy. Briefly, small citrate seed particles are synthesized
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Figure 2.5: (A) Pentagonally twinned nanocrystal, which exhibits 5 tetragonal (111) facets and a
gap of ∼1.48◦ between tetragonal facets. (B) TEM of a dodecahedral particle. Similar seeds might
then be elongated to form pentagonally twinned nanorods. Reprinted with permission from [61].
Copyright (2010) American Chemical Society.

by reduction through sodium borohydride (Fig. 2.5). The seeds are then added to growth
solutions comprised of Au-CTAB complexes in which Au(III) has been reduced to Au(I)
by ascorbic acid. Primary nucleation is curtailed under these conditions but further reduction of Au(I) can take place on the surface of the gold nuclei, thus controlling the growth
of the seed particles. Initially it was believed that the CTAB formed micelles in solution
which created a template-based nanoreactor to control particle shape [59]. However, the
synthesis of nanorods with aspect ratio ≥ 20 exceeded the stable aspect ratio of CTAB micelles. Careful analysis by electron microscopy throughout the synthesis process revealed
that gold nanorods synthesized by CTAB alone were cyclic penta-tetrahedral twin crystals
with five {111} twin boundaries arranged radially to the direction of elongation <110>
[60]. The idealized 3D morphology was based on a pentagonally twinned prism with five
{100} side faces and capped at both ends by five {111} faces (Fig. 2.5).
The proposed mechanism indicated that Au-surfactant complexes were incorporated
into the {100} side edges, whereas non-complexed ion-pairs or Au0 atoms were added to
the {111} end faces. This preferential adsorption of CTAB to the {100}/{110} sidewalls
was credited to the stability of the close-packed {111} planes, steric considerations for
placement of the bulky head group, and the formation of a CTAB bilayer as the side
facets elongated. The bilayer stabilizes the rods and inhibits growth along the diameter,
promoting elongation and high aspect ratios. However, one consequence of this method
is a very low yield of the rod-shaped particles, usually <10% in solution. Purification
through centrifugation is possible, but results in low concentration. Further methods
later detailed by Nikoobakht et al. [32] incorporated a small amount of silver ion into the
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solution process. Though the role of silver in elongation has not been fully explained, it
is hypothesized that the silver primarily resides on the side walls of the nanorod {110}
facets) and is not incorporated throughout the particle, limiting growth to the elongation
direction [32]. This method most probably relies on a CTAB micellar template as it is
restricted to aspect ratios of ≤5 but produces up to 97% yield of gold nanorods. Particles
produced by this method are primarily single crystal, with growth taking place parallel
to the {001} planes and the formation of four {110} and four {111} facets stabilized by
CTAB.
Methods of synthesizing gold cubes and other morphologies using the CTAB surfactant have also been explored by Sau and Murphy [62]. The morphology and dimension of
the Au particles are interdependent upon the concentration of seed particles and CTAB in
addition to the reactants Au3+ and ascorbic acid present in the growth solution. Controlling all four factors can give rise to a variety of cubic, triangular, hexagonal, cubooctohedral, icosahedral or rod-like morphologies. The formation of various shapes depends upon
the interplay between the faceting tendency of the stabilizing agent and growth kinetics,
i.e. the rate of supply of Au0 to the crystallographic planes. CTAB preferentially binds to
the {110}/{100} planes, leaving the relatively stable {111} planes solvent accessible [62].
For example, higher ascorbic acid and lower CTAB concentrations favor faster formation
and deposition of Au0 onto the {111} facets, leading to their eventual disappearance and
the formation of {100} faces and cubic shapes [10]. Different conditions may be explored
to produce different shapes, though this method does not produce monodisperse samples
in high yield.
A different method of Au nanoparticle synthesis developed by Seo et al. [63] relying
on polyol synthesis of the nanoparticles and results in controlled morphology but requires
the addition of Ag+ ions, which can serve as an impurity. Final Au nanocrystal morphology
in this process is determined by the relative growth speeds of particular crystal facets
(Fig. 2.6). Addition of the weak reducing agent polyvinyl pyrrolidone (PVP) allows the
formation of small Au seeds which are dominated by a mixture of {111}/{100} facets.
In the reaction, the {100} facets grow faster than the {111} facets, resulting in a crystal
which is octahedron-shaped limited by the slow-growing {111} facets. If the growth in
a direction perpendicular to a given face is inhibited, the area of that growth-inhibited
face is expected to increase relative to the other facets. The addition of Ag+ ions to the
synthesis reaction inhibits Au growth of the {100} facets, as Ag binds preferentially to
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Figure 2.6: Schematic of how addition of Ag+ ions controls growth rates along the <100> direction.
When additional Ag+ is added, growth is retarded perpendicular to the (100) plane due to the
adsorption of Ag+ . This causes the formation of nanocubes capped by (100) facets.

those facets. This method of absorption is hypothesized to be an underpotential shift
because while Ag+ cannot by reduced in bulk by ascorbic acid, under the conditions of
the seed-mediated synthesis, Ag+ can be reduced onto an existing metal surface as the
surface enables a reduction at a potential less negative than the Nernst potential [64].
By controlling the amount of additive, it is possible to obtain a variety of Au nanocrystal
morphologies including cubes dominated by {100} facets and octahedra with {111} facets,
as well as a variety of intermediate structures [63]. This method results in a monolayer or
submonolayer coverage of Ag on the Au nanoparticle surface, depending on the ratio of
Ag:Au used in the synthesis reaction (Fig. 2.7).
Recent elucidation of this mechanism has allowed formation of Au nanoparticles with
a variety of higher-index surface facets [65]. Using X-ray photoelectron spectroscopy (XPS)
and inductively coupled plasma atomic emission spectroscopy (ICP-AES), Personick et
al. [64] investigated the amount of Ag/nm2 on the surface of a variety of nanoparticle
morphologies.
Nanoparticle preparation by cetyltrimethylammonium chloride (CTAC) yielded octahedra bound by eight {111} facets and rhombic dodecahedra bound by 12 {110} facets.
Higher-index structures included concave cubes bound by 24 identical {720} facets and
truncated ditetragonal prisms bound by 12 {310} facets. By strategically varying the
ratio of Ag+ :Au from 1:500 to 1:5, it was possible to control the nanoparticle morphology
and subsequent crystal structure. Octahedra were determined to be a thermodynamically
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Figure 2.7: (A) Ag/Au ratio for each particle type as obtained from XPS data (black) and
theoretical values for monolayer coverage of Ag (red). The low deposition of Ag on octahedra
indicate that morphology may be thermodynamically stable while the other shapes are stabilized
by Ag deposition. (B) Calculated maximum values for Ag adsorption onto the various facets, in
both side view and top view. Blue spheres represent surface atoms. Reprinted with permission
from [64]. Copyright (2011) American Chemical Society.

favored structure and therefore had relatively little Ag+ on the surface, while the higher
ordered facets {110}, {310}, and {720} had 635, 865, and 1013 Ag atoms/100 nm2 , respectively. It was determined that Ag adsorbs epitaxially onto the Au facet and the higher
energy facets adsorb more Ag, which blocks further deposition by Au and stabilizes the
nanoparticle morphology.

2.1.3

Gold Nanoparticle Surface Chemistry
Colloidal gold nanoparticles are primarily stabilized through coordinate covalent

bonds (salt reduction), thiolate chemistry (covalently attached thiols, not adsorbed disulfides), and adsorbed surfactants. Surfactants in particular are used to both direct shape
anisotropy of gold nanoparticles and form a bilayer or micelle. This makes surfactants
difficult to remove without particle aggregation [10]. In particular, methods to replace
CTAB completely in order to mitigate the cytotoxicity of gold nanorods remained elusive.
Initial schemes for replacement were initially published by Niidome et al., first using
phosphatidylcholine [66] and then thiolated polyethylene glycol (PEG) [34] to replace
CTAB in stabilizing gold nanoparticles. Though it was demonstrated that the new ligands
increased the circulation time of the particles in vivo, it was shown that CTAB was
not completely removed and the lower toxicity primarily resulted from the new ligand
suppressing the ability of the CTAB to desorb from the particle surface. Though these
particles could still be used in biomedical applications, the resulting ligand layer presented
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a significant barrier to understanding the interaction between the nanoparticle itself and
the surrounding biological environment.
Later work by Orendorff et al. [67] indicated that it is possible to completely replace
the existing CTAB layer with a phospholipid bilayer. Extensive washing of the CTABgold nanorod sample followed by a 12-hour incubation period with 10 mM 1-palmitoyl-2oleoyl-sn-glycero-3-phsophocholine (POPC) liposomes allowed the CTAB to be completely
replaced. CTAB must remain above a certain concentration in solution, as there is a constant dynamic exchange between free CTAB in solution and surface-bound surfactant; this
allows the slow replacement of CTAB by POPC, which has previously been shown to fuse
onto metal surfaces. CTAB replacement has also been undertaken by chemical synthesis
of a thiolated analogue, 16-mercaptohexadecyltrimethylammonium bromide (MTAB) [68].
In that work, the non-covalent bilayer of CTAB is replaced with a compact thiolate monolayer of MTAB which is covalently anchored to the surface. Once exchanged, the MTAB
layer does not desorb and is able to be purified through multiple rounds of centrifugation.
Though lacking in additional functionality, it was found that MTAB-coated particles were
nontoxic against MCF-7 breast cancer cells up to concentrations of 0.1 g/l.
In early 2009, a method was published by Wijaya and Hamad-Schifferli [69] which
took advantage of the phase transfer method previously employed by Brust [58]. Though
the gold-thiol interaction is very strong, it is not possible for a thiol in solution to penetrate the CTAB bilayer without additional assistance. Initially, the Au-CTAB complex is
incubated through shaking with dodecanethiol, an alkanethiolate insoluble in water. After
a period of 15-20 minutes, the sample is removed and a small amount of acetone is injected
into the nanoparticle solution. Acetone, a polar aprotic solvent, is used to break up the
CTAB micelles, allowing dodecanethiol to access and stabilize the gold nanoparticle. A
corresponding amount of toluene is added to the sample, and the dodecanethiol stabilized
particles then rise to the organic phase in an even purple color, leaving the acetone and
CTAB in the now clear aqueous phase. The organic phase, containing the nanoparticles,
is removed to a reaction flask where it is incubated with the ligand of interest, usually a
mercaptan that will impart water solubility. After heating the reaction for some time, the
dodecanethiol is replaced with the new ligand and the particles are washed and redispersed
in the aqueous phase. This can be accomplished without appreciable change to the size
or shape of the nanoparticle, and results in complete removal of the CTAB surfactant.
The mechanisms of the place-exchange reaction on monolayer protected clusters
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Figure 2.8: Schematic diagrams of the ligand shell structure of the nanoparticles and representative scanning tunneling microscopy (STM) images (scale bars: 5 nm). (A) is characteristic of
homogenous MUS nanoparticles, while (B) represents a mixture of 67% MUS, 33% OT, and (C)
indicates the structure of a 33% MUS, 66% OT ligand shell. Reprinted with permission from [13].
Copyright (2008) American Chemical Society.

(MPCs) was initially studied by Templeton et al. [45]. MPCs with alkanethiolated monolayers (RS) may be functionalized with other thiolate groups by the reaction
x (RSH) + (RS)m MPC → x (RSH) + (RS)x (RS)m−x MPC
where x and m are the numbers of new (R’S) and original (RS) ligands, respectively. The
rate and equilibrium stoichiometry (x) of the reaction are controlled by factors that include
mole ratio of RSH to RS units, their relative steric bulk and R versus R’ chain lengths.
Typically the ligand exchange has a 1:1 stoichiometry and yields the displaced ligand in
solution as a thiol that must then be removed through washing by centrifugation. X-ray
photoelectron spectroscopy (XPS) indicates that the gold thiolate bond is somewhere between RS-M and RS-M+ , a startling result considering that for small MPCs, as many as
33% of the Au atoms bear alkanethiolate ligands [45]. The number of adsorbed ligands
(50% or more) is much greater than that predicted (33% ligand/surface Au atom) on 2D
supports on Au(111) facets due to larger ligand/Au binding rations on particle edges and
vertices [45].
In 2004, Jackson et al. [70] reported the synthesis of mixed monolayer gold nanoparticles, where extensive characterization of the SAM on the nanoparticle surface had shown
that the ligands would separate into stripes or patches, dependent upon the monolayer
composition. It was previously shown that a mixture of hydrophilic and hydrophobic thiolates attached to a nanoparticle surface could separate into a Janus type configuration
[71]. However, Jackson showed that a SAM of hydrophobic and anionic ligands coated on
an ∼6 nm particle would arrange into regular ribbon-like domains of alternating composition [72]. This phenomenon was characterized via scanning tunneling microscopy and
later confirmed by molecular dynamics simulation (Fig. 2.8) [13].
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Further investigation SAMs lead to the understanding that the striping was due to
differences in configurational entropy between the two ligands [73]. In all cases, a binary
mixture of a hydrophobic ligand, such as 1-octanethiol (OT), and an anionic ligand (6mercaptohexan-1-ol, MUS) were adsorbed on the nanoparticle surface in different ratios.
When the surface composition of the OT dropped below 34%, striped patches would
form. It was found that the stripes depend on the degree of incompatibility and length
difference between the two ligands. The bending of long ligand chains over short ones
allows a gain in conformational entropy, making separation into 2-5 nm striped domains
energetically favorable [74]. Mixtures of ligands with equal lengths or a small difference in
lengths showed interface-minimizing macrophase separation. This effect was found to be
reproducible on gold nanorods [75], with the stripe formation and placement dependent
upon the diameter of the rod. For very narrow rods, it was found that the SAM macrophase
separates into a two-phase or bisegmented nanorod, similar to Janus nanoparticles formed
by the binary SAMS on spherical particles. As the nanorod diameter increased, the free
volume associated with the ligand arising from the surface curvature is minimal, and
interfaces are required for the longer ligands to maximize their entropy while minimizing
the system overall free energy. It has been hypothesized that this effect could be extended
to many nanoparticle morphologies, where the longer ligand would phase separate to areas
of higher curvature, and smaller ligands would remain on the relatively flat surfaces.

2.1.4

Gold Nanoparticle Properties
Colloidal gold nanoparticles are known for beautiful burgundy, magenta and pink

hues, which were attributed by Faraday [56] to the particle size. Further study has concluded that the color is due to the collective oscillation of the electrons in the conduction
band (d-level electrons in gold and silver) [36]. In bulk material, the electron mean free
path (length of travel without collision) is approximately 50 nm. In nanoparticles which
possess smaller dimensions, most scattering events occur as a result of contact with the
surface, creating a collective oscillation known as the surface plasmon oscillation [76].
The surface plasmon resonance (SPR) of metallic nanoparticles is due to the coherent excitation of all the free electrons in the conduction band, which lead to an in-phase
oscillation. While the volume plasmon is located at very high energies (6-9 eV), the dimensions of the nanoparticle surface alters the boundary conditions of the metals and
shifts the resonance to optical frequencies. Simply, the electric field of an incoming light
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wave induces a polarization of free electrons in a metallic nanoparticle, creating a dipolar
oscillation with the net charge difference occurring at the nanoparticle surface [36]. Mie
was the first to explain the red color of a gold nanoparticle solution by solving Maxwells
equation for a light wave interacting with small spheres [77]. The surface plasmon absorption is resolved into two components,
σ abs = σ ext - σ sca
the extinction cross section (σext ) and scattering cross section of the particles (σsca ), given
by the size, shape and dielectric constant of the metal and the surrounding medium [76].
For nanoparticles much smaller than the wavelength of light (2r  λ) the dipole
oscillation contributes only to the extinction cross section, simplifying the calculation.
The extinction coefficient is not dependent upon particle dimensions; however, some experimental evidence for SPR size dependence is observed in this region [76]. The plasmon
oscillation is strongly damped in particles less than 5 nm in size, and plasmon absorption
becomes weak and broad. For particles less than 2 nm in diameter, the SPR completely
disappears due to a decrease in the electron density in the conduction band. At such scales,
the assumption of bulk-like electronic bands, dielectric properties and electronic structure
for the nanomaterial is questionable at best. In these cases, Mie theory has been modified
to incorporate size-dependent dielectric constants to accurately predict SPR size dependence. For larger particles (>20 nm for gold) the dipole approximation is no longer valid;
light can no longer homogeneously polarize the particles, and the plasmon resonance becomes dependent on the particle size. Dephasing of the coherent electron oscillation leads
to increases in the plasmon band width and a redshift in the peak placement [76].
Mie’s original theory for the interaction of small spheres with an electromagnetic
field was extended by Gans to ellipsoidal geometries [78]. Modern methods, using the discrete dipole approximation, allow the calculation of SPR for arbitrary geometries [36].The
plasmon resonance absorption splits into two bands as the particles become elongated
along one axis, with a transverse plasmon band sensitive to the particle diameter and a
longitudinal plasmon band sensitive to the particle aspect ratio (length divided by width)
(Fig. 2.9). For higher aspect ratio nanorods, the longitudinal plasmon resonance increases
in intensity and wavelength maxima, resulting in particles that can absorb strongly in the
near-infrared (NIR) region.
Furthermore, the addition of a capping ligand causes a pronounced effect on the
SPR. Electron transfer between free electrons in the conduction band and the acceptor
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Figure 2.9: Representative surface plasmon resonance UV-Vis spectra from gold nanorods with
increasing aspect ratio. Reprinted with permission from [17]. Copyright (2008) American Chemical
Society.

levels in the capping molecule causes a loss of coherence during the plasmon excitation.
This corresponds to a broader width of the plasmon adsorption peak as well as changes
in electron density at the particle surface, which results in a shift of the surface plasmon
absorption maximum [79]. This forms the basis for the use of noble metal nanoparticles
as sensors.
The potential applications of gold and silver nanoparticles as plasmonic sensors were
first explored by Sonnichsen et al., [80] in which a molecular ruler was developed based on
a particle coupling by DNA molecules. This idea was also introduced by the Mirkin group
as a method of building macroscale materials from gold nanoparticles and DNA [81].
Previously, molecular rulers based on a single dye pair fluorescence resonance energy transfer (FRET) have been used to make single-molecule measurements of distance
changes [82]. However, many measurements in biology require large time scales and FRET
is not well suited to experiments under those conditions. In particular, FRET is constrained by a short lifetime (<180 s when continuously illuminated), blinking, and an
optimal distance range of <10 nm (1/R6 ) [83]. Metallic Au and Ag nanoparticles present
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an alternative to the organic dyes: in addition to possessing none of the above limitations,
both metals are strong light scatters at the surface plasmon resonance wavelength [84].
Furthermore, the SPR results in a strongly enhanced electric near-field localized at the
particle surface [85]. When two nanoparticles are brought into close proximity (∼2.5x the
nanoparticle diameter), the plasmons are coupled in a distance-dependent manner, with
the couple local surface plasmon resonance (LSPR) occurring at a shifted frequency from
the single-particle LSPR [86].
The plasmon-based molecular rulers were first calibrated through experiment, by
measuring the SPR wavelength for coupled particles at a variety of distances by Jain et
al. [87]. Using discrete dipole approximation (DDA) calculations, the electric field felt
by each particle was found to be the sum of the incident field E and the near-field of
the electric dipole on the neighboring particle, which decayed as the cube of the distance
from the particle. The polarized coupling of the two particles was found to follow an
exponential decay measured by the fractional shift in the plasmon resonance (∆λ/λ) as
a function of the interparticle spacing (s) scaled by the particle size (D) and the decay
length of the field from the surface (τ ):
(∆λ/λ)= A × e(−s/(D/τ )) .
Experimental determination of the best-fit exponential decay parameters for nanospheres indicated that A = 0.18, and t = 0.23, and was found to be mostly independent
of the nanoparticle diameter when D is less than 50 nm, as well as nanoparticle material,
dielectric environment, and size. This method was expanded to nanoparticles of different geometries, including nanoshells, nanoellipses, and nanodisks [88]. However, further
investigation of how the decay length changed with nanoparticle shape indicated that
nanoparticles with sharp protuberances, such as nanoprisms or nanocubes, exhibited an
orientation dependent decay length that was much stronger than the spherical counterparts. The high curvature areas of these particles have been shown to possess strong fields
which lead to a higher dipole plasmonic coupling decay length (t = 0.37 for the nanocubes
and 0.35 for the nanoprisms) than that of the nanospheres (t = 0.23). The increased decay
length of these particles enables measurement over larger distances than is possible with
nanospheres; however, the effects are orientation dependent and further investigation is
required.
In addition to these properties, Au nanoparticles such as nanorods have been shown
to have optical absorption and scattering cross sections up to six orders of magnitude
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higher than conventional biological dye molecules, without experiencing photobleaching
[89]. Coupled with the efficient conversion of adsorbed radiation to heat through electronelectron and electron-phonon relaxation processes, this promises many applications in
photothermal therapy for high aspect ratio Au nanoparticles [89]. Gold nanoparticles can
also be used in a variety of labeling procedures due to a strong scattering of white light,
enabling methods such as dark-field microscopy, confocal scanning optical microscopy,
and optical coherence microscopy [89]. Additional conjugation with fluorphores have been
explored to detect extremely small protein concentrations [90]. Gold nanoparticles have
been known to enhance or quench fluorescence of nearby molecules depending upon the
fluorophore placement and distance from the particle surface [15]. This phenomenon and
its dependence upon particle morphology is still being explored, but shows promise for
using Au nanoparticles as sensitive protein detectors [89, 91].
Noble metal nanoparticles (particularly platinum and palladium) are well known for
their catalytic properties [92]. However, increased control over nanoparticle morphology
has allowed identification of particular mechanisms that can increase the catalytic activity
of these nanoparticles. Many properties of nanoparticles arise from their large surface-area
to volume ratio, which may cause deviations from the usual bulk atomic arrangements.
An increase in the proportion of edge- and corner-like curved regions of particles with
various morphologies creates a higher fraction of coordinatively unsaturated atoms, i.e.,
dangling bonds, than a flat surface. Chemical reactivities are noted to start with reactions
at ridges, apexes, and specific facets, such that controlling nanoparticle morphology can
produce higher catalytic activity and selectivity [93].

2.2

Protein-Nanoparticle Interaction
Nanoscale materials provide a unique interface to biological components. The larger

surface area and scales similar to that of many biological moieties give an unprecedented
level of control and ability to influence biological components at a fundamental level. In
order for the full potential of protein-nanomaterial interactions to be reached, it is essential to understand how specific nanomaterial properties affect the structure and function
of adsorbed proteins, and the subsequent interactions of the protein-nanomaterial conjugate with the surrounding biological environment. Nanoparticle properties can then
be controlled to affect specific, beneficial changes - whether this occurs by minimizing
changes to attached biological components or acting to exaggerate them to produce a
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desired biological outcome.
Upon introduction into a biological system, a variety of material parameters will
affect the adsorption or interaction of the nanomaterial with the biological environment.
The chemical composition, surface functionalization, shape and curvature, porosity, surface crystallinity, heterogeneity, roughness, and hydrophilicity will determine a variety of
parameters, including the extent of protein adsorption; the strength of the affinity for the
surface, the orientation of the biomolecule, and the chemical nature of the interaction.
The opsonization of a nanomaterial, or adsorption of biological entities such as proteins
onto the particle surface, creates a protein corona around the particle which then acts as
a dynamic, single entity in contact with the biological medium. In order to determine
and control this interaction, a variety of studies have been undertaken to elucidate how
specific nanomaterial properties affect the opsonization and subsequent biofunctionality of
nanoparticle-protein conjugates. These studies are complicated due to differences between
individual proteins, which are hugely significant. This multilayered and complex process
still requires significant elucidation, however strides have been made in determining how
specific properties may affect classes or specific structures in proteins. This section of the
literature review will seek to outline the current understanding of how specific nanoparticle properties affect protein adsorption and structure both in vitro and ultimately, in vivo
environments, as well as the effect of those changes on the nanobioconjugate interactions.

2.2.1

Forces at the Nanoscale: Interparticle and Particle–Protein Interactions
Characterizing the nanobio interface requires a fundamental understanding of the

potential forces and interactions between nanomaterials and their biological counterparts.
Initially, it would appear that interactions between nanoparticles and proteins are similar
to those between colloidal particles; long range van der Waals (VDW) forces, repulsive
electrostatic interactions, solvation, solvophobic and depletion forces are still applicable
but many additional considerations at the nanoscale [94, 95, 96]. For example, as nanoparticles contain relatively few atoms, VDW forces are highly dependent on the positioning
of the surface atoms and their standard bulk permittivity functions [96].
Stabilizing forces for nanoparticles include electrostatic interactions between particles, as well as steric hindrance between potential surface ligands and solvation forces;
water molecules may adhere to the particles with sufficient energy to from water layers on
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the surface, which increases particle stability through hydration pressure of hydrophilic
repulsion [96]. Alternatively, rapid dehydration and aggregation may occur if the relative
affinity of the two interacting surfaces for water molecules is much lower than that between
the water molecules themselves, otherwise known as the hydrophobic effect [94].
Any of these forces are well established for colloidal systems and can be predicted
or estimated using known theories [96]. However, introduction into biological systems
further complicates matters. Ionic strength is often about 150 mM, which limits the
effect of electrostatic forces to within a few nanometers of the surface. Furthermore,
many nanoparticle characteristics cannot be approximated by the properties of a bulk
material, which may affect protein adsorption and conformation: (1) specific morphologies,
including size and curvature; (2) internal and external crystallinity that translates to
unique photonic, electronic, transport, sorption and catalytic properties; and (3) surface
chemistry, influenced by the environment, producing selective binding reactions, as well as
amphoteric or amphiphilic behavior dependent upon conditions such as temperature or pH
[97]. Additional stabilizing ligands may further complicate the system. Indeed, the method
of nanoparticle synthesis may leave a prior history through layers of adsorbed molecules
or solvents, which then affects protein adsorption and conformation. For this reason,
any new findings for a particular nanomaterial may be contradicted by a similar study
in which the particles were produced through a different synthetic route [98]. Therefore,
thorough nanoparticle characterization and clear standards are essential for building our
understanding of how nanomaterials interact with biological systems.
When nanoparticles enter a biological fluid, they are coated with proteins [99, 100].
During the adsorption process, proteins may undergo conformational changes, leading to
the exposure of new epitopes and altered function [23]. Investigations of a protein corona
have been underway for the last decade and probe how nanoparticle characteristics affect
protein adsorption from serum [101], the affinity of specific proteins to the nanoparticle
surface [99] and how the conformation and subsequent function of those proteins have
changed after adsorption [102].

2.2.2

Effect of Nanoparticle Surface Chemistry
Due to the large structural and composition differences between enzymes, it is pos-

sible for biomolecule-nanomaterial interactions to take a variety of different forms. The
driving forces for adsorption primarily derive from van der Waals forces, electrostatic and
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hydrophobic interactions, and hydrogen bonding. Early studies conducted with anionicfunctionalized gold nanospheres[103] and α-chymotrypsin (ChT) indicated that presumed
electrostatic binding of the cationic amino acid side groups near the active site of the
enzyme resulted in complete denaturation and inhibition of ChT, though the addition
of cationic surfactants reversed the inhibition by mediating the release of ChT from the
nanoparticle scaffold [104]. Further tailoring the length and composition of the nanoparticle ligand resulted in selective inhibition of ChT through either denaturation or spatial
blocking of the active site [105].
A survey of the thermodynamic stability of horseradish peroxidase, subtilisin Carlsberg, and chicken egg white lysozyme covalently attached to single walled carbon nanotubes (SWNT) indicates a high retention of stability and activity in denaturing environments relative to free enzyme [106]. However, it has been found in most cases that
protein adsorption through electrostatic mechanisms allows more retention of native structure and activity than if covalently linked [107]. A systematic investigation of the effect
of gold nanoparticle-ligand charge (positive, neutral, or negative) on covalently attached
yeast cytochrome C indicated that neutral ligands preserved the highest amount of protein structure [107]. Forced interaction between charged ligands and nearby charged amino
acid residues resulted in denaturation of the protein [107], while nonspecific electrostatic
adsorption to negatively charged ligands resulted in almost complete retention of structure
(Fig. 2.10). The orientation of adsorbed cytochrome C may be controlled by changing
the ligand charge and hydrophobicity [108].
An exploration of hydrophobic vs. hydrophilic flat surfaces [109] indicated that
bovine serum albumin adsorbs more rapidly onto the hydrophobic surface with higher
affinity, resulting in more surface spreading and greater denaturation. Fibrinogen adsorbed
to the hydrophobic surface in a two step process: a fast step adsorption, followed by a
molecular rearrangement on the surface to increase the hydrophobic interaction between
the surface neighboring proteins, resulting in more structure retention than the albumin.
Isothermal titration calorimetry (ITC) studies of human serum albumin onto polymeric particles with varying hydrophobicity indicate that hydrophobic particles bound
slightly more protein than hydrophilic particles, with higher exchange rates and faster
dissociation constants [110]. It is suggested that the bulky, hydrophobic tertbutyl groups
of the polymeric particles are important for providing binding sites on the particle surface.
It was found after an initial transient period, apoliprotein A-1 (apoA1) bound with high
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Figure 2.10: (A) CD data showing the effect of nanoparticle ligand charge on the secondary
structure of adsorbed yeast cytochrome C. It was found that adsorption to the neutral ligand
resulted in the least structural perturbation, while adsorption onto the (B) positively charged
aminoethanethiol (AET) or the negatively charged bis-(p-sulfonatephenyl)phenylphosphine) (BPS)
resulted in significant changes to the protein structure and activity. Reprinted with permission
from [107]. Copyright (2005) American Chemical Society.

affinity to the hydrophobic particles more strongly than fibrinogen or albumin [99]. ApoA1
is the major protein in high density lipoprotein, an assembly of proteins, lipids and cholesterol that transports lipids in the bloodstream [111]. ApoA1 adsorption to nanoparticle
surface has also has been implicated in promoting interaction with low-density lipoprotein
receptors, resulting in transport across the blood-brain barrier [112].
In order to understand how apoA1 may change with adsorption onto nanoparticles, a study was undertaken using polystyrene nanoparticles, using unfunctionalized,
COOH- or NH2 - modified samples [113]. It was found that neutral and negatively charged
polystyrene particles had little effect on the secondary structure of apoA1, while binding to increasing concentrations of positively charged NH2 -terminated particles resulted
in loss of secondary structure and differences in tertiary structure. Therefore, positively
charged particles affected the structure of apoA1 more than negatively charged particles.
This work was extended to human serum albumin and lysozyme, which are negatively
and positively charged at physiological pH, respectively. Again, for human serum albumin
only positively charged PS-NH2 particles resulted in differences in the helical structure.
In contrast, the positively charged lysozyme exhibited large structural changes only when
the protein binds to the negatively charged particles. Therefore, although an opposite
charge between particles and protein is not necessary for an interaction, it induces a more
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extensive change in the protein structure. There also seemed to be distinct structural
effects at high nanoparticle concentrations; a higher particle concentration would decrease
the overall loading of each particle, resulting in a distribution of bound proteins over a
larger nanoparticle surface area instead of a potentially closely packed protein layer at the
nanoparticle surface. Therefore, charge seems to play a major role in regulating structural
perturbations for ApoA1 as well as other plasma proteins [113].
All of the above studies take a nanoscale approach to ligand-protein interactions,
defining the surface as being primarily hydrophobic or negatively charged. However, as
determined by in-depth study of SAMs on gold surfaces and nanoparticles, the ligand itself
may present a structure - packing density, organization, or charge distribution - with which
a protein would then interact. Interest is beginning to turn in the direction of understanding how atomic-scale changes on the surface may affect adsorption protein orientation and
structure. An initial study by Hung et al. (Fig. 2.11) [114] examines, through both protein
assays and computational molecular dynamics simulation, the effect of nanoscale ordering
on protein adsorption. Mixed monolayer protected metallic nanoparticles were synthesized
with different ratios of 6-mercapto-1-hexanol (MH) and and 1-octanethiol (OT), resulting
in ligand structures with different charge densities and contact angles dependent upon the
ratio of the two ligands. It was discovered that the adsorption of cytochrome C (Cyt C)
increased with increasing hydrophilicity (%MH content), but the protein did not undergo
significant disruption to its secondary structure upon adsorption to the nanoparticle. It
was found that the amphipathic character of lysine residues, which were instrumental in
the protein binding, enabled the protein to form close contacts with both polar and nonpolar solvents depending on the width of the stripe formation of the nanoparticle surface.
Stronger binding affinities were exhibited on the thicker stripes in the 1:1 MH:OT surface.
It was found that protein orientation would alter in order accommodate “matching” of the
hydrophobic/hydrophilic patches, which can result in changes to the tertiary structure of
the protein as it attempts to ‘lattice match’ the ligand structure.

2.2.3

Effect of Nanoparticle Size
Initial observations of nanostructured materials led to the conclusion that the size

of the particle, independent of chemistry, had a substantial effect on adsorbed protein conformation. Work to exploit the potential benefits and applications of creating controlled
nanomaterial-biomolecule conjugates was already underway; a more systematic analysis
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Figure 2.11: Molecular dynamics simulations have shown how structural ordering of the nano
particle ligand shell can change the orientation and conformation of adsorbed cytochrome C.
Wider stripes resulted in higher binding affinities as the lysine residues were able to interact with
both hydrophilic (blue) and hydrophobic (tan) patches. Reprinted with permission from [114].
Copyright (2011) American Chemical Society.

Figure 2.12: Schematic of lysozyme adsorption onto 4, 20 and 100 nm spherical silica nanoparticles.
The lower curvature of the larger particles promotes increased protein-NP surface interactions,
causing denaturation. Reprinted with permission from [19]. Copyright (2004) American Chemical
Society.

was needed in order to understand possible interfacial interactions. The first such study
conducted by Vertegel et al. [19]. explored the perturbation of lysozyme structure and
function when adsorbed onto silica nanospheres of three different sizes (4, 20, and 100 nm)
(Fig. 2.12).
They found that the loss of enzyme structure and function was highly dependent on
particle size, with adsorption to smaller particles resulting in a more native-like conformation and activity. This was attributed to the strength of the electrostatic potential (greater
for a larger particle, resulting in higher affinity and increased unfavorable surface interaction) and the extrinsic curvature of the surface. A more highly curved nanostructure
results in the edges of the protein remaining at a greater distance from the particle as the
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surface curves away from the point of contact (Fig. 2.4). Implications of shape and curvature were confirmed with similar techniques and NMR in a study of variants of human
carbonic anhydrase to silica nanoparticles with diameters 6, 9 and 15 nm [115]. Generalized results from these studies indicate that minimization of enzyme-surface interactions
results in greater retention of enzyme structure.
A similar study was undertaken by Karajanagi et al. [116] with the adsorption
of soybean peroxidase and α-chymotrypsin (ChT) onto single walled carbon nanotubes
(SWNT). Under physiological conditions, it was found that both enzymes underwent
change in secondary structure upon adsorption, though the change in α-helical content
for ChT was more severe. Both enzymes experienced reductions in activity, however ChT
only retained 1% of its activity at all protein loadings, while soybean peroxidase activity
increased with increased enzyme loading. It was concluded that under physiological conditions, surface crowding allows soybean peroxidase to retain its structure by preventing
unfavorable protein-surface interactions.
Curvature of the nanoparticle surface is inherently tied to the size of a spherical
particle; surfaces with higher curvature minimized both surface-protein and lateral protein
interactions. In order to decouple these two effects, Asuri et al. [117] investigated the
stability of soybean peroxidase on carbon nanotubes and graphite flakes in denaturing
environments (Fig. 2.13).
Immobilized SBP was able to retain a higher activity relative to free protein, though
this decreased at high fractional coverages of the particle. Similar low surface coverage
on SWNTs and graphite flakes yielded identical deactivation constants; however, when
the fractional surface coverage was increased with inactivated enzyme, it was found that
the deactivation constants were similar to higher loadings of fully active protein. In order
to normalize the activity on flat and cylindrical supports, the geometric mean of the
center-to-center distances between proteins at different surface coverages was normalized
for the curved surface and then normalized by the average distance at highest protein
loading, yielding a dimensionless parameter . This parameter was easily found for flat
surfaces. Normalizing for lateral distances induced by curvature, it was concluded that
protein deactivation in denaturing environments was due primarily to effects of unfavorable
lateral protein interactions. This work was extended to C60 fullerenes, silica and gold
nanoparticles with similar results [118].
However, a similar study by Roach et al. [119] with bovine serum albumin and
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Figure 2.13: Schematic of soybean peroxidase adsorption onto (A) flat supports and (B) cylindrical supports, highlighting the different in mean center-to-center distance along the radial and
longitudinal direction for a SWNT. Deactivation of soybean peroxidase at 95◦ C (C) showed considerable stabilization for soybean peroxidase immobilized on SWNT (•) as opposed to graphite flakes
(4). When surface curvature was accounted for (D) through  (see text), proteins immobilized on
graphite flakes and SWNT showed essentially identical deactivation constants at 95◦ C. Reprinted
with permission from [117]. Copyright (2006) American Chemical Society.

fibrinogen demonstrated different results. Using FTIR to monitor conformational changes
in both proteins, it was found that bovine serum albumin adsorbed onto substrates with
high surface curvature retained more native-like structure, but fibrinogen became more
disordered on smaller spheres with almost complete loss of α-helical content (Fig. 2.14).
On particles with radii ≤30 nm, native-like structure is retained by increasing lateral
protein interactions through hydrogen bonding. It was speculated that fibrinogen’s high
affinity for hydrophobic surfaces and rod-like morphology caused it to adsorb side-on to the
smaller radius particle; large radii allow for end-on adsorption, and structure stabilization,
through lateral protein interactions. This correlates with SBP stabilization at higher
loadings when adsorbed on to SWNTs [116]; lateral protein interaction can minimize
unfavorable surface interactions (Fig. 2.14).
Similar studies with human serum albumin and fibrinogen on polymeric nanoparticles with varying degrees of hydrophobicity were conducted using isothermal titration
calorimetry [99]. It was found that human serum albumin bound without significant
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Figure 2.14: Schematic of albumin and fibrinogen adsorption onto hydrophobic supports. Albumin
retains native-like structure on highly curved supports, while fibrinogen becomes less structured
on highly curved supports. Reprinted with permission form [119]. Copyright (2006) American
Chemical Society.

structural perturbation irrespective of particle size and composition, with an affinity of
∼2×106 M−1 . Lower degrees of surface coverage were observed for smaller particles, indicating that the higher curvature interfered with binding; efficient close packing on the
surface of a sphere becomes more difficult as the radius of curvature becomes significant
compared with the protein size. These studies were extended to determine the binding
affinities of various serum proteins and the idea of a ‘protein corona’ was coined [100]. It
was found that initially, human serum albumin and fibrinogen adsorb onto the particles
quickly, primarily due to their relatively high concentration in the serum; they were then
slowly replaced by other proteins which had lower concentrations but higher affinity. This
was found to be greatly impacted by both the nanoparticle size and surface chemistry.
Continuing studies [100] used 50 and 100 nm polystyrene particles, modified to create
amine- and carboxyl-terminated samples, indicated that the composition of the protein
corona around the particles was size dependent, varying up to 50% between the two sizes.
Larger particles (100 nm) were found to contain a large number of immunoglobins (IgGs)
in the corona, as well as apolipoproteins, which was expected to greatly affect the intracellular trafficking, fate and transport of nanoparticles in cells [100].
A similar study [120] was conducted with gold nanoparticles 4-40 nm in diame-
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ter, stabilized by either adsorbed citrate ions or a self-assembled monolayers (SAMs) of
mercaptoundecanoic acid (negative charge) and aminoundecanethiol (positive charge). It
was found that the nanoparticle size determines the composition and quantity of protein adsorbed onto the surface. Smaller nanoparticles were shown to not form a stable
protein corona, and after incubation it was found that most proteins did not remain adsorbed to the citrate particles after washing. A stable protein corona was found to persist
around nanoparticles between 10-30 nm in diameter; it was speculated that as the 10 nm
nanoparticles have a similar size compared to the most abundant proteins in the serum,
whereas the 40 nm nanoparticles were larger. This reflected the fact that their opsonization was mostly dominated by IgGs, complement factors, and apolipoproteins, as seen
in previous studies. Larger particles formed less densely packed protein coronas, and it
was speculated that the adsorption of larger proteins prevented the formation of a tightly
packed layer. Evidence therefore suggested that particles with diameters between 10-30
nm formed a hard corona initially, composed of tightly packed layers permanently bound
to the nanoparticle surface; this layer may then be covered by a soft protein corona which
is transiently bound to the initial layer and may be removed after several wash cycles. It
was determined that the primary component of the hard protein corona was bovine serum
albumin, and that its structure did not appear to be greatly perturbed upon binding.
An interesting study by Deng et al. [24] investigated the effect of negatively charged
poly(acrylic acid)-conjugated gold nanoparticles (PAA-GNP) on the binding and conformation of fibrinogen. Fibrinogen was found to exhibit high-affinity binding to nanoparticles with diameters of 5, 10, and 20 nm, remaining tightly bound after extensively
washing. Fibrinogen has a length of ∼45 nanometers and a diameter of 5 nm [121], is
much larger than the 5 nm PAA-GNP. Low stoichiometric binding on the 5 nm particle
(0.5 particles/protein) suggested that the nanoparticle may interact with specific sites on
the protein. Fibrinogen is composed of three protein chains (α, β, γ) arranged as dimer,
with three domains: a central E domain with two peripheral D domains (Fig. 2.15A).
The protein is negatively charged at physiological pH (pI =5.5) [121], so its high-affinity
interaction with the negatively charged 5 nm PAA-GNP was unexpected. It was determined that the C-terminus of each α chain may act as a potential binding site, as it is
positively charged at pH 7.4. Other than its role in clotting, fibrinogen also binds to
surfaces, unfolding to expose sequences normally embedded within the hydrophobic core
of the protein. One sequence in particular, amino acids 377-395 in the C-terminus of the
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Figure 2.15: (A) Crystal structure of fibrinogen, drawn from the PDB entry 3GHG, with common
domains highlighted. Inset: Area of interaction with the Mac-1 receptor. (B) Circular dichroism
spectra of fibrinogen in the absence and presence of increasing amounts of PAA-GNP. Reprinted
with permission from [24]. Copyright (2011) American Chemical Society.

γ chain (γ 377−395 ), is located in the D domain and is responsible for the recruitment of
macrophages and leucocytes, thus implicated in exciting inflammation (Fig. 2.15B) [122].
This is achieved by the interaction of γ 377−395 with the Mac-1 receptor; the positively
charged C-terminus of the λ chain is located adjacent to the D domain. It was found that
5 nm PAA-GNP induces changes in the fibrinogen structure that expose the γC terminus,
similar to previous reports for flat surfaces, resulting in increased binding to the Mac-1
receptor. However, similar results were not found for the larger nanoparticles (10 and 20
nm).
Although binding to the 20 nm particle similarly perturbed the secondary structure
of fibrinogen, the resulting binding to the Mac-1 receptor was found to be protein-loading
dependent. At saturation (∼7 fibrinogen molecules/particle), steric hindrance prevented
the exposed C-terminus of the γ chain from interacting with the receptor; however, lower
loadings (∼33%) did see an increase in receptor binding. It was found that decreasing
the surface density of negative charges on the 5 nm PAA-GNPs, by including increasing
proportions of the neutral polymer poly(2,3-hydroxy-propylacrylamide), inhibited fibrinogen binding to the nanoparticles, and as a result the complex did not bind to the Mac-1
receptor. This indicates that surface charge density, in addition to size, is a critical factor
for fibrinogen binding and that small changes in charge density can influence the ability
of fibrinogen-nanoparticle complexes to interact with the Mac-1 receptor. These results
were extended to 7 nm SiO2 , 21 nm TiO2 , and 30 nm ZnO; it was found that binding to
SiO2 resulted in similar results to PAA-GNP, but binding to ZnO did not result in the
complex binding of the Mac-1 receptor; these results suggest that binding to fibrinogen
alone does not predict Mac-1 receptor interaction. The pro-inflammatory properties of
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different nanomaterials have been previously reported, often linked with the ability to
induce oxidative stress. However, recent studies suggest there is not always a good correlation between the free radical generation and inflammation; the above study suggests
that fibrinogen-nanoparticle complexes may provoke an inflammation response.
Clearly, the method of protein adsorption varies with both the nanoparticle surface
and the protein properties as well. A study conducted by Shrivastava et al. [123] used a
highly sensitive method, isotopic-coated affinity tagging (ICAT) to quantify the orientation
of cytochrome C, RNase A, and lysozyme on silica nanoparticles with diameters of 4 and
15 nm. Lysine residues were interacted with light or heavy acetic anhydride followed by
proteolytic cleavage and analysis by matrix-assisted laser desorption/ionization-time of
flight mass spectroscopy (MALDI-TOF MS). This allowed comparison and quantification
of adsorbed proteins on the silica nanoparticles, including identification of specific lysine
residues which interacted with the nanoparticle surface (Fig. 2.16). For example, it
was found the cytochrome C had a preferred orientation on silica nanoparticles, where
peptides comprising amino acids 1-10, 37-46, and 83-94 interacted more strongly with
the nanoparticle surface, possibly due to slight denaturation upon adsorption. A higher
degree of unfolding was found to occur on the 15 nm particles when compared with the 4
nm particles, indicated by increased acetylation ratios for all peptide fragments due to a
tighter binding and greater spreading out on the relatively flatter particles. Similar results
were found for the RNase A and lysozyme, in agreement with previous studies, indicating
that the highly sensitive ICAT methodology was successfully applied to address the key
question of protein orientation when adsorbed on nanoparticles.
Similar in-depth studies have been conducted with copolymer particles, cerium oxide particles, quantum dots, and carbon nanotubes in the area of protein fibrillation. The
large amount of surface area presented by nanoparticles in biological fluids combined with
the low dimensionality of the surface can enhance the probability of partially unfolded
proteins coming into frequent contact, leading to faster clustering or even protein clusters with dramatically different properties [124]. These properties can influence protein
self-assembly reactions, with the potential that diseases involving protein misfolding and
assembly may be enhanced. One such phenomenon is the class of human diseases named
amyloidoses. Currently ∼30 different proteins and peptides are known to cause human
amyloid disease [22]. These usually involve self-assembly of soluble proteins into large
insoluble fibrils through nucleation-dependent assembly, via the formation of oligomeric
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Figure 2.16: Determination of protein orientation on silica nanoparticles as a function of size using
reaction with acetic anhydride followed by proteolytic cleavage and analysis by-matrix-assissted
laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS). Reprinted with
permission from [123]. Copyright (2012) American Chemical Society.

structures that possess toxic properties [125]. Self-assembly of β2-microglobulin (β2m),
involved in dialysis-related amyloidosis, in the presence of nanoparticles was investigated
[124]; it was found that uncharged polymeric nanoparticles (70 nm and 200 nm diameters)
increased the rate of protein fibril nucleation in the absence of preformed seeds. Using surface plasmon resonance, it was found that two populations of β2m bound to the particles,
with only the first layer binding strongly (8 × 10−5 M−1 ) and experiencing conformational
change, with subsequent layers experiencing little change and binding much more loosely.
A higher dissociation constant for the subsequently adsorbed layers (2 × 10−6 s−1 ) indicates that binding to the nanoparticle could enhance the probability of appearance of
a critical nucleus for homogenous nucleation due to increased concentration in the area
surrounding the nanoparticle surface.
The biological environment is exceedingly complex, considering the huge number of
potential proteins, lipids and other biomolecules which may potentially interact with a
nanoparticle surface; the individual characteristics of each of these potential partners as
well as the characteristics of the nanoparticles themselves greatly affects the composition
and adsorption of specific proteins. Furthermore, many systems in nanobiotechnology are
complex enough to be fraught with artifacts and irreproducibility, leading to additional
confusion in the literature when attempting to elucidate specific effects. Researchers in
this field face enormous challenges to quantify both the composition and macrostructural
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conjugate properties, as well as working from the other direction: identifying how specific protein and nanoparticle properties interact to in order to identify and predict the
microscopic details of the nano-bio conjugate.

2.3

Biomedical Applications of Noble Metal Nanoparticles
Gold was one of the first metals discovered by humans, and the first recorded appli-

cations of the metal date back several thousand years in Chinese, Arabic and Indian texts
[26]. In the Middle Ages in Europe, colloidal gold was prepared by alchemists by reducing auric chloride with alcohol. Potable gold was used to treat a wide range of ailments
including mental disorders, syphilis, leprosy, ulcers, epilepsy, and diarrhea. Colloidal gold
was recommended to the King of France, Louis XIII by his alchemist David de PlanisCampy as an “elixir of longevity” [126]. Current applications of colloidal gold sol in the
treatment of severe rheumatoid arthritis has been extensively explored with Aurasol, an
oral preparation which has been through extensive clinical trials [127]. Further studies
indicate that injection of gold sol into the intra-articular space can have a positive effect
by enhancing anti-angiogenic activity resulting from the binding of gold nanoparticles to
vascular endothelium growth factor, resulting in a decrease in inflammation [27].
An analytical/diagnostic breakthrough occurred in 1971 when Faulk et al.[128] outlined a technique to conjugate antibodies with colloidal gold for the direct electron microscopic visualization of Salmonella surface antigens, using colloidal gold as an immunochemical marker. From that point, gold nanoparticles conjugated with a variety of recognizing
biomolecules such as antibodies, lectins and enzymes have been utilized by in a variety
fields including biochemistry, microbiology, immunology, and physiology. There are a variety of modern applications that utilize colloidal gold, including colorimetric assays with
biomolecules, electron transport in biomacromolecules, transport of substances into cells
by endocytosis, including targeted delivery of drugs, peptides, DNA, and antigens; and
optical bioimaging and monitoring of cells and tissues. The following will outline some of
the most promising and recent applications of colloidal gold in the biomedical field.

2.3.1

Diagnostic Applications
Gold nanoparticles were initially used in diagnostic applications through immuno-

chemistry and imaging with the transmission electron microscope (TEM), which allowed
discrimination of biospecific interactions due to the high electron density of gold. This
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technique is primarily employed in the identification of infectious agents and their surface antigens [129, 130]. Recently, advances in the synthesis of nanoparticles with a
variety of morphologies [10] has made possible a variety of diagnostic techniques using
shape-controlled gold nanoparticles and optical microscopy, in particular confocal laser
microscopy [131]. The large scattering cross-section of gold nanoparticles, 3-5 orders of
magnitude greater than molecular dyes [36], combined with techniques such as two-photon
luminescence microscopy, allows a strong reduction of background signal and relevant biological markers can be identified on or inside cells [132], Bacillus spores [133], and other
microorganisms. In addition to imaging biospecific interactions, other state-of-the-art detection and bioimaging methods are under development, referred to as biophotonic methods [134]. These methods utilize a variety of nanoparticle morphologies and their unique
surface plasmon resonance characteristics understand the interaction of light with biological cells and tissues for applications such as optical coherence tomography [135, 136, 38],
X-ray and magnetic resonance tomography [137], fluorescence correlation microscopy [138],
and other techniques.
Colloidal gold nanoparticles are also used in a variety of analytical diagnostic methods, both in vivo and in vitro. In 1980, it was suggested that gold sol could be use in
an immunoanalysis method called sol particle immunoassay (SPIA) [139]. For example,
the colorimetric detection of both proteins and DNA utilize gold nanoparticles, with small
changes occurring to the absorption spectrum of the particles depending on the adsorption of biopolymers or changes in interparticle spacing. The changes are easily detected
spectrophotometrically or even visually. Similar techniques have been used to detect the
presence of immunoglobulins [140], thrombin [141], and glucose [142]; direct detection of
cancerous cells [143]; detection of Alzheimer’s disease markers [144], and determination of
protease activity [145], to name only a few. Different morphologies can be employed to
detect several populations simultaneously. Additional techniques such as surface enhanced
infrared absorption spectroscopy and surface enhanced Raman spectroscopy (SERS) have
been investigated to provide additional information using the SPIA technique. A new
SPIA version using microplates and an ELISA reader was devised by Dykman et al. [146]
to develop a colorimetric method for protein determination. A variety of gold nanoparticle methods have been developed for the sensitive (0.1-100 pM) detection of DNA targets
[147, 148], including the DNA of mycobaceteria [149], staphylococci and streptococci [150]
in clinical samples. Utilizing different nanoparticle morphologies, it is possible to increase
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the sensitivity of DNA detection by engineering gold nanoparticle constructs that enable
plasmonic enhancement of the local electromagnetic field. For example, Hu et al. [150]
developed a sensitive DNA biosensor based on multilayer metal-molecule-metal nanojunctions which exploited SERS techniques to detect concentrations of DNA as low as 10−19
M.
Recently, noble metal nanoparticles and their composites have served as effective
optical transducers biological interactions [151]. Specifically, the resonant optical properties of these have been used to develop plasmonic biochips and biosensors [152]. The
localized surface plasmon resonance (LSPR), which is extremely sensitive to particle size,
shape, and local dielectric environment, allows interrogation of the volume immediately
surrounding the nanoparticle. These sensors are of significant interest to the biomedical
community for the sensing of nucleic acids, proteins and metabolites, the screening of
drugs, analysis of antibodies and antigens, and diagnosis, as well as chemical applications
in environmental monitoring and assays of solutions and disperse systems.

2.3.2

Gold Nanoparticles as Therapeutics
More recently, gold nanoparticles have been explored as therapeutic agents. Pho-

tothermal damage to cells is currently one of the most promising research avenues in the
treatment of cancer and infectious diseases [153]. It is possible to engineer gold nanoparticles with morphologies (nanorods [31], nanoshells [154, 155], and nanocages[156]) resulting
in an LSPR absorption maximum in the NIR region, wavelengths that are not greatly attenuated by water or human tissues. The gold nanoparticles are targeted to the cells of
interest and then exposed to the NIR light, which causes nanoparticle heating and cell
death due to cell membrane disruption and protein denaturation. Gold nanoparticles
were first used in photothermal therapy in 2003 [157]. While these techniques are very
promising, a variety of issues must still be surmounted, in particular increasing the particle concentration in the target and lowering the side effects caused by the accumulation
of gold nanoparticles in other organs, primarily in the liver and spleen. Conjugating the
particles to polyethylene glycol (PEG) has been shown to increase circulation time and
nanoparticle stability [16]. PEGylated nanoparticles tend to preferentially accumulate
in the tumor tissue due to the increased permeability of the tumor vessels [35]. Active
targeting has been used to more reliably and effectively accumulate gold nanoparticles
in the tumor by conjugating antibodies specific to tumor antibodies to the nanoparticle
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surface [158]. Conjugation to specific tumor markers such as epidermal growth factor
receptor (EGFR) and its varieties such as Her2 [159] as well as to tumor necrosis factor
(TNF) [160] allow direct targeting allow this has not been shown to dramatically increase
nanoparticle accumulation in tumors. Huang et al. [161] examined the biodistribution
and localization of gold nanorods labeled with three types of probing molecules, including
an scFv peptide that recognizes EGFR and a cyclic RGD peptide that recognizes the
αυ β2 integrin receptor. The authors have shown that when injected intravenously, both
ligands induce insignificant increases in the nanoparticle accumulation in cell models and
in tumors, but greatly affect extracellular distribution and intracellular localization. They
conclude that for photothermal therapy, direct administration of particles to the tumor
can be more effective than intravenous injection, which may limit the latter technique.
Methods of overcoming this limitation have been investigated using biochemical
pathways. Combinatorial approaches have been used to amplify signaling which draws
the nanoparticle and other therapeutic agents to the tumor, using an existing biological
cascade to increase the number of available binding sites for targeted delivery [16, 39].
Initially, gold nanorods are passively accumulated in the tumor as a result of the leaky
tumor vasculature. Laser irradiation of the tumor results in heating of the surrounding
tissue, insufficient to result in cell death but does increase tissue permeability and induces
expression of receptor proteins on the surface of the tumor cell. Then, targeted liposomal
nanoparticles bind to the tumor using receptor-specific targeting peptides that bind to the
overexpressed receptor proteins on the heat-damaged tumor cells. Then, a secondary laser
pulse causes rupture of the thermally-activated liposome shell such that the therapeutic
payload is released. Other potential biological cascades can be used, demonstrating the
possibility of engineering clever systems that make use of biological processes to assist
in tumor destruction. Targeted drug delivery using gold nanoparticles is under intense
investigation, particularly for anti-tumor preparations [162]. In addition to assisting in
delivery, stabilization of drugs can allow larger doses to be used, resulting in more effective treatment [163]. It has been observed that multimodal delivery systems, in which
gold nanoparticles are loaded with both hydrophilic and hydrophobic drugs can result in
increased efficacy [164].
Delivery of a variety of antibiotic and antimicrobial agents using conjugated gold
nanoparticles has been investigated. Effective formulations have been produced against
Escherichia coli and Enterococcus faecium[165] as well as Mircooccus luteus and Staphy-
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lococcus aureus [166]. Increases in antibiotic efficacy from 12-40% was observed, however
this was found to dramatically depend on the stability of the conjugation[166] and the
reason for the increase remains unclarified. Gold nanoparticles have also been investigated for gene therapeutics, through the delivery of siRNA or other genetic constructs
to the cytosol or cell nucleus [167, 168]. The desired effect is achieved either as a result
of expression of the introduced gene or through partial or complete suppression of the
function of a damaged or overexpressing gene.

2.4

Conclusions
Rapid development of technologies utilizing gold nanoparticles over the past two

decades have been enabled by the increased control over nanoparticle synthetic methods
and better understanding of the resulting nanoparticle properties. A wealth of particles
are now available with a variety of sizes, shapes, structures, and optical properties; what
remains is the engineering of a nanoparticle with the desired properties.
Control over nanoparticle functionalization with biomolecules was the key development for the use of nanobioconjugates as targeting, sensing and other applications.
Currently PEG-coated particles are able to remain stable in biological environments with
increased circulation time. However, the effectiveness of stealth coatings is then mitigated
by the attachment of targeting moieties and this remains an unresolved issue.
Analytical applications of gold nanoparticles in labeling and biosensing are well
underway in development using state-of-the-art techniques such as SERS; detection of analytes using gold nanoparticles can be one million times more sensitive than ELISA [169],
with additional applications in the diagnosis of cancer, Alzheimers disease, AIDS, hepatitis, tubercuousis, diabetes and other diseases [170, 160]. Clinical trials of AuNP-assisted
photothermal therapies are now underway [171], but still suffer from several issues including effective delivery of radiation to the tumors and increasing conjugate accumulation
within the tumor itself.

CHAPTER 3
Materials and Methods
3.1

Introduction
Nanoparticles may be purchased from a variety of commercial sources, some of which

are excellent for research purposes. However, many samples produced by commercial companies are primarily for purposes other than research, such as incorporation into paints
and as fillers. These nanoparticles are often not well characterized, polydisperse in their
size and morphology, and may contain additional unknown chemicals, such as surfactants,
to ensure stability. In the following studies, it was very important to thoroughly characterize the nanoparticle system in order to determine what effects could truly be attributed to
specific nanoparticle properties. To that end, gold nanoparticles (AuNP) were synthesized
in our own lab using wet chemical methods and characterized using a variety of physical,
spectroscopic and microscopic techniques. Determination of protein-nanomaterial interactions focused primarily on global techniques that measured changes in the conjugate
sample as a whole, such as circular dichroism, isothermal titration calorimetry and enzymatic activity assays.

3.2

Materials
Gold (III) chloride trihydrate 99.9%, silver nitrate ACS reagent 99+%, sodium

citrate, l-ascorbic acid 99+%, sodium borohydrde, hexadecyltrimethylamonium bromide
(CTAB), and 16-mercaptohexadecanoic acid 90% (MHDA), 1,5-pentanediol (96%) (PD),
and polyvinylpyrrolidone (MW ∼ 55000) (PVP) were purchased from Sigma (St. Louis,
MO). Lysozyme from chicken egg white (≥ 90%) and α-chymotrypsin from bovine pancreas, type II, (≥ 40 units/mg protein) were purchased from Sigma and used without further purification. Succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (Suc-AAPF-pNA), and Micrococcus lysodeikticus ATCC No. 4698, were purchased from Sigma as dry powders and used
without further purification. Oregon Green 488 was purchased from Invitrogen (Carlsbad,
CA). Mass spectrometry 10 ppm NIST-traceable gold standards were purchased from Ab* Portions of this chapter previously appeared as: Gagner JE, Lopez MD, Dordick JS, Siegel
RW. Effect of gold nanoparticle morphology on adsorbed protein structure and function. Biomaterials. 2011;32(29):7241-52.
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solute Standards (Hamden, CT). Bicinchoninic Acid (BCA) and micro-bicinchoninic acid
(µBCA) assay reagents were purchased from Pierce Biotechnology, Inc. (Rockford, IL).
Spectra/Por 6 dialysis tubing (MWCO 3,500) was purchased from Spectrum Labs (Rancho Dominguez, CA). All synthesis glassware was cleaned with aqua regia before each use,
and DI water (from a Milli-Q filtration unit) was used in all experiments.

3.3

Instrumentation
Transmission electron micrographs were obtained using a Philips CM-12 operating

at 120kV and spot size 3. Bright field images were obtained using a condenser aperature of
200 µm and an objective aperture of 10-50 µm. High resolution transmission electron microscopy (HRTEM) images and corresponding electron diffraction patterns were obtained
on a JEOL 2010 TEM operated at 200kV. Samples were drop-cast on carbon-coated copper
grids (Electron Microscopy Services), and particle dimensions obtained using NIH ImageJ
software. Scanning electron microscopy (SEM) was conducted on a Zeiss SUPRA 55 FESEM operating at 5-10 kV. Samples were centrifuged in an Eppendorf Centrifuge 5810R.
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) was carried out on a Varian
820-MS spectrometer. Absorption measurements were made on a Hitachi U-2910 spectrophotometer. X-ray photoelectron spectroscopy (XPS) was performed on a PHI 5000
Versaprobe. X-ray diffraction measurements were made on a PANanalytical XPert Pro
diffractometer using Cu Kα radiation. Protein pseudo-isotherms were determined using a
Molecular Devices SpectraMax M5 Platereader, and protein-nanoparticle aggregates were
imaged using a Zeiss LSM 510Meta Confocal Microscope. The far UV-CD spectra were
recorded using a Jasco J-815 automatic recording spectrapolarimeter. Isothermal titration calorimetry measurements were made on a Microcal VP-ITC and fit using ORIGIN
software (Microcal, Northhampton, MA). Dynamic light scattering measurements were
conducted using a DynaPro Titan light-scattering setup (Wyatt, Santa Barbara, CA).

3.4
3.4.1

Nanoparticle Synthesis Methods
Gold Nanospheres
Spherical gold nanoparticles (AuNS) with a narrow size distribution were prepared

using a seed mediated growth method [31]. In this synthesis technique, initially a small
gold seed is prepared (2-4 nm) which then serves as a heterogeneous nucleation site for
further nanoparticle growth. Using two-20 ml glass vials, 40 ml of 2.5x10−4 M HAuCl4
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and 2.5x10−4 M trisodium citrate aqueous solution was prepared in an ice bath. Under
constant stirring, 0.6 ml of ice cold 0.1 M NaBH4 was added to each vial. Stirring was
stopped after 10 min and the gold seeds sat undisturbed for 1 h, yielding a reddish-orange
solution. To obtain the sphere size of interest through additional growth, particle growth
solution was prepared. A 36 ml solution of 0.08 M CTAB and 2.5x10−3 M HAuCl4 was
prepared, and 2 ml of 0.1 M ascorbic acid was swirled in until the solution became clear,
and then 40 ml of the seed solution was added. The particle solution was kept overnight
before further use, in a 35◦ C water bath to ensure that the CTAB remained solubilized.
The resulting solution was dark red and produced nanopsheres with diameters of ∼10 nm.

3.4.2

Gold Nanorods
Gold nanorods (AuNR) were prepared via a seed-mediated growth process [32]. A

typical AuNR solution containing nanorods with average dimensions (10 x 37) nm was
prepared as follows: 0.25 ml of 0.01 M HAuCl4 was added to 7.5 ml of 0.1 M CTAB
solution. Then, 0.6 ml of ice cold 0.01 M NaBH4 were added and the solution was inverted
rapidly for 2 min, resulting in a pale brown color. The resulting seed solution then sat
in a 35◦ C water bath for 2 h before further use. Following seed preparation, a 120 ml
growth solution was prepared in a conical flask, consisting of 0.1 M CTAB, 4.2x10−4 M
HAuCl4 , and 1.25x10−4 M AgNO3 . To the growth solution, 1.6 ml of 0.1 M ascorbic acid
was added, and the flask was swirled gently until the solution turned clear. Then 2 ml of
the as-prepared seed solution was added. The growth solution was allowed to sit in a 35◦ C
water bath overnight before further use. The final solution of AuNR was reddish-brown
in color and used without further purification (Fig. 3.1).

3.4.3

Gold Nanocubes and Nanooctahedra
Gold nanocubes (AuNC) and gold nanooctahedra (AuNO) were prepared using a

high temperature polyol process [63]. Typically, 5 ml of pentanediol (PD) solution was
added to a 50 ml round bottom flask with a side port. The solution was then heated
in an oil bath to 235◦ C under reflux while stirring at 50 rpm. Separately, a solution
of 5 mM AgNO3 was prepared in pentanediol by adding 4.2 mg of AgNO3 powder to 5
ml of PD and sonicating it for 30 minutes to ensure dispersion. Additional solutions of
polyvinylpyrrolidone (PVP) and gold chloride (HAuCl4 ) were prepared separately. The
150 mM PVP solution was prepared by measuring 150 mg of the PVP (MW∼55000)
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Figure 3.1: Schematic of nanoparticle growth mechanism using seed-mediated CTAB synthesis.
Small seeds are formed in the presence of the strong reducing agent sodium borohydride (NaBH4 ).
These seeds are then added to a growth solution where the weak reducing agent, ascorbic acid,
allows reduction of Au1+ (complexed with CTAB) to Au0 only on the nanoparticle surface, causing
the particles to grow.

and then adding the powder to 3 ml of PD while stirring, over slight heat to facilitate
dissolution of the PVP. Gold chloride was measured separately and added to 3 ml of PD
to create a 50 mM solution, sonicating briefly to ensure even dispersion in the PD.
Once all solutions were prepared, 0.15 ml of the 5 mM AgNO3 solution was added
to the boiling PD solution. After 60 s, 0.45 ml of the PVP solution was added to the
boiling PD-AgNO3 solution. After an additional 30 s, 0.45 ml of the HAuCl4 solution was
added to the boiling PD. Alternating aliquots of PVP and HAuCl4 were added every 30
s in the same manner until both 3 ml solutions were depleted. The port was then capped
and the solution was kept at 235◦ C for 1 hr. The solution was then removed from heat
and allowed to sit undisturbed for 1 hr. This solution yielded nanocubes. In order to
prepare gold nanooctahedra, the 5 mM AgNO3 solution was diluted to 1.7 mM and 0.15
ml of the 1.7 mM AgNO3 solution was added to 5 ml of boiling PD; the synthesis then
proceeded in the same manner. It was found best to prepare the AgNO3 solution for use
the same day.
Once cooled, 35 ml of ethanol (EtOH) was added to the flask and then the entire
solution was decanted into a 50 ml centrifuge tube. The solution was centrifuged for 7 min
at 2000 rpm and 10◦ C and the supernatant was then decanted into a second tube in order
to remove any larger particles or aggregates; the supernatant was used in all subsequent
experiments. This solution was then washed 2 times in 15 ml of EtOH by centrifugation
at 4000 rpm and 10◦ C for 30 min to remove excess PVP.
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3.5

Nanoparticle Surface Functionalization
Many gold nanoparticle syntheses employ cetyltrimethylammonium bromide (CTAB)

as the capping agent due to its ability to create monodisperse populations of both AuNS
and AuNR. However, the toxicity of CTAB is well established [29] and it is difficult to
remove it completely from the nanoparticle surface. The following aqueous-organic ligand
exchange procedure was adapted from methods previously described in the literature [69].
First, 20 ml of the as-prepared NP solution was incubated with 0.5 ml of dodecanethiol
(DDT) in a 50 ml centrifuge tube, while shaking on a orbital shaker at 150 rpm for 20
min. Particles were transferred to the organic phase by adding alternating 5 ml aliquots
of acetone and toluene to the DDT-NP mixture. After the second addition of acetone, the
particles visibly rose from the aqueous phase into the toluene layer, resulting in a darker
organic phase that was removed via a micropipette and transferred to a separate centrifuge
tube. The stepwise transfer of the AuNP continued until the aqueous phase appeared to
be clear. Care was taken not to remove any NP aggregates that may form at the aqueousorganic interface. The particles were then washed 4x in a 1:1.5 solution of toluene:MeOH
via centrifugation and decantation (4000 rpm, 15 min). After each centrifugation cycle,
the supernatant was discarded and the particles re-dispersed in 10 ml of toluene via brief
sonication. The AuNP remained stable for at least one week when stored at 4◦ C in toluene
by visible inspection. In order to transfer the particles back to aqueous phase, the DDT
ligand was exchanged with 16-mercaptohexadecanoic acid (MHDA). In this process, 2 ml
of 0.1 M MHDA solution was added to 18 ml of the DDT-AuNP in toluene, and allowed
to stir for 4 h (125 rpm, 25◦ C). At the end of this period, all particles had precipitated at
the bottom of the vial. The aggregate-toluene solution was then recovered from the vial
and washed 3x in toluene via centrifugation (4000 rpm, 5 min, 10◦ C). The NPs were then
washed with isopropanol to deprotonate the MHDA (4000 rpm, 20 min, 10◦ C), and then
redispersed in H2 O or 10 mM phosphate buffer (pH 7.4) (Fig. 3.2).
Gold nanocubes and nanooctahedra were synthesized with PVP, which is more easily
replaced through thiolation than CTAB. It was found that aqueous-organic exchange was
unnecessary, and in order to facilitate an all-aqueous ligand exchange process, more polar
mercaptoundecanoic acid (MUA) was used. To ensure complete exchange, 15 ml of particle
solution was added to a 20 ml glass vial and 2 ml of 0.15 mg/ml MUA solution was added
and stirred for 12 hours at room temperature. The solution was then sonicated and
centrifuged to remove excess PVP, and then redissolved in 15 ml of EtOH. Two ml of
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Figure 3.2: Outline of the aqueous-organic ligand exchange procedure. After incubation with
DDT, addition of acetone and toluene caused the AuNP to rise to the organic layer. The layer was
then removed via pipette and the addition of MHDA allowed the removal of the DDT, resulting
in nanoparticle aggregation. Upon redispersal in PBS, the particles regained their stability and
color.

fresh MUA solution was added and the solution was allowed to stir for another 12 hours.
This process was repeated once more in order to facilitate the complete removal of PVP.
After the final exchange, centrifuged particles were dispersed in 15 ml of 10 mM phosphate
buffer solution at pH 7.4 for further characterization.

3.6

Nanoparticle Characterization: Experimental Methods
Following NP synthesis and ligand exchange, particle dimensions, stability, and

chemistry were determined using transmission electron microscopy (TEM), scanning electron microscopy (SEM), optical absorption spectroscopy (UV-Vis), and X-ray photoelectron spectroscopy (XPS).
Particle morphology and dimensions were obtained from TEM and SEM images.
TEM micrographs were obtained by diluting the nanoparticle sample 10x and, after brief
sonication, depositing 7 µl on a carbon-coated copper grid (Electron Microscopy Sciences).
The samples were dried under vacuum overnight before analysis. A variety of drying conditions were tested, but sample preparation caused the particles to clump. SEM micrographs
were obtained by depositing diluted nanoparticle samples on silica wafers and drying under vacuum overnight. At least three separate nanoparticle solutions of each morphology,
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prepared in the manner outlined above, were imaged using SEM and TEM and used to
determine the nanoparticle size distributions. TEM micrographs were obtained through
developing for 3.5 min in Kodak K19 developer.
When obtaining a size distribution from TEM images, it is important to consider the
source of the resolution of the TEM and potential limitations of discerning the true size
of the nanoparticle. The theoretical resolving power of the TEM is based on de Broglie’s
equation, which shows that the wavelength of electrons is related to their energy [172].
Ignoring relativistic effects, the approximate wavelength of the electron is given by
λu

1.22
E 1/2

(3.1)

where E is the energy of the electron (eV) and λ is in nm. Therefore, for a 120 keV electron,
λ ∼ 3.5 pm. The resolution of the TEM is further defined by the Raleigh criteria, which
states that the smallest distance that can be resolved, δ, is given by
λu

0.61λ
µ sin β

(3.2)

where λ is the wavelength of the radiation, µ is the refractive index of the medium and
β is the semi-angle of collection of the magnifying lens. So, in order to increase δ it is
necessary to use higher keV electrons or increase the size of the lens aperture. However, this
is associated with increased lens aberration, which balances the theoretical lens resolution
(radius of the Airy disk) and goes as

r(β) =

0.61λ 2
µ sin β



3 2

+ (Cs β )

1/2
(3.3)

where Cs is the spherical aberration, which depends on the instrument. The maximum
value of r can be optimized to find that
rmin ≈ 0.91 Cs λ3

1/4

(3.4)

which, for the Philips CM-12 employed in this study, indicates that the minimum standard
value of rmin is ∼1 nm. This should allow discernment of nanoparticles with approximately
1 nm discrimination, though further discrepancies associated with astigmatism and potential uncertainties arising from image analysis may make it difficult to obtain very precise
information concerning the nanoparticle diameter (on the order of < ±1 nm). However,
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these concerns should not alter the shape or width of the size distribution and are considered when determining the “absolute” nanoparticle size distribution.
Morphology determination for the nanocubes and nanooctahedra was primarily
taken from scanning electron microscope images. However, features of the nanoparticles morphology may be obscured by edge effects. The generation of image contrast in
the SEM images arises from secondary electrons, produced when incident electrons excite
electrons in the sample and lose some energy in the process [173]. The excited electrons
move toward the surface, undergoing elastic and inelastic collisions along the way. If the
electrons’ energy is greater than the surface work function, it will escape the material
surface and be detected. The mean free path of electrons in many materials is ∼1 nm,
meaning that only electrons which originate from less than 1 nm deep in the sample escape the surface, making them very sensitive to topographical considerations. However,
samples that are tilted with respect to the electron beam and detector are likely to exhibit
edge effects. Specifically, more electrons are likely to escape from an exposed edge, as
the increased surface area results in a greater production of secondary electrons. Then,
depending on the orientation of the edge relative to the detector, it is possible that the
edge will appear brighter due to the higher density of secondary electrons originating from
the edge. This effect can obscure actual nanoparticle dimensions and therefore must be
approached carefully. Investigations comparing the dimensions of AuNC from SEM and
TEM images resulted in approximately the same sizes and distribution, indicating that
edge effects in SEM did not affect measurement of the nanoparticle size.
Particle size distributions were obtained from both TEM and SEM micrographs
using ImageJ. Digital images of at least three separate nanoparticle preparations of each
morphology were imaged, with micrographs taken from several areas within each grid.
At least 600 particles were counted for each nanoparticle preparation, with the variation
between samples found to be <10%. Nanosphere sizes were determined by measuring
two axes on each sphere and averaging them; nanorod dimensions were determined by
measuring the diameter and length of each particle. Nanocube dimensions were found by
averaging two side lengths for each particle, and nanooctahedra dimensions were determined from 1-2 side measurements per particle. SEM micrographs at several tilt angles
were taken of AuNC and AuNO samples to determine that measurements were indicative of the nanoparticle “height.” Distribution histograms were produced in Kaleidagraph
(Reading, PA), with bin sizes appropriate to the sensitivity of the method of measurement.
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All nanoparticle measurements are given with ± 1 standard deviation from the mean.
In order to determine the nanoparticle concentration, individual nanoparticle masses
were calculated using the binned particle volumes, with “perfect” morphology (sphere, rod,
cube, octahedra) assumed. Nanospheres were assumed to be spherical with a volume of
(4/3)πR3 and AuNR to be a hemispherical capped cylinder, with volume [(4/3)πR2 +4πR2 x(L2R)]). Nanocube volume was determined simply to be a3 , where a is the side length of
the cube; octahedron volume was determined to be [2/(31/2 )]a3 where a is the edge of the
octahedra. All nanoparticle volumes were multiplied by the face centered cubic (FCC)
density of gold, 19.3 g/cm3 , in order to determine the mass per particle. Particle concentration per ml of sample was calculated by assuming that the measured distribution
was representative of the sample and then scaling up the particle mass distribution to
meet the measured ICP-MS results. ICP-MS samples were prepared by adding 50 µl of
particle solution to 400 µl of aqua regia, which was allowed to sit overnight. The samples
were then diluted 200x with 1% nitric acid solution and analyzed. Each sample was run
twice to confirm concentration. Final surface areas were calculated from the nanoparticle
size distribution, with an additional 1.2 nm added to each dimension (e.g., 2.4 nm was
added to the diameter of AuNS) to account for the additional ligand length of mercaptohexadecanoic acid, and 1 nm to account for the ligand length of mercaptoundecanoic
acid.
Synthesis of gold nanospheres and nanorods uses a shape-directing surfactant, CTAB,
to control particle morphology and stabilize the particle in aqueous solution. This surfactant has been widely shown to be cytotoxic [29] and must be replaced with more biocompatible ligands. Polyvinylpyrrolidone, while biocompatible, has been shown to prevent or
inhibit protein adsorption due to its highly hydrophilic nature [174]. Both ligands were
replaced with biocompatible mercaptans, MHDA and MUA respectively. MHDA was used
to replace CTAB, as a slightly longer alkyl chain was required to ensure the ligand would
solubilize in organic solvents such as toluene. Since PVP was more easily replaced than
CTAB, the two-phase exchange was not required and the more hydrophilic MUA was used.
Replacement of CTAB by MHDA was confirmed through XPS analysis of the
nanoparticle sample. Similarly, gold nanocubes and nanooctahedra are synthesized using PVP, which was then replaced with mercaptoundecanoic acid. This replacement was
monitored through the relative ratios of nitrogen and sulfur using XPS. All samples were
prepared by dropping 50 µl of nanoparticle solution on a silicon wafer and drying overnight

51

under vacuum. The samples were then sealed and immediately taken for analysis in order
to minimize oxidation of the gold-sulfur bond. AuNP stability was monitored throughout
the functionalization process by measurement of the AuNP surface plasmon resonance
(SPR), a parameter that is extremely sensitive to nanoparticle size and interparticle spacing [36].
Gold nanocubes and nanooctahedra were also analyzed using X-ray diffraction
(XRD) in order to determine the majority crystal facet presented on the nanoparticle surface. Due to their morphology, particles would preferentially orient on a “side,” allowing
determination of surface crystallinity. In order to achieve a viable intensity, nanoparticles
were concentrated 5x and 200 µl were dried on a silicon wafer. The particles tend to orient
preferentially on their flat surface, which then gives a good indication of the predominant
crystal facets.

3.6.1

Quantification of Adsorbed Protein: Fluorescence Spectroscopy
Protein concentration measurements were made using fluorescence spectroscopy,

with Lyz and ChT conjugated to Oregon Green 488. Briefly, 10 mg of protein was dissolved
in 0.1 M sodium bicarbonate buffer (pH 8.3). One mg of dye was dissolved in 100 µl
anhydrous dimethyl sulfoxide (DMSO) and added to the protein solution, and left on an
orbital shaker at 125 rpm at 4 ◦ C for 1.5 h. The protein-dye conjugate was then dialyzed
against phosphate buffer (10 mM, pH 7.4) for 24 h at 4 ◦ C before quantification of protein
content, measured via absorption at 280 nm using Eq. (3.5):

M=

A280 − (A496 × 0.12)
,


(3.5)

with the protein extinction coefficients  for Lyz (38,940 cm−1 M−1 ) and ChT (51,000 cm−1
M−1 ). Dye concentration was calculated using absorption at 496 nm and an extinction
coefficient of 70,000 cm−1 M−1 , with the molar ratios yielding the degree of labeling.
Once prepared, protein-fluorophore conjugates in concentrations from 5-450 µg/ml
were incubated with aliquots of NP solution. Samples were shaken at 4◦ C and 125 rpm
for 2 h. To determine protein loading, particles were centrifuged at 12,000 rpm and 4◦ C
for 10 min and the supernatant withdrawn. The NP were redispersed by gentle vortexing
and centrifuged again (12,000 rpm, 10 min) and the supernatant withdrawn to ensure all
free protein was removed. Fluorescence readings from each supernatant were quantified
from a standard curve prepared by serial dilutions of the dialyzed protein. Emission at
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524 nm was measured with 200 µl aliquots of each standard and sample in triplicate on a
96-well plate. Care was taken in all experiments to ensure that ChT did not self-cleave by
keeping all protein samples on ice and using the samples within one day of preparation.
Loading experiments were performed in triplicate.

3.6.2

Quantification of Adsorbed Protein: Bicinchoninic Acid Assay
(BCA)
Quantification of adsorbed protein was made using a µBCA or BCA assay, using

standard procedures. Briefly, protein stock solutions were prepared in phosphate buffer
solution (10 mM, pH 7.0). Protein was then added in concentrations from 2-450 µg/ml)
to aliquots of NP in 10 mM PBS, pH 7.0. Samples were shaken at 4◦ C and 125 rpm
for 2 hours. To determine adsorption, protein-nanoparticle conjugates were centrifuged
at 12,000 rpm and 4◦ C for 10 minutes and the supernatant withdrawn. The NPs were
resdispersed through gentle vortexing and the process was repeated to ensure all free
protein was removed. A standard curve was prepared from serial dilution of the protein
stock. Protein conjugates in the range of 2-40 µg/ml were then assayed with the µBCA
kit. Higher protein concentrations were determined with the BCA assay, with at least
three points of overlap between the µBCA and the BCA assay. These points were then
averaged to join the two concentration ranges. Samples were then distributed in triplicate
to a 96-well plate (200 µl) and emission at 563 nm was measured and compared with the
standard curve. Care was taken in all experiments to ensure that ChT did not self-cleave
by keeping all protein samples on ice and using the samples within one day of preparation.
Loading experiments were performed at least in triplicate, with nanoparticle-only controls
to ensure that Au did not interfere with the assay.

3.6.3

Determination of Pseudo-Adsorption Isotherm Fit Parameters
Protein pseudo-isotherms were fit using both the Langmuir equation [175] (Eq.

(3.6))
N × [P ]f ree
[P ]ads
= app
[N P ]
Kd + [Pf ree ]

(3.6)

and, where appropriate, the Bilangmuir equation (Eq. (3.7)) [176]
N × [P ]f ree
N × [P ]f ree
[P ]ads
= app
+ app
,
[N P ]
Kd + [Pf ree ] Kd + [Pf ree ]

(3.7)
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where [NP] is the concentration of AuNP, [P]ads is the concentration of adsorbed protein,
[P]f ree is the concentration of unbound protein, Ni is the number of protein molecules/AuNP
at saturation and Kdapp is the apparent dissociation constant for the respective site (i =
1, 2). Curves were fit using a non-linear regression method in Kaleidagraph by maximizing the correlation coefficient. Conservative estimates of particle surface coverage were
determined by a method similar to one previously used by Lindman et al. [110]. The
radius of gyration was used to determine the cross-sectional area of an individual protein,
and then the available surface area on the particle was estimated by determining the total
surface area at one protein radius-length away from the NP surface. Established radii of
gyration for ChT and Lyz are 1.63 nm [177] and 1.5 nm, respectively [178]. Additional
isotherms were used to determine potential multilayer formation, as outlined in Chapter
5. Specifically, a BET isotherm was modified for adsorption from solution and used to
estimate multilayer adsorption in the case of ChT adsorbed on AuNR (Eq. (5.2)).

3.6.4

Isothermal Titration Calorimetry (ITC)
Isothermal titration calorimetry is a sensitive method which is able to experimentally

determine the heats of reaction, or binding enthalpies. This allows direct quantification of
many thermodynamic parameters that are normally inaccessible. Briefly, a small amount
of ligand, X, is injected into a cell which contains the substrate M with an initial bulk
concentration Mt0 (moles/liter). The working volume of the cell is Vo , and the volume of
the ith injection is ∆Vi , and the total injected volume ∆V is simply the sum of all the
injections.
Initially, the cell is filled with the substrate solution. As the ligand is injected,
each injection changes the concentration of substrate within the working volume of the
cell, since the total number of moles of substrate initially in V (i.e., Mt0 times Vo ) at the
beginning of the experiment is later distributed in a larger volume, Vo + ∆V . Since the
average bulk concentration of substrate in ∆V is the mean of the beginning concentration
Mto , and the present concentration Mt in the active volume, then conservation of mass
requires that
1
Mto Vo = Mt Vo + (Mt + Mto )∆V
2
such that
Mt =

Mto

1−
1+

∆V
2Vo
∆V
2Vo

(3.8)

!
.

(3.9)
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Using this reasoning, it is shown that the actual bulk concentration of ligand in Vo , Xt ,
is related to the hypothetical bulk concentration Xto (assuming that all of the injected
ligand remained in Vo , as follows:
1
Xto Vo = Xt Vo + (Xt )∆V
2
and
Xt = Mto

1
1 + ∆V
2Vo

(3.10)

!
.

(3.11)

The above expressions are used by the Origin software to correct for the displaced volume
effects which occur with each injection.
Following synthesis, nanoparticles were redispersed in phosphate buffer (10 mM, pH
7.0). Concentrated protein (ChT) solution was made (∼15 mg/ml). Nanoparticles were
put in dialysis first for 2 hr at 4◦ C. After the first buffer change (PBS 10 mM, pH 7.0), the
ChT solution was also put in dialysis in the same beaker. Buffer was exchanged two more
times with at least 6 hours between changes. The final solution was kept and used in all
subsequent dilutions and washing. Particles were then removed and concentrated ∼10x.
Final nanoparticle concentration was determined by ICP-MS of the dialyzed sample as
previously outlined. ChT solution was diluted to the desired concentration and measured
by absorption at 280 nm (ChT, =51,000 cm−1 M−1 ).
A 1.2 mM stock of ChT was injected into the nanoparticle solution (59 nM AuNC,
81 nM AuNO) at 5◦ C. All titrations were 6 µl and injections proceeded until the protein
sample was depleted. Heats of dilution were also measured by titrating protein into buffer
and buffer into particle, both producing negligible heating effects. Titration curves were
analyzed using ORIGIN software. The heat of the reaction Q was obtained by integrating
the area of the peaks after each injection according to the ORIGIN software provided
by the manufacturer. The parameter of interest for comparison with experiment is the
change in heat content from the completion of the i−1 injection to the completion of the
ith injection, which must be corrected to account for changes in volume. In the equations
below, K is the binding constant, n is the number of sites, Vo is the active cell volume,
Mt and [M ] are the bulk and free concentration of substrate in Vo , respectively; Xt and
[X] are bulk and free concentrations of ligand, and Θ is the fraction of sites occupied by
the ligand X.
To calculate the heat contributions due to two sites, the following equations were
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used:
K1 =

Θ1
(1 − Θ1 )[X]

and K2 =

Θ2
(1 − Θ2 )[X]

Xt = [X] + Mt (n1 Θ1 + n2 Θ2 ).

(3.12)
(3.13)

Solving Eq. (3.12) for Θ1 and Θ2 and then substituting into Eq. (3.13) yields
Xt = [X] +

n1 Mt [X]K1 n2 Mt [X]K2
+
.
1 + [X]K1
1 + [X]K2

(3.14)

Clearing Eq. (3.14) of fractions and collecting terms leads to the cubic equation of the
form
[X]3 + p[X]2 + q[X] + r = 0,

(3.15)

where
1
1
+
+ (n1 + n2 )Mt − Kt
K1 K2




n2
1
1
1
n1
+
Mt −
+
Xt +
q=
K1 K2
K1 K2
K1 K2
−Xt
r=
.
K1 K2
p=

(3.16)
(3.17)
(3.18)

Equation (3.15) can be solved for [X] either in closed form or (as done in Origin)
numerically by using Newton’s Method if parameters n1 , n2 , K1 , and K2 are assigned.
Both Θ1 and Θ2 may be obtained from Eq. (3.12) above.
The heat content after any injection i is equal to
Q = Mt Vo (n1 Θ1 ∆H1 + n2 Θ2 ∆H2 ).

(3.19)

After a correction for displaced volume, the pertinent calculated heat effect for the ith
injection is


dVi Q(i) + Q(i − 1)
∆Q(i) = Q(i) +
− Q(i − 1)
Vo
2

(3.20)

which may be used in the Marquardt algorithm to obtain best values for the six fitting
parameters.

3.6.5

Macroscopic Conjugate Characterization
Confocal microscopy images were taken of Lyz-AuNS and ChT-AuNR conjugates

2 h after saturation; samples were not centrifuged in order to ensure that centrifugation
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was not the source of aggregation. A glass coverslip bottom petri dish was used to image
a 50-µl aliquot of sample using an oil immersion lens (40x).

3.6.6

Enzymatic Activity Assays
Lyz activity was assayed using turbidity measurements of Micrococcus lysodeikticus

monitored at 450 nm for 300 s. Briefly, Lyz-AuNP conjugates were prepared using the
techniques described above, and gently centrifuged twice to remove any unbound protein.
M. lysodeikticus solution was prepared in 30 mM potassium phosphate buffer (pH 7.4) and
diluted to an absorbance of 0.6 AU. Then 100 µl of Lys-AuNP conjugate was added to 900
µl of M. lysodeikticus solution. Incubation of M. lysodeikticus with active Lyz results in
decreased solution turbidity as the cells are lysed. Specific activity was normalized against
the activity of 100 µg/ml free Lyz.
ChT activity was measured by monitoring the production of 4-nitroaniline from the
chromogenic substrate succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (Suc-AAPF-pNA) at 410
nm. ChT-AuNP conjugates were centrifuged twice to remove excess protein and then 100
µl of conjugate solution was added to 900 µl of 10 mM Suc-AAPF-pNA. Specific activities
were normalized to the activity of 15 µg/ml free ChT. All activity measurements were
performed in triplicate, with adsorbed protein concentrations estimated from the pseudoadsorption isotherms.

3.6.7

Circular Dichroism Spectroscopy
Protein solutions in phosphate buffer (pH 7.0) were briefly centrifuged at 3,000 rpm

to remove any aggregates, and all samples were prepared from the same stock. Protein
stock concentration was determined using absorption at 280 nm, with the absorbance
measured between 250-380 nm to correct for scatter. Free protein and protein-AuNP conjugates were prepared in duplicate under identical conditions as described above. For low
protein concentrations, special attention was paid to ensure that the protein concentration
in the presence and absence of AuNP was the same. At higher protein concentrations,
when the amount of unadsorbed protein was significant, the samples were centrifuged once
before the assay to remove free protein; adsorbed protein concentration was determined
through A280 measurement of the supernatant. CD spectra were obtained in a 1 mm pathlength quartz cuvette at room temperature, with 30 accumulations. Each spectrum was
smoothed by a means-movement method for five points and then the buffer background
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was subtracted. The molar ellipticity, [Θ], was calculated using Eq. (3.21):

[Θ] =

∆Θ × Mw
10 × l × c

(3.21)

where Mw is the mean residue weight (Lyz = 112, ChT = 104), l is the cuvette pathlength
(cm) and c is the protein concentration (mg ml−1 ) [179].

3.6.8

Conjugate Preparation for Surface Plasmon Resonance and Dynamic Light Scattering
Protein was solubilized in filtered phosphate buffer (10 mM, pH 7.0) and centrifuged

for 1 min at 1000 rpm to remove any protein aggregates. Protein-nanoparticle conjugates
were prepared by incubating aliquots of protein (concentration 2-200 µg/ml) with nanoparticle solutions (fixed concentration) in an Eppendorf tube, shaking at 4◦ C and 125 rpm
for two hours. Samples were then used as prepared for UV-Vis absorbance measurements.
DLS samples were diluted 200x and transferred to disposable Eppendorf cuvettes. Laser
power was adjusted to maintain a count rate of 1-2 million counts per second. Scattering
data were fit (Dynamics software; Wyatt) assuming the conjugates were Rayleigh spheres.

3.7

Conclusions
The above methods represent a tool box for characterizing both nanomaterials, pro-

teins, and finally protein-nanomaterial conjugates. Both fields possess unique characterization tools and only by using both is a clear picture of conjugate structure obtained. It is
essential that both nanomaterial characteristics are fully investigated and the nanoparticle
population well understood, as well as obtaining a clear idea of the differences in protein
structure upon attachment to the nanomaterial. These methods are now employed to
determine a range of nanoparticle characteristics, such as size, morphology, and structure,
the results of which are discussed in Chapter 4. Changes to protein structure and function
upon interaction with nanomaterials, and the origins of those changes, are discussed in
Chapters 5 and 6.

CHAPTER 4
Gold Nanoparticle Synthesis and Characterization
4.1

Introduction
An essential component of understanding protein-nanoparticle interactions is char-

acterizing and quantifying the nanoparticle sample properties in order to accurately determine the causes of changes in protein structure and function. This is facilitated by: (1)
having a very monodisperse sample, in which the particle attributes including size, shape,
and surface composition are as similar as possible; and (2) accurately quantifying all of
the above characteristics.
Gold nanoparticle synthesis has been under investigation for some time [10] and yet
standard methods for quantifying nanoparticle properties have only been recently defined,
usually highlighted in studies of nanotoxicity [180]. However, thorough characterization
of the nanoparticle population is essential to both understanding current results as well
as enabling comparison between studies, a problem that is still troubling the field [98].
In all the subsequent work in this thesis, protein interactions with nanoparticles are
observed. Contained within is a description of the Au nanoparticle characterization techniques employed in this study. While further characterization is always possible, it is the
author’s hope that the studies herein may present a thorough method of characterization
that will allow elucidation of protein-nanoparticle interactions.

4.2

Nanoparticle Size and Concentration
Several reports in the literature rely on a calculated nanoparticle extinction coeffi-

cient to determine nanoparticle concentration. These reports use the relative intensity of
the surface plasmon resonance (SPR), also a predictor of nanoparticle size, to determine
a molar concentration of particles. However, the surface plasmon resonance is extremely
sensitive to the dielectric environment of the particle; as such, its position and relative
intensity can vary greatly with the ligand chemistry and solvent. A simple and thorough
characterization of citrate coated Au nanospheres was conducted by Haiss et al. [181],
* Portions of this chapter previously appeared as: Gagner JE, Lopez MD, Dordick JS, Siegel
RW. Effect of gold nanoparticle morphology on adsorbed protein structure and function. Biomaterials. 2011;32(29):7241-52.
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in which the relationship between the nanoparticle SPR, diameter and molar extinction
coefficient was calculated from theory and matched with experiment. However, initial experiments found that these calculations were not always a good predictor of nanoparticle
size, in particular with CTAB-coated nanoparticles. Calculating the size and concentration for gold nanorods from a molar extinction coefficient, including a variety of different
capping ligands, becomes even more complex, as such calculations are hampered by sample polydispersity and batch-to-batch variation. As a result, all nanoparticle dimensions
and concentrations in this study were determined using size distributions from TEM and
SEM micrographs and ICP-MS results.
Gold nanospheres, initially stabilized by CTAB (Fig. 4.1A), were found to be 10 ±
1 nm in diameter after ligand exchange to MHDA (Fig. 4.1B). High resolution TEM micrographs indicate that the spherical particles had a multiply twinned structure, [61, 182]
which is expected in a small, strained particle for the synthetic methods under investigation (Fig. 4.1C). The exchange process was monitored using UV-Vis spectroscopy, with a
slight red shift from the CTAB-AuNS (λSPR = 519 nm) to the MHDA-AuNS (λSPR = 523
nm) (Fig. 4.1D). However, the size distribution remained narrow, with 86% of the AuNS
falling within the narrow range of 9-11 nm in diameter (Fig. 4.1E).
Gold nanorods were similarly analyzed and found to possess dimensions (10 ± 2)
x (36 ± 9) nm from TEM micrographs after ligand exchange (Fig. 4.2A,B). SEM micrographs suggest a slightly flattened-end structure (Fig. 4.2C), though for the purposes
of this study the volume of the particle was approximated as a cylinder with hemispherical caps at each end. Higher resolution analysis indicated the particles were generally
single crystal with {100} facets on the sidewalls. Using this synthetic method, it is expected that the nanorods would have either primarily {100} side facets or a mixture of
{100}/{110} side facets (Fig. 4.2D,E) [183, 59]. Stability was monitored throughout the
ligand exchange process using absorbance measurements and monitoring the transverse
and longitudinal surface plasmon bands of the AuNR. The transverse band, which corresponds to the AuNR diameter, only exhibited a slight shift from 525 nm to 530 nm. The
longitudinal band, which is dependent upon the nanoparticle aspect ratio and length, exhibited no red shift, remaining at 765 nm. A slight peak widening for the MHDA-stabilized
sample indicates that the exchange process may slightly affect the polydispersity of the
sample. However, TEM micrographs indicated the nanorods were still well dispersed in
phosphate buffer at pH 7.4 (Fig. 4.2B) and the SPR remained unchanged for at least two
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Figure 4.1: Characterization of gold nanospheres (AuNS). Representative bright field TEM images of (A) CTAB-AuNS and (B) MHDA-AuNS. (C) High resolution TEM image of an MHDAstabilized AuNS reveals its penta-twinned structure. (D) SPR peaks of (—) CTAB-AuNS and (—)
MHDA-AuNS, with ∆SPR = 4 nm. (E) Size distribution for AuNS, with an average of 10 ± 1 nm.

weeks after ligand exchange (Fig. 4.2F). The relative size distribution for MHDA-AuNR
is quite narrow, with 80% of particles having a diameter between 9-11 nm and 65% having
lengths in the range of 30-40 nm (Fig. 4.2G).
Analysis of nanoparticle surface chemistry using XPS indicated that CTAB was
completely replaced through the ligand exchange method by monitoring the nitrogen peak
associated with the CTAB ligand. The presence of MHDA was confirmed through the
presence of sulfur in the exchanged samples, however it was present primarily in an oxidized
form. It has been previously shown that the sample preparation process causes oxidation
of the attached ligands, making it very difficult to quantify the Au-S bond through XPS
on nanoparticle samples (Fig. 4.3) [51].
Transmission electron microscopy analysis of gold nanocubes (Fig. 4.4) and nanooc-
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Figure 4.2: Characterization of gold nanorods (AuNR). Representative bright-field TEM images of
(A) CTAB-AuNR and (B) MHDA-AuNR. (C) SEM image of MHDA-AuNR. (D) HRTEM image
of MHDA-AuNR, with corresponding electron diffraction pattern (E) identifying the side facet as
the <100> zone axis and an exposed {100} face. (F) SPR peaks of (—) CTAB-AuNR and (—)
MHDA-AuNR, with some peak widening indicating a change in the particle distribution. (E) Size
distribution for MHDA-AuNR, with an average of (10 ± 2) x (36 ± 9) nm.
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Figure 4.3: XPS analysis of AuNP samples. (A) Binding energy survey of nanoparticle ligand
chemistry, with (—) CTAB-stabilized particles and (—) MHDA-stabilized particles. The inset,
highlighted in red is (B) an in depth index of the nitrogen 1s peak, which is visible in (C) the
structure of CTAB but is not present in (D) MHDA. Further analysis of the sulfur binding for
MHDA in (E) corresponds to typical sulfur 2p peaks for (—) MHDA alone; when analyzing the
MHDA-AuNP, the sulfur shows a single oxidized peak which is typical of AuNP briefly exposed to
air. It has been found that thiol-stabilized particles quickly oxidize during SEM sample preparation.

tahedra (Fig. 4.5) allowed interrogation of the morphology and facet structure. SEM
images taken before (Fig. 4.4A, 4.5A) and after ligand exchange (Fig. 4.4B, 4.5B) indicate that nanoparticle morphology was unchanged after removal of polyvinylpyrrolidone
(PVP) and replacement with mercaptoundecanoic acid (MUA). The particles were too
thick to allow lattice images to be obtained from TEM interrogation of the nanoparticle
samples (Fig. 4.4C, 4.5C), though electron diffraction (ED) indicated that the particles
were composed of {100} (Fig. 4.4D) and {111} (Fig. 4.5D) facets, respectively. Monitoring the surface plasmon resonance of the particles during the ligand exchange process
revealed on red-shift in SPR peak, which was at 563 nm for AuNC (Fig. 4.4E) and 583
nm for AuNO (Fig. 4.5E). Some evident peak broadening probably corresponds to a slight
rounding of the nanoparticle vertices during the ligand exchange process, as the surface
plasmon resonance is very sensitive to the relative sharpness of the corners in anisotropic
particles. A combination of TEM and SEM images were used to determine the nanoparticle morphology and size distribution. Though in some cases it was difficult to determine
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the nanoparticle morphology from the TEM bright field images, which show a projection
of the nanoparticle, relatively good agreement was found between TEM and SEM images
analyzed with ImageJ. Gold nanocubes were found to be 85 ± 15 nm on each side (Fig.
4.4F). Nanooctahedra dimensions were more difficult to obtain from TEM images, however
it was found that the size distribution calculated from TEM micrographs indicated that
nanooctahedra edges were 57 ± 10 nm, and the calculated distribution from SEM images
found the average side to be 60 ± 18 nm (Fig. 4.5F). The size distribution determined
from the SEM images was used to calculate the nanoparticle concentration, using the
standard equations for the volume of a cube and an octahedra. The mass distribution of
particles was then scaled up to meet ICP-MS results in order to obtain the most accurate
concentration measurement possible.
Determining the surface area of the nanocubes and nanooctahedra was slightly more
difficult, as inspection of the micrographs indicates that the particles are not perfect
cubes and octahedra, instead possessing rounded corners and edges which change the
calculated surface area of the particle. Furthermore, these rounded edges and vertices
possess different atomic topography from the relatively flat, well-defined side facets of
the AuNC and AuNO. The radius of curvature for the corners of both nanocubes and
nanooctahedra was found using curve fitting in ImageJ with both SEM and TEM images.
It was found that the average radius of the corner for AuNC is 10 nm, and the average
radius of curvature for the vertices on AuNO is estimated to be ∼18 nm. In order to
determine the relative surface area contributions from the vertices, edges, and sides of the
particles, two equations were developed which take into account the approximate surface
area associated with each feature:
1
1
SAAuNC = 8 × (4πr2 ) + 12 × (2πr · (a − 2r)) + 6 × (a − 2r)2
8
4

(4.1)

and
SAAuNO

√
1
109.5
3
2
= 6 × (4πr ) + 12 ×
(2πr · (a − 2r)) + 8 × (
(a − 2r)2 ).
8
360
4

(4.2)

For both equations, the first term is related to area associated with vertices, the
second term with area associated with the edges, and the final term corresponds to area
associated with the nanoparticle side. The determined nanoparticle edge length is given
by a and the radius of curvature indicated by r. It was determined that for a cube, the
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Figure 4.4: Characterization of gold nanocubes (AuNC). Representative SEM images of (A) PVPAuNC and (B) MUA-AuNC. (C) Representative bright field TEM image of MUA-AuNC with
higher magnification inset. (D) Electron diffraction pattern identifying the side facet as the <001>
zone axis and an exposed (100) face. (E) SPR peaks of (—) PVP-AuNC and (—) MUA-AuNC,
with some peak widening indicating a slight change in the particle distribution; however no red
shift was evident from the λSPR = 560 nm. (F) Size distribution for MUA-AuNC, with an average
of 85 ± 15 nm.
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Figure 4.5: Characterization of gold nanooctahedra (AuNO). Representative SEM images of (A)
PVP-AuNO and (B) MUA-AuNO. (C) Representative bright field TEM image of MUA-AuNO
with higher magnification inset. (D) Electron diffraction pattern identifying the side facet as the
<111> zone axis and an exposed (111) face. (E) SPR peaks of (—) PVP-AuNO and (—) MUAAuNO, with peak widening indicating a slight change in the particle distribution or sharpness
of of the particle corners; however no red shift was evident from the λSPR = 583 nm. (F) Size
distribution for MUA-AuNO, with an average of 60 ± 18 nm.
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Figure 4.6: Relative contributions to total surface area for () AuNO and () AuNC. Solid lines
correspond to surface area associated with corners, (+) to edges, and (4) to nanoparticle sides.
Highlighted areas correspond to approximately 1 standard deviation from the mean.

contribution of the corners would be 1/8 of a sphere, and the contribution of an edge
would be 1/4 of the surface area of a cylinder. A similar determination was made for
AuNO, where again the edges were assumed to be a cylinder and the area of the exposed
cylinder was assumed to be proportional to the dihedral angle of an octahedron (109.5◦ ).
In order to determine how the ratio of surface areas associated with each feature (edges,
corners, and sides) changes with nanoparticle size, a range of nanoparticle sizes were
considered (Fig. 4.6). The amount of surface area attributed to the vertices is quite small
for both AuNO and AuNC; however, there is a considerable difference between the surface
area ratios of sides and edges. AuNC have approximately 30% of their total surface area
associated with the corners and greater than 60% associated with the side {100} facets.
For AuNO, the trend is reversed, with ∼30% of the total surface area associated with the
side {111} facets and slightly less than 60% of the total surface area associated with the
nanoparticle edges.
The XRD data of bulk, single crystal gold exhibits a typical diffraction pattern of a
face-centered cubic lattice, with peaks evident for {111}, {200}, and {220}, with relative
intensities of 1:0.5:0.3, respectively, cited from the Joint Committee on Powder Diffraction
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Figure 4.7: XRD characterization of the nanooctahedra (—) and nanocubes (—). Octahedra exhibit a peak characteristic of FCC Au{111} planes at 38.14◦ 2Θ, and the cubes show a characteristic
Au{200} peak at 44.3◦ 2Θ.

Standards (JCPDS) database. XRD analysis of final nanocube and nanooctahedra samples indicated a predominance of {100} and {111} facets, respectively (Fig. 4.8). Gold
octahedra tend to preferentially orient along the {111} planes parallel to the substrate,
with a single peak at 38.14◦ 2Θ. Gold nanocubes orient along the {100} planes, exhibiting
a single, high intensity peak for the {200} planes at 44.3◦ 2Θ. The XRD patterns confirm
the shape uniformity of each sample.
Interesting, nanoparticle samples with concentrations of Ag+ between 2-5 mM were
found to yield intermediate structures, in some cases with pronounced ledge and facet
formation (Fig. 4.8).
It has been shown that the silver-to-gold ratio in the reaction determines the relative
growth rate of {100} planes as compared to {111}, controlling the final morphology of the
gold crystals [63, 184]. With the first addition of Au to the pentanediol (PD) reaction
solution, small seeds are formed which then grow to a specific morphology dictated by
the Ag concentration. In addition, PVP is known to adsorb on specific surface facets to
guide crystal morphology. However, it is likely that the PVP is primarily binding to the
Ag species adsorbed on the surface of the gold and helping to stabilize the particle in that
way; particles formed in the presence of PVP without silver are not stable [63]. Increasing
the amount of PVP resulted in slightly smaller particles. It is speculated that each PVP
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Figure 4.8: SEM images of Au-Ag nanoparticles with varying ratios of Au:Ag. (A) Truncated octahedral (1/500 equivalents); (B) cuboctahedra (1/400) and (C) ledge-like facets of higher polygons
with a higher silver addition (1/60).

monomer binds specifically to Ag atoms decorating the particle surface, such that the
replacement process requires extensive washing and repeated application of the thiolated
ligand to drive the exchange. Final analysis with XPS (Fig. 4.9) indicated that the PVP
was completely replaced by monitoring the intensity of the N1s peak, which decreased
with subsequent washing steps. An increase in the S2p3/2 peak was visible throughout
the exchange, but difficult to monitor due to the nature of the gold-thiol bond.
After the exchange, nanocube and nanooctahedron concentration was determine
using the size distribution and ICP-MS values, again obtained by determining a mass
distribution from the size distribution and scaling up to match ICP-MS concentrations.
Nanoparticle concentrations were determined for six MUA-AuNC and MUA-AuNO samples, and they were found to vary by <10% between samples. The average concentration
was taken from these and used in subsequent measurements (Table 4.1). All of the above
parameters were then considered when investigating protein adsorption.

4.3

Conclusions
Nanoparticle synthetic methods have developed dramatically in the past two decades.

A deeper understanding of how nanoparticles form, in addition to new characterization
techniques, have allowed an unprecedented level of control over nanoparticle size, morphology and structure [10]. These characteristics, along with nanoparticle surface chemistry,
have been shown to dramatically impact both nanoparticle material properties and how
the nanoparticle interacts with its environment. These characteristics are often related
and it is sometimes difficult to separate out how one variable, such as size, can be sepa-
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Figure 4.9: Representative X-ray photoelectron spectroscopy data for the PVP ligand exchange
process on AuNP. (A) Survey of the two samples indicates the dominant presence of oxygen,
nitrogen, carbon, and gold in the PVP-AuNP samples, while MUA-AuNP samples contain oxygen,
carbon, sulfur and gold. (B) Comparison of the N1s peak and (C) S2P3/2 sulfur peak for (—)
PVP-AuNP and (—) MUA-AuNP. (D) Chemical structure of PVP and (E) MUA.

Table 4.1: Nanoparticle dimensions, concentrations and SPR peaks for gold nanospheres, nanorods,
nanooctahedra and nanocubes.
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rated from another, such as curvature. Therefore, these characteristics must be accurately
quantified in order to understand how each individual aspect affects both the nanoparticle
properties and surroundings.
In this work, gold nanoparticles with spherical, rod, octahedral and cuboidal morphologies were synthesized. Every effort was made to characterize the nanoparticles thoroughly in terms of their size, morphology, crystal structure and surface chemistry. With
this foundation, the effect of nanoparticle properties, in particular morphology, on protein
adsorption and function will be investigated.

CHAPTER 5
Protein-Nanoparticle Interactions
5.1

Protein Interactions with Gold Nanospheres
and Gold Nanorods

5.1.1

Introduction
Extensive work within our own group[117, 185, 19] at RPI has clearly indicated

the effect of nanoscale curvature on adsorbed protein structure and function. However,
nanoparticles with controlled morphologies present an opportunity to vary the curvature in
a manner independent of the nanoparticle size. Gold nanospheres and nanorods present
an opportunity to investigate and compare surfaces with similar dimensions but very
different curvatures, particularly along the cylindrical axis of the nanorod. Furthermore,
both nanoparticles possess properties of interest to the biomedical community, motivating
the study of protein adsorption on these specific morphologies.

5.1.2

Results
To explore the effect of nanoparticle morphology on adsorbed protein structure, gold

was chosen as a relatively bioinert material with many synthetic techniques available to
produce high yield nanoparticle samples with narrow size distributions [62, 32]. Nanorods
present an interesting departure from the investigation of spherical AuNP due to their
high aspect ratio and the relatively flat surface along the cylindrical axis. Furthermore,
by ensuring that the diameter of the AuNS and the transverse diameter of the AuNR were
similar, it was possible to compare the protein-nanoparticle interaction on the AuNR tips
to protein-AuNS conjugates. Two enzymes, Lyz and ChT, were chosen for adsorption
studies due to their well known structures [177, 178], similarity in size, ease of enzymatic
assay, and previous characterization in spherical NP systems [19, 104]. After adsorption,
the conjugate microstructure, protein structure, and enzymatic activity were investigated
to assess how particle morphology affects adsorbed proteins.
* Portions of this chapter previously appeared as: Gagner JE, Lopez MD, Dordick JS, Siegel
RW. Effect of gold nanoparticle morphology on adsorbed protein structure and function. Biomaterials. 2011;32(29):7241-52.
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Figure 5.1: Langmuir pseudo-isotherm adsorption curves for (A) Lyz and (B) ChT conjugates
adsorbed on () AuNR and (•) AuNS, with solid lines indicating the nonlinear regression fit
of the Langmuir equation (Eq. (3.6)). R2 values correspond to each fit. Dotted lines indicate
estimated surface coverage at that loading.

5.1.2.1

Adsorption Isotherms

Following thorough AuNP characterization, protein samples were prepared for adsorption onto the nanoparticles. Lyz and ChT are similar in molecular weight and dimensions; thus, differences in the isoelectric point (pI) and secondary structure likely impact
their interaction with NP, and hence their structure and function upon adsorption. The
proteins were physically adsorbed onto the particle surface, depending primarily on electrostatic interactions between positively charged Lyz (pI = 11) and ChT (pI = 8.75) and
the negatively charged organic acid-functionalized particle (pKa ∼ 4.8), at pH 7.0. To
monitor protein adsorption over a wide range of concentrations, proteins were conjugated
with a fluorescent molecular dye and a standard curve was used to determine the amount
of free protein remaining in the supernatant after several washes by centrifugation (Fig.
5.1). Curves were fit to a classical Langmuir isotherm (Eq. (3.6)) to determine the number
of proteins adsorbed per particle at saturation and the apparent dissociation constants for
each protein-AuNP conjugate (Table 5.1).
The number of Lyz or ChT molecules adsorbed onto AuNS is comparable, but an
order of magnitude lower than the number of protein molecules adsorbed onto AuNR.
Substantial differences in the amount of protein adsorbed may be expected due to the re-
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Table 5.1: Non-linear regression Langmuir pseudo-isotherm parameters for the four different conjugate pairs.

spective surface areas of AuNS and AuNR; individual AuNP surface areas were calculated
to be approximately 530 nm2 for AuNS and 1550 nm2 for AuNR, including an estimated
1.2 nm MHDA ligand length, for AuNP with the average dimensions (Chapter 4, Table
4.1). Conservative estimates of particle surface coverage were determined by a method
similar to one previously used by Lindman et al. [110]. The radius of gyration was used to
determine the cross-sectional area of an individual protein, and then the available surface
area on the particle was estimated by determining the total surface area at one protein
radius-length away from the NP surface. Established radii of gyration for ChT and Lyz
are 1.63 nm [177] and 1.5 nm [178], respectively.
Lyz and ChT adsorbed onto AuNS saturate at relatively low surface coverage, 30%
for Lyz and 20% for ChT-AuNS. The highly curved AuNS surface potentially limits the
number of proteins that may be adsorbed due to steric hindrance. Lyz had a slightly lower
apparent dissociation constant for the AuNS surface than ChT (Table 5.1), which may be
expected due to stronger electrostatic interactions between the positively charged, higher
pI Lyz and the negatively charged particles at pH 7.4. Conversely, adsorption to AuNR
resulted in nearly full monolayer coverage in the case of Lyz-AuNR. The higher surface
coverage on AuNR indicates that at saturation, the surface density of Lyz molecules
adsorbed on AuNR is three times greater than when saturation is reached on AuNS.
In the case of ChT-AuNR, protein molecules adsorb well beyond monolayer coverage, indicating that multiple protein layers form on the AuNR surface. This is consistent
with the much higher apparent dissociation constant found for ChT-AuNR (Table 5.1),
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which may be attributed to a combination of relatively strong protein-surface interactions
and substantially weaker protein-protein interactions, with the latter clearly dominating.
Further examination of the ChT-AuNR isotherm reveals a small step at the lower concentrations, which may indicate a saturation value slightly lower than the expected monolayer
coverage of AuNR. This is considered further in Section 5.1.3. However, the maximum
loading of ChT on AuNR is much higher than ChT-AuNS, consistent with the pattern of
loading of Lyz conjugates. Increased adsorption on AuNR is undoubtedly facilitated by
the relatively flat cylindrical axial surface, though the resulting changes in structure and
function appear to be protein-specific.

5.1.2.2

Protein-Nanoparticle Conjugate Characterization

Subsequent investigation of the conjugates revealed the extent of the protein-specific
differences. Conjugate stability was monitored through absorption measurements of the
particle SPR, a parameter determined by coherent oscillation of conduction electrons in
the AuNP surface that are exquisitely sensitive to their local dielectric environment [36].
Absorption spectra for Lyz-AuNP conjugates showed that the SPR peak underwent red
shifts of 45 nm and 118 nm for Lyz-AuNS and Lyz-AuNR, respectively, accompanied by a
decrease in intensity, indicative of significant aggregation (Fig. 5.2A, 5.2B). Indeed, visual
inspection of the Lyz-AuNP conjugate solutions revealed precipitated aggregates 2-3 h
after protein adsorption. Conversely, ChT-AuNP conjugates appeared to be stable for at
least four days after adsorption, with only a 4 nm redshift for ChT-AuNS and a 21 nm
redshift for ChT-AuNR SPR spectra (Figure 5.2A, 5.2B).
Recently, a method for calculating changes in interparticle spacing according to
wavelength shifts of SPR has been developed for both nanospheres [87] and nanorods
[89]. Using this method, ChT-AuNP particles were determined to maintain interparticle
distances of ∼17 nm for both AuNS and AuNR morphologies, which allows ample space for
an adsorbed protein layer and distinct particle separation. The model cannot be applied
to aggregated systems, and in order to further investigate the nature of the Lyz-AuNP
conjugates, confocal microscopy was used. Aggregates 2-10 µm in size were observed
in the case of both Lyz-AuNS and Lyz-AuNR 3 h after protein adsorption (Fig. 5.3),
indicating that the particles likely saturate with protein before aggregates begin to form.
Aggregates were not observed in the ChT samples until the fourth day of incubation, and
the few aggregates observed remained small and discrete, another indication of the relative
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Figure 5.2: Absorbance spectra of surface plasmon resonance for (A) AuNS conjugates. ChTAuNS (- - -) conjugates exhibited a red-shift of 4 nm compared to the original AuNS SPR, while
Lyz-AuNS (—) conjugates exhibited a red-shift of 45 nm, indicating that Lyz-AuNS conjugates
were unstable. (B) ChT-AuNR conjugates (- - -) exhibited no shift in the transverse band and a 21
nm shift in the longitudinal band. Lyz-AuNR (—) show dramatic shifts in both peaks, indicating
widespread aggregation throughout the system. Intensities were normalized to AuNP peaks (—).

stability of the ChT-AuNP conjugates.
To investigate the origin of such dramatic differences in colloidal stability between
the two protein conjugates, more detailed analysis of the secondary structure of adsorbed
Lyz and ChT was undertaken using far UV-CD spectroscopy (Fig. 5.4). Conjugate spectra
were compared with that of free protein. Protein α-helix content, particularly important
in the case of Lyz [186], was monitored through changes in ellipticity at 222 nm. LyzAuNS showed an 11% decrease and Lyz-AuNR a 15% decrease in ellipticity at 222 nm,
indicating a slight loss of α-helical content (Fig. 5.4A). We hypothesize that strong proteinsurface interactions cause changes in the secondary structure of Lyz, slightly exposing the
hydrophobic core of the protein. After adsorption has taken place, strong hydrophobic
interactions between the slightly denatured adsorbed Lyz molecules cause the Lyz-AuNP
conjugates to aggregate, eventually leading to precipitation.
Activity measurements of the protein conjugates at different surface coverage were
then performed (Fig. 5.5). Lyz retained only 30% of its native activity at all surface
coverages on AuNS, indicating that the changes in protein structure may affect the active
site of the protein, which is consistent with changes in protein structure as reflected in
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Figure 5.3: Dark field confocal microscopy image of (A) Lyz-AuNS aggregate 3 h after saturation;
(B) ChT-AuNS aggregate 4 days after saturation. Insets: bright field images.

the CD spectra and initial aggregation. ChT-AuNS retained 60% of its native activity
at low surface coverages, in good agreement with previous literature values [105]. At
the highest surface coverage, activity dropped to 40%, perhaps due to steric hindrance
and crowding on the AuNP surface. Lyz-AuNR conjugates exhibited even less activity
than Lyz-AuNS conjugates, exhibiting less than 10% activity at all surface coverages. In
contrast, at low surface coverage, ChT-AuNR conjugates exhibited similar activity to the
ChT-AuNS conjugates; however, as the surface coverage approached a monolayer, the
conjugates showed a dramatic 86% drop in activity. As adsorption continues and multiple
layers are formed on the AuNR surface, the specific activity increased to 45-50% of that of
the free ChT. In all cases, the slightly lower activity observed for AuNR conjugates may
indicate that AuNR morphology may have an adverse effect on the activity of adsorbed
enzymes.

5.1.3

Discussion
Numerous biomedical applications exploit the unique properties of AuNP; in light

of this strong interest, elaborating AuNP-protein interactions are essential. Moreover,
significant structural differences between AuNS and AuNR morphologies [182, 60] facilitate
the investigation of how specific nanoparticle properties, such as curvature and crystal
structure, affect protein adsorption. Additionally, structural differences between proteins
such as size, charge distribution, and chemistry must be considered, as they determine
adsorbed protein conformation. In turn, the combination of these parameters controls the
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Figure 5.4: Circular dichroism spectra at saturation for (A) Lyz conjugates, where (- - -) LyzAuNS exhibited an 11% increase and (—) Lyz-AuNR exhibited a 15% increase in ellipticity at
222 nm compared to (—) Native Lyz. (B) ChT conjugates, where (- - -) ChT-AuNS showed no
change and (—) ChT-AuNR exhibited a 10% decrease in ellipticity at 230 nm compared to (—)
Native ChT. (C) Further investigation of changes in secondary structure at different estimated
surface coverages for ChT-AuNR conjugates; at low surface coverages (50%, - - -) there was a 15%
decrease in secondary structure, followed by a decrease of almost 40% at 120% surface coverage
(· · ·); as the surface coverage increased beyond a monolayer, secondary structure was regained with
a loss of only 19% at 150% surface coverage (×) and back to 15% at ∼200% coverage (—).

78

Figure 5.5: Relative specific activity for (A) AuNS conjugates and (B) AuNR conjugates, with
() Lyz and () ChT at different estimated surface coverages. Enzymatic activity for Lyz-AuNP
conjugates were assayed with M. lysodeikticus and with Suc-AAPF-pNA for ChT-AuNP conjugates.

composition and structure of the protein corona that forms on the nanoparticle surface
and modulates interactions with biological environments [187, 188].
An often overlooked component of the protein-AuNP interface is the actual faceted
structure of the AuNP surface. Using wet chemical synthetic methods, the exposed facets
of a nanoparticle are formed according to Wulff energy principles, with the addition of
ligands that modify facet surface energies and control the morphology of each nanoparticle
[47]. Well-formed AuNS are composed of Au(111) facets [10]. In this study, a synthetic
method was used to form AuNR with aspect ratios < 5, which is well known to produce
single crystal AuNRs with Au(100) facets on the rod tips and Au(110) facets on the
cylindrical rod side-walls. These facets have very different surface energies (γ), with
γAu(111)<γAu(100)<γAu(110). The AuNRs possess two dimensions, and two average
curvatures: one defined by the circumference of the rod, and then a relatively flat surface
along the AuNR cylindrical axis. For small proteins whose dimensions do not span the
diameter of the AuNR, the side facets may even be considered a flat surface. Furthermore,
even though the AuNP are stabilized by coordinating ligands, it is hypothesized that
proteins may interact with the bare Au surface [107], in which case the surface energy (and
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hence, atomic structure) of the facet itself may exert an influence on protein adsorption
and subsequent changes in protein structure.
In the case of Lyz and ChT, protein molecules adsorbed with a higher surface density on AuNR than AuNS, when normalized by AuNP surface area. Due to the similarity
between the diameters of the AuNS and AuNR, differences in the packing density likely
stem from the AuNR cylindrical axial surface. Increased lateral interactions on the relatively flat cylindrical surface may facilitate a higher packing density of proteins adsorbed
on AuNRs when compared to AuNS. Cedervall et al. [101] hypothesized that a high degree of curvature may interfere with efficient close packing on the surface of hydrophobic
NPs, and this is consistent with Asuri et al. [117], where enzyme stability on hydrophobic
carbon nanotubes was found to be higher than on flat highly-oriented pyrrolytic graphite,
and hence increased stability was a result of increased surface curvature. Further studies
found that high curvature may prevent protein-protein interactions that allow high density packing on the nanoparticle surface [110]. In the case of AuNP, we have shown that
individual proteins are influenced by particle morphology in different ways. While both
Lyz and ChT saturated on AuNR at a higher surface coverage than on AuNS, specific interactions with the chemistry and topography of the AuNR surface affected the structure
of the adsorbed protein and the nature of the protein-particle conjugate.
In the case of Lyz conjugates, it appears that the protein-surface interactions are sufficiently strong to change the protein structure and cause aggregation. Increased interaction between positively charged surface residues and the negatively charged MHDA-AuNP
surface could facilitate changes in Lyz secondary structure [107, 189]. In a previous study,
Lyz adsorbed onto much larger spherical AuNP were found to be unstable, with widespread
aggregation caused by loss of structure due to interactions between Lyzs internal disulfide
bonds and the AuNP surface [35]. Changes in conformation upon adsorption may expose
part of the proteins hydrophobic core, allowing the formation of strong hydrophobic interactions between Lyz-AuNP conjugates and cause aggregation. Destabilization of the
conjugates appears to take place regardless of protein surface coverage on the particle,
indicating that protein-surface interactions are the primary cause of changes in Lyz conformation, a conclusion supported by the relatively low apparent dissociation constant for
both AuNS and AuNR conjugates. Furthermore, as higher surface loading increases, Lyz
conjugates retain slightly more activity, potentially due to less protein-surface interactions
as the surface becomes more crowded [190].
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However, Lyz adsorbed to AuNR exhibited a greater loss in secondary structure
than Lyz-AuNS conjugates, which may be influenced by slightly different interactions of
Lyz with the underlying Au(110) crystal facets along the sides of AuNR. Furthermore,
the protein appears to saturate at ∼80% surface coverage; however, this assumes that the
protein is evenly distributed over the surface of the AuNR. Structural similarities such
as crystal faceting, ligand density and average curvature between the AuNR tip and a
AuNS suggest that protein adsorption on both structures may be similar. If, for example,
Lyz adsorbed to the tips of the AuNR with the same surface density as on a AuNS (30%
surface coverage), then the remaining Lyz molecules would adsorb on the side-wall of
the AuNR with slightly greater than 100% surface coverage. This strongly suggests that
proteins may adsorb at a higher density along the cylindrical axis of the AuNR, creating a
tightly packed protein layer; indeed, differences between the Au(100) and Au(110) facets
may also influence the amount and structure of protein adsorbed.
Analysis of ChT-AuNP conjugates indicates that protein characteristics play an
important role in determining colloidal stability. Upon adsorption onto AuNS, ChT retains most of its activity and is not structurally perturbed, indicating that protein-surface
interactions do not dramatically affect the protein. This may be due to the relatively
small electrostatic potential difference between ChT and the particle surface. When ChT
is adsorbed on AuNR at low surface coverages, it retains substantial enzymatic activity;
however, some loss in secondary structure is evident, probably due to increased proteinsurface interactions along the lower-curvature cylindrical AuNR axis. Indeed, at higher
surface coverages, a dramatic loss of secondary structure is observed, indicating that the
combination of protein-surface and protein-protein interactions along the tightly packed
cylindrical axis leads to changes in ChT conformation and subsequent loss of activity on
the AuNR. However, changes in ChT structure may facilitate the formation of additional
layers on the nanorod surface, leading to a higher dissociation constant, which reflects
both relatively strong protein-surface and relatively weak protein-protein interactions.
In order to determine the monolayer coverage of ChT-AuNR conjugates, further investigation of the ChT-AuNR isotherm was undertaken. Though the Langmuir isotherm
is often used to fit protein adsorption data, several constraints make it rather unsuited for
this application. The model assumes that the adsorption is entirely reversible and that
the protein does not change conformation upon adsorption [175]. In particular, the Langmuir isotherm assumes sub-monolayer coverage with no interactions between the adsorbed
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molecules, which quite evidently is not the case in the ChT-AuNR system. Another model,
the Freundlich isotherm [191], assumes a heterogeneous surface and relates the adsorbed
concentration as a power function of the solution concentration. A combination of the
Langmuir-Freundlich isotherms (Eq. (5.1)) may be considered in such a system, where a
linear region of adsorption turns into saturation at higher concentrations [192], as given
by:

q=

n
qm(LF ) × Ceq
.
n
Kdapp + Ceq

(5.1)

Similar to the Langmuir equation, qm(LF ) is the maximum binding capacity, Kdapp
is the apparent dissociation constant, and Ceq is the equilibrium protein concentration;
in this model, n is the Langmuir-Freundlich coefficient, which is suggestive of binding
cooperativity. When n = 1, all sites are homogenous and Eq. (5.1) reduces to the Langmuir
isotherm; when 0 < n < 1, negative cooperativity is assumed, and when n > 1, positive
cooperativity is suggested [176]. A fit to the ChT-AuNR system using Eq. (5.1) (Fig.
5.6A) yielded a maximum binding of 406 ± 9 ChT molecules per particle, with an apparent
dissociation constant of 5.37 ± 0.6 µM, only slightly higher than that of the classical
Langmuir fit (Table 5.1). The Langmuir-Freundlich coefficient was found to be 1.7, which
indicates that cooperative binding is prevalent in the system, consistent with the theory
of multilayer formation.
Furthermore, at low concentrations, a small step observed in the isotherm may
be attributed to initial protein-surface interactions, as the first layer of protein adsorbs
onto the AuNR surface. By using the Langmuir isotherm (Eq. (3.6)) and considering
adsorbed protein data only at low, sub-monolayer concentrations, an estimated 68 ± 10
ChT molecules are estimated to attach to the surface of AuNR (Fig. 5.6B). Though
coverage is below estimated full surface coverage, the decrease of secondary structure
shown in the CD data may indicate that the ChT has denatured and occupies a larger
area on the AuNR surface. The estimated ChT apparent dissociation constant for the
AuNR surface is 0.34 ± 0.12 µM, indicating that the ChT affinity for the AuNR surface
is slightly lower than for AuNS. In order to better understand the relationship between
the first adsorbed layer and additional ChT multilayers, the isotherm was also fit to a
modified BET model (Eq. (5.2)) at low concentrations [193], which is typically used to
monitor multilayer adsorption:
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Figure 5.6: ChT-AuNR data () fit at (A) all concentrations using the Langmuir-Freundlich
model (Eq. (5.1)), which indicated that at saturation, 406 ± 9 ChT molecules were bound with
a Kdapp of 5.37 µM and a n coefficient of 1.7, indicating cooperative binding. ChT data was fit
separately at low concentrations (B) with the Langmuir isotherm (Eq. (3.6)) (—) and a modified
BET isotherm (—) (Eq. (5.2)). Both indicate that the first layer of ChT contains slightly less
than monolayer coverage, with the Kdapp of the first layer being less than the subsequent layers,
which are dominated by weaker protein-protein interactions.

q = qm

Ks Ceq
).
(1 − Kl Ceq (1 − Kl Ce q + Ks Ceq

(5.2)

This equation has been modified for adsorption from solution onto a solid surface,
with Ks being the apparent affinity constant for the first adsorbed layer and Kl the affinity
constant for all subsequent layers. The BET model assumes that the adsorption constants
for all the subsequent layers are the same; however, this is unrealistic in the ChT-AuNR
system. However, even though the monolayer coverage was found to be 37 ± 6 ChT
molecules, the apparent dissociation constant for the first layer (1/Ks ) was determined
to be 0.15 ± 0.09 µM, the same as that for ChT-AuNS, and the apparent dissociation
constant for all subsequent layers (1/Kl ) was estimated to be 2.1 ± 0.16 µM. Though the
associated monolayer coverage is lower for the BET model when compared to that from
the Langmuir model, it does indicate that the initial protein-surface interaction is stronger
than subsequent protein-protein interactions. Further, when comparing to the LangmuirFreundlich isotherm fit, it would appear that the strength of the protein-protein interaction
decreases further away from the AuNR surface, which leads to eventual saturation and
loosely bound protein that is not significantly structurally perturbed.
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From the foregoing results and discussion, it would appear that protein-nanoparticle
adsorption processes for Lyz and ChT onto AuNS and AuNR may be conveniently separated into three regions: initial binding, which corresponds to protein-surface interactions
(Region I), a transition stage, which is characterized by a combination of protein-surface
and protein-protein interactions (Region II), and a final stage, which is dominated by
protein-protein interactions (Region III).

Figure 5.7: Schematic representation of ChT (•) and Lyz (•) binding to AuNP. In Region I,
both proteins adsorb onto the nanoparticle with very little structural perturbation. In Region II,
protein-surface interactions cause the protein to change conformation, causing a transition stage
that is a mix of protein-surface and protein-protein interactions. In Region III, protein-protein
interactions dominate as multilayers form on the particle surface. ChT-AuNS stay in Region I,
producing stable conjugates with protein that is not structurally perturbed. ChT-AuNR progress
all the way to Region III, with stable conjugates that form multilayers on the nanoparticle surface,
potentially primarily on the sidewalls. Lyz-AuNP conjugates only progress to Region II, where a
mixture of protein-surface and protein-protein interactions cause the conjugates to aggregate.

As depicted in Fig. 5.7, ChT-AuNS conjugates exist in Region I, with ChT structure
unaffected by adsorption and resulting in stable ChT-AuNS conjugates. In contrast, ChTAuNR conjugates progress to Region III, with multilayer formation dominated by protein-

84

protein interactions. If, in a similar manner to Lyz, ChT adsorbs at a higher density on the
side-walls of the AuNR, it may be expected that additional layers of enzyme adsorb along
the cylindrical axial surface of the AuNR. Analysis of ChT conjugates at higher loading
indicates that protein adsorbed in subsequent layers retains the majority of its structure
(Fig. 5.4) and activity (Fig. 5.5). Moreover, the additional layers appear to stabilize the
colloidal conjugates against aggregation, as observed through SPR (Fig. 5.2) and confocal
microscopy (Fig. 5.3). Therefore, a combination of both protein-protein interactions
(high surface loading) and protein-surface interactions is required to destabilize adsorbed
ChT, resulting in weak adsorption of further, stable ChT layers which are not prone to
aggregation. Lyz adsorption proceeds to Region II regardless of AuNP morphology, with
strong Lyz-surface interactions disrupt the structure of Lyz (Fig. 5.4), resulting in a
mix of Lyz-surface and Lyz-Lyz interactions that lead to conjugate aggregation (Fig 5.2,
5.3), likely through strong hydrophobic interactions between structurally perturbed Lyz
adsorbed on AuNP. Therefore, we conclude that the effects of nanoparticle morphology
are primarily protein specific.
It is difficult from these studies of AuNS and AuNR to discern how curvature and
other parameters such as surface energy and crystal-face structure may individually contribute to adsorbed protein binding, structure and function. Many studies have shown
that adsorption on relatively flat surfaces cause greater changes in protein conformation
than adsorption onto highly curved, and hence often faceted, surfaces. On AuNRs, the relatively flat cylindrical axial surface is actually composed of higher energy Au(110) crystal
facets, which may also promote greater changes in adsorbed protein structure than lower
energy Au(111)/Au(100) facets on AuNS or AuNR ends. Further careful work in this
area, as presented in Section 5.2 is required to help deconvolute the effects of nanoparticle
curvature and actual crystal structure.

5.1.4

Summary
We have demonstrated that protein adsorption is affected by AuNP morphology,

though the extent of the effect is protein specific. Under saturating conditions, both Lyz
and ChT adsorbed to AuNS with relatively low surface coverage, potentially due to steric
hindrance on the highly curved surface. The AuNR morphology affected Lyz and ChT
adsorption differently, with Lyz forming a dense protein layer on the surface of the AuNR.
However, in the case of Lyz, adsorption resulted in conformational changes that led to con-
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jugate aggregation. ChT, which may have a lower apparent affinity for the AuNR surface
than Lyz, retained most of its structure and activity at low surface coverage. However,
as loading approached 100%, the combination of protein-surface and protein-protein interactions resulted in deactivation and structural perturbation of the first adsorbed ChT
layer. Subsequent layers of ChT that adsorbed on the AuNP surface experienced weak
protein-protein interactions, which did not cause changes in conformation and resulted
in a conjugate higher specific activity. Therefore, only a combination of protein-surface
and protein-protein interactions cause changes in ChT conformation, which then “seed”
further protein adsorption.
This work highlights the role of both NP morphology and protein characteristics
in determining the final form of a nanobioconjugate; however, further studies of how
fundamental aspects of nanoparticle structure affect adsorbed proteins are required. In
particular, the effect of nanoparticle atomic topography on ligand structure and chemistry,
and how the resultant interfacial energy of the nanomaterial effects the formation of the
protein corona may be of great interest to the scientific community. Elucidation of how
differences in nanoparticle morphology affect adsorbed proteins is an initial step in understanding the nanoscale structure-property relationships that affect protein adsorption.
As an additional step in this direction, we have also studied protein adsorption on gold
cubes and octahedra, nanoparticles with defined crystal structures, in this thesis.
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5.2

Protein Interactions with Gold Nanocubes
and Gold Nanooctahedra

5.2.1

Introduction
Nanoparticles are often considered as spheres or another idealized shape, however

they are actually nanocrystals with complex facet and defect structures [194, 195, 10].The
nanoparticle surface may be unstable due to large surface curvature and high surface
energy as a result of a large fraction of edge and corner regions. This potentially unstable
surface is usually coated by a chemisorbed ligand, the structure and density of the layer
depending upon characteristics such as on the nanoparticle atomic structure, the inherent
surface curvature, and the chemical nature of the ligand [53, 72]. Often nanoparticle
properties are interrelated such that it is difficult to deconvolute the effects of crystal
structure, surface curvature, and ligand density.
The previous section (5.1) outlined protein-nanoparticle interactions on gold nanospheres
and nanorods. However, in those two systems it is difficult to differentiate between the
effects of nanoparticle curvature, and other potential surface effects. We have built upon
this initial work with a two new nanoparticle systems, which were thought to possesses
relatively similar curvatures but differ in their surface structures, specifically presenting
Au{111} or Au{100} facets, though the effects of the edges and vertices cannot be ignored, and will be discussed in greater detail. In the following work, we have investigated
the effect of gold nanparticle morphology and crystal structure on the adsorbed proteins
lysozyme (Lyz) and α-chymotrypsin (ChT). Two nanoparticle morphologies were synthesized, gold nanocubes (AuNC) and nanooctahedra (AuNO), each possessing distinct
crystal structures as well as controlled size and surface chemistry. Protein adsorption,
affinity, conformation, and function was characterized using a variety of physical, calorimetric and spectroscopic techniques. The final form of the nanobioconjugate was tested
with dynamic light scattering and enzymatic activity assays. It was found that protein
affinity for the nanoparticle is again affected by the nanoparticle morphology, which may
be correlated to the specific crystal structure and resultant ligand density.
While many studies focus on the promising applications of inorganic nanoparticles,
much remains to be understood about the protein-nanoparticle interface. It is essential
to elucidate how nanoscale characteristics affect the binding and function of adsorbed
proteins, as it is this interaction on which subsequent biological outcomes rely.
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5.2.2

Results
In order to further determine the effect of gold nanoparticle morphology and crys-

tal structure on protein adsorption, two nanoparticle populations were synthesized: gold
nanocubes and gold nanooctahedra. The wet chemical growth method [63] uses a small
amount of Ag+ additive to control growth along specific crystallographic directions, resulting in AuNC with {100} facets and AuNO with {111} facets on the nanoparticle surface.
Nanoparticle faces were considered to be relatively flat, though some consideration of the
edges and vertices of the particle will be examined in the discussion. Two enzymes, Lyz
and ChT, were chosen for the adsorption studies due to their well known structures, previous studies, similarity in size and ease of enzymatic assay. After adsorption, the conjugates
were analyzed to determine changes in protein affinity, conformation and activity, with
correlations to specific nanoparticle properties such as morphology, crystal structure and
ligand density.

5.2.2.1

Adsorption Isotherms by the BCA Assay

Following nanoparticle synthesis and characterization, Lyz and ChT nanobioconjugates were prepared via physical adsorption on the AuNP surface. Previous studies of
Lyz and ChT adsorption onto gold nanoparticles indicate that Lyz has a slightly higher
affinity for the AuNP surface than ChT, potentially due to their isoelectric points, pI =11
and 8.75, respectively [21]. Negatively charged AuNP coated with mercaptoudecanoic
acid (MUA) (pKa ∼ 4.8) were expected to interact with the positive charged proteins
primarily through electrostatic interactions, though some evidence suggests that the gold
surface may interrupt disulfide bonds [35]. Protein adsorption was quantified using a BCA
assay to determine the amount of protein in solution after two rounds of centrifugation.
Adsorption curves were fit with both the classical Langmuir isotherm (Eq. (3.6)) [175] as
well as the Bilangmuir isotherm (Eq. (3.7)) [176] in order to determine the number and
type of binding sites on the particle, as well as apparent dissociation constants for each
conjugate.
Although both the Langmuir and Bilangmuir models produced adequate fits for the
Lyz-AuNC (Fig. 5.8A) conjugates with similar correlation coefficients, the values yielded
by the Langmuir isotherm were the most reasonable based on errors from the fit, with an
estimated 7154 ± 184 proteins per AuNC, with an apparent affinity (Kaapp ) of 1.0x107 M−1
and an estimated theoretical surface coverage of 110%. This contrasts greatly with Lyz
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Figure 5.8: Lysozyme adsorption on (A) nanocubes and (B) nanooctahedra. Each data set was
fit with both (—) Langmuir and (—) Bilangmuir models using non-linear regression methods. R2
values correspond to each fit. Dotted lines indicate estimated surface coverage at that loading.

adsorption on AuNO, which was clearly fit well by the Bilangmuir isotherm (Fig. 5.8B),
indicating that the octahedron possesses two distinct binding sites. The first site adsorbed
app
586 ± 40 proteins with a much higher affinity, Ka1
= 1.3x108 M−1 than the second site,
app
which bound 1357 ± 350 proteins with Ka2
= 2.4x105 M−1 for a total theoretical coverage

of 100% (Table 5.2).
Similar binding trends were seen with ChT-AuNP conjugates. ChT adsorption
on AuNC (Fig. 5.9A) was best fit by the classical Langmuir isotherm, which produced
much less error in each parameter than the Bilangmuir isotherm, with 4149 ± 107 proteins/AuNO, Kaapp = 5.5x106 M−1 and an estimated 75% coverage (Table 5.2). In contrast,
ChT adsorption on AuNO was again fit most correctly by the two-site Bilangmuir isotherm
(Fig. 5.9B), which determined 197 ± 37 ChT molecules in the first site with a higher binding affinity than the second site, which adsorbed 551 ± 209 proteins with an estimated
total surface coverage of 45% (Table 5.2).
These results indicate that both enzymes interact in a similar fashion with the
nanoparticles; adsorption on the nanocube is well represented by the Langmuir model,
and adsorption on the nanooctahedra is better understood through the Bilangmuir model.
However, the number of ChT molecules interacting with the nanoparticle is always less
than the lysozyme conjugates for both nanoparticle morphologies, even though the binding
affinities for both proteins to either AuNC or AuNO are very similar. Interestingly, both
proteins bind to AuNO approximately an order of magnitude more strongly than to AuNC.
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Figure 5.9: α-Chymotrypsin adsorption on (A) nanocubes and (B) nanooctahedra. Each data set
was fit with (—) Langmuir and (—) Bilangmuir models using non-linear regression methods. R2
values correspond to each fit. Dotted lines indicate estimated surface coverage at that loading.

5.2.2.2

Adsorption Isotherms by ITC

In order to gain more insight into the mode of interaction between the protein and
nanoparticles, we performed isothermal titration calorimetry (ITC) experiments. Because
of the relative stability of ChT-AuNP conjugates, these proteins were chosen to conduct
ITC experiments (Fig. 5.10). Small amounts of protein were titrated into either an
AuNC or AuNO solution in order to determine the binding stoichiometry, the apparent
association constants, and the enthalpy of the interaction. In order to obtain sufficient
signal with each injection, the nanoparticle concentration was increased 10-fold over the
adsorption isotherm nanoparticle concentration. It was not possible to reach saturation in
the calorimetry experiments, however reasonable fits were obtained for both ChT-AuNC
and ChT-AuNO conjugates using the two-site model in the ORIGIN software. However,
the binding association parameters are considerably lower for both systems in the ITC
models when comparing corresponding sites. Though the ITC experiments did not reach
saturation, it was found that both experiments were fit with a two-site model. It was
found that 975 ± 36 ChT bound to the first site on AuNC with an apparent affinity of
7.95x105 M−1 , and that 2990 ± 424 bound to the second site with a much lower apparent
affinity of AuNC 4.4x103 M−1 . Similarly, ChT binding on AuNO found 640 ± 21 molecules
in the first site and Kaapp = 3.71x105 M−1 , with the second site much lower with 153 ±
1.0x103 ChT and Kaapp = 1.82x103 M−1 . Because the ITC measurements never reached
saturation, it is difficult to determine with certainty the parameters for the second site.
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The theoretical surface coverages in the ITC experiments are similar to those found by
the isotherm models (Table 5.2).

Figure 5.10: ITC data for (A) ChT-AuNC and (B) ChT-AuNO titrations. Upper panels represent heat effects recorded as a function of time during 80 successive 6 µl injections of 1.2 mM
protein solution into the cell containing (A) 59 nM AuNC or (B) 80 nM AuNO. Insets: Additional
controls measured (a) the heat of 1.2 mM ChT injected into buffer and (b) heat associated with
buffer injected into the particle. Experiments were performed at 5◦ C. Lower panels represent the
dependence of the heat of the protein-nanoparticle interacions as a function of the molar ratio of
protein to nanoparticle. Solid line represents the fit to equation ((3.20)).

Table 5.2: Fit parameters from all conjugate pairs as determined from pseudo-adsorption isotherms and ITC data. Average error from the
Langmuir model for protein interactions with AuNO are (N1 ∼ 7% and K1 is 30%); for AuNC, error is <10%. The Bilangmuir model had an
average error of (N1 = 22%, K1 = 45%, N2 = 30%, K2 = 60%) for interactions with AuNO, whereas error for the Bilangmuir model with AuNC
had errors of > 200% for all parameters. ITC values had errors of <20% for all of the first-site parameters. ITC data for the second site on AuNC
was <15%, for for the second site on AuNO was >50%.
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Figure 5.11: SPR of ChT (—) and Lyz (—) conjugated to (A) AuNO and (B) AuNC. Bare particle
SPR given in (—).

5.2.2.3

Protein-Nanoparticle Conjugate Characterization

To further characterize the stability of the protein-nanoparticle conjuages, we performed absorbance spectroscopy measurements of the surface plasmon resonance (SPR)
of the particle conjugates and compared that with the particle alone. Small changes in
SPR peak position and intensity can be indicative of aggregation or precipitation of the
conjugates. For protein adsorption on AuNO (Fig. 5.11A), it was found that Lyz-AuNO
conjugates were not stable and slowly aggregated and precipitated, resulting in decreased
absorbance. However, ChT-AuNO conjugates were determined to be stable by visible inspection and resulted in a 26% increase in the nanoparticle absorption, with no apparent
red shifting of the SPR peak. A slight but distinguishable increase was also noted for
ChT-AuNC (Fig. 5.11B) conjugates, and again an appreciable decrease (75%) in intensity
was seen for Lyz-AuNC conjugates, which is consistent with the finding that Lyz-AuNP
conjugates are generally unstable in solution. These effects were found to be similar at
all tested surface coverages, indicating that conjugate stability, especially in the case of
lysozyme, is independent of protein-loading.
In order to determine the origin of the increased absorbance for ChT-AuNO, the
conjugate structure was examined and compared with ChT-AuNC using dynamic light
scattering (Fig. 5.12). It was found that for ChT-AuNC conjugates, the diameter or
side-edge length of the AuNC increased by ∼100% upon protein adsorption. This would
potentially indicate an approximately 6-fold increase in conjugate volume, which could
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Figure 5.12: Diameters of () AuNC and () AuNO conjugated with ChT at varying surface
coverage determined by dynamic light scattering.

be explained by 2-4 nanoparticles clumping together, still significantly separated by the
adsorbed protein layer which prevents significant shifting of the SPR. ChT-AuNO conjugates were found to increase in diameter by ∼300%, which would be indicative of a
25-fold increase in conjugate volume. This possible change in protein-nanoparticle conjugate morphology indicates that the ChT conjugates might be prone to a slight amount of
association; the lack of red shifting of the SPR resonance of the particle accompanied by
an increase in intensity has been shown to result from association of 5-10 nanoparticles
[196, 84].
Conformation of the conjugates was also probed using circular dichroism spectroscopy. Far UV-CD spectra for the proteins and conjugated were recorded at room
temperature. Lysozyme concentration was such that both conjugates (AuNO and AuC)
were at approximately 50% surface coverage of the nanoparticle. Significant changes in
Lyz structure were observed (Fig. 5.13A) upon adsorption, with a 22% decrease in ellipticity at 222 nm upon adsorption to AuNO and a 45% decrease upon adsorption to
AuNC. Such drastic changes in protein secondary structure, particularly in the case of
Lyz conjugates, were likely to affect the enzymatic activity of the adsorbed protein. Enzymatic activity assays for Lyz-AuNP conjugates at a variety of surface coverages were
performed (Fig. 5.13B). At low surface coverage (and thus, low protein concentration),
80% of the relative specific activity was lost on AuNC and 40% on AuNO, consistent with
loss of secondary structure observed in the far-UV CD. At higher surface coverages (and
higher protein concentration) there was a trend upwards in the specific activity, possibly
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Figure 5.13: Circular dichroism of (A) Lyz conjugated with AuNC (- - -) and AuNO(—) at
approximately 50% surface coverage; secondary structure was greatly perturbed upon adsorption
to both AuNO and AuNC from native structure (—). (B) Activity of Lyz adsorbed onto ()
AuNO and () AuNC at different estimated surface coverage. Enzymatic activity of Lyz-AuNP
conjugates were assayed with M. lysodeikticus. Dotted lines are to guide the eye.

due to an increase in protein-protein interactions on the “crowded” surface, which may
help stabilize the protein against unfavorable protein-surface interactions. However, at all
estimated surface coverages, relative specific activity remained <50% of the native protein,
due to changes in CD structure and to lysozyme conjugate aggregation, a phenomenon
observed in previous studies.
Initial far-UV CD studies of ChT conjugates at low surface coverage (∼25%) found
that ChT was able to maintain essentially native structure on adsorption to AuNO (Fig.
5.14A). A slightly higher decrease in secondary structure was observed for ChT adsorbed
on AuNC at low surface coverage, ∼30%. Investigations of ChT conjugate activity at
different surface loadings indicated high activity for ChT-AuNO at all surface coverages,
consistent with the far-UV CD data and suggesting that ChT conjugate activity and potentially secondary structure are unperturbed upon adsorption to AuNO, independent of
surface loading. However, significant changes in activity were observed for ChT-AuNC,
highly dependent upon surface loading of the protein (Fig. 5.14B). The activity of the
conjugates started out quite high, ∼80% of native at low surface coverage, but as protein concentration on the surface increased to 30%, relative specific activity decreased to
∼30% of native. However, as protein surface coverage on the AuNC increased, we saw
an increase in activity back to almost 60% of native. In order to determine the origin of
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Figure 5.14: (A)ChT conjugated with AuNC (- - -) and AuNO (—) at ∼25% surface coverage.
Native protein spectra given in black (—). (B) Circular dichroism spectra of ChT-AuNC conjugates
at different estimated surface coverage. At low surface coverage (∼25%), there was an approximate
30% decrease in secondary structure at 230 nm, followed by a decrease of almost 50% at 30-40%
coverage and then a recovery at 70% of secondary structure. (C) ChT activity on AuNC ()
and AuNO (), with loading dependent changes in activity evident for ChT adsorbed on AuNC,
correlated with the loading dependent changes in ellipticity on AuNC ().

decreased activity at specific surface coverages, further CD experiments were performed
on conjugates at different surface coverages. It was found that changes in ChT secondary
structure were well correlated with the observed protein activity measurements, with the
greatest decrease in secondary structure observed for 30-40% estimated surface coverage
and an increase in ellipticity as surface coverage increased (Fig. 5.14C).
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5.2.3

Discussion
Recent insights into the control of nanoparticle morphology through additives, such

as Ag+ , has allowed the synthesis of nanoparticle morphologies with distinct crystallographic features [184]. It is hypothesized that Ag+ adsorbs preferentially on the {100}
plane, preventing further deposition of Au onto the nanoparticle surface and stabilizing
that higher energy plane. By strategically varying the Au/Ag+ ratio it is possible to
obtain Au nanoparticles with a variety of morphologies and higher-index facets such as
{110}, {310}, and {720} [65]. The nanoparticles prepared in this study, nanocubes and
nanooctahedra, possess {100} and {111} surface facets, respectively. These surfaces are
then protected by a ligand coating of mercaptoundecanoic acid, which attaches to the
surface via strong thiolate chemistry. Extensive work into the surface organization and
packing density of thiol SAMs on specific crystallographic planes has been undertaken by
a number of groups [197, 54, 49]. On flat Au{111} planes, it has been found that thiolated alkyl chains bond preferentially in the hollow sites of the hexagonally coordinated
surface, resulting in a closely packed ligand structure with an approximate S· · ·S spacing
of 4.97Å and a calculated area per molecule of 21.4Å2 [53]. Migration between sites has a
very small energy barrier (2.5 kcal mol−1 ), which allows the thiolate layer to ‘recrystallize
on the Au surface and form a tightly packed layer, the structure of which is determined
by the thiolate chemistry and chain length. In contrast, thiolate adsorption onto Au{100}
possesses a simple square symmetry with an S· · ·S spacing of 4.54Å. In order to achieve
favorable intra- and interchain energetics between neighboring chains, thiolates adsorbed
on Au{100} occupy both hollow sites and top sites on the facet, with the elimination of
potential intramolecular chain energy offsetting the increase in chemisorption energy on
the unstable top site [49].
Though packing density is greatly influenced on the nanoscale level by factors such
as surface curvature resulting entropic considerations, the relatively large and flat surface
facets on the nanocubes and nanooctahedra investigated in this work may possess similar
ligand packing structures and densities as previously found on flat SAMs. In this case, it
is expected that the Au{111} facets of the nanooctrahedra would have a greater ligand
packing density and therefore greater concentration of negative charge on the nanoparticle
surface than on Au{100} facets present on the nanocube. However, the large number
of under-coordinated surface atoms present on the nanoparticle edges and vertices may
adsorb a greater number of ligands, in addition to possessing more favorable steric and
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entropic considerations [74, 75]. As the surface features of these AuNP are quite important,
the relative contributions to the total surface area were calculated (Eq. (4.1), (4.2)) and
are summarized in the table below (Table 5.3).
Table 5.3: Proportional surface area contributions of individual surface structures (edges, vertices,
and sides) as described in Chapter 4. Side facets dominate the total surface area for AuNC, but
edges are more prominent for AuNO.

With these considerations in mind, interesting trends may be noticed from the
adsorption parameters determined by the BCA assays and ITC (Table 5.2). Adsorption
of both proteins onto AuNC as measured by the BCA assay is well fit by the classical
Langmuir isotherm (Eq. (3.6)), with Lyz exhibiting a 2-fold higher binding affinity for
the AuNC surface (Kaapp = 1.0x107 M−1 ) than ChT (Kaapp = 5.5x106 M−1 ), which can
be expected due to the higher pI of Lyz, which favors stronger electrostatic interactions
with the negatively charged AuNC surface. In addition, the number of Lyz molecules
adsorbed per AuNC is larger than for ChT (7154 vs. 4149, Table 5.2). However, there is
no evidence of protein multilayer formation in any of the adsorption isotherms; lysozyme
surface coverage is predicted at monolayer formation and ChT surface coverage on both
AuNC and AuNO is less than monolayer, ∼75% and 50% respectively.
Protein adsorption onto AuNO clearly exhibits two binding sites, fit by the Bilangmuir isotherm (Eq. (3.7)). The two sites have very different binding affinities, and
stoichiometries. As theoretical protein coverage does not exceed the expected monolayer
coverage for either Lyz or ChT, it is therefore likely that site discrimination is due to
surface differences. The percentage of protein molecules adsorbed to the first site for both
Lyz and ChT is 30% and 26%, respectively, which is very similar to the estimated surface
area associated with AuNO side facets (∼35%) (Table 5.3). It is reasonable to conclude
that the high affinity site represents protein adsorption onto Au(111) side facets.
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It would appear that there is no discrimination between binding sites for protein
adsorption on AuNC, in which case the majority of the bound protein is associated with the
AuNC side facets, Au(100), due to the predominance of surface area associated with that
feature (60%). The two site binding exhibited by protein adsorption on AuNO indicates
surface preference, with the first site associated with binding on the AuNO side facets,
Au(111). Interestingly, the binding affinity of both Lyz and ChT to the Au(111) facet
is an order of magnitude greater than the apparent binding affinity to Au(100), a factor
we hypothesize is due to the inherent differences in crystal interfacial energy and ligand
density between the two nanoparticle morphologies.
Significant differences were found in the case of ChT adsorption measured by ITC.
In both cases (ChT adsorption to AuNC and AuNO) the ITC isotherms were fitted to a
2-site model (Eq. (3.20)). However, the affinity constants are significantly lower than the
ones measured by the BCA and the number of molecules adsorbed to each site appears
to be different. Several scenarios could account for these results. In the case of ChT
interaction with AuNO, we observe that the affinity and stoichiometry of the ITC first
site is in good correspondence with the values for the second site measured by the BCA.
It could be that the increased concentration of nanoparticles in the ITC cell may create a
molecularly crowded environment, resulting in blockage of the first set of sites. It has been
shown through Monte Carlo simulations [198] and experiments [199] that when nanocolloid
concentration is increased for both nanocube and truncate octahedra, orientational order
is first imposed on the system such that the side facets can become blocked. Indeed, upon
nanoparticle concentration and preparation for TEM it is possible to see the nanocubes
orient themselves in a way that could potentially obscure some of the side facets (Fig.
5.15). If the edges were still accessible, this may be the only site the ITC sees and the
second subsequent site is a result of nonspecific protein adsorption after the edges and
vertices become saturated. The relatively low binding affinity of the second ITC sites
support this hypothesis. We note, however, that the total number of proteins adsorbed to
AuNC and AuNO measured by ITC are in great correspondence with the values calculated
from the BCA experiments (4,000 vs. 4,150 for the AuNC respectively, and 800 vs. 750 for
the AuNO). Therefore, it could be that concentrating the particles affects primarily the
protein affinity for the nanoparticle surface. This is supported by the fact that the affinities
for both sites measured by the ITC are very comparable for both types of nanoparticles.
Changes in adsorbed protein secondary structure and activity were expected to be
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Figure 5.15: Bright field TEM micrograph of AuNC after the particles were concentrated ∼ 5 fold
and prepared for investigation by drying overnight.

significant due to the relatively large, flat nature of the nanoparticle facets. Indeed, it was
found that lysozyme structure was greatly perturbed upon immobilization on both AuNC
and AuNO, and correlated well with the relatively low activity of the Lyz conjugates. The
high surface coverage of Lyz on AuNC and AuNO probably resulted in a combination
of protein-surface interactions, which destabilized the protein and led to aggregation,
potentially due to exposure of the proteins hydrophobic core, as previously hypothesized
in literature. Aggregation of the protein-nanoparticle conjugates may also result in the
observed decreased conjugate activity.
At low surface coverage, (<25%), α-chymotrypsin secondary structure was essentially undisturbed upon adsorption to AuNO, and retained relatively large amounts of
activity, higher than previously reported literature values for Au nanospheres. Though
the binding affinity for ChT on AuNO is quite high, the relative surface coverage is quite
low and it is possible that protein-surface interactions are not sufficient to destabilize the
protein structure alone. Adsorption of ChT on AuNC shows more significant structural
perturbation than AuNO, indicating that the larger flat AuNC facets and relatively high
surface coverage may have a greater effect on ChT conformation. Activity assays of ChT
at different surface coverages on AuNC indicated that the activity was loading dependent,
with the greatest decrease in activity at approximately 30-40% coverage, which then starts
to increase as coverage increases. As there is no evidence of multilayer formation on the
AuNC surface, it would appear that that increased protein-protein interactions assist in
stabilizing the ChT structure on AuNC, potentially limiting unfavorable ChT-AuNC interactions, though this finding differs from previous studies on Au nanorods. Although
there is no site discrimination evident in ChT-AuNC BCA adsorption isotherms, some
suggestion of two-site binding is observed in the ITC results. If protein binds first to the
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side Au(100) facets, at ∼60% coverage those sites would be full and ChT would begin to
bind to the AuNC edges and vertices, where it is possible that due to the relatively higher
surface curvature, more structure and function may be retained.
From the foregoing discussion, it would appear that nanoparticle morphology and
inherent crystal structure can dramatically affect protein adsorption and subsequent conformation and activity, as depicted in Fig. 5.16. Separating the specific interactions, It
would appear, particularly in the case of nanooctahedra, that the protein preferentially
adsorbs on the nanoparticle side facet first with subsequent adsorption taking place on the
edges and vertices of the particle (Region I). In the case of ChT-AuNO conjugates, after
an initial binding period, saturation is reached a low surface coverage and the protein’s
structure is not perturbed, resulting in stable conjugates. Lyz-AuNO conjugates develop
monolayer coverage, which is influenced by both protein-surface and protein-protein interactions (Region IIa), and then undergo aggregation, in which protein-protein interactions
are dominant, but surface effects cannot be neglected (Region IIb). Protein adsorption
onto AuNC shows a one-step process in binding onto the AuNC surface, as there is no
site discrimination on AuNC (Region I). Lyz-AuNC conjugates undergo similar interactions as Lyz-AuNO; however, ChT-AuNC also develop approximately monolayer coverage, indicating that the final conjugate structure is influenced by both protein-surface and
protein-protein interactions (Region IIa). The final conjugate morphology appears to be
primarily determined by the properties of the protein; both lysozyme conjugates demonstrated widespread aggregation, while ChT conjugates remained stable, due to the fact
that ChT structure was not perturbed upon adsorption to AuNO and that at the highest
loading concentrations, there was little structural perturbation to the ChT adsorbed on
AuNC, perhaps leading to only a slight association between nanoparticles as seen with
DLS and UV-Vis absorbance spectra.
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Figure 5.16: Schematic representation of Lyz (•) and ChT (•) adsorption on AuNO and AuNC. In
Region I, protein adsorbed onto the nanoparticle; for octahedra, protein adsorbes on the relatively
flat Au(111) facet initially which is then followed by adsorption onto the sides. ChT-AuNO have
relatively low surface coverage and experience no change in protein structure upon adsorption. LyzAuNO develop monolayer coverage (Region IIa) and then undergo aggregation (Region IIb), as
shown in the final conjugate form; both steps are mediated by protein-surface and protein-protein
interactions. Lyz-AuNO interactions are similar, except there is only one site of adsorption on
AuNC, so both proteins bind indiscriminately. Lyz-AuNC undergoes a similar process as AuNO;
however, ChT-AuNO develops a higher surface coverage, potentially on the flat Au(100) facets,
such that both protein-surface and protein-protein interactions affect protein structure (Region
IIa). It is possible that ChT adsorbed on the edges of AuNC retains most of its structure and
relative activity. The final conjugate structures indicate that Lyz interaction with AuNC and
AuNO produces unstable conjugates, while ChT-AuNO remains stable, and ChT-AuNC remains
stable with some association between small groups of particles.
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Adsorption parameters suggest that both proteins have a higher binding affinity for
the AuNO and potentially the Au(111) facet, than for the Au(100) facet of the AuNC.
Relatively low surface concentration of ChT on AuNO, in addition to a relatively large
proportion of protein adsorbed on the edges and vertices, may have assisted in allowing
retention of almost native structure and activity in ChT-AuNO conjugates. It is possible
that ChT adsorbed on the AuNC edges and vertices retain more structure and activity
than those proteins adsorbed on the AuNC (100) facets. As found previously, adsorption
of ChT on AuNP would produce mostly stable conjugates, whereas lysozyme adsorption
leads to aggregation. In comparison with previous findings [21], it would appear that Lyz
and ChT adsorption on AuNO and AuNC is primarily mediated by surface interactions,
with no evidence of multilayer formation; changes in activity suggest surface crowding
plays a role in stabilizing the protein against unfavorable protein-surface interactions.
However, changes in structure and function may depend on the adsorption site (side facet,
edge) as well, particularly in the case of ChT-AuNC conjugates.

5.2.4

Summary
We have demonstrated that protein adsorption is affected not only by AuNP mor-

phology, but also by the underlying structure of the nanoparticle surface. It has been
previously shown that the nanoparticle size and curvature greatly affects the structure
and function of protein adsorbed on the surface. Nanocubes and nanooctahedra possess
flat surfaces, rounded edges and corners which all convolute the determination of how
nanoparticle properties affect protein adsorption. However, careful analysis of the adsorption isotherms indicates that proteins potentially adsorb first to the flat surfaces, followed
by adsorption onto the edges and corners. It appears that proteins adsorb with a higher
affinity on the Au(111) surface than the Au(100) surface, which could be a result of a
higher packing density of negatively charged ligands on (111) facets. Lysozyme adsorbed
on both AuNO and AuNC formed a dense protein layer, resulting in significant structural perturbation and loss of activity regardless of surface coverage. ChT adsorbed on
AuNO showed no evidence of loss of structure or activity, indicating that adsorption and
protein-surface interactions did not significantly impact the protein. However, adsorption
on AuNC, which have a much higher proportion of relatively flat surface, resulted in significant loss of structure and activity at 30-40% surface coverage. This may correspond to
protein adsorption on the relatively flat Au(100) surfaces; subsequent protein adsorption
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on the AuNC edges and corners, though possessing about the same affinity as the sides,
allowed a recovery of ChT structure and activity. Therefore, changes to protein structure
and function, in biological conditions and on relatively flat surfaces, appears to be greatly
dependent on the adsorbed protein concentration.

5.3

Conclusions
We have demonstrated that nanoparticle morphology has a significant impact on the

amount of protein adsorbed onto a nanoparticle, and then a combination of the protein
loading and surface features results in a unique protein-conjugate structure. In addition to
specific nanoparticle properties, α-chymotrypsin and lysozyme also exhibited very different
interactions with identical nanoparticle populations, highlighting the importance of protein
characteristics in determining the conjugate form. However, a careful analysis of the
adsorption isotherms as well as subsequent structure and function determination allow
some conclusions to be drawn.
Protein-nanoparticle interactions, in terms of adsorption, can be separated into regions defined by the dominant interaction. Our initial work identified the first interaction
as a binding region (Region I), in which protein adsorbed onto the nanoparticle. The relative homogeneity of the nanospheres allows adsorption with no site discrimination; small
differences in the binding isotherm for ChT-AuNR indicate there may be some difference
in binding to the nanorods, with initial binding taking place long the cylindrical axis.
The protein-nanoparticle interactions then progress to Region II, where a combination of
protein-surface interactions and protein-protein interactions cause the protein to become
unstable and lose some of its secondary structure. This results in protein layers becoming adsorbed on the cylindrical axis of the nanorod; however, these layers, further away
from the destabilizing effects of the surface, retain more of their structure and stabilize
the conjugate against aggregation. This final region, Region III, is therefore dominated
primarily by protein-protein interactions.
It appears that the relatively strong electrostatic interaction between Lyz and the
MHDA- or MUA-coated surface causes enough destabilization to the protein structure to
cause aggregation of the conjugates. This may be due to some interaction between Lyz’s
internal disulfide bonds and the gold surface itself. We hypothesize that the hydrophobic
core of Lyz is exposed, such that it will interact with other conjugates to form large
aggregates as visualized on spheres and rods in our initial work and observed in our later
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work on nanocubes and octahedra. Therefore, it is important to realize that in some
systems, the protein characteristics are dominant and the final form of the conjugate is
mostly independent of nanoparticle characteristics.
The slightly larger size and clear discrimination between flat and curved surfaces on
AuNO and AuNC allowed for the potential of characterizing site discrimination in protein
binding. We observed that AuNO clearly facilitated two-site binding of the protein for
both ChT and Lyz. This expands the understanding of the Region I, as there may be
some preferential adsorption of protein onto specific sites of the nanoparticle. This two
site binding was not clearly evident in the case of adsorption on AuNC; however, ChTAuNC conjugates exhibited loading-specific changes in structure and activity which could
be correlated with binding on the Au(100) facets vs. edges and corners. It is possible that
even though the difference between binding affinities on the two surface features on AuNC
are not significant, the curvature or ligand density acts to change protein structure upon
adsorption in a site-specific manner. Furthermore, it could be concluded from the above
work that proteins exhibited a higher binding affinity for Au(111) facets over Au(100),
though further work would be needed to confirm this finding. Despite these considerations, when determining the final morphology of the protein-nanoparticle conjugate, it is
clear that the final conformation of the protein determines the conjugate stability. On all
gold nanoparticles, adsorption of lysozyme resulted in conjugate aggregation; therefore,
changes in the structure of Lyz on all particles were significant and similar enough to
cause conjugate aggregation. ChT, which bound more weakly to the nanoparticle surface,
showed excellent conjugate stability, but particularly in the case of the smaller and more
rounded particles (e.g., nanospheres and nanooctahedra). Nanoparticles with increased
“relatively flat” dimensions saw changes to ChT structure, some associate between particles, and in the case of AuNR, multilayer formation on the nanoparticle surface. This
suggests that the weaker interaction of ChT with the nanoparticle surface may allow differences in protein binding due to differences in nanoparticle morphology to be clearly
exhibited.
Future research in these systems could work to further understand and exploit the
potential two-site binding of AuNO and potentially of AuNC, as well as other morphologies which might exhibit the same characteristics. If protein initially adsorbs on the side
facets of AuNO/AuNC before the edges, or preferentially on the Au(111) before Au(100),
it would be possible to engineer nanoparticles with two specific sites to promote sequential
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adsorption and placement. Properties such as these will allow more control over conjugate engineering for biomedical applications, for example to promote greater stability or
structure retention of biomolecules by adsorbing them preferentially to edges/corners of
AuNC, or achieving a stable, low protein loading on AuNO. Considerations such as these,
as well as other nanoparticle properties, are being explored in the final section of this
work (Chapter 6) in which iron oxide and gold nanoparticles are being used to control
gene expression and protein secretion in both in vitro and in vivo systems.

CHAPTER 6
Radiowave Mediated Regulation of Plasma Glucose in Mice
by Nanoparticles
Collaboration with Rockefeller University

6.1

Introduction
The ability to switch cell populations on and off is a desirable goal for both sys-

tems biology research and from a therapeutic standpoint [200]. Diseases that result in
loss of a cell’s ability to function normally are usually treated by replacement of cell secretory products, such as insulin or dopamine. However, scientists have been developing
various methods across different species that allow targeted cells to respond to diverse
external factors such as light and chemicals. Recent advances in the field of optogenetics allows selective control of specific cell populations using light- sensitive channels such
as channelrhodopsin-2 (ChR2), a channel identified in microbes which allows an influx of
Na+ when illuminated by ∼470 nm blue light [201]. Other channels such as halorhodopsin,
which acts as a chloride ion pump, is activated by ∼580 nm light [202]. Having multiple
channels allows cell function to be controlled both individually and combinatorially using
specific wavelengths. However, these techniques suffer from the fact that the wavelengths
used (in the ultraviolet and visible regions of the electromagnetic spectrum) will not penetrate deeply into human tissue and requires the use of permanent implants, which can
result in tissue damage [203, 204].
A family of channels has been identified, transient receptor potential (TRP) channels, which are sensitive to changes in temperature and other external stimuli such as pH,
voltage, and chemicals such as capsaicin. Specifically, the vanilloid TRP channel (TRPV1)
in humans is responsive to heat changes between 42-45◦ C, resulting in channel opening
and an influx of calcium ions [205]. This response can be tuned to regulate a variety of
cellular outcomes including gene expression, as well as protein synthesis and release.
Metallic and metal oxide nanoparticles have been shown to heat in a controlled
manner when placed in a radiofrequency field (RF) [206, 207]. The amount and rate
*Cell-based studies and biomolecular engineering carried out by Sarah Stanley, Rockefeller
University.
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of heat generation is dependent upon the material as well as other characteristics such
as size, monodispersity, concentration, and surface functionalization [208]. The mechanisms of heat generation vary with material; for nanoparticles such as gold nanorods, the
mechanism of activation is Joule heating [209], while for iron oxide nanoparticles, heat is
generated though a combination Néel relaxation and Brownian motion [18]. This work
focuses on the remote activation of both in vitro and in vivo cell populations by targeting
iron oxide nanoparticles (IONP) to heat sensitive channels expressed on the cell surface.
Verification of channel response was measured by both calcium flow in vitro and glucose
production in vivo, indicating that the targeted nanoparticles are able to activate the
channels when exposed to radiofrequency fields. This section of the thesis will give a brief
summary of the research completed thus far and will then outline future directions of the
project in combinatorial and plasmonic activation of cell populations.

6.2

Results
Iron oxide nanoparticles were purchased from Ocean Nanotech (Springdale, Arkansas,

Catalog# SHP-20-50). The particles were coated with oleic acid and a proprietary polymeric coating which is carboxy-terminated for further functionalization. The particles
were specified by the supplier to be 20 nm in diameter with a standard deviation of < 5%.
Our own investigation yielded similar results, with a TEM analysis of the size distribution yielding an average diameter of 19± 2 nm (Fig. 6.1A,B). The particles are
estimated to have a 4 nm oleic acid/polymeric coating in addition to the nanoparticle
diameter in TEM. X-ray photoelectron spectroscopy (XPS) allows identification of all elements within ∼5 nm of the nanoparticle surface as well as a more precise investigation
of the nanoparticle surface chemistry and iron oxide content. XPS characterization (Fig.
6.1C) of the IONP indicated only the presence of iron (Fig. 6.1D), oxygen, and carbon as
would be expected from the polymeric coating. The shoulder in the C1s peak is consistent
with the presence of carboxyl groups, as indicated (Fig. 6.1E).
Iron oxide nanoparticles 10-50 nm in diameter were tested at a variety of concentrations to determine the optimum heating response in an alternating magnetic field (465
kHz, 110kA/m). A 465 kHz sinusoidal signal was provided by a signal generator and
applied through an amplifier (both Ultraflex, Ronkonkoma, NY) to a 2-turn solenoid coil
with a radius of 2.5 cm to produce a magnetic field strength of 5 mT. Samples were placed
within the solenoid. A 13.56 MHz sinusoidal signal was provided by a signal generator
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(RF Instrumentation, PA) and applied through an amplifier (Comdel, Gloucester, MA).
Heating studies were performed using 1 ml of a bulk solution (1 mg/ml) of nanoparticles
dispersed in water placed in an eppendorf inside the solenoid and the temperature of the
suspension was monitored using a fiber optic system (Luxtron, Lambda photometrics,
Herts, UK). It was found that nanoparticles of 20-25 nm in diameter provided the most
significant heating with minimal application of the RF field, with a calculated specific
absorption rate of 0.63 W/g and minimal heating of the water (Fig. 6.1F). The structure of the 20 nm iron oxide particles was indicated by Ocean Nanotech to be magnetite
(Fe3 O4 ), and indeed the difference between two similar iron oxide structure magnetite and
maghemite (γ-Fe2 O3 ) is difficult to distinguish using X-ray diffraction (XRD) due to similarities in crystal structure. However, comparison with JCPDS files #39-1346 (maghemite)
and #75-0033 (magnetite) indicate there is probably a mixture of both crystallographic
structures (Fig. 6.1G).
The particles were then conjugated to either mouse monoclonal anti-His antibody
(AbD Serotec, Raleigh, NC) or streptavidin (Jackson Immunoresearch Laboratories, West
Grove, PA) using carbodiimide and N-hydroxysuccinimide activation chemistry.
Human embryonic kidney cells (HEK 293t) and PC12 cell populations were retrovirally transfected with a modified TRPV1 channel. The channel, obtained from Wolfgang
Liedkte (Duke University, NC) was modified to introduce a Hisx6 epitope tag in the first
extracellular loop of the TRPV1 channel (TRPV1His ). This created a single-component
system which would be expressed on the cell surface. Cells were further modified to contain constructed Ca2+ promoters that would respond to the calcium currents induced by
the channel activation. These promoters were placed upstream of a furin-modified insulin construct that is cleaved to form insulin in non-endocrine cells and functioned as a
read-out of channel operation in in vitro and in vivo systems (Fig. 6.2A).
Nanoparticle targeting was confirmed using ImmunoEM. Initial studies with nanoparticle-decorated TRPV1His decorated cells examined calcium entry in response to an
RF field. Calcium influx was measured as the change in fluorescence of the calcium
indicator, Fluo-4; significant increase in relative fluorescence was observed within 10 s of
RF exposure. The efficacy of the TRPV1His construct in affecting gene expression and
peptide secretion was then tested. Exposure of the nanoparticle-decorated cells expressing
TRPV1His and calcium regulated furin-sensitive insulin to an RF magnetic field resulted in
a significant increase in proinsulin and gene expression in vitro. Addition of a TRP channel
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Figure 6.1: (A) Bright Field TEM image of Ocean Nanotech iron oxide nanoparticles and (B) the
size distribution, calculated to be 19 ± 2 nm from 450 particles. X-ray photoelectron spectroscopy
of IONP samples, with the (C) survey indicating the presence of iron, carbon and oxygen, with the
iron content investigated in (D) and the presence of carboxyl groups confirmed in (E). (F) Heating
response of 20 nm iron oxide suspension (1 mg/ml) to 465 kHz RF field significantly increases
temperature (when compared to water). (G) X-ray diffraction of IONP compared with JCPDS
patterns #39-1346 (γ-Fe2 O3 ) and #75-0033 (Fe3 O4 ).
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inhibitor, Ruthenium red, blocked proinsulin release, indicating that the secretion was due
to the RF treatment (Fig. 6.2B). Further controls showed that proinsulin released occurred
only when all components of the system were present (TRPV1, IONP, and the RF field). In
order to demonstrate the cell selectivity of RF heating, nanoparticle-decorated HEK 293t
cells without the TRPV1 channel were mixed with HEK 293t cells expressing the TRPV1
channel without nanoparticles. There was no release of proinsulin when the HEK-IONP
cells were mixed with adjacent cells expressing the TRPV1 and calcium-dependent human
insulin promoter construct, indicating that the local heating effect dissipates rapidly and
that the observed effect was due to nanoparticle co-localized with the TRPV1His channel.
It was found there was a trend towards an increase in proinsulin release after 15 min
of RF treatment (likely through release of a small pool of preformed insulin-containing
vesicles), with significant proinsulin release at 1 h when insulin gene expression had also
significantly increased (Fig. 6.2C).
These studies were then extended to in vivo systems. Engineered PC12 cells that
expressed the TRPV1His and the calcium-dependent human insulin construct were injected into the flank of nude mice. PC12 cells are endocrine in origin and can synthesize
and secrete insulin. In vitro testing of the PC12 line yielded results similar to the HEK
293t cells. Following implantation in mice, the PC12 cells formed tumors which were
injected with either phosphate buffer solution or IONP (50 µl, 8 mg/ml). Blood glucose
and plasma insulin were measured before, during, and after exposure to the RF field. It
was found that there was a significant decrease in blood glucose in mice treated with the
IONP followed by RF exposure when compared to mice receiving PBS injections (Fig.
6.3A). There was also a significant increase in plasma insulin and insulin gene expression
after exposure to the RF field, but virtually no change in control mice injected with PBS.
In control mice implanted with PC12 cells with the calcium- dependent human insulin
construct but without the TRPV1His , there was no effect on blood glucose upon IONP
injection or exposure to the RF field. There was also a significant difference in the cumulate change in blood glucose (area under the curve) between PBS treated and IONP
treated PC12-TRPV1His−Ins tumors in mice over the course of the study (Fig. 6.3B).
Plasma insulin was significantly increased following RF treatment in IONP treated but
not in PBS injected mice (Fig. 6.3C). Finally, insulin gene expression was significantly
increased in RF treated, IONP-injected tumors (Fig. 6.3D). The combined studies suggest
that channel and subsequent cell activation requires a localized, cell surface specific gating
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Figure 6.2: (A) Schematic of the nanoparticle-channel system. Antibody coated iron oxide
nanoparticles bind to the His x 6 tag in the first extracellular loop of the TRPV1 channel. Exposure to the RF field mediates the opening of the TRPV1 channel, allowing calcium entry and
activation of the bioengineered human insulin expression gene sequence. (B) RF treatment increases proinsulin release and insulin gene expression in vitro; IONP decorated HEK 293t cells
transfected with the TRPV1His channel and calcium-dependent insulin show a significant increase
in proinsulin release and insulin gene expression with RF treatment that is blocked by the application of TRP antagonist, Ruthenium red (same letter indicates p <0.05). (C) Time course of
proinsulin release and insulin gene expression from nanoparticle decorated modified HEK293t cells
with RF treatment. Figure provided courtesy of Sarah Stanley, Rockefeller University.

of the TRPV1 channel rather than general activation via bulk effects of the nanoparticles
that increase heat over a large volume.
The above approach is excellent for in vitro studies, however, still requires the
injection of nanoparticles close to the targeted cell population. An alternative approach
would be to engineer cells that can synthesize nanoparticles intracellularly, which can then
act as mediators of the RF signal. Ferritin, a naturally occurring iron storage protein which
is capable of forming small iron particles within a cell, could be used for this purpose.
The structure of ferritin was optimized to produce the maximum amount of iron oxide per
cell, quantified by inductively coupled plasma-mass spectroscopy. The fusion peptide was
modified with an N-terminal myristoylation signal to target the fusion peptide to the cell
membrane, where it would be in close proximity to the co-expressed TRPV1 channel (Fig.
6.4A). The final construct was then exposed to an RF field. HEK 293t cells expressing
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Figure 6.3: (A) Effects of RF treatment on blood glucose in PBS and nanoparticle treated mice
with tumors expressing TRPV1His and calcium dependent human insulin. RF treatment significantly reduces blood glucose in nanoparticle treated mice compared to PBS treatment (asterisk
indicates p <0.05). (B) RF treatment of mice with tumors expressing TRPV1His and calcium
dependent human insulin injected with nanoparticles significantly reduces blood glucose over the
course of the study as assessed by area under the curve. There is no effect in mice with tumors
expressing calcium dependent insulin alone. (C) Plasma insulin is significantly increased by RF
treatment in nanoparticle treated, but not PBS treated, mice with tumors expressing TRPV1His
and calcium dependent human insulin. (D) Insulin gene expression is significantly increased in
tumors expressing TRPV1His and calcium dependent human insulin treated with nanoparticles
and RF field. Figure provided courtesy of Sarah Stanley, Rockefeller University.

the construct showed a significant increase in both proinsulin release and insulin gene
expression when compared to cells prepared without TRPV1, but still containing the
ferritin protein (Fig. 6.4B, 6.4C). It was found that intracellularly generated ferric iron
was roughly two-thirds as effective in stimulating proinsulin release as that of iron oxide
nanoparticles exogenously, indicating that in the future this method of activation may be
used, obviating the need for nanoparticle injection.
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Figure 6.4: (A) Schematic of intracellular nanoparticle synthesis and cell activation. Heating of the
ferritin iron core by the RF magnetic field opens the TRPV1 channel and triggers calcium entry.
(B) RF treatment increases proinsulin release in vitro (same letter indicates p < 0.05). (C) Insulin
gene expression is significantly increased by RF treatment in vitro; in all cases, RF treatment alone
does not increase insulin gene expression or secretion in the expressing ferritin in the absence of
TRPV1 or RF. Figure provided courtesy of Sarah Stanley, Rockefeller University.

6.3
6.3.1

Further Work
Combinatorial Activation
The previous work outlines a mechanism by which a single population of cells may

be activated by RF fields. Ideally, this would be extended to include the ability to activate multiple populations of cells independently by specifically targeting cell populations
with nanoparticles that respond to different radio frequencies. This technique has been
previously explored with DNA conjugated to IONP as well as a variety of hyperthermia
applications for iron oxide nanoparticles.
The power loss equation describes the heating of superparamagnetic particles in RF
fields [210]:
P =

(mHωτeff )2
2 )
2τeff kb T V (1 + ω 2 τeff

(6.1)

where m is the magnetic moment per particle, w is the field frequency, V is the nanoparticle volume, and τ eff is the effective relaxation time, which depends on both Néel and
Brownian relaxation times. Brownian relaxation losses may be described as
τB =

3
8πηRH
kb T

(6.2)

where η is the sample viscosity and RH is the particle hydrodynamic radius. Néel relax-
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ation is described by
τN = τo exp

KV
kb T

(6.3)

where τ o is the gyromagnetic ratio, K is the anisotropy constant, and V is the nanoparticle volume. As such, the power loss is dependent upon the nanoparticle material and
size. It has been found that spinel ferrite, MFe2 O4 (M = Fe, Co, Mn) nanoparticles have
a magnetic moment which strongly depends on the transition metal ion (M2+ ) which occupies the tetrahedral and octahedral position [211]. The anisotropy constant K depends
strongly on the crystal structure and degree of crystallinity of the particle, both of which
have a strong dependence on the nanoparticle size. It has been shown that by varying the
size and composition of superparamagnetic particles, it is possible to obtain responses to
different radio frequencies, especially if nanoparticle size is also tuned to produce responses
at different frequencies. For example, 14 nm CoFe2 O4 nanoparticles may be heated preferentially over 15 nm γ-Fe2 O3 , Fe3 O4 , and Mn Fe2 O4 at any frequency below 20 kHz.
Therefore, by synthesizing nanoparticles of different, controlled composition and size, and
producing multiple TRPV1 channel constructs that display different binding epitopes, it
will be possible to simultaneously remotely activate distinctly separate cell populations.
In addition to using different structures of IONP, it may be possible to use gold
nanoparticles. Under exposure to RF fields, gold nanoparticles heat under a mechanism
of Joule heating, which has been shown to be dependent on nanoparticle size and aspect
ratio [209]. These particles are being used for hyperthermia purposes in cancer treatment
and are currently in clinical trials. However, by varying field strength and aspect ratio,
it may be possible to use radio frequencies distinct from those activating IONP to induce
combinatorial activation of cell populations.

6.3.2

Plasmonic Activation
An exciting property of gold nanoparticles in particular is their surface plasmon

resonance, or their ability to absorb different wavelengths of light based on their shape
anisotropy [212]. Gold nanorods in particular have a variety of potential biomedical applications due to their ability to absorb light in the near-IR (NIR) region, wavelengths which
pass harmlessly and with relatively little attenuation through human tissue, with penetration depths of up to a few centimeters [213]. The wavelength of adsorption is highly
selective and depends entirely upon the aspect ratio of the nanoparticle, with higher aspect ratios possessing plasmon peaks red shifted further into the NIR region. By tuning
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Figure 6.5: (A) Absorbance spectra of surface plasmon resonance peaks of corresponding
gold nanorods. (B) AuNR with dimensions (13±2)×(40.2±3) nm, aspect ratio (AR)=3.1(—).
(C) AuNR with dimensions (8±2)×(31±3) nm, AR=3.8 (—). (D) AuNR with dimensions
(7±2)×(30±5) nm, AR=4.2 (—). (E) High aspect ratio AuNR (16±2)×(253±53), AR=15.8 (—).
All distributions are the average dimensions of at least 150 AuNR/sample.

the nanoparticle dimensions, it is possible to produce a range of nanoparticle populations
that will selectively heat in the NIR region. The potential hyperthermia effect of gold
nanorods has been of great interest in the literature for the past decade, and this effect
has recently been demonstrated in selective release studies of oligonucleotides from gold
nanorod surfaces [214].
Gold nanorods can be synthesized with a variety of aspect ratios by tuning the Ag+
and CTAB ratio, resulting in specific SPR values that can be activated with different NIR
wavelengths (Fig. 6.5).
Initial heating experiments were conducted with gold nanorods with a longitudinal
SPR of 795 nm (Fig. 6.6A). A cover-slip dish was filled with 2 ml of nanoparticle solution,
and a needle-point Teflon coated J-type thermocouple was inserted into the top right of
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the field of view (250 x 250 µm). The laser was then rastered (bottom illumination)
over the entire sample with a dwell time of 6.4 µs/pixel. Temperature data was acquired
every second by a NIST-calibrated Lascar datalogger. Tests were conducted in order to
determine the nanoparticle heating rate as a function of both laser power and wavelength.
It was found that laser heating experiments conducted at 100% laser power (1.59 W)
caused the particles to aggregate immediately and probably also caused melting of the
particles. Decreasing the laser power to 50% caused a gradual rise in temperature from
25◦ C to 30◦ C over approximately 300 sec, with an increase of 3 degrees in the first 60
seconds. Decreasing the laser power to 30% resulted in a significant decrease in the final
temperature, with only a 3◦ C increase temperature over 5 minutes. It was then determined
that a laser power of approximately 50% would be optimal for further experiments, as
water heating at 50% laser power was found to be minimum over the duration of the
experiment (Fig. 6.6B).
Further tests were carried out in order to determine wavelength specificity of the
heating. Heating was tested over a period of 8 minutes at 795 nm, 860 nm, 880 nm, and
900 nm. It was found that applying a laser wavelength that corresponded exactly to the
longitudinal SPR of the AuNR resulted in a maximum temperature increase of 5.5◦ C,
with an initial heating rate of 0.1◦ C/sec, which leveled off after the initial 30 seconds.
Nanoparticle heating when exposed to 860 nm wavelengths only reached a maximum of
28◦ C, with an initial heating rate of 0.01◦ C/sec. Heating at 880 and 900 nm resulted in
even lower maximum temperatures and decreased heating rates (Fig. 6.6C). Therefore,
the specificity of the longitudinal plasmon resonance in order to quickly and effectively
generate enough heat to activate the TRPV1 channel has been confirmed.
Following testing, nanoparticles were functionalized with biocompatible ligands and
conjugated with streptavidin via carbodiimide and N-hydroxysuccinimide activation chemistry. Streptavidin is a protein which exhibits extremely strong and specific binding to
biotin; for this experiment, the fluorophore Alexa 598 was also conjugated to one of
the streptavidin tetramers. HEK 293t cells were transfected to express green fluorescent
protein (GFP) as well as the TRPV1 construct, modified to contain a biotin acceptor
protein (BAP-TRPV1). Biotin was then attached to the channel, allowing interaction
with the streptavidin-conjugated nanoparticles. The nanoparticles were then incubated
with the cells in order to determine the optimum nanoparticle concentration to produce
minimal non-specific binding, as well as co-localization to the cells expressing the BAP-
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Figure 6.6: (A) Surface plasmon resonance of AuNR with aspect ratio ∼4. Arrows indicate
wavelengths tested for plasmonic heating. (B) Heating response of AuNR samples tested at 795
nm and at different laser power, (—) 100% power (1.59 W), (—) 50% power (795 mW), and (—)
30% power (477 mW); (—) is water only sample at 50% power. (C) Heating profile of AuNR at
50% laser power, at (—) 795 nm (—) 860 nm, and (—) 880 nm, and (—) 900 nm.

TRPV1 channel. It was found that a 1:10 dilution of the nanoparticle binding produced
significant co-localization of the nanoparticle and the GFP-marked cells, with limited
non-specific binding (Fig. 6.7).
Therefore, the current work has demonstrated successful culture and identification of
HEK293t cells expressing the TRPV1 channel. Gold nanoparticles with morphologies most
amenable to photothermal activation have been identified, and these particles have been
successfully conjugated to streptavidin and co-localized with cells containing the TRPV1
channel. Further work will then expose these cell cultures to laser wavelengths allowing
plasmonic activation of the TRPV1 channel, and a variety of targeted gold nanorods with
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Figure 6.7: (A) HEK 293t cells that express the BAP-TRPV1 channel and green fluorescent
protein. (B) Gold nanoparticles (diluted 1:10) conjugated with Streptavidin and AlexaFluor 598.
(C) Overlayed images showing co-localization between nanoparticles and BAP-TRPV1 cells.

different aspect ratios will be used to activate distinct cell populations both singly and in
combination.

6.4

Conclusions
We have shown that it is possible to use both externally applied and endogenously

synthesized nanoparticles to remotely activate insulin gene expression and secretion. This
method improves existing techniques as implants are not required, the effect can be localized to specific cell populations, and there is the possibility of combinatorial cell activation.
Further work remains to elucidate the precise manner of nanoparticle-mediated activation,
including possible affects of the nanoparticle binding to the channel. Nanoparticle properties, such as surface chemistry, will also be optimized to prolong binding to the cell
surface and increase binding specificity. Work with plasmonic nanostructures will also be
extended to determine if wavelengths within the NIR region can be used to activate the
TRPV1 channel. This exciting technique will allow advanced non-invasive regulation of
protein production to potentially treat medical conditions.

CHAPTER 7
Conclusions and Future Work
Despite great advances in the understanding and application of nanobiotechnology to
challenges in medicine, the full potential of the field has not yet been reached. Many
obstacles block the progress of nanotechnology into the clinical environment, such as poor
stability in biological mediums, an incomplete understanding of potential nanotoxicological
issues, and targeting of the nanoparticle to its intended site. Despite these issues, the
potential benefits of using inorganic nanoparticles, such as gold, silica and iron oxide, are
clear. In each case, the material properties of the nanoparticle can be exploited to provide
functions that are inaccessible to organic molecules. By conjugating the nanoparticle with
a biomolecule, it is possible to create a new material with properties that are entirely
different and potentially more desirable than either component alone.
Significant work has been done in order to understand how controlling the nanoscale
environment can influence the surrounding biological environment. It is essential to understand that while changing protein conformation may result in toxicity or unintended
biological outcomes, it may also have potential benefits such as increased osteo-adhesion or
protein stabilization. The key is controlling the protein-nanoconjugate structure and then
understanding how the new material interacts with the biological environment. For this
to occur, much work must be done in both the fields of materials science and in biology.
This work is already well underway and the properties of nanobioconjugates are already
being exploited in novel ways. However, a better understanding of protein-nanoparticle
interactions is a pressing issue due to the increasing prevalence of nanotechnology in our
environment. Fundamental studies, such as outlined here, hope to further the knowledge
of the scientific community in determining how nanomaterials interact with proteins in
the body, knowledge which can then be incorporated into designing safe and efficacious
nano-based diagnostics and therapeutics.
We have shown that nanoparticle morphology contributes to determining the final
form of a nanobioconjugate, particularly by affecting the amount of protein adsorbed
on the nanoparticle surface and the conformation of the adsorbed protein. Though it is
difficult to outline specific rules that would apply to all proteins, due to the wide and
varied nature of the proteome, it is possible to say that in general, flatter surfaces adsorb
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a higher density of protein. It would also appear that proteins are sensitive even to
atomic-scale features such as atomic crystal structure and ligand density; similar findings
in the literature confirms this result. This indicates that the level of potential control
over protein-nanoparticle conjugate features could be exquisite, engineered from the very
atomic scale of the particle up to the final epitope presentation of the protein.
Using these nanoparticle systems and other materials, such as nanoplates, may confirm that proteins are specifically affected by crystal structures and stabilizing ligand
densities. In particular, it is possible that chemical force microscopy might be used to determine specific interactions between amino acids, peptides, entire proteins, and different
surfaces. It may be possible to “simulate” the nanoscale surface through careful deposition
of multiple nanoparticle layers on a flat surface, allowing specific interrogation of bonding
energies between materials and biological molecules. This work would ideally be combined
with molecular dynamics simulations to assist in the determination of protein orientation,
along with other methods under development in our group. Further characterization of
the nanoparticle conjugate could be undertaken using solid-state NMR, which would allow interrogation of the specific interaction points on the protein surface. When combined
with studies engineering proteins for specific applications, including thermostability and
stability in a variety of environments, possibilities to engineer nanobiomaterials are endless and exciting. Further work is being carried out to determine the effect of protein
confinement and molecular crowding on protein structure and function. These studies
will round out our knowledge of how synthesized materials can be used to affect protein
structure and function, presenting a complete toolbox with which it will be possible to
engineer nano-bioconjugates from the bottom up to affect specific biological outcomes.
We have also demonstrated that it is possible to use protein-nanoparticle conjugates
to effect changes in gene expression and protein expression, exploiting specific nanomaterial properties which would otherwise make this study unfeasible. The use of external
stimuli, such as non-invasive radio frequency fields, actuated by injected or intracellularly
synthesized nanomaterials, represents a new frontier in potential diagnostic and therapeutic medicine. Much work remains in elucidating the mechanism of actuation, nanoparticle
engineering to allow for circulation and retention, and extension of the technique; however,
the promise of the method is clearly defined.
We seek to control the nanomaterial-biomolecule interface to effect desired changes
in protein conformation or other biomolecules for beneficial biological outcomes. Nanopar-
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ticle synthetic techniques and characterization methods are being continuously refined, but
much work remains in controlling and characterizing nanoparticle populations. A wide
variety of studies in the field exist outlining the toxicity, properties, or effects of particular
nanomaterials; however, the lack of standardization makes it difficult to compare studies
or draw conclusions from the field. Much future work remains in careful characterization
and standardization which will allow the field of nanomedicine to move forward as a whole.
Engineered nanomaterials are a small but important part of the tools available to affect
changes, both in vitro and in vivo.
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Structural changes in apolipoproteins bound to nanoparticles. Langmuir.
2011;27(23):14360–9.
[114] Hung A, Mwenifumbo S, Mager M, Kuna JJ, Stellacci F, Yarovsky I, et al.
Ordering surfaces on the nanoscale: implications for protein adsorption. J Am
Chem Soc. 2011;133(5):1438–50.

130

[115] Lundqvist M, Sethson I, Jonsson BH. Protein adsorption onto silica nanoparticles:
conformational changes depend on the particles’ curvature and the protein
stability. Langmuir. 2004;20(24):10639–47.
[116] Karajanagi SS, Vertegel AA, Kane RS, Dordick JS. Structure and function of
enzymes adsorbed onto single-walled carbon nanotubes. Langmuir.
2004;20(26):11594–9.
[117] Asuri P, Karajanagi SS, Yang H, Yim TJ, Kane RS, Dordick JS. Increasing
protein stability through control of the nanoscale environment. Langmuir.
2006;22(13):5833–6.
[118] Asuri P, Karajanagi SS, Vertegel AA, Dordick JS, Kane RS. Enhanced stability of
enzymes adsorbed onto nanoparticles. J Nanosci Nanotechnol.
2007;7(4):1675–1678.
[119] Roach P, Farrar D, Perry CC. Surface tailoring for controlled protein adsorption:
effect of topography at the nanometer scale and chemistry. J Am Chem Soc.
2006;128(12):3939–45.
[120] Casals E, Pfaller T, Duschl A, Oostingh GJ, Puntes V. Time evolution of the
nanoparticle protein corona. ACS Nano. 2010;4(7):3623–32.
[121] Hall CE, Slayter HS. The fibrinogen molecule: its size, shape, and mode of
polymerization. J Biophys Biochem Cytol. 1959;5:11–16.
[122] Lishko VK, Kundryk B, Yakubenko VP, Yee VC, Ugarova TP. Regulated
unmasking of the cryptic binding site for integrin αmß2 in the C-domain of
fibrinogen. Biochemistry. 2002;41:12942–12951.
[123] Shrivastava S, Nuffer JH, Siegel RW, Dordick JS. Position-specific chemical
modification and quantitative proteomics disclose protein orientation adsorbed on
silica nanoparticles. Nano Lett. 2012;.
[124] Linse S, Cabaleiro-Lago C, Xue WF, Lynch I, Lindman S, Thulin E, et al.
Nucleation of protein fibrillation by nanoparticles. Proc Natl Acad Sci U S A.
2007;104(21):8691–6.
[125] Cleary JP, Walsh DM, Hofmeister JJ, Shankar GM, Kuskowski Ma, Selkoe DJ,
et al. Natural oligomers of the amyloid-beta protein specifically disrupt cognitive
function. Nat Neurosci. 2005;8(1):79–84.
[126] Dykman L, Khlebtsov N. Gold nanoparticles in biomedical applications: recent
advances and perspectives. Chem Soc Rev. 2012;41(6):2256–82.
[127] Abraham GE, Himmel PB. Management of rheumatoid arthritis: rationale for the
use of colloidal metallic gold. J Nutr Environ Med. 1997;7(4):295–305.
[128] Faulk WP, Taylor GM. An Immuno-colloid Method for the Electron Microscope.
Immunochemistry. 1971;8(11):1081–1083.

131

[129] Ho KC, Tsai PJ, Lin YS, Chen YC. Using biofunctionalized nanoparticles to
probe pathogenic bacteria. Anal Chem. 2004;76(24):7162–8.
[130] Apicella MA, Post DMB, Fowler AC, Jones BD, Rasmussen JA, Hunt JR, et al.
Identification, characterization and immunogenicity of an O-antigen capsular
polysaccharide of Francisella tularensis. PLoS One. 2010;5(7):e11060.
[131] Luo Y, Sun W, Gu Y, Wang G, Fang N. Wavelength-dependent differential
interfence contrast microscopy: multiplexing detection using nonfluorsecent
nanoparticles. Anal Chem. 2010;82(15):6675–6679.
[132] Wang H, Huff TB, Zweifel DA, He W, Low PS, Wei A, et al. In vitro and in vivo
two-photon luminescence imaging of single gold nanorods. Proc Natl Acad Sci U S
A. 2005;102(44):15752–6.
[133] He W, Henne WA, Wei Q, Zhao Y, Doorneweerd DD, Cheng JX, et al.
Two-photon luminescence imaging of Bacillus spores using peptide-functionalized
gold nanorods. Nano Res. 2008;1(6):450–456.
[134] Khlebtsov NG. Optics and biophotonics of nanoparticles with a plasmon
resonance. Quantum Electron. 2008;38(6):504–529.
[135] Gobin AM, Lee MH, Halas NJ, James WD, Drezek R, West JL. Near-infrared
resonant nanoshells for combined optical imaging and photothermal cancer
therapy. Nano Lett. 2007;7(7):1929–34.
[136] Adler DC, Huang SW, Huber R, Fujimoto JG. Photothermal detection of gold
nanoparticles using phase-sensitive optical coherence tomography. Opt Express.
2008;16(7):4376–93.
[137] Kim D, Park S, Lee JH, Jeong YY, Jon S. Antibiofouling polymer-coated gold
nanoparticles as a contrast agent for in vivo X-ray computed tomography imaging.
J Am Chem Soc. 2007;129(24):7661–5.
[138] Chen J, Irudayaraj J. Quantitative investigation of compartmentalized dynamics
of ErbB2 single molecule spectroscopy. ACS Nano. 2009;3(12):4071–4079.
[139] Leuvering JHW, Thal PJHM, van Der Waart M, Schuurs AH. Sol particle
immunoassay (SPIA). J Immunoassay. 1980;1(1):77–91.
[140] Zeisler R, Stone SF, Viscidi RP, Cerny EH. Sol particle immunoassays using
colloidal gold and neutron activation. J Radioanal Nucl Chem.
2005;167(2):445–452.
[141] Pavlov V, Xiao Y, Shlyahovsky B, Willner I. Aptamer-functionalized Au
nanoparticles for the amplified optical detection of thrombin. J Am Chem Soc.
2004;126(38):11768–9.
[142] Aslan K, Zhang J, Lakowicz JR, Geddes CD. Saccharide sensing using gold and
silver nanoparticles-a review. J Fluoresc. 2004;14(4):391–400.

132

[143] Medley CD, Smith JE, Tang Z, Wu Y, Bamrungsap S, Tan W. Gold
nanoparticle-based colorimetric assay for the direct detection of cancerous cells.
Anal Chem. 2008;80(4):1067–72.
[144] Neely A, Perry C, Varisli B, Singh AK, Arbneshi T, Senapati D, et al.
Ultrasensitive and highly selective detection of alzheimer’s disease biomaker using
two-photon Rayleigh scattering properties of gold nanoparticles. ACS Nano.
2009;3(9):2834–2840.
[145] Guarise C, Pasquato L, De Filippis V, Scrimin P. Gold nanoparticles-based
protease assay. Proc Natl Acad Sci U S A. 2006;103(11):3978–82.
[146] Dykman LA, Bogatyrev VA, Khlebtsov BN, Khlebtsov NG. A protein assay based
on colloidal gold conjugates with trypsin. Anal Biochem. 2005;341(1):16–21.
[147] He W, Huang CZ, Li YF, Xie JP, Yang RG, Zhou PF, et al. One-step label-free
optical gene-sensing system for sequence-specific DNA related to the human
immunodeficiency virus based on the measurements of light scattering signals of
gold nanorods. Anal Chem. 2008;80(22):8424–30.
[148] Ma Z, Tian L, Wang T, Wang C. Optical DNA detection based on gold nanorods
aggregation. Anal Chim Acta. 2010;673(2):179–84.
[149] Storhoff JJ, Lucas AD, Garimella V, Bao YP, Müller UR. Homogeneous detection
of unamplified genomic DNA sequences based on colorimetric scatter of gold
nanoparticle probes. Nat Biotechnol. 2004;22(7):883–7.
[150] Hu J, Zheng PC, Jiang JH, Shen GL, Yu RQ, Liu GK. Sub-attomolar HIV-1 DNA
detection using surface-enhanced Raman spectroscopy. Analyst.
2010;135:1084–1089.
[151] Schalkhammer T. Metal nano-clusters as transducers for bioaffinity interactions.
Monatsh Chem. 1998;129:1067–1092.
[152] Li Y, Schluesener HJ, Xu S. Gold nanoparticle-based biosensors. Gold Bull.
2010;43(1):29–41.
[153] Kennedy LC, Bickford LR, Lewinski NA, Coughlin AJ, Hu Y, Day ES, et al. A
new era for cancer treatment: gold-nanoparticle-mediated thermal therapies.
Small. 2011;7(2):169–183.
[154] Loo C, Lowery A, Halas N, West J, Drezek R. Immunotargeted nanoshells for
integrated cancer imaging and therapy. Nano Lett. 2005;5(4):709–11.
[155] Day ES, Thompson PA, Zhang L, Lewinski NA, Ahmed N, Drezek RA, et al.
Nanoshell-mediated photothermal therapy improves survival in a murine glioma
model. Neuro Oncol. 2011;104(1):55–63.
[156] Chen J, Wang D, Xi J, Au L, Siekkinen A, Warsen A, et al. Immuno-gold
nanocages with tailored optical properties for targeted photothermal destruction of
cancer cells. Nano Lett. 2007;7(5):1318–22.

133

[157] Hirsch LR, Stafford RJ, Bankson JA, Sershen SR, Rivera B, Price RE, et al.
Nanoshell-mediated near-infrared thermal therapy of tumors under magnetic
resonance guidance. Proc Natl Acad Sci U S A. 2003;100(23):13549–54.
[158] Ruoslahti E, Bhatia SN, Sailor MJ. Targeting of drugs and nanoparticles to
tumors. J Cell Biol. 2010;188(6):759–68.
[159] El-Sayed IH, Huang X, El-Sayed MA. Surface plasmon resonance scattering and
absorption of anti-EGFR antibody conjugated gold nanoparticles in cancer
diagnostics: applications in oral cancer. Nano Lett. 2005;5(5):829–34.
[160] Alvarez-Puebla RA, Agarwal A, Manna P, Khanal BP, Aldeanueva-Potel P,
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