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Abstract 

 Hydrogels are a class of materials based on polymers which can absorb many times their 

weight in water. Hydrogels are a relatively new type of material, with the first real hydrogel 

having been characterized in 1960. Since then, research into hydrogels has grown rapidly 

because their properties can be easily modified through covalent derivatization of the polymer 

backbone or changing other factors such as pH, ionic strength and concentration of gelator. One 

hydrogel that was known before the introduction of hydrogels as a class of materials is the 

guanosine-based hydrogel (G-gel) which was first described for a solution of high concentration 

guanosine monophosphate disodium salt and low pH. Since then, interest in these G-gels has 

grown due to their unique structural properties and their potential applications in the biomedical 

fields and smart materials. 

 Previous work in the McGown group on G-gels found that in some formulations, G-gels 

formed by binary mixtures of guanosine monophosphate and guanosine exhibit 

thermoassociative properties. At refrigerator temperatures these gels are liquids, while at higher 

temperatures they transition to the gel phase. To understand the factors that determine the 

thermoresponsiveness of these binary G-gels, the components of the G-gels as well as pH and 

added ions were varied. It was found the ratio of the two guanosine compounds and the total 

guanosine concentration were the dominant factors in determining if a G-gel would exhibit the 

unexpected thermoassociative behavior. These prior studies provided insight into 

thermoresponsiveness of the binary G-gels but as a function of their composition, but 

information about their bulk mechanical properties were left unknown. 

 In the present work, oscillatory rheological experiments were used to investigate the 

mechanical properties of the binary G-gels of varying composition.  These rheological 
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experiments focused on three aspects: how the gels respond to different frequencies of 

oscillation, how much stress could be applied to the gels before their three-dimensional structure 

is destabilized, and how easily the gels could reform when recovering from such high applied 

stresses. In these studies, the guanosine monophosphate to guanosine ratio and total 

concentration of guanosine compound were varied along with concentration and type of cation 

used to stabilize the G-gel. The rheological results for these different G-gels provide a better 

understanding of how the G-gel composition affects their bulk properties and provide a basis for 

comparison with other hydrogels.  

 Information about the bulk properties of the binary G-gels led to consideration of 

possible applications for them. Previous work in the McGown group had found that sequence-

based separation of single stranded DNA was possible in capillary zone electrophoresis (CZE) 

by using buffers with high ionic strength. Attempts had been made to adapt the results from CZE 

to microchip electrophoresis using similar buffers but the results were largely unsuccessful. 

When the DNA mixtures were introduced into the microchip for separation, any indications of 

peak resolution were irreproducible.  It was believed that the DNA was travelling too fast 

through the channel to allow sufficient time for separation. This was supported by the time it 

would take for separation to occur in CZE in the 50 cm capillaries, on the order of 20 to 50 min, 

compared to 5 to 10 min on the 8 cm microfluidic channel. To overcome this limitation, the 

present work explored the use of hydrogels in the separation channel of the microfluidic chip in 

order to increase the viscosity of the medium and thereby lower the velocity of the DNA to 

provide more time for the separation to occur. The first hydrogels we explored were the G-gels, 

but issues with these gels led us to investigate other hydrogels, along with various buffers and 

additives to optimize the separation. Different arrangements of gel in the microfluidic channels 



xiv 

 

and combinations of applied voltage across the injection and separation channels were tried. It 

was found that using linear polyacrylamide gel prepared in potassium phosphate buffer in the 

separation channel with a TBE buffer with added Triton X-165 in the injection channel led to the 

best conditions for separation of the ssDNA in the PMMA microchip. 
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1. Bulk Characterization of Binary Guanosine Hydrogels 

1.1 Introduction 

1.1.1 Hydrogels 

 Hydrogels are polymers which can absorb hundreds of times their weight in water. The 

high water content of hydrogels is what makes them so interesting for biomedical applications 

due to their compatibility with biological processes.1,2 Hydrogels can be divided into several 

groups, including physical gels, which are held together by noncovalent interactions such as 

hydrogen bonding and ionic interactions, and chemical gels, which are held together through 

covalent interactions.3,4 Hydrogels can be further classified as biobased or synthetic. Biobased 

hydrogels use materials which are from biological sources such as alginate, peptides or DNA.5–8 

Synthetic hydrogels are generally produced from polymerization of synthetic organic monomers 

such as those based on methacrylate and acrylic acid monomers.9,10 Biobased hydrogels are the 

focus of biomedical applications along with other applications as they are generally more 

biocompatible than synthetic hydrogels. In addition to biocompatibility, biobased hydrogels 

should break down much faster because the bonds which form the back bone of the polymers are 

more accessible to naturally occurring enzymes and other processes which already degrade 

biological material naturally. 3,11–13 The common synthetic physical hydrogels are made of 

carbon-carbon bonds which increases the stability. While this does have the benefits of an 

increased shelf life it also increases the time it takes for the product to degrade when it is 

eventually introduced into the waste cycles. This is due to a lack of enzymes which can attack 

these carbon-carbon bonds as these are very stable bonds and not normally the focus of enzymes. 

While there are some enzymes which can degrade certain synthetic polymers this is not true for 

all currently in use and in the waste cycle.14 
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 Some of the most common chemical biopolymers are cellulose, chitosan, and poly lactic 

acid (PLA). Cellulose from plant matter has gained attention due to its desirable mechanical 

properties and ability to be modified while maintaining its biodegradable properties. Chitosan, a 

polysaccharide like cellulose, is not wholly natural but a product of the deacetylation of chitin. 

This creates access to amine groups that can be used in functionalization and other chemistry, 

giving chitosan some unique properties over chitin. Chitin is obtained from the shells of 

arthropods. PLA is produced by polymerization of lactic acid, which is a product of lactic 

fermentation. PLA has seen use as a substitute for more common polymeric plastics due to their 

similar mechanical properties but much greater biodegradability. Each of these biopolymers is 

readily available.11,15,16 Cellulose is ubiquitous where ever plant life is found, chitin is available 

from the shells of arthropods, and lactic fermentation is a developed industry that creates a 

source of lactic acid. Their availability, combined with their biodegradable properties, make 

these biopolymers promising candidates for applications currently using synthetic, polymer-

based plastics, in order to reduce environmental contamination by synthetic materials with very 

long half-lives. However, derivatization is often necessary to produce the right material 

properties for a particular application. This is most commonly done by chemical modification of 

the structures, especially in the cases of cellulose and chitosan. The preparation of chitosan starts 

with the deacetylation step on chitin to access the amine group for the chemistry and chemical 

modification.11 While the derivatization of biopolymers greatly increases the range of their 

potential applications, it does require the use of chemicals on the industrial scale, which 

increases their environmental impact. In addition, the derivatization of these materials is a time 

consuming process, requiring development of synthetic chemistry to produce materials with the 

desired properties. 17 
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 Physical biobased polymers and hydrogels are formed through reversible self-assembly 

of monomeric units. The three-dimensional networks are formed through noncovalent 

interactions such as hydrogen bonding, hydrophobic interactions and pi-pi stacking, which are 

responsive to monomeric concentration, pH, temperature, ion strength, solvent composition, 

specific interactions with solution components such as ions and other molecular species. This 

responsiveness to external conditions makes these materials highly tunable and allows for 

important properties such as self-healing.  

1.1.2 Guanosine Gels (G-gels) 

 G-gels are biobased, physical hydrogels formed through self-assembly of guanosine and 

some of its derivatives, both biological and synthetic. Their formation was first reported in 1910, 

in the preparation of aqueous solutions of high concentrations of the free acid of Guanosine-5'-

monophosphate (referred to hereinafter as GMPfa). Initial experiments in 1962 to understand the 

structure of the G-gels used optical rotation, ultraviolet/ visible (UV-Vis) spectroscopy and x-ray 

diffraction (XRD). Difference UV-vis spectroscopy was used to identify which GMP isoforms 

would form gels and to study the pH and temperature dependence of the gels by taking the 

spectrum of the GMPfa solution at 1̊C and 40̊C. These results showed an increase in absorbance 

at 40̊C. The GMPfa solutions were also monitored at 275 nm over a temperature range of 0̊C and 

40̊C which saw an increase in absorbance over this temperature range. These experiments 

indicated the gels were totally melted. The results were consistent with the increase in 

absorbance of a DNA double helix denatured upon melting. Optical rotation experiments gave 

results similar to RNA, which implied that the structures could potentially be similar to RNA 

secondary structures. The XRD results pointed towards helically arranged monomers with four 

units per repeat. These results were interpreted to create the first depiction of a square, planar 
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unit referred to as a "G-tetrad" (Figure 1).18 Only a year later, Karst Hoogsteen published a paper 

describing the hydrogen bonding orientation used by the guanine monomers to form the G-

tetrads, now refered to as "Hoogsteen hydrogen bonds".19 

 

Figure 1. First proposed structure of the G-tetrad. Adapted from18. 

 Following the proposal of the G-tetrad structure, work focused on what conditions were 

important for the formation of the G-tetrads. Using circular dichroism (CD), it was found that 

monovalent cations could stabilize the G-gels while divalent cations at the same concentration 

inhibited their formation. However, lower concentrations of divalent cations led to the formation 

of cloudy gels with different optical properties.20 Following this observation on the dependence 

of cation valence on the gel properties, NMR was used to study how different monovalent 

cations, specifically Li+, Na+, K+, Rb+ and Cs+, would affect the G-gels. G-gels were formed in 
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the presence of Na+ and K+, less organized structures were formed in of Rb+, and organized self-

assembly was not observed in Li+ and Cs+.21 Further NMR studies indicated the formation of 

structures in which two G-tetrads are coordinated to, and stabilized by, a central K+. Sodium 

ions, in contrast, are not a part of the basic structure and serve instead to balance and shield the 

charges on the phosphate groups, further stabilizing the structure.22 It was also proposed that 

Na+, due to its smaller size, could lie within the plane of the G-tetrad and coordinate to the 

oxygens of the four guanine moieties in the G-tetrad. This is in contrast to the larger K+ that fits 

between two tetrads and is coordinated to eight oxygens, four in the tetrad above and four in the 

tetrad below, which explains its greater stabilization effect. 

 

 

Figure 2. A) Coordination of metal cations with the oxygens in a G-tetrad structure; B) Positioning of K+ and 

Na+ in stacked G-tetrad structures; C) Central coordination of K+ between G-tetrads with Na+ associated with 

the phosphates through electrostatic interactions. A and B adapted from 23, C adapted from 22. 

C 
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   The G-tetramers self-assemble into longer structures through pi-pi stacking, sometimes 

referred to as G-wires. These G-wires can form through discrete stacking of the planar tetrads or 

through a continuous, helical network of Hoogsteen hydrogen-bonded monomers. Results from 

XRD indicate 5’GMP can form either structure, depending upon experimental conditions. Other 

results indicate that 3’-GMP only forms the stacked tetrad form of the G-wires.24 These studies 

showed how both experimental conditions and monomeric structure impact the basic structures 

of the G-gels.24 With increasing monomer concentration, the solution takes on bulk organization 

to form a cholesteric gel phase and, at even higher concentrations, a hexaganol gel phase.25 

 

Figure 3. Different possible phases of the G-gels a) cholesteric b) hexaganol. Adapted from26. 

 The research focus was then directed toward how different components affect the G-gel 

structures on the molecular scale. The Na+, K+ and Rb+ cations were all known to stabilize G-

gels and so studies were performed to see how they affect the structure. G-gels were created with 

high concentrations of X2GMP where X is the cation being studied. Their CD spectra were 

measured, and their structures were probed with NMR so that the features found in the CD could 

be associated with the structures to see how the different cations affect which structures are 

formed. In addition to the different cations, the concentration of GMP was altered as well to see 

what structures would be present at the various concentrations. The NMR results found that with 
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high enough concentrations of Na2GMP or K2GMP and low enough temperatures, the solutions 

formed the cholesteric phase. However, the CD spectra of the cholesteric phase showed 

differences between the two cations. The K2GMP CD spectrum had features that decreased in 

signal magnitude as temperature increased and a peak that increased as the temperature 

increased. These changing features indicated the disappearance of the cholesteric phase and the 

increased prominence of a weakly associated phase including dimers and tetramers. The peaks 

associated with the cholesteric phases are shown in Figure 4a with the peaks at (-)208 nm and 

(-)277 nm indicating the presence of the cholesteric phase in the Na+ solution and in Figure 4b 

show the peaks at (-)270 nm and (-)288 nm indicating the cholesteric phase of the K+ solution. 

The peak at (-)309 nm was part of a noncholesteric, less organized liquid phase. These results 

indicated that multiple structures can co-exist in the same solution and the ratios of the structures 

can change as the conditions are shifted. Finally, the Rb2GMP solutions were not found to form 

the cholesteric phase at any concentration while still having spectral features indicative of 

organized self-assembly in the CD spectra.27,28 

 

Figure 4. CD spectra of X2GMP at different temperatures. a) 0.85 M Na2GMP b) 0.77 M K2GMP. Adapted 

from27. 
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 As more was understood about how the G-gels form and under what conditions, work 

began on how to optimize the G-gels for commercial applications. Derivatization of the G-gels 

was done to create gels with different properties. Derivatization of the eighth position on the 

guanine group was found control the conformation of syn vs. anti conformations in guanosine 

and GMP. These conformations were found to create gels which differed in stability, with the 

syn conformation lasting for days and the anti-conformation lasting only for hours. This created 

the potential to control the lifetime of the hydrogel. By attaching acyl groups to the sugar rings 

the G-gels which could previously only be prepared in aqueous solutions could be prepared in 

organic solvents.29 

 

 

Figure 5. a) Anti conformation GMPdss with atoms labeled by number. b) Syn conformation GMPdss. 

Dimers of guanosine and GMP were created using boron ethers where the guanosine and 

GMP were bonded through the sugar ring facilitated by the boron compound and by using long 

alkyl chains attached at the 5’ position for guanosine. These dimers were created to form G-gels 

with improved mechanical properties.30,31 Derivatization was the only focus for optimization of 
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the G-gels until a focus was put on combining the primary components used to create the gels in 

work done in the McGown group, described below. 

 

Figure 6. a) Boron diester GMPdss b) akyl chain derivatized TAcG derivative. a) was adapted from31. b) was 

adapted from30.  

 Previous work in the McGown group focused on creating binary G-gels where GMP 

disodium salt (GMPdss) is used in combination with another nucleotide or nucleoside. The 

earliest of these binary G-gels were mixtures of guanosine (Guo) and GMPdss. The first 

observation of these gels was the ability of GMPdss to solubilize the normally insoluble Guo. As 

the ratio of GMP and Guo was altered along with the cation concentration, a mixture was found 

which had unexpected responses to changes in temperature. At room temperature (~25̊C) the 

solutions existed as gels, while upon overnight storage at refrigerator temperatures the solutions 

transitioned from gel to liquid. When the solutions were returned to room temperature, the gel 



10 

 

phase fully formed again. This thermoassociative property was further studied and found to 

happen under specific conditions of GMPdss:Guo ratio, total concentration of the two 

compounds, KCl concentration and pH.  By varying one or more of these conditions, the 

temperature range of the gel phase could be varied. Above some temperature, all solutions would 

melt and remain in the solution state. Using CD spectroscopy and visual observation, a phase 

diagram was created for varying GMPdss:Guo ratios and total monomer concentration at a 

particular pH and KCl concentration (Figure 7).32 
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Figure 7. Classification of binary solutions as liquid (open circle), viscous (open triangle), or gel (solid square) 

as a function of GMPdss and Guo concentrations, at 5 ̊C (top), 25 ̊C (center), and 37 C̊ (bottom). Diagonal 

lines correspond to XGMP = 0.83. Adapted from32. 

 Following the discovery of the thermoassociative properties of the binary GMPdss/Guo 

G-gels, other binary G-gels were explored in which GMPdss or Guo was combined with other 

nucleosides or nucleotides. While some results were interesting such as the ability of GMPdss to 

solubilize other normally insoluble nucleosides, none of the other binary G-gels demonstrated 

thermoassociative behavior. This seemed to indicate there was something about the mixture of 

GMPdss and Guo that produced the tunable, reversible thermoassociation, offering exciting 
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possibilities for the use of these gels for applications in biotechnology, human health, 

environmental remediation and other areas.33 

 The focus of the work presented here is on using rheology and CD spectroscopy to gain a 

better understanding of the properties of the GMPdss/Guo binary G-gels. The rheological work 

will give new information about the previously unstudied mechanical properties of the G-gels, 

such as their bulk stability, elasticity, strength and self-healing ability. CD spectroscopy then 

relates these bulk properties to the molecular structures present in the solutions. 

1.2 Rheology 

1.2.1 Background  

 Rheology is the study of the flow and deformation of a materials. The focus of this work 

is on materials which fall outside the scope of classical Newtonian fluids, in this case the G-gels. 

Oscillatory rheology is used for the study of soft materials such as hydrogels as the oscillating 

application of force can measure the viscoelastic material properties uniquely attributed to 

hydrogels and other soft materials. Viscoelastic materials are described as having the properties 
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of a viscous liquid where response to stress depends of the shear rate, and elastic properties 

where the response to a stress depends only on the amount of stress applied.  

 

Figure 8. a) Maxwell model for viscoelastic behavior b) elastic portion c) viscous portion. Adapted from34. 

By measuring strain, strain rate and stress, a Lissajou plot can be created to determine the 

values of the storage modulus, G’, and the loss modulus, G’’. This is accomplished by 

sinusoidally varying either the amount of strain or strain rate applied and measuring the amount 

of stress in response. The strain or strain rate is then parameterized with stress against time to 

create plots which are then analyzed to determine the G' and G". The parameterization of the 

strain and stress is used to calculate the value of G’. G' is a measure of how much energy is 
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stored in the material when a strain is applied. An elastic solid will hold 100% of the energy 

applied. G" is found from the parameterization of the strain rate and stress. It is a measure of 

how much energy is lost when a strain is applied. An ideal viscous liquid dissipate will 100% of 

the energy. Figure 10 gives a visual representation of these values. To be considered a hydrogel a 

material must have a storage modulus greater than its loss modulus (G’ > G’’). The tan(delta) 

values are also commonly used to understand material properties. The delta value itself is the 

difference in phase between the stress and strain curves. The tan(delta) value is a ratio of G’’/G’. 

It is used to tell if the gel is behaving more like an elastic solid (tan(delta) < 1) or a viscous liquid 
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(tan(delta) > 1). This tan(delta) can effectively act as shorthand for whether a material is 

behaving as a hydrogel or as a solution. 

 

 

Figure 9. Lissajou plots use a parameterization of stress and strain to determine G' and a parameterization of 

stress and strain rate to determine G''. Adapted from35. 
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Figure 10. This visual depicts how different materials react to an applied stress and how this relates to values 

of G’ and G’’. The black depicts a material with a large G’’ value and a small G’. The red ball depicts a 

material with a large G’ and a small G’’. This is demonstrating how G’ relates to the ability for a material to 

store energy and G’’ relates to the ability to lose energy. Adapted from36. 

 Rheology helps understand the material properties of soft materials such as hydrogels 

through analysis and interpretation of the storage modulus and loss modulus over frequency 

sweeps and strain sweeps. A frequency sweep helps to find the linear region of the gel to prepare 

for future runs in addition to giving information about how the material is behaving. A material 

with a frequency independent G’ implies the material is behaving more like an elastic solid, 

while a frequency dependent G’ would imply a more viscous liquid type behavior. A strain 

sweep of a material demonstrates the yield point of the material, the point where the amount of 

strain being applied is destabilizing the three-dimensional network in the case of hydrogels.  

By further analyzing the frequency sweep of a material in the context of the Maxwell 

model more information can be gained. By looking at equations 1 and 2 the difference in the 

dependence of the storage and loss moduli on frequency can be seen. In the equations, η is the 

fluid viscosity, τ is the shear stress applied by the instrument and ω is the applied oscillation 

frequency. 
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 𝐺′ =
𝜂𝜏𝜔2

1+𝜔2𝜏2
       (1) 

 

 𝐺′′ =
𝜂𝜔

1+𝜔2𝜏2
       (2) 

Materials with only a single Maxwell element will have a storage modulus which has an 

upper limit while the loss modulus will have a single peak in the frequency range. In more 

general terms the storage and loss modulus for a material is the summation of all Maxwell 

elements in the solution. If the solution contains only one type of Maxwell element, then the 

graph in Figure 11 is still a good representation. The G’ will become independent of frequency 

as the frequency increases and G’’ will have a single local maximum for materials which are 

based on a single Maxwell element. For materials which are composed of multiple Maxwell 

elements the graphs can have multiple points of frequency independence in the storage modulus 

graph and multiple peaks in the loss modulus graph.  
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Figure 11. Example graph of storage modulus (G') and loss modulus (G") of a Maxwell viscoelastic material. 

(Solid lines are G', dashed lines are G''). Adapted from34. 

 

1.2.2 Rheology Experimental 

1.2.2.1 Materials 

 Guanosine monophosphate disodium salt (GMPdss), guanosine (Guo) and adenosine 

monophosphate free acid (AMPfa) were purchased from Acros Organic (Acros Organic, Geel, 

Belgium). Tris, sodium chloride (NaCl), potassium chloride (KCl), rubidium chloride (RbCl), 

and cesium chloride (CsCl) were purchased from Sigma Aldritch (Sigma Aldrich, St. Louis, MO, 

USA). Lithium chloride (LiCl) was purchased through Fluka Analytical (Fluka Analytical, 
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College Park, GA, USA). Hydrochloric acid was purchased from BDH chemicals (VWR, 

Radnor, PA, USA). Ultrapure water from an Ultrapure Milli-Q system) Millipore, Bedford, MA, 

USA) was used in solution preparation. 

 G-gels were prepared by adding GMPdss and other components to deionized water and 

then heating the solutions to 95̊C using a standard heatblock purchased from VWR (VWR, 

Radnor, PA, USA). These solutions were then cooled to room temperature. The gels were stored 

at 5̊C and disposed of after one month. 

 Tris and alkali chloride buffers were prepared by dissolving the Tris and the alkali 

chloride salt used in deionized water. The solutions were pH adjusted using HCl. The buffers 

were stored at 5̊C and then disposed of after one month. 

1.2.2.2 Methods 

 Rheological experiments were conducted on an AR-G2 (TA Instruments, New Castle, 

DE, USA) rheometer using a 25 mm diameter steel parallel plate setup. The experiments were 

run at a controlled 25̊C, with a typical gap of 200 µm between the two plates.  Data points were 

collected at a spacing of ten points per decade which means ten data points were collected 

between each order of magnitude. The order of experiments for the runs started with a preshear 

at 200% strain to ensure each gel had the same conditioning before experiments and any 

potential stress or strain previously applied would not skew the experiments. The frequency 

sweep experiment was then performed to find the frequency region where the gels were most 

independent of frequency. This frequency range could then be used for constant frequency 

experiments in future experiments to ensure small variations in frequency were not influencing 

the results. This frequency experiment was from a frequency of 0.1 rad/s to 100 rad/s. Next was a 



20 

 

stress sweep at a frequency within the frequency independent region of the gel to determine the 

yield stress of the gel followed by further analysis. The stress experiments were run from 0.1 Pa 

to 1000 Pa. The final experiment was a stress recovery experiment where the gel was subjected 

to a stress well below the yield stress for 10 min followed by the gel being subjected to a stress 

above the yield stress for 5 min. This cycle of low stress-high stress was repeated twice for a 

total of 3 cycles, with an additional 10 min of low stress at the end to look at recovery from high 

stress.  

1.2.3 Rheology Results 

1.2.3.1 Oscillation Stress and Oscillation Frequency Experiments 

As discussed above in section 1.2.1, measuring the values of G’ and G’’ over a range of 

oscillation stress and rotation frequencies can give information about how the material will react 

to different stimuli. The oscillation stress sweep experiment is used to find the yield stress, which 

is the point at which G' begins to decline due to the disruption of the three-dimensional network 

of the gel. The point where G’ decreases below G’’ is the point where the three-dimensional 

network has been completely disrupted and the material has transitioned from the gel phase to 

solid phase from the amount of stress being applied. Measuring G’ and G’’ over a range of 

rotational frequencies shows how much a gel is acting more like an elastic solid or a viscous 

liquid, and how this behavior changes with increasing or decreasing frequency of the applied 

stress. Oscillation frequency sweep is used to compare the mechanical properties of the gelator 

solutions. Oscillation frequency experiments hold the stress below the yield stress and apply this 

stress at different oscillation rates. Solutions for which G' and G" are independent of angular 

frequency are behaving more like elastic solids, while gels showing dependence on angular 

frequency are behaving more like viscous liquids. 
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For the initial experiments GMPdss/AMPfa binary G-gels were measured to later be used 

as a reference point for all future experiments. These gels were chosen because previous results 

had shown them to form only the cholesteric phase. The rheological results for the 0.1 

GMPdss/0.1 AMPfa gels show a G-gel which contains only a single Maxwell element, as 

evidenced by the slight increase and then constant value for G’ over the range of oscillation 

frequencies used in the epxeriment. The cholesteric phase is the phase which is associated with 

conditions most favorable conditions for the formation of the G-tetrad and stacking to form the 

bulk properties of the G-gels. The GMPdss/AMPfa have also proven to very consistent with little 

change with small changes in temperature or pH or even GMPdss or AMPfa concentration. They 

will consistently form the cholesteric phase. The frequency and stress results for a 

GMPdss/AMPfa gel are shown in Figures 12 and 13. From the frequency results shown in Figure 

12 the GMPdss/AMPfa gel does not exhibit a dependence on the frequency of oscillation as 

frequencies greater than 1 rad/s. This implies that the gel is behaving much more like an elastic 

solid rather than a viscous liquid. In addition to this, choosing an oscillation frequency for future 

experiments can be chosen from any point in the range greater than 1 rad/s. From this 

information a frequency of 6.25 rad/s was chosen for the stress experiments. From the stress 

experiment the yield stress was determined to be above 15 Pa from Figure 13. The relatively 

simple rheological results of the GMPdss/AMPfa G-gels make them useful for comparison to 

GMPdss/Guo binary gels which form gels with variety of levels of aggregation from simple 

associated phase to bulk organized cholesteric and hexaganol phases. 
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Figure 12. Oscillation frequency results of 0.1 M GMPdss/ 0.1 M AMPfa oscillation frequency results.  

 

Figure 13. Oscillation stress results of 0.1 GMPdss / 0.1 M AMPfa oscillation stress results. 
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The binary gels of GMPdss and Guo with 0.05 M KCl in a 0.025 M Tris buffer at a pH of 

7.2, at 25̊C, exhibit thermoassociatvie properties at a GMPdss:Guo ratio of approximately 

85:15.32 By altering the concentrations of GMPdss, Guo and KCl the gels will no longer exhibit 

the thermoassociative properties.32 Different compositions of the binary G-gels were prepared in 

order to better understand how different structures which are present in the G-gels affect the 

mechanical properties and the thermosensitive properties. The first component to be altered was 

the GMPdss which generally is present in higher concentrations than the Guo and so should be 

making up the bulk of the three-dimensional network. While the hydrophilic GMPdss is readily 

soluble in aqueous solutions, the relatively hydrophobic Guo is much less soluble. The 

hypothesis for why Guo can be dissolved into solution is that the Guo is incorporated into the 

aggregates formed by the much more available GMPdss, helping to stabilize Guo in solution. By 

changing the concentration of the GMPdss, more can be understood about the structures present 

which are primarily composed of bulk GMPdss and how comparatively small amounts of Guo 

affect these structures and change them as the concentrations become more comparable. 

Results for the binary GMPdss/Guo G-gels with varying concentrations of GMPdss are 

shown in Figures 14 and 15. The frequency sweep experiments shown in Figure 14 show how 

the different amounts of GMPdss affect the mechanical properties of the hydrogels. All three 

gels with concentrations of GMPdss greater than Guo have relatively similar storage modulus 

values over the frequency range probed. While the differences between the gels are small, there 

is a trend of decreasing storage modulus with increasing concentration of GMPdss. This is 

perhaps much more apparent when the three gels with GMPdss concentrations greater than Guo 

are compared to the single gel with GMPdss concentration less than Guo. The storage modulus 

of the 0.05 GMPdss/ 0.06 M Guo G-gel is several orders of magnitude greater than any of the 
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other hydrogels while containing the least of amount of gelating material. This shows the 

importance of the ratio of the two components in controlling the mechanical properties of the 

hydrogels.  

In addition to the generally increased storage modulus with decreasing GMPdss 

concentration, the frequency dependence of the G-gels shows a similar trend. Each gel 

demonstrates an increase in storage modulus in the 0.1 to 1 rad/s decade, which is associated 

with the storage modulus reaching its frequency independent regime for materials which behave 

more like elastic solids. However, the three hydrogels with GMPdss concentrations greater than 

Guo concentration see another, greater increase in the storage modulus with increasing 

frequency, anywhere from 1 rad/s in the case of the 0.1 M GMPdss gel where the gel does not 

show any region of frequency independence, to closer to 10 rad/s in the case of the other two 

hydrogels. This dependence on frequency is associated with the hydrogels behaving more like 

viscous liquids than elastic solids, as elastic solids generally are frequency independent after a 

certain point in the frequency domain. This kind of elastic solid behavior is demonstrated by the 

0.05 M GMPdss/ 0.06 M Guo G-gel which has much less dependence on frequency over the 

domain above 1 rad/s. This seems to indicate that either Guo concentration is important for 

controlling the rheological properties of G-gels or the ratio of GMPdss to Guo is most important. 
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Figure 14. Oscillation frequency results of different concentrations of GMPdss with 0.06 M Guo and 0.05 M 

KCl. 
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required to disrupt the hydrogel in the form of the yield stress. This is indicated by the dramatic 
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the GMPdss concentration is greater than the Guo concentration, followed by 0.15 M GMPdss 

gel and then 0.1 M GMPdss. This follows the trend of increasing yield stress with increasing 

GMPdss. However, the trend is broken with the 0.05 M GMPdss G-gel, which has a larger yield 

strength than the other three G-gels. Not only is its yield stress larger than all others but the 

decrease in the storage modulus is more dramatic once the applied stress is beyond the yield 

stress of the material. This is shown by the G’ value having the greatest decrease once the G’ 

value begins to decrease and the G’ value is closer to the values of G’ for the other three gels. 

The other three gels do not exhibit the same dramatic change in their G’ values past the yield 

stress. This suggests that the G-gels exhibit different behavior when Guo concentration is greater 

than GMP concentration, which is consistent with the oscillation frequency results.

 

Figure 15. Oscillation stress results of different concentrations of GMPdss with 0.06 M Guo and 0.05 M KCl. 
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To better understand what influences Guo can have on G-gels and how it might work to 

improve the mechanical properties of the G-gels, gels were prepared with varying concentrations 

of Guo and a constant concentration of GMPdss. The frequency results show that the G-gel with 

the larger concentration of Guo increases the storage modulus. In addition, the increase in 

storage modulus is larger for a change from 0.06 M to 0.07 M Guo compared to the changes 

associated with increasing GMPdss concentration. The frequency dependence of the two G-gels 

also indicates that the 0.2 M GMPdss / 0.07 M G-gel forms structures which create a material 

that behaves more like an elastic solid compared to the 0.2 M GMPdss / 0.06 M Guo G-gel. This 

is seen primarily at the higher frequency regime where beyond 10 rad/s the 0.2 M GMPdss / 0.06 

M Guo G-gel continues to see increases in storage modulus while the 0.2 M GMPdss / 0.07 M 

Guo G-gel returns to frequency independence of its storage modulus. This behavior is like the 

results seen from the changing concentration of GMPdss where only the highest GMPdss 

concentration (0.2 M GMPdss) exhibited frequency independence at the higher frequency range. 

From these results it seems that the ratio of GMPdss to Guo is the most important factor that 
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dominates the mechanical properties of the G-gel. 

 

Figure 16. Oscillation frequency results of different concentrations of Guo with 0.2 M GMPdss and 0.05 M 

KCl. 
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frequencies and then sharply increases around 7.5 rad/s, coinciding with the intermediate 

solution above 10 rad/s. While the difference of G’ of the three G-gels is not as dramatic as seen 
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in the other gels, the results show that both the ratio of GMP to Guo and the total concentration 

of the two  play a role in the determining the mechanical properties  of the G-gels. 

 

Figure 17. Oscillation frequency results of different gels which fall along the thermoassociative line. 

1.2.3.2 Effects of Varying KCl Concentration 

As discussed above, K+ has a significant stabilizing effect on G-gels due to its central 

position between two G-tetrads that allows it to coordinate with eight oxygens, four in each 

tetrad. By creating G-gels with the same concentrations of GMPdss and Guo and varying the 

concentration of KCl, we can determine the effects of K+ on the mechanical properties of G-gels. 

Figure 18 shows the results of a frequency sweep experiment for a thermoassociative G-gel with 

0.2 M GMPdss and 0.06 M Guo containing different concentrations of KCl. It is interesting that 

the G-gel with the intermediate concentration of 0.05 M KCl has the largest storage modulus 

over the entire frequency range. For the other two, the highest concentration, 100 M KCl, begins 

with a higher storage modulus than the lowest concentration, 0.01 M KCl, but as the angular 
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frequency increases the two curves approach each other and remain similar for the rest of the 

frequency range.  This shows that there is an optimal KCl concentration to maximize the 

stiffness of the G-gel, and for this G-gel at this temperature and pH the optimal concentration of 

the three solutions examined is 0.05 M KCl. Dependence of storage modulus on oscillation 

frequency is also an indicator of stiffness, where independence indicates that a material is 

behaving more like an elastic solid, while dependence indicates a viscous liquid. The frequency 

dependence is lowest for 0.05 M KCl, followed by 0.1 M KCl and then 0.01 M KCl. This agrees 

with the trend in the storage modulus magnitude, indicating that optimal stiffness is observed for 

0.05 M KCl. What is unusual about these results compared to the results for varying total 

concentration of gelator (Figure 17) is that the difference in frequency dependence is more 

pronounced in the lower frequency range. This is not seen in the seen in any of the other 

comparisons where the gels exhibit similar trends of the G’ in the low frequency range. This, in 

combination with the more standard increase in G’ at higher frequency, says that the storage 

modulus of these gels are more dependent on the rate of stress applied, especially for the 0.01 M 

KCl and 0.1 M KCl solutions, than all other gels studied and that they have a very small 

frequency range where they are independent of frequency. 
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Figure 18. Oscillation frequency results of different concentrations of KCl with 0.2 M GMP and 0.06 M Guo. 

 Results are shown in Figure 19 for oscillation stress experiments on the 0.2 M GMPdss 

and 0.06 M Guo G-gel with different KCl concentrations. Both the 0.01 M KCl and the 0.1 M 

KCl G-gels, which showed the smaller storage modulus values in the frequency results (Figure 

18), also have smaller values for the yield stress. This is consistent with the more elastic gel-like 

behavior of the 0.05 M KCl solution compared to the other concentrations. The difference of G’ 

for the three solutions is smaller than the differences seen in the solutions with different GMPdss 

concentrations (Figure 15). The smaller G’ means the gel is able to store less energy compared to 

other gels with large G’.  The storage ability of the gels comes from the G-tetrads and G-wires as 

they are the more elastic solid portion of the hydrogel, while the water is the more viscous liquid 

portion where energy can more easily be dissipated. The smaller increase in G’ associated with 

the change in concentration of KCl indicates that less of the G-tetrad and G-wire structures are 
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forming, or that the structures which are formed from the KCl where the G’ maximum occurs are 

not as capable of storing energy compared to the structures formed at a constant KCl 

concentration where the G’ has been maximized. This indicates that KCl plays a lesser role than 

gelator concentration in determining the rheological properties of the G-gels as optimization of 

the concentration of KCl does not change the ability to store energy as much as optimizing the 

GMPdss concentration. 

 The oscillation stress results mirror the frequency results for different KCl 

concentrations. The 0.01 M and 0.1 M KCl both have lower G’ values at all values of stress 

applied. Between the two they exhibit overlapping values of G’ for stresses below 10 Pa which 

says that at lower applied shear stresses the gels behave in the same way. The difference between 

the two gels comes at the point of the yield stress, just past 10 Pa, where the 0.01 M KCl gel is 

shown to have a lower yield stress than the 0.1 M KCl gel as indicated by a decrease in G’ at a 

lower oscillation stress in Figure 19. The 0.05 M KCl gel exhibits the lowest yield stress of the 

three gels tested. This directly states for these gels that those with the largest G’, indicating the 

greatest ability to store applied energy, will become destabilized and lose their gel like structures 

which are responsible for this applied energy storage with the least amount of stress. The 0.05 M 

KCl also has the greatest decrease in G’ past the yield stress, however it takes a larger amount of 

stress to reach this greatest point of decrease compared to the other two gels. This means that 

while the 0.05 M KCl gel will become destabilized at a lower shear stress than the other two 

gels, it takes more shear stress to completely destabilize the gel network in the solution. The 

other two gels exhibit yield stresses which are relatively similar, both greater than the 0.05 M 

KCl gel, and similar rates of destabilization. The 0.1 M has a slightly higher rate of decrease at 



33 

 

the lowest shear stress which says that it will be the first to be completely destabilized and the 

0.01 M KCl gel will be the one to maintain some gel like components at the highest shear stress. 

 

Figure 19. Oscillation stress results of different concentrations of KCl with 0.2 M GMP and 0.06 M Guo. 

The results for the different concentrations of KCl show that while KCl concentration has 

an impact on the mechanical properties of the G-gels, GMPdss and Guo concentrations play a 

larger role. The frequency sweep results do show differences in the storage modulus, with 0.05 

M KCl having the largest value over the region. The frequency dependence of the three gels is 

mostly the same over the frequency range, with differences primarily in the storage modulus of 

the gels is at lower frequencies. Similarly, the oscillation stress experiments show that changing 

the concentration of KCl has a relatively small but significant impact on the yield stress of the G-

gels. These results indicate that changing the concentration of KCl can be used to fine tune the 
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mechanical properties of the G-gels in conjunction with the greater effects of GMPdss and Guo 

concentrations. 

1.2.3.3 Effects of Different Cations 

 Potassium is the cation which is most commonly associated with G-tetrad based 

structures due to its large stabilization of the structures. The potassium cation was also the cation 

used in previous work to prepare the thermoassociatve G-gels, and so it has been given the most 

attention in the present work. However, other alkali cations have been shown to stabilize the G-

tetrad. By using other alkali chlorides instead of K+ in the preparation of the G-gels, we can 

determine the effects of these cations on the formation of G-gels. 

Alkali cations including Li+, Na+, Rb+ and Cs+, along with K+, were used in the 

preparation of GMPdss/AMPfa G-gels. The frequency sweep results are shown in Figure 20. The 

gels show small differences in magnitude of the storage modulus over the frequency range. The 

frequency dependence is essentially identical until the highest end of the frequency range, where 

the curves show some divergence. Na+ and K+ show an increase, Cs+ and Rb+ show a small 

valley, and Li+ shows a relatively large increase.  
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Figure 20. Oscillation results of 0.2 GMPdss GMPdss / 0.1 M AMPfa / 0.05 M XCl. 

 

Figure 21. GMPdss/ AMPfa storage modulus versus ionic radius in picometers (pm). The gel is 0.2 M 

GMPdss / 0.1 M AMPfa / 0.05 M XCl. 
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 Having established that the type of alkali cation has only a small effect on the mechanical 

properties of the GMPdss/AMPfa G-gel, we next investigated the effect on the 0.2 M GMPdss / 

0.06 M Guo G-gel. The results of the frequency sweep are shown in Figure 22, which shows that 

the cation used can dramatically change the mechanical properties of the GMPdss/Guo G-gel. K+ 

has the largest storage modulus across the entire frequency range, which would be expected 

based on the known stabilization of G-gels by K+. 

Following the simple look at how the different cations will affect the storage modulus, 

we also see that the frequency dependence of the G-gels depends on which cation is present. The 

G-gel prepared with K+, which had the largest storage modulus, also is the most independent of 

frequency and is the only gel with any significant regions of frequency independence. The K+ G-

gel also is the only gel to have a storage modulus that is greater than the loss modulus over the 

entire frequency range. The Rb+ G-gel, which was shown to have the second highest affinity for 

binding in the channel as demonstrated by the NMR experiments conducted by Wu et. al.37, 

shown in Figure 24, has greater frequency dependence of its storage modulus than the K+ G-gel. 

However, while at frequencies below 10 rad/s the gel still shows frequency dependence, above 

10 rad/s it appears as though it may be reaching a point of frequency independence. The Rb+ G-

gel also is the only other G-gel for which the storage modulus is greater than the loss modulus, at 

least over a portion of the frequency range. The G-gels prepared with Na+ and Cs+ have similar 

frequency dependence as Rb+ at lower frequencies but never reach a point where they can be 

considered frequency independent; even at higher frequency where Rb+ appears to stabilize the 

gel, Na+ and Cs+ have decreasing storage modulus, which indicates gel destabilization. This, 

combined with the lower overall storage modulus and the comparable results from the affinity 

experiments conducted by Wu et. al., indicates that these two cations do not promote formation 
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of strong hydrogels. This is especially interesting in the case of the Na+, as all the G-gels in this 

work were prepared using GMP disodium salt (GMPdss), which means they all contained 0.4 M 

Na+ in addition to the added cation. There has been discussion about how Na+ can also be used to 

stabilize G-gels and biological G-quadruplexes formed by oligonucleotides. As was discussed in 

a previous section, the stabilization by Na+ has been attributed to complexation with the four 

guanine oxygens within a single tetrad and/or a weaker, more general association of the Na+ with 

the phosphate groups on the GMP. In the presence of K+, the Na+ ions will be restricted to the 

phosphate groups. Finally, the Li+ G-gels show a dependence on frequency over the entire range, 

and the lowest storage modulus of any of the alkali cations in the G-gels. This is consistent with 

reports that Li+ destabilizes G-tetrad. Once again, it is interesting that even 0.05 M Li+ can have 

such a negative impact when there is 0.4 M Na+ in the solution. Some research into why Li+ will 

destabilize the gels and in general why Na+ and K+ are consistently found to be the cations most 

associated with the stabilization of the G-tetrads has focused on the hydration energies of these 

different cations. This combined with the optimal fit model which says Na+ and K+ are the ideal 

size to fit in the channel and so they are most likely to be there gives greater insight into how the 

G-wires are stabilized. To fit in the channel of the G-wires the cations must first be dehydrated. 

As the ionic radius of the alkali cations increases so does the free energy of hydration. This 

explains why K+ is preferable to Na+ due to its much lower free energy of hydration, as both can 

easily fit within the channel of the G-wires. This also explains why Rb+ is shown to have an 

equal affinity for the channel as Na+. Even with its relatively large ionic radius, its free energy of 

hydration is low enough for it to move into the channel with a low energy penalty due to the 

need for dehydration. This comes back to Li+ which has the greatest free energy of hydration and 

smallest ionic radius. This combination leaves Li+ unable to stabilize the G-wires. 
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Figure 22. Oscillation frequency results of GMPdss/Guo gels prepared with different cations.  
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Figure 23. Results showing how the storage modulus changes with ionic radius of the cations in picometers 

(pm). The gel is 0.2 M GMPdss / 0.06 M Guo / 0.05 M XCl. 
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Research done using 23Na solid state NMR identified a trend in the binding energy of the 

different alkali cations and the ammonium cation in G-gels. This was accomplished by first 

identifying the peaks in the NMR spectrum for the Na+ bound in the central channel of the 

tetrads and those bound on the surface of the G-wires. By titrating the solutions containing Na+ 

and GMP with the other cations they could quantitatively measure how much the different 

cations would displace the Na+ both in the channel and at the surface. Using known values for 

the hydration energies of the cations they were able to calculate the free energy difference for the 

binding of the different cations to the channel and surface, which is depicted in Figure 24.37 The 

storage modulus of the GMPdss/Guo G-gels follows the trend of the energies associated with the 

cations stabilizing the G-tetrad from the central channel shown in Figure 24. These values for 

association energies were calculated by a combination of NMR titration experiments and known 

values for the hydration of each the cations measured. Li+ was also shown to create the gel with 

the lowest storage modulus, which does agree with the literature which says Li+ will destabilize 

the G-gel’s structure. 

 

Figure 24. Diagrams of free energy difference versus reciprocal ionic radius a) Trend found for cations in the 

central channel b) Trend found for cations at the surface. 
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1.2.3.4 Recovery from Stress Results 

 Physical hydrogels formed by reversible self-assembly have an advantage over chemical 

hydrogels in their ability to be formed and deformed by varying physical conditions such as 

temperature or pH. The gels can also be destabilized by applying enough stress using a 

rheometer. First the yield stress of the material must be found such as in Figure 25 where the 

yield stress is the point where G’ and G’’ cross:  

 

Figure 25. Oscillation stress results of 0.2 M GMPdss / 0.06 M Guo / 0.05 M KCl. 
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shown in Figure 26 where the stress recovery cycles were repeated three times. The results show 

that the G-gel recovers rapidly after being subjected to stresses above its yield stress, with only a 

small recovery interval at the beginning of the low stress segments, showing a rapid increase of 

storage modulus to the equilibrium values. Along with rapid recovery, the storage modulus of the 

gel shows only a very slight decrease upon application of multiple cycles. This shows that the G-

gel is not only capable of reforming, but reforms with essentially the same strength as before the 

high stress was applied.  

 

Figure 26. Stress recovery results of 0.2 M GMPdss/ 0.06 M Guo / 0.05 M KCl. 
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M KCl produce the stiffest G-gel, but also produces a G-gel which is most able to recover from 

the applied stress. There also are differences in how long it takes the G-gels to reach equilibrium 

when recovering from the periods of high stress. The G-gel prepared with 0.10 KCl take longer 

to reform than the two other gels, and there may be a much smaller difference between recovery 

time for the other two gels, with 0.05M KCl slightly longer than 0.01 M. The reason for this is 

not known but may be due to slower reorganization of the K+ within in the G-gel structure with 

increasing KCl. 

 

Figure 27. Stress recovery results of 0.2 M GMPdss / 0.06 M Guo G-gels with varying concentrations of KCl. 
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the cations stays the same through all the stress recovery cycles, with K+ forming the G-gel with 

the greatest storage modulus and Li+ forming G-gels with the smallest storage modulus. The G-

gels all show the same ability to recover to the same storage modulus levels after the periods of 

high stress, and they all show very little decrease in storage modulus over the stress recovery 

cycles. The main difference between the gels besides the magnitude of the storage modulus is the 

time it takes for the reforming gels to reach equilibrium after the periods of high stress. Most of 

the G-gels appear to recover almost immediately as shown by the lack of change in the storage 

modulus once the high stress is stopped. The G-gels prepared with Li+, Cs+ and Na+ all 

immediately recover after the stress, although recovery time for the Na+ gel increases with each 

cycle of stress and recovery. The K+ gel and, to a lesser degree, Rb+ gel, take time to recover 

after the periods of high stress. These are the two gels with the highest storage modulus values. 

This suggests that in the presence of K+ and Rb+, self-assembly takes longer because the gels are 



45 

 

more highly organized. These solutions may form several intermediate structures during the 

recovery before equilibrating to the most highly organized and stable gel. 

 

Figure 28. Stress recovery results of 0.2 M GMPdss / 0.06 M Guo G-gels with different cations. The storage 

modulus of the Na+ and Cs+ G-gels are overlapping in this graph. 
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College Park, GA, USA). Hydrochloric acid was purchased from BDH chemicals (VWR, 

Radnor, PA, USA). Ultrapure water from an Ultrapure Milli-Q system) Millipore, Bedford, MA, 

USA) was used in solution preparation. 

 G-gels were prepared by adding GMPdss and other components to deionized water and 

then heating the solutions to 95̊C using a standard heatblock purchased from VWR (VWR, 

Radnor, PA, USA). These solutions were then cooled to room temperature. The gels were stored 

at 5̊C and disposed of after one month. 

 Tris and alkali chloride buffers were prepared by dissolving the Tris and the alkali 

chloride salt used in deionized water. The solutions were pH adjusted using HCl. The buffers 

were stored at 5̊C and then disposed of after one month. 

1.3.2 Methods 

 Circular dichroism experiments were conducted using a Jasco 710 Spectropolarimeter 

(Jasco, Mary’s Court Easton, MD). Samples were prepared by heating gels to above their 

melting points and then transferred 20 µL to a quartz cuvette which had a path length of 0.01 

mm. (Starna Cells Inc., Atascadero, CA). The samples were then equilibrated at the temperature 

being measured for 10 mins before measurement. 

1.3.3 Background 

 Circular dichroism (CD) is a spectroscopic technique which relies on the differential 

absorption of left-handed and right-handed circularly polarized light. This difference in 

absorption is caused by chirality of the analyte. This could be from a single chiral center on a 

molecule or induced chirality from larger aggregate structures or secondary structures of 
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macromolecules. CD spectra are generally taken in the ultraviolet (UV) range of the 

electromagnetic spectrum where most organic and especially biological molecules will have 

some absorption. For these reasons, CD is particularly good at identifying secondary structures 

of biomolecules such as proteins in the case of alpha helices and beta sheets or DNA in the case 

of double-stranded helices or single-stranded structures such as hairpins and quadruplexes. 

 CD spectra are recorded as either differential absorption or ellipticity. Differential 

absorption is simply the difference between absorbance of right handed and left handed 

circularly polarized light. This definition follows Beer’s law from regular UV-vis absorption. 

Ellipticity is measured as the angle defined by the difference in intensity of the left handed and 

right handed circularly polarized light and is defined in equation 3 and illustrated in Figure 29. In 

equation 3 IL is the intensity of left handed polarized and IR is the intensity of right handed 

polarized and θ is the angle created which is depicted in Figure 29C. 
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Figure 29. Cartoon of how ellipticity is calculated for CD a) The intensities of left hand and right handed 

circularly polarized light b) graphical representation of addition of the light sources c) Defining theta which is 

ellipticity. 

 

𝜽 = 𝐭𝐚𝐧−𝟏 (
𝑰𝑳 − 𝑰𝑹
𝑰𝑳 + 𝑰𝑹

) 

(3) 

Circular dichroism is commonly used for the study of secondary structures of large 

biomolecules such as proteins and DNA. For example, the relative proportions of alpha helixes, 

beta sheets and random coils in a protein structure can be determined because these 
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conformations each exhibit distinctive peaks in the CD spectrum. Proteins can be monitored as 

they undergo folding and unfolding due to heat denaturation and renaturation to determine 

kinetics of folding along with intermediate states which form as the proteins are folding into their 

natural state. Along with this, using CD can help identify secondary structures present in 

chemically modified proteins and how these modifications change the secondary structure. In 

addition to proteins, DNA is also commonly studied using CD in order to determine 

conformations of double-stranded DNA and single-stranded DNA, stability of these structures 

and kinetics associated with formation and denaturation of these structures. G-quadruplex 

structures including G-gels formed by monomeric guanosine compounds exhibit unique features 

in the CD spectra that can be used to distinguish between columnar, helical stacks of G-tetrads, 

continuous helices formed by monomers, and higher order gel phases. As for proteins, CD can be 

used to study the stability and kinetics of these various structures.  

1.3.4 Circular Dichroism Results 

To understand how the potentially different structures formed by the various mixtures of 

G-gels are related to the bulk mechanical properties of the G-gels in this work, CD was used to 

identify what structures are present. The CD spectrum of the 0.2 M GMPdss/ 0.1 M AMPfa G-

gel (Figure 30) has two large negative peaks at 208 nm and 270 nm and a small shoulder around 

250 nm. These peaks are indicative of the cholesteric phase forming in the gel. The cholesteric 

phase is the most ordered and aggregated form of the G-gels. The GMPdss/AMPfa G-gel is 

likely reaching this cholesteric phase due to the decrease in pH upon addition of the AMPfa 

which helps to stabilize further aggregation of the G-gels. 
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Figure 30. CD spectrum of 0.2 M GMPdss/ 0.01 M AMPfa at 20C̊. 

 When looking at the rheological results of the GMPdss/AMPfa G-gel the frequency 
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However, the oscillation stress experiment shows that the gel has a relatively low yield stress. 

When compared to the GMPdss/Guo G-gels the frequency results are most similar to the 

frequency results of the 0.05 M GMPdss/ 0.06 M Guo gels but the yield stress of the of the 

GMPdss/Guo G-gels has a higher yield stress compared to the GMPdss/AMPfa G-gel. 

 When looking at the GMPdss/Guo G-gels which all follow the thermoassociative line the 

rheological results showed all gels behaving similarly over the frequency range. The exception is 

the difference displayed by the 0.1 M GMPdss / 0.04 M Guo gel at the higher frequency range 

where it has a much lower storage modulus than the other two gels. The results of the CD 

spectroscopy agree with the results of the findings where it finds the 0.1 M GMPdss / 0.04 M 

Guo gel has a much smaller signal than the other two gels. In addition, while the sign of the 

-300

-250

-200

-150

-100

-50

0

50

200 220 240 260 280 300 320 340

E
li

p
ti

ci
ty

 (
m

d
eg

)

Wavelength (nm)



51 

 

peaks of the other two gels is opposite, their spectral peaks occur at the same wavelengths. This 

inversion of the spectrum was observed early in the study of G-gels and may be due to small 

changes or instabilities in pH around pH of 5, which is the pKa of N-7 on the guanine group.38 

Previous work in our group has found reversals of chirality in the same solution over time for the 

binary GMPdss/Guo G-gels. These may also be due to small fluctuations in pH and/or 

temperature. In addition to the ability for the pH to invert the chirality of the G-gels, it was also 

found that changing the hydroxyl chiral centers on the ribose sugar from D to L will result in gels 

which have the opposite chirality. This is shown in the CD spectrum in Figure 32 for a 

GMPdss/AMPfa gel. The peaks in both spectra are at 208 nm and 270 nm for the cholesteric 

phase, but the signal is positive instead of negative for the L-ribose. The CD results for the 0.2 M 

GMPdss / 0.06 M Guo G-gels imply that it whatever causes the inversion does not affect the bulk 

mechanical properties of the G-gels. 



52 

 

 

Figure 31. CD spectra of different GMPdss / Guo G-gels which are found along the thermoassociative line at 

20̊C. 

 

Figure 32. CD spectrum of 0.1 M Beta-GMPdss / 0.1 M AMPfa at 20°C. 
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 When changing the cation used to stabilize the G-tetrads, the CD results are generally 

consistent with the rheological results. While there are similarities between the trend of storage 

modulus and how the different cations stabilize the G-tetrad, the CD results show significantly 

different trends if there is a trend at all. First, GMPdss/Guo G-gels with Li+ or Na+ have no 

significant CD spectra, which is to be expected since previous results have shown that K+ is 

needed for the formation of the GMPdss/Guo G-gels and Li+ has been known to destabilize G-

gels formed by a single guanosine compound. The K+-stabilized gel shows a greater CD signal 

than the Rb+-stabilized gel, which does follow the trend between the present rheological results 

and other results relating the affinity of the different cations to both the inner channel and the 

surface of the G-wires. There is a discrepancy in that the CD spectrum of the G-gel with Cs+ has 

much greater signal than the other two gels, which was not expected. Based on the results of the 

rheology and other studies it would have been expected the Cs+ gel would produce a CD 

spectrum with a much lower signal than the other two, similar to the Na+ gel which does not 

produce a signal in the CD spectrum because it does not stabilize the gels. The Cs+ G-gel has a 

spectrum which looks like the cholesteric phase formed by beta-GMPdss/AMPfa. However, the 

peaks are red shifted to 220 nm and 282 nm. The K+ gel also has other peaks in its spectrum 

which are potentially due to lower order structures, while the Cs+ spectrum contains only the 

cholesteric peaks. From the same NMR results which ordered how the cations stabilize the G-

gels when in the core position, there also were results showing the ability for the cations to 

stabilize the G-gels from the surface where the phosphate groups are located (Figure 2C). The 

Cs+ and Na+ cations were found to be the most favorable for stabilizing the G-gels from the 

surface. This agrees with previous results which have stated that Na+ is important for stabilizing 

larger aggregate structures by shielding the negative charges of the phosphate groups. In the 
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GMPdss/Guo gels the Cs+ also is potentially helping to stabilize larger stacks by interacting with 

the phosphate groups. However, the absence of phosphate groups on the guanosine already 

promotes aggregation, reducing the neutralizing effect of surface cations. It is possible that the 

stabilization by Cs+ is due to surface interactions that increase the chirality of the structures but 

lacks the stabilizing effect of cations that stabilize the gels through much stronger interactions 

within the channels of the columnar structures. This would explain the discrepancy in the results, 

but also raises the possibility that the magnitude of the CD peaks is not always indicative of 

structural stability. Finally, since the sodium salt of GMP was used in these studies, it could be 

that Cs+ displaces Na+ from the G-wire surface, creating a more stable aggregate compared to the 

other solutions in which Na+ is the main cation at the surface.  

 

Figure 33. CD spectra of 0.2 M GMPdss / 0.06 M Guo / 0.05 M XCl at 20°C. 
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1.4 Conclusions 

 The work presented here shows how the mechanical properties of the binary G-gels of 

GMPdss/Guo are affected by the components which comprise the gel. Previous work in the 

McGown group found the stability of the GMPdss/Guo G-gels depends upon the ratio of the two 

components as well as their total concentration and K+ concentration. A particularly interesting 

result of this work was the discovery of thermoassociative properties of the gels at ratios of 85% 

GMPdss to 15% Guo. Other groups have shown that the cation which is used to stabilize G-gels 

affects the properties of the gels as well. Using rheological measurements supported with CD 

spectroscopy, we have seen how changing the components in the gel solution will affect the bulk 

mechanical properties of the gels and the relationship of these changes to the self-assembled 

structures within the gels as indicated by CD spectroscopy. 

 Initially the GMPdss and Guo were varied independently. These results found that while 

the GMPdss does have an impact on the mechanical properties, Guo concentration has a much 

greater impact on the properties. With only small changes in the Guo concentration, compared to 

the changes made to the GMPdss concentration, much larger changes in G’ were seen. More 

importantly from this work were the results which showed that the ratio of the GMPdss/Guo was 

more important for determining material properties than the actual concentrations. While 

increasing the total guanine concentration of the G-gels did increase G’, gels at the same ratio of 

GMPdss/Guo tended to have similar mechanical properties with little change in G’. An increase 

in the guanine concentration should lead to more of the three dimensional structure which 

contributes to the elasticity of the hydrogels. This suggests that an increase in the total guanine 

concentration should increase the G’ of the gels, but this was not the case for all ratios of 

GMPdss/Guo. For G-gels with the same GMPdss/Guo ratios, there was a change in the 
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frequency dependence of G’ from the lower total concentrations to the intermediate and higher 

total concentrations. As the total concentration increases, there is less difference between the G’ 

values of the different gels. This seems to indicate that the structures which are formed due to the 

ratio of GMPdss to Guo play a greater role than the total amount of gelator concentration, at least 

at the concentrations tested. 

 The other component which is known to affect the stability of the G-gels is the cation that 

is added to the gel. Na+ and K+ are the most commonly used cations for this purpose, but for the 

binary GMPdss/Guo G-gels only K+ served this function. By altering the amount of the KCl it 

was found that G' increases with increasing K+ up to a point and then decreases with additional 

K+. It may be that a certain K+ concentration is needed to populate some of the internal, central 

sites between adjacent tetrads, but that too much K+ may lead to overpopulation of these sites, 

leading to distortion of the structure, resulting in destabilization. Another possibility is that 

excess K+ may associate with the surface phosphates in a way that destabilizes the gel structure, 

possibly by displacing Na+, which is better at surface stabilization. 

 Following the studies of K+, other cations also were investigated.  Li+, Na+, K+, Rb+, and 

Cs+ were used because there was already literature discussing their interactions with the G-

tetrads and G-gels. The rheological results showed that K+ has the largest G’ and the greatest 

yield stress of these cations. This was unsurprising based on previous results reporting similar 

findings using other techniques such as CD spectroscopy. When the same cations were added to 

GMPdss/AMPfa G-gels results showed much less difference in the G’ for the different cations 

compared to the GMPdss/Guo gels. However, the differences which did occur showed K+ as the 

gel with the lowest value for G’. This was unexpected as K+ was thought to create very stable 

gels. However, when the results of both the GMPdss/Guo and GMPdss/AMPfa gels were 
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compared to the calculated stabilities of the cations on both the surface of the G-wires and inside 

of the channel, the results of the rheology for the GMPdss/Guo G-gels matched the trend for the 

cations in the channel of the G-gels and the GMPdss/AMPfa G-gels matched the trend for 

cations on the surface of the channel. This suggests that while the GMPdss/Guo G-gel, which has 

a neutral pH of 7.2, relies more on the cations in the central channel rather than on the surface, 

while the GMPdss/AMPfa is greatly stabilized by the lower pH which reduces the net charge due 

to the surface phosphates, thereby reducing repulsion between the surface phosphates within a G-

wire as well as between neighboring G-wires in a gel and therefore promoting self-assembly. 

 The CD spectroscopy of the GMPdss/Guo G-gels with the different cations followed a 

different trend from the rheological results, with Cs+ having the largest CD signal of the gels, 

followed by K+ and then Rb+. While this may indicate that the affinity for either the channel or 

the surface may potentially translate into the bulk mechanical properties, it is not indicative of 

what is affecting the structure at the molecular level. While the Cs+ may not produce a G-gel 

with greater energy storage ability, the Cs+ did create a gel which shows a stronger CD signal, 

which means it has a stronger chirality but does not necessarily mean that it is a more stable gel. 

Finally, there was evidence of potentially two separate Maxwell elements in the 

rheological results of the GMPdss/Guo binary G-gels but not in the GMPdss/AMPfa G-gels. In 

the GMPdss/AMPfa G-gels they reach a point of oscillation frequency where the G’ becomes 

constant with increasing oscillation frequency. This is the behavior of a material with only a 

single Maxwell element composing its viscoelastic properties. The GMPdss/Guo G-gels show 

regions of independence from the oscilation frequency at lower frequencies and then as the 

frequency increases the GMPdss/Guo G-gels found along the thermoassociative line see an 

increase in G’. The idea of potentially two Maxwell elements compromising the binary G-gels is 



58 

 

also supported by the CD spectroscopy. In the CD spectra of the thermoassociative G-gels there 

are peaks with have been attributed to the cholesteric phase as found in the research on different 

GMP salts with different alkali cations. There are also peaks with similar magnitudes that are 

attributed to less organized structures that exist at a molecular level and co-exist with the more 

highly organized, bulk gel phase.  The potential for multiple species to be present at the same 

temperature and concentration is also addressed in that work. This is potentially interesting as the 

GMPdss/Guo G-gels are the gels which demonstrate the thermoassociative properties and a 

previous hypothesis was the co-existence of multiple, stable structures at the different 

temperatures. This leads to a potential research avenue which could help to explain the 

mechanism behind the thermoassociative nature of the GMPdss/Guo binary G-gels. 

 Overall, this work describes the rheological and spectroscopic results of the GMPdss/Guo 

G-gels which are of interest because of their unique thermoassociative properties. This work 

could be used as a jumping off point for further inquiries into how the smaller molecular 

arrangements affect the bulk properties of G-gels and how measurements of the bulk properties 

could potentially give information about the molecular arrangements. 
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2. Microfluidic Techniques for Sequence-based Separation of Single 

Stranded DNA 

2.1 Introduction 

2.1.1 DNA Separation 

 The separation of single stranded DNA (ssDNA) is an important first step in any field 

which focuses on DNA analysis such as forensics, genomics, and many others. Separating DNA 

by length is a well-developed technique which has been accomplished in slab gel electrophoresis 

and capillary electrophoresis. Separation occurs in electrophoresis based on the difference in 

charge density of the analytes sometimes referred to as the charge to size ratio. This ratio directly 

affects the mobility of the DNA in the electrophoresis experiment. DNA which has a phosphate 

back bone has the same charge density and charge to size ratio at all lengths and so cannot be 

separated this way. For this reason, a sieving gel must be used to separate DNA by length. The 

DNA is separated by differences in velocity of the DNA sequences as they travel though the 

immobile gel phase. This is based on the theory that molecules of larger hydrodynamic radius 

should interact with the gel for larger periods of time, which means these larger molecules take 

longer amounts of time to travel the same distance in an electric field. Separation DNA of the 

same length but different sequence cannot be separated by this length-based approach. 

For many types of DNA analysis separation by length is enough to accomplish the goals. 

However, for some DNA analysis which focuses on differences in DNA sequences, including 

those that differ by only a few base pairs, separation by length alone will not be enough. 
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Examples include single point mutations, DNA fingerprinting, and metagenomic analysis of 

complex samples such as microbial communities and biofilms.39–41 

 Being able to monitor the rapid changes that can occur in microbes has uses in pathogen 

studies. In forensic studies single nucleotide polymorphism (SNP) and changes in short tandem 

repeats (STR) are used to find matches to forensic DNA. In addition to this, SNPs have been 

associated with diseases such as Crohn’s, multiple sclerosis, arthritis, Alzheimer’s and 

Parkinson’s.42–46 Being able to quickly and accurately identify such SNPs, especially in a point 

of care environment, would help create easier access to identification of these diseases. 

 There are techniques which can accomplish sequence-based separation of ssDNA 

fragments, however these techniques are not without limitations and therefore not applicable to 

all analyses. Current methods for separating DNA by sequence focus not on the fundamental 

differences in the sequences but on physical differences which arise from secondary structures, 

either intrinsic or from interactions with “probe” DNA constructs. Temperature gradient gel 

electrophoresis (TGGE) and denaturing gradient gel electrophoresis (DGGE) rely on the ssDNA 

being hybridized with complimentary strands to form duplex DNA with differing stabilities; a 

temperature gradient or denaturing buffer gradient will separate the hybridized DNA of 

difference sequence based on their stabilities.47 While these techniques will work for some 

separations, they will not necessarily work for all ssDNA sequences such as in cases where GC 

content of the different sequences is similar as both techniques mainly rely on the differences in 

stability associated with higher GC content. In addition, hybridization of target sequences 

requires knowledge of the sequences in order to design the complimentary probe sequences.  

Finally, creating a stable temperature or denaturing gradient is not trivial and an unstable 

gradient field leads to irreproducible results. 
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The other methods for DNA separation by sequence include heteroduplex analysis (HA) 

and single stranded conformation polymorphism (SSCP) analysis. HA works by creating a 

complimentary sequence of DNA for the sequence which is under investigation. The 

complimentary sequence to the target sequence will fully hybridize while all other sequences 

will form partially hybridized DNA, resulting in conformational differences that are used to 

achieve separation.48 Like the gradient techniques, the main drawback of this technique is the 

requirement of knowing the sequence of the wild type DNA which is being analyzed. In 

addition, HA is limited by the complexity of the complimentary sequence as some DNA, such as 

highly G-rich DNA. SSCP uses the differences in native secondary structure of DNA with 

different sequences. While this technique is straightforward, simple and does not require prior 

knowledge of the DNA sequences, there is not necessarily a large enough difference in 

secondary structures between sequences to achieve separation.41  

When the above techniques cannot properly separate the DNA for analysis, DNA 

sequencing may be employed. Sequencing is the most reliable way to determine what DNA 

sequences are in a mixture. Research is still constantly working to improve sequencing as it is 

seen not only as a useful analytical technique for shorter nucleotide sequences but for sequencing 

of entire genomes as well. However, despite enormous advances in sequencing technology, 

sequencing remains a costly and time-consuming technique and is not always applicable such as 

in cases of damaged DNA, which limits its widespread use.49–54 For these reasons, there is a need 

for a low cost and simple method capable of separating ssDNA by sequence which is robust 

enough for both simple and complex mixtures and does not require prior knowledge of the 

sequences.  
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Microfluidics and microchip electrophoresis (MCE) are part of an emerging field which 

focuses on the miniaturization of different analytical techniques. Microchip electrophoresis has 

some noteworthy advantages over conventional CZE. Due to the small size of the total device 

smaller sample volumes are needed which benefits research which works with limited amount of 

sample such as forensic samples. MCE can also incorporate different analytical techniques on a 

single microchip with limits only on what is able to be designed and fabricated. This offers an 

additional benefit of less handling of the sample by the users of the device, which is important 

for minimizing sample contamination and user errors and imprecision.55,56  

When designing a microfluidic chip for an application, the two components which must 

be determined are the material which the microchip will be made of and the geometry of the 

microchannels within the microchip.  

The materials used for the fabrication of microchip chips fall broadly into four categories, 

glass or fused silica, plastics, hydrogels, and paper. Each material has specific properties which 

make it more desirable for certain applications over the other materials. Glass was used in some 

of the first microchips produced in the early 1990’s.57,58 These microchips were fabricated using 

techniques developed by semiconductor fabrication techniques. Additionally, the use of glass 

allowed researchers to directly transfer knowledge from CE to the microfluidic platform. Their 

inert properties also make glass-based microchips desirable for reaction vessels and other 

applications which use highly reactive reagents. While glass and fused silica continue to be the 

materials most commonly used to fabricate microchips for MCE applications, fabrication 

difficulties have led to high production costs which limits their use.  
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Plastic materials used to fabricate microchips offer the greatest variety of properties due 

to the many different types of plastics used in fabrication. Thermoset plastics offer similar 

stiffness as the glass-based microchips. In addition, the ability to use photopolymerization to 

fabricate microchips offers a wide range of possibilities when designing microchips. Like the 

glass-based microchip, there are limits to the applications of thermosets due to high cost to 

fabricate and the stiffness associated with the material.59 Elastomer based microchips such as 

polydimethylsiloxane (PDMS) microchips can offer a much greater range of applications 

compared to the thermoset microchips at a much cheaper cost. Specifically, PDMS has been used 

extensively in biology related applications due to its biocompatibility with cells and cell 

culturing. In addition, the high elasticity of PDMS has been used to develop valves for 

complicated chip development. This valve design is currently the most widely used in 

microfluidics. A limitation of the PDMS microchips is the porosity of the material. Use of 

organic solvents and biomolecules leads to the adsorption of these molecules to the walls of the 

microchip, fouling the surface for future experiments.60 The final broad category of plastics used 

for microchip fabrication is thermo plastics such as poly(methyl methacrylate) PMMA, 

polycarbonate (PC), polyvinylchloride (PVC), and others. Microfluidic chips made of 

thermoplastics are cheaper to produce and more inexpensive to purchase compared to most other 

plastic and glass-based microchips. The surfaces of these microchips can be modified, which 

makes them desirable for affinity experiments among others. 61 They are less porous than PDMS 

and more comparable to the thermosets and glass in terms of stiffness. However, they are not 

compatible with as wide a range of solvents, especially organic solvents, as the other materials. 

In addition, while they are relatively inexpensive to produce, they are equally, if not more, 

expensive to employ in developing new microchip designs compared to the other materials.  
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Hydrogels are a relatively new class of materials being used to develop certain types of 

microchip devices. The structure of hydrogels is based on a three-dimensional network 

encapsulating large amounts of water, creating hydrogels which are less dense on the 

macromolecular scale than the other materials. This leads to lower resolution when fabricating 

microchip devices. While they cannot be used to create nanostructure devices, hydrogels, 

especially bio-based hydrogels, are uniquely qualified when it comes to cell culturing on the 

microscale. Hydrogels excel at tissue engineering and three-dimensional cell culturing compared 

to PDMS, which is more suited for individual cell analysis and assays. Hydrogel components are 

also commonly used as valves in hybrid material microfluidic devices.62,63 

The newest material to be used to fabricate microfluidic devices is paper. Paper is 

ubiquitous, making it the cheapest material to use in microchips. However, paper microfluidics is 

so new that very few techniques have been developed for paper-based microchips, and so it is 

unknown how useful it will prove to be.64 

Each of the materials used in microchip fabrication have their strengths and weaknesses 

which in turn limits the kinds of experiments for which they can be used. By combining different 

materials to form hybrids some of the strengths can be used together to create new capabilities. 

This can lead to many new options for designing a microchip for a particular application. The 

combination of the cheap and accessible thermoplastics with easily produced hydrogels will 

afford a wider range of uses. 

The geometry of the channels in the microchip will determine what kind of experiments 

can take place within the microchip. The geometry must be designed to incorporate the key 

elements while reducing turbulent flow throughout the channels.65,66 Separation experiments 
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such as MCE require a sufficiently long channel. PCR and other reaction-based experiments 

require a zone where the reaction can take place and the reactants can properly mix. As research 

continues adapting techniques to microfluidics chips, geometries and materials will continue to 

be developed to meet the challenges. The most common types of geometries for MCE 

experiments are simple inlet/outlet, tree, or T-junction designs (Figure 34).67 While adding more 

junctions to the microchip can give you better control over the shape of the sample plug, they are 

not as common and are not readily commercially available. 

 

 

Figure 34. The most common types of geometries for MCE. S: Sample port SW: Sample waste port, BI: 

Buffer inlet, BO: Buffer outlet, A) Single inlet/outlet, B) Tree, C) Offset, T-junction D) T-junction. Adapted 

From67. 

In MCE, voltage is the driving force for the separation of the analytes. For microfluidic 

chips it is not as simple as injecting a small amount of sample and then having buffer at both 

ports like in capillary electrophoresis. Once again, the geometry is important to consider and for 

most experiments a T-junction geometry is selected. This junction involves an injection channel, 

which has the job of introducing the sample into the microchip using electrokinetic injection or 

other injection methods. Electrokinetic injection is accomplished by applying a voltage across 
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the injection channel and floating the voltage of the electrodes at the buffer inlet and buffer 

outlet. Floating means the voltage is monitored but not actively controlled at the electrodes. The 

sample is then moved into the longer channel where the separation takes place, called the 

separation channel. This is done by floating the voltage at the sample inlet and sample waste 

ports while applying a voltage across the separation channel. This type of injection is referred to 

as a floating injection. This is the simplest injection method for a T-junction type microchip. 

Further control can be applied to the experiment, such as controlling the width of the injected 

sample plug using different combinations of applied voltage. One example is the pinched 

injection, in which two smaller voltages are applied at the buffer inlet and outlet ports, compared 

to the sample inlet and outlet, to “pinch” the sample stream to a certain width during injection. 

Both simple injection methods are demonstrated in Figure 35.68 In addition, voltage controls may 

have to be in place to ensure the experiment is not ruined by continuous flow of sample into the 
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separation channel. In more complex microchip arrays, more complex voltage configurations 

come into play.66,69 

 

Figure 35. Examples of different injection schemes. A) Floating Injection B) Pinched Injection The inserts 

show the shape of the sample stream during the injections. Adapted from66. 

Finally, the last component of MCE experiments is detection. Many methods have been 

implemented to monitor the separations. Fluorescence and absorbance based detection can be 

accomplished in much the same way as in any other electrophoresis platform. Electrochemical 

detection also can be used.   

Previous work in the McGown group has found that ssDNA can be separated by 

sequence in capillary zone electrophoresis (CZE) based solely on primary structure (i.e., 

sequences) and without prior knowledge of sequence or special reagents. Initially it was thought 
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that this separation was due to the presence of a high concentration of guanosine monophosphate 

disodium salt (GMPdss) in the run buffer.70,71 The GMPdss was thought to form an ordered 

hydrogel phase that interacts with the sample DNA in a sequence dependent manner. Further 

research found that, however, the same separations could be accomplished with a buffers 

containing a high concentrations of phosphate salts or other phosphate containing compounds 

including other nucleotides. In these studies, adenosine monophosphate (AMP) and uridine 

monophosphate (UMP) were used and the results were similar for each of the nucleotides, with 

the main difference being migration time.72 Eventually it was found that other buffers at a high 

ionic strength could lead to the sequence-based separation, with different degrees of success.73 

The first experiment using the CZE approach focused on a set of 76-mers (Table 1). Four 

of the strands were chosen from forensic literature and varied by only a A to G base substitutions 

based on STR mutations. Four more strands created where G was substituted with other 

nucleobases to see if the basis of the separation was interaction of G in the strands with the G-

gels. The ninth strand was a rearrangement of one of the original 76-mers to see if separation 

involved sequence or just nucleobase. The tenth strand was a randomly generated 76-mer. These 

strands were found to have no significant difference in conformation from CD spectroscopy and 

denaturation of the strands before experiments did not impact the results. It was found that the 

migration order of the strands was independent of the buffer used, and that the only requirement 

was high ionic strength. With all other options ruled out it seemed to say the phosphate group on 

the nucleotides and the phosphate on its own was driving the separation by sequence  
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Table 1. The ten 76-mers which were used in CZE experiments. The two-digit numbers next to each strand 

are the labels used in prior work and the present research. The bolded bases show where the mutations 

occurred. Adapted from72. 

 

A second set of ssDNA sequences was then created to study the mechanism of the 

separation. The set was made of ten 15-mers of ssDNA based on an initial 15-mer of PolyT. The 

length of 15 was chosen so that the sequences would be small to allow molecular dynamic 

simulations to be performed concurrently with the CZE experiments. The initial PolyT 15-mer 

was chosen as the base because of its being the least likely to form a secondary structure. 

Thymine also does not interact by base stacking and so should serve as the best choice for 

separating ssDNA purely by sequence. The sequences are summarized in Table 2. Three of the 

sequences were substituted at the seventh position with A, G, and C. Two other sequences were 

mutated at the seventh and eighth positions with AG, and GG, respectively, for even more 

information about how differences in sequence can affect the separation. The final four 

sequences were mutated with GA, ATG, ATTG, and ATTTG where the initial mutation still 

occurred at the seventh position and either the order was changed in the case of GA compared to 

AG or the distance between the two nucleotides in the case of ATG, ATTG, and ATTTG which 

were chosen to understand how proximity of purines to each other might affect separation. The 

ten 15-mers were separated into eight peaks using a 0.14 M potassium phosphate buffer at pH 

8.0 and 35̊C. The results are interesting for what could not be separated, the C and T 15-mers and 

the AG and GA 15-mers. In addition to the potassium phosphate buffer, other buffers containing 
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Tris with sodium phosphate, NaCl, KCl, choline chloride and HDTMP were used. The results 

found that the sodium phosphate, NaCl, KCl and choline chloride buffers will separate the 15-

mers with the same separation order, though not to the same degree as the potassium phosphate. 

Only HDTMP was found to cause minor differences in the separation order. These results 

confirmed the finding for the 76-mers that the type of salt used in the buffer is not as important 

as the concentration. 
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Table 2. List of 15-mers used in CZE experiments to determine the mechanism of separation. Left) The label 

which was used for each 15-mer based on its mutation. Right) The 15-mer sequences with base substitution 

underlined. Adapted from73. 

 

 

Figure 36. Results of the CZE separation of ten 15-mers using 0.14 M potassium phosphate buffer at pH 8.0. 

The 15-mers were able to be separated into 8 separate peaks. Peaks were identified through spiking 

experiments. Adapted from73. 

Previous work in the McGown group has found that directly taking the conditions used to 

separate DNA in CZE and applying them to MCE was not able to accomplish the same 

sequence-based separation. Initial results seemed to indicate the sample of mixed DNA 

sequences was traveling too fast through the separation channel of the microfluidic chip to allow 

time for separation. From the previous results in CZE it is known that the migration time was 
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from 20 to 50 minutes depending on the running conditions. The separation channel in the 

microfluidic chip was much shorter at 8 cm compared to the 50 cm length of the capillary for 

CZE. To create a system which could replicate longer migration times in a shorter channel, 

various approaches were used in the present work to slow the sample migration to allow it a 

longer separation time under the electrophoretic conditions so it could achieve separation. Our 

work was restricted to inexpensive, commercially available chips and so longer channels were 

not an option. 

 This chapter describes new efforts to adopt the sequence-based separation techniques 

developed in CZE to a MCE setup. The application of CZE techniques to MCE is desirable for 

potential use in point of care analysis due to microfluidic devices being cheaper, smaller and 

having simpler designs. In addition, the flexibility in the design of microfluidic devices allows 

for the development of multidimensional devices. Specifically, in our work this would allow us 

to separate DNA by both length and sequence in the same analysis. As depicted in Figure 37, the 

DNA fragments would first be separated by length in one channel using traditional sieving gel 

electrophoresis, and then each group of same length fragments would be separated by sequence 

in the second dimension. This would provide much more information than either of the single 

dimensions alone, which is important for forensics and for complex samples such as microbial 

communities and biofilms. 
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Figure 37. Schematic of two-dimensional separation of DNA in a microfluidic setup. The first step would be 

to separate based on size along the first separation channel. Then the second step would be to separate based 

on sequence.74 

 Ideally these results would continue to expand and develop, and all parts of DNA 

analysis could be incorporated into a single microchip device. For example, it is possible to add 

on-chip PCR amplification before separation. 

2.2 Experimental 

2.2.1 Materials 

The two 15-mer DNA strands, which were labelled with FAM-6 at the 5’ end, were 

purchased from Integrated DNA technologies (Coraliville, IA, USA). These two strands, referred 

to as GA and C, were selected from the set of ten 15-mers based on previous work which showed 

these two have the greatest difference in mobilities in the CZE experiments. 
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The agarose used to prepare the agarose gel phases was purchased from Promega 

(Madison, WI, USA). Agarose was chosen as the starting point based on some initial work which 

was done trying to adapt the separation to slab gel electrophoresis. 

Guanosine-5’-monophosphate disodium salt (GMPdss), guanosine (Guo), potassium 

chloride (KCl), potassium phosphate (K2HPO4) and Tris were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). These were the integral components of the guanosine based gel (G-gel) 

which was used in some experiments. G-gels are described in chapter 1. The G-gel was used 

because of previous results showing GMPdss on its own can separated 76-mers by sequence 

when used as a buffer in CZE, and because it was thought that use of the gel might slow down 

strand migration, providing more time for separation. 

Acrylamide (Ultra Pure Grade) was purchased from Amresco (Solon, Ohio, USA). 

Ammonium Persulfate (APS) was purchased from Thermo Scientific (Rockford, IL, USA). 

Tetramethylethylenediamine (TEMED) and anitifoam y-30 emulsion were also purchased from 

Sigma-Aldrich.  

Sodium Hydroxide, Ethylenediamine tetracetic acid, and boric acid were purchased from 

Fischer Scientific (Fairlawn, NJ, USA). NaOH was used in the cleaning of the microfluidic chip.  

2.2.2 Solution Preparation 

Ultrapure water from an Ultrapure Milli-Q system (Millipore, Bedford, MA, USA) was 

used in solution preparation. 

The buffer solutions were prepared by dissolving the potassium phosphate in deionized 

water and then adjusting the pH with either KOH or HCl until it reached pH of 8. These 
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solutions were then degassed to remove any residual air bubbles in solution using a sonicator 

water bath. These buffers were stored at 5°C and disposed of after one month. 

 The ssDNA 15-mers were received in 100 µM 1x TE buffer. For the microchip gel 

electrophoresis experiments the appropriate amount of 15-mer was added to buffer to create a 

solution of 25 µM of each 15-mer (50 µM total DNA).  

  The agarose was prepared by dissolving agarose in the phosphate buffer and then 

microwaving the solution for 15 s. The microchip was then warmed, and the agarose was 

introduced using a syringe to ensure even distribution. The microchip was then given 1 h to cool. 

 The guanosine gels were prepared by adding GMP and guanosine to a buffer of KCl/Tris 

and heated using a heat block until all components were dissolved. The gel was then cooled to 

5°C where the gel transitions to the liquid phase. The liquid gel was then introduced into a cold 

chip using a syringe to insure even distribution. 

 The linear polyacrylamide was prepared by dissolving the acrylamide in the potassium 

phosphate buffer and then 10% APS and TEMED were added. The solution was then quickly 

injected into a room temperature chip and allowed to polymerize for 1 h. 

2.2.3 Instrumental Methods 

2.2.3.1 Slab Gel Experiments 

The slab gel separations were performed in an Owl Easy Cast Horizontal system B1 

model (Thermo Fisher Scientific, Waltham, MA) using agarose gel as the stationary medium. 

600 mL of buffer was used during the run. 50 mL of agarose gel was added to create a gel with 

height of 0.5 cm. The combs used were B-14 side 1.5 which combine with the 0.5 cm height of 
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the gels to create 17 µL sample wells. Voltage was applied using Fisherbrand FB300 power 

supply (Fisher Scientific, Hampton NH). 

2.2.3.2 Microchip Experiments 

The separations were performed using a polymethyl methacrylate (PMMA) T-junction 

microfluidic chip with a channel cross section of 75 µm x 75 µm (Labsmith, Livermore, CA, 

USA). A SVM340 synchronized video microscope was used to track the DNA sample using 

fluorescence (464 – 476 nm excitation) also from Labsmith. The power supply used was an 

HVS448 3000D high voltage sequencer which was also purchased from Labsmith. 

 Before the start of any run the microchip was first cleaned and conditioned. The 

conditioning steps were an initial 10 min rinse with deionized water at a rate of 9 µL/min. 

Following the deionized water rinse was a 10 min rinse with 1 M NaOH at the same rate. The 

chip was then rinsed again with deionized water for 10 min at the same rate. The chip was then 

purged with air to ensure an even distribution of the gel which was being added. The microchip 

with the incorporated gel phase was then degassed under vacuum for 15 min to remove any 

residual air bubbles which could be trapped in the gel phase. 

Agarose gels were prepared by dissolving agarose in phosphate buffer and microwaving 

the solution until fully dissolved. The PMMA microchip was heated while the agarose was being 

injected to ensure even distribution before the agarose gel had cooled and set. In some 

experiments, the agarose gel was then removed from the injection channel by using a syringe and 

replaced with TBE buffer. To remove any residual agarose which may have remained in the 

injection channel an agarose denaturing solution was flushed through the channel and allowed to 

sit for 10 min. Following this the injection channel was rinsed thoroughly with deionized water. 
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Guanosine gels were prepared by dissolving GMP and guanosine in a 0.05 M KCl/ 0.025 

M Tris buffer using a heatblock at approximately 95̊C. The solution was then cooled to room 

temperature and then cooled to 5°C. At this temperature these gels transition to the liquid phase. 

The PMMA microchip was also cooled to 5°C and then using a syringe the guanosine gel was 

introduced to the microchip. The microchip was then left to equilibrate to room temperature for 1 

h to bring the solution back to the gel phase. The gel phase was removed from the injection 

channel and replaced with TBE buffer using a syringe in some experiments. 

LPA was prepared by dissolving the acrylamide in potassium phosphate buffer. 1 mL of 

the acrylamide solution was then mixed with 2 µL and 10 µL of APS and TEMED, respectively. 

Once mixed the solution was immediately injected into the PMMA chip using a syringe to 

ensure even distribution. The LPA was then given 1 h at room temperature to polymerize. The 

LPA was then removed from the injection channel using a syringe and replaced with TBE buffer.  

2.3 Results 

2.3.1 Slab Gel Electrophoresis Results 

The first attempts to adapt the CZE methods to the microfluidic platform were focused on 

using slab gel electrophoresis as a model system. Agarose gels were used because of their 

already established use in separating DNA by length. The hypothesis was that the agarose would 

not act as a sieving gel as it normally would for length-based separation. It would instead 

increase the viscosity of the separation medium to allow the DNA enough time under the 

electrophoretic conditions to separate. Initially, 0.07 M KCl running buffer at pH 8.0 was used 

because potassium phosphate was the most successful in separating DNA compared to other 

phosphate buffers in CZE but the high ionic strength of the potassium phosphate would create 
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large amounts of Joule heating in the slab gel setup. Initial results were not promising, with the 

best results (Figure 38) being ambiguous at best with a smear forming in the separation lane. 

 

Figure 38. Slab gel electrophoresis with 1 wt% agarose prepared in a 0.07 M KCl buffer at pH 8.0. This was 

run at 150 V for 60 min. From left to right the lanes contain the 1.3 76-mer in the first lane, the 3.1 76-mer in 

the second lane, and a mixture of 1.3 and 3.1 in the third lane. 

The next experiments used a 0.14 M potassium phosphate buffer at pH 8.0, taken directly 

from the CZE experiments. Initially, the signal of the sample would decrease to zero before any 

indication of separation would occur in the sample. This was attributed to increased Joule 

heating due to the high ionic strength of the buffer being used. The concentration of the 
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potassium phosphate buffer was decreased to 0.035 M to decrease the Joule heating while still 

giving enough time for separation of the two DNA sequences. This did lead to more stable 

running conditions however the high ionic strength caused the different lanes of the gel to run 

unevenly. The high ionic strength of the potassium phosphate buffer was increasing the Joule 

heating of the system and was causing destabilization of the agarose gels, and even decreasing 

the concentration could not overcome this. At this point it was decided that the slab gel would 

not serve as a good model system and we moved directly to MCE, which offers increased 

efficiency in removing heat from the system due to the high surface area to volume ratio. 

2.3.2 Microchip Electrophoresis (MCE) Results 

Previous efforts by members of the McGown group to adapt the CZE experiments to 

MCE had little success. The sample would usually travel through the channel before any 

separation could occur. The initial idea in the present work was to simply fill the microchip with 

agarose gel and separate the DNA by sequence due to the increased viscosity of the medium 

through which the DNA had to travel. Agarose gel was chosen because it had already been used 

to separate DNA by length in slab gel electrophoresis. The first set back was that filling the 

entire microchip with agarose gel created a problem of initially injecting the sample into the 

microchip. The sample would stay at the sample port and never enter the gel phase. The 

hypothesis for why this was occurring was bubble formation at the interface between the buffer 

solution containing the DNA sequences and the gel phase in the channel, which caused issues 

with the current, making it impossible for enough sample to be injected into the system. To 

create a better contact between the solution zone and the gel zone, which was free of bubbles, the 

gel phase was removed from the injection channel and from the top 1 cm of the separation 

channel. By removing bubble formation from the injection channel, a better contact was created 
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between the two zones and it was possible to inject sample into the microchip and have it enter 

the gel phase where separation was supposed to occur. 

 With the removal of the gel phase from the injection channel and the addition of the 

buffer phase, which consisted of the same buffer used to prepare the gel phase, (0.14 M 

phosphate buffer at pH 8.0), a different issue began to occur. While bubbles were removed from 

all ports and from the buffer zone in the microchip, bubbles could still form under the conditions 

of the experiment. These bubbles would appear in the buffer phase and would rapidly deteriorate 

the walls of the channel while a current was running through the system. The deterioration of the 

walls would create rough surfaces which could cause turbulence in the flow of the sample in the 

injection channel. This turbulence could lead to multiple injections of the sample into the 

separation channel, creating difficulties in trying to determine if multiple signals in the 

separation channel are due to separation or to multiple introductions of sample into the 

separation channel. The hypothesis was that the high ionic strength of the phosphate buffer in 

combination with the air from the bubbles and the current from the power supply was the cause 

of the rapid deterioration. To counteract this problem, a low ionic strength TBE buffer at pH 8.0 

was used instead of the high ionic strength phosphate buffer to buffer the sample and fill the 

injection channel to stop the rapid degradation of the microchip. This switch from phosphate 

buffer to TBE buffer in the injection channel worked well and the deterioration of the channel 

walls decreased dramatically to almost zero when bubbles formed in the injection channel. 

 One final issue occurred with the microchip while using the agarose gel phase. 

Introducing the agarose phase into the microchip required heating of the microchip to 

temperatures above 65̊C to get an even distribution throughout the separation channel. Without 

heating, the agarose gel, which was introduced as a liquid at a high temperature, would cool too 
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rapidly due to the high surface area to volume ratio of the channel, which was what made the 

microchip so attractive in the first place. This heating would cause an uneven stress in the 

microchip and cause it to bow outwards. This created a problem not only in terms of creating a 

homogeneous gel throughout the channel, but also in focusing the camera on the microchip. As 

the camera would travel down along the microchip, the distance from camera to the microchip 

would increase and the microchip would move out of the depth of focus. Along with this, the 

agarose gel was difficult to remove completely from the injection channel. Even using buffers 

specifically intended to denature agarose gel could not remove all the smaller pieces in the 

injection channel. These smalls pieces acted as places where bubbles would nucleate during a 

run. These bubbles would cause turbulent flow and interrupt experiments. Finally, cleaning the 

agarose out of the channel was difficult due to how permanent of a gel the agarose is. Cleaning is 

necessary to ensure no salts would precipitate into the channels of the microchip and block the 

channels. Removing the agarose gel phase from the microchip would frequently lead to the chips 

being punctured by a high-pressure water jet which was created from trying to force the agarose 

out of the microchip. For these reasons it seemed the best course of action was to use a different 

gel. 

 The original CZE sequence-based separation used a run buffer containing 0.14 M 

GMPdss and KCl. This buffer worked in CE and so adapting to MCE seemed like a good choice. 

In addition, previous work had found that mixtures of GMPdss and guanosine at a ratio of 4:1 of 

GMPdss to guanosine (Guo) behave as a thermoassociative gel which is liquid at lower 

temperatures and upon heating will form the gel phase.32 This thermoassociative property could 

help with introducing the gel phase into the microchip because the chip could simply be cooled 

to refrigerator temperatures and the gel could be injected while still in the liquid state. As the 
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microchip and GMPdss/Guo solution equilibrated to room temperature, the gel phase formed. 

There were still issues with using gel in the injection port of the microchip and so the buffer 

solution of TBE again was used in the injection channel in place of the gel. It was much easier to 

remove the GMPdss/Guo G-gel phase completely and replace it with the buffer phase compared 

to the agarose gel because the GMPdss/Guo gel is a much less permanent gel and under 

appropriate conditions the three dimensional network which creates the gel will be destabilized 

and the solution will return to the liquid phase.  

Using a binary G-gel of 0.25 M GMPdss / 0.06 M Guo / 0.05 M KCl, the first indications 

that separation was possible in the microfluidic setup were observed (Figure 39). To inject the 

sample into the microchip, 400 V was applied in reverse polarity (positive inlet and negative 

outlet) across the injection channel. Once the sample was present in the channel, 1200 V was 

applied in the reverse polarity across the separation channel. 150 V was applied at the sample 

port and sample waste port to draw excess sample away from the separation channel, in order to 

stop continuous flow of sample into the separation channel and have a single sample plug. 
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Figure 39. MCE results of two 76-mers, 1.3 and 4.1. The separation channel was filled with a G-gel composed 

of 0.25 M GMPdss/ 0.06 M Guo / 0.05 M KCl / 0.025 M Tris at pH 7.2. Separation was performed in a 

PMMA microchip with channel cross section of 75 µm X 75 µm, 1200 V reverse polarity. 

While this was a good indication that separation could be achieved, there were issues 

with bubbles forming at the ports of the microchip. To help inhibit the formation of the bubbles 

at the ports, a PDMS based antifoaming agent was added to all buffers including the buffer 

containing the DNA sequences. The initial ratio used was a 1:9 ratio of antifoaming agent to 

buffer as recommend by the manufacturer. This ratio caused bubbles to form and fill the 

injection channel of the microchip, making it impossible to run experiments. A second attempt 

was made using a ratio of 1:99 antifoaming agent to buffer. This worked well and drastically 

reduced the formation of bubbles compared to previous experiments.  

In addition to the addition of the antifoaming agent to decrease bubble formation, the 

voltage setup was optimized to try and decrease the formation of bubbles at the sample port, 
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sample waste port, and buffer port. These ports were the focus because they were in contact with 

the buffer phase of the microchip while the buffer waste port was in contact with the gel phase. 

Observations of bubble formation coincided with higher voltages and so voltages at the three 

ports of concern were decreased to decrease the chance of bubbles forming. This was not 

enough, however, because with too low a voltage the sample would travel too slowly through the 

separation channel and diffuse before any noticeable change to the original sample plug would 

occur. While our goal for using a gel in the separation channel was to slow down the migration 

of the strands in order to provide enough time for separation, we had also intended for the gel to 

provide sufficient viscosity to minimize longitudinal diffusion along the channel. To counteract 

the diffusion, the voltage at the buffer waste port was increased to increase migration time. This 

could be done because it was in contact with the gel phase. The gel phase was stationary and 

would not flow or influence the flow of the sample in the microchip if bubbles would form at the 

buffer waste port. Therefore, even if bubbles would form at the buffer waste port the flow of 

sample through the microchip would not be affected while still being able to increase the 

separation voltage. Through these optimizations the presence of bubbles was greatly reduced. 

While the antifoaming agent and voltage optimizations were able to dramatically 

decrease the amounts of bubbles and make runs more reproducible, there were still issues with 

the GMPdss/Guo gel phase used. The highly ionic strength of GMPdss caused a large amount of 

Joule heating. The G-gels are known to be thermosensitive so the changes in temperature caused 

the gel phase to transition to either the solution phase or generally lower the viscosity of the gel 

phase at localized spots. These changes to the gel phase caused changes in flow of the sample, 

leading to low reproducibility in the runs. The primary issue which arose from the use of the 

binary G-gels was that the sample would reverse direction at points during the run, generally 
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around the 15-minute mark. Other concentrations of GMPdss and Guo were tested, such as 0.14 

M GMPdss/0.04 M Guo, which still falls on the thermoassociative ratio line. After this, G-gels 

that were not thermoassociative were used in experiments and the same results were found. 

These gels were 0.2 M GMPdss/0.06 M Guo and 0.1 M GMPdss/0.03 M Guo. From these 

results, it was decided that the G-gels would not be a viable solution for the gel phase of the 

MCE. In addition to these problems, the required cooling of the microchip to evenly distribute 

the gel caused the microchip to bow in the opposite direction of the bowing which resulted from 

the heating for agarose. While it was not as pronounced as the bowing from heating it did occur 

and could have eventually led to greater complications. For these reasons it was decided that a 

different gel should be explored. 

The most desirable gel for the purposes of the microchip setup being used was one which 

could be evenly injected into the microchip at moderate temperatures, ideally room temperature, 

and which did not have large impact on the Joule heating of the system. In addition, a gel which 

could be easily removed from the system would create a simpler procedure for running 

experiments which would lead to greater reproducibility. Linear polyacrylamide (LPA) had been 

reported to be used in CGE for the explicit purpose that it was easy to inject into the capillary 

and then removed and injected again, making multiple runs much faster and simpler. Knowing it 

was being used in CGE experiments indicated that it should be compatible with the conditions of 

the MCE. The LPA is different from the traditional polyacrylamide used in slab gel 

electrophoresis because the crosslinker bis-acrylamide is not added to the solution. The lack of 

the crosslinker shifts the mechanical properties of the gel from the more elastic solid which is 

what is used in PAGE to a viscous liquid. The rate at which the DNA sequences could travel 

through this gel is determined by the concentration of the initial acrylamide monomer before 
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polymerization, which would determine the viscosity of the final LPA solution. Several different 

concentrations were prepared, and one was selected based on the apparent viscosity 

demonstrated by inverting tubes containing the various solutions. From here the initial 

concentration of the acrylamide monomer was more finely tuned to try and accomplish the goal 

of sequence-based separation. 

Based on the results, the LPA was prepared by dissolving acrylamide in 0.14 M 

phosphate buffer at pH 8.0 at a concentration of 0.06 g / mL. 1 mL of the acrylamide was 

polymerized using 8 µL of TEMED and 8 µL of 10% APS solution resulting in final 

concentrations 0.8 % (v/v) TEMED and 0.08 % (w/v) APS. The injection channel and top 1 cm 

of the separation channel were cleaned of all gel and 1x TBE buffer solution was introduced in 

its place. The sample waste and two buffer ports were filled with a 1:99 mixture of PDMS 

antifoam to 1x TBE buffer. The sample port was filled with a mixture of two DNA 15-mers, 25 

µM strand GA and 25 µM strand C in the same antifoam/TBE buffer. The experiment used 200 

V in reverse polarity to inject the sample into the injection channel. The separation conditions 

were 600 V applied in reverse polarity across the separation channel with the sample port and 

sample waste port held at 25 V to ensure that sample did not continuously leak into the 

separation channel, and that only one sample plug was introduced. These experimental 

conditions produced a broad peak with a shoulder (Figure 40). This once again was a promising 

result and with the new conditions runs were much more reproducible. 
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Figure 40.  MCE results of two 15-mers, GA and C. The separation channel was filled with 0.06 g/mL LPA 

prepared in 0.14 M potassium phosphate buffer at pH 8.0. Separation was performed in a PMMA microchip 

with channel cross section of 75 µm x 75 µm, 600 V in reverse polarity. 

  The issue which resulted in seeing the beginnings of separation, but not full separation, 

was diffusion of the sample in the separation channel, which decreased the signal to a point 

where it could no longer be detected. To try and decrease the rate of diffusion during an 

experiment the amounts of TEMED and 10% APS solution were decreased to create longer 

chains of LPA, which would ideally create a more porous gel which would decrease the amount 

of diffusion. The gel phase was prepared using 1 mL of 0.06 g/mL LPA in 0.14 M potassium 

phosphate buffer at pH 8.0 with 6 µL of TEMED and 6 µL of 10% APS added for final 

concentrations of 0.06 % (w/v) APS and 0.6 % (v/v) TEMED. The same conditions described 

above were used to remove the gel phase from the injection channel and top 1 cm of the 

separation channel and replace it with 1x TBE buffer at pH 8.0. The ports were once again filled 

with a TBE buffer, including antifoaming agent with a ratio of 99 TBE to 1 antifoam. The same 
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200 V in reverse polarity was used to inject the sample into the microchip. The separation step 

was run at 600 V in reverse polarity with the sample port and sample waste port held at 25 V to 

stop sample from continuously flowing into the separation channel. We could not achieve 

baseline resolution of the two peaks with these experimental conditions (Figure 41), but they did 

improve the results dramatically and decreased the rate at which the signal decayed during the 

experiment, allowing the experiment to run beyond 10 min, an order of magnitude longer than 

the previous experiments. 

 

Figure 41. MCE results of two 15-mers, GA and C. The separation channel was filled 0.06 g/mL LPA 

prepared with 0.14 M potassium phosphate buffer at pH 8.0. Separation was performed in a PMMA 

microchip with channel cross section of 75 µm X 75 µm, 600 V reverse polarity. 
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Figure 42. MCE results of two 15-mers, GA and C, at different time points. The times are a) 136 s, b) 325 s, c) 

411 s, d) 501 s, and e) 679 s. The separation channel was filled with 0.06 g/mL LPA prepared with 0.14 M 

potassium phosphate buffer at pH 8.0. Separation was performed in a PMMA microchip with channel cross 

section of 75 µm x 75 µm, 600 V reverse polarity. 

The results from decreasing the amount of TEMED and 10% APS solution were 

promising and so further decreasing the TEMED and 10 % APS was attempted. This was done 

with diffusion of the samples in mind. In earlier experiments the diffusion of samples leading to 

decreased and eventually undetectable signal would occur before any separation occurred. By 
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decreasing the viscosity, the amount of diffusion occurring should decrease. However, it also 

would cause the velocity of the samples to increase and so a balance must be struck between 

decreasing diffusion and increasing time under electrophoretic conditions. In addition, 

decreasing the amount of TEMED and 10% APS used would increase the time it would take to 

polymerize the solution to a point where it was no longer the quick and easy method that was our 

goal. To further increase the rate of travel of the sequences, the concentration of acrylamide in 

the initial solution was decreased. After some optimization by decreasing the concentration of 

the initial acrylamide solution, an ideal set of conditions were found. The gel phase was prepared 

by using 0.04 g/mL acrylamide in 0.14 M potassium phosphate buffer at pH 8.0. Using 1 mL of 

the acrylamide solution 10 µL TEMED and 10 µL 10% APS were added with final the 

concentrations being 1 % (v/v) TEMED and 0.1 % (w/v) APS. The gel phase was removed from 

the injection channel and the top 1 cm of the separation channel and was replaced by 1x TBE 

buffer at pH 8.0. The 1:99 antifoam to 1x TBE solution was used in the sample waste, buffer, 

and buffer waste ports. The sequences used were 25 µM strand GA and 25 µM strand C in the 

1:99 antifoam to TBE buffer solution. The sample was injected using 200 V in reverse polarity. 

A small amount of sample was moved into the separation channel of the microchip by applying 

800 V at the buffer waste port, grounding the buffer port and keeping the sample and sample 

waste port floating. Separation took place at 1600 V in reverse polarity with the sample and 

sample waste ports held at 100 V to stop continuous flow of sample into the separation channel. 

The inclusion of the separate step for moving the sample to the separation channel and then 

applying the separation voltage gave more control over how much sample would be in the 

separation channel without having to rely on a pinched injection method which could cause 

bubbles to form and disrupt separation. The increase in separation voltage was used to help 
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create faster separation before the sample diffused to zero signal. Decreasing the concentration in 

this way led to a signal which could be detected for longer periods of time under the 

electrophoretic conditions. This was the first run which produced a separation of the strand GA 

and strand C 15-mers with nearly baseline resolution (Figure 43). However, issues occurred 

during the run involving bubbles entering the separation channel while the experiment was still 

underway, leading to the discontinuities in signal seen in Figure 42. These issues pressed a 

greater to need to find solutions to completely stop bubbles from forming to improve results. 

 

Figure 43. MCE results of two 15-mers, GA and C. The separation channel was filled with 0.05 g/mL LPA 

prepared in 0.14 M potassium phosphate buffer at pH 8.0. Separation was performed in a PMMA microchip 

with channel cross section of 75 µm X 75 µm, 1600 V reverse polarity. 

 Continued optimization of the system was required to perform further experiments such 

as spiking experiments to determine the peak identities. For the spiking experiments 1 mL of 

0.04 g/mL acrylamide prepared in 0.2 M potassium phosphate buffer at pH 8.0 solution with 10 
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µL TEMED and 10 µL 10% APS was used, making the final concentrations 1 % (v/v) TEMED 

and 0.1 % (w/v) APS. The increased concentration of phosphate buffer was based on previous 

results which showed increasing this concentration decreased the amount of time it would take to 

cause separation in the CZE experiments. The injection channel and top 1 cm of the separation 

channel had the gel phase removed and replaced with 1x TBE buffer at pH 8.0. The buffer, 

buffer waste and sample waste ports were filled with the 1: 99 antifoam to TBE buffer solution 

and the sample was prepared in the same antifoam TBE solution at a concentration of 37.5 µM 

strand C and 12.5 µM strand GA to create a spiking experiment with the same total concentration 

of DNA as the previous experiments, but with a strand C to strand GA ratio of 3:1. Sample was 

injected into the channel using 200 V reverse polarity. The sample was moved to the separation 

channel by applying 800 V at the buffer waste port and grounding the buffer port. 200 V were 

then applied in regular polarity to remove all remaining sample in the injection channel. The 

DNA was separated at 1200 V in reverse polarity with 75 V being applied at both the sample and 

sample waste port to stop continuous flow of sample into the separation channel. The inclusion 

of the fourth step of 200 V applied in regular polarity gave even more control and confidence 

that no extra sample was injected into the separation channel, as after this step the injection 

channel was completely free of sample. This was done to ensure there would be no confusion 

with the peak associated with GA due to its much smaller size. These results (Figure 44) 

produced a separation of what appeared to be a larger peak which would correspond to strand 

GA and a smaller peak which would correspond to strand C. 
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Figure 44. MCE spiking experiment results of 37.5 mM C and 12.5 mM GA. The separation channel was 

filled with 0.05 g/ml LPA prepared in 0.2 M potassium phosphate at pH 8.0. Separation was performed in a 

PMMA microchip with channel cross section of 75 µm X 75 µm, 1200 V reverse polarity. 

 A mixture of 36.7 µM strand GA with 13.3 µM strand C in TBE buffer was run to 

confirm the peak identification with a solution containing the inverse ratios of the two strands 

(Figure 45). Due to issues with the run, this run was performed in regular polarity. The peak 

order is opposite to that of the previous run which can be understood as the polarity of the 

separation voltage was reversed.  
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Figure 45. MCE spiking experiment results of 36.7 mM GA and 13.3 mM C. The separation channel was 

filled with 0.06 g/mL LPA prepared in 0.2 M potassium phosphate buffer at pH 8.0. Separation was 

performed in a PMMA microchip with channel cross section of 75 µm X 75 µm, 800 V regular polarity. 

 To further confirm separation was occurring, GA was run alone. The conditions were 

0.08 g/mL of acrylamide in a 0.2 M phosphate buffer at pH 8.0 with 10 µL TEMED and 10 µL 

10% APS added with final concentrations being 1 % (v/v) TEMED and 0.1 % (w/v) APS to 

prepare the gel phase. The gel phase was removed from the injection channel and the top 1 cm of 

the separation and channel and replaced with 1x TBE buffer solution at pH 8.0. The sample 

waste, buffer and buffer waste ports were filled with 1:99 antifoam to TBE buffer solution and 

strand GA was prepared at 50 mM in the antifoam TBE buffer solution. The sample was run 

using 200 V reverse polarity. The sample was then moved to the separation channel using 800 V 

in the reverse polarity with 800 V applied at the buffer waste port and the buffer port being 

grounded. The injection channel was then run at 200 V in regular polarity to remove the rest of 
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the sample from that channel. Separation took place at 1000 V reverse polarity with -200 V 

being applied at the buffer port and 800 V being applied at the buffer waste port. The lower 

voltage at the buffer port was used to decrease the likelihood of bubbles forming due to high 

voltage. 125 V were applied at both the sample and sample waste ports to ensure no sample 

leaked into the separation channel. Under these conditions we observed only a single band 

consistent with the injection of a single component (Figure 46).  

 

 

Figure 46. MCE results of one 15-mer, GA. The separation channel was filled with 0.08 g/mL LPA prepared 

in 0.2 M potassium phosphate buffer at pH 8.0. Separation was performed in a PMMA microchip with 

channel cross section of 75 µm X 75 µm, 1000 V reverse polarity. 

 After seeing the promising results for the separation of GA and C, two other stands were 

chosen to see if the experimental design would work on other sequences. These strands were 

chosen based on their difference in mobility, which was greater than the difference between GA 

and C. The two strands were a 15-mer of poly A (PA) and a 15-mer of poly C (PC). The mobility 
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of these 15-mers had been measured using CZE experiments. The separation was performed 

using a PMMA chip with 0.8 g/mL acrylamide in 0.2 M potassium phosphate buffer at pH 8.0 

and the same concentrations of TEMED and APS used previously for the gel phase in the 

separation channel and TBE in the injection channel. In the experiment, the voltage setup used a 

pinched injection to introduce the sample and 200 V in the reverse polarity to separate the 

sample with 75 V applied at the sample port and sample waste port to inhibit continuous leakage 

of sample into the separation channel. The results were consistent with the CZE results showing 

a larger mobility difference for these two strands as the separation of PA and PC occurred 

quickly compared to the GA and C mixture (Figure 47). 

 

Figure 47. MCE results of two 15-mers, PA and PC. The separation channel was filled with 0.08 g/mL LPA 

prepared in 0.2 M potassium phosphate at pH 8.0. Separation was performed in a PMMA microchip with 

channel section of 75 µm X 75 µm, 800 V reverse polarity. 
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 The success of the separation of PA and PC showed that the separation conditions were 

applicable to the separation of other 15-mers. The difference in mobility of PA and PC 

guaranteed they would be separable using the conditions developed because their difference was 

greater than the GA and C difference from the original 15-mers. To see how the separation 

conditions would work with 15-mers of more similar mobility, strands G and AG were chosen. 

The results are shown in Figure 47. The experiment was run in a PMMA with a gel phase of 0.3 

g/mL acrylamide prepared in a 0.2 M potassium phosphate buffer and the same concentrations of 

TEMED and APS. The injection channel was filled with a buffer of TBE and Triton X 100 was 

used to suppress bubble formation. Triton X-100 was used instead of the antifoam solution used 

previously because of issues caused by the antifoam. While the antifoam was able to decrease the 

amount of bubbles in the wells of the microchip bubbles, bubbles would still form at the 

electrode surface. Multiple surfactants were tested to try and remove the bubbles from both the 

wells and the electrode surface and Triton X-100 was found to produce the best results for these 

experiments.  A pinched injection using 300 V in reverse polarity was used to introduce the 

sample into the microchip and separation occurred 300 V in reverse polarity. While two peaks do 

appear in the electropherogram (Figure 48), compared to the GA and C mixture and PA and PC 

mixture results there is not baseline resolution. Baseline resolution could not be accomplished as 

the signal intensity decreased to zero before it was observed under other voltage conditions. This 

difference was attributed to the smaller difference in mobility of the AG and G 15-mers 

compared to either of the other pairs of strands. 
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Figure 48. MCE results of two 15-mers, G and GA. The separation channel was filled with 0.06 g/mL LPA 

prepared in 0.2 M potassium phosphate buffer at pH 8.0. Separation was performed in a PMMA microchip 

with channel cross section of 75 µm X 75 µm, 300 V reverse polarity. 

 We next attempted separation of a mixture of three 76-mers, 1.2, 2.2, and 3.1, to see if 

more than two DNA sequences could be separated using our experiment conditions. The 

experiment used a PMMA chip with 0.25 g/mL acrylamide prepared in a 0.2 M potassium 

phosphate buffer at pH 8.0. The LPA was prepared using 1 mL of the acrylamide solution and 10 

µL of TEMED and 10 µL of 10 % (w/v) APS resulting in final concentrations of 1 % (v/v) 

TEMED and 0.1 % (w/v) APS. The injection channel was filled with TBE and Triton X 100 was 

added to reduce the formation of bubbles. The sample was injected into the microchip using a 

pinched injection with 300 V in reverse polarity. Separation was done using 600 V in reverse 

polarity. While these three 76-mers were chosen because they had the greatest difference in 
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mobilities based on the CZE experiments, they could not be separated (Figure 49). Instead, a 

broad asymmetric peak giving the appearance of more than one component was observed. 

 

Figure 49. MCE results of three 76-mers, 1.2, 2.2 and 3.1. The separation channel was filled with 0.025 g/mL 

LPA prepared in 0.2 M potassium phosphate buffer at pH 8.0. Separation was performed in PMMA 

microchip with channel cross section of 75 µm X 75 µm, 600 V reverse polarity. 

 The main issue which limited separation was how long an experiment could run due to 

the formation of bubbles. Bubbles would still form at the electrode surface during a run which 

would cause unstable current in the system. This unstable current would produce turbulent flow 

and cause a run to end prematurely. While the antifoam solution had helped significantly, it was 

not enough for all separations. The surfactants SDS and Triton X-100 were selected as anti-

bubble reagents based on research where they were studied to determine their ability to help 

remove bubbles from the electrode surface to create more consistent running conditions in 

microfluidic devices.75 The SDS solutions were able to inhibit bubble formation in the injection 

30

32

34

36

38

40

42

0 5 10 15 20 25 30 35

In
te

n
si

ty

Time (s)



100 

 

channel and at the electrode surface. While this did remove current instability due to bubble 

formation, the SDS buffer system caused a decrease in the current during experiments. This was 

not seen when no SDS was used or when other surfactants were used, and so the effect was 

attributed to the ionic SDS aggregating at the electrode surfaces which caused a decrease in the 

current over time. Triton X-100 was then used due to its neutral charge and reports in the 

literature that claimed it would be compatible with the experimental conditions. The Triton X-

100 worked well in suppressing the formation of bubbles in the channels and at the electrode 

surfaces and did not interfere with the current while experiments were taking place. While the 

Triton X-100 did resolve problems associated with other surfactants it has its own issues. At 

higher voltages and after extended periods of time, phase separation would occur in the injection 

channel. This would occur only when the Triton X-100 was used in the system. The phase 

separation could possibly to be a result of the temperature of the system reaching the cloud point 

of the Triton X-100 due to Joule heating. This issue was resolved by changing the surfactant to 

Triton X-165 which has a higher cloud point. Experiments which used the Triton X-165 did not 

see the phase separation, however experiments using the Triton X-165 had issues because the 

system had not been optimized for the new surfactant and so it could not be used to its full 

potential for this work. 

2.4 Discussion 

The results show that it is possible to transfer the CZE separation to a microfluidic 

platform. While the length of the microchip separation channel was 8 cm, less than a fifth the 

length of the 50 cm capillary, and the voltage used was orders of magnitude lower than the 25 

kV used in the CZE separations, separation was still observed.  
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While the PMMA microchips used in the experiments had some limitations, overall the 

PMMA material worked well. The main drawback of the PMMA material was the degradation 

which would occur when high ionic strength buffers were used in the injection channel in 

combination with bubbles in the injection channel. While this was a limitation it was able to be 

overcome by using a buffer with a much lower ionic strength in the injection channel, in this case 

TBE. The PMMA was also sensitive to the heating and cooling required for the addition of the 

agarose gel and G-gel, respectively. The warping which would occur from heating and cooling 

did not stop experiments from being run. They did, however, lower reproducibility and make 

focusing the camera used for signal acquisition difficult, which could potentially affect the 

resolution of the peaks. This issue was overcome with the use of a gel which could be injected at 

room temperature, namely the LPA gel. The cheap cost of the material and processing made it 

the most accessible. The PMMA also creates a much smaller zeta potential compared to the 

traditional fused silica used in CZE. This leads to a smaller EOF which in turn decreases the 

amount the EOF will disturb the gel phase which creates more reproducible experiments.  

 In the microchips the samples have only 8 cm to accomplish the same separation which 

takes 50 cm in CZE. The results from the CZE experiments showed the samples need ample time 

to separate due to the small differences in mobility of the different strands. To overcome this 

limit on length in the microfluidic chip, a gel phase was introduced to decrease the velocity of 

the strands and allow more time to separate under the electrophoretic conditions. However, not 

all gels phases are capable of being applied to the PMMA microchip due to inherent limitations. 

Agarose gel was the first to be implemented because it is already commonly used to separate 

DNA, albeit as a sieving gel to separate DNA based on length. The gel for the MCE used a lower 

concentration and no crosslinking since its purpose was to slow the strand migration, not to serve 
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as a sieve. It is a liquid only at temperatures above 65 ̊C. One of the benefits of using microchip 

electrophoresis instead of slab gel electrophoresis is the high surface area to volume which is 

capable of transferring heat quickly and reaching temperature equilibrium quickly. This means 

the temperature of the agarose solution would cool rapidly when being injected in to the PMMA 

microchip, which would lead to an uneven distribution of the agarose gel, not suitable for 

reproducible separations. An even distribution of agarose gel was achieved by injecting the 

agarose after heating the microchip to temperatures above 65 ̊C. However, these temperatures 

caused the microchip to warp and to be easily damaged. This warping caused the microchip to 

have a nonconstant height along the length of the channel, which was a problem for the camera 

used as a detector which could only properly focus at a particular height and depth of focus. This 

limited the resolution of the sample signal. In addition to these issues, the difficulty of removing 

the agarose, combined with the weakening of the PMMA from heating to both introduce and 

remove the agarose, caused many microchips to fail in such a way that they could no longer be 

used for experiments. This mainly occurred through punctures of the thinner backing plate when 

water and pressure were used to remove the agarose phase. 

A binary GMPdss/Guo G-gel was tried next based on results of previous group members 

who had found the ssDNA sequences could be separated in a GMPdss buffer in CZE. The 

combined separation properties of the GMPdss and thermoassociative gel properties of the 

GMPdss/Guo binary gel were used to attempt the sequence-based separation in the microchips. 

When using the thermoassociative binary gel, which had previously been discovered in the 

group, filling the microchip was simpler and less destructive because it only needed to be cooled 

down to refrigerator temperatures to liquify the solution, as opposed to heating to the 

temperatures the agarose required. However, similar issues with the detector, due to uneven gel 
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distribution arose from this cooling as arose from heating the microchips for agarose, causing a 

nonconstant height while traveling down the length of the separation channel, which in turn 

decreased the resolution of the detector as the height of the sample moved further and further out 

of the depth of focus of the detector. While this was an issue, the main problem arose from the 

high charge of the GMPdss which was used to form the gel phase. This increased ionic strength 

led to an increase of the Joule heating of the system. The temperature sensitivity of the G-gels 

combined with the increased Joule heating led to inconsistent results. 

Linear polyacrylamide (LPA) gels were reported as being easy to introduce into and 

remove from capillaries and has many properties which made it a better candidate than the 

previously tested gels. The gel is prepared by mixing the acrylamide, APS solution, and TEMED 

at room temperature and then injecting this solution into the microchip and waiting for it to 

polymerize. Since they do not require heating or cooling to introduce and remove them from the 

channels, the LPA gels do not create the familiar problems of warping which are associated with 

the use of agarose gels and G-gels. The LPA is also nonionic and so does not increase the ionic 

strength of the buffers and Joule heating of the system which could potentially cause instability. 

Also, it is more resilient to any temperature changes than the G-gels. It is also less permanent 

than the agarose gels and easy to remove and replace to prepare a second run, which is an 

important advantage. The advantage and disadvantage of each of the three gel systems are 

summarized in Table 3. 

Suppressing the bubbles which form while a run is in progress is integral to obtaining 

reproducible results and for a successful run. Surfactants were used to suppress bubble formation 

inside the channels of the microchip and at the surfaces of the electrodes. An emulsion of active 

silicon, marketed as Antifoarm Y-30, was used initially and while it was capable of suppressing 
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bubbles which would form and appear inside the channel, it could not stop bubbles which would 

form at the surfaces of the electrodes, which led to unstable currents during the run. Sodium 

dodecyl sulfate (SDS) was reported to help with stabilizing the current by stopping bubbles from 

forming at the surfaces of the electrodes. The results did show a reduction of bubbles at the 

surface of the electrode; however, the current was suppressed as well, leading to a current of 

nearly zero in all cases of its use. Triton X-100 had been tested in the same study as SDS and 

showed similar results of removing bubbles from the electrode surface and creating a stable 

current. 

Table 3. Summary of the advantages and disadvantages of the hydrogels used in the MCE experiments. 

 Agarose gels G-gels LPA gels 

Pros Well studied from slab 

gel electrophoresis for 

DNA separation. 

Stable under the 

electrophoretic 

conditions. 

Not temperature 

sensitive. 

Known to be able to 

separate ssDNA by 

sequence from previous 

results. 

Easy to introduce gel in the 

microchip setup. 

Stable under the 

electrophoretic conditions 

based on CE results. 

Easy introduction of the gel 

into the microchip. 

Cons Elevated temperatures 

used to introduce 

agarose causes warping 

in microchip. 

Difficult to both 

introduce agarose into 

and remove from 

microchip. 

Lower temperatures 

required for introducing G-

gels to microchip causes 

microchip to warp. 

G-gels not stable under 

electrophoretic conditions 

due to high charge of 

GMPdss and temperature 

sensitivity of  

G-gels 

More temperature sensitive 

than agarose 

 

The Triton X-100 did initially have success at removing bubbles from the system and creating a 

stable current.  However, under the electrophoretic conditions the Triton X-100 had issues with 

phase separation due to its relatively low cloud point. This phase separation led to turbulent flow, 
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making it not viable for the separations. Looking for a similar product with better solubility 

properties, Triton X-165 was used. With its increased cloud point, phase separation was no 

longer a problem and it also had all the desirable properties of the Triton X-100. The Triton X-

165 showed the most promising results of all surfactants used in suppressing bubble formation. 

 Creating voltage schemes designed to inject sample into the microchip, then move the 

sample into the separation channel and separate the sample while stopping any excess sample 

from leaking into the separation channel during the experiment, was incredibly important. Once 

Triton X-165 was found to inhibit formation of bubbles effectively, voltage schemes were 

investigated to improve separations. Initially, simple injections were used with the hope the 

system would work without a more complex setup. The simple injection method caused a 

continuous flow of sample from both the sample port and sample waste port.  To overcome this 

issue, a pinched injection method was employed. The pinched injection method gave control 

over the width of the sample by applying negative voltages at the buffer port and buffer waste 

port, which helped to create more reproducible sample band widths, however, the main benefit 

was that it stopped the continuous flow of sample into the separation channel. Applying positive 

voltages at the sample and sample waste ports created flow which pushed any remaining sample 

away from the separation channel to the sample and sample waste ports, which stopped 

continuous leaking of sample into the separation channel. The only issue with this was that the 

initial transition from injection of sample to separation of sample could potentially create some 

flow turbulence, which could cause extra sample to move into the separation channel. To ensure 

this did not happen two extra steps were added to the injection scheme. First, a pinched injection 

was used as described before. Second, a small amount of sample was then moved to the 

separation channel by applying a reverse polarity voltage across the length of the separation 
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channel. When the desired amount of sample was moved into the separation channel, the voltage 

was stopped. At this time a voltage was applied across the injection channel in the opposite 

polarity of the initial injection step to move all excess sample back to the sample port and was 

stopped once the injection channel was free of the sample. At this point, the separation voltage 

was applied with the extra voltages applied at the sample and sample waste ports to ensure no 

additional sample traveled to the separation channel. While this takes more time to set up, it 

ensures no extra sample leaks into the separation channel. With this method, sample leaking into 

the separation channel was no longer an issue.  

Further optimization of the voltage was performed to help control the formation of 

bubbles in the system. While the surfactants had significantly decreased the amount of bubbles 

found in the microchannels, controlling the voltage further improved these results. Decreasing 

the voltage at the buffer port helped to decrease bubble formation. However, if the voltage at the 

buffer port was too low, the flow rate would be too low and could potentially lead to sample 

flowing in from the sample port and leaking into the separation channel. This meant there was a 

“goldilocks” region of voltage where bubble formation was minimal if not nonexistent and the 

flow through the microchip was still controllable and understood. Increasing the applied voltage 

above 600 V in general would cause bubbles to form only minutes after starting an experiment. 

At the other end of the range, voltages below 200 V generally would allow for sample to flow 

back into the separation channel. For most experiments the voltage applied at the buffer port was 

between 200 and 600 V. If large voltages were needed the voltage applied at the buffer waste 

port was simply increased. Changing the voltage at the buffer waste port never produced any 

negative effects.  
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The voltages were ideally kept the same to create an even electric field, however this was 

not always possible. The voltages were changed to try and address challenges which would 

change from experiment to experiment. An example of this would be greater than normal 

difficulty moving the sample from the injection channel to the separation channel requiring a 

larger voltage to move the sample in to the separation channel. Another example is a greater 

degree of sample leaking into the separation channel after the separation voltage setup had been 

applied, which could require a range of modifications including voltages applied at the sample 

port and sample waste port to stop leakage, injection into the separation channel separate from 

the separation step, and removing the residual sample from the injection channel after moving 

the sample to the separation channel but before the separation step. Bubble formation at 

electrodes would require changing the magnitude of the voltages applied at the sample port, 

sample waste port or buffer port, normally decreasing the voltage to slow the formation of 

bubbles. 

The optimization of the microchip was focused on prevention and removal of bubbles in 

the system to avoid the unpredictable flow they can cause. However, in experiments where the 

microchip appeared to be completely free of bubbles, there were still instances of unpredictable 

sample movement which would range from drastically different velocities as the sample traveled 

down the separation channel to reversing direction during a run under constant voltage. The most 

likely reason for this instability is Joule heating and heating of the microchip platform in general. 

The Joule heating of the system is exacerbated due to the high ionic strength of the buffer 

required for the separation to take place. In addition, the detection method uses a LED light 

which is constantly illuminating various points along the length of the separation channel to 

monitor the progress of the sample. This LED can cause heating as well and because it is only a 
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point along the length of the channel, only that point will be heated, causing a non-uniform 

temperature profile along the length of the channel. This nonconstant temperature affects the 

viscosity of the gel phase in different ways for the different gels which were used. The agarose 

gel was least likely to be affected by the changes in temperature due to its high melting point and 

so would have been the most stable under the elevated temperatures associated with Joule 

heating. The G-gels would have been greatly affected by the Joule heating because of their 

temperature sensitivity which could explain the difficulty with the G-gels when they were used. 

The LPA, while not as temperature sensitive as the G-gels, still had its viscosity lowered as a 

result of Joule heating. Because the Joule heating may not have been constant across the 

separation channel, there would be a nonconstant viscosity which would mean the samples are 

traveling at different speeds depending on the point they are at in the separation channel. This 

could explain why there were instances of samples separating and then reforming a single band 

during experiments. The leading band could potentially reach a cooler region of gel and slow 

down and allowing the peak behind which is still moving at the higher velocity is able to catch 

up to this peak and reform one peak. This is seen in Figure 43 where the peak begins to separate 

and then reforms into a single peak as time progresses. 

In addition to the problem of nonconstant flow due to viscosity changes in the gel phase 

Joule heating was likely also an issue for the Triton X-100 surfactant used to suppress and 

remove bubbles from the system. Triton X-100 reaches its cloud point at 63-69̊ C at which point 

it will phase separate from water to a form a cloudy solution. This phase separation was observed 

in the microchip as opaque bubbles forming in the separation channel. These opaque bubbles 

would cause turbulent flow and while they could be removed by cooling the microchip when not 

under running conditions, they would return shortly after the conditions were reapplied. This was 
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resolved by using Triton X-165, which has a higher cloud point of greater than 100̊C. This does 

indicate Joule heating is likely an issue interfering with this microchip setup. 

 To effectively deal with the issue of Joule heating, temperature control of the microchip 

is important. This would require direct contact of the temperature control component and the 

microchip as cooling via convection is generally a slow process. While devices such as Peltier 

coolers and heat sinks would be possible additions to our microfluidic setup, it is not desirable as 

the PMMA chips are considered disposable and so while constantly applying and reapplying 

these components is viable it would be more desirable to implement them in a more permanent 

material for the microchip such as a fused silica or another more durable material. 

2.5 Conclusions 

 The work presented here shows how the methods for sequence-based DNA separation 

developed in CZE can be applied to MCE with an added gel phase. Previous work in the 

McGown group was able to separate DNA by sequence using high ionic strength buffers in CZE. 

The DNA separation could be done reproducibly and was successful at separating both 76-mers 

and 15-mers which sometimes differed by only a single base pair between two sequences or 

simply a rearrangement of a single sequence. By applying what was learned from the CZE 

experiments, sequence-based separation was accomplished in MCE using a gel phase and the 

conditions for what would be amenable to separation were optimized. 

 The first condition to be optimized was the gel phase which was used to increase the 

viscosity in the separation channel and decrease the velocities of the samples as they separate. 

From experiments it was found that gels need to be easily applied and removed in order for 

microchip to be reusable and in order to conduct multiple experiments efficiently. An agarose gel 
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which was used proved to be too difficult to apply evenly throughout the microchip due to the 

high temperatures required to apply the gel and stiffness of the gel after it had been set. Next it 

was found that the gel phase needs to be stable under the electrophoretic conditions. For this 

reason, the GMPdss/Guo G-gel which was used was unsuitable for the application. The high 

charge on the GMPdss created even greater Joule heating and the thermosensitivity of the G-gels 

made for inconsistent viscosities as the sample would travel through the separation channel. For 

these reasons LPA was chosen. The LPA could be added at room temperature and would take up 

to an hour to polymerize which made it easy to evenly spread throughout the separation channel. 

The LPA was also stable under the electrophoretic conditions because of its neutral charge and 

because it is a chemical gel. However, there it may still have some changes in viscosity due to 

elevated temperatures caused by Joule heating.  

 Second to be optimized was the voltage used in both the injection and separation of the 

sample in the microchip. Using a pinched injection was found to be the best for control of 

amount of sample into the injection channel. In addition, using voltage methods to remove the 

sample from the injection channel was useful for ensuring injection of only a single sample plug. 

The voltage used to perform the separation was ultimately less important and would be changed 

between runs in order to decrease the amount of bubbles in the microchip which became the 

dominant issues in the experiments. 

 In order to reduce bubbles from the microchip, surfactants were added to the ports of the 

microchips. Initially a PDMS based antifoam was used and was able to reduce the bubbles in the 

microchip. However, it was unable to reduce the formation of bubbles at the electrode surface 

leading to a decrease in current which would affect the flow of sample during runs. After this 

SDS was used because of reported use in CZE to stop the formation of bubbles at the electrode 
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surface. While the SDS was able to inhibit the formation of bubbles in the channel and at the 

electrodes surface the SDS would decrease the current during runs similar to bubbles forming 

and so could not be used. This was attributed to the charge on the SDS and it fouling adsorbing 

to the surface of the electrode. Instead of SDS, Triton X-100 was used because it was also 

reported to inhibit bubble formation at electrodes surface. The Triton X-100 was successful at 

inhibiting bubble formation at the surface of electrodes and creating a steady current throughout 

the system. However, due to Joule heating the temperature within the channel exceeded the cloud 

point of the Triton X-100 and caused a phase separation which caused turbulent flow within the 

channel. To overcome this Triton X-165 was used due to its higher cloud point and was capable 

of the most consistent conditions between different runs. 

 From this optimization mixtures of 15-mers of GA and C, PA and PC, and GA and G 

could be separated. In addition, GA and C were identified in spiking experiments, confirming the 

results of separation. This was all done using a T-junction PMMA microchip with a length of 8 

cm. The results here could likely be improved upon through fabrication and application of more 

complex microchips which have been shown to be able to reduce the formation of bubbles in the 

microchip to nearly nothing. Also, a microchip which could have permanent temperature control 

would improve not only the reproducibility of experiments but also could potentially improve 

separation results. Joule heating was likely the last source of problems for experiments using the 

experimental setup described here and was potentially a large limiting factor as it may have led 

to inconsistent viscosities which hampered separation. The results described provide a 

foundation for further research on the separation of DNA by sequence using MCE with a gel 

phase. 
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