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ABSTRACT 
In this thesis, we analyze the physical characteristics of novel sieving mediums 

for use with Capillary Gel Electrophoresis (CGE) for DNA separations. Six different 

molecular weights and types of a triblock copolymer known by the trade name Pluronic, 

and a tunable thermoassociative hydrogel made from guanosine and guanosine 

derivatives were characterized. These materials are well known for applications other 

than chemical and biological separations, and have already shown great promise as 

novel mediums to increase separation resolution in the case of Pluronic, and to allow 

separations of DNA based on sequence in the case of the guanosine gels. The broader 

merit of this work is to advance both the field of Metagenomics, and a separation 

method used for single strand conformation polymorphisms known as CE-SSCP. The 

scope of the characterization of these gels was to find the working limits and physical 

properties of the gels that will affect their separation characteristics. Using Gel 

Permeation Chromatography (GPC), we were able to understand the effect of molecular 

weight and diblock copolymer on gelation temperature of Pluronic, and find a consistent 

abundance of diblock contamination in the polymer sample. Using various rheological 

studies, we were able to find the gelation onset, offset and midpoints of Pluronic 

hydrodrogel.  

 We also applied rheology to find the dissociation temperature for the six different 

ratios/concentrations of guanosine hydrogels. Because these two mediums have 

differing properties that allow Pluronic to have high resolution, and guanosine based 

gels to separate DNA by primary nucleotide sequence, we have also assessed the 

potential for these two gels to be incorporated as a single medium for high resolution of 

DNA based simultaneously on fragment length and fragment sequence. 
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1. INTRODUCTION 
 Capillary Gel Electrophoresis (CGE) is a widely accepted technique to separate 

DNA by size. Its major application has been in sequencing the human genome. As a 

tool it has been primarily used for separations of DNA based on fragment length, but 

there is great potential for its use to be developed in deeper DNA analyses such as 

Single Strand Conformation Polymorphism separation (SSCP),1 and as scientific 

frontier research tools such as DNA separations based on primary nucleotide sequence 

separation.2 Only by controlling the properties of separation mediums in CGE can we 

be able to perform these two aforementioned modes of separation. For SSCP 

characterizations, the primary candidate for a gel matrix is Pluronic, which is a polymer 

manufactured by BASF. Pluronic is a well characterized poloxamer with tailorable 

hydrophobicity. It is comprised of an ABA triblock copolymer of poly(ethylene oxide) as 

the ‘A’ block, and poly(propylene oxide) as the ‘B’ block. Some success has been 

shown in its separation of single stranded DNA polymorphisms in the work of Shin et 

al., and by Adam Hardy of Professor Chang Y. Ryu’s research group, in collaboration 

with Dr. Jung of Postech in Pohang, South Korea.  

 As for sequence based separations of DNA, guanosine based gels have shown 

promise in the work of Case et al., and more recently in the work of Dong et al. of 

Professor Linda McGown’s group. Binary guanosine gels, or 'G-gels', are a 

                                                
1 Shin, Gi Won, Hee Sung Hwang, Sang Woo Seo, Mi-Hwa Oh, Chang Y Ryu, Charles J 

Salvo, Shaina Feldman, Junsang Doh, and Gyoo Yeol Jung. “A Novel Pathogen Detection 
System Based on High-Resolution CE-SSCP using a Triblock Copolymer Matrix.” Journal of 
Separation Science 33, no. 11 (June 2010): 1639–43. 

2 Case, W. S., K. D. Glinert, S. LaBarge, and L. B. McGown. “Guanosine Gel for Sequence-
Dependent Separation of Polymorphic DNA.” Electrophoresis 28, no. 17 (August 2007): 
3008–3016. 
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supramolecular complex rather than a polymeric medium.3 Further association occurs 

as these tetrads stack into columns which have a chiral association.4 Since guanosine 

is a key nucleotide in RNA and DNA, hydrogen bonding of the medium allows 

interaction with the single stranded chain. Higher content of guanosine in a single 

stranded DNA chain could potentially hydrogen bond with the G-gel medium, thus 

slowing down its retention time and resulting in a separation of molecules in CGE. Also 

a result of the chiral nature of the molecular level structure, the bulk properties of the gel 

medium allow a separation to differentiate between two forms of a chiral molecule.5 

 The following work focuses on rheological characterization of Pluronic and 

guanosine-based gels, and GPC analysis of the Pluronic polymers. Implications of this 

study have application in further characterization and understanding of the behavior of 

these gels for us in CGE. 

                                                
3 Yu, Yuehua, Darren Nakamura, Kevin DeBoyace, Adam W Neisius, and Linda B McGown. 

“Tunable Thermoassociation of Binary Guanosine Gels.” The Journal of Physical Chemistry B 
112, no. 4 (January 2008): 1130–1134. 

4 Li, Zheng, Lauren E Buerkle, Maxwell R Orseno, Kiril a Streletzky, Soenke Seifert, Alexander 
M Jamieson, and Stuart J Rowan. “Structure and Gelation Mechanism of Tunable 
Guanosine-Based Supramolecular Hydrogels.” Langmuir : the ACS Journal of Surfaces and 
Colloids 26, no. 12 (June 2010): 10093-101. 

5 Dowling, Victoria A, Joseph A. M Charles, Emily Nwakpuda, and Linda B McGown. “A 
Reversible Gel for Chiral Separations.” Analytical Chemistry 76, no. 15 (2004): 4558–4563. 
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2. BACKGROUND 

2.1 Capillary Electrophoresis, Gel Matrix, and CE-SSCP 

 Capillary Electrophoresis (CE) is a technique that uses a high voltage source to 

separate molecules. As in similar separation techniques such as High Performance 

Liquid Chromatography (HPLC), different modes of separation can be applied, and the 

method which is applied depends on the molecules to be separated and the 

characteristics of those molecules. The following figure depicts a typical CE system: 

 

Figure 1: Schematic of a Typical Electrophoresis Instrument.6 

 
 The mechanism which separates molecules in the most basic CE separations 

such as Capillary Zone Electrophoresis (CZE) is based on Electroosmotic Flow (EOF), 

which moves molecules in the presence of a strong electric field. The ion velocity is 

given by: 

𝒗��⃑ 𝒊𝒐𝒏  =  (𝝁𝒆𝒑  + 𝝁𝒆𝒐)𝑬��⃑  

 

 The electrophoretic mobility is given by μe in units of (cm2 V-1 s-1), and is inversely 

proportional to frictional resistance of the medium and directly proportional to the charge 

                                                
6 Landers, James P. Handbook of Capillary Electrophoresis, Second Edition. 2nd ed. CRC 

Press, 1996. 
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of the analyte. E is the electric field strength in V/m. μeo is the mobility factor of the ion 

due to EOF. In the case of CGE, we aim to mitigate the movement due to EOF and 

separate the analyte by size. Figure 2 is a representation of the previous equation 

displaying the velocities of different charge-to-mass ratio analytes under the influence of 

an electric field.  

 

 

Figure 2: Relative velocities of different charge-to-mass ratios in CZE. Spheres represent 
different magnitude charges based on how many charges are inside. Figure based on 

Principles of Instrumental Analysis, Skoog, 5th ed pp. 782. 

�⃑�𝑒𝑒 

�⃑�𝑒𝑒 

�⃑�𝑡𝑒𝑡𝑡𝑡 = �⃑�𝑒𝑒 +  �⃑�𝑒𝑒 
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 Neutral analytes are able to be moved through the capillary as result of the 

double layer effect. The surface of the silica is negatively charged and ions in the 

medium will create shells of alternating opposite charge around this negative surface. 

Cations in the outer layer of these charged shells are pulled towards the cathode and 

their sphere of hydration is large enough to drag the separation medium through the 

capillary and move the neutral species along at this rate in CZE.7 For CZE, charge-to-

mass ratio dominates the separation, but since DNA carries the same charge-to-mass 

ratio at all points in the strand, simple CZE with a buffer medium will not separate the 

strands and a gel must be employed to entangle the DNA as it move through the 

capillary, resulting in separation based on strand length. The result is that larger strands 

of DNA are retained longer than shorter strands and the result is a separation by size 

only. This method is called Capillary Gel Electrophoresis (CGE). If resolution is 

sufficiently high in this method, then conformations of DNA chains may be separated. 

Resolution in CGE is heavily dependent on the medium used. 

 As a point of reference to our work with gels, the commonly used separations 

mediums for CGE are poly(acrylamide) and poly(dimethyl acrylamide). These materials 

are synthesized by a radical polymer synthesis mechanism and do not have well-

defined characteristics such as narrow molecular weight ranges. The gels are non-

interacting, as they are used for separations solely by size. Qualitative differences in 

these gels are highlighted by their ‘dynamic coating ability’, which is the ability of the gel 

to coat the capillary walls.8 Separation characteristics of these gels change based on 

concentration of the gels in a medium, and their molecular weight. The gels focused on 

                                                
7 Skoog, Douglas A. Principles of Instrumental Analysis. 5th ed. Philadelphia: Saunders 

College Pub, 1998. 
8 Wu, C. H., M. A. Quesada, D. K. Schneider, R. Farinato, F. W. Studier, and B. Chu. 

“Polyacrylamide Solutions for DNA Sequencing by Capillary Electrophoresis: Mesh Sizes, 
Separation, and Dispersion.” Electrophoresis 17, no. 6 (June 1996): 1103–1109. 
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in our study have far higher separation efficiency and resolution than traditional CGE 

gels, and hold more dimensions of tunability such as hydrophobicity and in the case of 

guanosine, separation based on DNA sequence. 

2.2 Pluronic Polymer Synthesis 

 Pluronic polymers are synthesized via anionic polymerization from the gas 

phase ring opening polymerization of ethylene oxide and propylene oxide. Anionic 

polymerization is capable of creating very narrow polydispersity index polymers, and is 

synthesis is capable of creating polymers for use as standards for various applications 

as well. An issue associated with anionic polymerization, is the unintentional creation of 

‘dead chains’, which are polymers which have abstracted a hydrogen from the reactor 

to terminate the reaction for an individual chain. The result often manifests itself as 

'tailing' in a homopolymer peak with lower resolution separation mediums, or the 

observation of multiple peaks on a chromatogram in the case of a higher resolution 

separation system.9 

2.3 Structure of Pluronic Polymers 

 Pluronic polymers, also known by the name poloxamer, are non-ionic ABA 

triblock copolymer of poly(ethylene oxide), or PEO, which is the ‘A’ block, whereas 

poly(propylene oxide) or PPO, serves as the ‘B’ block. The PPO center block serves as 

a hydrophobic block and induces micellization of the polymer in solution due to its 

inability to be solvated by water, as opposed to soluble PEO chain ends. 

                                                
9 Hvidt, Soren, and Walther Batsberg. “Characterization and Micellization of a Poloxamer Block 

Copolymer.” International Journal of Polymer Analysis and Characterization 12, no. 1 (2007): 
13–22. 
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Figure 3: Chemical Structure of Poloxamer.10 

 
 The codes given to a sample of Pluronic denote the molecular weight and 

properties of a given type of the polymer in 3 to 4 character alphanumeric codes. In the 

case of F127, the ‘F’ indicates the room temperature material is in Flake form as a solid, 

the first one or two numbers, in this case, 12 is multiplied by 300g/mol to provide the 

molecular weight of the middle block of the chain, and the 7 gives the content of 

hydrophilic content as a percent by multiplying this last number by 10%. For example, 

the projected result of the molecular weight of F127 will be 12,000g/mol.11 The 

calculated and ideal molecular weights and PPO contents as reported by BASF in Table 

1, organized by increasing molecular weight. 

 

 

 

 

 

 

 

 

                                                
10 Nakashima, Kenichi, and Pratap Bahadur. “Aggregation of Water-Soluble Block Copolymers 

in Aqueous Solutions: Recent Trends.” Advances in Colloid and Interface Science 123-126 
(November 16, 2006): 75-96. 

11 “BASF - Product Information Chemicals Catalog - Pluronic”, 2011. 
http://worldaccount.basf.com/wa/NAFTA~en_US/Catalog/ChemicalsNAFTA/pi/BASF/Brand/pl
uronic. Accessed: August 1, 2011. 
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Sample MWCalc’d, 
g/mol MWLit, g/mol MWPPO, 

g/mol 
F38 4500 4700 900 
F77 7000 6600 2100 
F87 8000 7700 2400 

pe6800 --- 8000 --- 
F68 9000 8400 1800 
F88 12000 11400 2400 

F127 12000 12600 3600 
F108 15000 14600 3000 

 

Table 1: Molecular weights of Pluronic polymers selected for our experiments. MWCalc'd & 
MWPPO were calculated from sample codes. MWLit was collected from BASF literature and 

web resources and was not reported but presumably was Mv, as viscosity and related 
values were reported. 

 The Pluronic codes provided with the product are not precise indicators of 

overall molecular weight, but are a ‘quick and dirty’ way of speculating on the general 

molecular weight and an indicator of the degree of hydrophobicity of the polymer. 

2.4 Micellization of Pluronic Polymers 

 
 Because of their structure, Pluronic polymers are amphiphillic molecules, where 

the PEO block serves as the hydrophilic block, and PPO is the hydrophobic block. 

Micellization in this polymer system is driven by entropy.12 This behavior is primarily 

controlled by the PPO block, which remains in a melt state while the PEO block enters a 

solution state in water (or other media capable of inducing micellization). This behavior 

also depends on individual block composition, and molecular weight. The critical 

micellization temperature (CMT) and critical micellization concentration (CMC) decrease 

linearly with respect to an increasing PPO block size. Dissolution of poloxamers in 

                                                
12 Alexandridis, Paschalis, Josef F Holzwarthf, and T Alan Hatton J. “Micellization of 

Poly(ethylene oxide)-Poly(propylene oxide)-Poly(ethylene oxide) Triblock Copolymers in 
Aqueous Solutions : Thermodynamics of Copolymer Association” Macromolecules 27 no. 9, 
(1994): 2414–2425. 
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water creates a core-shell micellar structure with the water soluble PEO block, at either 

end of the PPO center block as seen in Figure 4. 

 

Figure 4: Shows the arrangement of triblock unimers into a single micelle in water. The 
dotted lines denote internal phase separation within the polymer chains. Original work by 

Corey Lemley. 

 

2.5 Gelation of Pluronic Micelles 

The next step beyond micellization with respect to increasing concentration is 

gelation of the Pluronic system. Gelation or Bingham fluid behavior is close packing of 

micelles to a point where the coronal blocks begin to overlap with each other. This 

process is reversible with respect to temperature in this gel system. This behavior 

occurs at a ‘critical gel concentration’ (CGC), and once formed, exists as a close 

packed ‘hard gel’ with face centered cubic (FCC) structure. The FCC structure is 

characteristic of packing of hard spheres and denotes a hard gel with higher elastic 

modulus values. 
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Figure 5: Packing behavior of micelles. Original work by Corey Lemley. 

  

 The solubility of the PEO blocks is highly temperature sensitive, and at a range 

between room temperature and 100°C, the polymer micelles associate 

thermoresponsively to form a gel. Gelation behavior at lower temperatures in Pluronic is 

controlled primarily by the PEO block, but at higher temperatures, gelation behavior is 

attributed more to the PPO block. The solubility parameter of PEO decreases inversely 

with respect to temperature, supported by the existence of a cloud point (CP) that is 

higher than the lower critical solution temperature (LCST).13 

2.6 Polymeric Impurities in Pluronic 

Because of the method that Pluronic is produced, there exist within the triblock 

copolymer diblock impurities. Block copolymers are synthesized in a stepwise manner, 

but polymer chains may terminate at any time during the reaction via hydrogen 

abstraction. As result, the triblock (ABA), diblock (AB), and homopolymer impurities are 

included and affect the phase behavior of the structures formed. Work to characterize 

                                                
13 Alexandridis, Paschalis. “Poly(ethylene oxide)/Poly(propylene oxide) Block Copolymer 

Surfactants.” Current Opinion in Colloid & Interface Science 2, no. 5 (October 1997): 478–
489. 
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micelles of Pluronic and the effect of impurities on these micelles has been performed 

by Mortensen et al.14 In their research, Mortensen discusses the effect of diblock 

impurities in the triblock copolymer packing structure. Removal of the diblock impurities 

narrows the range of FCC behavior and Body centered cubic (BCC) structure 

dominates the gel phase. In the work of Zhang et al. it was found that higher 

concentration of homopolymer material (PEG 200) raises the concentration of polymer 

(CMC) needed to form micelles.15 A graphical representation is shown in the following 

figure (Figure 6): 

 
Figure 6: Triblock copolymer with diblock impurities. Dotted lines denote diblock polymer 

chains. Original work by Corey Lemley. 

 

                                                
14 Mortensen, Kell, Walther Batsberg, and Soren Hvidt. “Effects of PEO-PPO Diblock Impurities 

on the Cubic Structure of Aqueous PEO-PPO-PEO Pluronic Micelles: FCC and BCC Ordered 
Structures in F127.” Macromolecules 41, no. 5 (March 2008): 1720–1727. 

15 Zhang, Chaoxing, Jianling Zhang, Wei Li, Xiaoying Feng, Minqiang Hou, and Buxing Han. 
“Formation of Micelles of Pluronic Block Copolymers in PEG 200.” Journal of Colloid and 
Interface Science 327, no. 1 (November 2008): 157–61. 
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2.7 Binary Guanosine Gels 

 Binary G-gels are supramolecular complexes of guanosine and a guanosine 

derivative dissolved in water. In our experiments, guanosine monophosphate (GMP) 

was used as the guanosine derivative and second part of the binary gel. These gels 

have shown promise as a novel separation medium that can be used as a chiral 

separation medium. Previous work performed involves the separation of single stranded 

DNA by primary sequence. The fundamental unit comprising higher order structures are 

referred to as G-tetraplexes, as the structure forms from 4 guanosines to create a tetrad 

complex around a metal center. Each G-tetraplex employs π-π stacking to associate 

with another g-tetraplex in a staggered configuration laying planar-parallel to 

surrounding G-tetrads. This structure is often referred to as a g-wire.16 Figure 7 displays 

a single G-tetrad comprised of 4 guanosines complexed about a metal center. The 

hashed lines denote hydrogen bonding locations. 

 

Figure 7: Guanosine tetrad complexed about a metal center. Potassium was used for the 
metal center in our experiment. Metal ion center added to figure by thesis author.17 

 

                                                
16 Li, Zheng, Lauren E Buerkle, Maxwell R Orseno, Kiril a Streletzky, Soenke Seifert, Alexander 

M Jamieson, and Stuart J Rowan. “Structure and Gelation Mechanism of Tunable 
Guanosine-Based Supramolecular Hydrogels.” Langmuir : the ACS Journal of Surfaces and 
Colloids 26, no. 12 (June 2010): 10093-101. 

17 “G-Tetrad”, July 17, 2007. http://biology.nicerweb.com/med/G-Tetrad.gif. Accessed: August 9, 
2011. 

M+ 
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 Work performed by Yu et al. characterized these ‘G-gels’ by circular dichroism.  

In their experiments, a sudden appearance of chirality in the solution phase, was used 

to indicate an ordered gel structure. Figure 8 is a phase diagram representing results of 

the method, but does not indicate discrete transition temperatures of the gels or 

transition ranges. 

 

Figure 8: Binary guanosine gel matrix. Used with permission from Professor Linda 
McGown, Department of Chemistry and Biochemistry, RPI. 

 
 Capillary electrophoresis work performed by Will Case, and later Yingying Dong 

highlighted the potential for G-gels for use with chiral separations and separation of 

DNA by primary sequence by taking advantage of hydrophilic tunability of the medium 

by controlling the concentration and ratio of GMP and Guo. In this work, 76-mers of 

oligonucleotides with adenosine and guanosine substitutions were separated using G-

gels as shown in the following figure18. 

                                                
18 Case, W. S. “Guanosine Gels for the Separation of Polymorphic DNA in Electrophoresis.” 

PhD diss., Rensselaer Polytechnic Institute, 2007. 
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Figure 9: Separation of 76-mers from work by WS Case.  (A) CZE with Tris-HCl buffer (B) 
is CGE with commercial sieving gel, and (C) is separation by G-gel phase. 

 
 The first two inlays of the figure show electropherograms of the 76-mers with 

differing nucleotide sequences using non-interacting gels. Naturally, the non-interacting 

gels do not allow for separation by primary sequence. In the third inlay of the picture, 

the medium is comprised of a binary G-gel phase that is capable of separating DNA by 

primary sequence, which is the source of multiple peaks. The work of Dong et al. 

showed a significant improvement in baseline resolution for the separation of the 

oligonucleotide 76-mer.19  

 Chiral separations were successfully performed on small molecules with two 

fused aromatic rings without substituents that could cause steric hindrance by the work 

                                                
19 Dong, Yingying, and Linda B McGown. “Incorporation of Guanosine Gels into Sieving 

Matrices for Length- and Sequence-Based Separation of DNA in Capillary Electrophoresis.” 
Electrophoresis 32, no. 10 (May 2011): 1209-1216. 
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of Yingying Dong. Temperature and pH also have a pronounced effect on the 

separation efficiency and capability in this method because of the association 

mechanism of the medium. Temperature of the capillary was controlled at temperatures 

between 15-40°C. Molecules with successful chiral separations were Tryptophan, 1,10-

binaphthyl-2,20-diyl hydrogen phosphateBNPA, and Propranolol.20 

2.8 Molecular Weight Characterization via GPC 

 GPC is the most reproducible method for finding molecular weight data and 

general characterization of polymers. This instrument employs a high pressure liquid 

chromatography (HPLC) pump to move a mobile phase through a separation medium, 

and is detected by one of many standard HPLC detectors. The separation medium, also 

known as the stationary phase is made from cross-linked divinyl benzene (DVB) and 

shares many properties with polystyrene. The DVB “packing material” is considered 

does not interact with most other polymers. Size interaction chromatography (SEC) 

serves as the mode of separation for this type of column. In this mode, smaller polymer 

chains can diffuse in and out of pores in the packing material, whereas the entropic 

penalty for large chains is too great for them to interact with these small pores just 

based on the hydrodynamic volume of the chains. The resulting separation allows larger 

material to move quickly through the column whereas smaller material is retained for a 

longer time. Accurate and reproducible molecular weight and polydispersity index data 

can be furnished through the use of a calibration curve that plots molecular weight of a 

known standard on a logarithmic scale versus the elution time for a constant flow rate, 

temperature, and solvent condition. The calibration for GPC molecular weight analysis 

is based on hydrodynamic volume, which describes the size of an individual solvated 

                                                
20 Dong, Yingying, and Linda B McGown. “Chiral Selectivity of Guanosine Media in Capillary 

Electrophoresis.” Electrophoresis 32, no. 13 (June 2011): 1735-1741. 
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polymer chain. This hydrodynamic volume is different for each polymer in each solvent, 

therefore, an ideal calibration to find molecular weight of an unknown would be made 

using standards that are chemically similar to the analyte. 

 Many types of detectors can be used to determine molecular weight, but was 

limited in our case because of the nature of the polymeric sample. Since PEO and PPO 

have no chromophore or loosely bound electrons that can be easily excited by UV or 

visible light, we were limited to the use of a concentration sensitive detector known as a 

differential refractive index detector. In this detector, a reference cell with solvent only is 

adjacent to a cell which polymer sample in solvent will flow through. Light incident upon 

both cells will be diffracted at the time when the refractive indices of the cell are different 

from each other.21 

2.9 Rheological Characterization 

 Rheological characterization is crucial in determining underlying gelation of 

structures and the resulting change in flow properties. The basic elements of the 

instrument are two parallel plates that can be temperature controlled. A transducer 

measures the response of the matter between the plates that creates a strain which is 

shown in the next figure.  

 

 
Figure 10: Displacement of materials due to shear stress (Source: Wilkes; pp. 19) 

                                                
21 Skoog, Douglas A. Principles of Instrumental Analysis. 5th ed. Philadelphia: Saunders 

College Pub, 1998. 
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Shear stress resulting from deformation in the material in Figure 10 is defined as: 
 

𝜎 = 𝐹
𝐴

 
 

and the cross-sectional area of the displacement in Figure 10 is: 

𝛾 =
𝑌
𝑋

 

A diagram for the overall macroscopic displacement system resembles the following 

Figure: 

 

Figure 11: Parallel Plate Rheometer Configuration.22 

 
θ is the angular position in the direction of Ω. The equation of motion for the system is 

given by: 

 
 

Where r is the radial direction, σrr is stress in the radial direction, and σθθ is stress in the 

θ direction, and ρ is the density of the fluid. If the no-slip condition is adhered to and 

                                                
22 Bora, Navin Raj, Dallas Burkholder, Nina Mohan, and Sarah Tschirhart. “Parallel Plate 

Viscometer.” pH and Viscosity Sensors, September 14, 2006. 
https://controls.engin.umich.edu/wiki/index.php/PHandViscositySensors. Accessed: August 3, 
2011. 
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internal forces from the material are ignored, then the velocity can be represented in the 

following equation: 

𝑣𝜃(𝑟, 𝑧) =
𝑟𝜔𝑧
𝑑

 

Where 'r' is the radial distance of the material between the two plates, z is the position 

of the fluid in the direction of z, and d is the gap size between the parallel plates. The 

strain rate is given by: 

�̇�(𝑟) =
𝑑
𝑑𝑡

(𝛾) =
𝑟𝜔
𝑑

 

(where γ is the a radial function: 𝛾(𝑟) = 𝜃𝑟
𝑑

 ) 

And since the strain rate relates to the shear stress by Newton's law of viscosity, 

𝜎 = 𝐺∗𝜀 

Where ε is the induced strain and has a solution: 

 

Finally, G*, which is the complex modulus, can be described most accurately using an 

equation that represents both real and imaginary parts: 

 

Where G' is the elastic modulus and G'' is the storage modulus. Together, these two 

components can explain out-of-phase behavior of a gel with respect to stress and strain 

response.23 

  

                                                
23 Wilkes, G. L. “An Overview of the Basic Rheological Behavior of Polymer Fluids with an 

Emphasis on Polymer Melts.” Journal of Chemical Education 58, no. 11 (November 1981): 
880-92. 
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3. EXPERIMENTAL METHODS 

3.1 Methods, Materials, and Equipment 

 Pluronic F38, F68, F77, F87, F88, and pe6800 were manufactured by BASF and 

provided by our collaborators at POSTECH in Pohang, South Korea without CAS 

numbers. F108 and F127 were purchased from Sigma Aldrich and manufactured by 

BASF.  

 Preparation of 15 wt% Pluronic hydrogels was performed using 8.5g of each 

respective polymer sample and 10g of ultra-pure water. The samples were dissolved 

cold in either an ice bath or a circulating bath kept at 4°C. These samples were kept in 

the 17mL scintillation vials in refrigerated conditions to preserve concentration and 

retard bacterial growth. Samples characterized consisted of Pluronic F38, F68, F77, 

F87, F88, F108, F127, and pe6800.  

 Water for the preparation of Pluronic and G-gels was obtained from in-house 

Milli-Q water purification equipment. For the Pluronic samples, this water was obtained 

from Rensselaer Polytechnic Institute’s Materials Research Center, room 243A, 

whereas Milli-Q water for the G-gels were collected from Professor Linda McGown’s 

lab, Cogswell Laboratories room 305. Conductivity of water varied between 10 and 20 

Siemens upon collection. 

 Guanosine and GMP were purchased from Sigma Aldrich with the CAS 

numbers. These materials were kept in refrigerated storage and sealed to avoid 

exposure to moisture prior to preparation of the gels. 

 Binary G-gels comprised of guanosine, GMP, potassium chloride, and ultra-pure 

water were prepared by weighing each mass (w/w) into a scintillation vial. The solutions 

were heated to 90°C, allowed to cool to room temperature, and refrigerated nightly to 

retard bacterial growth. Samples of binary G-gels characterized were selected from a 
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phase diagram based on Circular Dichroism work performed by Yu et al. to highlight 

differences in structure change.  

3.2 Molecular Weight Measurement 

 GPC data collection was performed using a Waters 515 pump, a Rheodyne 

model 7125 manual injector with a 20uL sample loop, in-house data collection software 

(Chang group SK), a  data acquisition card connected to a PC running windows XP, A 

Shodex differential refractive index detector, uninhibited Tetrahydrofuran purchased 

from Krackler Scientific, and a PLgel mixed bed divinyl benzene column. Injection was 

performed with a flat tipped 50uL glass injection needle. Samples were injected in THF 

at a concentration of 5mg/mL. Prior to sample injection, the system was prepared for 

use by allowing the system to equilibrate to operating flow rate for a period of 30 

minutes, followed by an injection of solvent from the source mobile phase. Temperature 

control was performed using a NESLAB-111 water bath, with an approximate 1:1 ratio 

of water to ethanol as coolant on the column side, whereas cooling to the machine was 

provided by the house water source flowing into the equipment. Heat transfer was 

provided to the column via a jacket surrounding the column made from PVC and was 

built in-house.  

 Calibration of the column was performed using standards purchased from 

Agilent Technologies, which consist of 3 sets of 4 narrow polydispersity polystyrene 

polymer samples. These standards were prepared by adding 2mL of the mobile phase 

from the system to each vial and allowing them to dissolve. The calibration standards 

were capped and kept in refrigerated conditions to prevent evaporation of the solvent. 

 Molecular weight characterization of all polymeric samples were performed in 

Tetrahydrofuran using a divinylbenzene packed, 7um particle size, mixed bed 10mm x 

700mm column manufactured by PLgel. Modular GPC/HPLC equipment was used, 
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which consisted of a Waters 515 double head HPLC pump, and a Shodex refractive 

index detector. Narrow 4-in-1 Polystyrene standards purchased from Agilent 

Technologies were used in the calibration the column with respect to molecular weight. 

Polystyrene standards were used because they produced a reliable Gaussian peak 

response, whereas PEO standards produced broad peaks with little baseline resolution.  

Calibration for the molecular weight characterization performed at 25°C is shown in 

Figure 12. 

 

Figure 12: GPC calibration curve. The calibration follows a 3rd order equation; 

y = - 0.0078x3 + 0.3034x2 – 4.3065x + 26.208. 

 

3.3 Rheological Characterization 

 For Rheological characterizations, a TA instruments model AR-G2 rheometer 

was employed. All steady shear, frequency sweeps, and temperature sweeps were 

performed using a heated 25mm diameter stainless steel parallel plate geometry on this 

equipment. Calibration was performed by mapping the plate/bearing geometry, and 

setting a zero gap for the geometry. Bearing geometry was performed at the start of 
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every day, and the zero gap was set before collecting a measurement when 

temperature changes were made. Software used to collect and analyze data was 

Rheology Advantage (AR) Instrument Control and TA Data Analysis. 

 For temperature sweep experiments, a humidity trap was created using a wet 

paper towel inside of a metal shroud that surrounded the moving rheometer parts and 

the sample. This configuration was used for both Pluronic and G-gel samples to 

preserve concentration during temperature sweep experiments. For the temperature 

sweep measurements, a constant angular frequency of 1 radian/second was selected, 

strain amplitude was set to rotate 1% of 1 complete revolution about the plate. The 

temperature was controlled to sample between 22°C and 80°C. The sampling rate was 

2 points/minute which corresponded to an approximate rate of 0.25°C/minute. 
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4. RESULTS AND DISCUSSION 

4.1 Molecular Weight Characterization of Pluronic 

Since Pluronic poloxamers are synthesized via anionic polymerization, dead 

chains have likely terminated via hydrogen abstraction before the synthesis has 

completed and resulted in the multiple peaks and tailing or tailing of the main peak. 

Pluronic polymer is presumably not separated into triblock, diblock, homopolymer and 

other parts by BASF, but rather the molecular weight of what appears to be the triblock 

polymer and the diblock impurity have been characterized as one single peak by BASF 

Corporation. This hypothesis is based on PDI data that is broader than typical values for 

anionic polymerizations. Anionic polymerizations typically have values in the range of 

1.01 to 1.001, and to reach these values, the diblock peak must be fractionated from the 

whole. Mortensen et al. has discussed the molecular weight results of the combined 

triblock and diblock samples are shown in Table 2. 

Sample Mn, g/mol Mw, 
g/mol PDI MWCalc’d, 

g/mol 
MWLit, 
g/mol 

ΔMW, 
g/mol 

F38 8100 8300 1.03 4500 4700 3400 
F77 10600 10900 1.03 7000 6600 4000 
F68 11600 14200 1.23 9000 8400 3700 
F87 11400 12400 1.09 8000 7700 4700 

pe6800 12700 13900 1.09 --- 8000 3200 
F88 17500 17800 1.02 12000 11400 6100 

F127 22500 22500 1.03 12000 12600 9900 
F108  16900 19400 1.15 15000 14600 2300 

F108Ts 20500 22800 1.11 --- 14600* 6000 

Table 2: Experimental and Literature Values for Molecular Weight. *Molecular weight of 
the starting material was used for the Tosylated sample. Molecular weights of Pluronic 

polymers selected for our experiments. MWCalc'd & MWPPO were found using Pluronic 
sample codes. MWLit was collected from BASF literature and web resources and was 

presumably reported from viscometry as Mv values (as literature reports related viscosity 
and solvent used, but no specific indication of the type of molecular weight). ΔMW is the 

difference between MWLit and Mn. 
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 The Polydispersity Index shown here is typical for polymers synthesized by 

anionic polymerization, which is the mechanism of synthesis for this polymer. Our 

molecular weight values likely varied from the both the calculated and reported values 

as result of a different hydrodynamic volume from the conditions such as solvent and 

column that BASF likely used, or a different method altogether. In the future, alternative 

mobile and stationary phase combinations such as aqueous GPC systems should be 

explored. Qualitative observation tells us that THF may not have been a good solvent, 

but rather Theta solvent conditions. A very gradual change in refractive index detector 

response resulting from a change in the slope of the baseline in the refractive index 

detector, a gradual but sustained increase in pressure of the HPLC pump over time, 

and observation of PEO polymer standards falling out of solution in THF over an 

extended period of time (approximately 3 weeks or more) proves that these conditions 

were not idea for GPC. 

 It is important also important to notice that the Tosylated product displays a 

significantly larger molecular weight but has not gained a significant mass due to the 

tosyl groups. This could be explained by 1) possible decreased interaction with the 

column as result of tosyl groups, whereas the unmodified chain may exhibit slight 

interaction with the column 2) increased interchain repulsion resulting in a larger 

hydrodynamic volume, or 3) enhanced solubility of the tosylated chains in THF as 

compared to the unmodified chain. 

 Shown in the following figure (Figure 13) is a sample plot of F77 triblock and 

diblock peaks. The data shown is a voltage signal from a differential refractive index 

detector with respect to time. The larger peak shown to the left is presumably the 

triblock copolymer because of its larger molecular weight and the smaller peak is the 

diblock copolymer ‘contaminants’. The diblock ‘contamination’ is present consistently 
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within the Pluronic samples at a concentration of approximately 30% by weight of the 

total polymer content. 

 

Figure 13: Sample Unmodified Chromatogram 

 
In order to perform an analysis of the relative abundance of diblock and triblock 

copolymer, it was required that baseline separation be obtained to accurately represent 

each domain. A sample of the resulting deconvoluted figure is shown in Figure 14. 
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Figure 14: Baseline resolution resolved chromatogram. Triblock peak is larger and 

appears at a sooner elution time as result of having a larger molecular weight than the 
diblock fraction. 

 
Abundance values calculated by adding the molecular weight ‘slices’ of the GPC 

analysis (Mi) from the deconvoluted chromatograms are tabulated in Table 3: 

Abundance of diblock and triblock copolymer samples. 'M' denotes main (a.k.a. 

Triblock) whereas 'D' denotes diblock impurities. Average abundance for diblock 

impurities was 29% ± 0.05. 
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Sample Mn Mw Abundance 
(by ΣMi) 

F38M 9187 9329 80.4% 
F38D 4208 4292 19.6% 

    
pe6800M 15917 16088 69.0% 
pe6800D 7467 7633 31.0% 

    
F77M 11986 12142 71.3% 
F77D 4892 5190 28.7% 

    
F87M 14372 14551 71.3% 
F87D 6324 6543 28.7% 

    
F88M 19527 19707 65.9% 
F88D 9470 9649 34.1% 

    
F108M 25569 25843 66.6% 
F108D 12357 12504 33.4% 

    
F108TsM 25298 25783 71.6% 
F108TsD 12572 12828 28.4% 

    
F68M 19316 19751 80.4% 
F68D 10852 10882 19.6% 

    
F127M 27593 27970 63.2% 
F127D 12649 13328 36.8% 

Table 3: Abundance of diblock and triblock copolymer samples. 'M' denotes main (a.k.a. 
Triblock) whereas 'D' denotes diblock impurities. Average abundance for diblock 

impurities was 29% ± 0.05. 

 
 The abundances in the above table were calculated by adding each molecular 

weight ‘slice’ from our GPC calculation of each peak then using these totals to find a 

weight percent. In the above notation ‘M’ denotes “main” or triblock peak, whereas ‘D’ 
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denotes the diblock peak. Ts denotes Tosylated Pluronic. The resulting average content 

of the diblock copolymer content in the samples measured was 29% ± 0.05.  

 Previous work performed by Hvidt and Mortensen, et al. describes the HPLC 

separation of these polymers with the use of a cyano-terminated silica column in alcohol 

and water. Mortensen and Hvidt report the diblock content as an average from 10% to 

25%. While our values are in accordance with their accepted values, we have found 

more self-consistent values across a range of polymers using an instrument with a high 

number of theoretical plates and good reproducibility. Mortensen describes the resulting 

effects of these diblock impurities on the micellar packing structure, which changes from 

an FCC 'hard gel' to a soft-packed BCC structure upon removal of the diblock 

impurities. HPLC separation must be performed to separate the diblock components in 

order to study the behavior of ‘pure’ triblock as a medium for capillary electrophoresis 

separations.  

4.2 Rheological Characterization of Pluronic Hydrogels 

4.2.1 Steady Shear Experiments 

Rheology was employed in order to probe the structure of Pluronic as a system.  

Figure 15 displays sample viscosity measurements of F108 at 30°C and 35°C. 
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Figure 15: Sample steady shear experiment 

 
Limitations of the instrumentation are due to transducer sensitivity limits 

combined with environmental factors. These do not allow for accurate sampling of data 

below a shear rate of 1 revolution per second. Therefore, the data used to collect 

viscosity values was limited to the region of 1 – 100 1/s. This particular instrument is 

capable of reaching shear rates of up to 629 1/s, but information in this range was not 

necessary to receive accurate viscosity results. The viscosity was calculated by finding 

the constant value of the constant linear section of each slope and their values were 

4.11 cP and 5.83 cP (reported in Pa.s in graph depicted above) for the 30°C and 35°C 

runs respectively. These values were calculated using the TA instruments analysis 

software. Values for the other polymer samples are in the following table alongside 

molecular weight data (Figures 15 and Table 4). 
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Figure 16: Overall viscosity trend with respect to increase in molecular weight, with F127 
as an exception, as other factors discussed below besides MW effects on properties. 
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Sample MWLit, 
 g/mol 

η 30C,  
cP 

η 35C,  
cP 

% viscosity 
 increase 

F38 4700 3.62 4.16 13% 

F68 8400 4.11 6.36 35% 

F77 6600 4.11 5.83 29% 

F87 7700 7.83 9.98 22% 

pe6800 8000 6.78 6.86 1% 

F88 11400 7.07 9.84 28% 

F127 12600 612 1490 59% 

F108 14600 31.3 36.8 15% 

F108-Ts 14600 26.6 141 81% 

Table 4: Viscosity of Pluronic Samples at 30°C & 35°C. MWLit values were found from 
literature values. % Viscosity increase was the increase from 30°C to 35°C. 

 
 Steady shear viscosity (η, cP) was measured with respect to molecular weight at 

two separate temperatures of Pluronic at 15 wt% in water. The experiments were run at 

30°C and 35°C. It is not clear why the viscosity of F127 begins significantly higher than 

other samples and increases so drastically, but our hypothesis is that this may be a 

combined effect of increased hydrophobicity as result of a higher PPO content and 

change in solvent quality, which is compounded as water becomes a worse solvent for 

the PEO block as the temperature increases. 

 The average for the percent increase was found to be 29% ± 16, excluding 

F108-Ts. F108-Ts was excluded from the average because of the possibility of a 

different mechanism increasing the interaction between micelles as implied from a 

dramatically increased viscosity resulting from an increase in temperature. As for the 

rest of the samples, it can be conferred that no relationship exists relating the molecular 
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weight of the samples to the percent increase in viscosity. This is likely due to the 

gelation network being heavily dependent on only the interaction of the outer corona of 

the micelles, rather than an entanglement mechanism involving a larger portion of the 

polymer. An important feature of the chart is that Tosylated F108 has a drastic 81% 

increased response in viscosity upon heating. While this was not a focus of our study, 

this data implies that the Tosylated product may be interacting by a secondary 

mechanism which should be explored in greater depth. 

4.2.2 Strain and Temperature Sweep Experiments 

Oscillatory measurements were taken in order to probe the gelation structure 

without disturbing its state significantly. Our overall intention is to understand the 

gelation behavior with respect to temperature, but before this can be performed, a 

working range for the oscillation frequency must be determined with strain sweep 

measurements. The following Figure 17 represents a sample strain sweep. It should be 

noted that both the following materials in the chart have a constant linear region at low 

frequencies, which indicates the response of these materials is independent of the 

modulus and we can focus on their behavior with respect to temperature. The linear 

range of the strain sweeps were found to be well within the 1% strain of the total 

rotation of the plate for all runs, therefore that value was used as a fixed value for future 

temperature sweep runs. 
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Figure 17: Strain sweep of two separate types of Pluronic 

 

4.2.3 Temperature Sweep Experiments 

 An attractive property of Pluronic gels for use in CGE is their thermoresponive 

behavior that can be used to fine tune the separation qualities of the medium. The 

purpose of the temperature sweep is to verify at what temperature this material is in a 

gel state at rather as opposed to existing as a high viscosity liquid. This information can 

be collected by performing oscillatory temperature sweeps, which are also known as 

temperature ramps. The following figure is a sample temperature sweep (Figure 18): 
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Figure 18: Example temperature sweep experiment 

 
Data collected at the start of the run has only a loose correlation and has an 

elastic modulus closer to the solvent (water in this case), but a sharp transition in the 

45°C to 50°C range in both elastic and viscous and storage moduli with respect to an 

increase in temperature is characteristic of gelation behavior. Temperature of gelation 

onset (Tonset), temperature offset (Toffset), and midpoint (Tgel) were found by drawing 

tangents to the transition slope and the linear region after the sol-gel transition has 

occurred, and selecting the tangents’ intersection point for as Tgel, and selecting the 

initial point of deviation from the tangent in the direction of increasing temperature for 

Tonset and Toffset, respectively. Selection of the upper transition temperature and lower 

transition temperature was by the selection of the point of deviation of the gelation 

function from the each respective tangent line. The figure below is a diagram used in 

finding the gelation temperature onset, gel, and offset points. 

γo = 1%   
ω = 1 rad/s 
strain = 1%  
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Figure 19: Graphical analysis of Tonset, Tgel, and Toffset for F77 

 
 Further characterization of the transition points was performed in order to 

elucidate the behavior the samples. Figure 20 and associated Table 5 show a loosely 

correlated trend in gelation behavior with respect to temperature. 
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Figure 20: Shows the lowest temperature which reversible gelation behavior occurs in 
Pluronic, denoted by the red triangle pointing upwards. Tgel and Toff are dependent on the 

heating rate. 

 

Sample 
 MWLit, 

g/mol 

MWPPO, 

g/mol 

MWPEO, 

g/mol 

Tonset, 

°C 

Tgel, 

°C 
Toffset, °C 

Range, 

°C 

F38 4700 900 3600 --- --- --- --- 

F68 8400 1800 7200 --- --- --- --- 

pe6800 8000 1750 6250 54 57 68.6 14.6 

F77 7700 2100 4900 46 47.8 57.8 11.8 

F87 8000 2400 5600 42.6 43.5 50.1 7.5 

F88 11400 2400 9600 43.1 43.8 50.1 7 

F108 14600 3000 12000 39 40.3 50.2 11.2 

F127 12600 3600 8400 26 27.9 42 16 

Table 5: Tabulation of gelation points and molecular weights. 
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No gelation of F38 or F68 was observed in the temperature range that was 

sampled, and it is not likely that these polymers gel based on a combination of their 

molecular weight and PEO content. Based on a paper authored by Zhou and Chu about 

the inverse polymer, PPO-PEO-PPO, it is likely that if our polymers reach their cloud 

point before their critical micellization temperature, and their experiment could be useful 

in understanding micellization of this material better.24 It appears that a trend relates an 

increase in overall molecular weight to a decrease in gelation temperature, but further 

inspection of F77, F87, and F88 characterizes the behavior of the gels somewhat more 

specifically. As the first digit of the code (the PPO block size) increases, the 

temperature of gelation decreases more dramatically. Moving from F87 to F88, the 

hydrophilic content increases but the gelation temperature stays relatively the same. 

The same behavior is observed in moving from F88 to F108. Further analysis of the 

behavior of specific blocks is shown below in Figure 21 and Figure 22. 

                                                
24 Zhou, Zukang, and Benjamin Chu. “Phase Behavior and Association Properties of 

Poly(oxypropylene)-Poly(oxyethylene)-Poly(oxypropylene) Triblock Copolymer in Aqueous 
Solution” 30 (1994): 2025–2033. 
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Figure 21: Gelation Temperatures v. PEO block weight 

 

 
Figure 22: Gelation Temperatures v. PPO block weight. 

 
 From Figure 21, we observe a loose correlation between the gelation 

temperature and increasing length of the PEO block. Further inspection of the gelation 
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behavior with respect to the PPO block size in Figure 22, gelation onset, Tgel, and 

offset temperatures all have a well-defined and decreasing trend with respect to an 

increase in PPO block size. In effect, as the block size gets larger, the gelation 

temperature decreases in an aqueous media for the 15 wt % samples measured at this 

temperature range. Gelation at this temperature range is dominated by the PPO block.  

4.3 Rheological Characterization of Binary Guanosine Gels 

4.3.1 Frequency Sweeps with Guanosine Gels 

 Binary G-gels consist of supramolecular complexes of guanosine that can be 

well characterized by various standard methods such as rheology, SANS, and SAXS. 

Gelation behavior and hydrophobicity of the medium can be tailored by changing the 

ratio, in our case, between guanosine and GMP. Prior to temperature sweeps, 

frequency sweeps were performed to confirm gel behavior of the material in question. A 

sample frequency sweep is shown below (Figure 23) at 20°C and 50°C. 



 

40 
 

 

Figure 23: The higher slope of the G' value at 50°C denotes the loss of gel structure as 
compared to the 20°C experiment. 

 
 From the data shown in the previous plot, we observe a dependence on angular 

frequency, such that the modulus increases as the angular frequency increases. This 

effect is compounded by an increasing temperature (in the 20°C to 50°C range), as 

shown by the steeper slope in the 50°C frequency sweep. In an ideal gel, these G’ 

modulus values would be constant, proving that the material’s response is only a result 

of temperature rather than flow properties. The following two figures on page 41 help to 

investigate the behavior of both G’ and G”. 

γo = 1%  
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Figure 24: G' & G'' response values for 0.10M GMP & 0.02M Guo gel at 20°C 

 

 
Figure 25: G' & G'' response values for 0.10M GMP & 0.02M Guo gel at 50°C 

 

ω, rad/s  

ω, rad/s  

γo = 1%  
 

γo = 1%  
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 For Figure 24, both the elastic and viscous moduli follow the same general trend 

for a given temperature as also observed in Figure 23, with the exception of the 50°C 

trial’s G’-G” crossover point in Figure 25. The existence of this crossover point is 

characteristic of a sol-gel transition, but its value is not quantitative on grounds that a 

change in % strain will move this crossover point in a frequency sweep. 

4.3.2 Temperature Sweeps of Binary Guanosine Gels 

A sample temperature sweep for the binary G-gels is shown below for the 

analyzed and raw data in the following Figure 26 and Figure 27. 

 

 
Figure 26: Sample temperature sweep experiment for G-gel 

 

γo = 1%   
ω = 1 rad/s 
strain = 1%  
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Figure 27: Graphical analysis of G-gel temperature sweep experiment. 

 
Compiled analysis results from the temperature sweeps are shown in the 

following plot and chart (Figure 28, and Table 6). 
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Figure 28: Temperature of dissociation onset indicated by upward arrow, temperature of 
gelation indicated by open circle, and temperature offset indicated by downward pointing 

triangle. 

 
[Guo], 

mol/L 

[GMP], 

mol/L 

[GMP]/ 

[Guo] 

Td onset, 

°C 

Tdisc, 

°C 

Td  offset, 

°C 

range, 

°C 

0.01 0.05 5** 25.3 38 41.8 20.3 

0.02 0.1 5* 25.6 35.1 39.8 20.6 

0.03 0.15 5 34.8 41.1 45 29.8 

0.03 0.25 8.3 --- 38 --- --- 

0.04 0.15 3.8 34.3 42.7 47.2 30.55 

0.02 0.05 2.5 29.8 42.9 48.2 27.3 

0.05 0.1 2 35.6 46.4 52.4 33.6 

Table 6: Dissociation temperatures for Guanosine gels. 
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 From Figure 28, we observe a general increase in the stability of the structure 

and resistance to dissociation as the concentration of guanosine approaches that of 

GMP, denoted as an increased dissociation temperature. As represented by Yu, et al., 

an increased concentration of readily soluble GMP increases the amount of negative 

charges in the system, destabilizing the structure. Addition of molecules that can 

counter stabilize these negative charges by relaxing the stress in the system created by 

Coulombic forces, thus creating a more robust structure which results in higher gelation 

temperatures. A similar gelation effect can be seen in the absence of guanosine, when 

a substitution of excess hydrogens are present in the solvated system. It should also be 

noted that the effects of the metal cation center, potassium chloride was outside of the 

scope of the study and was kept constant, at a concentration 0.05M in each sample. 

 The range of the dissociation temperature which transition behavior occurs is 

much narrower than that of Pluronic gelation systems. In the Figure 29 on page 46, we 

have isolated the effects of increasing GMP, while still remaining normalized to the 

concentration of guanosine. 
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Figure 29: As the concentration of both GMP and Guo increase, the dissociation onset 
increases while the range of the dissociation transition decreases. 

 
From the plot, we see that the transition temperature ranges become narrower 

with a higher overall concentration of material making up the gel phase. Our hypothesis 

is that the transition may be governed by solution kinetics alongside thermodynamics 

more than previously discussed. It would seem that because a higher density of 

molecules is solvated, it takes a shorter amount of time for molecules to 'find' each 

other and complex into higher order structures. 

4.4 Potential for Combined Guanosine and Pluronic Gel Phases 

The potential exists for a thermoassociative tunable hybrid guanosine-Pluronic gel 

that offers the best combination of properties from both media. On page 47 is a plot of 

D
is

so
ci

at
io

n 
Te

m
pe

ra
tu

re
, °

C
 

Dissocation 



 

47 
 

data combined from aforementioned G-gel thermodissociation temperatures and 

Pluronic association temperatures.  

 
Figure 30: Shows the dissociation of different G-gels in contrast with Pluronic gels. The 
dotted line highlights a temperature window where both will maintain a gel structure. 

 
On the y-axis of Figure 30, we have displayed normalized concentrations of 

GMP, and Pluronic sample codes. The temperatures in which the thermoresponsive 

behavior occurs is denoted by the red triangles open facing right. The green box 

outlines the possible combinations from our tests of which polymer and guanosine 

systems from the samples tested that will be able to associate in both the 

thermoassociative Pluronic and thermodissociative regimes of the G-gels we 

characterized. From this plot, we can see that the best possible candidate for a gel that 

has both gels associated is F127 as far as polymer systems. In relating the Circular 

Dichroism plot of guanosine and GMP back to the samples of G-gel that have a 
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compatible temperature range in our chart reveals a trend that shows that these points 

all fall below the y = 4x line (see Figure 31), while the points above this line have a 

dissociation temperature above the thermoassociation temperature of F127. This effect 

can partially be explained by the stabilizing effects of guanosine, but it should also be 

realized that other environmental factors such as pH can be taken advantage of to 

control this behavior as well. 

 

Figure 31: G-gel matrix as shown in Figure 8, displaying y = 4x line. The ‘y’ value is 
concentration of GMP, whereas the x value is concentration of Guo. 

 
 
 
 
 
 
 
 
 
 

y = 4x 
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5. CONCLUSIONS 

 We characterized the temperature related response of two thermoresponsive 

gels via rheology and GPC. Six different molecular weights of Pluronic were selected for 

analysis, in addition to six different ratios/concentrations of guanosine and GMP. Using 

our GPC analysis, we were able to verify molecular weight trends in Pluronic (although 

off by approximately 3000 g/mol with some consistency), but more importantly, produce 

very consistent values of diblock polymer contamination abundance for each sample. 

 By applying rheological studies, we were able to find gelation onset, gelation 

temperature, and gelation offset temperatures for both Pluronic and G-gel structures. 

This information is useful in application to CGE, because separations in this method are 

highly temperature dependent as result of the different structural changes that occur in 

these gel phases with respect to temperature. Finally, we found a working range that 

both gels may be able to find an intermediate structure that would allow a high 

resolution separation of DNA by primary sequence. 
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7. APPENDIX 

7.1 Steady Shear Experiment 

 
Figure 32: Steady Shear Experiment on F38 at 30°C & 35°C 

 

 
Figure 33: Steady Shear Experiment on F68 at 30°C & 35°C 
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Figure 34: Steady Shear Experiment on F77 at 30°C & 35°C 

 

 
Figure 35: Steady Shear Experiment on F87 at 30°C & 35°C 



 

54 
 

 
 
 

 
Figure 36: Steady Shear Experiment on F88 at 30°C & 35°C 

 

 
Figure 37: Steady Shear Experiment on F108 at 30°C & 35°C 
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Figure 38: Steady Shear Experiment on F108-Tosylate at 30°C & 35°C 

 
 

 
Figure 39: Steady Shear Experiment on F127 at 30°C & 35°C 
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Figure 40: Steady Shear Experiment on pe6800 at 30°C & 35°C 
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7.2 Temperature Sweep Experiment 

 
Figure 41: Temperature Sweep Experiment for F38 

 
 
 
 
 
 
 
 

 
 
 
 
 

            
            

 
 
 
 
 
 
  

No gelation occurred in F38 
 

γo = 1%   
ω = 1 rad/s 
strain = 1%  
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Figure 42: Temperature Sweep Experiment for F68 

 
 
 

 
 

No gelation occurred in F68 at 
the specified temperature range 
 

γo = 1%   
ω = 1 rad/s 
strain = 1%  
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Figure 43: Temperature Sweep Experiment for F77 

 

 
Figure 44: Temperature Sweep Experiment for F77 

  

γo = 1%   
ω = 1 rad/s 
strain = 1%  
 



 

60 
 

 
Figure 45: Temperature Sweep Experiment for F87 

 

 
Figure 46: Temperature Sweep Experiment for F87 

γo = 1%   
ω = 1 rad/s 
strain = 1%  
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Figure 47: Temperature Sweep Experiment for F88 

 

 
Figure 48: Temperature Sweep Experiment for F88 

γo = 1%   
ω = 1 rad/s 
strain = 1%  
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Figure 49: Temperature Sweep Experiment for F108 

 

 
Figure 50: Temperature Sweep Experiment for F108 

  

γo = 1%   
ω = 1 rad/s 
strain = 1%  
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Figure 51: Temperature Sweep Experiment for F127 

 

 
Figure 52: Temperature Sweep Experiment for F127 

 
  

γo = 1%   
ω = 1 rad/s 
strain = 1%  
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Figure 53: Temperature Sweep Experiment for pe6800 

 

 
Figure 54: Temperature Sweep Experiment for pe6800 

pe6800 

pe6800 

γo = 1%   
ω = 1 rad/s 
strain = 1%  
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Figure 55: Temperature Sweep Experiment for 0.05M GMP & 0.01M Guo 

 

 
Figure 56: Temperature Sweep Experiment for 0.05M GMP & 0.01M Guo 

 

γo = 1%   
ω = 1 rad/s 
strain = 1%  
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Figure 57: Temperature Sweep Experiment for 0.05M GMP & 0.02M Guo 

 

 

 
Figure 58: Temperature Sweep Experiment for 0.05M GMP & 0.02M Guo 

γo = 1%   
ω = 1 rad/s 
strain = 1%  
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Figure 59: Temperature Sweep Experiment for 0.15M GMP & 0.03M Guo 

 

 

 
Figure 60: Temperature Sweep Experiment for 0.15M GMP & 0.03M Guo 

γo = 1%   
ω = 1 rad/s 
strain = 1%  
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7.3 Frequency Sweep Experiment 

 
Figure 61: Frequency Sweep Experiment for 0.05M GMP & 0.01M Guo 

 

 

 
Figure 62: Frequency Sweep Experiment for 0.10M GMP & 0.05M Guo 

 

γo = 1%  
 

γo = 1%  
 

ω, rad/s  

ω, rad/s  
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Figure 63: Frequency Sweep Experiment for 0.25M GMP & 0.03M Guo 

 

 
Figure 64: Frequency Sweep Experiment for 0.15M GMP & 0.03M Guo 

 
  

γo = 1%  
 

γo = 1%  
 

ω, rad/s  

ω, rad/s  
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Figure 65: Frequency Sweep Experiment for 0.10M GMP & 0.02M Guo 

 

 
Figure 66: Frequency Sweep Experiment for 0.05M GMP & 0.02M Guo 

 

γo = 1%  
 

γo = 1%  
 

ω, rad/s  

ω, rad/s  
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Figure 67: Frequency Sweep Experiment for 0.15M GMP & 0.04M Guo 

 
  

γo = 1%  
 

ω, rad/s  



 

72 
 

7.4 GPC Chromatograms 

 
Figure 68: GPC Chromatogram of F38 

 

 
Figure 69: GPC Chromatogram of F68 
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Figure 70: GPC Chromatogram of F77 

 

 
Figure 71: GPC Chromatogram of F87 
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Figure 72: GPC Chromatogram of F88 

 

 
Figure 73: GPC Chromatogram of F108 
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Figure 74: GPC Chromatogram of F108-Tosylate 

 

 
Figure 75: GPC Chromatogram of F127 
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Figure 76: GPC Chromatogram of pe6800 
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