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ABSTRACT 

Separation of DNA has wide applications in biology, human health, and forensics. For example, 

genome sequencing, genotyping, and metagenomic analysis of microbial communities have all 

relied on methods for DNA separation. Among the methods, gel electrophoresis has been one of 

the most popular ones that utilizes porous gel to separation DNA of different lengths. However, 

DNA of the same length sometimes needs to be distinguished to get sequence information. 

Existing methods for sequence-based separation usually require sufficient differences in 

conformation or differences in resistance to thermal or chemical denaturation. A simple 

approach to sequence-based separation of DNA that solely based on the sequence would be 

helpful. Previous work in our lab showed that single-stranded DNA (ssDNA) could be separated 

from it’s mutations with as few as one base substitution by using simple high concentration 

buffers, such as 0.14M K-PO4, in capillary zone electrophoresis (CZE) without any matrices. 

Efforts have been made to explain this phenomenon; however, the exact mechanism for this 

sequence-based separation was still unclear.  

This thesis explores further the mechanism for the sequence-based separation. First, the 

fluorescence tag attached to DNA was investigated as the cause of the sequenced-based 

separation. The same migration order was observed for labeled and unlabeled strands; this 

eliminates the label as the basis of the separation. There have been reports about how high ionic 

strength solution could affect the size and ion distributions around DNA. Because the separation 

principle of CZE is based on the charge-to-size ratio, the effective charge and size (conformation) 

of DNA were characterized by different biophysical techniques (dynamic light scattering, 

fluorescence anisotropy, small angle X-ray scattering). Results from these techniques show little 
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difference in size as well as effective charge among different strands when taking the standard 

deviation into account. Even for strands that do show some differences in size or charge, the 

observed differences were not predictive of the migration order. Therefore, the effect of high 

ionic strength on the properties of DNA probably is sequence-independent. The difference in 

mobility of DNA might be due to the internal properties of DNA. High ionic strength buffer 

might just magnify the difference by increasing the migration time in the phosphate CZE system. 

The effect of ionic strength on electroosmotic flow (EOF) mobility and electrophoretic (EP) 

mobility of DNA was measured and showed that both EOF and EP will decrease with increasing 

ionic strength. However, EOF is more sensitive to ionic strength and will decrease more 

dramatically than EP. Since EOF is larger than EP in our system and they have opposite 

directions, the apparent velocity is EP subtracted from EOF. At high ionic strength, the 

difference between EOF and EP decreases, thus leads to a slow apparent velocity and a long 

migration time. To test the intrinsic differences among DNA strands, a DNA library was built to 

investigate the relationship between sequence and mobility. A regression model is built to relate 

sequences to mobility. Further optimization of the model will be necessary to account for more 

variables in the sequences, and thereby improve the predictive capacity of the model.  
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1. INTRODUCTION 

1.1 Introduction about DNA 

Deoxyribonucleic acid (DNA) is one of the 4 major types of macromolecules that are essential to 

living organisms. It stores biological information of almost all life forms. DNA usually exists in 

antiparallel double helix form, with 2 strands of DNA running in opposite directions (Figure 1.1) 

(1). The 2 strands are coiled around each other with the help of hydrogen bonds in between 

complementary nucleotides. Nucleotides are the monomers of DNA and each nucleotide is 

composed of one of the 4 nucleobases (adenine (A), guanine (G), which are purines, and thymine 

(T), cytosine (C), which are pyrimidines), a five carbon sugar, deoxyribose, and a phosphate 

group. Nucleotides are joined to form a chain by covalent bonds from hydroxyl in the sugar of 

one nucleotide and the hydroxyl in the phosphate group of the next (Figure 1.2) (1). These sugar-

phosphate bonds form the backbone of DNA. For each phosphate group in the backbone, 2 of the 

3 hydroxyls form covalent bonds with hydroxyls from sugars, leaving one free. The dissociation 

of this free hydrogen in hydroxyl group of phosphate makes DNA negatively charged. The 

nucleobases of the 2 strands are bonded together according to base pairing rules, namely A with 

T, and G with C. There exist 3 hydrogen bonds between A and T, and 2 hydrogen bonds between 

G and C (Figure 1.3) (1). 
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Figure 1. 1: DNA double helix model, composed by 2 antiparallel DNA strands, with bases A, T, G, C inside 

of the helix (1). 
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Figure 1. 2: A single strand of DNA. Nucleotides are linked through covalent bonds between the hydroxyl 

from the 5’ sugar and the hydroxyl from the phosphate group in the next nucleotide in the 3’ direction (1). 
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Figure 1. 3: Hydrogen bonds between G and C base pair and A and T base pair (1). 

 

1.2 DNA separation 

Since DNA is the hereditary material that passes genetic traits from parents to offsprings, the 

analysis of DNA has been central in biology, with applications in medicine, biotechnology and 

forensics. For example, the human genome project is determining the sequence of nucleotide 

base pairs of human DNA (2). Recombinant DNA technology is the foundation of the modern 

biotechnology industry (3). DNA analysis also finds its place in identifying criminals in forensic 

analysis (4). Separation of DNA is a critical step for DNA analysis. Techniques that are available 
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for both size-based separation and sequence-based separation are mainly based on 

electrophoresis, although chromatography sometimes is also used (5-7). 

1.2.1 Size-based separation of DNA 

For size-based separation, DNA of different numbers of bases is separated. It is the main player 

in DNA sequencing. Since separation by electrophoresis is based on differences in charge/mass 

ratios (more principle of electrophoresis will be introduced in a later section), porous gels are 

usually applied as a sieving medium in electrophoresis, because of the almost identical charge 

density for DNA of different sizes (8). Electrophoresis can be performed in either slab gel or 

capillary gel electrophoresis (CGE). The resolution from the former is not as good as from CGE, 

because joule heating, which limits the applied separation voltage, is better dissipated in narrow 

capillaries. The capillary in CGE can have an inner diameter as small as a few microns and thus 

has a high surface to volume ratio, which accelerates joule heating dissipation. Higher voltages 

could therefore be applied in CGE so that resolution and efficiency are highly improved 

compared to slab gel electrophoresis (9). With the development of microfluidics, gel 

electrophoresis has also been transferred into microfluidic chips for size-based separation of 

DNA (10).  

Even though free solution method has been tried in size-based separation of DNA by using 

molecular tags (End-labeled free solution electrophoresis (ELFSE)), gel electrophoresis plays the 

dominant role in this field. Different sieving matrices have been applied in CGE, since the 

traditional slab gel matrices, such as polyacrylamide and agarose gels are cross-linked gels and 

cannot be replaced (8, 11, 12). Non-cross-linked, water-soluble polymers, like linear 

polyacrylamide (LPA) and polydimethylacrylamide (PDMA), are the most common media for 
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CGE, for it is easier to replace these gels and get sharp and reproducible peaks. Efforts in dilute 

gels have been tried as well, however, band broadening and diffusion make it less favorable (8, 

12).    

1.2.2 Sequence-based separation of DNA 

Techniques for size-based separation of DNA are very mature and have been achieved in slab 

gels, CGE and microfluidic platforms. For DNA of the same size, sequence-based separation is 

not as easy. Sequencing of DNA could provide information of the sequence. However, it is still 

tedious and sometimes not practical for certain samples, even though researchers are working on 

new generation sequencing techniques. Separation based on sequence would be satisfying as a 

rapid way to acquire information about the sequence diversity of same-length strands. However, 

sequence-based separation is not as easy. Current, existing methods include heteroduplex 

analysis (HDA), denaturing gradient gel electrophoresis (DGGE), temperature gradient gel 

electrophoresis (TGGE), and single-stranded conformation polymorphism (SSCP).  

For HDA, double-stranded DNA samples are heat-denatured first followed by reannealing to 

room temperature.  Heteroduplexes (HtD) and homoduplexes (HmD) will be formed, depending 

on if the alleles are different or not. The formed heteroduplexes then can be separated from 

homoduplexes using gel electrophoresis because of their different mobility (Figure 1.4) (13-14). 

As shown in Figure 1.4, there are 2 bands for both HtD and HmD. If there exist more than 2 

strands with different sequences, the number of bands would increase exponentially; what is 

more, a probe sequence that is closely related to the strands of interests is needed (13), both of 

which limit the application of HDA.   
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Figure 1. 4: Principle of HDA: DNA strands are denatured and then the denatured alleles are reannealled, 

leading to HmD and HtD. HtD migrates slower in gel electrophoresis than HmD leading to their separation 

(14). 

 

 

The principles of DGGE and TGGE are similar: dsDNA in polyacrylamide gels is partially 

melted caused by the linear gradient of DNA denaturants in DGGE or the linear temperature 

gradient in TGGE; the mobility of the melted dsDNA would be decreased, because ssDNA 

migrates more slowly than dsDNA with the same sequence (15). For DNA with different 

sequences, the degree of sensitivity to temperature and denaturants is different, leading to 

different extents of melting and thus different mobilities (16).  High GC contents will give 

sequences more resistant to melting, because 3 hydrogen bonds exist in GC base pairs compared 

to the 2 hydrogen bonds in AT base pairs (Figure 1.5) (15). To prevent dsDNA being melted 

completely into ssDNA, GC clamps are added to primers during PCR. Even though TGGE is 
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more reproducible than DGGE, both methods require sufficient differences in GC content in 

DNA sequences, and a target sequence is necessary.  

 

Figure 1. 5: Principle of DGGE: with the increasing concentration of denaturant, more base pairs are broken; 

with more extended denaturation, DNA will migrate slower. Strands with higher GC content are more 

resistant to denaturation, thus they will migrate faster than low GC content strands (15). 

 

 

SSCP is a technique relying on the differences of ssDNA in secondary and tertiary 

conformations (17). Since the electrophoretic mobility of ssDNA in non-denaturing gel is highly 

dependent on its size and structure, different ssDNA sequences could form different 

conformations even they are of the same length. The conformation also depends on the 

sequences, and location and number of base pairing. The change in primary sequence can have 

dramatic effect on conformation. Compared to TGGE and DGGE, no target sequences are 

needed for SSCP. However, the sensitivity of the method is sample-dependent and samples with 

no higher order structure or no sufficient differences cannot be separated through this method.  
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Figure 1. 6: Principle of SSCP: A point mutation (represented by a dot on a DNA strand) will lead to 

different conformations of ssDNA, which will cause different mobilities in non-denaturing gel electrophoresis 

(17). 

 

In summary, the existing methods for sequence-based separation usually require sufficient 

differences in conformation or in resistance to thermal or chemical denaturation, and sometimes 

require knowledge of target sequences. A simple, rapid approach to sequence-based separation of 

DNA that does not require prior knowledge of target sequences would be a powerful advance in 

DNA analysis, especially for genetically complex samples such as microbial communities. 
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1.3 Background of techniques used in this work 

1.3.1 Capillary electrophoresis 

Capillary electrophoresis (CE) is a bioanalytical technique has wide application in biotechnology, 

clinical, diagnostic, genetic, and forensic fields. In this thesis, CE is the main instrument used to 

achieve DNA separation. Basic background about CE is explained below.  

1.3.1.1 CE instrumentation 

Capillary electrophoresis is derived from electrophoresis, with a similar instrumental 

configuration to high performance liquid chromatography (HPLC) (18).  It provides higher 

resolution, speed, ease of use, on-line detection, and full automation capability compared to 

traditional slab gel electrophoresis (18, 19). A general configuration of CE is shown in Figure 1.7 

(18). It usually contains buffer and sample vials, a voltage source with electrodes, a capillary 

tube, cooling system, a detector and a computer with corresponding software to control the CE 

instrument and record data. Samples can be injected using either pressure or electrokinetic means. 

Voltage can be applied in either normal (anode is at the inlet and cathode is at the outlet) or 

reversed polarity (cathode is at the inlet and anode is at the outlet). Depending on the samples, 

the detector can be UV absorbance, laser-induced fluorescence (LIF), electrochemical, or mass 

spectrometry (18).  
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Figure 1. 7: Principle of SSCP: A point mutation (represented by a dot on a DNA strand) will lead to 

different conformations of ssDNA, which will cause different mobilities in non-denaturing gel electrophoresis 

(17). 

1.3.1.2 Principle of capillary electrophoresis  

As mentioned above, CE that uses electrical fields to separate analytes is based on the 

differences in electrophoretic mobility of analytes caused by different charge/size ratios. The 

driving forces in capillary are electroosmotic flow (EOF) and electrophoretic flow (EP).  

 

EOF originates from the electrical double layer at the fused silica capillary inner surface. This 

surface is negatively charged due to the ionizable silanol groups in contact with buffers in the 

capillary. The pI of silica is 1.5, which is usually lower than the pH of the buffer. The negatively 

charged surface attracts cations to create double layers as shown in the bottom of Figure 1.8. 
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Some cations are fixed at the surface in the Stern layer while others are mobile. The mobile 

cations in the diffuse layer move towards the cathode when voltage is applied as shown in Figure 

1.9. The movement of the diffuse layer will cause bulk flow, which is the EOF. Electroosmotic 

mobility (μEOF) is defined by 

 

                  μEOF  
    

 
 

where E is the electric field strength defined by voltage divided by channel length and νEOF is the 

electroosmotic velocity. It is defined by the dielectric constant (ε), the viscosity of the buffer (  , 

and is the zeta potential (ζ) measured at the plane of shear, which is the interface of fixed layer 

and diffuse layer (20). However, EOF is not necessary for separation: since it is a bulk flow 

caused by movement of charges close to the capillary surface wall the compounds in the 

capillary have the same EOF, regardless of their charges (10). The separation comes from the 

different EPs. Even though with the help of EOF, it makes separation of neutrally charged 

compounds from charged compounds possible, EOF sometimes will also cause a lot of trouble, 

research has been done in reducing or completely removal of EOF.  

 

 

       μEOF  
  

   
                                                           (2)                                 
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Figure 1. 8: Electrical double layers (20). 

 

Under an applied voltage, negatively charged analytes move towards the anode, while positively 

charged analytes move towards the cathode, and neutral analytes have an EP of zero. 

Electrophoretic mobility (μEP) is determined by the charge of the analyte (q), and the 

translational friction coefficient (f), which is a function of viscosity of the buffer (   and 

hydrodynamic radius of the analyte (r) (for spherical particles): 

 

                                                             μEP  
 

 
 

 

    
 

   

 
                                                       (3)  

 

The apparent velocity of analytes is the sum of μEOF and μEP. Since analytes may move in either 

direction depending on their charge, μEP can be either position or negative. Usually, μEOF is larger 

than μEP when pH ranges from neutral to alkaline, so all compounds move in the direction of 

cathode, and the order of the migration is cations, neutrals, anions. However, this is not always 

the case. For example when the buffer is of very high concentration, μEOF might be smaller than 

μEP, because high buffer concentration reduces zeta potential. The differences in charge to size 

ratio allow the separation of species of the same charge. As shown in Figure 1.9 (21), 
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compounds of the same charge might have different sizes and charge density, all of which will 

contribute to the differences in μEP, which is the basis of separation in electrophoresis (21).   

 

Figure 1. 9: EOF and EP in the capillary (21). 

 

1.3.2 Fluorescence anisotropy 

Fluorescence anisotropy (FA) is one of the most versatile fluorescence spectroscopy techniques 

that finds its applications ranging from investigating physical and chemical molecular properties 

(for example, solvent-solute interactions of small molecules) to probing the cellular 

microenvironment and monitoring cell signaling pathways by measuring the interactions 

between protein-protein, and protein-DNA (22-24). FA measurement is based on Brownian 

motion and photoselection. Particles with different sizes rotate differently in solution due to 

Brownian motion. The smaller the particle, the faster it would tumble. By attaching a 

fluorophore to the particle of interest, for example DNA or proteins, the rotation of the particle 

can be monitored by measuring the intensity of emitted light. Linearly polarized light is 
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projected to the fluorescent particle and the intensity of emitted light is measured through a 

polarization filter oriented either parallel or perpendicular to the polarized excitation beam. 

Figure 1.10 shows the principle of FA: a vertical polarizer is applied to get polarized excitation 

light. The fluorophore will be excited and emit light in certain angle. If the fluorophore is not 

moving, most of the emitted light will be in the same orientation that is parallel to the polarized 

incident beam, the intensity of which is assigned as      (or IVV). Under Brownian motion, 

however, fluorophores are rotating and the intensity of emitted light as a function of the angle 

relative to the incident beam depends on the rotation rate. The rotation rate is related to the 

viscosity of solution and the hydrodynamic volume of the particle (24, 25). For small particles 

and low viscosity, particles are rotating fast and the light will be emitted equally in all 

orientations; while for large particles and high viscosity, particles will tumble slowly and more 

light will be emitted in the parallel orientation (   ) than the perpendicular orientation (  ). FA (r) 

is defined by the following equation:  

                                                                      
       

        
                                                                 (4) 

where G is the instrument correction parameter (also known as the G-factor) that reflects the 

different sensitivities of the system towards vertically and horizontally polarized light (26). 

                                                                          
   

   
                                                                                           (5)   

Therefore, small particles and less viscous solvent will have small value of FA (r) and large r 

represents large particles, viscous solvent or strong interactions between solute and solvent. By 

monitoring the change of FA, we can tell if interactions exist or not.  
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In our study, we used this technique to measure the relative size of DNA strands and also the 

interactions with the microenvironment around DNA strands in high concentration phosphate 

buffer, since we suspected that different strands might present different sizes in high 

concentration buffer.  
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Figure 1. 10: Principle of fluorescence anisotropy (FA) (23). 

 

 

1.3.3 Small Angle X-ray Scattering (SAXS) 

Small Angle X-ray Scattering (SAXS) is a well-established experimental technique that can 

provide low-resolution structures of macromolecules in solution. SAXS might not provide as 

high-resolution structures as crystallography, however, it can monitor possible dynamical 
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interactions between samples and the environment in physiological conditions (27, 28). From the 

scattering curves, structural properties such as radius of gyration, persistence length, folding state 

and overall shape can be extracted (28, 30). SAXS has been widely used in the structural analysis 

of proteins and it also finds its application in probing the flexibility of nucleic acids and ions 

around them (29).  

The setup of SAXS is very simple, as shown in Figure 1.11. A collimated X-ray beam is applied 

to a macromolecule solution held in a quartz capillary and the scattered X-rays are captured by 

an X-ray detector (29, 30). Because the scattered beams are due to the interaction with electrons 

in the sample, information about the structure such as size and shape can be extracted from the 

scattering patterns. Scattering patterns are the intensity of scattered X-rays as a function of the 

angle between the incident and scattered beams, 2θ, or the momentum transfer q = 4π sinθ/λ. The 

scattering intensity depends on the molecular weight, shape, and concentration of the sample in 

the solution as well as the excess electron density, which is the difference in electron density 

between solvent and solutes. This is why the intensity of buffer has to be subtracted from the 

intensity of solution (27, 29).  

From the scattering profiles, quite a lot of structural and overall shape information could be 

extracted. With upgraded SAXS measurement, even the ion distribution around macromolecules 

could be probed. For example, SAXS can provide radius of gyration Rg by using the Guinier 

approximation where at the low scattering angles (qRg <1.3), intensity I(q) can be approximated 

as 

                                                                 (        
 

    
 

                                                          (6) 
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Then a linear plot would be ln(I(q)) versus    with the slope being –
  

 

 
 and ln(  ) being the 

intercept. Not only can the Guinier plot provide size information, it can also tell interactions 

between macromolecules in solution: an increase in intensity at the low q end would indicate 

aggregation and a decreasing would mean repulsion exists among macromolecules in the 

solution. Besides Rg, the compactness or flexibility of macromolecules can be determined based 

on Kratky plots, which show  (     versus q. A broad peak in the mid-q range indicates 

globular or compact states, while for unfolded states peaks are less pronounced or vanish to the 

right in Kratky plots (29, 31). Recently, researchers are also working on sophisticated approaches 

to determine 3-D structures from scattering data using advanced computation tools, such as ab 

initio and rigid body modeling. Depending on the purpose, the low-resolution structures from 

these methods might be helpful (27).  

To probe the ions around macromolecules, a few advanced SAXS techniques are available. The 

Pollack group at Cornell has conducted research about ion distribution around nucleic acids 

using both anomalous small angle X-ray scattering (ASAXS) and the heavy atom method. The 

basic idea for ASAXS is to take advantage of contrast variation to separate the scattering 

contribution from that of the ions. Since ions have different resonant energy than 

macromolecules, when the X-ray energy is close to resonant energy of ions, the scattering 

contribution from ions will be reduced. By tuning the energy of the X-ray beam close to, or far 

from, the resonant edge of the ions, we can alter the scattering from ions while not affecting that 

from the macromolecules. The contribution from ions then can be obtained by comparing the 

scattering profiles from near resonant energy and from distant resonant energy (29). However, 

this technique requires the tuning of X-ray energy and is limited by the small difference signals 

(32).  
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Heavy atom SAXS utilizes the heavy atom isomorphous replacement to vary the contrast of the 

ion atmosphere. Changes in contrast from heavy-atom substitution is more obvious than that 

from ASAXS, thus better signal/noise ratio can be achieved.  Here is a brief summary of how 

heavy-atom SAXS works: the signal profile from SAXS can be decomposed into contributions 

from DNA, ions and hydration water (32, 33). The forward scattering intensity I(0) changes with 

ion contrast (signal strength), δI and macromolecular contrast δM, based on the following relation: 

                                                                 I(0) = (δM + N1δI )
2
                                                       (7) 

                                                    Namely, I(0)
0.5

 = δM + N1δI                                                                                (8) 

where N1 is the ion excess around the DNA. By assuming that N1 is constant for different ions, a 

straight line of  I(0)
0.5

 vs δI could be fitted by measuring DNA in different ions. I(0) can be 

obtained from the intercept of the Guinier plot and δI is the property of heavy atoms which is 

available from the literature. Thus the number of ions around DNA could be obtained from the 

slope of the line. 

 

Figure 1. 11: Schematic of a SAXS experiment (30). 
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1.4 Purpose of this work 

As mentioned in Section 1.2, the size-based DNA separation is a mature technique, while for 

sequence-based separation, approaches that are as simple as the size-based separation are 

necessary in certain situations, especially for genetically complex samples, such as microbial 

communities. McGown group discovered that 4 ssDNA 76mers differing by only A/G bases 

could be separated by using a running buffer containing guanosine-5’-monophosphate (GMP) in 

capillary electrophoresis (CZE) (34-37). Efforts have been made to investigate the mechanism of 

the sequence-based separation: the separation was first attributed to the interaction between 

ssDNA with self-assembled G-tetrad structures, because GMP was the main component for the 

running buffer and resolution was increasing with the increase of GMP concentration (34, 35). 

However, later it was found that not only GMP, other nucleotides could also achieve sequence-

based separation, using an expanded set of 10 ssDNA 76mers (36). The effect of the individual 

components of nucleotides, namely, base, sugar, and phosphate, was investigated. It was found 

that varying these components might improve the separation, however, the separation order of 

the 10 strands remained the same. Many other simple inorganic salt solutions, such as, K-PO4, 

KCl, Na-PO4, could also achieve separation when their concentration was high enough (36, 37). 

The effects of salt concentration and temperature on separation and migration time were further 

explored using a set of ssDNA 15mers and the separation was thought to be due to a general salt 

effect (37). At the same time, molecular dynamics (MD) simulation of 15mers were utilized to 

get insight into the separation (38). However, none of the results provided explanations into the 

separation order.  
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A better understanding of the sequence-based separation of ssDNA would be beneficial to a 

better application. To build on previous work in McGown group, the thesis further investigated 

the mechanism for the phenomenon focusing on 15mers. In Chapter 3, the fluorescein tag 

attached to DNA was first excluded as the cause for separation. Since the basis of CZE 

separation is due to different charge/size ratio, we characterized the size/conformation of DNA 

strands in high concentration buffer as well as the ion cloud around DNA to see potential 

differences in size and/or effective charge for different strands. The effect of buffer on EOF and 

EP was also studied. Chapter 4 describes the use of a large DNA library to further investigate the 

relation between the mobility and the sequence of DNA. General conclusions are summarized in 

Chapter 5.  
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2 MATERIALS AND METHODS 

2.1 Materials 

2 sets of 10 strands of ssDNA 15mers used in Chapter 3 for the mechanism investigation were 

synthesized and purified by Integrated DNA Technologies (Coralville, IA, USA). One set of the 

15mers was labeled at 5’ end with 6-carboxyfuorescein (6-FAM), while the other set was not 

labeled with fluorescence tags. Figure 2.1 shows the structure of 6-FAM. Strands in DNA library 

and the strands working as test dataset in Chapter 4 were also from Integrated DNA 

Technologies. The detailed sequences are listed in Table 2.1 with the 10 strands in Chapter 3 

being highlighted and test dataset in Italics font. Strands were received either in 100 µM solution 

in 1x TE buffer (10mM Tris, 1mM EDTA, pH 8) or as dry power, depending on the amount 

needed. All DNA samples were stored at -20
o
C.  
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Figure 2. 1: Structure of FAM label (the phosphate is the 5' of DNA strand). 
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Table 2. 1: Sequences of ssDNA strands used in the thesis. 

Name Sequence 

C TTTTTTTCTTTTTTT 

T TTTTTTTTTTTTTTT 

G TTTTTTTGTTTTTTT 

GG TTTTTTTGGTTTTTT 

ATTTG TTTTTTTATTTGTTT 

ATTG TTTTTTTATTGTTTT 

A TTTTTTTATTTTTTT 

ATG TTTTTTTATGTTTTT 

AG TTTTTTTAGTTTTTT 

GA TTTTTTTGATTTTTT 

5mers_C CCCCC 

5mers_T TTTTT 

5mers_A AAAAA 

5mers_G GGGGG 
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Monomer_

G 

5′-dGMP disodium salt 

Monomer_

A 

dAMP 

Monomer_

T 

5′-dTMP disodium salt 

Monomer_

C 

dCMP 

4C in T TTTCTTTTTTTTTTT 

4,12C in T TTTCTTTTTTTCTTT 

8CC inT TTTTTTTCCTTTTTT 

TCTG TCTGTTTTCTGTTTT 

4,12 G in T TTTGTTTTTTTGTTT 

4G in T TTTGTTTTTTTTTTT 

4Gs in T TTTGTTTGGTTGTTT 

4A in T TTTATTTTTTTTTTT 

TCTA TCTATTTTCTATTTT 

4GA in T TTTGATTTTTTTTTT 
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4,12A in T TTTATTTTTTTATTT 

15C CCCCCCCCCCCCCC 

8T in C CCCCCCCTCCCCCCC 

8AA in T TTTTTTTAATTTTTT 

8G in C CCCCCCCGCCCCCCC 

GA-GA in 

T 

TTTGATTTGATTTTT 

GA-AG in 

T 

TTTGATTTAGTTTTT 

AG-AG in 

T 

TTTAGTTTAGTTTTT 

AG-AG-

AG in T 

TTTAGTTTAGTTAGT 

8C in A AAAAAAACAAAAAAA 

8T in A AAAAAAATAAAAAAA 

8G in A AAAAAAAGAAAAAAA 

15A AAAAAAAAAAAAAAA 

15mers CCGCTCCTGCCTAGG 
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17mers CGGGCGGAAGTGACGTT 

19mers CGCTCCTCCACAGCTCGCT 

21mers CGTCCAGACCCTCGCATTATA 

25mers CGCGAAGAGAGGGAGAAAGTGAAGC 

76mers_1 TCTATCTATCTATCTATCTATCTATCTGTCTGTCTGTCTGTCTGTCTATCT

ATCTATCTATCTATCTATCTATCTA 

76mers_2 TCTATCTATCTATCTATCTATCTATCTTTCTTTCTATCTATCTATCTATCTAT

CTATCTATCTATCTATCTATCTA 

 

The NaCl, KCl, RuCl, CsCl, K2HPO4, KH2PO4, glycerol, Adenosine 5′-monophosphate (AMP), 

Thymidine 5′-monophosphate disodium salt hydrate (TMP), Guanosine 5′-monophosphate 

disodium salt hydrate (GMP), Cytidine 5′-monophosphate (CMP), and Trizma Pre-set crystals 

(pH 8.0) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The 310 genetic analyzer 

performance optimized polymer 4 (POP-4) was from Applied Biosystems (Foster city, CA, 

USA). NaOH (1M) was purchased from Fisher Scientific (Fairlawn, NJ, USA). Ultra-pure water 

from an Ultrapure Milli-Q system (Millipore, Bedford, MA, USA) was used in all solution 

preparations. NaOH (0.1M), used to recondition capillary surface, was made by diluting NaOH 

(1M) 10 times. Phosphate buffers were prepared by combining KH2PO4 and K2HPO4 to get the 

desired pH. Phosphate buffers were filtered by 0.45µm syringe filters before use. Phosphate 

buffers of different concentrations or different pH were prepared in the similar way. 
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Soda lime glass chips were purchased from University Wafer (Boston, MA, USA). For chips 

used to etch channels, they were coated with chrome and AZ 1500 resist; no coating for those 

working as cover plate.  

 

2.2 Capillary zone electrophoresis (CZE) separation  

Separations were conducted using a Beckman Coulter P/ACE MDQ system (Beckman Coulter 

Inc., CA, USA) with UV detection (254nm) for unlabeled DNA or LIF (488nm excitation and 

520nm emission) for labeled DNA (Data were acquired using 32 Karat software (version 8.0) 

and processed by MATLAB (R2014b) (MathWorks, Natick, MA, USA)). For unlabeled DNA, 

10μM of each strand was used; while for labeled DNA, the sample was diluted with water to a 

total concentration of 1µM, with each strand being 0.1µM. For spiking experiments, the spiked 

strand was 2x or 3x more concentrated than the other strands.   

 

Bare fused silica capillaries (25µm id) used for separation were purchased from Polymicro 

Technologies (Phoenix, AZ, USA). The total capillary length was 50.2cm and the distance from 

the inlet to the detection window was 40.2cm. The capillary was equilibrated every day before 

use by rinsing at 20psi pressure with 0.1M NaOH for 60min followed by 30min water. Before 

each run, capillaries were rinsed successively with NaOH, water, and buffer, each for 5min using 

20psi. Samples were injected into the capillary using 0.5psi pressure for 5s. Unless otherwise 

noted, separations were performed in forward polarity at 27kV applied voltage at 25
o
C. At the 

end of the day, capillaries were rinsed with water for 5min, and the 2 ends of the capillaries were 

immersed in water for storage.  
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2.3 Circular Dichroism (CD) spectroscopy 

CD spectra for 10 strands of unlabeled 15mers were obtained individually using a JASCO J-715 

Spectropolarimeter (Easton, MD, USA). Each strand of unlabeled 15mers was diluted 10 times 

by 0.14M K-PO4 buffer to a final concentration of 10µM. The blank spectrum of 0.14M K-PO4 

was measured and subtracted from the spectra of the unlabeled 15mers to get the blank-corrected 

spectrum for each strand. The sample was contained in a Hellma quartz cuvette 283 QS 1.000 

with path length of 1cm. The spectra were collected from 350nm to 200nm at 25
o
C. Data were 

processed by MATLAB (R2014b) (MathWorks, Natick, MA, USA). 

  

2.4 Dynamic light scattering (DLS) 

A Wyatt Dynapro Titan Batch DLS instrument (Wyatt Technology Co., Santa Barbara, CA, 

USA) was used to determine the hydrodynamic radius of individual unlabeled 15mers in 0.14M 

K-PO4 buffer. Before measurement, each sample was filtered through a 30KD Amicon Ultra 

centrifugal filter (Millipore, Carrigtwohill, Co., Cork, Ireland) using an accuSpin Micro 

centrifuge (Fisher Scientific, Waltham, MA, USA), following the manufacturer’s instructions.  

 

2.5 Fluorescence anisotropy analysis 

Fluorescence anisotropy (r) for labeled 15mers was calculated from fluorescence intensities 

measured in a JASCO FP-6500 Spectrofluorometer (Easton, MD, USA) by placing polarizers in 

both excitation and emission channels. Samples were contained in 1cm path length quartz 

cuvettes at room temperature. The wavelengths for Excitation (Ex) and Emission (Em) are 

488nm and 520nm, respectively. Band width for both Ex and Em is 1nm. Each strand of labeled 
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15mers was diluted 100 times by 0.14M K-PO4 buffer to a final concentration of 1µM (note: 

strand ATTTG is running out, so we get FA for the left 9 strands instead of 10). Intensity from 

K-PO4 buffer was subtracted from sample intensities as blank to get final intensities for each 

strand. 2 subscripts were used to indicate the orientation of the Ex and Em polarizers, 

respectively. Namely, IVH is the intensity corresponding to vertically polarized Ex and 

horizontally polarized Em; IVV for vertically polarized Ex and Em; IHV for horizontally polarized 

Ex and vertically polarized Em; IHH for horizontally polarized Ex and Em. G factor, the ratio of 

the sensitivities for vertically and horizontally polarized light, is calculated by  

                                                                           
   

   
                                                                 (9) 

Fluorescence anisotropy r is calculated through the following equation (26). The reported FA is 

the average of 10 measurements. 

                                                                       
        

         
                                                                                       (10) 

 

2.6 Small angle X-ray scattering (SAXS)  

 

Since X-ray scattering signals come from the scattered beam by ions, macromolecule, and 

hydration water, number of ions around DNA could be determined if the contribution from each 

component in the solution could be resolved. Meisburger et al. reported a heavy atom 

isomorphous replacement method to decompose the scattering data into DNA alone, ions alone, 

and the DNA-ion interaction (33). To achieve that, four 0.4M chloride salts (NaCl, KCl, RbCl, 

and CsCl) were used for each individual strand. The changes in ion contrast could provide 

information about ions around DNA, from which, the charge information of the DNA (including 
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the ion cloud) could be extracted. Theory for this heavy-atom method is briefly introduced here. 

at low scattering angles, SAXS signals increase with cation atomic number, which could be 

described by a two-phase system: the contribution from a cloud of NI excess ions and the 

contribution from the hydrated macromolecule (here the macromolecule is DNA). Then the 

forward scattering intensity I(q→0) has the following relation to ion contrast δI and 

macromolecular contrast δM: 

                                                               I(q→0) = (δM + NI δI)
2                                                                      

  (11)
 

By assuming that δM and NI are the same for all chloride salt solutions, I(q→0) 
½
 versus δI would 

be linear. I(q→0) could be obtained from SAXS scattering profiles and δI for different cations 

are available in the literature. By fitting the date to a line, the slope would be the excess number 

of ions around DNA (NI) (33). 

2.6.1 SAXS data collection 

SAXS data were collected at Cornell High Energy Synchrotron Source (CHESS) G1 station. The 

monochromator was tuned to an x-ray energy of 9.8833KeV (1.254489Å), with an intensity of 

0.59 x 10
11

 photons/s. The beam diameter was 250μm (H) x 250μm (V). Samples were held in a 

home-made capillary and oscillated using a computer-controlled syringe pump to avoid radiation 

damage when going through the beam. Scattering patterns were recorded for 10 times under 2 

seconds exposure (39). 

2.6.2 Sample preparation 

Due to instrument time limitation at SAXS facility, I was not able to run experiment on all 10 

strands. I therefore selected 6 strands based on the electrophoretic behavior to make sure the 

strands spread and no overlaps. The strands used for SAXS were unlabeled T, G, A, ATTTG, 
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ATG, and AG. Since SAXS has a very strict requirement for purity of samples as well as the 

matched solvent blanks，DNA in each salt solution (K-PO4, Tris, NaCl, KCl, RbCl, CsCl) was 

prepared by 5 treatments with spin dialysis using Amicon Ultra-0.5 mL (3kDa) (Millipore, 

Billerica, MA). The final flow-through product was retained for SAXS background subtraction. 

The concentration of each strand in different salt solutions was calculated from UV absorbance 

at 260nm (33, 40).  

2.6.3 SAXS data processing 

SAXS data were processed using BioXTAS RAW (Ithaca, CHESS) and AUTORG (EM BL) (41, 

42). BioXTAS RAW was used to check the quality of the data and extract the Rg value. 

AUTORG was used to calculate Rg and I (0) (cm
-1

), which is the scattering intensity as q is close 

to zero (q = 4 π sin (2θ/2)/λ, where 2θ is the scattering angel and λ is the wavelength).  

2.7 Mobility calculation 

From electropherogram, we can determine migration time of EOF peak (tEOF) and the apparent 

migration time of each strand (tapp). The distance (L) from inlet to the detector is known. By 

dividing L by these times, we can calculate the velocity of the EOF (νEOF) and the apparent 

velocity of the strand (νapp). The actual velocity of the strand is determined by subtracting νEOF 

from νapp.  

                                                    μEP  
   

 
 

         

 
 

 

    
 

 

    
 

      

                                      (12) 
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3. THE MECHANISM FOR SEQUENCE-BASED DNA 

SEPARATION IN CZE 

3.1 Introduction 

In this chapter, we explore the mechanism of the sequence-based DNA separation in CZE. The 

effect of the fluorescein tag was first investigated since all the previous work was obtained using 

LIF detection of fluorescein-labeled DNA strands. We then characterized the size/conformation 

of DNA strands in high concentration buffer using dynamic light scattering (DLS), fluorescence 

anisotropy (FA), and small angle X-ray scattering (SAXS) with the hypothesis that DNA of the 

same length should have the same charge and so the separation might be due to the differences in 

size. Finally, we characterized ion distribution around DNA using heavy metal SAXS.   

3.2 Effect of the fluorescein tag   

All of the previous work on our group’s sequence-based DNA separation was performed using 

fluorescein-labeled ssDNA strands with LIF detection (34-37). However, results from 

experiments and molecular dynamics (MD) simulation of unlabeled 15mers did not show any 

molecular or experimental parameters that were predictive of the separation order from the CZE 

experiments (37, 38). Could the separation be related to the fluorescein tag and thus cause the 

inconsistency between the MD simulation and CZE results?  There has been research showing 

that fluorescence tags could change the mobility of DNA strands (43).  Also, end-labeled free 

solution electrophoresis could separate DNA that otherwise would not be separated by tagging 

DNA with neutral or charged tags with different mobilities from DNA (44). To test if the 

sequence-based separation here was affected by the fluorescein tag, the same set of 15mers of 
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ssDNA but without the fluorescein tag were used to see if the separation order was affected 

(sequences were highlighted in Table 2.1).  

The 10 unlabeled DNA strands were mixed and run in CZE under the exact same conditions as 

were used for the labeled strands except that UV detection was used instead of LIF detection. As 

shown in Figure 3.1.b, nine peaks were obtained for the unlabeled set of DNA, indicating that 

even without the fluorescein tag, separation was still achievable. Therefore, the fluorescein tag 

did not cause the separation. To further investigate if the fluorescein tag affected the separation, 

we compared the separation order from fluorescein-labeled DNA (Figure 3.1.a) with that from 

the unlabeled DNA (Figure 3.1.b). Figure 3.1.a was adopted from Zhang’s thesis and the strand 

assignments for Figure 3.1.b were based on spiking experiments (refer to the appendix for the 

spiking runs). As shown in the figures, the migration order was the same in both experiments: 

strands C, T showed up first, followed by strands G, GG, ATTTG, ATTG, A, and ATG, and 

strands AG and GA overlapped at last. The same separation order indicated that the fluorescein 

tag did not change the mechanism behind the sequence-based separation, although it did increase 

the resolution due to the doubling of migration time from around 35min to 70min. It was 

expected that the fluorescein tag would increase the migration time because it had 2 negative 

charges with the molecular weight (MW) around 530 (Figure 2.1), which is a higher charge/size 

ratio compared to DNA strands with roughly one negative charge per MW of 327. This increased 

the overall charge/size of the labeled strands relative to the unlabeled strands, resulting in higher 

electrophoretic mobility (EP). Since normal polarity was applied, electroosmotic flow (EOF) 

would go from inlet to the outlet direction, while EP went in the opposite direction. Therefore, 

the larger the EP was, the longer the migration time would be.  
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Figure 3. 1.a: Separation of a mixture of 10 strands of labeled 15mers in 0.14M K-PO4, 15mM Tris at pH 8.0. 

Separation was performed at 27kV, normal polarity at 35 ˚C, using LIF detection (37). 

 

Figure 3. 1.b: Separation of a mixture of 10 strands of unlabeled 15mers in 0.14M K-PO4, 15mM Tris at pH 

8.0. Separation was performed at 27kV, normal polarity at 35˚C, using UV detection (254nm). 
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These results ruled out the possibility that the fluorescein tag was the cause for this sequence-

based separation. There were reports about fluorescence tag affecting the electrophoretic 

mobility of DNA (43), however, no research showed this kind of effect was sequence-dependent. 

There must be other fundamental differences among strands that allowed the sequence-

dependent separation. We pursed this question in the remainder of this work using unlabeled 

DNA except for fluorescence anisotropy (FA) where labeled DNA was used. 

3.3 Characterization of DNA structure and effects of experimental 

conditions  

Since the separation is based on the differences in mobility for different ssDNA strands, it is 

essential to come back to the mobility of DNA. The mobility of an analyte is expressed as: 

                                                                        μEP  
 

    
                                                             (13) 

where μEP, q, η, and R are elecphoretic mobility, effective charge, viscosity, the radius of the 

particle, respectively. There exist lots of reports about how high concentration salt solution 

affects the conformation and size of DNA and the ion distributions around DNA (45, 46). So, 

could this affect the size/conformation and/or the effective charge of DNA, and thus cause the 

sequence-based separation?  

Before investigating the size and charge of DNA, we first examined if a stable secondary 

structure existed, because stable secondary structure might affect the mobility dramatically. This 

hypothesis assumed that the effective charge for the 10 15mers was the same since they all had 

the same number of nucleotides and the charge of DNA was coming from the phosphate group in 

the nucleotides. A few techniques were used to measure possible differences in 
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conformation/size among the 10 strands of ssDNA in 0.14M K-PO4 buffer. The effective charge 

was also considered by measuring the ion distribution around DNA.  

3.3.1 Circular dichroism (CD) analysis of 15mers  

First, CD was used to test if stable secondary structures existed among the 15mers, since some 

separation techniques utilized this difference to achieve separation. CD was widely used as an 

empirical characterization tool for nucleic acids. It is particularly powerful in monitoring 

secondary structure changes caused by aqueous conditions, such as temperature, ionic strength, 

and pH (47). Since it had been proven that the fluorescein tag was not the cause for the 

sequence-dependent separation, the set of 10 unlabeled 15mers was used in the CD analysis. The 

CD spectrum of each strand was obtained individually to compare possible conformational 

differences among the strands. Based on the spectra in Figure 3.2, all of them had 2 positive 

peaks at 215nm and 285nm. They all shared a negative peak at around 245nm. It is hard to 

interpret CD spectra directly to get structural information and empirical comparison with existing 

spectra is the normal practice for CD spectral analysis. The major  peaks shown in Figure 3.2 

were consistent with the CD spectrum of fd phage DNA, a ssDNA without secondary structure, 

indicating that there was no stable secondary structure for these 15mers (48). Meanwhile, some 

subtle differences were noticed: strand GG had a small positive peak 255nm in addition to the 2 

shared positive peaks, and strand T had a positive peak around 215nm that looked like an overlap 

of 2 peaks. Besides the difference in the trends of spectra, the intensities for different strands 

were not identical, especially for peaks at 255nm and 215nm. The subtle difference in intensity 

might be attributed to different sequence components and also possibly due to differences in 

distributions of transient conformation of the strands (47, 49, 50). However, the differences are 
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very minor and would not explain most of the separation. Overall, the CD spectra are very 

similar for the strands and more research is needed to examine potential differences.   

 

 

Figure 3. 2: CD spectra of unlabeled 15mers in 0.14M K-PO4 buffer at pH 8.0. 

 

3.3.2 Characterization of DNA size 

After excluding the existence of a stable secondary structure, we attempted to characterize the 

size of the DNA strands, with the hypothesis that high concentration salt would cause different 

sizes for different DNA strands. Since the size of each base is about 0.34nm, the elongated 

length of 15mers is only about 5nm. It might be challenging to detect the difference in size, 

especially considering the fact that DNA would shrink to some extent due to the neutralization 

by high concentration salts in the solution. Different techniques were applied to estimate the size 

of DNA to see if it had any sequence-dependence that might explain the separation phenomenon, 

as described in the following sections.  
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3.3.2.1 Dynamic light scattering (DLS) of unlabeled 15mers to measure 

hydrodynamic radius 

We first applied dynamic light scattering (DLS) was first applied to characterize the size of DNA 

strands. DLS can provide a measure of the hydrodynamic radius (Rh) of particles. The results 

showed that all 10 strands of DNA had Rh around 0.5nm. However, DLS seemed not sensitive 

enough to tell the difference in Rh among different unlabeled 15mers (Table 3.1). Based on the 

manual of the DLS instrument, the minimum Rh that could be detected is 0.3nm and to tell the 

differences of Rh, they must be at least 10-fold different. The size of the 15mers was barely 

measurable by the DLS instrument and the difference among different strands could not be 

determined from DLS. Some more sensitive techniques were required to investigate the possible 

differences among the sizes of the strands.  

Table 3. 1: Hydrodynamic radius of unlabeled 15mers in 0.14M K-PO4 buffer from DLS (Rh is expressed in 

mean ± standard deviation). 

Strand T C G A GG 

Rh (nm) 0.4±0.1 0.5±0.2 0.4±0.1 0.3±0.0 0.4±0.1 

Strand GA AG ATG ATTG ATTTG 

Rh (nm) 0.4±0.1 0.5±0.1 0.4±0.1 0.3±0.1 0.4±0.1 

 

3.3.2.2 Fluorescence anisotropy of DNA    

Fluorescence anisotropy (r) is the measurement of the rotational freedom of the fluorophore and 

thus can provide information not only about the size of particles attached to the fluorophore but 

also the viscosity of the microenvironment around the fluorophore and the particle attached to it 

(34). As described in the Introduction, a small value of r indicates small particles or low viscosity 

around the particle.  
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Since fluorescence anisotropy requires that the sample is fluorescent tag labeled, the fluorescein-

labeled DNA was used in these measurements. 9 of the labeled 15mers were measured. ATTTG 

was not included because we were running out of the sample. Figure 3.3 shows the relation 

between r and migration time for the nine strands. The figure shows no correlation between r and 

migration time. If the hypothesis that the sequence-based separation is due to the size difference 

among different strands caused by interacting with high concentration salts, the value for r 

should decrease with increasing migration time. Because during the separation, normal polarity 

was applied and the resulted electroosmotic flow (EOF) was from the inlet to outlet, while 

electrophoretic flow (EP) for DNA was from the outlet to inlet considering the net negative 

charge of DNA. The apparent movement of DNA was the combination of EOF and EP, namely 

(EOF minus EP). Because EOF was the same for all the strands and for those of less migration 

time, EP must be smaller. Smaller EP meant larger size, for EP was determined by the charge to 

size ratio. However, here r was not decreasing with the increase of migration time, indicating that 

size alone might not able to explain this separation. There might be some other factors that 

contribute to the sequence-based separation.  
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Figure 3. 3: Fluorescence anisotropy (r) vs migration time for nine fluorescein-labeled 15mers. The sample 

used for FA was 1 µM DNA in 0.14 M K-PO4 buffer. The excitation and emission bandwidths were 1 nm. The 

standard deviation for FA is too small to be seen. : Fluorescence anisotropy (r) vs migration time for nine 

fluorescein-labeled 15mers. The sample used for FA was 1 µM DNA in 0.14 M K-PO4 buffer. The excitation 

and emission bandwidths were 1 nm. The standard deviation for FA is too small to be seen. Migration time is 

based on Figure 3.1.a.  

  

3.3.2.3 Radius of gyration from SAXS 

The size information from a more sensitive technique, SAXS, further confirmed that size alone 

could not explain the sequence-based separation.  Based on Meisburger et al., it is possible to 

measure the radius of gyration (Rg) of 30bp DNA using SAXS and tell differences less than 1Ả 

(46). In the present work, SAXS was used for unlabeled 15mers in both Tris buffer (as a control) 

and 0.14M K-PO4 buffer. Due to the instrument time limitation at the SAXS facility, I was not 

able to run experiments on all 10 strands. Based on the electrophoretic behavior, I therefore 

selected 6 strands that were representative of the 10 strands of DNA and also avoided peaks that 

were too close to each other at the same time. The 6 unlabeled strands were T, G, ATTTG, ATG, 

and AG.  
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Figure 3.4 shows the scattering plots for the 6 strands in 0.14M K-PO4 buffer (scattering plots in 

Tris buffer are shown in the appendix): Figure 3.4.a is the linear X-log Y scattering plots for the 

6 strands; Figure 3.4.b is the Kratky plots, the shape of which could provide folding states 

information of macromolecules in solution. A dramatic peak in the middle range of q indicates 

folded or compact states; otherwise, it would be a sign of unfolded, flexible states (30). Even 

though here the DNA strands were in high salt solution and DLS showed dramatic shrinking of 

the size, they still showed high flexibility, which is probably because they are ssDNA (32). The 

small number of bases might also make DNA strands difficult to fold. Figure 3.4.c shows the 

Guinier linear plots, based on which Rg and I(0) were estimated from the slopes and intercepts, 

respectively, with qRg <1.3. Table 3.2 shows the Rg results in both Tris buffer and 0.14M K-PO4. 

As can be seen, when present in Tris buffer where sequence-based separation could not be 

obtained in CZE, different 15mers had similar Rg, around 16Å when taking the standard 

deviation into account; while in 0.14M K-PO4buffer where separation could be achieved, Rg 

showed some diversity: Rg for T was significantly different from the Rg for the other 5 strands. 

Both A and G are 10.3Å. For AG, ATG, and ATTTG, which had the same base composition but 

different sequences, the Rg was about 10.8Å. Actually, when we took the standard deviation into 

account, even Rg in phosphate buffer showed no significant difference except for strand T. This 

result was consistent with Plumridge’s discovery. They paired SAXS with ensemble fitting 

methods to compare the global properties of single-stranded 30mers (dT30 and dA30) in high salt 

concentrations and found that the mean Rg from transient conformation distributions was almost 

identical. However, this didn’t mean there was no difference in the conformation of the DNA. 

Since Rg represents an average, it is not a good representation of the conformation distribution of 

DNA strands, especially considering that ssDNA is super flexible. Actually, Plumridge et al. 
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proved that although Rg for dT30 and dA30 was similar, the transient conformation distributions 

showed different populations for certain conformations (51). In our case, although Rg in high 

concentration phosphate buffer shrank dramatically compared to that in Tris buffer (from 16Å to 

10Å), we could not conclude that Rg showed sequence dependence. However, this did not mean 

that the strands share the same conformation distribution. Even if we assume Rg was different in 

phosphate buffer by ignoring the standard deviation, the increasing trend for Rg from strand T to 

strand AG was still inconsistent with the charge/size ratio principle of CZE in that DNA of 

smaller Rg moved slower. There must be other factors responsible for the sequence-based 

separation. In the following section, the effective charge was considered by using SAXS to 

measure the excess ions around DNA to see if that could shed light on the mechanism for the 

separation.  
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Figure 3. 4.a: Linear X-log Y scattering plots from SAXS for 6 unlabeled 15mers in 0.14M K-PO4 buffer at 

pH 8.0. 
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Figure 3. 4.b: Kratky plots for 6 unlabeled 15mers in 0.14M K-PO4 buffer at pH 8.0. 
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Figure 3. 4.c: Guinier plots for 6 unlabeled 15mers in 0.14M K-PO4 buffer at pH 8.0. Straight lines are the 

fitted Guinier plots. 
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Table 3. 2: Radius of gyration (Rg) from SAXS for unlabeled 15mers in 15 mM Tris, pH 8.0 and 0.14 M K-

PO4, pH 8.0. 

Sample 
Rg (Å) 

K-PO4 Tris 

T 9.77±0.13 15.7±1.9 

G 10.3±0.29 16.2±1.9 

A 10.3±0.51 15.6±1.2 

ATTTG 10.8±0.47 15.3±1.9 

ATG 10.8±0.35 15.5±3.4 

AG 10.8±0.47 15.6±2.9 

 

3.3.3 Effective charge: characterization of ions around the DNA in high 

concentration salt solution  

Going back to the separation mechanism of CZE, namely, charge/size ratio, the charge of 

different strands might be different because of the electrostatic interactions with counterions. 

Since DNA in the pH 8 buffer system would be negatively charged, there would be electrical 

double layers around DNA. Ions within a certain range would move together with DNA and thus 

affected the effective charge of DNA. Some literature showed that the ion distribution around 

DNA was sequence-dependent (52). So, the effective charge of ssDNA with the same number of 

bases might not be the same, even though they had the same number of phosphate groups, where 

the charges came from. It was necessary to take the ions around DNA into account when 

counting the effective charge since they would neutralize the charge of DNA.  

Heavy atom replacement method in SAXS was shown to be able to resolve the ion distribution 

around ssDNA (33). Here we adopted this method to get the cations around DNA. Figure 3.5 

listed the scattering plots of the above 6 DNA strands in chloride solutions (NaCl, KCl, RbCl, 

CsCl). Instead of using cm-1, the intensity of I (q) was converted to electron
2
 (refer to the 

supplements in reference 33). I (0) was obtained from the intercepts of Guinier plots by using 
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AUTORG, a software for SAXS profile analysis. The linear fit of I(0)
1/2

 versus effective charge 

of 4 cations (Na, K, Rb, and Cs) was an inset of each scattering plot, where slopes indicated the 

number of excess ions around DNA. The number of excess ions around DNA showed some 

diversity: strand T had the fewest number of excess ions, while the rest 5 strands had a similar 

number of excess ions. But again, if considering standard deviation, the number of excess ions 

had little difference among different strands, even though for strand T the number of excess ions 

was relative low than other strands. This result was consistent with Plumridge’s ICP-AES result, 

where they found similar ion distributions around dT30 and dA30. So there might be no 

difference in effective charge or the difference might be too subtle to be captured by these 

techniques. To take one step back, even we assumed that effective charge was different for 

different strands; could effective charge and size together explain the separation? We compared 

the separation order in CZE with the order predicted based on the charge/size ratio from SAXS: 

since strand T had the fewest excess ions around it, it should have the highest effective charge. 

Considering the small Rg, strand T should have the largest electrophoretic mobility and show up 

last in the separation. However, separation order from CZE was the opposite way. So the 

charge/size ratio might not be the whole story for CZE.  
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Figure 3. 5: Scattering profiles from SAXS for 6 strands of ssDNA, T, G, A, ATTTG, ATG, and AG, in 

different chloride salt solutions. The inset figures show the linear fit of the square root of electron density 

(from SAXS scattering profile) and effective charge of different cations (Na, K, Rb, Cs). The slope shows the 

number of excess ions around the DNA. 

 

3.4 Effect of buffer ionic strength on separation 

If both size and effective charge of the strands are very similar, their mobility should be very 

similar. Could the subtle difference in mobility be magnified by the high concentration buffer? 

To test that, the effect of ionic strength was investigated. 

Based on previous research in the McGown group, it was found that high salt concentration was 

necessary to achieve the sequence-based separation in CZE. To find out how ionic strength 

affects the separation, we designed a series of phosphate buffers with different concentrations. 

The concentrations and corresponding ionic strengths are shown in Table 3.3. From the 
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electropherograms in Figure 3.6, the migration time for the strands increased from 8min at 

0.01M K-PO4 to 20min at 0.07M K-PO4. When the buffer concentration was 0.14M, the 

migration time was over 40min. Corresponding to the increased migration time was the increased 

resolution: 0.01M K-PO4 could only resolve the 10 strands into 2 peaks, while both 0.07M and 

0.14M K-PO4 yielded 5 peaks. To get more insight into why this happened, the EOF and EP 

mobilities were calculated. As shown in Figure 3.7, both the EOF and the EP deceased with 

increasing ionic strength. It is well known that ionic strength could affect EOF by changing the 

zeta potential of the inner capillary surface. Based on the Helmholtz-Smoluchowski equation 

(Equation 14) and Debye-Hückel approximation (Equation 15), EOF mobility is inversely related 

to the square root of ionic strength (53). Our power law fit for EOF data showed a decrease 

corresponding to x
-0.312

 ，close to the x
-0.5

 behavior from the theory. The decrease in EP mobility 

was probably due to the neutralization of the effective charge of the DNA (54). However, the 

effect of ionic strength on EOF and EP was different: from the power law fit, ionic strength had a 

stronger effect on EOP than EP. Since DNA is negatively charged at pH 8.0, EOF and EP have 

opposite directions. At low ionic strength, the difference between EOF and EP was dramatic, so 

the large apparent mobility (EOF >> EP) would lead to short migration time; with increasing 

ionic strength, the difference between EOF and EP becomes small (EOF ≈ EP), which lowers 

apparent mobility and thus causes long migration times. However, even using buffer as low as 

0.01M, same separation was still achievable (of course not as good as the high concentration 

buffer due to the short migration time). This suggest that the increasing ionic strength serves to 

magnify the differences in apparent mobility of the DNA strands by increasing the migration 

time, instead of causing differences in DNA EP.  
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                                                                      μEOF  
    

  
                                                         (14) 

  is the dielectric constant of the solution; ε0 is the permittivity in a vacuum; ζ is the zeta 

potential and η is the viscosity of the solution. 

                                                                           
 

    
                                                           (15) 

ζ is the surface charge and κ is the Debye-Hückel parameter given by  

                                                                      { (
   

   
  )}

 

                                                 (16) 

where I is the ionic strength of the solution, F is the Faraday constant, R is the universal gas 

constant, and T is the absolute temperature.  

Table 3. 3: Corresponding ionic strength for different K-PO4 buffer concentrations. 

K-PO4 buffer concentration (mM) Ionic Strength (mM) 

140 381 

70 191 

10 48 
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Figure 3. 6: Effect of ionic strength on sequence-based separation of the mixture of the 10 strands of 

unlabeled 15mers. The runs were performed at 27kV, normal polarity, using UV detection (254nm) at 55˚C. a. 

0.01M K-PO4 at pH 8.0; b. 0.07M K-PO4 at pH 8.0; c. 0.14M K-PO4 at pH 8.0. 
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Figure 3. 7: Effect of ionic strength on EOF and EP. The EP was obtained by using the first peaks of each run. 

 

3.5 Conclusions  

To explore the mechanism for the sequence-based separation, a set of ssDNA 15mers was used. 

The fluorescein tag was first excluded as the basis of the separation by comparing runs with and 

without tags. Then CD results excluded contributions from possible stable secondary structures. 

Considering existing research into the effects of ionic strength on ssDNA conformation/size and 

ion distributions, we characterized the 15mers using different biophysical techniques, with the 

hope that the characterization results would provide insight into the CZE results by applying the 

principle of charge/size ratio in CZE. Based on the results from DLS, fluorescence anisotropy, 

and SAXS, the size of ssDNA varied slightly among the strands. However, the trends in 

charge/size were not predictive of the separation order. Furthermore, Rh from DLS and Rg from 

SAXS were just an average capture of the properties of DNA and could not represent the 

properties well. FA results, which was a better capture by including the interaction with 
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microenvironment, did show differences. However, they too were not consistent with the 

separation order from the CZE experiment. When it came to the effective charge, again there was 

almost no difference among the ion clouds around the DNA determined by SAXS.      

If we take a step back and re-examine the mobility equation, we note that it was derived from the 

Nernst-Einstein equation (Equation 17) by assuming that the analytes are small molecules, or 

spherical particles, for which the diffusion coefficient can be expressed in the Stokes-Einstein 

equation (Equation 18) as (55):  

                                                                     μ  
  

   
                                                                   (17) 

                                                                     
   

    
                                                                  (18) 

where T, D, and kB, are absolute temperature, diffusion coefficient, and Boltzmann’s constant, 

respectively. 

By combining these 2 equations, mobility is found to be a function of effective charge and radius 

of the solute, which underlies the principle of CE separation: differences in charge/size ratios for 

different solutes lead to the separation. However, the charge/size ratio principle over simplifies 

the CZE mechanism: DNA could not be treated as a sphere. The strands show high flexibility, as 

indicated by the Kratky plots from SAXS. The diffusion coefficient is therefore a function of 

conformation instead of a simplified radius. Although the characterization results from section 

3.3 showed little significant difference in size and ion distributions, it is still possible that these 

techniques are not sensitive enough to detect the very small differences among DNA strands. 

Actually, Plumridge did show quantitatively that the transient conformation distributions for 

dT30 and dA30 were slightly different. The results from section 3.4 further suggest that the 
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separation might be due to the intrinsic properties of DNA; the high concentration buffer, instead 

of causing the different mobilities, just magnifies the very small mobility differences. The next 

chapter describes the use of an expanded set of 15mers to further examine effect of sequence on 

migration order and modeling of the trends.  
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4. EMPIRICAL PREDICTIVE MODEL OF MOBILITY  

4.1. DNA library 

To better understand the mechanism of the sequence-based separation of ssDNA, we created an 

expanded DNA library primarily composed of 15mers to explore how the DNA sequence is 

related to the mobility. All the strands in the library were not unlabeled.  

Table 4.1 lists the names and sequences of the strands as well as the mean and standard deviation 

of mobility. The strands in bold fonts were the original 10 strands of 15mers. Strands in red fonts 

were all homologous ssDNA strands (or monomers), which could be used to see the additive 

effect of bases. Strands in green were 3 groups of 15mers that only changed the base in the 

center. Strands TCTG and TCTA were in orange and incorporated ‘TCTG’ and ‘TCTA’ 

fragments into 15mers, respectively. These 2 fragments were the repeated units in the 76mers 

used for sequence-based separation in McGown Lab’s previous research. We were curious if 

shorter strands with these repeats were still separable. From the separation of the original set of 

15mers, we got the information that both the number and the location of bases might affect 

mobility. So, the rest of the strands were proposed to test the how a different number of bases 

and (or) locations would affect the mobility. For example, we had strands with a different 

number of certain bases; for strands with the same number of that base, the bases might be in 

different locations. 
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Table 4. 1: Strands in the DNA library. The library includes the original 10 strands (37). Sequences are listed 

in the order of increasing mobility. Mobility is given as mean±standard deviation of at least 3 replicate 

measurements in 0.14M K-PO4 (pH 8.0) buffer at 35 
o
C. Refer to Section 4.2 for detailed calculation. 

Strand Name Sequence Mobility (      cm^2/(Vs)) 

5mers_C CCCCC 2.831±0.003 

5mers_T TTTTT 2.864±0.003 

5mers_A AAAAA 2.986±0.003 

5mers_G GGGGG 2.986±0.003 

Monomer_G 5′-dGMP disodium salt 3.163±0.004 

Monomer_A dAMP 3.224±0.003 

Monomer_T 5′-dTMP disodium salt 3.276±0.004 

Monomer_C dCMP 3.400±0.004 

4C in T TTTCTTTTTTTTTTT 3.470±0.004 

4,12C in T TTTCTTTTTTTCTTT 3.470±0.004 

8CC in T TTTTTTTCCTTTTTT 3.480±0.007 

TCTG TCTGTTTTCTGTTTT 3.480±0.007 

4,12 G in T TTTGTTTTTTTGTTT 3.480±0.004 

C TTTTTTTCTTTTTTT 3.480±0.002 

T TTTTTTTTTTTTTTT 3.483±0.002 

4G in T TTTGTTTTTTTTTTT 3.484±0.004 

G TTTTTTTGTTTTTTT 3.487±0.002 

GG TTTTTTTGGTTTTTT 3.495±0.002 

4Gs in T TTTGTTTGGTTGTTT 3.495±0.004 

4A in T TTTATTTTTTTTTTT 3.507±0.004 

ATTTG TTTTTTTATTTGTTT 3.513±0.002 

ATTG TTTTTTTATTGTTTT 3.517±0.002 

A TTTTTTTATTTTTTT 3.520±0.002 

TCTA TCTATTTTCTATTTT 3.524±0.007 
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ATG TTTTTTTATGTTTTT 3.526±0.016 

AG TTTTTTTAGTTTTTT 3.531±0.016 

GA TTTTTTTGATTTTTT 3.531±0.016 

4GA in T TTTGATTTTTTTTTT 3.539±0.013 

4,12A in T TTTATTTTTTTATTT 3.545±0.005 

15C CCCCCCCCCCCCCC 3.549±0.010 

8T in C CCCCCCCTCCCCCCC 3.559±0.007 

8AA in T TTTTTTTAATTTTTT 3.571±0.007 

8G in C CCCCCCCGCCCCCCC 3.582±0.007 

GA-GA in T TTTGATTTGATTTTT 3.603±0.016 

GA-AG in T TTTGATTTAGTTTTT 3.608±0.015 

AG-AG in T TTTAGTTTAGTTTTT 3.608±0.015 

AG-AG-AG in T TTTAGTTTAGTTAGT 3.635±0.013 

8C in A AAAAAAACAAAAAAA 3.768±0.010 

8T in A AAAAAAATAAAAAAA 3.773±0.010 

8G in A AAAAAAAGAAAAAAA 3.781±0.010 

15A AAAAAAAAAAAAAAA 3.800±0.010 
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4.2 Measurement of mobility of strands in the DNA library   

4.2.1 Measurement of EOF  

Since we used bare fused silica capillaries, it was necessary to measure the EOF in order to 

determine the mobility of the DNA. The most commonly used method is to use neutral markers. 

Since EOF is the movement of the bulk flow derived from the inner capillary surface, the 

movement of a neutral marker would only come from EOF, with no contribution from EP. 

Dimethylformamide (DMF) is a neutral marker that was commonly used to measure EOF. 

However, the optimal wavelength for DMF is 214nm (56), and when we ran DMF together with 

DNA sample at 254nm, there was no peak for DMF. However, there was something interesting 

at 254nm: we noticed that there was a small peak showing up consistently at the early start of 

each run even without DMF (Figure 4.1.a). To check if the tiny peak was due to EOF, we run 

DMF alone at the wavelength of 214nm and a strong peak showed up at the same migration time 

as the small peak in 254nm detection (Figure 4.1.b). Therefore, the small peak was used to get 

the migration time for EOF. The peak is probably due to the different absorption of solvents in 

the buffer and DNA sample. This default EOF ‘marker’ at 254nm could also prevent potential 

interactions between a neutral marker and the DNA. The electrophoretic mobility of DNA was 

calculated from the migration time for the EOF and the apparent migration time for DNA, as 

shown in section 2.7. Detailed calculations of the DNA mobility are shown in the next section.  
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Figure 4. 1: Peaks for EOF. The buffer is 0.14M K-PO4, 15mM Tris at pH 8.0. Separation was performed at 

27kV, normal polarity, 25 ˚C, using UV detection at 254nm. The capillary is of total length 50cm, i.d. 25um; 

the distance from inlet to detection window is 40cm. Top: small peak around 4min in separation of unlabeled 

15mers; Bottom: DMF at 214nm. 
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4.2.2 Mobility of DNA  

The mobility of DNA shown in Table 4.1 was measured in triplicate or more in 0.14M K-PO4 

(pH 8.0) buffer at 35
o
C. First, the mobility of a sample containing original set of 10 strands of 

15mers was measured. The results are shown in Table 4.2. The rest of the strands in the library 

were divided into a few groups for the CZE runs so that strands in each mixture could be 

separated into individual peaks and minimize overlap. Either strand C or strand T from the 

original set of 10 strands was used as the internal standard. The detailed groups are listed in 

Tables 4.3-4.8. The internal standards are highlighted in bold. The peak assignments were 

achieved through spiking experiments, which were shown in the Appendix. For Tables 4.3-4.8, 

the experimental conditions were the same as for Table 4.2, unless otherwise stated.   
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Table 4. 2: Mobility of the original 10 strands of 15mers. 

Strand Name Sequence   Mobility (×10
-4

  cm^2/(Vs)) 

C TTTTTTTCTTTTTTT 3.480±0.016 

T TTTTTTTTTTTTTTT 3.483±0.015 

G TTTTTTTGTTTTTTT 3.487±0.016 

GG TTTTTTTGGTTTTTT 3.495±0.015 

ATTTG TTTTTTTATTTGTTT 3.513±0.016 

ATTG TTTTTTTATTGTTTT 3.517±0.016 

A TTTTTTTATTTTTTT 3.520±0.016 

ATG TTTTTTTATGTTTTT 3.526±0.016 

AG TTTTTTTAGTTTTTT 3.531±0.016 

GA TTTTTTTGATTTTTT 3.531±0.016 
 

 

 

 

 

 

Table 4. 3: Mobility of DNA library: Group 1. 

Strand 

Name 
Sequence 

  Measured mobility 

(×10
-4

  cm^2/(Vs)) 

  Adjusted mobility (×10
-4

  

cm^2/(Vs)) 

C TTTTTTTCTTTTTTT 3.479±0.007 3.480±0.007 

 8CC in T TTTTTTTCCTTTTTT 3.479±0.007 3.480±0.007 

TCTG TCTGTTTTCTGTTTT 3.479±0.007 3.480±0.007 

TCTA TCTATTTTCTATTTT 3.523±0.008 3.524±0.007 

8T in C CCCCCCCTCCCCCCC 3.558±0.008 3.559±0.007 

8AA in T TTTTTTTAATTTTTT 3.570±0.008 3.571±0.007 

8G in C CCCCCCCGCCCCCCC 3.581±0.008 3.582±0.007 
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Table 4. 4: Mobility of DNA library: Group 2. 

Strand 

Name 
Sequence 

  Measured mobility (×10
-4

  

cm^2/(Vs)) 

  Adjusted mobility (×10
-4

  

cm^2/(Vs)) 

4C in T TTTCTTTTTTTTTTT 3.440±0.004 3.470±0.004 

4,12C in T TTTCTTTTTTTCTTT 3.440±0.004 3.470±0.004 

4,12 G in T TTTGTTTTTTTGTTT 3.450±0.004 3.480±0.004 

C TTTTTTTCTTTTTTT 3.450±0.004 3.480±0.004 

4G in T TTTGTTTTTTTTTTT 3.454±0.004 3.484±0.004 

4Gs in T TTTGTTTGGTTGTTT 3.465±0.004 3.495±0.004 

4A in T TTTATTTTTTTTTTT 3.477±0.004 3.507±0.004 

4,12A in T TTTATTTTTTTATTT 3.514±0.005 3.545±0.004 

 

 

 

 

 

 

Table 4. 5: Mobility of DNA library: Group 3. 

Strand 

Name 
Sequence 

  Measured mobility 

(×10
-4

  cm^2/(Vs)) 

  Adjusted mobility (×10
-4

  

cm^2/(Vs)) 

T TTTTTTTTTTTTTTT 3.534±0.012 3.483±0.015 

4GA in T TTTGATTTTTTTTTT 3.591±0.013 3.539±0.013 

GA-GA TTTGATTTGATTTTT 3.656±0.016 3.603±0.016 

GA-AG TTTGATTTAGTTTTT 3.661±0.016 3.608±0.016 

 AG-AG TTTAGTTTAGTTTTT 3.661±0.016 3.608±0.016 

AG-AG-AG TTTAGTTTAGTTAGT 3.688±0.013 3.635±0.013 
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Table 4. 6: Mobility of DNA library: Group 4. 

(Mobility was measured at 55 ˚C and then converted to mobility at 35 ˚C, since too many As would lead to 

prohibited long migration time at 35 ˚C.) 

Strand 

Name 
Sequences 

  Measured mobility (×10
-4

  

cm^2/(Vs)) 

  Adjusted mobility (×10
-4

  

cm^2/(Vs)) 

T TTTTTTTTTTTTTTT 4.4646±0.012 3.483±0.015 

15C CCCCCCCCCCCCCC 4.734±0.014 3.549±0.010 

8C in A AAAAAAACAAAAAAA 5.026±0.013 3.768±0.010 

8T in A AAAAAAATAAAAAAA 5.033±0.013 3.773±0.010 

8G in A AAAAAAAGAAAAAAA 5.043±0.013 3.781±0.010 

15A AAAAAAAAAAAAAAA 5.068±0.013 3.800±0.010 
 

 

 

Table 4. 7: Mobility of DNA library: Group 5. 

Strand 

Name 
Sequence 

  Measured mobility (×10
-4

  

cm^2/(Vs)) 

  Adjusted mobility (×10
-

4
  cm^2/(Vs)) 

C TTTTTTTCTTTTTTT 3.491±0.007 3.480±0.007 

5mers C CCCCC 2.840±0.003 2.831±0.003 

5mers T TTTTT 2.873±0.003 2.864±0.003 

5mers A AAAAA 2.995±0.003 2.986±0.003 

5mers G GGGGG 2.995±0.003 2.986±0.003 

 

 

 

 

Table 4. 8: Mobility of DNA library: Group 6. 

Strand 

Name 
Sequence 

  Measured mobility (×10
-4

  

cm^2/(Vs)) 

  Adjusted mobility (×10
-4

  

cm^2/(Vs)) 

C TTTTTTTCTTTTTTT 3.491±0.007 3.480±0.007 

Monomer 

G 5′-dGMP disodium salt 3.173±0.004 3.163±0.004 

Monomer 

A dAMP 3.234±0.003 3.224±0.003 

Monomer 

T 5′-dTMP disodium salt 3.287±0.004 3.276±0.004 

Monomer 

C dCMP 3.411±0.004 3.400±0.004 
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4.3 Discussion  

4.3.1 General analysis of data 

The difference in mobility of different strands is very small, especially among the 15mers. 

Sequence-based separation could be achieved for strands with even less than 0.1% difference in 

mobility. The small difference in mobility was probably caused by the subtle difference in 

transient conformation distribution caused by the properties of DNA strands since we already 

excluded the dramatic differences in the size and effective charges of DNA based on the 

characterization results from Chapter 3.  

As for the contribution of different bases to mobility, the general trend was that A>G>T>C. This 

could be verified by the mobility of strands with one base mutation in the same position, such as 

strands A, G, T, C from the original set of 15mers, 15A and its 8
th

 position mutations (15A, 8G 

in A, 8T in A, and 8C in A), 15C and its 8
th

 position mutations (8G in C, 8T in C, and 15C), and 

strand T and its 4
th

 position mutations (4A in T, 4G in T, T, and 4C in T). However, the mobility 

of the monomers didn’t follow the trend, with Monomer C having the largest mobility and 

Monomer G having the smallest mobility. When it came to strands with more than one base 

substitutions or strands with bases in different positions, the trend (A>G>T>C) was also not 

always true. For example, strands AG, ATG, ATTG, and ATTTG have the same components, 

but the different positions of bases A and G caused different mobilities. 15C and its mutations, 

which have very different base composition compared to strand 8T and its mutations, have larger 

mobilities than many strand 8T’s mutations. 

The trend of A>G>T>C is probably due to the properties of the DNA strands themselves. It is 

well recognized that base stacking is base dependent with purines (bases A and G) having 
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stronger base stacking than pyrimidines (bases T and C) (51). Many works have shown that 

ssDNA with more purines have more compact conformations than strands with more pyrimidines 

based on the mean statistics that described the average solution structures (57-59). Although 

Plumridge et al. used a more accurate Rg to capture the global conformational properties based 

on the transient conformation distribution and found no dramatic difference between dT30 and 

dA30, they did find that the conformation distributions were different. dA30 had more compact 

backbones due to more stacked bases, while dT30 had a more elongated structure with fewer 

stacked bases. Therefore, the larger mobility of strands with purines might be caused by a higher 

population of compact structures. The high ionic strength of the buffer could further increase the 

difference in base stacking strength between purines and pyrimidines and enlarged the difference 

in mobility. For monomers, in contrast, the mobility trend could be explained by molecular 

weights of the different nucleotides, as shown in Table 4.9 (dGMP>dAMP>dTMP>dCMP). 

There is no base stacking for monomers, and so monomers with higher molecular weight would 

have lower mobility. For special cases of different base substitution locations mentioned above, 

the results indicate that not only the substitutions but also the locations of bases could affect the 

mobility, even when base stacking potential is the same.   

Table 4. 9: Molecular weights of dXMP. 

Base Molecular weight 

dGMP 347.2 

dAMP 331.2 

dTMP 322.2 

dCMP 307.2 
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4.3.2 Regression model 

Although there were exceptions that didn’t follow the general trends, we were curious about how 

well the number of bases could be related to the mobility. To check that, linear regression models 

were fitted using the data from the DNA library excluding the monomers. Monomers were not 

included because their effective charge was different from oligomers.  

Since it was clearly shown in the general trend that the mobility is related to the sequence 

composition, the first thought was to fit a model using the number of each base as variables. The 

number of each base was normalized by dividing by the total number of bases so that the model 

would work for strands of different length. The parameters and the corresponding values for each 

strand were listed in Table 4.10.  
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Table 4. 10: Data used for regression model between mobility versus the normalized number of bases. 

Strand name Sequence 
Mobility 

(cm^2/(Vs)) 

Normalized number of bases 

A  T  G  C  

5mers_C CCCCC 2.831E-04 0 0 0 1 

5mers_T TTTTT 2.864E-04 
0 1 0 0 

5mers_A AAAAA 2.986E-04 1 0 0 0 

5mers_G GGGGG 2.986E-04 0 0 1 0 

4C in T TTTCTTTTTTTTTTT 3.470E-04 0 0.933333 0 0.066667 

4,12C in T TTTCTTTTTTTCTTT 3.470E-04 
0 0.866667 0 0.133333 

8CC inT TTTTTTTCCTTTTTT 3.479E-04 0 0.866667 0 0.133333 

TCTG TCTGTTTTCTGTTTT 3.479E-04 0 0.733333 0.133333 0.133333 

4,12 G in T TTTGTTTTTTTGTTT 3.480E-04 0 0.866667 0.133333 0 

C TTTTTTTCTTTTTTT 3.480E-04 
0 0.933333 0 0.066667 

T TTTTTTTTTTTTTTT 3.483E-04 0 1 0 0 

4G in T TTTGTTTTTTTTTTT 3.484E-04 0 0.933333 0.066667 0 

G TTTTTTTGTTTTTTT 3.487E-04 0 0.866667 0.133333 0 

GG TTTTTTTGGTTTTTT 3.495E-04 
0 0.866667 0.133333 0 

4Gs in T TTTGTTTGGTTGTTT 3.495E-04 0 0.733333 0.266667 0 

4A in T TTTATTTTTTTTTTT 3.507E-04 0.066667 0.933333 0 0 

ATTTG TTTTTTTATTTGTTT 3.513E-04 0.066667 0.866667 0.066667 0 

ATTG TTTTTTTATTGTTTT 3.517E-04 
0.066667 0.866667 0.066667 0 

A TTTTTTTATTTTTTT 3.520E-04 0.066667 0.933333 0 0 

TCTA TCTATTTTCTATTTT 3.523E-04 0.133333 0.733333 0 0.133333 

ATG TTTTTTTATGTTTTT 3.526E-04 0.066667 0.866667 0.066667 0 

AG TTTTTTTAGTTTTTT 3.531E-04 
0.066667 0.866667 0.066667 0 

GA TTTTTTTGATTTTTT 3.531E-04 0.066667 0.866667 0.066667 0 

4GA in T TTTGATTTTTTTTTT 3.539E-04 0.066667 0.866667 0.066667 0 

4,12A in T TTTATTTTTTTATTT 3.545E-04 0.133333 0.866667 0 0 

15C CCCCCCCCCCCCCC 3.549E-04 0 0 0 1 

8T in C CCCCCCCTCCCCCCC 3.558E-04 0 0.066667 0 0.933333 

8AA in T TTTTTTTAATTTTTT 3.570E-04 0.133333 0.866667 0 0 
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8G in C CCCCCCCGCCCCCCC 3.581E-04 0 0 0.066667 0.933333 

GA-GA in T TTTGATTTGATTTTT 3.603E-04 0.133333 0.733333 0.133333 0 

GA-AG in T TTTGATTTAGTTTTT 3.608E-04 
0.133333 0.733333 0.133333 0 

AG-AG in T TTTAGTTTAGTTTTT 3.608E-04 0.133333 0.733333 0.133333 0 

AG-AG-AG 

in T 
TTTAGTTTAGTTAGT 3.635E-04 0.2 0.6 0.2 0 

8C in A AAAAAAACAAAAAAA 3.768E-04 0.933333 0 0 0.066667 

8T in A AAAAAAATAAAAAAA 3.773E-04 0.933333 0.066667 0 0 

8G in A AAAAAAAGAAAAAAA 3.781E-04 0.933333 0 0.066667 0 

15A AAAAAAAAAAAAAAA 3.800E-04 1 0 0 0 
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The statistic summary was listed in Table 4.11-4.13. As can be seen, the linearity of the model 

was very poor with R
2
 being 0.168. Also, for variable C, the coefficient was zero with error 

message for P-value indicting that C had correlation with other variables. In all, the model with 4 

bases as variables was not a good fit for the mobility data. This result was not surprising as we 

talked in the above section that the location of bases also mattered in determining mobility.  

Table 4. 11: Summary of regression statistics. 

Regression Statistics 

Multiple R 0.410479 

R Square 0.168493 

Adjusted R Square 0.062598 

Standard Error 2.11E-05 

Observations 37 
 

Table 4. 12: ANOVA summary. 

 

Df SS MS F 

Significance 

F 

Regression 4 2.99E-09 7.46E-10 2.228993 0.087907 

Residual 33 1.47E-08 4.46E-10 

  Total 37 1.77E-08 

    

Table 4. 13: Summary of coefficients for variables in the model. 

 

Coefficients Standard Error t Stat P-value 

Intercept 0.000338 1.08E-05 31.17677 4.63E-26 

A 2.72E-05 1.46E-05 1.860276 0.071778 

T 1.34E-05 1.22E-05 1.096659 0.280729 

G -2.3E-05 2.25E-05 -1.0302 0.310406 

C 0 0 65535 #NUM! 
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Figure 4. 2: Observed mobility versus predicted mobility from the regression model based on single bases. 

  

 

 We next used a model in which we counted each 2-base combination in the strand, starting at 

the 5’ end. For example, for strand TCTG, the 2-base combinations starting from 5’ are TC, CT, 

TG, GT, TT, TT, TT, TC, CT, TG, GT, TT, TT, and TT, namely, 3 combinations: TC, CT and 

TG (the order of the 2 bases is not considered here). So there are 10 possible combinations of the 

A, T, G, C 4 bases, which were included the model as variables (refer to Table 4.14). For n-mers, 

there would be n-1 adjacent, 2-base combinations. The number of adjacent 2-base combinations 

was normalized by dividing by the total number of bases, in order to compare strands of different 

lengths.  For example, strand TCTG has 6 TT, 4 TG, and 4 TC and the normalized values for TT, 

TG, and TC are 0.4, 0.27, and 0.27, respectively.  
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Table 4. 14: Data used for regression model between mobility and the normalized number of adjacent 2-base 

combinations. 

Strand 

name 
Sequence 

Mobility 

(×10
-4

  

cm^2/(Vs)

) 

Normalized number of adjacent 2-base combinations 

TT TA TG TC AA AG AC GG GC CC 

C CCCCC 2.831 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.80 

T TTTTT 2.864 0.80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

A AAAAA 2.986 0.00 0.00 0.00 0.00 0.80 0.00 0.00 0.00 0.00 0.00 

G GGGGG 2.986 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.80 0.00 0.00 

4C in 

T 

TTTCTTTT

TTTTTTT 
3.470 0.80 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 

4,12C 

in T 

TTTCTTTT

TTTCTTT 
3.470 0.67 0.00 0.00 0.27 0.00 0.00 0.00 0.00 0.00 0.00 

8CC 

inT 

TTTTTTTC

CTTTTTT 
3.479 0.73 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.07 

TCTG 

TCTGTTT

TCTGTTT

T 

3.479 0.40 0.00 0.27 0.27 0.00 0.00 0.00 0.00 0.00 0.00 

4,12 G 

in T 

TTTGTTT

TTTTGTT

T 

3.480 0.67 0.00 0.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

8C 
TTTTTTTC

TTTTTTT 
3.480 0.80 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 

8T 
TTTTTTTT

TTTTTTT 
3.483 0.93 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

4G in 

T 

TTTGTTT

TTTTTTTT 
3.484 0.80 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

8G 

TTTTTTT

GTTTTTT

T 

3.487 0.80 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

8GG 

TTTTTTT

GGTTTTT

T 

3.495 0.73 0.00 0.13 0.00 0.00 0.00 0.00 0.07 0.00 0.00 

4Gs in 

T 

TTTGTTT

GGTTGTT

T 

3.495 0.47 0.00 0.40 0.00 0.00 0.00 0.00 0.07 0.00 0.00 

4A in 

T 

TTTATTT

TTTTTTTT 
3.507 0.80 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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8ATT

TG 

TTTTTTT

ATTTGTT

T 

3.513 0.67 0.13 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

8ATT

G 

TTTTTTT

ATTGTTT

T 

3.517 0.67 0.13 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

8A 

TTTTTTT

ATTTTTT

T 

3.520 0.80 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

TCTA 

TCTATTT

TCTATTT

T 

3.523 0.40 0.27 0.00 0.27 0.00 0.00 0.00 0.00 0.00 0.00 

8ATG 

TTTTTTT

ATGTTTT

T 

3.526 0.67 0.13 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

8AG 

TTTTTTT

AGTTTTT

T 

3.531 0.73 0.07 0.07 0.00 0.00 0.07 0.00 0.00 0.00 0.00 

8GA 

TTTTTTT

GATTTTT

T 

3.531 0.73 0.07 0.07 0.00 0.00 0.07 0.00 0.00 0.00 0.00 

4GA 

in T 

TTTGATT

TTTTTTTT 
3.539 0.73 0.07 0.07 0.00 0.00 0.07 0.00 0.00 0.00 0.00 

4,12A 

in T 

TTTATTT

TTTTATT

T 

3.545 0.67 0.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

15C 
CCCCCCC

CCCCCCC 
3.549 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.93 

8T in 

C 

CCCCCCC

TCCCCCC

C 

3.558 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.80 

8AA 

in T 

TTTTTTT

AATTTTT

T 

3.570 0.73 0.13 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 

8G in 

C 

CCCCCCC

GCCCCCC

C 

3.581 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.80 

GA-

GA in 

T 

TTTGATT

TGATTTT

T 

3.603 0.53 0.13 0.13 0.00 0.00 0.13 0.00 0.00 0.00 0.00 

GA-

AG in 
TTTGATT 3.608 0.53 0.13 0.13 0.00 0.00 0.13 0.00 0.00 0.00 0.00 



78 
 

T TAGTTTT

T 

AG-

AG in 

T 

TTTAGTT

TAGTTTT

T 

3.608 0.53 0.13 0.13 0.00 0.00 0.13 0.00 0.00 0.00 0.00 

AG-

AG-

AG in 

T 

TTTAGTT

TAGTTAG

T 

3.635 0.33 0.20 0.20 0.00 0.00 0.20 0.00 0.00 0.00 0.00 

8C in 

A 

AAAAAA

ACAAAA

AAA 

3.768 0.00 0.00 0.00 0.00 0.80 0.00 0.13 0.00 0.00 0.00 

8T in 

A 

AAAAAA

ATAAAAA

AA 

3.773 0.00 0.13 0.00 0.00 0.80 0.00 0.00 0.00 0.00 0.00 

8G in 

A 

AAAAAA

AGAAAA

AAA 

3.781 0.00 0.00 0.00 0.00 0.80 0.13 0.00 0.00 0.00 0.00 

15A 

AAAAAA

AAAAAA

AAA 

3.800 0.00 0.00 0.00 0.00 0.93 0.00 0.00 0.00 0.00 0.00 
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By fitting the regression model, we find that all variables were significant, with P-values much 

less than 0.05, and should be included in the regression model (Table 4.17). Both the R
2
 and the 

adjusted R
2
 were close to 1. Additionally, the plot of residuals versus fits shows that residuals are 

randomly distributed around zero line indicating that the linearity assumption is reasonable. 

Another potential concern for the model is overfitting, since the database is not big and there are 

so many variables included in the model. A Y-scrambling plot was drawn, as shown in Figure 

4.5. The red dot at the top right is from the regression model and the rest of the dots are from the 

fits by randomizing Y (mobility) while keeping X (variables included in the model) the same. 

Since the rest of the dots are far from the dot from the model and lay on the bottom left, the 

model does not appear to be overfitting. Taken together, these results indicate that a linear 

relationship between mobility and adjacent pairs of bases is reasonable. Therefore, the mobility 

of ssDNA in 0.14M K-PO4 (pH 8.0) buffer at 35˚C could be expressed as the following equation: 

 

                                                             

                                                            
                                                                                                                                           (19)                                                                 

 

The values of the coefficients followed the general trend that we observed in the previous section, 

namely, sequences with more purines generally had larger mobilities than those with more 

pyrimidines. TT, TC, and CC had relative small coefficients compared to AA, GG, AG, or GA. 

A smaller coefficient means a smaller contribution to mobility. The coefficients also followed 

the strength of base stacking in Table 4.18 to some extent, which shows the optimal gas phase 

stacking in dimers. 
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Table 4. 15: Summary of regression statistics. 

Regression Statistics 

Multiple R 0.996583944 

R Square 0.993179558 

Adjusted R Square 0.990556311 

Standard Error 2.15603E-06 

Observations 37 

 

 

Table 4. 16: ANOVA summary. 

 

df SS MS F Significance F 

Regression 10 1.76E-08 1.76E-09 378.607 1.6E-25 

Residual 26 1.21E-10 4.65E-12 

  Total 36 1.77E-08 

    

 

Table 4. 17: Summary of coefficients for variables in the model. 

  Coefficients Standard Error t Stat P-value 

Intercept 
-

0.000135973 9.87E-06 -13.7778 1.85E-13 

TT 0.00051992 1.08E-05 48.02999 6.38E-27 

TA 0.000542727 1.12E-05 48.66807 4.54E-27 

TG 0.00051739 1.08E-05 47.71852 7.54E-27 

TC 0.000512355 1.1E-05 46.5607 1.42E-26 

AA 0.000548911 1.11E-05 49.52179 2.9E-27 

AG 0.000574459 1.28E-05 44.95499 3.49E-26 

AC 0.000552404 1.97E-05 28.04939 5.78E-21 

GG 0.000543034 1.26E-05 43.10083 1.03E-25 

GC 0.00054767 1.99E-05 27.57898 8.85E-21 

CC 0.000526313 1.12E-05 46.9133 1.17E-26 
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Figure 4. 3: Observed mobility versus predicted mobility from the regression model. 

 

 

 

 
Figure 4. 4: Residuals versus fits for the regression model. 
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Figure 4. 5: Y scrambling plot for the regression model. 

 

 

 

Table 4. 18: Strength of base-stacking for optimal gas phase stacking in dimers (60). 

Base-pair Base-stacking energies (kcal/mol) 

G-G -11.3 

G-A -11.2 

A-C -9.5 

G-C -9.3 

A-A -8.8 

C-C -8.3 
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To test how well the regression model worked, we ran more experiments to generate data as a 

test dataset. The test dataset had not only 15mers but also sequences with different numbers of 

bases, as shown in Table 4.19 and Table 4.20. The mobility was measured using strand T as an 

internal standard (please refer to the Appendixes for spiking experiments and original data). By 

plugging the sequences of the test strands into the regression model, we got the predicted 

mobilities listed in Table 4.21. From Table 4.21, the regression model predictions agreed with 

the observed values very well for some strands, with residuals less than 2%, while for other 

strands the prediction was not good. This shows that the model captures some of the information 

about how sequence relates to the mobility. Since the model only included the number of 

adjacent pairs of bases, without any solution information, it could be that the mobility difference 

among different sequences might be independent of the solvent and be just a reflection of the 

properties of the sequences themselves. As discussed in Section 3.4, some sequence-based 

separation is available in low concentration buffers (0.01 M K-PO4 buffer). Stellwagen et al also 

reported different mobilities for ssDNA of the same number of bases but different sequences in 

0.04M TAE buffer (61). However, they ran one ssDNA strand at a time to get the mobility. 

Although they did not attempt separations, they could probably not have achieved sequence-

based separations if strands were ran at the same time, because the migration time was very short 

due to the low concentration buffer and minimized EOF. In another paper, they also discovered 

that mobilities for strands with different numbers of bases showed a similar response to ionic 

strength changes (54). It’s not surprising that our 15mers show same response to ionic strength as 

well, shown in Figure 4.6, because the difference between our 15mers is much smaller than the 

differences between the strands used in Stellwagen’s paper. All of these together lead us to 

believe that differences in mobility are due to differences in the intrinsic properties of the DNA 
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strands instead of the environment around the strands. The high ionic strength in our work leads 

to long migration times and thus increases the resolution.  

A possible explanation for why the regression model did not work well is that the model did not 

include enough information about the sequences. For example, strands 8C and 4C in T have the 

same values for the 2 base combinations, however, the mobilities are very different. Different 

locations of bases may affect their interactions within the strands, and thus affect the 

conformations and the mobility. Therefore, including the location information of each base might 

help capture the relationship between mobilities and sequences. The 5’ and 3’ ends might also 

affect mobilities, especially considering the different charge density for 5’ end from other 

positions. Efforts were made to include 5’ and 3’ as a single variable into the model, however, 

variables showed multicollinearity, indicating some correlations existed between the variables. 

More variables to distinguish 5’ and 3’ ends for different bases might be necessary. However, we 

did not have sufficient data points to include the mentioned variability in our model.  
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Table 4. 19: Test dataset for regression model. 

Strand 

name Sequence 

Observed Mobility  

(×10
-4

  cm^2/(Vs)) 

15mers CCGCTCCTGCCTAGG 3.891±0.004 

17mers CGGGCGGAAGTGACGTT 3.872±0.004 

19mers CGCTCCTCCACAGCTCGCT 3.777±0.004 

21mers CGTCCAGACCCTCGCATTATA 3.701±0.004 

25mers CGCGAAGAGAGGGAGAAAGTGAAGC 4.164±0.006 

76mers

_1 

TCTATCTATCTATCTATCTATCTATCTGTCTGTCTGTCTGTCTGTCTA

TCTATCTATCTATCTATCTATCTATCTA 3.836±0.004 

76mers

_2 

TCTATCTATCTATCTATCTATCTATCTTTCTTTCTATCTATCTATCTA

TCTATCTATCTATCTATCTATCTATCTA 3.933±0.004 

 

 

Table 4. 20: Values for variables in test dataset for regression model. 

Strand name TT TA TG TC AA AG AC GG GC CC 

21mers 0.048 0.190 0.048 0.143 0.000 0.095 0.143 0.000 0.143 0.143 

19mers 0.000 0.000 0.000 0.368 0.000 0.053 0.158 0.000 0.263 0.105 

17mers 0.059 0.000 0.176 0.000 0.059 0.176 0.059 0.176 0.235 0.000 

15mers 0.000 0.067 0.067 0.267 0.000 0.067 0.000 0.067 0.200 0.200 

25mers 0.000 0.000 0.080 0.000 0.160 0.480 0.000 0.080 0.160 0.000 

76mers_1 0.000 0.355 0.132 0.500 0.000 0.000 0.000 0.000 0.000 0.000 

76mers_2 0.053 0.434 0.000 0.500 0.000 0.000 0.000 0.000 0.000 0.000 

 

Table 4. 21: Predicted mobility versus observed mobility for the test dataset. 

Strand name 

Observed mobility (×10
-4

  

cm^2/(Vs)) 

Predicted mobility  (×10
-4

  

cm^2/(Vs)) 

Residual (×10
-4

  

cm^2/(Vs)) % (residual) 

21mers 3.701 3.770 -0.069 -1.87% 

19mers 3.777 3.698 0.079 2.10% 

17mers 3.872 3.768 0.105 2.71% 

15mers 3.891 3.606 0.285 7.32% 

25mers 4.164 4.001 0.164 3.93% 

76mers_1 3.836 3.811 0.025 0.65% 

76mers_2 3.933 3.832 0.101 2.57% 
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Figure 4. 6: Effect of ionic strength on mobilities for different strands. Mobilities were measured at phosphate 

buffers of different ionic strengths. The runs were performed at 27 kV, normal polarity, using UV detection 

(254nm) at 55˚C. 
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4.4 Conclusions 

Based on the characterization results from Chapter 3, we tested the hypothesis that the 

differences in mobilities among strands of the same number of bases might be due to the intrinsic 

properties of the strands. A DNA library was constructed therefore with specific sequences to 

investigate the relationship between sequence and mobility. It was found that the differences in 

mobilities are very small, however, separation is still achievable. From the mobility database, a 

general trend of contribution to mobility was observed: A>G>T>C. It is probably because 

purines have stronger base stacking than pyrimidines and thus have a higher population of 

compact conformations among the structures. A model was fitted to the data and good linearity 

was observed. 10 adjacent pairs of bases were included as the parameters in the model. The 

coefficients for the 10 parameters generally follow the A>G>T>C trend. The prediction for the 

test dataset was unable to account for all of the variables in the sequences, such as the position of 

a given base pair in the strand. More efforts are necessary to improve the model by building a 

larger database and incorporating more sequence information.  
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5. GENERAL CONCLUSIONS AND FUTURE WORK 

The McGown group discovered a simple approach for ssDNA separation solely based on 

sequences. It only uses simple inorganic salt solution in CZE and can separate strands differing 

in only one or 2 bases. To have a better application of this method, a comprehensive 

understanding of the phenomenon is necessary. Build upon previous work, this dissertation 

focuses on the mechanism for the sequence-based separation of ssDNA in inorganic salt solution 

in CZE.  

In the first part, we investigated how the fluorescence tag would affect the sequenced-based 

separation, since all the previous work in our group used fluorescein labeled DNA. It turned out 

that the migration order is the same with or without the fluorescein tag, indicating that the 

fluorescein tag is not the cause for the sequence-based separation. Since the buffer used in CZE 

is of very high concentration, what first came to mind was whether the interactions between 

DNA and the high concentration buffer caused the separation. It is reported that high ionic 

strength buffer can affect the size and ion distribution of DNA; the ion distribution of DNA 

might affect the electric double layers around DNA and thus affect the effective charge; while 

the principle for CZE is based on the charge-to-size ratio. However, characterization results 

shows similar Rh, Rg, and the number of excess ions around DNA, indicating that the high ionic 

strength buffer do not provide the selectivity among different strands. A phosphate buffer as low 

as 0.01M also shows some separation, although not as good as in high concentration buffer.  

Even at low ionic strength, the mobility difference still exists, implying that the mobility 

difference might have nothing to do with the high ionic strength buffer and is probably due to 

intrinsic properties of DNA strands themselves. High ionic strength buffer lowers EOF and EP, 
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however, to a different extent. EOF is more sensitive to ionic strength. At high ionic strength 

buffer, the difference between EOF and EP is very small and thus lead to a long migration time. 

As for whether the effect of ionic strength has sequence-dependence, we tend to believe that it is 

less likely because the EP vs ionic strength trend is very similar for different strands. Therefore, 

the high ionic strength does not provide the selectivity; instead, it increases the resolution by 

increasing the migration time caused by the balance between EOF and EP. To further extend the 

capacity of the sequence-based separation, more research on the salt types, concentrations as 

well as other separation conditions is necessary.  

To test potential intrinsic difference among DNA strands, a DNA library was built to investigate 

the relationship between sequences and mobility. The general trend is that purines (bases A and 

G) contribute more to mobility than pyrimidines (bases T and C), which is probably due to the 

stronger base stacking in purines that lead to compact conformations. The compositions of 

sequences play an important role in determining mobility; while the location of bases is also 

important to some extent. A regression model is built to relate sequences to mobility by 

including 10 combinations adjacent pairs of bases. The performance of the model is not perfect, 

probably because the adjacent pairs of bases do not capture the location information. Further 

optimization of the model is necessary for better understanding of how sequences determine 

mobility by accounting for more variables in the sequences. For example, the effect of 5’ and 3’ 

ends, molecular weight of ssDNA, and sequences might play important roles in determining 

mobility. A larger and more diverse dataset is required to include more variables in the model.  
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APPENDICES 

 

 

 

Spiking-C: peak 1 Spiking-G: peak 3 

Spiking-GG: peak 4 
Spiking-A: peak 6 or 7 
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Figure 6.1 The spiking results for original 10 strands of unlabeled 15mers. The runs were performed at 27kV, 

normal polarity, using UV detection (254nm) at 35˚C in 0.14M K-PO4 at pH 8.0.  

  

Spiking-ATTTG: peak 5 Spiking-ATG: peak 8 

Spiking-ATTG: peak 6 Spiking-AG: peak 9 

Spiking-GA: peak 9 
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Mixture of strands: 8T in C, 8 G in C, 8AA 

in T, TCTA, and TCTG 

Mixture of strands: 8 G in C, 8AA in T, TCTA, and 

TCTG (no 8T in C, peak 3 is missing) 
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Mixture of strands: 8T in C, 8 G in C, 8AA in T, TCTA, 

and TCTG (no 8 G in C, peak 5 is missing) 

Mixture of strands: 8T in C, 8 G in C, TCTA, and 

TCTG (no 8AA in T, peak 4 is missing) 
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Mixture of strands: 8T in C, 8 G in C, 8AA in T, and 

TCTG (no TCTA, peak 2 is missing) 

Mixture of strands: 8T in C, 8 G in C, 8AA in T, and 

TCTA (no TCTG, peak 1 is missing) 
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Figure 6.2 The spiking results for group 1 in DNA library. The runs were performed at 27kV, normal 

polarity, using UV detection (254nm) at 35˚C in 0.14M K-PO4 at pH 8.0. 

  

Mixture of strands: 8CC in T, 8T in C, 8 G 

in C, 8AA in T, TCTA, and TCTG (add 8CC 

in T, still 5 peaks, indicating 8CC in T 

overlapped with another peak, which is 

peak 1, base on the peak height) 

Peak assignments 
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Mixture of strands: 4,12G in 

T: 4G in T=1:3  

4,12G in T    

4G in T    

Mixture of strands: 4,12G in 

T, 4G in T, and 4Gs in T  
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Mixture of strands: 4,12G in T, 4G 

in T, 4Gs in T, and 4C in T  

Mixture of strands: 4,12G in T, 4G in 

T, 4Gs in T, 4C in T, and 4,12C in T  
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Figure 6.3 The spiking results for group 2 in DNA library. The runs were performed at 27kV, normal 

polarity, using UV detection (254nm) at 35˚C in 0.14M K-PO4 at pH 8.0. 

  

Mixture of strands: 4,12G in T, 4G in T, 4Gs 

in T, 4C in T, 4,12C in T, and 4A in T  

Mixture of strands: 4,12G in T, 4G in T, 4Gs in T, 4C 

in T, 4,12C in T, 4A in T, and 4,12A in T 
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Mixture of strands: 4GA in T, AG-AG in T, GA-AG in 

T, GA-GA in T , AG-AG-AG in T 

Mixture of strands: 4GA in T, AG-AG in T, GA-AG in T, 

and GA-GA in T (no AG-AG-AG in T, peak 4 is missing) 
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Mixture of strands: AG-AG in T, GA-AG in T, GA-GA 

in T (no 4GA in T, peak 1 is missing) 

Mixture of strands: AG-AG in T, GA-AG in T, GA-GA in T (double the 

concentration of GA-GA in T, height of peak 2 increases) 
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Figure 6.4 The spiking results for group 3 in DNA library. The runs were performed at 27kV, normal 

polarity, using UV detection (254nm) at 35˚C in 0.14M K-PO4 at pH 8.0. 

  

Peak assignments 

4GA in T AG-AG-AG in T 

GA-AG in T 

AG-AG in T 

GA-GA in T 



106 
 

 

 

 

Mixture of strands: 15C, 15A, 8T in A, 8G in A, and 

8C in A. 

Mixture of strands: 15A, 8T in A, 8G in A, and 8C in 

A (no 15C, peak 1 is missing). 
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Mixture of strands: 15C, 8T in A, 8G in A, and 8C in 

A (No 15A, peak 5 is missing). 

Mixture of strands: 15C, 15A, 8G in A, and 8C in A 

(no 8T in A, peak 2 is missing) 
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Figure 6.5 The spiking results for group 4 in DNA library. The runs were performed at 27kV, normal 

polarity, using UV detection (254nm) at 55˚C in 0.14M K-PO4 at pH 8.0. 

  

Mixture of strands: 15C, 15A, 8T in A, and 8C in A 

(no 8G in A, peak 4 is missing) 

Peak assignments 

15C 

15A 
8T in A 

8G in A 

8C in A 
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Mixture of strands: 5mers A : 5mers G = 1 : 4 

Mixture of strands: 5mers A : 5mers G : 5mers C = 

4 : 1 : 1 
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Figure 6.6 The spiking results for group 5 in DNA library. The runs were performed at 27kV, normal 

polarity, using UV detection (254nm) at 35˚C in 0.14M K-PO4 at pH 8.0. 

 

Mixture of strands: 5mers A : 5mers G : 5mers C : 

5mers T = 4 : 1 : 1 : 1 


