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ABSTRACT 

CAPILLARY ELECTROPHORESIS ANALYSIS OF SINGLE-STRANDED DNA 

APTAMERS AND THEIR 

INTERACTIONS WITH PROTEIN TARGETS AND CARBON DOTS 

 

 

Thesis under the direction of  

Christa L. Colyer, Ph. D., Professor of Chemistry 

 

 Aptamers are short, single-stranded oligonucleotides, which fold into particular 3-

dimensional structures permitting high-affinity binding to target molecules. In the first 

part of this work, capillary electrophoresis experiments were conducted to determine the 

dissociation constant of a unique FITC-labeled, single-stranded DNA and anti-FITC 

antibody system in a free solution environment using the method of non-equilibrium 

capillary electrophoresis of equilibrium mixtures (NECEEM). The free-solution binding 

constant was found to be 316 ± 17 nM. The second part of this work was intended to shed 

light on the nature of aptamer interactions with nanomaterials used in an attempt to 

improve the resolution of aptamers bound to small molecular weight targets such as drugs 

and drug metabolites.  Capillary electrophoresis with UV/Vis absorbance detection and 

laser-induced fluorescence detection (CE-UV and CE-LIF) was used to explore whether 

or not carbon dots (CDs) could significantly change the mobility of ssDNA samples upon 

noncovalent interaction. Preliminary observations revealed substantial interactions 

between carbon dots and ssDNA, as evidenced by changes in fluorescence emission of 

labeled DNA samples, but further studies are needed to prove whether or not CDs can 

significantly modify the electrophoretic mobility of ssDNA probes for analytical 

purposes.   
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1. INTRODUCTION 

Since first introduced in the 1990s, aptamers have been drawing growing interest 

and attention from the scientific field and the public1. Aptamers are small pieces of 

single-stranded DNA (ssDNA) or RNA molecules that can specifically bind to their 

targets including drugs2, proteins3, heavy metals4, infectious bacteria5, and more. The 

affinity of an aptamer for its target is suitably described in terms of its dissociation 

constant (or, in reverse, its binding constant). The first part of this work aims to 

determine the dissociation constant between an FITC-labeled single-stranded DNA 

aptamer and anti-FITC antibody in free solution. The dissociation constant can be 

determined by way of a modified capillary electrophoresis (CE) technique. 

Capillary electrophoresis (CE) is a powerful separation technique and is usually 

carried out in a buffer-filled capillary tube. The capillary is typically 40 to 100 cm long 

with an internal diameter between 10 to 100 μm. The capillary extends between two 

buffer reservoirs that also hold platinum electrodes. In CE, a high voltage is applied 

across the platinum electrodes, and under the influence of the electric field, analyte ions 

migrate through the buffer-filled capillary with different rates, so that the high efficiency 

separation of species with different charges and sizes can be achieved. CE requires a very 

small sample quantity (on the order of nanoliters). The method has high resolution and 

high through-put. For these reasons, CE is a great tool to analyze biological samples, 

such as DNA aptamers, drugs, proteins, and more6–8. By applying a modification of 

standard CE conditions known as non-equilibrium capillary electrophoresis of 

equilibrium mixtures (NECEEM; see section 1.3 for more details), it is possible to 

calculate the dissociation constant between two analytes in a sample mixture9.  
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Whereas the mobility of DNA aptamers will be readily altered upon binding to a 

high molecular weight protein, for example, the effect of binding to a small molecule 

drug or drug metabolite is less significant. Hence, being able to resolve DNA aptamers 

bound to drug targets from unbound members of a DNA library poses a challenge.  The 

desire to develop DNA aptamers selective for small drug targets is appealing in light of 

the emerging need to detect, identify, and quantify the active components in marijuana. 

Recently, with the legalization of medical marijuana use in some states together with 

recreational marijuana in others, regulatory and drug screening opportunities have come 

to a critical point, necessitating the development of rapid drug screening assays. The 

possible discovery and application of aptamers for monitoring and analysis of marijuana 

components is, thus, of critical interest. 

The second part of this work focuses on determining the impact (both in terms of 

changes in mobility and fluorescence emission) of DNA aptamers bound to carbon dots 

(CDs). CDs can be added to the sample to serve as both a fluorescent tag for the DNA 

and a mobility modifier.  

Carbon dots (CDs) are nanomaterials (large in comparison to typical DNA 

aptamers) that could change the size and charge of bound targets, and hence, could 

significantly alter the mobility of any DNA sequences that associate with the carbon dots 

(via pi-pi stacking or other noncovalent interactions)10. As separation mediators and 

fluorescent labeling agents, CDs have very appealing properties including large surface-

to-volume ratios, water solubility, easy synthesis, low cost and toxicity, high bio-

compatibility, tunability11, and easy surface modification12. As such, we ultimately seek 

to employ CDs to facilitate the efficient discovery of novel aptamers for small targets by 
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way of CE-based methods. However, the work described in this thesis will focus on the 

impact on fluorescence when CDs bind to DNA. 

1.1 Capillary Electrophoresis 

1.1.1 Overview 

Electrophoresis is a separation method based on the differential migration of 

charged species in a buffer solution across which a dc electric field has been applied13. 

This separation technique was first developed by the Swedish chemist Arne Tiselius in 

the 1930s14, and since then, electrophoresis has been applied to a variety of challenging 

analytical separation problems: amino acids, drugs, vitamins, peptides, nucleic acids, 

proteins, and more15. One particular strength of electrophoresis is that it is capable of 

separating charged macromolecules in biological research. Therefore, for many years, 

electrophoresis has been used to analyze protein and DNA samples and it offers excellent 

resolution. 

Slab electrophoresis and capillary electrophoresis are two main formats of 

electrophoresis. Slab electrophoresis is typically slow, labor intensive, and difficult to 

automate, whereas capillary electrophoresis gives high-speed, high-resolution separations 

and requires very small sample quantities (0.1 to 10 nL). Another serious problem with 

gel slab electrophoresis is Joule heating, which limits the magnitude of the applied 

potential to about 500 V.  Above 500 V, Joule heating can cause significant thermally 

driven convective mixing, thus causing band broadening and degraded resolution. For 

capillary electrophoresis, however, Joule heating is not a big problem at all. Part of the 

reason is that power dissipation is inversely proportional to resistance, and CE offers 

exceptionally high solution resistance through the capillary due to the long length and the 
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very small cross-sectional area of the capillary. As such, the Joule heat produced is 

minimal compared to that of gel slab electrophoresis. The other reason is that we can 

provide efficient cooling to the capillary because of its high surface -to-volume ratio. 

Combining these two factors, problems caused by Joule heating can be very well solved 

in CE, and the potential applied to a capillary can go up to 30,000 V using routine 

commercial instruments. Therefore, capillary electrophoresis can offer great resolution16 

and separation speed. Due to these great features of CE separation, there was explosive 

growth in research using CE during the mid- and late 1980s. 

 

Figure 1-1 Schematic of Capillary Electrophoresis. From: Ref. 17. 

  

Figure 1-1 is a schematic of a capillary electrophoresis system17. In such a system, 

the fused-silica capillary is typically filled with buffer; is 40 to 100 cm long; and has an 

internal diameter between 10 to 100 μm. Buffer reservoirs house the two ends of the 

capillary along with platinum electrodes. The sample is introduced from one end of the 

capillary (by way of pressure, vacuum, or applied voltage), and the detector monitors 

signal at some point on the capillary towards the other end, as analytes migrate past it. A 
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high voltage power supply provides the high voltage needed for separation, and the 

polarity can be normal (positive at the injection end) or reversed, depending upon the 

properties of the analytes. Separation and detection can be challenging due to the small 

sample size (usually 4 – 5 nL), and so fluorescence is a good option in order to achieve 

greater sensitivity. 

1.1.2 Basic Theory of Electrophoretic Separations 

 Capillary electrophoresis separates analytes based on their unique electrophoretic 

mobility, which depends on the size and charge of each analyte. The migration velocity 

of an analyte ion in the electric field can be described by the following equation: 

 𝑣 = 𝜇𝑒𝐸 Equation 1-1 

In Equation 1-1, 𝑣 is the migration velocity of the analyte ion (in 𝑐𝑚/𝑠); 𝐸 

represents the electric field strength (in 𝑉/𝑐𝑚); and 𝜇𝑒 is the electrophoretic mobility of 

the analyte ion (in 𝑐𝑚2𝑉−1𝑠−1). The electrophoretic mobility (𝜇𝑒 ) of an analyte is 

proportional to its ionic charge and inversely proportional to the frictional retarding 

forces it experiences in the buffer. If two analytes have different charges or feel different 

frictional forces when they move in the buffer, they have different electrophoretic 

mobilities and thus will be separated from each other. The charge on the analyte ion 

determines how large the driving force is, whereas the frictional retarding force an 

analyte ion feels is influenced by the size and shape of the analyte ion and the viscosity of 

the buffer it migrates in. For two different analyte ions of the same size, the more highly 

charged ion has a larger driving force than the lower charged ion, and thus the former 

migrates faster. For two different analyte ions of the same charge, the smaller ion feels a 

smaller frictional retarding force and migrates faster than the larger ion. An important 
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thing to note is that the electric field can act only on charged species, so in CE analysis, 

neutral species will not be affected by the electric field and will co-elute as a single peak, 

mobilized by the bulk electroosmotic flow (see section 1.1.3).  

 In CE, the electric field is generated by applying a high potential across the two 

platinum electrodes. Since the electric field strength is determined by the magnitude of 

the applied potential and the length over which it is applied, Equation 1-1 can be 

presented in the following form: 

 𝑣 = 𝜇𝑒 ∙
𝑉

𝐿
  Equation 1-2 

In Equation 1-2, 𝑣 is the migration velocity (in 𝑐𝑚/𝑠); 𝑉 is the applied potential 

(in volts); and 𝐿 represents the length over which the potential is applied (in 𝑐𝑚). From 

Equation 1-2, we can see that high applied voltages facilitate high separation speeds, but 

in the meantime, we need to maintain separation resolution uncompromised. Therefore, 

finding the optimal separation voltage can be crucial to CE experiments.  

 A measure of the efficiency of a separation is given by the number of theoretical 

plates N. The number of plates can be calculated by applying the following equation: 

 𝑁 =
𝜇𝑒𝑉

2𝐷
 Equation 1-3 

 In Equation 1-3, 𝑁 is the plate count or number of theoretical plates; 𝐷 is the 

diffusion coefficient of the solute (in cm2s−1), and all other symbols are as previously 

defined. Since resolution increases as the plate count increases, applying high potentials 

can help achieve high-resolution separations. Capillary electrophoresis can normally have 

plate counts ranging from 100,000 to 200,000, whereas with HPLC, the typical plate 

counts range from 5,000 to 20,00013.  



7 
 

1.1.3 Electroosmotic Flow 

 The electrophoretic migration of an analyte may be aided or hindered by the 

presence of electroosmotic flow (EOF) in a capillary tube. Electroosmotic flow usually 

occurs when a high potential is applied across a capillary tube that contains buffer 

solution, and EOF is caused by the electric double layer at the silica/solution interface (as 

shown in Figure 1-2)18. The inside wall of the silica capillary is negatively charged above 

pH 3 because of the ionization of silanol groups (Si ― OH) on the inside wall. Therefore, 

cations in the buffer system arrange themselves near the negatively charged capillary wall 

forming a double-layer, which move to the cathode end. These cations are hydrated and 

thus drag with them a thin layer of buffer solution, and this layer of solution entrains 

another, and so on, and thus forms the electroosmotic flow.  

 

Figure 1-2 Charge distribution at capillary walls and within the capillary resulting in 

electroosmotic flow. From: Ref. 18. 

 



8 
 

Compared to a parabolic profile of pressure-driven flow, electroosmotic flow has 

a flat profile, so it doesn’t contribute much to band broadening. Two different flow 

profiles are shown in the figure below (Figure 1-3,19). 

 

Figure 1-3 Flow patterns of (a) hydrodynamic flow. (b) electroosmotic flow. From: Ref. 19. 

  

From Figure 1-3, we can see the cross-sectional patterns of electroosmotic flow 

and hydrodynamic flow. The cross-sectional pattern of hydrodynamic flow is parabolic in 

shape, and this flow pattern will create a broader elution peak. With electroosmotic flow, 

the cross-sectional pattern is almost completely flat, so a band of eluting analyte comes 

out of the capillary almost entirely at a single time. A sharp analyte peak with almost no 

band broadening can be expected in this case. Therefore, electroosmotic flow does not 

influence separation resolution significantly. 

 In CE, EOF generally moves faster than any individual ions. Therefore, even 

though analytes migrate based on their charges, EOF could bring all the species 

(including positively charged, negatively charged, and neutral species) to the cathode end 

of the capillary, so that we can detect all the analytes from one end of the capillary. The 

graph of analyte peak intensity vs. migration time is called an electropherogram.  

 The velocity of EOF can be described by the following equation. 
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 𝑣𝑒𝑜 = 𝜇𝑒𝑜𝐸 Equation 1-4 

In Equation 1-4, 𝜇𝑒𝑜 is the mobility of EOF in cm2V−1s−1; 𝐸 is the electric field 

strength in V/cm; and 𝑣, the velocity of EOF (𝑣) is in cm/s. This equation can also be 

written in the following form (Equation 1-5): 

 𝑣𝑒𝑜 = −
𝜀𝜁𝐸

𝜂
 Equation 1-5 

where 𝐸 is the strength of the applied electric field in V/m; 𝜁 is the zeta potential of the 

electric double layer at buffer/capillary interface in V; 𝜀 and 𝜂 are the permittivity in 

kg−1 · m−3 · A2 · s4 and viscosity of the buffer in kg/(s ∙ m), respectively. 

 Considering the presence of electroosmotic flow, the migration velocity of an ion 

is the vector sum of its own electrophoretic velocity and the velocity of EOF. Therefore, 

we can rewrite Equation 1-5 in the following format: 

 𝑣 = (𝜇𝑒 + 𝜇𝑒𝑜)𝐸 Equation 1-6 

 In Equation 1-6,  𝜇𝑒 is positive for cations, negative for anions, and zero for 

neutral species. A typical elution order in a CE experiment is illustrated in the following 

figure. 

 

Figure 1-4 Migration velocities in the presence of electroosmotic flow. From: Ref. 18. 

  

From Figure 1-4, we can see that the cation with the largest charge-to-size ratio 

comes out of the capillary first followed by slower cations with smaller charge-to-size 
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ratios, then neutral species co-elute at the same velocity as EOF, and finally anions come 

out at their own velocities that are smaller than EOF rate.  

1.1.4 Sample Introduction 

 Electrokinetic injection and pressure injection are two of the most common 

sample introduction methods. In both injection methods, the outlet end of the capillary is 

placed in the outlet buffer reservoir, and the inlet end is placed in the sample vial. 

Injection happens only for a certain amount of time (several to tens of seconds). After 

that, the injection end of the capillary goes back to the inlet buffer reservoir and 

separation begins.  

 Electrokinetic injection relies on the application of a potential difference between 

the two ends of the capillary, which may or may not be the same as the potential 

difference applied to drive the subsequent separation. Analytes are injected into the 

capillary under the effect of ionic migration and electroosmotic flow. Since 

electroosmotic flow typically is sufficient to transport every species onto the column, all 

analytes may be injected regardless of their charges. However, this injection mechanism 

can be biased, in that analyte ions with greater mobility could be injected in larger 

quantity than slower-moving ions. Therefore, electrokinetic injection may be less 

desirable than pressure injection for quantitative studies20. 

 When there’s a pressure difference between the two ends of the capillary, pressure 

injection happens. Since pressure is the only driving force, which affects the entire 

sample solution (all sample components including solvent), this injection method doesn’t 

discriminate between analytes based on their mobility. As such, the sample injected into 

the capillary has the same composition as the rest of the sample in the vial. From this 
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point of view, pressure injection can be more representative and controllable than 

electrokinetic injection21. With pressure injection, the injection volume can be calculated 

using the following equation (Equation 1-7) 

 𝑉𝑖𝑛𝑗 =
∆𝑃𝜋𝑑4𝑡

128𝜂𝐿
×103 Equation 1-7 

where ∆𝑃 is the difference in pressure across the capillary in 𝑃𝑎; 𝑑 is the inner diameter 

of the capillary in 𝑚; 𝑡 is the amount of time that the pressure is applied in 𝑠; 𝜂 is the 

viscosity of the electrophoresis buffer in kg/(s ∙ m); 𝐿 is the length of the capillary in 𝑚. 

The factor of 103 is used here in order to switch from m3 to L. A typical injection 

volume for CE experiments is between 10 nL and 100 nL. 

1.1.5 Overview of Detection Methods 

 There are multiple detection methods available for CE analysis, including those 

most commonly encountered such as absorbance detection and fluorescence detection. In 

both cases, detection is performed on-column, which reduces band broadening that can 

otherwise occur when the eluting zones have to transfer to an external detector, and to 

allow the injection volume to be kept on the nanoliter scale. Therefore, when preparing 

the capillary for CE analysis, it is necessary to remove a small section of the protective 

exterior polyimide coating of the capillary (by burning the polymer or using a hot acid 

treatment) to make a detection window that lets incident (and transmitted or emitted) 

light pass through the capillary. Usually, the detection window is 1 – 2 mm long, and 

considering the inner diameter of the capillary is usually from 10 μm to 100 μm, the 

detection volume can be very small. Thus, the limit of detection (LOD) might be 

restricted by the small detection volume.  
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 Absorbance detection is probably the most versatile detection method, and it can 

work with a variety of analytes that can absorb in the UV-visible range. A deuterium 

lamp is the most common light source used with the absorbance detector, as it is a stable 

source that cover a wide range of wavelengths from 190 nm to 600 nm. One downside of 

absorbance detection that it is not a very sensitive method compared to fluorescence 

detection (as a result of the limited path length presented by the capillary itself), and the 

LOD of absorbance detection is relatively high. 

  Fluorescence detection usually gives rise to greater sensitivity compare to 

absorbance detection, but it only works with fluorescent analytes or the fluorescent 

derivatives of analytes. Compared to absorbance detection, fluorescence detection is less 

universal but it has the advantage of great selectivity as a result of this. A laser is 

normally used as the excitation source in fluorescence detectors, and this source has 

many advantages such as great monochromacity, high intensity, high stability, etc. These 

properties allow laser induced fluorescence (LIF) detection to achieve low LOD and to 

work with very small sample sizes. The LOD for CE with LIF detection can be as low as 

10 zeptomoles or 6000 molecules22. 

 This work used both absorbance detection and LIF detection. For more details on 

detectors and optics alignments, please refer to section 2.3. 

1.2 Modes of Capillary Electrophoresis 

1.2.1 Capillary Zone Electrophoresis 

 Capillary zone electrophoresis (CZE) is the most basic and simple CE mode. CZE 

uses a continuous buffer system, so that the buffer composition is consistent throughout 

the entire capillary including the separation and detection region. In CZE, under an 
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applied potential, analytes migrate according to their electrophoretic mobilities, and their 

migrating velocities depend on the vector sum of their own migration rates and the 

velocity of EOF (as indicated in Equation 1-6). Figure 1-5 is a schematic of a CZE 

separation. 

  

Figure 1-5 Separation by capillary zone electrophoresis. A sample mixture of analytes 1 and 2 is 

injected onto the capillary at time t0. At t1, analytes 1 and 2 are separated under the influence of 

an applied voltage. 

  

Since CZE is a simple CE mode and it uses a continuous buffer, there’s a wide 

range of buffer choices to select from. Therefore, CZE is relatively versatile and can 

separate various types of analytes. However, separation resolution might suffer if the 

sample is a complicated mixture or the sample size is too large, because diffusion effect 

can pose a serious problem in these scenarios. To get better resolution, people have been 

exploring different focusing techniques in CE, as discussed below. 

1.2.2 Capillary Transient Isotachophoresis 

 Capillary transient isotachophoresis (ctITP, iso = same; tach = speed) is a great 

CE focusing technique that utilizes a discontinuous buffer system. One is the leading 

buffer, which contains ions that have a higher mobility than any analyte ions in the 

sample; the other is the terminating buffer, which contains ions that have a lower 
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mobility than any analyte ions. Detailed buffer information related to this work is 

included in section 2.2.  

 

Figure 1-6 ctITP separation. At time t0, sample and leading buffer is injected onto the capillary 

that’s filled with terminating buffer; at t1, a stacking effect focuses analytes into narrow bands, 

and analyte bands move at the same velocity; at t2, destacking happens due to the diffusion of 

leading electrolyte along the capillary, and analytes migrate according to regular CZE mode.  

  

Capillary transient isotachophoresis starts with the isotachophoretic step. In Figure 

1-6, at t0, we inject the mixture of sample preparing in leading buffer, and we place the 

two ends of the capillary into inlet and outlet separation buffer vials that contain 

terminating buffer. When applying a voltage, due to the presentation of terminating and 

leading electrolytes, the sample mixture will separate into adjacent analyte bands sharing 

mutual boundaries and move with the same velocity. By t1, the sample mixture migrates 

in isotachophoretic mode with the leading electrolyte zone at the very front; analyte 

bands migrating in order right after the leading electrolyte zone, and terminating 

electrolyte at the end. The stacking effect occurring during this stage of the separation 
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will create very sharp boundaries between adjacent analyte bands. By t2, leading and 

terminating electrolyte diffuse along the capillary, so the isotachophoretic conditions can 

no longer be sustained. As the discontinuous buffer system becomes more continuous and 

uniform along the capillary, the separation mode will revert back to the regular CZE 

mode, and analyte bands will move at their unique velocities based on their 

electrophoretic mobilities. This destacking effect allows analyte bands to gradually leave 

the stack and migrate individually at their unique velocities. The transient 

isotachophoresis step followed by regular CZE allows for much better separation 

resolution and much lower LOD than what a simple CZE separation could offer15. 

Therefore, ctITP is a great separation technique that gives sharp, well-resolved peaks, 

offers relatively low limit of detection, and allows high injection sample volumes. One 

downside of this technique is that it’s hard to pick the buffer system, since leading and 

terminating buffers need to be chosen with greater and lesser mobilities than the analyte 

ions, and the buffer system should also be suitable for separating various types of 

analytes.  

1.3 Using Nonequilibrium Capillary Electrophoresis of Equilibrium Mixtures 

(NECEEM) to Determine Dissociation Constants 

In addition to separating a mixture of analytes, electrophoresis-based experiments 

can be used to study the binding between analytes and targets. In particular, interactions 

between single-stranded DNA aptamers and various targets often involve significant 

mobility differences between ssDNA, target molecules, and ssDNA – target complexes. It 

has been shown that the mobility of DNA is largely independent of the number of 

nucleotides it contains23, because adding an additional nucleic acid base to a ssDNA 
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aptamer will increase its charge and size at the same time, and overall, the net mobility of 

ssDNA would not be significantly affected by this. Therefore, target molecules are 

responsible for significantly changing the mobility of the DNA with which they form 

complexes. Proteins are often the targets of DNA aptamers, and because of the large size 

and charge of proteins, chances are the mobility of the resulting protein – DNA 

complexes will be changed significantly23,24. 

The ssDNA – protein binding interactions can be classified into three types: (1) 

ssDNA binds to a small but highly charged protein (such that the net charge of the 

ssDNA – protein complex changes significantly, while the size of the complex doesn’t 

change much); (2) ssDNA binds to a large, neutral protein (the size of the complex 

changes significantly, while the net charge remains the same); and (3) ssDNA binds to a 

large, charged protein (the charge and the size of the complex change simultaneously). In 

these three binding senarios, the third type is the most common25. 

Binding between ssDNA and protein targets in a homogeneous environment is 

studied in the first part of this work. Compared to heterogeneous binding, where one 

component of the ssDNA-protein complex is affixed to a solid substrate and the other is 

in solution, homogeneous binding experiments have both components (ssDNA and 

protein) in solution. Therefore, homogeneous binding can avoid some common 

drawbacks of heterogeneous binding, such as nonspecific interactions with the solid state 

material and the extra cost of preparing the solid state material. As homogeneous binding 

requires only liquid phase experiments, it works well with CE-based assays.  

In 2002, the development of a new method known as “nonequilibrium capillary 

electrophoresis of equilibrium mixtures” (NECEEM), provided a convenient way to 
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determine the dissociation constant (or inversely, the binding constant) for molecular 

associations in homogeneous systems26. Since then, NECEEM has become a powerful 

homogeneous binding technique that allows us to determine dissociation constants of 

aptamer-target binding pairs24. In addition, NECEEM allows for the determination of 

dissociation/binding reaction rates by way of a single experiment27. Thus, NECEEM is a 

simple, rapid, and powerful tool to study molecular binding.  

A NECEEM experiment starts with injecting an equilibrium mixture (EM) onto 

the capillary. In the work described in this thesis, the EM contains the equilibrium 

mixture of unbound, fluorescently labeled ssDNA, unbound protein target molecules, and 

bound ssDNA – protein complex (see Figure 1-7 a). The binding process can be described 

according to the following equation: 

 Equation 1-8      

In Equation 1-8, 𝐷𝑁𝐴∗ represents the ssDNA aptamer with a fluorescent tag; 𝑇 

represents the protein target molecule; 𝐷𝑁𝐴∗ − 𝑇 is the bound aptamer-target complex; 

𝑘1 is the binding rate constant; and 𝑘−1 is the dissociation rate constant. Both the ssDNA 

and ssDNA – protein complex as components of the EM can be observed by the 

fluorescence detector due to the introduction of a fluorescent tag on the ssDNA, whereas 

unbound protein target molecules are not natively fluorescent at the excitation 

wavelength employed by the CE-based instrumentation, so unbound protein targets 

cannot be observed in this case.  

The relationship between the dissociation constant 𝐾𝑑, the binding rate constant 

𝑘1, and the dissociation rate constant 𝑘−1 is given by Equation 1-9: 
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 𝑘1 = 𝑘−1 𝐾𝑑⁄  Equation 1-9 

Applying a separation voltage along the capillary results in the migration of 

ssDNA, protein, and ssDNA – protein complex based on their unique electrophoretic 

mobilities (as illustrated in Figure 1-7 b). Theoretically, we should be able to see two 

separated peaks: one due to the unbound ssDNA, and the other due to the bound ssDNA 

– protein complex peak (Figure 1-7 c). The dissociation constant 𝐾𝑑 together with 𝑘1 and 

𝑘−1 can be calculated based on the integration of peak areas. Specifically, we are going to 

focus on the calculation of dissociation constant in this work. 𝐾𝑑 can be calculated by the 

following equation from NECEEM theory27: 

 𝐾𝑑 =
[𝑇]0(1+𝑅)−[𝐷𝑁𝐴]0

1+
1

𝑅

   Equation 1-10 

In Equation 1-10, [𝑇]0 is the initial concentration of protein target, and [𝐷𝑁𝐴]0 is 

the initial concentration of ssDNA. R is defined as: 

 𝑅 =
𝐴1

𝐴2(
𝜑𝐷𝑁𝐴

𝜑𝐷𝑁𝐴−𝑇
)+𝐴3

 Equation 1-11 

where 𝐴1, 𝐴2 and 𝐴3 are peak areas obtained from integration of experimental peaks in a 

NECEEM electropherogram, as indicated in Figure 1-7 c. Additionally, 𝜑𝐷𝑁𝐴 and 𝜑𝐷𝑁𝐴−𝑇 

in Equation 1-11 are the quantum yields of ssDNA and ssDNA-target complex, 

respectively (assuming that fluorescence detection is being employed). It has been proved 

that 𝜑𝐷𝑁𝐴 and  𝜑𝐷𝑁𝐴−𝑇 are similar if the aptamer-target binding process doesn’t quench 

the fluorescence signal from the fluorescent label26. Therefore, the quantum yield ratio in 

Equation 1-11 is very close to 1. Mathematical models have also demonstrated that it’s 

not necessary to calculate quantum yield ratio to obtain an accurate dissociation 

constant27. By making this simplification, we can now calculate 𝐾𝑑 based on initial 
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concentrations of target and DNA, along with the integration of peak areas of the 

unbound 𝐷𝑁𝐴∗ and 𝐷𝑁𝐴∗ − 𝑇 peaks, and also, integration of the 𝐴3 region, which 

indicates the dissociation of 𝐷𝑁𝐴∗ from bound 𝐷𝑁𝐴∗ − 𝑇 complex in the nonequilibrium 

environment (as seen in Figure 1-7 c).  

A simplified version of the equation for 𝐾𝑑, suitable for characterization of DNA 

– protein binding in these studies as confirmed by the fact that no fluorescence quenching 

was observed, is presented as Equation 1-12 below: 

 𝐾𝑑 = 𝐴1(
[𝑇0]

𝐴2+𝐴3
−

[𝐷𝑁𝐴0]

𝐴1+𝐴2+𝐴3
)   Equation 1-12 

 

Figure 1-7 A schematic of the NECEEM methodology: (a) The equilibrium mixture; (b) The 

capillary electrophoresis based separation; (c) A typical NECEEM electropherogram. 
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1.4 Oligonucleotide Aptamers 

Since they were first discovered in the 1990’s1,28,29, aptamers have been drawing 

great attention from the scientific community because of their potential applications in 

analytical sensor design. Aptamers (from the Latin aptus – fit, and Greek meros – part) 

are single-stranded oligonucleotides (oligos) that can bind specifically to their targets 

with high affinity. Aptamers are usually 20 – 80 nt (nucleotides) long, and can fold into 

specific secondary and tertiary structures, which allow them to bind their targets through 

several types of interactions, such as van der Waals interactions, hydrogen bonding, 

hydrophobic and electrostatic interactions, etc.30. Thus, aptamers have a wide range of 

molecular targets, including proteins, small drug molecules, ions, and whole cells31–33. In 

this work, ssDNA aptamers are used with protein targets, and additionally, the effect of 

carbon dot nanomaterials on aptamer function is explored.  

Aptamers can be selected from a random ssDNA oligo pool using a process 

known as Systemic Evolution of Ligands by Exponential Enrichment (SELEX)29. 

SELEX method is able to pull out a small subset of ssDNA oligo from a large oligo 

library that normally contains 1×10
12

 - 10
15

 ssDNA oligos. The ssDNA library can be 

chemically synthesized, and usually members of the library have central randomized 

sequences with fixed primers on two ends. The process begins by incubating the ssDNA 

library with target molecules. SELEX then enriches aptamer concentration through three 

major steps: capture, partitioning, and amplification34. After the initial incubation 

process, aptamers bind to their target molecules and migrate separately from the rest of 

the library members. The target bound DNA sequences are collected and amplified using 

polymerase chain reaction (PCR). It’s possible to produce an aptamer enriched DNA 
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library by running multiple rounds of SELEX. From there, we can then clone and 

sequence these aptamers, and identify their affinity (bindings constants) towards their 

targets35. A typical SELEX cycle is shown in Figure 1-836. 

 

Figure 1-8 Schematic of SELEX process. From: Ref. 36. 

  

Aptamers are promising alternatives to antibodies in analytical studies, because 

they can be selected according to their binding to various analytical targets with high 

specificity and affinity (with 𝐾𝑑 values ranging from the picomolar to micromolar 

range)33. Moreover, aptamers are much smaller than antibodies, so they have the potential 

to penetrate cells and other tissues and thus, they have the potential to be used for 

intracellular drug delivery37. Antibodies are fairly difficult to make, whereas aptamers are 

easy to make and easy to modify, enabling their wide clinical and research use. By using 

appropriate selection protocols and post-selection engineering, it’s possible to tune the 
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affinity and specificity of aptamers, while the same thing is hard to achieve with 

antibodies. After the SELEX protocol, the optimized, aptamer-enriched ssDNA library 

can be replenished easily by chemical synthesis, which could bring down the production 

costs below those of antibodies. Table 1-1 provides a summary comparison of aptamer 

and antibody properties33. 

Table 1-1 Comparison of several properties of aptamer and antibody. 

No. Feature Aptamer Antibody 

1 Selection of target Fewer limitations compared 

to antibodies 

Nontoxic and 

immunogenic targets 

2 Protein target site Determined by research Determined by immune 

system 

3 Ligand specificity 

and affinity 

High: 𝐾𝑑 from pM to nM 

for protein targets 

High: 𝐾𝑑 pM to nM for 

protein targets 

4 Molecular weight 5 – 25 KDa 125 KDa 

5 Quality control No batch to batch variation Vary from batch to batch 

6 Chemical 

modification 

Easy Difficult 

7 Stability Stable to temperature 

change 

Sensitive to temperature 

variation 

8 Shelf life Years (dehydrated) Limited (and requires 

refrigeration) 

9 Toxicity Not observed Immune reaction 

observed 

10 Production In vitro In vivo 

 

 Although aptamers were discovered only about 30 years ago, scientists have 

already developed many different applications for them. As therapeutics, aptamers can 

work with various clinically-important targets, such as PGDF (relavant to age-related 

macular degeneration)38,39, thrombin (related to heart disease)40,41, and nucleolin (related 

to acute myeloid leukemia)42. Apart from these applications, aptamers are also promising 

therapeutics for viral diseases43, bacterial pathogens44, cancer45, and even auto-immune 
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diseases46. Aptamers are also used to develop aptasensors for analytical detection and 

quantification. Due to the long shelf-life and high tunability of aptamers, developing 

aptamer sensor array seems to be the most direct and immediate application.  

By modifying aptamers with fluorescent organic dyes or nanomaterials such as 

quantum dots (QDs), fluorescence-based analytical detection can be achieved47. For 

instance, scientists have used aptamer-conjugated QDs to analyze cocaine and 

adenosine48. By selecting high-affinity aptamers to small drug molecules (i.e. cocaine), 

there is potential to develop aptamer-based drug screening assays for rapid drug 

detection. It has been reported that unbound aptamers can interact with graphene oxide 

(GO, single-atom-thick two-dimensional layered carbon nanomaterial), whereas aptamer-

target complex interact poorly with GO49. Therefore, the binding process between analyte 

and aptamers releases GO-adsorbed aptamers from the GO surface, and this structural 

switch could allow us to detect a fluorescence signal change while characterizing the 

binding behavior between aptamers and their targets49.  

 Though aptamers are promising analytical tools, certain challenges make 

aptsensors development slower than we would expect. Due to their small sizes, aptamers 

are malleable and can respond to environmental factors such as pH, salt concentrations 

and temperature. For this reason, each aptsensor needs to be optimized individually based 

on its physical and chemical properties. The optimization process requires a deep 

understanding of the synthetic procedure and possible modifications of the aptsensor, 

thermodynamics of the interactions between aptamers and targets, and the biological, 

physical, and chemical properties of aptamers and their targets. However, once these 
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properties are well understood, optimized aptsensors can perform consistently and 

maintain stablility.  

1.5 Carbon Dots 

Carbon dots (CDs) or graphene quantum dots (GQDs) are small graphene 

fragments with confined excitons in all three spatial dimensions50. CDs are nanomaterials 

that commonly have diameters below 20 nm, so they are small enough to cause exciton 

confinement and a quantum size effect. As a result of the confinement effect, CDs have a 

non-zero bandgap that is tunable by modifying the size and surface chemistry of the 

CDs51. Furthermore, CDs have unique properties such as large surface area, large 

diameter, good solubility, and tunability. Apart from these physical properties, CDs are 

very chemically inert, resistant to photobleaching, biocompatible, and much less 

cytotoxic compared to metal-based quantum dots (QDs). Based on these favorable 

properties, CDs have great potential applications in making analytical sensors, 

bioimaging, and energy storage.  

CDs can be synthesized according to two main procedures. One is the “top-down 

method,” which uses large graphene oxide (GO) sheets as the starting material, and then 

the GO sheet is gradually cut into small pieces of carbon dots via various cutting methods 

including hydrothermal cutting, solvothermal cutting, microwave-assisted cutting, and 

ultrasonic shearing50. The top-down method often involves concentrated acids, strong 

oxidizing agents and high temperatures, so it’s hard to control the morphology and size 

distribution of the dots produced. The other method is the “bottom-up method”, which 

starts with carbonhydrate-based precursors such as glucose, fructose, or citric acid, from 

which carbon dots can be synthesized via stepwise organic synthesis. This method allows 
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for better control of the final product compared to the top-down method. For both 

methods, the starting carbon materials are cheap and readily accessible, thus allowing for 

bulk production. Metal-based inorganic QDs, however, can be very expensive to make.   

Though the study of carbon dots is still at a very early stage, scientists have been 

able to develop many applications of CDs, including photovoltaics, organic light emitting 

diodes, environmental signaling, bioimaging, and biosensing52–55. For applications in 

biosensing, Zhao and co-workers52 created an immunosensor based on the interaction of 

CDs with graphene and human immunoglobulin (IgG). CDs modified with mouse 

antihuman immunoglobulin G antibody (mIgG) can interact with IgG targets very 

effectively and produce fluorescence quenching upon binding. Liu and colleagues53 

reported the synthesis of glutathione-functionalized CDs that were capable of sensing 

ATP. Furthermore, the Ran group54 has also successfully synthesized silver-decorated 

CDs for sensing thiols. Zhao and co-workers55 developed a CD-based electrochemical 

biosensor that can detect ssDNA. In their work, they made a CD-modified pyrolytic 

graphite electrode. When ssDNA bound to the CDs, a current change could be measured. 

From these examples, we can clearly see that CDs are very versatile nanomaterials, and 

that they are able to work with various targets including proteins, DNA aptamers, and 

small biologically-important molecules.  

1.6 Research Aims 

The goal of the first part of this work is to determine the binding constant for 

FITC-labeled single-stranded DNA (aptamer) with its corresponding anti-FITC antibody 

in a free solution environment via capillary transient isotachophoresis (ctITP) with laser-

induced fluorescence detection. FITC is a fluorescent dye that is excited at the 
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wavelength of 490 nm and emits at the wavelength of 519 nm. Anti-FITC antibody is a 

protein that can selectively bind to FITC molecules, and the antibody is labeled with 

CF660 dye (λex = 660 nm, λem = 680 nm). The ssDNA construct used in these studies 

(26 nucleotides plus primers) is very typical of a member of a random DNA library for 

aptamer selection studies. Additionally, the 3-dimensional folding of the ssDNA 

sequence could significantly influence the structure of the FITC – aptamer construct and 

thus influence the binding between FITC-labeled ssDNA and its antibody target. Thus, 

this ligand-target binding study could serve as a model to evaluate the selectivity of this 

particular FITC-labeled aptamer against its anti-FITC antibody target. It is anticipated 

that the sharp, single peak observed for FITC-labeled ssDNA in our electropherograms 

would diminish after FITC-ssDNA binds with the anti-FITC antibody, and new complex 

peaks may appear, so that we can calculate the binding constant using the theory of non-

equilibrium capillary electrophoresis of equilibrium mixtures (NECEEM). Based on this 

study, it should be possible to identify aptamers from a random DNA library that could 

possibly be commercialized in the future for biomedical studies. 

The goal of the second part of this work is to monitor mobility changes of ssDNA 

aptamers in a ssDNA library after adding carbon dots to the sample to serve as both a 

fluorescent tag for the ssDNA and a mobility modifier. Mobility and fluorescence 

emission/ UV absorbance signals of CD – ssDNA complexes will be monitored by 

capillary electrophoresis (more specifically, ctITP) with UV-vis absorbance and laser-

induced fluorescence (LIF) detection. These studies will serve as a foundation piece 

towards the ultimate goal of developing an aptasensor that uses high-affinity ssDNA 
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aptamers to screen clinical samples for drug and drug metabolite targets. CDs are added 

into the sample mixture that contains ssDNA library and drug or drug metabolite targets.  

Without CDs in the sample mixture, the main problem in achieving separation is 

that drug molecules are too small to significantly change the mobility of ssDNA aptamers 

upon binding, so aptamer-drug target complex will appear at the same migration time as 

unbound (nonselective) ssDNA in CE-based experiments. Carbon dots, however, are 

relatively bulky, massive, nanomaterials that could change the mass-to-charge ratio and 

the mobility of any DNA sequences that associate with CDs (via pi-pi stacking or 

noncovalent interactions). Therefore, we propose to use carbon dots as a mobility 

modifier and a fluorescent tag for DNA aptamers for small drug molecule targets. 

Previous works from Zhao, et al.55 and Loh, et al.56 have reported interactions 

between ssDNA and carbon nanomaterials including GOs and CDs. In a ssDNA library, 

we are only interested in those ssDNA members (namely, DNA aptamers), which have a 

high affinity for drug targets of interest to our studies. When CDs are added into the 

sample mixture that contains the ssDNA library and drug or drug metabolite targets, we 

speculate that CDs can modify the mobility of unbound ssDNA members in the ssDNA 

library, whereas aptamers of interest selectively bind to drug or drug metabolite targets 

with very high affinity, so unbound ssDNA that associates with CDs and aptamer-drug 

target complex will migrate with very different mobilities, and aptamer selection can be 

achieved in this system.  
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2. METHODS AND MATERIALS 

2.1 Reagents 

Reagents used to make buffers include tris(hydroxy methyl)aminomethane (tris) 

from VWR Life Science (Radnor, PA, USA), glycine from Sigma (St. Louis, MO, USA), 

and hydrochloric acid from Fisher Scientific (Pittsburgh, PA, USA). Milli-Q distilled, 

deionize water (Millipore, Bedford, MA, USA) was used to dissolve the above reagents 

properly and make buffer solutions. SYBR Gold Nucleic Acid Gel Stain was purchased 

from Life Technologies, Inc. (Carlsbad, CA) and stored at -20℃. 

The FITC-labeled single-stranded DNA sample was a 26 nt (nucleotide) ssDNA, 

and it was synthesized by our collaborating lab at Physics Department, Wake Forest 

University. The ssDNA sample sequence is listed below: 

5' – /FITC/ CCA TCT CAT CCC TGC GTG TCT CCG AC – 3’ 

The ssDNA sample was stored in 1× TE buffer (10 mM tris, 1 mM EDTA) at pH 

8, and its original concentration was 100 𝜇𝑀. The sample was labeled with FITC 

(Fluorescein isothiocyanate), a fluorescent dye that absorbs at 495 nm and emits at 519 

nm. 

The anti-FITC antibody stock sample was 130 nM and was stored in PBS buffer 

(Phosphate Buffered Saline) under pH 7.4. Although this antibody was labeled with CF 

660, a fluorescent dye that absorbs at 660 nm and emits at 680 nm, the studies that follow 

did not employ this covalent label for detection purposes. 

The ssDNA sample used for studies involving interactions between aptamers and 

CDs (see Results & Discussion section 3.2) was the same as a 15-mer randomer library 
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used in previous studies in our laboratory for a thrombin aptamer study57. The randomer 

sample, obtained from Integrated DNA Technologies (Coralville, Iowa, USA) included a 

15-nt random G or T base sequence (designated as “K”) between Ion Torrent next 

generation sequencer primer handles, for a total sequence length of 83 bases, as shown 

below: 

5’ – CCT CTC TAT GGG CAG TCG GTG ATK KKK KKK KKK KKK KKT 

AAG GAG TTC AAT ATC TGA GTC GGA GAC ACG CAG GGA TGA GAT GG – 3’   

Its molecular weight was 25,922.2, and the concentration of stock sample was 100 

𝜇𝑀. The stock sample was stored in 5× TE (tris – EDTA) buffer and kept in freezer 

under −20℃.  

Carbon dots (CDs) were intended to be used as fluorescent tags and as a mobility 

modifier in our studies involving the interaction of CDs with ssDNA aptamers (see 

Results & Discussion section 3.2). CDs were synthesized in our lab from glucose or 

ascorbic acid (AA) precursors according to a “bottom-up” procedure56.   

Briefly, a microwave oven based method was used to synthesize glucose CDs 

from D-glucose as a precursor. An appropriate quantity of D-glucose was dissolved in 

distilled, deionized water forming a 10 wt% glucose solution.  The solution was then 

transferred into a microwave tube and was heated for 6 minutes (incubation time) at 600 

W power, with a 3-minute ramp time using a CEM Mars microwave reactor vessel. The 

resulting glucose CD solution was clear, with a brownish-yellow color. The UV-vis 

absorbance profiles of various dilutions of the resulting glucose CD sample are presented 

in Section 3.2.2. 
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The synthesis of ascorbic acid CDs was based on a water bath method. Briefly, an 

appropriate amount of ascorbic acid was weighed and diluted in deionized water, and 

then a 0.1 M Cu(Ac)2 solution was added to the AA solution. The mixture was stirred at 

room temperature for 10 minutes, and then held in a water bath at 90℃ with constant 

stirring for 5 hours. The AA CD solution thus produced was clear with a light-yellow 

color. An aliquot of the AA CD solution was lyophilized and weighed in order to 

determine its mass concentration, which was found to be 77.9 mg/mL. Both types of CDs 

were stored in small glass vials in the dark at room temperature, and all CD sample 

handling was conducted in the lab with overhead lights turned off.  

2.2 Sample Preparation 

In ctITP studies, a discontinuous buffer system was established using two 

different buffers. The separation buffer was a tris-glycine buffer, which also served as the 

terminating electrolyte in the system. This tris-glycine buffer contained 31 mM tris and 

500 mM glycine, and its pH was inherently 8.2. To prepare this buffer solution, 

appropriate amounts of tris and glycine were weighed and transferred into a 50 mL 

volumetric flask, and deionized water was used to dissolve the reagents. A 5-minute 

ultrasonic process was often applied to assist the dissolving process. The other buffer 

used in ctITP studies was a tris-HCl sample buffer, which provided the leading 

electrolyte in the system. An appropriate amount of tris was weighed and transferred into 

a 25 mL volumetric flask, and then tris was dissolved using deionized water in order to 

prepare a 50 mM solution. The solution was then transferred into a 30 mL beaker and its 

pH was adjusted to 8.2 using 1 M HCl solution (several drops). Typically, new stocks of 

50 mL of tris-glycine buffer and 25 mL of tris-HCl buffer were made fresh each week to 
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ensure their integrity.  Buffers were stored in 50 mL polypropylene conical tubes 

(Corning Science, NY, USA) and kept in the refrigerator at 4℃ when not in use. Before 

use, buffers were vortexed for at least 10 seconds to ensure their uniform composition. 

In actual experiments, a 1 M sodium hydroxide (Sigma, St. Louis, MO, USA) 

solution and deionized water were used to complete the daily capillary-conditioning 

routine. Both 1 M NaOH solution and deionized water were filtered by 25 mm syringe 

filters with 0.2 μm nylon membranes (VWR Life Science, Radnor, PA, USA) before use. 

The stock 1 M NaOH solution was stored in a clean 250 mL HDPE (high-density 

polyethylene) bottle at room temperature, and deionized water was stored in a large 

carboy (refreshed on a monthly basis) at room temperature. 

The FITC-labeled single-stranded DNA was diluted to 1 μM with the tris-HCl 

sample buffer in a 1.5 mL centrifuge tube, and the diluted sample served as the working 

solution for further research use. The DNA samples thus prepared were wrapped with 

aluminum foil and kept in the fridge at 4℃. All DNA sample handling was conducted in 

the dark, and a 10-s vortex mixing was applied to the ssDNA working solution every time 

before use. The anti-FITC antibody stock solution was not subjected to any further 

preparation (see Section 2.1 for more information), although it, too, was handled in a dark 

environment.  

A 1 μM working solution of the 15-mer randomer aptamer sample (with a 15-nt 

random G, T sequence sandwiched between primers) was made in a 1.5 mL centrifuge 

tube by diluting the 100 𝜇𝑀 stock solution with Tris – HCl sample buffer, and the 

centrifuge tube was wrapped in aluminum foil to protect the sample from light. The 
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working solution was then kept in the fridge at 4℃, and the working solution was 

vortexed for 10-s immediately before conducing a CE analysis.  

SYBR Gold was used as an intercalating dye that could non-covalently label 

ssDNA. SYBR Gold is an asymmetrical cyanine dye, typically used as a nucleic acid gel 

stain. Compared to similar compounds that exist within this class of dyes, which are 

typically more efficient for labeling double-stranded DNA, SYBR Gold is highly 

efficient as a label for ssDNA58. SYBR Gold exhibits greater than a1000-fold 

fluorescence enhancement upon binding to nucleic acids and has a high quantum yield 

(~0.6) upon binding to double- or single-stranded DNA58. The precise mechanism of 

interaction of SYBR Gold dye with ssDNA is not well understood, but it is believed that 

coulombic interactions between the positively-charged dye and negatively-charged 

ssDNA could be at least partly responsible for efficient labeling59. In Figure 2 1, the 

chemical structure of SYBR Gold dye is presented.  

.  

Figure 2-1 Chemical structure of SYBR Gold. 
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In Figure 2-1, R represents different substituents on the conjugated rings, and Z- 

is a counterion (chloride, iodide, perchlorate or sulfonates)59. This is a proprietary reagent 

and so the exact chemical identity of substituents is not revealed by the supplier. 

SYBR Gold dye was obtained as a solution and was then aliquoted into 10 𝜇L 

portions in 0.5-mL centrifuge tubes. These tubes were wrapped with aluminum foil and 

kept in the freezer at -20℃. SYBR Gold was then mixed with DNA sample before 

injection (pre-column labeling) for CE analysis, or it was mixed with BGE and allowed 

to interact with ssDNA after injection (on-column labeling) during CE analysis. It has 

been reported that on-column labeling has better sensitivity than pre-column labeling60,61, 

and so for this work, on-column labeling was used. An appropriate amount of SYBR 

Gold was added to the tris-glycine separation buffer, and the dye was allowed to interact 

with the ssDNA sample within the capillary after sample injection.  

Glass vials containing CD stock solutions were vortexed for at least 10 seconds 

before use, to ensure the CD sample was homogeneous, and then an appropriate volume 

of the CD stock solution was transferred to a sample vial using a micropipetter. Any 

dilutions of CDs were conducted directly in the sample vials using an appropriate volume 

of tris-HCl sample buffer. 

2.3 Instrumentation 

All solid reagents (including tris, glycine, and sodium hydroxide pellets), were 

weighed using a high-precision analytical balance (Denver Instrument, Bohemia, NY, 

USA). The distilled, deionized water used in this work was purified by a Milli-Q Reagent 

Water System (EMD Millipore Corporation, Billerica, MA, USA). With tris-glycine 

buffer, a 5-minute sonication process was conducted to dissolve the reagents using a 
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Bransonic Ultrasonic Cleaner (Branson Ultrasonics Corporation, Danbury, CT, USA). 

Adjustment of the pH of the tris-HCl buffer was carried out using an Accumet pH meter 

(Cole-Parmer, Vernon Hills, IL). Before use, any buffer solution or liquid sample was 

vortexed by a Fisherbrand Mini Vortex Mixer (Fisher Scientific, Pittsburgh, PA, USA).  

A 75 𝜇m inside diameter fused-silica capillary with polyimide protective coating 

(Polymicro Technologies, Wellington Court Lisle, IL, USA) was used in this work, and 

the total length of the capillary was 60.2 cm.  

For the dissociation constant studies (see Results and Discussion section 3.1), CE 

experiments were conducted on a Beckman Coulter P/ACE MDQ CE System (AB Sciex 

LLC, Framingham, MA, USA) with laser-induced fluorescence detection. The laser 

source was an air-cooled Ar-ion laser emitting at 488 nm. The detection module was 

equipped with a 488 nm notch filter and a 520 nm bandpass filter on one channel. The 

488 nm laser was used to observe signals from FITC-labeled ssDNA. In these studies, 

32Karat Software (Beckman/Sciex) was used to program the CE method, and to acquire 

and analyze the data. 

For the CD – DNA interaction studies (see Results & Discussion section 3.2), CE 

experiments were conducted on a Beckman Coulter P/ACE MDQ CE System with 

32Karat Software (AB Sciex LLC, Framingham, MA, USA). A UV/vis absorbance 

detector with 254 nm and 280 nm filters was used in these studies. Further CE – LIF 

studies were carried out on a Sciex P/ACE MDQ Plus CE System with MDQPlus 

Software (AB Sciex LLC, Framingham, MA, USA). A 488 nm air-cooled Ar-ion laser 

with 520 nm long pass and 488 notch filters was used to detect fluorescence signals of 

SYBR Gold-labeled 15mer randomer aptamer library. The UV source was a deuterium 
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lamp with a wavelength range of 190 - 600 nm. Two lenses focused and directed the 

beam from the source through one of the wavelength-selecting filters in a rotating wheel 

(built in the UV detection module) behind the capillary cartridge. The light beam 

continued through the aperture in the cartridge plug and through the detection window 

previously created on the CE separation capillary (by burning away the exterior 

polyimide coating from the capillary). Light transmitted through the migrating sample on 

the capillary continued through a fiber optic cable to a photodiode. The light signal was 

then converted to a digital signal and analyzed by 32Karat software62.  

There were eight positions on the UV filter wheel. The UV detector in our lab had 

four filters at 200 nm, 214 nm, 254 nm, and 280 nm (each with a10 nm bandwidth). The 

filters were installed in positions 2, 3, 4 and 5, respectively, on the filter wheel. Position 1 

was opaque and functioned as a shutter for the detection system. In this work, UV 

detection with 254 nm and 280 nm filters was used to observe ssDNA aptamer signals 

and carbon dots signals. 

A schematic of the UV detector is included below (Figure 2-262). 
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Figure 2-2 UV detector optics layout. From: Ref. 62. 

  

The LIF detector required a laser insert to be used together with the capillary cartridge. 

The laser source emitted at 488 nm or 635 nm, and excited any molecules that could 

absorb at this wavelength. The resultant signal from all fluorescent sample components 

was then collected at a photomultiplier tube, and analyzed using 32 Karat software on the 

instrument work station. The LIF detector optical layout is presented below ( 

Figure 2-362). 

 

 

 

Figure 2-3 LIF optics layout. From: Ref. 62. 

1. Capillary Aperture 7. Motor 

2. Lenses 8. Position Filter Wheel 

3. Deuterium Lamp 9. Filter Position (i.e. 254 nm) 

4. Lamp Power Supply 10. Fiber Optic Cable 

5. Photodiode 11. Fiber Optic Connector 

6. Fiber Optic Connection 12. Capillary 

1. Laser 1 5. Ball Lens 

2. Spherical Mirror 6. Laser Filters 

3. Laser 2 7. Emission Filters 

4. Capillary 8. Photo Multiplier Tube 
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2.4 CE Conditions 

The fused silica capillary was cut to a total length of 60.2 cm, and the two ends of 

the capillary were polished using a small, square sand stone. A mini magnifier was used 

to check the two ends of the capillary in order to make sure they were smooth. To let 

UV/vis/laser light go through the capillary, a 2-mm detection window was made by 

burning the outside polyimide coating off of the capillary at the appropriate position. 

Then the capillary was installed into the cartridge together with UV or LIF detection 

inserts. The final, effective length of the capillary was 59.2 cm (from the inlet to the 

detection window). 

The capillary was then conditioned by a multi-step, pressure-driven flush 

including water (20 min), 1 M NaOH (20 min), water (20 min), and lastly, separation 

buffer (20 min). This conditioning flush was conducted at the beginning of each day to 

ensure that the CE system and the capillary were in good condition. In a sample 

separation CE method, a 2.00-minute flush with separation buffer was programmed 

before each sample injection, and a 1.00-min flush with water was conducted after each 

separation. Both steps were taken to ensure that the capillary remained free of any 

possible contamination or residual adsorption.  

For most studies described herein, the applied separation voltage was less than 18 

kV, and separation times varied from 12- 20 min. Unless otherwise stated, pressure 

injections ≤ 4.0 psi for 5.0 seconds were carried out for most experiments in this work. 

All the experiments were conducted at room temperature. Data collected by 32Karat 

software were exported into ASCII files, which could be opened and analyzed in Excel. 
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More details about CE methods and software manipulation will be presented for each 

individual study described in Chapter 3.   
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3. RESULTS AND DISCUSSION 

3.1 Determine the Binding Constant between FITC-labeled Single-Stranded DNA and 

anti-FITC antibody 

3.1.1 Theoretical Considerations 

The goal of this work was to determine the dissociation constant between FITC-

labeled single-stranded DNA and anti-FITC antibody. FITC (fluorescein isothiocyanate) 

is a fluorescent dye with excitation wavelength at 495 nm and emission wavelength at 

519 nm, and it is covalently attached to the 5’ end of the ssDNA in this work. Single-

stranded DNA molecules do not, themselves, fluoresce. In order to observe the 

fluorescence signal from ssDNA, fluorescent labeling is required. Anti-FITC antibody is 

an antibody that could specifically bind to FITC and thus, to FITC-labeled ssDNA also.  

A schematic of the binding process is included in the figure below. 

 

Figure 3-1 Schematic of binding between FITC-labeled ssDNA and anti-FITC antibody. 

  

In Figure 3-1, anti-FTIC antibody has a binding pocket that can specifically 

recognize and bind to FITC, and our single-stranded DNA aptamer has FITC covalently 

labeled on the 5’ end, so when in proximity, FITC-labeled ssDNA can bind to anti-FITC 

antibody and form antibody complex. 
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3.1.2 Instrument Optimization 

The CE method was adapted from one developed for previous studies in the 

Colyer lab57. Important parameters and conditions are included in Table 3-1 below. A 

discontinuous buffer system was used to conduct ctITP separations. An Ar-laser was used 

for excitation of sample components at 488 nm, coincident with the absorbance of FITC 

and FITC-labeled ssDNA samples. 

Table 3-1 ctITP conditions and parameters. 

Sample buffer 50 mM tris (adjusted to pH 8.2 using 1M HCl) 

Separation buffer 31 mM tris with 500 mM glycine (pH inherently 8.2) 

Capillary information 60.2 cm total length; 50.0 cm effective length 

75 μm inside diameter 

Separation voltage 18 kV 

Separation time 12 min 

Injection condition 5.0 sec at 4.0 psi 

Polarity Normal polarity (anode located at inlet end) 

Excitation wavelength 488 nm 

Emission wavelength 520 nm 

 

To study interactions of FITC-labeled DNA with anti-FITC antibody protein, we 

first examined the DNA by CE-LIF, using an initial sample concentration of 20 nM 

FITC-ssDNA. The resulting electropherogram is shown in Figure 3-2. 
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Figure 3-2 Electropherogram of 20 nM FITC-Labeled ssDNA (blue trace). The inset (top right 

corner) is an expansion showing the top of the DNA signal in more detail. The red trace shows 

the signal resulting from injection of a blank sample, consisting of tris-HCl buffer only (no 

DNA). 

  

In Figure 3-2, the signal from 20 nM FITC-labeled ssDNA is seen as a single, 

sharp, symmetrical peak at around 7.4 min. In the expanded view, we can see that the top 

of the peak is flat at 100 RFU, which may indicate that an inappropriate instrumental 

dynamic range (100) was chosen in this case, and/or that the sample injection was too 

large for this particular sample concentration. LIF detection is very sensitive and can 

detect small quantities of fluorescent samples. Additionally, in Figure 3-2, it can be seen 

that a small peak is detected even when a blank sample is injected. Since the sample 

buffer doesn’t fluoresce itself, the peak observed could come from the mixing process of 

the two buffers in the capillary. 
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In order to explore the influence of detector dynamic range (akin to “gain”) on CE 

results, a series of experiments were conducted using the same sample (20 nM FITC-

labeled ssDNA), injection condition (10 seconds at 4.0 psi), temperature (25℃), and CE 

method, but different detector dynamic range values. The CE system provided three 

dynamic range values (10, 100, and 1000), and all three values were tested. 

 

Figure 3-3 Comparison of three dynamic range values with 20 nM FITC-labeled ssDNA sample. 

 

In these experiments, a relatively large injection size (4.0 psi for 10 seconds) was 

used to test the detection range of three DR values. In Figure 3-3, we can see that only 

DR=1000 gives us the full signal of the injected sample, whereas DR=10 and DR=100 

cut off the signals at 10 RFU and 100 RFU, respectively. Therefore, when sample 

injection size is large (i.e. long-time injection, concentrated sample, high-pressure 

injection, etc.), using a large dynamic range setting on the instrument is suitable for 

detecting strong analytical signals, whereas a small dynamic range value cuts off the 

signal that exceeds the dynamic range. Similar experiments were conducted with 2 nM 

FITC-labeled ssDNA sample (data not shown), results show that a small dynamic range 
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value is good for dilute sample, and a large dynamic range value may suffer from 

sensitivity issue. From the above observations and discussion, choosing a proper dynamic 

range is critical in achieving good signal intensity as well as good sensitivity, so DR = 

100 was chosen and used in this work. 

 In order to apply DR=100 to this work, a smaller injection size or a less 

concentrated ssDNA sample should be used to ensure the signal from the fluorescently 

labeled ssDNA remains below 100 RFU. Thus, optimization of sample injection size was 

necessary. A series of experiments with different pressure injection conditions were 

conducted to this end. It should be noted that electrokinetic injection can lead to biased 

injections for charged analytes, and so hydrodynamic (pressure) injection was used in this 

work because it is easy to control and has no injection bias. Six injection conditions were 

picked and listed in the table below (Table 3-2). 

Table 3-2 Selected injection conditions and corresponding injection volumes. 

Pressure applied (psi) Injection time (sec) Injection volume (nL) 

4.0 5.0 201.42 

4.0 3.8 153.08 

3.0 5.0 151.06 

3.0 3.8 114.81 

2.0 3.5 70.50 

0.2 2.0 4.03 

 

 . In this set of experiments, all the instrument and detector parameters were the 

same except for changing injection conditions (DR=100; Separation voltage = 18 kV; 

Temperature = 25℃; ctITP separation mode). The sample used was a 20 nM FITC-

labeled ssDNA sample, and the dynamic range was set at 100. A comparison of the 

resulting electropherograms is shown in Figure 3-4. 
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Figure 3-4 Vertically offset electropherograms of comparison of six injection conditions. (a) 

Comparison of injection conditions of 4.0 psi 5.0 sec, 4.0 psi 3.8 sec, 3.0 psi 5.0 sec. (b) 

Comparison of injection conditions of 3.0 psi 3.8 sec, 2.0 psi 3.5 sec, 0.3 psi 2.0 sec.  

  

In Figure 3-4, six injection conditions were tested and compared. In Figure 3-4 

(a), both 5.0 seconds at 4.0 psi and 3.8 seconds at 4.0 psi give signals larger than 100 

RFU, and an injection for 5.0 seconds at 3.0 psi gives a signal slightly smaller than 100 

RFU. In Figure 3-4 (b), injections for 5.0 seconds and 3.8 seconds at 3.0 psi give signal 

strengths around 30 RFU, whereas an injection for 2.0 seconds at 0.3 psi only loads a 

(a) 

(b) 
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very small quantity of sample (4.3 nL) into the capillary and thus gives minimal signal. 

Therefore, signal strengths relate closely to corresponding injection volumes. We can see 

that choosing an appropriate injection condition is important to achieve proper signal 

strengths in CE experiments. Injection at 3.0 psi for 3.8 seconds was initially chosen, but 

after a re-calibration of the Beckman Coulter CE system, signal diminution was observed 

and an injection at 4.0 psi for 5.0 seconds was then chosen to run most of the experiments 

in this work. 

3.1.3  Optimization of Migration Time Reproducibility 

In order to test the reproducibility of the optimized CE experiment in terms of 

sample mobility, three replicate injections were programmed in succession. At the outset, 

relatively poor migration time reproducibility was observed. Figure 3-5 shows a set of 

three replicate electropherograms before migration time optimization. 

 

Figure 3-5 Vertically offset electropherograms for three replicate injections of 20 nM FITC-

labeled ssDNA sample. CE conditions: DR=100; Injection at 4.0 psi for 5.0 sec; Capillary 

temperature at 25℃; Separation voltage at 18 kV; Separation time 12 min. 
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As can be seen, from replicate 1 to replicate 2, the migration time of the FITC-

labeled ssDNA peak drifted by about 0.9 minutes. A non-equilibrium capillary condition 

from one replicate to another might be part of the reason why migration time shifts 

appeared among replicates. In addition, if the capillary is not completely clean after 

running one replicate, migration time of the next replicate might be influenced due to 

sample remnants in the capillary (likely adsorbed to the inner capillary wall from run to 

run).  

In order to improve migration time reproducibility, a pressure-driven mini-flush 

sequence including water (5 min), 1 M NaOH (5 min), water (5 min), and tris-glycine 

separation buffer (5 min) was added to the CE sample separation method prior to each 

sample injection, in an effort to re-condition and thoroughly clean the capillary between 

replicate runs. 

 

Figure 3-6 Comparison of three replicates with a mini-flush added before each replicate. The 

sample composition and injection and separation conditions were as specified in Figure 3-5. 
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From Figure 3-6, it can be seen that even when the mini-flush sequence was 

included at the beginning of each CE separation, there was still a migration time drift (of 

about 30 seconds) between replicates 1 and 3. Therefore, the migration time 

reproducibility issue couldn’t be very well solved by simply adding a mini-flush before 

each replicate injection. 

 Since the two ends of the capillary stay in the same inlet and outlet buffer vials 

during the separation step in all replicates, the buffer solution in each reservoir might 

contain chemical residues from previous runs, thus resulting in a migration time shift 

between replicates. Therefore, experiments were designed to use a fresh portion of 

separation buffer in the inlet and outlet vials for each individual replicate. This method 

could be automated by programming a sequence of CE runs that accessed new buffer-

filled vials (in unique auto-sampler positions) for each different replicate run. In this way, 

we could make sure that the separation buffer was free of contamination for each 

replicate, and we could possibly improve migration time reproducibility. The 

electropherograms resulting from this procedural change are shown in Figure 3-7. 
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Figure 3-7 Three replicates of 20 nM FITC-labeled ssDNA with fresh separation buffer used for 

each replicate. The sample composition and injection and separation conditions were as specified 

in Figure 3-5. 

 

 After running the modified CE sequence that allowed for the use of fresh 

separation buffer for each replicate, the observed drifts in migration time were minimal 

compared to previous experiments. Figure 3-7 shows electropherograms of three 

replicates of 20 nM FITC-labeled ssDNA, and the migration time difference is around 12 

seconds. Therefore, switching to a fresh portion of separation buffer for each replicate is 

shown to improve migration time reproducibility. Although it would be ideal if the three 

replicates had the exact same migration time for the peak attributed to ssDNA, this is 

very hard to achieve in practice due to the fact that the charge on the inner wall of the 

capillary changes over time, and due to the fact that small instrumental variations (in 

applied voltage, pressure, etc.) can lead to variations in migration time. The optimized 

CE sequence described above was used in the rest of this work, and migration time 
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differences of 15 seconds or less were generally observed among three replicates for most 

experiments. 

3.1.4 Dissociation Constant Determination Results and Future Potential 

 

 

Figure 3-8 Vertically offset electropherograms of FITC-labeled ssDNA, anti-FITC antibody, and 

ssDNA-protein complex. The yellow trace is blank injection, the grey trace is 10 nM anti-FITC 

antibody, the blue trace is 20 nM FITC-labeled ssDNA plus 10 nM anti-FITC antibody, and the 

orange trace is 20 nM FITC-labeled ssDNA. CE conditions: DR = 100; Injection at 4.0 psi for 5.0 

sec; Separation voltage at 18 kV; Separation time 12 min; Capillary temperature at 25℃.  

 

 Figure 3-8 shows typical electropherograms, obtained under optimized conditions, 

for antibody alone (grey trace), FITC-labeled DNA alone (orange trace), and a mixture of 

anti-FITC antibody with FITC-ssDNA (blue trace). As expected, no fluorescent signal 

was observed with 488-nm excitation for the 10 nM anti-FITC antibody sample (grey 

trace in Figure 3-8), since the antibody is not, itself, natively fluorescent at this 

wavelength, and the CF660 fluorescent tag (which was covalently linked to the antibody) 

is excited at a longer wavelength, not visible under these conditions. The FITC-labeled 
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ssDNA‒antibody sample mixture was incubated at 4℃ in the fridge for 30 minutes before 

injection. We can see from the figure that the fluorescent signal from the ssDNA‒

antibody mixture is about 10 RFU smaller than the fluorescent signal from the 20 nM 

FITC-labeled ssDNA alone, which suggests interactions between FITC-labeled ssDNA 

and anti-FITC antibody (which have resulted in a partial quenching of the FITC signal 

from the DNA when it is bound by the antibody in close proximity to the antibody’s own 

fluorescent label). Additionally, the mobility of the peak observed for the antibody—

DNA sample mixture was significantly different from that of the DNA alone, which also 

suggests interaction. A separate and unique peak for the ssDNA-antibody complex (in 

addition to a peak for any residual unbound DNA) was expected in the electropherogram 

of the mixture sample, but the complex peak didn’t show up. One possible reason is that 

all of the FITC-labeled DNA was bound in the form of complex with the antibody, and it 

is this complex peak alone that is seen in the electropherogram for the antibody-DNA 

mixture. 

 SYBR Gold, a non-covalent nucleic acid gel stain, was then added to the tris-

glycine separation buffer (in a 1: 50,000 volume ratio) to augment the fluorescent 

labeling of the ssDNA based on an on-column labeling scheme. Even though the ssDNA 

employed in these studies was covalently attached (at the 5´ end) to the FITC “antigen,” 

the provision of SYBR Gold in the separation buffer was intended to ensure that any 

quenching of FITC upon binding to the antibody would not prevent us from detecting the 

DNA, since it could also be labeled by the SYBR Gold. This was done with the intention 

of using areas under the free DNA and DNA-antibody complex peaks together with 

NECEEM theory to calculate the dissociation constant of this binding pair. 
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Figure 3-9 Comparison of electropherograms of 20 nM ssDNA covalently labeled with FITC at 

the 5´ end (orange trace), and 20 nM FITC-ssDNA mixed with 10 nM anti-FITC antibody (blue 

trace). SYBR Gold was added into separation buffer in both cases, to serve as an additional non-

covalent DNA labeling reagent. A1 and A2+A3 indicate the areas to be used when calculating the 

binding constant according to NECEEM theory. 

 

 Electropherograms of 20 nM FITC-labeled ssDNA alone and the mixture of 20 

nM FITC-labeled ssDNA plus 10 nM anti-FITC antibody are compared in Figure 3-9. 

From the electropherograms, we can see that the profiles of ssDNA and ssDNA-antibody 

mixture look similar except that a small, separated peak shows in the electropherogram 

for the mixture (indicated with a green arrow in Figure 3-9, right before the ssDNA 

peak). With SYBR Gold presented in the separation buffer, ssDNA-antibody complex 

could still fluoresce since SYBR Gold interacted with the ssDNA non-covalently and 

wouldn’t have been quenched by the binding interaction between ssDNA and antibody. 

Based on the above analysis, the A2 peak indicated by the green arrow in Figure 3-9 

should be the antibody complex peak, and A3 represents the dissociation region discussed 

in 1.3. 

A1 

A2+A3 
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 Using the integration tool in 32Karat software, integrations under each peak could 

be calculated. Based on peak areas, dissociation constant between FITC-labeled ssDNA 

and anti-FITC antibody calculated using NECEEM theory was 316 ± 17 nM.  

 Since this FITC-labeled ssDNA – anti-FITC antibody construct is very unique, no 

previous dissociation studies were conducted before, and thus no comparable dissociation 

constants have been published against which these NECEEM results can be compared. 

However, from a previous study in our lab involving a similar system (with a 15mer 

Thrombin DNA aptamer – Thrombin protein complex), a dissociation constant of the 

same magnitude was determined (~ 300 nM)57.Therefore, the result obtained herein for 

the FITC-ssDNA‒anti-FITC antibody complex (Kd=316 ± 17 nM) could be considered as 

a reasonable dissociation constant for this binding system. 

 Future studies should focus on trying out different concentration ratios of FITC-

labeled ssDNA and anti-FITC antibody in order to explore how the concentration ratio 

influences their binding behavior. Also, separation conditions (separation voltage, 

pressure separation mode, separation duration, etc.) can be further optimized to achieve 

better resolution of the ssDNA‒antibody complex from unbound DNA in order to 

achieve greater reliability in the calculated peak areas, and hence, in the resulting Kd 

value calculated based on these areas according to NECEEM theory. 

3.2  Study of Interactions between ssDNA Aptamers and Carbon Dots 

3.2.1 Theoretical Considerations 

In this work, the ultimate goal is to build a rapid drug screening assay using 

aptamers that can specifically bind to drug or drug metabolite molecules. Currently, most 

drug screening methods employed by forensic or clinical testing labs employ antibody 
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reagents, which are expensive and have limited shelf-life (requiring careful storage 

conditions). To be able to devise methods capable of using aptamer reagents in place of 

antibodies is highly desirable. However, aptamers have not yet been identified for most 

drug targets. As such, aptamer selection from libraries of random single-stranded DNA 

molecules is needed. After adding drug or drug metabolite target molecules into a ssDNA 

library, aptamers that have high affinity for the targets will bind to the drug or drug 

metabolite target molecules, thus forming aptamer-target complex species, which will 

migrate at a different velocity than the unbound ssDNA. We can then collect these high-

affinity aptamers-drug complexes and amplify these sequences of the bound aptamers 

using NGS or PCR. However, drug and drug metabolite molecules are typically small 

molecules with molecular weights that are considerably less than the molecular weights 

of the aptamers, and as such, the drug targets won’t significantly change the migration 

time of aptamers after the binding interaction. Without a change in mobility, it is 

impossible to collect just the bound DNA in order to identify valuable aptamer 

sequences. Therefore, in this work, we propose to add carbon dots (CDs) into the buffer 

system to serve as a mobility modifier and as a fluorescent tag of ssDNA molecules.  

Interactions between ssDNA and carbon nanomaterials (i.e. graphene oxide) have 

been reported by several groups52,55. Therefore, we believe that CDs should likewise 

interact with all members of a ssDNA random library and significantly change the 

mobility of ssDNA molecules upon binding due to the large size and mass of CDs. 

Presumably, in a sample mixture that contains ssDNA random library, drug or drug 

metabolite target molecules, and CDs, aptamers that we are interested in will bind 

specifically to drug target molecules, and CDs will interact with all other members of 
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ssDNA in the library, thus altering the mobility of unbound ssDNA significantly, whereas 

the migration time of any formed aptamer-target complex will closely resemble that of 

ssDNA aptamers alone (presuming they are not associated with CDs). Therefore, we 

should be able to see two separated peaks: one for the aptamer-target complex, and the 

other for the ssDNA library members associate with CDs. Under these conditions, it 

should be possible to separate aptamers from unbound ssDNA and thus to achieve the 

development of an aptamer-based small drug screening assay. 

More immediately, the specific goal of this work was to observe whether or not 

CDs can bring about a significant shift in the migration time of ssDNA when CDs are 

mixed with a ssDNA random library sample. Mixing can occur pre-column (before 

injection of the ssDNA sample for subsequent analysis by CE) or on-column (by 

incorporation of the CDs in the separation buffer, so that the ssDNA sample will 

encounter the CDs and interact with them during the separation itself). For these studies, 

the ssDNA sample used was a 15mer randomer library, as described in 2.1. Both glucose 

CDs and ascorbic acid CDs were tested for their utility as DNA mobility modifiers in 

these experiments by employing a ctITP method. 

3.2.2 CE-based Studies of Glucose CDs and ssDNA Random Library 

Preliminary experiments were conducted on a Beckman Coulter CE System with 

UV/vis absorbance detection. The absorbance maxima of DNA and CDs are around 260 

nm and 360 nm, respectively. However, initial experiments were conducted using the 

available 254 and 280 nm filters in order to determine if these would be adequate for 

further studies. Since UV absorbance detection is not as sensitive as LIF detection, the 

initial concentration of the ssDNA random library used was 1 𝜇M. Electropherograms 
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obtained using the two different UV/vis absorbance filters for the 1 𝜇M ssDNA randomer 

sample and also, for CD samples prepared from a 1:10 dilution of glucose CD stock 

solutions, are compared in Figure 3-10 below. 

 

Figure 3-10 Electropherograms of a glucose CD sample (a) and a ssDNA library sample (b) using 

a 280 nm filter (blue traces) and a 254 nm filter (orange traces). Electropherograms are offset 

vertically for clarity. 

 

 In this set of experiments, the goal was to determine the optimal filter to use for 

detection in all subsequent CE-UV studies. In Figure 3-10, we can see the 280 nm filter 

resulted in a stronger signal for the glucose CDs than did the 254 nm filter. For the 

ssDNA library sample, however, the 254 nm filter resulted in a stronger signal than did 
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the 280 nm filter. Since the signal of the ssDNA library sample using a 280 nm filter was 

weak, while the 254 nm filter gave a decent signal for both the ssDNA library and the 

glucose CDs, it was decided that the 254 nm filter should be used for the remaining 

studies.  If other instrumentation was available it would be ideal to conduct these 

experiments using a CCD-type detector that would allow the simultaneous detection of 

signal over a wide range of wavelengths spanning the UV and visible region, so that the 

maximum absorbance could be recorded for both the DNA and the CDs. 

 Before further experiments are discussed, some commentary about the CE 

responses of glucose CD samples and ssDNA samples, as seen in Figure 3-10, is 

warranted. A single primary peak was observed for the ssDNA library samples in Figure 

3-10 (b), not unlike the single primary peak observed for free DNA in NECEEM 

electropherograms seen in Section 3.1 (for example, Figure 3-8). Regardless of 

arrangement of bases, DNA molecules will migrate with the same mobility due to having 

the same size to charge ratio. The additional small, rounded peak seen in Figure 3-10 (b) 

at around 4 min (which is also seen on the leading edge of the signal in Figure 3-10 (a)) 

arises as a marker of electroosmotic flow. This “marker peak” is not due to the sample 

itself, but rather, results from the discontinuous buffer system that is employed in these 

studies. The discontinuity (in absorptivity) resulting from two adjacent buffer systems 

(sample and separation buffer) often causes an EOF marker peak to be evident in the 

resulting electropherogram. In the electropherograms recorded for glucose CDs (Figure 

3-10 (a)), a very broad peak spanning from the EOF marker at 4 min all the way to about 

8 min is observed. This type of broad peak is characteristic of CD samples analyzed by 
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CE, and is believed to result from the fact that the CD sample contains dots of varying 

size and surface charge, depending upon the starting material and synthesis method. 

 Several concentrations (no dilution, 1:1 dilution, 1:5 dilution, 1:10 dilution, 1:20 

dilution, 1:50 dilution, 1:100 dilution) of glucose CDs were tested as samples using CE-

UV with a 254 nm filter. From the resulting electropherograms (data not shown), glucose 

CD samples that are more concentrated than a 1:10 dilution gave high absorbance signals 

and broad peaks, which would make it hard to see the peak arising from a ssDNA library 

in a mixture of DNA with CDs, while the highly diluted 1:100 glucose CD sample 

resulted in an absorbance signal that was almost undetectable. Therefore, for subsequent 

experiments exploring the interaction of ssDNA library samples mixed with glucose CD 

samples, we restricted the method to include only three glucose CD concentrations 

(namely, the 1:10 dilution, 1:20 dilution, and 1:50 dilution of the neat CD samples 

obtained from our bottom-up, in-house synthesis). 

Before proceeding with mixed DNA/CD samples, we conducted a series of 

replicates of DNA only and CDs only, to establish the reproducibility of migration times. 

Electropherograms of three concentrations of glucose CDs and 1 𝜇𝑀 ssDNA library 

sample are compared in Figure 3-11, and a comparison of electropherograms for three 

replicate injections of a 1 𝜇M ssDNA library sample is shown in Figure 3-12. 
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Figure 3-11 Profile comparison of glucose CDs and ssDNA library. Tris-glycine buffer was used 

as separation buffer, and tris-HCl buffer was used as sample buffer. CE conditions: DR = 100; 

Injection at 4.0 psi for 5.0 sec; Capillary temperature at 25℃; Separation voltage at 18 kV; 

Separation time 12 min. 

 

 

Figure 3-12 Vertically offset electropherograms of three replicates of 1 uM ssDNA library. All 

other conditions as described in Figure 3-11. 

 

We can clearly see that the migration time reproducibility for DNA samples 

according to this ctITP method is very good. The small rounded peak at about 4 min was 

observed with every experiment, and is attributed to the discontinuous buffer system of 

the ctITP separation mode, as discussed previously. As was seen previously the CE-UV 
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electropherograms resulting from three different concentrations of glucose CD samples 

also showed good reproducibility in migration time. 

Also noted in Figure 3-11 is the fact that absorbance signal intensity increases 

with increasing glucose CD concentration, as expected. Furthermore, we observe very 

distinct electrophoretic patterns for the glucose CDs compared to the ssDNA library 

sample, and so when glucose CDs are subsequently mixed with a ssDNA library, it 

should be possible to distinguish between them and to identify if a new, resolved ssDNA 

– CD complex peak appears. This idea was tested and the results are shown in Figure 

3-13. 
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Figure 3-13 Electropherograms for a 1 uM ssDNA library sample (orange trace), glucose CD 

samples (blue traces), and a mixture of ssDNA with CDs (grey traces), for three different 

concentrations of CDs: (a) 1:50 dilution, (b) 1:20 dilution, and (c) 1:10 dilution of glucose CDs. 

Other experiment conditions are the same as described in Figure 3-11. 
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In Figure 3-13, electropherograms for three concentrations of glucose CDs, 1 𝜇M 

ssDNA library, and a mixture of CDs with thessDNA library are compared. In the 

electropherograms for the mixed DNA/CD samples, we can see that a small peak appears 

immediately ahead of the major peak for the ssDNA. This small peak is not visible in the 

electropherograms for DNA alone nor CDs alone, and so this might be indicative of a 

new ssDNA ‒ CD complex. 

In order to explore the influence of glucose CD concentration on the formation of 

ssDNA – CD complexes, we recorded electropherograms for sample mixtures containing 

a fixed concentration of DNA with increasing concentration of added CDs, as shown in 

Figure 3-14. 

 

Figure 3-14 Vertically offset electropherograms of ssDNA‒glucose CD sample mixtures, with a 

fixed concentration of ssDNA (1 𝜇𝑀 ) and increasing concentration of added CDs, as indicated in 

the figure legend. All other conditions as described in Figure 3-11. 

 

In Figure 3-14, the bottom trace (blue) is the electropherogram of the 1 μM 

ssDNA library alone, and the three electropherograms above this show the 
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electropherograms of sample mixtures containing 1 μM ssDNA mixed with three 

different concentrations of glucose CDs.  The peaks indicated by the blue arrows are 

considered to be ssDNA – CDs complex peaks. We can see that as the concentration of 

glucose CDs increases, the intensity of the complex peak increases; meanwhile, the 

intensity of the ssDNA library peak decreases. This observation makes logical sense 

since interactions between ssDNA and CDs should be more prevalent as you increase the 

quantity of glucose CDs in the sample mixtures. Even though the migration time for the 

DNA-CD complex was not vastly different from the migration time of DNA alone, the 

appearance of this new peak does lend credibility to the idea that some interaction is 

occurring between carbon dots and ssDNA. 

Since the glucose CD samples yield signals in the resulting electropherograms 

that are spread over the course of several minutes, and since this broad signal overlaps or 

appears at the same migration time as the signal for ssDNA, we sought to deconvolve this 

signal overlap by conducting similar experiments on a CE-LIF system. Whereas both 

CDs and DNA absorb light at 254 nm, glucose CDs show little to no fluorescence 

emission upon excitation by a 488 nm laser. The ssDNA library sample, however, can be 

rendered fluorescent at this wavelength upon noncovalent interaction of the DNA with 

SYBR Gold dye incorporated into the separation buffer. By this method, if we can 

observe multiple peaks in CE-LIF studies, we can surmise that these represent free DNA 

and DNA complex peaks, with the latter formed upon interaction with CDs.  

Due to the high sensitivity of the CE-LIF method, the initial ssDNA library 

concentration used was 20 nM. Since the ssDNA library concentration was lower than 

that used in the previously discussed CE – UV studies, the concentration of glucose CDs 
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used in these CE-LIF studies ranged from 1:100 to 1:10 dilutions. Also in these CE-LIF 

studies, a 1: 50,000 dilution of proprietary SYBR Gold solution was prepared in the tris-

glycine separation buffer in order to facilitate the fluorescence labelling of ssDNA based 

on an on-column labeling scheme. 

 

 

Figure 3-15 Comparison of fluorescence signals of four different concentrations of glucose CDs, 

by CE-LIF with excitation by a 488-nm argon ion laser. All other conditions as described in 

Figure 3-11Figure 3-12. 

 

 CE-LIF signals for all but the most concentrated CD samples were nearly absent 

aside from some random spikes that may be due to light scattering from the CD particles 

(as seen in Figure 3-15). In the electropherograms for the 1:10 and 1:20 dilutions of the 

CDs, some low-level, broad response could be seen. This is presumably due to the fact 

that CDs have a very broad excitation spectrum, and so even though 488-nm light is far 

away from the maximum absorbance of the dots, it still is able to excite enough of the 
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population to result in some emission.  However, the low signal levels arising due to the 

presence of CDs alone in CE-LIF electropherograms will presumably prevent 

interference with signals originating from DNA in these experiments.  

To determine if this is true, the next set of experiments were conducted by mixing 

a 20 nM ssDNA library sample with four different dilutions of glucose CDs. CE – LIF 

electropherograms for the 20 nM ssDNA library alone and mixed with glucose CDs 

(1:100, 1:50, 1:20, 1:10 dilutions) are compared in Figure 3-16. In this figure, it can see 

that the fluorescence signal of the 20 nM ssDNA library sample on its own is a single, 

symmetric, and sharp peak, whereas glucose CDs alone show almost no fluorescence 

signals regardless of their concentrations. The small “peak” at 6.5 minutes comes from 

the discontinuous buffer system in ctITP separation mode, as discussed previously. After 

mixing together the glucose CDs and ssDNA library sample, it appears as if the CDs 

quenched the fluorescence signal of the ssDNA library, as seen in Figure 3-16. This 

dramatic fluorescence quenching is indicative of an interaction of the CDs with the 

DNA63. However, since no migration time shift of the ssDNA library could be observed 

under these conditions, we decided to employ a different type of CD sample, made from 

a different precursor, to see if any different interactions could be observed. Ascorbic acid 

CDs were chosen due to their strong absorbance compared to other carbon dots64.  



 

 
 

 

Figure 3-16 Electropherograms for 20 nM ssDNA library alone, four dilutions (1:100, 1:50, 1:20, 1:10) of glucose CDs alone, and sample 

mixtures prepared by mixing the ssDNA library with CDs prior to injection. All other conditions as described in Figure 3-11. 

6
5
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3.2.3 CE – LIF Studies of ssDNA Library and Ascorbic Acid Carbon Dots 

CE – LIF studies of ascorbic acid CDs were conducted using SCIEX CE 

instrument. This series of experiments employed the ctITP separation mode, using Tris-

HCl as the leading electrolyte and sample buffer and tris-glycine as the terminating 

electrolyte and separation buffer. Three different concentrations of ascorbic acid (AA) 

carbon dots (CDs) (namely, a 1:50 dilution, 1:20 dilution, and 1:10 dilution of the neat 

CD solution prepared by the bottom-up method of water-bath synthesis, as described in 

the Methods & Materials section 2.1) were tested in the first phase of this work. The 

electropherograms obtained with LIF detection (using a 488 nm laser excitation source) 

for AA CDs are compared in Figure 3-17. 

 

Figure 3-17 Comparison electropherograms of three different concentrations of AA CDs and a 

blank injection (Blank contains only tris-HCl sample buffer). All other conditions as described in 

Figure 3-11. 

 

 As we can see in Figure 3-17, AA CDs have very weak fluorescence signals even 

with the highest concentration tested (1:10 dilution), and random spikes in the figure are 
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very likely due to scattering effects of carbon dot particles. As the concentration of AA 

CDs increases, the fluorescence signal increases a little, but the signal is still minimal 

because the 488 nm laser is not an ideal source to excite carbon dots. 

 Next, experiments were conducted with these various concentrations of AA CDs 

added to a fixed concentration of ssDNA library (100 nM) by CE-LIF using the same 

ctITP mode as employed for AA CDs in Figure 3-17.  The results of these studies are 

shown in Figure 3-18 (for blank samples; 100 nM ssDNA library alone; various dilutions 

of AA CDs; and mixtures composed of 100 nM ssDNA plus AA CDs).   The peak of the 

100 nM ssDNA library in Figure 3-18 is a broad and asymmetric, possibly due to some 

impurities or degradation in the stock ssDNA library sample. After AA CDs were added 

to the ssDNA library sample, the signal intensity of the ssDNA library seemed to be 

quenched to different extents depending upon the carbon dot concentration: higher 

concentrations of added CDs led to higher degrees of fluorescence quenching of the DNA 

signal. 

Fluorescence signal diminution could possibly arise in these studies due to a 

competitive binding process: AA carbon dot particles bind ssDNA molecules, thus 

preventing the ssDNA molecules from interacting with SYBR Gold labeling reagent, and 

thus reducing the fluorescence signal otherwise generated by SYBR Gold noncovalent 

interactions with ssDNA library members. Resonance energy transfer between SYBR 

Gold and carbon dots might also occur due to their close proximity in space upon 

binding, thus quenching the fluorescence signal of the ssDNA library (which is facilitated 

by SYBR Gold interaction with the ssDNA). No significant migration time shift of 

ssDNA library was observed in these studies. This lack of mobility change needs to be 
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further explored since strong interactions between ssDNA library members and CDs 

should lead to both fluorescence signal changes and mobility changes. 

 

Figure 3-18 Electropherograms of a blank (blue traces), AA CDs alone (red traces), ssDNA 

library alone (yellow traces), and a mixture of CDs plus ssDNA library (grey traces), employing 

(a) 1:50 final dilution of AA CDs, (b) 1:20 final dilution of AA CDs, or (c) 1:10 final dilution of 

AA CDs. All other conditions as described in Figure 3-11. 
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In order to get a clearer view of CE-LIF signals characteristic of DNA-CD sample 

mixtures, electropherograms of sample mixtures were plotted in a single graph (see 

Figure 3-19). 

 

Figure 3-19 Vertically offset electropherograms of mixtures of ssDNA library and three dilutions 

of AA CDs. All other conditions as described in Figure 3-11. 

 

 We can see that in Figure 3-19, as the concentration of AA CDs increases, signal 

quenching of ssDNA (with SYBR Gold) also increases. Meanwhile, we can observe a 

slight migration time shift in the signal from the ssDNA library after adding AA CDs into 

the pure ssDNA sample. In the top (yellow) trace in the above figure, the ssDNA peak’s 

fluorescence emission is largely quenched and seems to merge into the fluorescence 

signal that would be expected for AA CDs alone. Therefore, carbon dots can very likely 

serve to tune the migration time of ssDNA library, but using a 488 nm laser to investigate 

the ssDNA library is not ideal to observe the migration time shift due to the signal 

quenching described earlier in this work. 
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3.2.4 Future Plans 

Since some degradation of the ssDNA library is suspected based on these CE – 

LIF studies, repeating experiments using a fresh and uncontaminated ssDNA library 

sample might be helpful to get clearer fluorescence profiles of ssDNA and sample 

mixtures of ssDNA with carbon dots. Additional concentration ratios of ssDNA library 

mixed with carbon dots are also worth trying in order to better understand the influence 

of concentration ratio on ssDNA – CD interactions and migration time shifts of ssDNA.  

Access to a 360-nm laser for sample excitation in the future will permit direct 

monitoring of fluorescence signals originating from the CDs in CE – LIF studies. With 

excitation at 360 nm instead of 488 nm, we wouldn’t see ssDNA fluorescence signals and 

so signal quenching of ssDNA won’t be a problem. Instead, we could monitor the 

mobility and intensity of CD signals for pure CD samples and for samples prepared by 

mixing CDs with ssDNA.  With the ability to operate using dual-wavelength LIF 

detection in the future, it should be possible to observe fluorescence signals from ssDNA 

library and carbon dots simultaneously, and thus it should be possible to observe the 

ssDNA – CDs complex peak in this system in order to determine with greater certainty 

whether or not carbon dots can successfully modify the mobility of ssDNA library 

members. 

In all of the CE – LIF studies conducted in this work, the ssDNA library sample 

was non-covalently labeled with SYBR Gold. However, it will be interesting to use 

ssDNA library samples with covalent fluorescent tags to repeat the previous studies. This 

could possibly reduce signal quenching since covalent fluorescent tags are more robust 

and less subject to competitive interactions than non-covalent labeling dyes.   
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4. CONCLUSIONS 

Capillary electrophoresis is a powerful separation tool that has been widely used 

in analytical studies due to its great versatility, low sample consumption, and fast analysis 

speed. By modifying the method to take advantage of the focusing capabilities of ctITP 

with its discontinuous buffer system, CE can deal with complicated biological samples 

and relatively large injection sizes for dilute samples without losing separation resolution. 

With UV/vis absorbance and LIF detection capabilities, CE can be applied to a wide 

variety of analytical samples. With these powerful attributes, it is reasonable to aspire to 

develop a CE-based method capable of rapid screening of small drug molecules as a 

replacement tool for the widely-used antibody screening methods employed nowadays by 

forensic, toxicology, and clinical labs. In order to realize this shift in analytical practice, 

we propose to employ CE to discover and utilize ssDNA aptamers for robust, selective, 

and rapid drug screening.  However, achieving this larger goal first requires us to (i) 

develop a better understanding of how CE can be used to evaluate the binding of probe 

and target molecules, and (ii) understand how new carbon nanomaterials can be utilized 

as separation enhancement agents. It is these two developmental goals that were pursued 

in this work. 

First, in order to better understand how CE can be used to assess the binding 

strength of target and probe molecules, we undertook the study of a model system 

involving anti-FITC antibody and its target, FITC, which was covalently attached to a 

ssDNA molecule. A CE based method previously established in the Colyer lab was 

modified and optimized for this model FITC-DNA‒anti-FITC antibody system, as 

discussed in Section 3.1.  
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Optimization included the determination of a suitable detector dynamic range.   

All the available dynamic range values (10, 100, and 1000) of the CE system were tested 

with a concentrated FITC-labeled ssDNA sample (20 nM) and a dilute FITC-labeled 

ssDNA sample (2 nM). Our observations verified that a high dynamic range value is 

proper for detecting a very concentrated sample, but that it may suffer from low detection 

sensitivity. A dynamic range that’s too low is good to detect very dilute samples, but will 

curtail signals at a certain level when the sample is relatively concentrated. Based on 

these observations, the dynamic range of the CE system was set at 100 for the rest of this 

work. 

Next, a series of experiments were conducted in order to optimize the injection 

conditions. Six different combinations of injection pressure and injection time (4.0 psi 5.0 

sec, 4.0 psi 3.8 sec, 3.0 psi 5.0 sec, 3.0 psi 3.8 sec, 2.0 psi 3.5 sec, and 0.3 psi 2.0 sec) 

were tested with a 20 nM FITC-labeled ssDNA sample. Fluorescence signal strengths 

were compared, and the optimal injection condition that worked well with DR=100 was 

3.0 psi for 3.8 seconds. However, a subsequent recalibration of the CE instrument 

required the use of a 4.0 psi injection for 5.0 seconds as the standard moving forward. 

Migration time reproducibility was then addressed for the FITC-DNA‒anti-FITC 

antibody system. Initial experimental series consisting of three replicate injections 

sometimes demonstrated as much as 0.9 min variation between identical peaks. Two 

methods were tested in an attempt to solve this problem. One was to add a mini-flush step 

consisting of sequential capillary rinses under pressure with water (5 minutes), 1 M 

NaOH (5 minutes), water (5 minutes), and buffer (5 minutes) before sample injection and 

sample separation, in order to make sure that the capillary was well equilibrated before 
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each subsequent injection. Resulting electropherograms showed that this method could 

only partially improve the migration time reproducibility. Then a second method 

variation that allowed for using fresh, clean buffers for each replicate injection was tried. 

Results showed that this method can reduce migration time shifts to within 15 seconds 

among three replicates. The improvement in migration time reproducibility due to this 

adjustment to the method warranted the continued application of this procedure to the rest 

of this work. 

Binding studies involving FITC-labeled ssDNA and anti-FITC antibody were 

conducted using the optimized conditions thus developed for a CE – LIF method with 

ctITP separation mode. A signal for the antibody-target complex was not observed at 

first, probably because the binding process quenched the FITC fluorescent tag on the 

ssDNA target sample. Therefore, a 1: 50,000 dilution of SYBR Gold nucleic acid 

labeling reagent was introduced to the tris-glycine separation buffer to serve as a 

noncovalent ssDNA fluorescent labeling reagent. In this experimental variation, the 

FITC-labeled ssDNA target was labeled by the SYBR Gold dye based on an on-column 

labeling mechanism, so even though the covalent fluorescent tag on the ssDNA was 

quenched by the antibody binding process, the SYBR Gold tag could still fluoresce and 

allow for detection of the antibody-target complex peak.  

Electropherograms for samples prepared by mixing 20 nM FITC-labeled ssDNA 

with 10 nM anti-FITC antibody revealed a small, separated peak that migrated 

immediately ahead of the (unbound) FITC-labeled ssDNA. This small first peak was as 

attributed to the antibody-target complex, since its migration time agreed with the 

reduced charge-to-size ratio of the ssDNA – target complex. By using NECEEM theory, 
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the dissociation constant was determined based on peak integrations for the complex peak 

and the residual ssDNA peak. The calculated dissociation constant between FITC-labeled 

ssDNA and anti-FITC antibody was 316 ± 17 nM.  Although there are no other reported 

dissociation constant values to compare to our measured Kd value for this model system, 

we noted that the dissociation constant for a similar binding system (Thrombin – 

Thrombin aptamer), which was previously studied in our lab, was similar in magnitude. 

Future experiments could be conducted by isothermal calorimetry to try to provide a 

comparison value for this model binding system. 

The goal of the second part of this work was to explore whether or not carbon 

dots can be used as a fluorescent tag and/or a mobility modifier for members of a ssDNA 

library. We hope to build a rapid drug screening assay using high affinity, high specificity 

aptamers. Since small drug (and drug metabolite) molecules are not likely to impose a 

significant change in the mobility of a ssDNA aptamer upon binding, we propose to add 

carbon dots into the system to interact with all unbound members of the ssDNA random 

library, thus modifying their mobility and allowing us to achieve the separation of target-

bound aptamers from the unbound members of the ssDNA random library.  

CE – UV studies were first conducted during the initial phase of this work in 

order to characterize the electrophoretic profiles of carbon dots and ssDNA library 

samples. Homemade glucose dots, synthesized by a bottom-up method, were first 

employed. We observed some interactions between glucose CDs and a ssDNA library 

sample, as evidenced by a change in the intensity of the complex peak. The DNA-CD 

complex peak increased with increasing glucose CD concentration, whereas the intensity 

of the residual ssDNA library peak was diminished with increasing CD concentrations.  
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Further experiments were then conducted by CE – LIF involving the ssDNA 

library and glucose CDs.  Quenching of the ssDNA signal was observed upon mixing 

with CDs, but the expected migration time change for the complex was not observed. 

Therefore, carbon dots made from an ascorbic acid precursor were then used in place of 

the original glucose dots in similar CE – LIF experiments employing the ctITP separation 

mode. Signal quenching of the ssDNA library increased with increasing concentration of 

AA CDs added to the sample mixtures. However, the ssDNA peak seemed to overlap 

with the signal for the carbon dots when the carbon dots concentration in the sample 

mixture was too high. 

Based on these initial studies, we are confident that carbon dots do interact with 

ssDNA molecules; however, the nominal changes in migration time observed thus far 

warrant further optimization so that these materials can be successfully employed as 

agents to facilitate CE-based aptamer drug screening assays in the future. In particular, 

studies involving new ssDNA samples of different lengths (and with different covalent 

fluorescent probes, which might be less subject to quenching) should be conducted to 

provide better signals for the ssDNA library and the ssDNA – CD complexes.  

Furthermore, CE-LIF studies employing dual-wavelength detection, to allow for the 

simultaneous detection of both CD emission and fluorescently tagged DNA emission in a 

single run, will help us to better understand the extend of binding. 
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