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ABSTRACT 

 

CARBON DOTS AS AIDS FOR ssDNA SEPARATION AND APTAMER 

DISCOVERY AGAINST SMALL MOLECULE DRUGS BY CAPILLARY 

ELECTROPHORESIS 

 

Debashish Roy 

Dissertation under the direction of Christa L. Colyer, Professor of Chemistry 

 

Aptamer-based screening for illicit drugs represents an attractive alternative to 

traditional ELISA-based methods due to lower cost and greater reagent stability and 

specificity offered by single stranded DNA (ssDNA) aptamers relative to their antibody 

counterparts. Aptamer-based screening requires both effective detection (via fluorescence 

emission) and identification of aptamer sequences uniquely qualified to select for the 

desired target. This work focuses on the use of nitrogen-doped carbon dots (NCDs) to 

facilitate selective detection of the aptamer-bound drug target, such as cocaine. 

Carbon dots (CDs) are fluorescent nanomaterials that have potential for application 

in biosensing and medical diagnostics due to their biocompatibility and low toxicity. This 

study involves two types of carbon dots synthesized in-house and characterized for their 

physicochemical properties: unmodified CDs from citric acid, and nitrogen-doped 

(ethylenediamine modified) NCDs. Scanning electron microscopy showed the NCDs are 

smaller in size (2-9 nm) than the unmodified CDs (6-12 nm). Also, fluorescence emission 

studies revealed that the NCDs are more highly fluorescent than unmodified CDs. 
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These studies reveal that ssDNA will associate with NCDs and by so doing, will 

experience a significant change in net electrophoretic mobility relative to free DNA. In 

addition to nonsense DNA and randomer DNA samples, we employed a known cocaine 

aptamer sequence consisting of 32 nucleotides, covalently labeled with carboxyfluorescein 

(6-FAM). The aptamer fluorescence is quenched upon binding to the NCDs. However, the 

aptamer signal is restored upon addition of the target, cocaine,  thus allowing for the drug’s 

selective detection due to preferential binding of the ssDNA with its target compared to 

binding with NCDs. It is anticipated that this NCD-mediated competitive binding can be 

exploited for the capillary transient isotachophoresis (ctITP) separation of drug target-

bound DNA sequences from free DNA libraries with a view to discovering aptamers 

against illicit drugs. 

Another application of NCDs is revealed, which permits for the separation of 

ssDNA based on size. The NCDs were used as buffer additives in ctITP with laser induced 

fluorescence (LIF) detection, which enabled the separation of FAM-labeled ssDNA 

molecules ranging from 32-100 bases in length. 
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CHAPTER 1 

 

INTRODUCTION 

 

Prevalent abuse and the toxicity of small-molecule drugs and their metabolites 

demand accurate and efficient screening methods. Current approaches involving enzyme 

immunoassays are expensive and time-consuming. This work addresses the need for a 

high-efficiency, high-resolution separation technique to enable rapid discovery of small 

molecule drug targets. Coupling a capillary electrophoresis platform and next-generation 

sequencing, it uses carbon nanomaterials to facilitate the separation of target-bound and 

unbound ssDNA aptamers, which are capable of sensing drug targets with high specificity.  

 

1.4. Small molecule drug targets 

The ability to screen and identify small molecules is paramount in the areas of drug 

toxicology, forensic science, law enforcement, and environmental chemistry. Controlled 

substances are a subclass of small molecules that have a legally recognized high potential 

for abuse, including prescription drugs, such as cocaine and morphine, and street drugs, 

such as heroin or ecstasy. According to the National Institute of Justice (NIJ), these drugs 

emerge on a regular basis that requires law-enforcement laboratories to develop quick, 

highly sensitive and specific analytical techniques. For example, in the clinic, cocaine 

hydrochloride solution is primarily used as a topical anesthesia for respiratory illnesses. 

However, on the street, cocaine is a schedule-II controlled drug with a high potential for 

abuse by snorting, smoking, and injection, often in combination with other opiates, such as 

heroin, to augment its pharmacological effect, especially euphoria.1 It and other controlled 



2 
 

drugs can cause myriad adverse effects which includes nausea, vomiting, hallucinations, 

slowed breathing, hypertension, ischemic heart conditions, convulsions, strokes, and often 

death.2 They can be highly addictive, adding punishing socioeconomic costs for whole 

communities. 

Small molecule drugs can be difficult to detect when consumed in combination with 

other recreational drugs, such as cannabinoids and bath salts.3 Moreover, many distributors 

modify the drugs’ structure to evade prosecution by law enforcement authorities. “Designer 

drugs” are not clinically approved for disease treatment (see Fig 1.6). Their chemical 

ingredients are not well-known and must be detected at trace levels. An improved 

separation and detection technique is urgently needed to monitor the extent of drug usage 

and to protect society.  Capillary electrophoresis may be a suitable choice to meet this need.  

1.2. Capillary electrophoresis  

Capillary electrophoresis (CE) is a separation technique based on the differential 

migration rates of charged species in an applied electric field. Earlier approaches using slab 

 

Fig 1.1. Chemical structure of cocaine, THC, and naloxone (top row) and four synthetic cathinones (bottom row) 
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gels were disrupted by Joule heating, which is the heat generated when applying an electric 

field across the (resistive) separation medium. Introducing the capillary format promoted 

efficient heat dissipation and improved separation efficiency, along with reduced analysis 

times and smaller sample requirements.4 This robust technique is suitable for analyzing 

whole cells; macromolecules, such as proteins, DNA, and RNA; and small molecules, such 

as peptides and drugs. The analyte must be charged to move through the separation 

capillary and past the detector, although buffer additives, acting as pseudo-stationary 

phases, can be used to analyze neutral species and/or to differentiate between enantiomers 

or other forms of closely related analytes. CE offers an efficiency, sensitivity, and 

resolution unparalleled by other chromatographic techniques. In providing both 

quantitative and qualitative information about the analyte of interest, it is the right tool for 

solving a wide variety of separation problems.5, 6 

In CE, the separation column is a buffer-filled, fused-silica capillary, which has an 

outer polyimide coating to prevent breakage and allow flexibility of the capillary 

configuration. Typically, it is 25-100-cm long, and its internal diameter is 10-100 µm. It 

extends between two buffer reservoirs (vials) that hold platinum electrodes connected to 

the power supply used to apply 5-30 kV to drive the separation. The inside wall of the 

capillary typically carries a fixed negative charge due to the ionization of surface silanol 

groups, which occurs at a pH greater than 3.0.7 The inside wall may be coated to reverse 

migration direction, and/or enhance the separation of analytes that would otherwise be 

adsorbed to charged wall sites.6  
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To create a window where the UV absorbance or laser-induced fluorescence of 

passing analytes can be monitored, a 1-2 mm length of the exterior polymer coating, 

usually about 10 cm from the outlet, is removed by heating or mechanical means. The 

capillary is housed inside a length of concentric plastic tubing that contains coolant, and a 

capillary cartridge aligns this assembly within the instrument’s detector optics (Fig. 1.1). 

A CE separation begins with the hydrodynamic (pressure-driven) or electrokinetic 

(voltage-driven) injection of a sample (typically 10-100 nL). Next, the capillary inlet is 

transferred from the sample vial to the inlet buffer reservoir, and the separation voltage is 

applied. Both normal and reverse polarity modes can be employed, depending on the 

sample components to be analyzed. Analytes migrate along the capillary according to their 

size and charge. The time it takes for an analyte to reach the detector is known as migration 

time, and electrophoretic mobility, µep, is defined as the ratio of electrophoretic velocity, 

 

 

Figure 1.2: Schematic diagram of a capillary electrophoresis instrument 
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vep (cm/s) to electric field strength, E (V/cm). Equation 1 represents the relationship 

between these parameters:8 

 µ𝑒𝑝 =  
𝑣𝑒𝑝

𝐸
  (1) 

The net migration of an analyte species—cation, anion, or neutral—is the sum of 

its inherent electrophoretic mobility (as defined in Eqn. 1) and the overall electroosmotic 

mobility µeof . When the buffer filling the capillary has a pH higher than 3.0, the silanol 

groups on the inner wall are deprotonated and become negatively charged.7 The positive 

ions in the running buffer are electrostatically attracted to these negatively charged, fixed 

wall sites, forming an electrical double layer. The adsorbed positive counter ions in the 

diffuse region of the double layer are then attracted toward the cathode when high voltage 

is applied. Their collective movement entrains the associated waters of hydration, resulting 

in a bulk flow of the buffer toward the cathode. This bulk flow—or electroosmotic flow 

(EOF)—affects all solution species equally. Its mobility µeof and an analyte species’ 

electrophoretic mobility µep are additive. In normal polarity mode, a positively charged 

ion’s overall mobility is enhanced by EOF, and thus, cations migrate ahead of the EOF 

toward the cathode.5 In contrast, negatively charged ions move slower than the EOF since 

their electrophoretic mobility is in the opposite direction. Thus, the smallest, most highly 

charged cations have the fastest net velocity, while the smallest, most highly charged 

anions have the slowest net velocity. Neutral species migrate at the same speed as the EOF 

(see Fig. 1.2).   
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Capillary zone electrophoresis (CZE) is among the simplest and most versatile 

electrophoretic methods. The sample is prepared in the separation buffer, or background 

electrolyte (BGE), and even during injection, a continuous electric field is maintained 

along the capillary (see Fig. 1.4-A.  However widely used, CZE has a few disadvantages. 

It cannot resolve neutral analytes and does not allow preconcentration or focusing of any 

sample, so it may not provide optimal detection limits or peak efficiencies. Other forms of 

capillary electrophoresis offer better resolution and sensitivity even for complex mixtures 

of samples. 

This study uses capillary transient isotachophoresis (ctITP), a CE-based focusing 

technique.9 In ctITP, the separation and sample buffers contain different ions and have 

different ionic strengths. A leading electrolyte (L) and terminating electrolyte (T) are 

chosen such that their respective electrophoretic mobilities are greater than and less than 

that of the sample ions. The sample is prepared with the leading electrolyte and injected 

onto the capillary, which is filled with separation buffer containing the terminating 

electrolyte, as shown in Figure 1.4-B. When voltage is applied to the capillary, the leading 

electrolyte migrates to the front of the sample zone, and the terminating electrolyte lags 

 

 

Figure 1.3: CE separation of cations, anions, and neutral species 
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behind the sample components to create a typical isotachophoretic stacking condition. 

Larger samples can be injected since their components are focused into sharp bands as a 

result of the buffer discontinuity. As the separation progresses, the leading electrolyte is 

resolved, and a uniform buffer composition achieved, so the regular principles of CZE 

(illustrated in Figure 1.4-a) then take over for the remainder of the separation. The initial 

focusing effect, however, is preserved as sample components migrate past the detector. 

Therefore, ctITP (Fig 1.4-b) allows on-column preconcentration and focusing of the 

analyte, which improves resolution and concentration detection limits. 

 

 

Figure 1.4: Schematic representation of (a) capillary zone electrophoresis (CZE) with a uniform background 

electrolyte (BGE); and (b) capillary transient isotachophoresis (ctITP). In this figure S, L, and T represent 

sample, leading electrolyte, and terminating electrolyte, respectively. Numbers represent the analyte 

components. 
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 This study will also use another mode of CE separation, polymer-enhanced 

capillary transient isotachophoresis (PectI). PectI combines the focusing effect of ctITP 

with that resulting from the presence of dilute polymer in the separation and sample buffers, 

which can improve separation efficiency and the resolution of particular sample 

components.10 Armstrong and coworkers demonstrated an unusual focusing effect with 

microorganism samples when they added dilute polyethylene oxide (PEO) to the buffer for 

capillary electrophoresis with laser-induced fluorescence (CE-LIF) experiments.10Error! 

Bookmark not defined. PEO focusing is attributed to a reduction in the longitudinal diffusion of 

samples in the capillary, but the exact mechanism remains unclear.10  

Our previous studies of microbial samples using CZE with or without dilute PEO 

in the buffer led to multiple peaks.10 Since the added polymer alone did not provide the 

desired efficiency, we coupled this effect with ctITP, and this combination produced a 

single sharp peak for single-microbe samples.10 We attribute the enhanced sensitivity and 

focusing to the transient isotachophoresis element of the separation, and we reported the 

first application of this new PectI method to complex samples.10 Any of these CE variations 

                              

                            FAM      SYBR gold 

 

Fig 1.5.: Chemical Structure of ssDNA labeling agent FAM (left) and SYBR gold (right) 
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typically detect analytes by UV-Vis absorbance or laser-induced fluorescence (LIF). LIF 

detection is more sensitive. A fiber-optic coupled laser directs the excitation source to the 

capillary window, to excite the analyte ions as they migrate past the window for on-column 

detection. This work used an argon-ion laser with an excitation wavelength of 488 nm for 

ssDNA samples with a covalent FAM label or noncovalent SYBR Gold label (see Fig. 1.5). 

SYBR Gold, like other noncovalent labels, can be added to the buffer system for “on-

column labeling,” which occurs simultaneously with the separation and eliminates the need 

for derivatization of the sample. Also, a diode laser with an excitation wavelength of 375 

nm for direct detection of carbon dots (fluorescent nanomaterials used as separation 

additives, as discussed in detail in section 1.3) was used in this work, as part of a dual-

wavelength detection scheme. When fluorescent analytes pass through the capillary and 

reach the detector region, the light they emit is collected by a spherical reflector and a ball 

lens in the LIF detector. The collected fluorescent light is then split by a beam splitter and 

passes through appropriate emission filters before one of two photomultiplier tubes, 

corresponding to the two detection channels. 

 

1.3. Aptamers and aptamer selection  

Aptamers are short, single strands of a nucleic acid (DNA or RNA) or a peptide 

that can be selected in vitro from vast libraries to bind to specific targets. The typical 

selection process, SELEX (systemic evolution of ligands by exponential enrichment; see 

Fig. 1.6), consists of iterative rounds of splitting and copying from the double strands.11,12 

During the last two decades, aptamers have been increasingly used as novel therapeutics 
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and sensors.13 They are used to recognize proteins,14 small molecules,15 viruses,16 and even 

whole cells17 and are replacing antibody-based detection as the frontline method for 

identifying disease conditions, food contamination, and viral infection and in forensic 

applications.12 

Aptamers show many advantages over antibodies, especially as sensors. First, 

selection protocols and successive engineering can control their affinities and specificities. 

Aptamer affinities for analytes are high: dissociation constants (Kd) range from micromolar 

to picomolar. Their specificity enables them to distinguish two molecules that differ 

structurally by a single position.12 They are easy to synthesize and stable at room 

temperature and under the influence of dehydration and heat.  

 

 

Figure 1.6: Schematic representation of SELEX process12 
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Recent developments in aptamer-based chemical sensors hold great promise for 

drug screening.12 Although most work thus far has focused on large molecule targets, 

aptamer selection involving capillary electrophoresis–next-generation sequencing (CE-

NGS) might be deployed to identify small molecule targets, such as opioids, cannabinoids, 

and synthetic cathinones. The proposed screening method uses carbon dots (CDs) to bind 

nonspecifically to unbound single-stranded DNA (ssDNA) to facilitate its separation from 

the target-bound DNA sequences. The inherent fluorescence of CDs provides a sensitive 

detection mechanism when used with CE-LIF.   

In this study, we used cocaine as a model drug target and we also used an aptamer 

that can specifically bind to cocaine. It has been reported that the fluorescent cocaine 

binding aptamer (FCBA), used herein, has a strong binding affinity for cocaine.18 However, 

aptamer selection against small molecule in CE is very challenging due to the difficulties 

in identifying bound and unbound aptamers based on their mass-to-charge ratio. For this, 

we have employed carbon dots as a buffer adjuvant for our study that facilitated the aptamer 

selection study against small molecule drug target. The incorporation of Carbon dots would 

help in this by providing a way to select target-specific aptamer. After a successful cocaine-

specific aptamer selection, we would be able to apply this methodology to discover new 

aptamers against other small molecule using carbon dots in future. 

 

1.4. Carbon dots 

Carbon dots (CDs), initially reported by Dong et al.,19 are quasi-spherical 

nanoparticles less than 10 nm in diameter. They have emerged as a universal fluorophore 

due to several advantages over organic dye molecules or inorganic quantum dots, including 
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excellent photostability, biocompatibility, and tunable photoluminescence (PL). They are 

chemically inert, easy to functionalize with specific biomolecules or chemical moieties, 

and relatively inexpensive to produce.19 

The carbon dots used in this study were prepared by a “bottom-up”, hydrothermal 

method involving small organic precursor molecules, such as citric acid.20 This synthesis 

method is easier than established top-down methods19 and provides better control over 

surface functional groups. A Fourier transform infrared spectroscopy (FTIR) study 

suggests that carboxyl groups on the CD surface are responsible for its hydrophilicity and 

allow it to interact with a variety of molecules.19 

CDs have a maximum absorbance at 362 nm. Upon excitation (300-420-nm), 

maximum emission is observed at 460 nm.19 The molar absorptivity of a sample of 0.55-

mg/mL citric acid CDs prepared in our laboratory was found to be 1.09×102 L.mol-1 cm-1 

at 375 nm. The typical quantum yield ranges from 0.1%-50%.21, 22 Others observed an 

increase in fluorescence quantum yield when CDs noncovalently bonded with target 

molecules via hydrogen bonding, π-π stacking, and/or electrostatic interactions.23 However, 

in experiments conducted in our laboratory and by others, CDs showed signal quenching 

upon binding to DNA.20, 24, 25   

While CDs are often compared to semiconductor quantum dots (QDs), they 

demonstrate some significant differences. CDs have better water solubility and resistance 

to photobleaching, and often show stronger absorption in the UV and blue ranges compared 

to QDs. Improvements to the quantum yields (QY) of CDs are making them more and more 

comparable to QDs in this respect. QDs demonstrate their luminescent properties based on 

the quantum confinement effect; that is, their optical properties are dependent on the crystal 
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size below the exciton Bohr radius.26,27 However, in CDs the luminescence has been 

attributed to the different surface-to-volume ratios displayed by differently-sized dots.28 All 

these properties, coupled with the fact that CDs are biocompatible, make CDs better  

candidates than QDs for many medical imaging and clinical uses.29 

Carbon dots can be modified by altering their surface functional group with 

inorganic element such as nitrogen, sulfur, phosphorus to make them more fluorescent as 

well as useful. In this study, we have applied nitrogen-doped carbon dots (NCDs) that were 

synthesized and characterized in our lab. NCDs are smaller in diameter (2-9 nm) compared 

to undoped CDs (6-12 nm). NCDs are more fluorescent and they have high quantum yield 

compared to undoped CDs. In this work, we used NCDs as buffer additives to understand 

their interaction with ssDNA which later on was implemented into the aptamer selection 

studies against small molecule drug targets.  

 

1.5. Research Objectives 

The overarching goal of this dissertation research was to develop a cost- and time-

efficient methodology using ssDNA aptamers to target small molecule drugs for screening 

with high sensitivity and selectivity. Unique to this methodology is the incorporation of 

CDs as buffer additives capable of resolving target bound and free aptamers in a ctITP 

system with LIF detection. This approach could provide an alternative to expensive enzyme 

immunoassay procedures in both forensic testing and clinical drug monitoring. CDs 

improve aptamer selection and separation processes via nonspecific interactions with free 

DNA, thus modifying the ssDNA mobility relative to that of target-bound aptamers. This 

work also demonstrates a novel application of NCDs, using electrokinetic techniques to 

enable an effective separation of various lengths of ssDNA. 
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The following chapters discuss the approaches and results of this dissertation 

research in detail. Chapter 2 describes the chemical reagents, sample preparation, and 

instrumentation. Chapter 3 provides a thorough overview of fluorescent CD synthesis and 

demonstrates the physiochemical, spectral and electrophoretic differences between N-

modified and unmodified CDs. Chapter 4 describes studies of the interaction of fluorescent 

CDs and ssDNA. Chapter 5 describes an application of the differential interactions of 

NCDs with ssDNA molecules of different sizes, to effect their separation by a modified 

CE method. Chapter 6 demonstrates the successful application of NCDs to select a known 

ssDNA aptamer specific for the small molecule drug cocaine. The binding ligands were 

resolved and detected by a brand-new CD-modified ctITP methodology, and were isolated 

using automated timed fraction collection. Next-generation sequencing (Illumina 

sequencing) was used for the collected fractions to verify the identity of the target-bound 

aptamers.  

 

 

 

 

 

 

 

 

 

 

 

 



15 
 

References 

1. Overview of controlled substances. 

https://nij.ojp.gov/topics/articles/overview-controlled-substances (accessed on Jan 4, 

2021). 

 

2. Richards, J. R.; Le, J. K. Cocaine toxicity. StatPearls Publishing. 

https://www.ncbi.nlm.nih.gov/books/NBK430976/?report=printable (accessed on Mar 

12, 2021). 

 

3 Bath Salts or Designer Cathinones (Synthetic Stimulants) 

http://www.justice.gov/dea/druginfo/factsheets.shtml (accessed Dec 22, 2020). 

 

4. Miller, J. M. Chromatography: Concepts and contrasts; Wiley-Blackwell: Oxford, 

2009. 

 

5. Harris, D.C., Principles of Capillary Electrophoresis, in Quantitative Chemical 

Analysis, 7th Edition 2007, W. H. Freeman and Company: New York. pp. 603-620. 

 

6. Miller, J.M., Capillary Electrophoresis and Capillary Electrochromatography, 

Chromatography Concepts and Contrasts 2005, John Wiley & Sons, Inc.: Hoboken, New 

Jersey. pp. 372-379. 

 

7. Corradini, D., Aprecacenere, L. Dependence of the Electroosmotic Flow in Bare 

Fused-Silica Capillaries from pH, Ionic Strength and Composition of Electrolyte 

Solutions Tailored for Protein Capillary Zone Electrophoresis. Chromatographia. 2003, 

58, 587-596 

 

8. Skoog, D. A., West, D. M., Holler, F. J., Crouch, S. R. Miscellaneous Separation 

Methods. In Fundamentals of Analytical Chemistry 8th Edition, Brooks/Cole Publishing 

Co., 2003, pp. 1003–1010. 

 

9. Foret, F., E. Szoko, and B.L. Karger, On-column transient and coupled column 

isotachophoretic preconcentration of protein samples in capillary zone electrophoresis. 

Journal of Chromatography, 1992. 608, 3-12. 

 

10. Saito, S., Massie, T. L., Maeda, T., Nakazumi, H., Colyer, C. L. On-Column Labeling 

of Gram-Positive Bacteria with a Boronic Acid Functionalized Squarylium Cyanine Dye 

for Analysis by Polymer-Enhanced Capillary Transient Isotachophoresis. Anal. Chem. 

2012, 84, 2452–2458. 

 

 

https://nij.ojp.gov/topics/articles/overviewcontrolledsubstances


16 
 

 

11. Tuerk, C., Gold, L. systemic evolution of ligands by exponential enrichment: RNA 

ligands of bacteriophage T4 DNA polymerase. Science 1990, 249, 505-510. 

 

12. Ilgu, M., Nilsen-Hamilton, M. Aptamers in analytics. Analyst 2016, 141, 1551-1568. 

 

13. McKeague, M., DeRosa, M. C. Challenges and opportunities for small molecule 

aptamer development. J. Nucleic Acids. 2012, 1-20. 

 

14. Bardoczy, V. and Meszaros, T.  Aptamer selection for macromolecular (Protein) and 

for small molecule targets, 2006, in Proceedings of the Periodica Polytechnica Abstracts 

of PhD Conference. 

 

15. Jhaveri S. and Ellington, A. In vitro selection of RNA aptamers to a small molecule 

target, Current Protocols in Nucleic Acid Chemistry, 2002, Ch 9, Unit 9.5. 

 

16. Balogh, Z., Lautner, G., Bard´oczy, V., Komorowska, B., Gyurcs´anyi, R. E., and 

M´esz´aros, T. Selection and versatile application of virus-specific aptamers, FASEB 

Journal, 2010, 24(11), 4187–4195.  

 

17. Sefah, K., Shangguan, D., Xiong, X., O’Donoghue, M. B., and Tan, W. Development 

of DNA aptamers using Cell-SELEX, Nature protocols, 2010, 5(6), 1169–1185. 

 

18. Stojanovic, M. N.; de Prada, P.; Landry, D. W. Aptamer-based folding fluorescent 

sensor for cocaine. JACS 2001, 123, 4928-4931. 

 

19. Dong, Y., Shao, J., Chen, C., Li, H., Wang, R., Chi, Y., Lin, X., Chen, G. Blue 

Luminescent Graphene Quantum Dots and Graphene Oxide Prepared by Tuning the 

Carbonization Degree of Citric Acid. Carbon 2012, 50, 4738–4743. 

 

20. Liu, Q. Capillary electrophoresis analysis of single-stranded DNA aptamers and their 

interactions with protein targets and carbon dots. MS Thesis, Wake Forest University, 

Winston-Salem, NC, 2017.  

 

21. Liu, H., Ye, T., Mao, C. Fluorescent carbon nanoparticles derived from candle soot, 

Angew. Chem. Int. Ed. 2007, 46, 6473. 

 

22. Zhang, J., Yu, S. Carbon dots: large-scale synthesis, sensing and bioimaging, 

Materials today 2016, 19(7), 382-393. 

 



17 
 

 

23. Wen, J., Xu, Y., Li, H., Lu, A., Sun, S. Recent applications of carbon nanomaterials 

in fluorescence biosensing and bioimaging, Chem. Commun., 2015, 51, 11346-11358. 

 

24. Gong, J., Lu, X., An, X. Carbon dots as fluorescent off–on nanosensors for ascorbic 

acid detection. RSC Adv., 2015, 5, 8533–8536. 

 

25. Marumo, K., unpublished studies, Wake Forest University, 2017. 

 

26. Li, L.S., Yan, X. Colloidal Graphene Quantum Dots. J. Phys. Chem. Lett. 2010, 1, 

2572–2576. 
 

27. Mueller, M.L., Yan, X., Dragnea, B., Li, L.S. Slow Hot-Carrier Relaxation in Colloidal 

Graphene Quantum Dots. Nano Lett. 2011, 11, 56–60. 

 

28. Wen, Z.H., Yin, X.B. Excitation-independent carbon dots, from photoluminescence 

mechanism to single-color application. RSC Adv. 2016, 6, 27829 

29. Cayuela, A., Soriano, M.L., Carrillo-Carrion, C., Valcarcel, M. Semiconductor and 

carbon-based fluorescent nanodots: The need for consistency. Chem. Commun. 2016, 52, 

1311–1326. 

 



18 

 

CHAPTER 2 

 

MATERIALS AND METHODS 

 

 

 This chapter presents a summary of chemical reagents that were commonly 

employed or utilized in multiple studies herein, along with general sample preparation 

methods, primary instrumentation, and operating conditions used in these studies. Any 

modifications to these general experimental conditions will be specified in the chapters that 

follow. 

 

2.1. Reagents and Samples 

2.1.1. Buffer reagents  

 Glycine (Bioultra grade, ≥ 99.0% NT), citric acid (> 99.0%), ethylenediamine (> 

99.0%), and potassium chloride (KCl) were purchased from Sigma-Aldrich (St. Louis, Mo). 

Disodium ethylenediamine tetraacetate (EDTA), magnesium chloride (MgCl2), HCl (ACS 

grade), and NaOH (ACS grade) were purchased from Fisher Scientific (Suwanee, GA). Tris 

(hydroxymethyl) aminomethane (Amresco Life Science, proteomics grade) was purchased 

from VWR (Atlanta, GA).  SYBR Gold nucleic acid gel stain was used for DNA labeling in 

some experiments, and was purchased from Invitrogen-Thermo Fisher Technologies 

(Waltham, MA) as a 10,000  concentrate solution. Upon receipt, this was aliquoted into 5 

L portions, each evaporated to dryness before storage in the freezer at -20℃.  A Milli-Q® 

Reagent Water System from EMD Millipore Corporation (Billerica, MA) was used to 

purify water for aqueous sample and solution preparation.  
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2.1.2. DNA oligonucleotides 

 DNA oligonucleotides were purchased as lyophilized solid samples from Integrated 

DNA Technologies (IDT, Coralville, IA) and were reconstituted with 1×TE buffer (10 mM 

tris-HCl, 1 mM EDTA, pH 8.0) purchased from Fisher Scientific (Waltham, MA) to make 

a stock solution (100 µM). All DNA samples were single stranded (ssDNA) and aliquoted 

(5 µL in each) microcentrifuge tube prior to storage at -20℃ to allow for convenient 

removal of quantities appropriate for individual experiments, thus avoiding multiple 

freeze/thaw cycles. This approach permits long-term storage of DNA samples in the 

freezer. Both unlabeled and 6-FAM (6-fluorescein amidite) labeled DNAs (covalently 

derivatized at the 5-end) were used for the aptamer studies – see chapters 4, 5, and 6 for 

more detailed information. 

  

2.1.3. Small-molecule drug targets 

 Small-molecule drug standards (1 mg/mL each of cocaine hydrochloride, 

tetrahydrocannabinol (-)-Δ9-THC, naloxone, methylone HCl, pentylone HCl, MDPV HCl 

(3,4-methylenedioxypyrovalerone HCl), MDPBP HCl (3’,4’-methylenedioxy-α-

pyrrolidinobutiophenone HCl))were purchased from Cerilliant (Round Rock, TX). The last 

four are representative synthetic cathinones, also known as bath salts. All drug standards 

were protected from light in amber ampoules and kept in the freezer (-20°C) until needed 

for experiments. Prior to each experiment, the requisite aliquot was dried in an Eppendorf 

vacuum centrifuge (Enfield, CT) (at room temperature for 20 min at 10000× rpm) to 
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remove the organic solvent (methanol or acetonitrile) in which they were originally 

dissolved. After drying, drug samples were resuspended in sample buffer for CE analysis. 

 

2.2. Carbon Dot (CD) Synthesis 

 The CDs were either unmodified (undoped) or modified (N-doped) and prepared 

using an in-house method. Unmodified CDs were prepared from citric acid by either of 

two different “bottom-up” methods.  One method used 2 g citric acid in a 20-mL 

scintillation vial with no solvent added, heated in a Fisher Scientific Isotemp oven 

(Waltham, MA) at 185-195℃ for 5 h. Another method used 2 g citric acid in a Teflon-

coated autoclave liner enclosed in a standard stainless steel 304 autoclave reactor (Brand: 

Labware), heated  at 185-195℃ for 5 h. After synthesis reaction product was cooled to 

room temperature, and 20 mL of 50 mM NaOH solution were added. The solution was 

sonicated for 30 min (model #2510; Branson Ultrasonics Corporation, Danbury, CT) to 

homogenize and suspend the CDs.  

The NCDs were synthesized according to a reported method with a slight modification 

to accommodate out needs.1 In brief, citric acid (0.42 g) and ethylenediamine (530 µL) 

were dissolved completely in 10 mL of ultrapure water to yield a 1:4 molar ratio (citric 

acid: ethylenediamine). The solution mixture was prepared in a 50 mL Teflon autoclave 

liner placed into a stainless steel 304 autoclave reactor and heated in an Isotemp oven 

(Fisher Scientific, Waltham, MA) at 185-195℃ for 5 h.  

A 5.0 mL aliquot from each doped and undoped CD neat reaction product was dialyzed 

with ultrapure water for 3 days, changing the water every 3 h, using 100-500-Da MWCO 

cellulose ester dialysis membrane (Float-A-Lyzer G2 Dialysis Device, Repligen Corp, 
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Waltham, MA), conditioned based on the manufacturer’s directions.  Dot concentration 

was determined from the reaction product by centrifuging and lyophilizing three, 0.500 mL 

aliquots of the solution with a benchtop freeze dryer (Labconco, Kansas City, MO). The 

average aliquot mass was determined to provide a mass-per-volume (mg/mL) 

concentration for the corresponding synthesized batch. The dialyzed aqueous products 

were stored at room temperature in the dark until required for other experiments. The 

typical batch concentration measured were 7.4 mg/mL for unmodified CDs and 1.2 mg/mL 

for NCDs.  

 

2.3. Sample and Solution Preparation 

 For ctITP experiments, two buffers were prepared. The separation buffer was 

prepared to a final concentration of 31 mM tris with 500 mM glycine (Gly) and this solution 

had an inherent (unadjusted) pH of 8.2. The Gly served as the terminating electrolyte in 

the ctITP system. The sample buffer contained 50 mM tris, which was adjusted to pH 8.2 

by adding 1 M HCl. The Cl- served as the leading electrolyte in the ctITP system. DNA 

samples (or other samples) were prepared by dilution in the ctITP sample buffer.  

 To understand their impact on ssDNA separations, unmodified and N-doped CDs 

were added to the separation and/or sample buffers to achieve a known concentration of 

CDs. For example, this was accomplished by adding an aliquot (of precisely known 

volume) of the dialyzed CD reaction mixture. For example, when CDs were added in both 

buffers, the dialyzed CD solution with known concentration were aliquoted to 10 mL of 

separation buffer and 5 mL of sample buffer for the CE experiments. The CD added buffers 
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were made fresh for all of our experiments mentioned in all our studies. (see Chapter 3, 4, 

5, and 6 for variations according to specific samples in each study).   

 To allow for detection of DNA samples by laser-induced fluorescence (LIF), we 

purchased custom synthesized ssDNA with a covalent label, 6-FAM (fluorescein amidite), 

attached at the 5-end. However, in some experiments we employed unlabeled ssDNA, 

which could be rendered fluorescent by use of the noncovalent, fluorogenic reagent SYBR 

Gold. SYBR Gold was added to both the separation and sample buffers to achieve a final 

dilution of 1:100,000 SYBR Gold: buffer. The exact concentration of SYBR Gold in the 

final buffer and/or sample mixtures was unknown since it is a proprietary reagent (and so 

its exact chemical identity and initial concentration of the chemical as-received are 

unavailable). Both the separation and sample buffers were filtered through a 0.2-µm nylon 

syringe filter prior to the addition of SYBR Gold.  

In general, analytical samples of ssDNA were prepared from 100 µM stock DNA 

dissolved in 1TE buffer. First, a working stock solution of 2 µM ssDNA was prepared by 

dilution of the appropriate volume of 100 µM DNA with water, and this solution was then 

heated in a water bath for about 5 min at 95°C and allowed to cool slowly to room 

temperature to facilitate proper folding. This working stock solution was prepared just prior 

to use, but was stored at 4°C for up to 7 days until needed (especially in cases when not all 

of the working stock solution was consumed for a given experiment). The ssDNA samples 

were then prepared by dilution of the working stock solution with sample buffer to achieve 

the final DNA concentration required for a given CE experiment.  

In experiments that utilized CDs to bind to ssDNA samples or to otherwise affect the 

mobility of ssDNA samples, this was achieved by mixing various combination of CDs 
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concentrations in separation and/or sample buffer. When studying with the unlabeled 

ssDNA, SYBR gold were added to the buffers too for DNA labeling. However, for FAM 

labeled ssDNA, no additional SYBR gold were required in the buffers.   

  

2.4. Instrumentation 

2.4.1. UV/Vis spectrophotometer 

 An Agilent Cary 8454 UV/Vis instrument was used to record absorption spectra of 

CDs and samples. For these measurements, a semi-micro quartz cuvette (Fisher Scientific, 

Suwanee, GA) was rinsed three times with the appropriate solution, then filled with the 

same solution for UV/Vis measurement. The minimum volume used for each UV/Vis 

absorbance measurement was 400 µL. After each measurement, the cuvette was rinsed 

again three times with ultrapure water followed by a single rinse with 95% ethanol. The 

scan rate and wavelength range for each experiment is specified in later chapters where 

results are reported. 

 

2.4.2. Fluorescence Spectroscopy 

Optimization of conditions for the CD samples’ fluorescence emission was conducted on 

an Agilent Cary Eclipse Fluorescence Spectrophotometer with excitation and emission slit 

widths of 5 nm and a scan rate of 100 nm/min. A 1-cm wide, semi-micro quartz cuvette 

(PerkinElmer, Waltham, MA) was used in these experiments. Like UV/Vis, after each 

measurement, the cuvette was rinsed again three times with ultrapure water followed by a 

single rinse with 95% ethanol. 
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2.4.3. Fourier transform infrared spectroscopy (FTIR) 

The FTIR study was conducted for CDs characterization for both unmodified and 

nitrogen modified carbon dots. The Fourier transform infrared spectra were obtained using 

Perkin Elmer Spectrum 100 FTIR Spectrometer. 

 

2.4.4. Scanning Transmission Microscopy (SEM) 

The scanning electron microscopy (SEM) studies were conducted in-house to 

characterize our dots.  SEM was performed using a ZEISS Gemini SEM 300 (Dublin, CA). 

A single drop of sample solution (56 mg/mL for unmodified CDs and 7 mg/mL for N-

doped CDs) was applied to the surface of a clean silicon wafer using a Pasteur pipette and 

allowed to dry completely on a heating mantle at 60-70 ℃. The drying process typically 

took 10-15 min. The wafers were then transferred to the SEM at EHT (electron high 

tension) 15 kV for imaging. The energy dispersive X-ray spectroscopy (EDS), a feature 

within the SEM, was used to analyze the atomic percentage of each element present in each 

type of carbon dots.   

 

2.4.5 Capillary electrophoresis  

 The ssDNA and CD interaction studies were performed using a Sciex P/ACE 

MDQ-Plus CE system with LIF detection (Framingham, MA). An argon-ion laser source 

(488 nm) and a 520-nm- long pass emission filter with a 488-notch filter were used for 

detection. MDQ Plus software was used for instrument control and data analysis. For dual 

wavelength detection, an external 375 nm diode laser (Oz Optics Ltd., Ontario, Canada) 

was employed with a 450 nm long pass filter (Omega Optical, Brattleboro, VT). All CE 
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experiments employed uncoated, fused silica capillary with inside diameter such as 50 µm 

or 75 µm (outside diameter, 360 µm) obtained from Polymicro/Molex (Phoenix, AZ, 

USA), and was cut to different lengths as specified in the results and discussion section.   

 

2.5. Methods for Electrokinetic Separations  

 For all electrophoretic studies, an uncoated, fused-silica capillary (Polymicro 

Technologies, Phoenix, AZ) was used. The total capillary length (inlet to outlet) was 60.2 

cm, and the effective length (inlet to detector) was 50.0 cm, with internal and external 

diameters of 75.3 µm and 363.1 µm, respectively, and an outer polyimide coating of 

thickness 20 µm (to impart flexibility to the capillary). A separation voltage of 18 kV was 

employed for most experiments (unless stated otherwise in a particular figure caption in 

later chapters). Before using a new capillary, the following conditioning procedure was 

followed: rinse for 20 min with deionized water; followed by 20 min sequential rinses with 

1 M NaOH and water; and finally, a 30 min rinse with separation buffer. Prior to reusing 

the capillary on any given day, the capillary was rinsed for 10 min with distilled, deionized 

water, 10 min with 1 M NaOH, 10 min with distilled, deionized water, and 20 min with 

separation buffer. After each sample run and prior to the next injection, the capillary was 

flushed with ultrapure water for 3 min and separation buffer for 3 min.  

 For the ctITP experiments, the capillary, the inlet vial, and the outlet vial were filled 

with tris-Gly (31 mM-500 mM) separation buffer, while the sample was prepared in tris-

HCl (50 mM) sample buffer. Detection was by LIF (with a dynamic range of 1000), using 

a 488 nm argon ion laser and/or 375 nm diode laser for excitation. Sample injection was 
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achieved by pressure at 4.0 psi for 5.0 sec, and the applied separation voltage was 18 kV 

or 25 kV, as specified in the experimental information in later chapters.  
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CHAPTER 3 

SYNTHESIS AND CHARACTERIZATION OF CARBON DOTS 
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3.1.  Introduction  

 Carbon dots (CDs) have drawn enormous attention in recent years due to their 

excellent optical properties and size, compared to other inorganic nanoparticles and organic 

dyes.1, 2,3,4  Their optical absorptivity, high fluorescence quantum yield, chemical stability, 

biocompatibility, and low toxicity make them attractive candidates for clinical 

applications, such as medical diagnosis5, bioimaging6, and biosensing.7,8,9,10 They are 

typically less than 10 nm in diameter and display unique optical features; for example, 

excitation wavelength-dependent fluorescence and photostability, which cannot be 

observed with such nanocarbon relatives as graphene sheets and carbon nanotubes.  

 CDs can be synthesized using a wide variety of approaches, but the most common 

are top-down or bottom-up methods. Top-down methods start with larger carbon-

containing materials, such as graphite columns, carbon fibers, or carbon soot11,12. During 

synthesis, these materials are broken down into carbon nanoparticles mainly by oxidation, 

solvothermal treatment, laser ablation, electrochemical means, etc.13 These processes can 

be lengthy, and they may require harsh conditions or an expensive set-up.14 

 The bottom-up method uses small organic molecules as building blocks for 

pyrolysis, hydrothermal, or microwave-based synthesis.15,16 Some typical organic 

precursors include citric acid, glucose, and ascorbic acid.2,17 According to recent studies, 

CDs can also be prepared from natural products or foodstuffs, such as orange juice, plant 

leaves or flowers.18,19,20 In pyrolysis, the organic precursor is heated in an open vessel in a 

conventional oven for a given period of time. In hydrothermal treatment, an aqueous 

solution of the precursor compound is heated in an autoclave (a closed stainless steel 

vessel) at a specific temperature for several hours. In microwave irradiation, the precursor 
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compound is heated in a closed container for a relatively shorter period because the heating 

power can be adjusted as needed. Bottom-up methods are typically simpler and less 

expensive than top-down methods.21  

 To enhance their fluorescence properties and functionalities, CDs can be modified 

by surface passivation or doping to tune their optical properties. Surface passivation 

increases their quantum yield and emission lifetime and shifts their emission to longer 

wavelengths. This is achieved by protecting any reactive functional groups on their surface 

to maintain optical and chemical stability.22 Doping involves incorporating a foreign atom 

to alter the CDs’ chemical structure and composition, and although the mechanism is not 

well understood, the process can make the CDs more highly fluorescent.23 Typical dopants 

are nitrogen, sulfur, phosphorus, selenium, and silicon.24,25,26 In particular, nitrogen has 

been widely used in doping CDs because its electronic configuration resembles carbon’s. 

Nitrogen-doped CDs (NCDs) are more fluorescent than other heteroatom-doped CDs. One 

known approach for making the CDs more fluorescent is surface passivation. In this 

approach, the surface functional group is modified by organic compounds which enhances 

the fluorescence produced by the surface functional groups, often in association with the 

core.27 

 The chemical composition of carbon dots is an important factor which made them 

fluorescent. In addition their size, shape, and physical structures are also important to 

determine to understand them better. It has already been reported that carbon dots are small 

and can be modified by suitable dopants to expand their applications.8 To understand them 

better, they need to be characterized by spectroscopic technique as well as microscopic 

techniques.  As they are highly fluorescent,  
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 In this work, we investigated the physicochemical properties of the CDs 

synthesized by bottom-up methods to determine their suitability in fluorescence based 

sensing application. For this, the unmodified and NCDs were analyzed by scanning 

electron microscopy (SEM), IR spectroscopy, UV/VIS spectrophotometry, and 

fluorescence emission spectrophotometry. In addition, they were analyzed by capillary 

electrophoresis with laser induced fluorescence to assess applicability and suitability for 

aptamer selection studies.    

 

3.2. Materials and Methods 

3.2.1. Chemical reagents 

 We synthesized carbon dots using citric acid (> 99.5%) as the precursor (Sigma-

Aldrich, St. Louis, MO). We used ethylenediamine (Sigma Aldrich) for nitrogen doping. 

To prepare and resuspend the CDs, we used NaOH (> 97%; Thermo Fisher Scientific, Fair 

Lawn, NJ). For buffer preparation, Glycine (Gly, BioUltra grade, ≥ 99.0% NT) was 

purchased from Sigma Aldrich (St. Louis, MO) and Tris (hydroxymethyl) aminomethane 

(termed tris, proteomics-grade) was purchased from VWR Life Science (AMRESCO, 

Solon, OH)We used a Milli-Q water system (EMD Millipore Corp., Billerica, MA) to 

obtain ultrapure water for the preparation of aqueous solutions. 

3.2.2. Carbon dot synthesis  

 Some CDs were prepared using a modified in-house method.2 We synthesized both 

unmodified (undoped) and modified (N-doped) CDs. For the undoped treatment, we heated 

2 g of citric acid in a 20-mL scintillation vial in an Isotemp Oven (Fisher Scientific, 

Waltham, MA) at 185-195 ℃ for 5 h. We also heated 2 g of citric acid in a Teflon-coated 
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autoclave liner enclosed in a standard stainless steel 304 autoclave reactor (Labware, 

Wilmington, DE) at 185-195 ℃ for 5 h. The synthesis yielded an orange liquid that we 

cooled to room temperature and then added 20 mL of 50 mM NaOH solution. The resulting 

mixture was sonicated for 30 min (Branson Ultrasonics Corp., Danbury, CT) to 

homogenize and suspend the CDs.  

We synthesized other nitrogen-doped carbon dots (NCDs) according to a reported 

method.28,29 with a slight modification to accommodate our needs. In brief, citric acid (0.42 

g) and ethylenediamine (530 µL) were dissolved completely in 10 mL of ultrapure water 

to achieve a 1:4 molar ratio (citric acid: ethylenediamine). The solution was prepared in a 

50-mL Teflon autoclave liner placed in a stainless steel 304 autoclave reactor and heated 

in the Isotemp oven at 185-195 ℃ for 5 h.  

A 5.0 mL aliquot from each of the doped and undoped neat reaction product 

mixtures was dialyzed with ultrapure water for 3 days, changing the water every 3 h using 

a 100-500 Da MWCO cellulose ester dialysis membrane (Repligen Corp, Waltham, MA), 

which was conditioned according to the manufacturer’s directions. CD mass-per-volume 

(mg/mL) concentration was determined by centrifuging and lyophilizing three 0.5-mL 

aliquots of the solution containing in microcentrifuge tube with a benchtop freeze dryer 

(Labconco, Kansas City, MO). After overnight lyophilizing, the tubes were weighed on a 

balance and subtracted the empty tube mass from it to get the dried CD’s mass. The 

dialyzed aqueous products were stored at room temperature in the dark until required for 

other experiments. 
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The typical concentration of as-synthesized NCDs was in the range of 50-60 

mg/mL before the dialysis. After the dialysis conducted according to the above mentioned 

procedure, the concentration of the NCD solution was in the range of 1.0-1.5 mg/mL.  

3.2.3. Buffers and sample preparation 

 A stock solution of 31 mM tris  500 mM glycine “Tris-Gly” was prepared by 

weighing and dissolving the appropriate masses of solid reagents in ultrapure water. The 

inherent pH of the buffer, as-prepared, was 8.2 and did not require adjustment. The stock 

solution was passed through a 0.2-µm nylon syringe filter (VWR, Atlanta, GA) and stored 

in a high-density polyethylene (HDPE) or polypropylene bottle at room temperature until 

further use. After 7 days, it was discarded, and a fresh stock solution prepared for proposed 

experiments. The Tris-Gly solution was used to prepare separation buffers for capillary 

electrophoresis studies of CDs. 

We prepared CD samples for fluorescence spectrophotometric studies by adding 

the appropriate volume of dialyzed CD solution to a 5.00-mL volumetric flask with a 

suitable diluent, and vortexing to ensure all CDs added were mixed. The samples were 

transferred to a clean, dry, 15-mL falcon tube (Fisher Scientific, Suwanee, GA) for storage 

during fluorescence analysis. For the fluorimeter studies, a semi-micro quartz cuvette was 

rinsed three times with the diluted CD solutions before the spectrum or emission 

measurement was recorded. Inbetween each CD sample measurement, the cuvette was 

rinsed three times with ultrapure water and once with 70% ethanol. 

3.2.4. Instrumentation 

 Fluorescence data were collected using an Agilent Cary Eclipse fluorescence 

spectrophotometer (Foster City, CA). Excitation wavelengths were 360 nm and 488 nm, 
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and emission scans covered the ranges of 350-600 nm and 500-650 nm, respectively. Both 

excitation and emission slit widths were 5 nm. The median scan rate was 300 nm/min, and 

the photomultiplier tube (PMT) voltage was 600 V. UV/Vis absorption spectra were 

analyzed on Agilent Cary 8454 UV/Vis instrument. The FTIR (Fourier transform infrared) 

spectra were obtained using Perkin Elmer Spectrum 100 FTIR Spectrometer. 

 The scanning electron microscopy (SEM) studies were performed using a ZEISS 

Gemini SEM 300 (Dublin, CA). A single drop of sample solution (56 mg/mL for 

unmodified CDs and 7 mg/mL for N-doped CDs) was applied to the surface of a clean 

silicon wafer using a Pasteur pipette and allowed to dry completely on a heating mantle at 

60-70oC.  The drying process typically took 10-15 min. The wafers were then transferred 

to the SEM at EHT (electron high tension) 15 kV for imaging. The energy dispersive X-ray 

spectroscopy (EDS), a feature within the SEM, was used to analyze the atomic percentage 

of each element present in each type of carbon dots.   

Capillary electrophoresis (CE) experiments were conducted on a Sciex MDQ Plus 

system, applying 25 kV to a 25 mM tris -192 mM Gly separation buffer (pH 8.2) and a 50 

mM Tris-HCl (pH 8.2) sample buffer. The sample injection volume was 1.09 nL, and the 

capillary had a 50 m inside diameter (i.d.). Each sample concentration injected was 100 

µg/mL for unmodified and NCDs. 

3.3. Results and Discussion 

The characterization work was conducted on carbon dots after successful synthesis. 

The undoped dots synthesized by the hydrothermal method were slightly fluorescent when 

analyzed by fluorimeter (data not shown). Again, the nitrogen modified dots synthesized 

in the oven were hard to dissolve into the solution after synthesis and so they were not 
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chosen for further characterization. All of our work presented here and onwards was using 

unmodified oven-synthesized dots and nitrogen modified hydrothermally (autoclave) 

synthesized dots. 

3.3.1. SEM analysis of carbon dots 

We analyzed carbon quantum dots made from citric acid (CAQDs) and   nitrogen-

doped carbon dots from citric acid with ethylenediamine (NCDs) by SEM to determine 

their size. We also used energy-dispersive X-ray spectroscopy (EDS), a feature of the SEM 

instrument, to determine the percentage composition of atoms in each type of CD.   The 

SEM images showed that both unmodified and NCDs are spherical in shape (Fig. 3.1 A 

and B). Using the software application Nano Measurer 1.2 (Informer Technologies Inc. 

Shanghai, China), CAQD diameters were found to range from 6-12 nm with an average 

diameter of 10 nm, while NCDs were from 2-9 nm with an average of 6 nm (Fig. 3.1 C, 

D). These sizes are in agreement with results reported by others,28, 30  and they indicate that 

N-doping results in smaller CDs.  The presence of each of the elements in both types of 

carbon dots also indicated the presence and absence of N in corresponding CDs analyzed 

by EDS (3.1 E and F).  

From the EDS analysis it has been seen that the undoped and doped carbon dots 

contain a similar percentage of carbon atoms (~ 52% each). However, nitrogen doping with 

ethylenediamine produced dots with 22% nitrogen and 26% oxygen, whereas undoped dots 

contained more oxygen (46%) (Figs. 3.1 E, F). Trace levels of Si and Na are attributed to 

0.34% and 1.49% for unmodified CDs and for NCDs, the Si content was 0.26%. This Si 

content may have originated from the silicon wafer used during the SEM analysis. The Na 

may have come from the unmodified carbon dots as it was resuspended in NaOH solution.  
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Figure 3.1. SEM analysis of carbon dots. Microscopy images of CAQDs (A) and NCDs (B) at 

100 nm scale. Histogram for CAQDs (C) and NCDs (D). The energy dispersive X-ray 

spectroscopy (EDS) results for CAQDs (E) and NCDs (F).  
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3.3.2. Analysis of carbon dots by Fourier-transform infrared spectroscopy 

CDs were studied using Fourier-transform infrared spectroscopy (FTIR) to help 

elucidate surface functional groups. Each surface functional group should result in a 

A 

 

B 

 

Fig 3.2: Characterization of unmodified carbon dots (A) and N-doped carbon dots (B) by 

Fourier-transform infrared (FTIR) analysis. The as-synthesized CD solutions were directly 

applied to the crystal and the percent transmittance was collected in the 4000 – 600 cm-1 range.      
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characteristic band in the IR spectrum, with an energy (wavenumber) indicative of the 

group identity and a peak intensity related to group prevalence. In Fig. 3.2 A, the IR 

spectrum of unmodified CDs shows O-H vibrational stretching (from hydroxide groups on 

the surface) at 3530 cm-1; and O-H (from surface ‒COOH groups) at 2925 cm-1 and 2530 

cm-1. The C=O groups on the surface show stretching at 1730 cm-1 and 1705 cm-1; whereas 

phenyl groups and CH2 groups are seen at 1560 and 1387 cm-1, respectively.  The fact that 

unmodified CDs showed stretching bands for carboxyl groups and hydroxyl groups 

indicates partial or incomplete carbonization of citric acid has occurred during the 

synthesis, which has also been reported by other researchers.2 

The FTIR spectrum of N-CDs (Fig. 3.2 B) shared many features in common with 

the undoped dots, as was to be expected. These common FTIR signals included: O-H 

stretch (3550 cm-1), O-H/N-H stretch (3060 cm-1), C-H stretch (2920 cm-1), C-N stretch 

(1215 cm-1). However, the FTIR spectrum of N-CDs showed clear evidence for the 

presence of the nitrogen dopant in the form of bands characteristic of N-H bending at 1590 

cm-1, C=O stretch (1660 cm-1). Wu et al.4 asserted that the presence of N-H bending, C=O 

stretching in their N-doped CDs was evidence of surface function groups resulting from 

doping.  The extent of nitrogen modification of the CDs can be further probed by UV-Vis 

absorbance and fluorescence emission spectroscopy, as explained in the sections that 

follow in this type of CDs can be further explained in following sections using the 

spectrophotometry techniques. 

3.3.3. A study of CDs by UV-Vis absorbance spectroscopy 

 The UV-Vis absorbance spectrum of CDs and NCDs was recorded, as shown in 

Fig. 3.2 A & B, respectively.  Unmodified CD samples were prepared by 10-fold dilution 
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(with water) of the neat solution of CDs resulting from synthesis (Fig 3.3.A). A broad 

absorbance peak was observed in the range of 200-500 nm with maximum absorbance from 

320-370 nm. This absorbance spectrum differs slightly in terms of intensity of the 

absorbance from that reported by other researchers2 due to the heating method employed  

 in our CD synthesis. 

Figure 3.3. UV-VIS absorbance spectra of unmodified citric acid carbon dots prepared by 

10-fold dilution in water (A) and N-doped carbon dots prepared by 1000-fold dilution in 

water (B).  

 

For the N-doped carbon dots, a broad absorbance was observed in the 200-550-nm 

range (Fig 3.3.B) with a maximum at 365 nm, which is consistent with the absorbance 

spectrum of N-modified carbon dots reported by Wu and colleagues.28 The absorption peak 

is associated with the n → π* transition of surrounding carbonyl groups of the C atoms in 

the lattice.31 The molar absorptivity of N-doped carbon dots was greater than that of 

undoped carbon dots, and so the samples of N-CDs needed to be prepared by 1000-fold 

dilution in water.  
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3.3.4. A study of CDs by fluorescence spectrometry 

 Undoped and N-doped CDs alike were excited at 360 nm and 488 nm in separate 

experiments (see Figs. 3.4 A & B). The former excitation wavelength was chosen to 

coincide with the absorbance maximum of the CD samples. The latter excitation 

wavelength was chosen to coincide with the incident wavelength of one of the laser sources 

(a 488-nm argon ion laser) to be used in subsequent studies by capillary electrophoresis 

(see Ch. 5). The samples were prepared by diluting the neat (as-prepared) CD solutions 

1,000-fold or 100,000-fold (for undoped CDs or N-doped CDs, respectively) with water. 

Fluorescence excitation/emission maxima for the unmodified CDs were observed at 360 

nm (excit.)/460 nm (emis.) and 488 nm (excit.)/ 520 nm (emis.), the former being similar 

to that reported by others.4 However, unlike some other reports, the wavelength of 

maximum fluorescence emission was not independent of excitation wavelength for these 

undoped CDs. As the excitation wavelength was increased from 360 nm to 488 nm, our 

CDs demonstrated a red shift of the emission maximum from 460 nm to 560 nm (Fig 

3.4.A). 

The NCDs demonstrate higher emission compared to unmodified dots due to their 

surface functional groups. Due to the fact that NCDs contain N-H and C=O on their surface, 

they tend to be more fluorescent. In this study, we have carefully measured the 

concentration of each type of dots prior to their characterization. So, it is evident from Fig. 

3.4.B that the NCDs are more fluorescent than unmodified dots.  
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A 

 

B 

 

Figure 3.4. Fluorescence emission spectra at excitation wavelengths of 360 nm (blue) and 

488 nm (orange) for unmodified citric acid carbon dots diluted 1000-fold in water (A) and 

N-doped carbon dots diluted 100,000-fold in water (B). 

  

 

3.3.5. Capillary electrophoresis (CE) analysis of CDs   

 The dialyzed CD sample solutions were analyzed by capillary electrophoresis with 

laser-induced fluorescence detection (CE-LIF) to determine if a characteristic “fingerprint” 

or electrophoretic pattern could be discerned, which could then serve as a quality control 

check on future synthesis batches. CE is a powerful technique that applies an electric field 

to separate analyte ions based on their size and charge. Figure 3.5 shows several broad 

peaks for the unmodified CDs, suggesting that the synthesized dots are of different sizes 

and charges.  
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The electropherogram for NCDs (Fig. 3.5.B) demonstrates a different profile. In 

this electropherogram, we see one large peak among several tiny peaks, which indicates 

that the abundance of one NCDs species predominates over the others. The migration time 

for NCDs and unmodified dots were hard to measure as there were several tiny signals; 

however, if we pick the tallest peak as their main signal, then the unmodified dots have a 

migration time of 10.54 min while NCDs have a migration time of 5.92 min. The overall 

peak intensity for the NCDs was 48.2% higher than that of the unmodified CDs. 

Thus, unmodified and nitrogen-doped CDs have slightly different CE profiles 

based on their synthesis procedure as well as size and surface charges. Their CE profile 

shows that they migrate differently. Because the NCDs are smaller in size compared to 

unmodified dots, this may contribute to their faster migration than the unmodified dots. 

Whereas CE-LIF was used herein to characterize the CDs, it is noted that CDs can, 
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Figure 3.5. CE electropherogram data for 100 µg/mL of dialyzed (A) unmodified CDs, and (B) 

N-doped carbon dots at 375 nm excitation wavelength. CE experimental conditions are as 

discussed in section 3.2.4. 
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themselves, be used as buffer additives to develop new CE separation methodologies for 

other analytes. The utility of CDs as buffer modifiers in CE for the separation of ssDNA 

samples in particular will be explored in the next chapter. 

 

3.4. Conclusions 

 This chapter described an easy, inexpensive method for synthesizing CDs from 

citric acid with or without modification in the form of N-doping by ethylenediamine. The 

unmodified CDs that were successfully characterized were prepared by conventional oven 

pyrolysis, while the nitrogen-doped CDs (NCDs) were prepared by hydrothermal synthesis 

(from aqueous solution of starting materials in an autoclave). An SEM study showed that 

the unmodified CDs have larger diameters (in the range of 5-10 nm) than the NCDs (2-6 

nm). Based on the fluorescence studies, the excitation wavelength maximum was observed 

at 360 nm with an emission maximum at 450 nm for both types of CDs. The UV/Vis 

absorbance and FTIR spectra revealed properties (including the presence of surface groups) 

that were in agreement with those reported by other researchers,28 even if their synthesis 

methods differed slightly from ours. By way of fluorescence spectroscopy studies, the 

NCDs demonstrated 100-times higher fluorescence than unmodified CDs. This result 

suggests the potential utility of NCDs as fluorescence detection tools or “labels” for other 

analytes that might associate with the NCDs and thus be rendered fluorescent by 

association with the NCDs. However, it is not only the superior fluorescence properties of 

NCDs that contributes to their suitability as analytical tools, but also their predictable and 

distinctive electrophoretic migration in CE-LIF studies. This suggests that NCDs can serve 
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to mediate the migration of associated species in CE studies.  Indeed, the use of NCDs to 

aid in the separation of ssDNA samples is the subject of the chapters that follow. 
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CHAPTER 4 

 

STUDYING THE INTERACTION OF ssDNA WITH CARBON DOTS BY WAY 

OF CAPILLARY ELECTROPHORESIS-BASED METHODS 
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4.1. Introduction 

Aptamers are short sequences—typically 10-100 bases—of single-stranded DNA or 

RNA oligonucleotides. Like antibodies, they bind their targets with high affinity and 

specificity, but recent studies have shown that they have several distinct advantages over 

antibodies as an analytical tool.1 Because they are single-stranded, they usually bind 

through electrostatic attraction and complex folding, stabilized by hydrogen bonds. Hence, 

they have greater stability with respect to shelf life, temperature conditions, and synthesis 

than antibodies, and experimental results are more reproducible. In addition, once a target 

is identified, aptamers can be used in a variety of analytical methods and as drug-delivery 

agents and therapeutic tools.2  

Given the growing importance of and interest in ssDNA aptamers, a need for better 

separation methods, capable of differentiating between ssDNA samples of different size 

(see Ch. 5) and target-bound versus free ssDNA samples, has arisen. DNA separation is 

conventionally performed using slab gel electrophoresis, but it is slow; sensitivity is low; 

and the high voltage applied may deform the gel. In contrast, capillary electrophoresis 

(CE),  a powerful, high-resolution technique for separating charged analytes based on their 

differential migration rates in an applied electrical field,3,4 is quick, requires only a small 

sample, and separation is highly efficient.5 In addition, CE selectivity can be enhanced by 

buffer additives, such as carbon dots. Other researchers used CE methods with carbon dots 

(CDs) as buffer additives to separate organic acids,6 but prior to a recent publication from 

our lab,15 no one has reported using CDs to aid ssDNA separation. To advance our 

understanding about CDs’ interactions with ssDNA, and the influence of CD surface 
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functional group modifications, we developed and assessed a variety of CE methods with 

laser-induced fluorescence (LIF) detection, as discussed in this chapter. 

More specifically, these method development studies focused on the free-solution CE-

based method capillary transient isotachophoresis (ctITP) as a separation mode. In ctITP, 

the separation and sample buffers contain different ions (in one buffer is the leading 

electrolyte, and in the other buffer is the terminating electrolyte).  The buffers have 

different ionic strengths and thus the electric field generated upon the application of the 

separation voltage is not uniform along the length of the capillary. The leading electrolyte 

has a greater electrophoretic mobility than that of the sample component of interest while 

the terminating electrolyte has a lesser electrophoretic mobility than that of the sample ion. 

As a result, the sample ion is focused at the junction between leading and terminating 

electrolytes, leading to higher sensitivity and resolution than can be achieved by 

conventional CE.7,8,9 

Whereas published ctITP systems have employed conventional buffers, we 

hypothesized that the addition of carbon dots (CDs) to both the sample and separation 

buffer could lead to further improvements in selectivity and detection. CDs are fluorescent 

nanomaterials that have found application in bioimaging and biosensing.10 Carbon dots 

have also been used to detect diseases, facilitating diagnosis to significantly reduce 

treatment costs.11,12  Nitrogen-modified carbon dots have been shown to be more 

fluorescent than unmodified CDs.13 CD photoluminescence properties are attributed to sp2 

or sp3 hybridization for unmodified or nitrogen-modified dots, respectively.14,15,16 The 

numerous carboxylate functional groups on their surface make them highly soluble in water 

(see chapter 3) 16,17 and they can interact with a variety of analytes by π-π stacking, 
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hydrophilic interactions, and electrostatic interactions.18 Their synthesis is quite simple, 

and they are stable and inexpensive compared to any organic dyes or other agents 

sometimes employed in CE separations to enhance detection. Recent studies used graphene 

oxide to make DNA-based optical sensors via π-π interaction with ssDNA.19 However, to 

our knowledge, no study has been published employing electromigration methods to probe 

the nature of CD interactions with ssDNA samples. Hence, we explored the impact of 

adding either unmodified CDs or nitrogen-doped CDs (NCDs) to the separation and sample 

buffers alike in a ctITP system to preserve the ctITP focusing effect while possibly 

exploiting greater benefit from the new addition of nanomaterials. Ultimately, we aim to 

use CDs to bind to ssDNA, with the intention of significantly modifying the mobility of 

the latter relative to free ssDNA or ssDNA bound to small-molecule targets. Such improved 

resolution would then permit the selection of aptamers from a pool of random ssDNA 

molecules by virtue of the fact that any target-bound ssDNA (“aptamers”) would migrate 

separately from the CD-bound pool of DNA. 

  We used unmodified and N-modified CDs to assess the interaction of CDs with 

ssDNA. We found that their interaction varied with CD concentration, ssDNA 

concentration, incubation period, and buffer pH. These findings may be leveraged to 

identify target-specific ssDNA aptamers. 

 

4.2. Materials and Methods 

4.2.1. Buffer reagents  

 Glycine (Gly, BioUltra grade, ≥ 99.0% NT), citric acid (> 99.0%), and ethylenediamine 

(> 99%) were purchased from Sigma Aldrich (St. Louis, MO). Tris (hydroxymethyl) 

aminomethane (termed tris, proteomics-grade) was purchased from VWR Life Science 
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(AMRESCO, Solon, OH). Ultrapure water obtained from a Milli-Q water system 

(Millipore Corporation, Billerica, MA) was used for buffer preparation. SYBR Gold was 

purchased from Invitrogen-Thermo Fisher Technologies (Waltham, MA). SYBR Gold was 

used for DNA labeling in some experiments, and was purchased from Invitrogen-Thermo 

Fisher Technologies (Waltham, MA) as a 10,000  concentrate solution. Upon receipt, this 

was aliquoted into 5 µL portions, each evaporated to dryness before storage in the freezer 

at -20℃. SYBR Gold samples were reconstituted by the addition of buffer and/or sample 

solutions, as specified in section 4.2.3.). 

 

4.2.2. ssDNA oligonucleotides 

 All ssDNA oligonucleotides were purchased in lyophilized powder form from 

Integrated DNA Technologies, IDT  (Coralville, IA) and were reconstituted to the desired 

concentration (to create what is referred to herein as the “ssDNA stock solution”) in a 1 × 

TE buffer (10 mM tris with 1 mM EDTA, pH 8.0) purchased from Fisher Scientific 

(Waltham, MA). Aliquots of known volume (5 µL) of the ssDNA stock solution in 1xTE 

buffer thus prepared were stored at -20℃ prior to experimentation. The ssDNA oligos were 

either unlabeled or labeled at the 5-end with 6-carboxyfluorescein (fluorescein amidite, 6-

FAM, 6-fluorescein amidite), and the nucleic acid bases were adenine (A), guanine (G), 

thymine (T), and cytosine (C). Some studies involved single stranded oligonucleotides 

composed of random sequences of G and T (designated as “K” bases). Each of the ssDNA 

molecules was synthesized with a custom primer sequence or Ion Torrent primer handles 

(as specified by Life Technologies, Inc), to facilitate future sequencing experiments if 

needed. The oligo sequences were as follows: 
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(i) 29-mer thrombin aptamers, with primers and FAM label [61 bases total]:   

5ʹ - /56-FAM/AGC ACA AGC AGT ACT AAG TCC GTG GTA GGG CAG GTT 

GGG GTG ACT GAC AGC GTA TGG TGA G – 3ʹ 

 

(ii) 15-mer randomer, with Ion Torrent primer handles [83 bases total]:   

5ʹ - 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 - 3ʹ 

 

4.2.3. Sample and buffer preparation 

 Buffer stock solutions were prepared by dissolving the appropriate amount of chemical 

reagents in water. For the ctITP experiments, a separation buffer was prepared to a final 

concentration of 31 mM tris and 500 mM Gly (pH 8.2). The sample buffer contained 50 

mM tris adjusted with 1 M HCl to a  pH of 8.2. Buffers were filtered through a 0.2 µm 

nylon syringe filter prior to each experiment. For specific studies, CDs were added to the 

buffers at the appropriate concentration (as specified in Results & Discussion section 4.3). 

For still other studies, SYBR Gold was added to the buffers at a ratio of 1:100,000 to 

noncovalently label ssDNA oligos that were lacking 6-FAM covalent labels. To do this, 10 

µL of original SYBR Gold stock was reconstituted by adding 490 µL of corresponding 

buffers to make a working solution. By adding 5 µL of this working solution into 10 mL 

buffer results in a dilution ratio of 1:100,000 of SYBR Gold. 

Working stock solutions of ssDNA were prepared by adding the appropriate volume of 

sample buffer (50 mM tris-HCl, pH 8.2) to an aliquoted original ssDNA stock solution to 

yield a concentration of 2 µM ssDNA. The working stock solutions of ssDNA were heated 

at 95℃ in a hot water bath for 5 min and allowed to cool down to room temperature to 

ensure proper folding. ssDNA working stock solutions thus prepared were stored in the 

refrigerator for up to one week. For each experiment, an aliquot of precisely known volume 

of this working stock solution of ssDNA was added to additional sample buffer (with or 
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without added carbon dots and/or SYBR Gold labeling reagent) for the preparation of 

individual ssDNA samples pertaining to each experiment.    

 

4.2.4. Carbon dot synthesis 

Unmodified carbon dots (CDs) were prepared from citric acid by either of two different 

“bottom-up” methods.  One method used 2 g citric acid in a 20-mL scintillation vial with 

no solvent added, heated in a Fisher Scientific Isotemp oven (Waltham, MA) at 185-195℃ 

for 5 h. On the other hand, the nitrogen-doped carbon dots (NCDs) were synthesized 

according to a reported method, modified according to our needs. Briefly, citric acid (0.42 

g) and ethylenediamine (530 μL) were dissolved in 10 mL of ultrapure water to achieve a 

molar ratio of citric acid: ethylenediamine of 1:4. This mixture was prepared in a 50 mL 

Teflon autoclave liner, which was placed into a standard stainless steel 304 autoclave 

reactor (purchased from Labware, part number 2T50, Wilmington, DE) and heated in an 

Isotemp oven (model 506G; Fisher Scientific, Waltham, MA) at 185-195 °C for 5 h. In 

both cases, the reaction mixture was cooled down to room temperature and centrifuged at 

8000 x rpm for 5 min and decanted, leaving behind any precipitate, which is presumed to 

be undesired reaction by-products from the hydrothermal reaction. A 5-mL aliquot of the 

decanted neat reaction product solution, which appeared as a clear, brownish-yellow 

solution (indicative of the presence of carbon dots), was dialyzed against ultrapure water 

for 2 or 3 days (changing the water every 3 h at room temperature) using a 100-500 Da 

molecular weight cut-off (MWCO) cellulose ester dialysis membrane (Repligen Corp., 

Waltham, MA), which was conditioned according to the manufacturer’s guidelines. 

Dialysis was conducted to remove unreacted starting material and any small molecule 

products that were not carbon dots. The concentration of the resulting dialyzed NCD 
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solution was determined from mass measurements made on multiple, representative CD 

solution aliquots, as described here: the dialyzed reaction product solution of three, 0.500 

mL aliquots were lyophilized with a benchtop freeze dryer (Labconco, Kansas City, MO); 

the mass of each of the resulting dry portions of CDs was determined; these masses were 

averaged and divided by the aliquot volume (0.500 mL) to establish a representative 

concentration for the CDs in units of mg/mL. It was assumed that this concentration was 

applicable to all portions of synthesized NCD solution taken from this batch. Typical 

dialyzed solution concentrations for a batch of NCDs prepared according to these methods 

were 1-1.5 mg/mL. Dialyzed, aqueous NCD solutions were stored at room temperature in 

the dark for up to 3 months until needed. 

 

4.2.5. CE instrumentation 

 CE-based analyses were conducted using a Sciex MDQ Plus system with 32 Karat 

software (Framingham, MA) and laser-induced fluorescence (LIF) detection with an Ar-

ion laser for excitation at 488 nm, and a 520-nm-long pass filter together with a 488 nm 

notch filter for emission. All CE experiments employed an uncoated, fused silica capillary 

with an inside diameter of 50 µm or 75 µm and an outside diameter of 360 µm, obtained 

from Polymicro/Molex (Phoenix, AZ), and cut to different lengths as specified in section 

4.3. Other CE conditions, including injection, temperature, and separation voltage, were 

varied to determine their impact on separation efficiency (details are provided in the 

applicable sections of 4.3).  

 

4.3. Results and Discussion 

4.3.1. Studying the effect of unmodified CDs on the separation of ssDNA by CE  
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  First, we had to determine what conditions are necessary for CDs to interact with 

ssDNA randomers. We used a sample consisting of a FAM-labeled, 29-mer ssDNA 

thrombin aptamer with sequencing handles (61 bases in total). We were not specifically 

interested in the thrombin aptamer sequence, per se, but it represents a readily available, 

well-studied aptamer sequence. Indeed, our own lab has published prior work documenting 

the fluorescent labeling with SYBR Gold7 and the selection of the thrombin aptamer from 

a randomer library by a CE method coupled to next-generation sequencing NGS.
20   

  In this study, CE-based separations were conducted under normal polarity mode, 

which means that the sample was injected at the high voltage end of the capillary, and the 

detector was closer to the outlet (grounded end) of the capillary. Furthermore, by 

employing different sample and separation buffers in these studies, we implemented ctITP 

methods rather than conventional CE methods, in order to afford greater resolutions and 

sensitivity (as described earlier in this chapter and in Ch. 1. The ctITP method used a 31mM 

tris‒500 mM Gly separation buffer (pH 8.2), which filled the capillary along with the inlet 

and outlet reservoirs. The glycine ion served as the terminating electrolyte. The DNA 

sample was prepared in a different buffer; namely, 50-mM tris:HCl ( pH 8.2). The chloride 

ion served as the leading electrolyte. Strictly speaking, to maintain true ctITP conditions, 

unmodified citric acid CDs were added to both the sample and separation buffers. 

However, in some instances, CDs were added to just the sample buffer to determine if this 

had any detrimental (or advantageous) effect on associations with the DNA sample. Since 

the DNA sample chosen for these studies was FAM-labeled, we expected to see not only a 

change in migration time of the DNA if it associated with the CDs but also a change in the 
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fluorescence of the FAM-label (or a change in the native fluorescence of the CDs 

themselves) if the DNA and CDs were closely associated.  

The effect of adding 15 g/mL of citric acid CDs to a 50 nM sample of ssDNA is shown 

in Fig. 4.1. In the absence of added CDs (blue trace), the DNA signal appears as a sharp 

peak at 7.8 min, preceded by a small, unresolved shoulder peak. The small shoulder peak 

can be attributed to a differently folded version of the DNA, as established in previous 

work from our laboratory.7 Upon the addition of CDs to both the separation and sample 

buffers (Fig. 4.1, orange trace), the net mobility of the DNA peak was only slightly 

affected, but the fluorescence peak intensity was diminished by 63.4%. This significant 

quenching of the signal from the FAM label on the DNA sample suggests that the DNA is 

bound to the added CDs. Interaction of ssDNA with CDs, whether by π-π stacking, 

 

Figure 4.1. Representative electropherogram showing the effect of citric acid CDs on ssDNA 

analysis by ctITP for a 50 nM sample of a FAM-labeled, 29-mer ssDNA aptamer.  Sample 

buffer was 50 mM tris-HCl (pH 8.2) and separation buffer was 31 mM tris‒500 mM Gly (pH 

8.2), with no added CDs (blue trace) or with 15 g/mL of citric acid CDs added to both buffers 

(orange trace). The blank signal (CDs in both buffers, but no DNA) is shown in gray.  The 

separation voltage was 18 kV, and injection occurred at 25℃ for 5 sec at 4 psi. The capillary 

inside and outside diameters were 75 m and 360 m, respectively; with effective and total 

lengths of 50 cm and 60.2 cm, respectively. Detection was by LIF, with excit = 488 nm and 

emis ≥ 520 nm. 
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hydrogen bonding, hydrophilic interactions, and/or electrostatic interactions, has been 

shown to cause ssDNA signal quenching in other studies.21  While such interactions might 

also be expected to alter the mobility of the DNA, it is possible that the addition of CDs to 

both sample and separation buffers impacted the overall electroosmotic flow as well as the 

electrophoretic mobility of the DNA in such that the net mobility (sum of electrophoretic 

and electrokinetic mobilities) was not significantly affected.  A blank sample was prepared 

with no DNA but with CDs present in the sample buffer (and CDs in the separation buffer), 

and this led to no signal in the resulting electropherogram (Fig. 4.1, gray trace).  

Additionally, we studied the effect of varying the concentration of ssDNA with a fixed 

concentration of CDs added to the separation buffer only, as seen in Fig. 4.2. In the absence 

of CDs, FAM-labeled DNA peak heights increased in proportion to DNA concentration 

(Fig. 4.2, A-C, for 20, 50, and 100 nM ssDNA, respectively).  Migration time increased by 

almost a minute once the sample was mixed with 25 µg/mL of CDs (D-F) (see section 

4.3.5). In addition, ssDNA fluorescence was quenched by over 60% as evidenced by the 

reduction in peak heights and areas. It can be seen that peak height is proportional to the 

concentration of FAM-labeled ssDNA without added CDs (Fig. 4.2, A-C), and this 

proportionality holds true even for the quenched signal when CDs are added to the DNA 

samples (Fig. 4.2, D-F).  This fact would allow for the quantitation of DNA in the presence 

or absence of CDs. 
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4.3.2. Effect of sample buffer pH on the interaction of ssDNA and CDs  

 This study was designed to determine whether sample buffer pH has an impact on the 

interaction of ssDNA with CDs in CE-based experiments. In these experiments we also 

employed a 15-mer randomer, unlabeled ssDNA sequence to ensure that the FAM-label 

(employed in the studies discussed above) was not responsible for the DNA-CD 

 

Fig 4.2: Representative electropherograms of FAM-labeled, 29-mer ssDNA samples at 

concentrations of 20 nM (A), 50 nM (B), and 100 nM (C) in the absence of CDs in the sample buffer; 

and with 25 µg/mL CDs in the separation buffer (D-F). The separation buffer was 31 mM tris‒500-

mM Gly at pH 8.2, and the sample buffer was 50 mM tris-HCl, pH 8.2. The separation voltage was 

18 kV, and injection occurred at 25℃ for 5 sec at 4 psi. The capillary inside and outside diameters 

were 75 m and 360 m, respectively; with effective and total lengths of 50 cm and 60.2 cm, 

respectively. Detection was by LIF, with excit = 488 nm and emis ≥ 520 nm. 
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interactions previously observed.  To facilitate LIF detection of the DNA (and/or DNA-

CD complexes) in this study, we included the noncovalent DNA fluorophor SYBR Gold 

in the sample and separation buffers.  The concentration of SYBR Gold was held constant 

at a dilution of 1:100,000 and this was achieved by resconstituting dried aliquots of SYBR 

Gold stock solution (as described in Section 4.2.3) by the addition of the appropriate 

volume of sample buffer, with or without added CDs. The pH of the separation buffer 

needed to be in the range of 8.0-8.5 to achieve highest intensity signal from the ssDNA 

(data not shown). Therefore, the separation buffer pH discussed in this chapter had pH of 

8.2 to be consistent throughout the experiements. 

To explore the effect of sample pH on the interaction of 15mer (randomer) ssDNA and 

citric acid CDs, we included SYBR Gold in the buffers and recorded electropherograms 

for samples prepared in pH 6.5, 7.0, 8.2 (as in previous experiments), and 9.0 (see Fig. 4.3, 

A-D, respectively). At sample buffer pH 6.5, the migration time for the randomer alone 

(with no added CDs) was 6.3 min (see Fig. 4.3 A, blue), whereas the partially quenched 

signal of the sample containing randomer with CDs at pH 6.5 appeared at 6.8 min (Fig. 4.3 

A, orange).  It should be noted that the SYBR Gold reagent added to both of the buffers 

allowed for the ready detection of unlabeled ssDNA by LIF with comparable or greater 

signal intensity than was achieved using the covalent FAM label for detection (e.g. see Fig. 

4.1). A direct comparison of signal intensity for FAM-labeled samples compared to SYBR 

Gold labeled samples was not conducted as part of these studies, since achieving the lowest 

possible limits of detection was not the aim. Rather, achieving more robust association of 

the DNA samples with CDs was desired in order to affect better separations when the 

DNA’s target is introduced (see Ch. 6 for a thorough discussion of these studies). But could 
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be conducted if the method is to be optimize to achieve the greatest sensitivity possible. 

Qualitatively, it can be seen from Fig. 4.3 that the ssDNA signal decreased with increasing 

sample buffer pH, whether or not CDs were present.  Furthermore, it can be seen that the 

greatest extent of quenching of the fluorescence associated with the noncovalent SYBR 

Gold tag (expressed as a percentage relative to the original signal with DNA in the absence 

of CDs) occurred at pH 7 (approx. 74.2% quenched), with the lowest extent of quenching 

at pH 6.5 (approx. 31.7% quenched). A greater reduction in fluorescence emission might 

suggest greater quenching due to stronger/closer interactions between the DNA and CDs, 

but it might also suggest decreased association of the SYBR Gold with the ssDNA.  A more 

detailed study of SYBR Gold interactions with ssDNA was published previously by our 

laboratory.7    

The migration time of the DNA sample was largely unaffected by the addition of CDs 

when the sample buffer pH was 7.0 or 8.2 (as seen in Fig. 4.3 B and C, respectively). 

However, at pH 6.0 the DNA peak appeared at a longer migration time when the sample 

contained CDs (Fig. 4.3A, orange – with CDs, compared to Fig. 4.3A, blue – without CDs). 

Conversely, at pH 9.0 the DNA peak appeared at a shorter migration time when the sample 

contained CDs (Fig. 4.3D, orange – with CDs, compared to Fig. 4.3D, blue – without CDs).  

These results suggest that the CDs interact with ssDNA in a pH-dependent fashion. 

However, the effect of pH on both fluorescence signal intensity and migration time of 

ssDNA-CD complexes is not necessarily commensurate.  For example, the fluorescence 

was seen to decrease by the largest extent at pH 7.0 in these studies even as the change in  
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net mobility was seen to be negligible at this pH (Fig. 4.3B). The largest change in net 

mobility was seen at pH 6.5 (Fig. 4.3A) in these studies even though the fluorescence 

decrease (upon addition of CDs) was less significant at this pH compared to all others. 

These apparently disparate effects reflect the fact that sample buffer pH has an impact on 

 

Figure 4.3: Overlaid electropherograms of 15mer randomer ssDNA sample (100 nM) prepared in 50 mM 

tris-HCl sample buffer without and with added CDs (15 g/mL), as seen in blue and orange traces, 

respectively, for a series of different sample buffer pHs: (A) pH 6.5, (B) pH 7.0, (C) pH 8.2, and (D) pH 9.  

Samples were labeled on-column with SYBR Gold added to the tris-Gly separation buffer (31-mM‒500-

mM; pH 8.2) and the sample buffer at a dilution of 1:100,000; detection was by LIF, with excit = 488 nm 

and emis ≥ 520 nm. The separation voltage was 18 kV, and injection occurred at 25℃ for 5 sec at 4 psi. The 

capillary inside and outside diameters were 75 m and 360 m, respectively; with effective and total lengths 

of 50.0 cm and 60.2 cm, respectively.  
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many important contributors to signal intensity and mobility, including: charge 

state/degree of ionization of the fluorescent label (SYBR Gold); charge state/degree of 

ionization of the analyte (ssDNA); surface charge density on the CDs in the buffer; surface 

charge density of the capillary wall; and overall ionic strength of the buffer system. 

Although it wasn’t necessary for these studies, further optimization of sample and 

separation buffer pH for each combination of analyte, fluorescent label or taggant, and CD 

composition could be conducted to afford even greater differentiation in fluorescence 

signal and migration time upon the addition of CDs to this electrokinetic separation system.  

 

4.3.3. Comparing undoped to nitrogen-doped carbon dots (NCDs) for CE-based analysis 

of ssDNA 

  Noncovalent interactions between carbon-based nanomaterials and target analytes 

rely on any or all of a variety of forces, such as H-bonding, - stacking, electrostatic, and 

hydrophilic associations.22 The NCDs are relatively smaller than undoped CDs in size. 

 

Fig 4.4: Representative electropherograms showing the effect of NCDs on ctITP analysis of a 100 nM sample 

of FAM-labeled, 61-base ssDNA alone (with no NCDs) (i), with 50 g/mL unmodified CDs added (ii) and 

with 50 g/mL NCDs added to both the sample and separation buffers (iii). The separation buffer was 31 

mM tris‒500 mM Gly, pH 8.2, and the sample buffer was 50 mM tris-HCl, pH 8.2. The separation voltage 

was 18 kV, and the injection occurred at 25℃ for 5 s at 4 psi. The capillary inside and outside diameters 

were 75 m and 360 m, respectively; with effective and total lengths of 50.0 cm and 60.2 cm, respectively. 
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NCDs have their surface functionalized by nitrogen which made them more fluorescent 

compared to undoped CDs that have unfunctionalized surface. In addition, the NCDs have 

greater quantum yield compared to undoped CDs as reported in other studies.23,24 With this 

knowledge of the possible advantages of N-doped CDs as nanomaterials to interact with 

DNA samples, we synthesized NCDs from a mixture of citric acid and ethylene diamine 

(see section 4.2.4) and proceeded to study their effect on ctITP studies of ssDNA samples. 

 Samples of ssDNA migrated differently in the presence of NCDs compared to undoped 

CDs (see Fig. 4.4) Under identical experimental conditions, the migration time for a 100 

nM sample of a 61-base ssDNA  sample in the absence of NCDs is 5.53 min, with an 

average peak height of about 88.7 RFU for three replicate sample injections (see Fig. 4.4-

i, which shows one of three replicates). The experiment was conducted in the presence of 

unmodified CDs added to both buffers at a concentration of 50 g/mL. It was observed 

that the peak height reduced by 31.2% from the ssDNA only peak. Also, the migration time 

of the ssDNA increased to 7.8 min (as shown in Fig. 4.4-ii). The experiment was repeated 

with 50 g/mL of NCDs added to the separation buffer and the sample buffer. During this 

modified ctITP experiment, the signal for the ssDNA sample was quenched by 82.16% 

while appearing at the increased migration time of 17.84 min (Fig. 4.4-iii). These 

electropherograms suggest that the presence of N in the doped CDs allows for greater 

interactions between these nanomaterials and ssDNA compared to undoped CDs.  

 However, it should be noted that the change in migration time (from 5.53 min to 17.84 

min) observed for the ssDNA peak in the presence of NCDs (Fig. 4.4B) cannot be attributed 

solely to a change in mobility arising due to the formation of a ssDNA‒NCD complex. 

Additionally, the presence of NCDs in the separation buffer in Fig. 4.4B led to a reduction 
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in electroosmotic flow, as evidenced by the electroosmotic mobility for the shift in eof 

marker from 2.2 min to 4.1 min. That is, the electroosmotic mobility for the ssDNA in 

absence of any carbon dots was 0.00281 cm2V-1s-1; however, in the presence of unmodified 

CDs it was reduced to 0.00143 cm2V-1s-1, and was further reduced to 0.00072 cm2V-1s-1 in 

presence of NCDs. With a reduction in eof caused by the presence of NCDs, the net 

mobility of the ssDNA sample (which represents the sum of the analyte’s electrophoretic 

mobility and the electroosmotic mobility) would necessarily be diminished (leading to a 

longer migration time). This effect of the reduced eof would compound the effect of a 

reduction in electrophoretic mobility of the ssDNA‒NCD complex, with its larger size and 

negative charge relative to free ssDNA.   

 

4.3.4. Effect of the incubation period of ssDNA samples with added NCDs  

 

 It was shown above that the addition of NCDs to the sample and separation buffer in 

ctITP led to modification of the fluorescence signal and migration time of a FAM-labeled 

ssDNA sample. To better understand the conditions under which the NCDs and DNA 

interact with one another, we conducted an incubation study. Mixtures containing a FAM-

labeled 61-mer randomer ssDNA sample (100 nM) and NCDs (100 µg/mL) were allowed 

to sit at room temperature for anywhere from 5-180 min prior to injection and analysis by  

ctITP with LIF detection (excit = 488 nm). In Figure 4.5A, we see that when the ssDNA 

sample was injected immediately after mixing with the NCDs in the sample buffer (t = 5 

min), the resulting peak for the aptamer appeared in the electropherogram at a migration 
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time of 8.92 min with a peak height of 29.24 RFU and peak area of 2.2 x 108 RFU.min 

(which represent the average values obtained for three replicate runs, data not shown). 

After one hour of incubation time prior to sample injection, the peak height and area for 

the same samples were decreased by 32.5% and 71.3%,  respectively, compared to the 

initial sample (t = 5 min). Interestingly, still longer incubation times (t = 120 min and t = 

180 min) led to no further diminution in the ssDNA peak height nor area (see Fig. 4.5B). 

From this study, we can conclude that ssDNA samples should be allowed to incubate with 

NCDs in the sample buffer at room temperature for at least 60 min prior to analysis to 

ensure that they are fully associated. However, we proceeded to allow 120 min for 

incubation time in all future studies, to ensure that all DNA would have an opportunity to 

associate with added NCDs even if higher concentrations (or different sequences) of DNA 

were being used.  

A                  B 

    

Fig 4.5 (A) Electropherograms showing the effect of incubation time (0-180 min) for FAM-labeled, 61-mer ssDNA 

samples (100 nM) with 5 µg/mL added NCDs in the sample buffer (50 mM tris-HCl, pH 8.2). The separation buffer 

was 31 mM tris‒500 mM Gly (pH 8.2) also with 5 µg/mL added NCDs. (B). A plot of peak area as a function of 

incubation time. The separation voltage was 18 kV, and injection occurred at 25oC for 5 s at 4 psi. The capillary 

inside and outside diameters were 75 m and 360 m, respectively; with effective and total lengths of 50.0 cm and 

60.2 cm, respectively.  
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4.3.5. Effect of concentration of NCDs on CE-based analysis of ssDNA 

 We have shown that the nature of the interaction between CDs and ssDNA aptamers is 

affected by incubation time, buffer pH, and nanomaterial dopant.  Furthermore, we 

hypothesized that the concentration of NCDs added to the sample and separation buffer in 

a ctITP system would further impact the analysis of ssDNA.  

As such, we prepared 1 µM ssDNA samples (FAM-labeled, 29-mer thrombin aptamer with 

primer handles) in the sample buffer (50 mM tris-HCl, pH 8.2) containing NCDs at 

concentrations of 0, 15, 30, and 60 µg/mL and incubated for 2 hr before injection on CE.  

 

 

Fig 4.6: Overlaid electropherograms of 1 µM of FAM-labeled, 29-mer thrombin aptamer with 

primer (61 bases total) with excitation at 488 nm (A) and 375 nm (B), with varying concentrations 

of NCDs added to the sample and separation buffer: 0 µg/mL NCDs (blue traces); 15 µg/mL NCDs 

(orange traces); 30 µg/mL NCDs (green traces); and 60 µg/mL NCDs (yellow traces). The 

separation buffer (to which the NCDs were added) was 31 mM tris- 500 mM Gly (pH 8.17); and 

the sample buffer (to which the NCDs were added) was 50 mM Tris-HCl (pH 8.2). An uncoated, 

fused-silica capillary was used ( 60 cm;50.0 cm effective length; 75 µm internal diameter; 359µm 

outer diameter); sample injection was achieved by pressure at 4.0 psi for 5.0 s; and the applied 

separation voltage was 25 kV. 
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The 488-nm excitation data (Fig 4.6A, blue trace) demonstrate that in the absence of NCDs, 

the ssDNA signal appeared at 5 min with an intensity of 392.2 RFU. However, when 15 

µg/mL of NCDs were added to both buffers, ssDNA migration time increased to 9.45 min 

with a signal intensity reduced to 197.4 RFU (Fig. 4.6A, orange trace). As the NCD 

concentration was increased further still (to 30 and 60 µg/mL), ssDNA migration times 

increased to 13.22 min and 19.88 min, and signal intensity fell to 149.2 and 98.6 RFU, 

respectively (see Fig. 4.6A, green and yellow traces).  

From these results, we conclude  that increasing the concentration of NCDs allows for 

greater opportunities for interactions (or complex formation) with ssDNA aptamer samples 

, as evidenced by increasing ssDNA migration time and decreasing peak height (and area). 

Changes in peak area are summarized in Table 4.1. 

The mobility of ssDNA affected the by the presence of NCDs as shown in Table 4.1. 

According to the table the electroosmotic mobility (µeo) of ssDNA has decreased by 50% 

in presence of NCDs. The underlying reason is likely due to the the high charge density on 

the NCDs contributing to the high ionic strength of the buffer system. Also, the absolute 

value of the electrophoretic mobility (µep) of the DNA was almost cut in half when NCDs 

were added to the sample compared to DNA without added NCDs (Table 4.1). This 

indicates the NCDs interacted strongly with the ssDNA, resulting in macromolecular 

complexes that were larger and hence, apt to experience greater resistance to their motion 

(i.e., lesser electrophoretic mobility) relative to smaller, more mobile free DNA. As the 

concentration of NCDs was then increased from 15 – 60 µg/mL, µep became increasingly 

more negative, indicating that any resulting NCD-DNA complex acquires greater negative 

charge overall with more NCDs present in the sampleThese factors, when taken together, 
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resulted in the observed decrease in net mobility (µnet) (manifest as longer migration times) 

as we increased the concentration of NCDs added to the ssDNA sample. That is, in absence 

of NCDs, the ssDNA’s net mobility is the highest. Upon the addition of just 15 µg/mL of 

NCDs, the µnet of the ssDNA was reduced by almost 50% and this trend (towards lower net 

mobility) was continued as we increased the carbon dot concentration.  

Table 4.1: Comparison of peak height, peak area, migration time, and electrophoretic 

mobility (µep) of ssDNA aptamer(1) with various concentrations of added NCDs(2) 

 NCDs (µg/mL) 

 0 µg/mL 15 µg/mL 30 µg/mL 60 µg/mL 

Peak height  394.33 290.01 232.67 140.33 

Migration time (min) 5.17 9.55 12.44 18.60 

Peak area 7.3 × 106 6.7 × 106 6.4 × 106 6.2 × 106 

µeo/10−5 (cm2V-1s-1) 99.7 52.6 50.1 50.1 

µep/10−5 (cm2V-1s-1) -61.5 -32.23 -33.33 -37.08 

µnet/10−5 (cm2V-1s-1) 38.5 20.4 16.7 10.5 

(1)  1 µM of FAM-labeled, 29-mer thrombin aptamer with primer (61 bases total) 
(2)  ssDNA with added NCDs prepared in sample buffer consisting of 50 mM tris-HCl (pH 8.2) and analyzed 
by ctITP-LIF with a separation buffer consisting of 31 mM tris- 500 mM Gly (pH 8.17). 
  

 

We next sought to determine the effect of varying the concentration of ssDNA (250 

nM, 500 nM, and 1 µM) with each of the three added concentrations of NCDs studied 

above. The top three traces in each of Fig. 4.7A-C correspond to ssDNA-specific emission 

signals obtained at the 488-nm excitation wavelength. For increasing concentrations of 

ssDNA (250 nM, 500 nM, and 1 µM) in the presence of 15 µg/mL NCD, the resulting peak 

in the electropherogram was seen to shift to shorter migration times (10.37 min, 9.85 min, 

and 9.62 min, respectively, in Fig. 4.7 A for samples with a DNA concentration of 250 nM 

(blue trace), 500 nM (orange trace), and 1 µM (green trace)). Signal intensity increased 
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proportionately with increased ssDNA concentration for a given NCD concentration 

(30 µg/mL NCD in the case of Fig. 4.7A). However, the overall ssDNA signal intensities 

were reduced by almost 50% for each concentration of DNA when doubling the 

concentration of NCDs in buffers, as seen in Fig. 4.7B (with 30 µg/mL NCDs) compared 

to Fig. 4.7A (with 15 µg/mL NCDs). Not only was the ssDNA signal reduced when the 

added NCD concentration was increased from 15 to 30 µg/mL, but the overall migration 

time was longer for any given DNA peak in the presence of higher concentrations of NCDs. 

These results are consistent with our earlier findings (as in Table 4.1). 
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Upon increasing the concentration of NCDs further still (from 30 µg/mL to 60 µg/mL, 

as in Fig. 4.7C), the ssDNA signals experienced even more quenching, and their migration  

time increased. Overall, the interaction of NCDs with ssDNA depends on both the NCD 

concentration and the ssDNA concentration, and we will use this observation in the 

following chapters to develop specific CE-based separation methods to enable the 

 A             B 

      

C 

 

Figure 4.7A-C: Overlaid electropherograms of FAM-labeled, 29-mer aptamer (250 nM, blue trace; 500 nM, 

orange traces; and 1 µM, green traces) in the presence of 15 µg/mL NCDs (A), 30 µg/mL NCDs (B); and 60 

µg/mL NCDs (C) in both the separation buffer (31 mM tris-500 mM Gly, pH 8.2) and sample buffer (50 mM 

tris-HCl, pH 8.2).  An uncoated, fused-silica capillary, 60cm long (50.0cm  effective length; 75µm internal 

diameter; 359 µm outer diameter), was used. Sample injection was achieved by pressure at 4.0 psi for 5.0 sec, 

and the applied separation voltage was 25 kV. 
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resolution and detection of NCD-bound DNA from drug-target bound DNA in the quest to 

develop high efficiency aptamer selection and target sensing methodologies.  

 

4.4. Conclusions 

     Using CDs as buffer additives in CE-based methods presents an opportunity to broaden 

the conventional use of pseudo-stationary phase for improved separation. The CDs used in 

this study were easily synthesized by a hydrothermal method from citric acid with or 

without added ethylenediamine for nitrogen doping.  

We found that CDs interact differently with ssDNA based on experimental conditions 

and sample concentrations as evidenced by ssDNA signal intensity and net mobility. The 

signal intensity of FAM-labeled ssDNA was quenched to the greatest extent after an 

incubation time of at least 60 min, and with 60 µg/mL NCD added to both separation and 

sample buffer. Furthermore, the net mobility of ssDNA was smallest at this high NCD 

concentration. A lower mobility may provide greater opportunity to resolve CD-bound 

DNA samples from free DNA (or from drug target-bound DNA, as in Ch. 6). We also 

confirmed that doping of the CDs with nitrogen (by using ethylenediamine as a co-reactant 

in our hydrothermal nanomaterial syntheses) led to surface modifications that positively 

affected the interaction of the NCDs with ssDNA. NCDs quench the fluorescence signal of 

FAM-labeled or SYBR-Gold tagged ssDNA samples more effectively than unmodified 

CDs do. This finding has important implications for future assay development, as it permits 

the restoration of fluorescence to quantify the release of ssDNA from NCDs upon the 

addition of the ssDNA aptamer’s target (as discussed in Ch. 6). Cheap and easy to prepare, 

NCDs offer many advantages as buffer additives for the discovery of aptamers specific to 
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small molecule targets, such as controlled substances. Thus, the incorporation of NCDs 

into analytical separation methods such as ctITP is poised to make a significant 

contribution to forensic investigations or clinical diagnoses for the detection of illicit drugs.  
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CHAPTER 5 

 

NITROGEN-DOPED CARBON DOTS AID IN THE SEPARATION OF ssDNA 

MOLECULES OF DIFFERENT LENGTH BY CAPILLARY TRANSIENT 

ISOTACHOPHORESIS (ctITP) WITH LASER-INDUCED FLUORESCENCE 

(LIF) DETECTION 
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5.1. Introduction 

The separation of ssDNA is of great importance in the fields of biochemistry, 

chemical biology, and molecular biology.1 Traditionally, slab gel electrophoresis is the 

method of choice for the separation of different sizes of DNA. However, this method has 

several limitations such as low sensitivity, low resolution, long analysis times, and the 

phenomenon of gel deformation under high applied voltage.2 Capillary electrophoresis 

(CE) offers many advantages over its slab gel counterpart, such as small sample volume, 

fast analysis times, high resolution, and high sensitivity when paired with laser-induced 

fluorescence (LIF) detection. In particular, this work uses capillary transient 

isotachophoresis (ctITP) as the CE-based separation mode, in which a discontinuous buffer 

system is employed. This methodology can provide improved resolution due to the focusing 

effect produced at the interface between the sample and separation buffers.3,4,5 Samples are 

preconcentrated on-column under the influence of a leading and trailing electrolyte in the 

ctITP system, which allows the amount of sample to be maximized without hurting the 

resolution.6 

Free solution CE-based methods (including ctITP) rely on differences in the charge-

to-size ratio of analytes to effect their separation. Unfortunately, due to similar charge-to-

size ratios possessed by DNA molecules in the 10-150 base range, free solution CE-based 

methods are not able to afford the needed separation, and so CE with gels and coated 

capillaries are typically employed.7 Without such modifications, DNA samples in this size 

range are expected to co- elute under free-solution conditions. Unique to this work is the 

addition of nitrogen-doped carbon dots (NCDs) to both the separation and sample buffer 

in a free solution ctITP system. By incorporating these nanomaterials uniformly throughout 
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the system, the ctITP focusing effect is not disrupted, but rather, it is further enhanced due 

to differential interactions of the NCDs with different sizes of ssDNA molecules in the 

sample. As such, differential motilities are observed for DNA samples in the range of 32-

100 bases even under free solution conditions. 

Carbon dots (CDs) are quasi-spherical fluorescent nanoparticles with a size 

typically smaller than 10 nm. The photoluminescence properties of these materials are 

attributed to the preponderance of sp3 hybridized carbon atoms resulting from the CD 

synthesis process. Carbon dots offer several advantages over inorganic nanomaterials, 

including stability, ease of functionalization, low toxicity, biocompatibility, low cost, ease 

of synthesis, and more. They are highly soluble in water as they contain carboxylate 

functional groups on their surface.8,9 They can interact with a variety of analytes by way 

of π-π stacking, hydrophobic interactions, hydrogen bonding, and/or electrostatic 

interactions.10 Furthermore, the properties of CDs can be altered by the addition of dopants 

during synthesis, or by surface modification following synthesis. Nitrogen doping is 

popular, and has been shown to result in higher fluorescence quantum yields.11 For these 

many reasons, CDs are particularly attractive as fluorescent nanomaterials in the area of 

biosensing, where they have been used to aid the diagnosis of disease, especially 

cancer.12,13 However, CDs have attracted less attention as separation tools, and so their use 

as a buffer modifier in CE-based DNA separations – as presented herein – represents a 

novel application of these important carbon nanomaterials. It is noted that in recent studies, 

graphene oxide (GO) has been used to make DNA-based optical sensors, whereby GO is 

shown to interact with ssDNA by π- π interactions.14 Also, differences in the binding 

affinity of GO with various lengths of ssDNA has been demonstrated.15 In this prior work, 
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short ssDNA was shown to interact more strongly with GO than long ssDNA. However, 

these studies did not demonstrate the free-solution separation of ssDNA samples based on 

their corresponding sizes. 

Aptamers are single-stranded DNA or RNA oligonucleotides (10-100 bases) that 

can bind with high specificity to target molecules. Recent studies have shown that aptamers 

can be a suitable alternative to antibodies as an analytical tool.16 Moreover, they can 

function as drug delivery agents and therapeutic tools.17 Aptamer sequences have been 

identified for targets of various sizes and types, including proteins, microbes, whole cells, 

and small molecules.18 

Although CE-based methods have been reported for aptamer separations, the 

majority of such studies have focused on the resolution of free DNA from target-bound 

aptamers.19,20 Still other CE-based methods have used polymer or cellulose derivatives as 

buffer additives for aptamer separations based on their sizes.21,22 However, the separation 

of different lengths of ssDNA samples has not been achieved by free-solution CE methods. 

In this work, we have introduced nitrogen-doped carbon dots (NCDs) as  buffer  

additives  to effect the separation of ssDNA samples ranging in size from 32-100 bases in 

a free-solution, electrokinetic-based method. To best of our knowledge, using carbon dots 

as buffer additives for the separation of ssDNA samples based on size (number of bases) 

has not been previously reported. Using carbon nanomaterials, which differentially interact 

with oligonucleotides and thus result in their differential migration under the influence of 

an applied electric field in a discontinuous buffer system (as provided by the ctITP 

conditions employed herein), represents a wholly new application for these materials. 
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5.2. Materials and Methods 

5.2.1 Samples and reagents 

Citric acid (> 99.0 %), ethylenediamine (> 99%), and glycine (BioUltra grade, ≥ 

99.0% NT)  were purchased from Sigma Aldrich (St. Louis, MO, USA). All DNA samples 

were custom synthesized  with  a  6-fluorescein  amidite  (FAM)  fluorescent  label at  the  5   

end  and  purchased from Integrated DNA Technologies, Inc. (IDT) (Coralville, IA, USA), 

including:  

32-base ssDNA:  

(5’ - /56-FAM/AG ACA AGG AAA ATC CTT CAA TGA AGT GGG TCG– 3’);   

61-base ssDNA:  

(5’ -   /56-FAM/AGC ACA AGC AGT ACT AAG TCC GTG GTA GGG CAG GTT 

GGG GTG  ACT  GAC  AGC  GTA  TGG  TGA  G  – 3’);  and   

100-base ssDNA:   

(5’ -  /56-FAM/CC  TCT CTA TGG GCA GTC GGT GAT AGA CAA GGA AAA 

TCC TTC AAT GAA GTG GGT CGT AAG GAG TTC AAT ATC TGA GTC GGA 

GAC ACG CAG GGA TGA GAT GG – 3’ ). 

Tris (hydroxymethyl) aminomethane (“tris,” Proteomics grade) was purchased from VWR 

Life Science (AMRESCO, Solon, OH, USA). Ultrapure water obtained from a Milli-Q 

water system (Millipore Corporation, Billerica, MA, USA) was used for buffer preparation. 

5.2.2 Buffer and sample preparation 

Distinct separation and sample buffers are essential for ctITP, in order to effect the 

stacking and sample concentration characteristic of the method. These studies employed a 

separation buffer (referred to as Tris-Gly) containing 15 mM tris and 500 mM glycine (pH 



82 
 

7.92), and a sample buffer (referred to as Tris-HCl) containing 50 mM tris, adjusted to pH 

8.0 by the addition of 1.0 M HCl. The Cl- anion in the Tris-HCl sample buffer functioned 

as the leading electrolyte, while the glycine in the Tris-Gly separation buffer functioned as 

the trailing electrolyte. Buffers were filtered through a 2.0 µm nylon syringe filter prior to 

use. The appropriate volume of an aqueous solution of carbon dots (prepared as described 

in Section 2.3) was added equivalently to sample and separation buffers, to achieve a final 

concentration of NCDs of 30 µg/mL. 

 Stock solutions of ssDNA were prepared by adding the appropriate volume of 

sample buffer to the synthesized ssDNA sample to yield a concentration of 2 µM DNA. 

The stock solutions of ssDNA were heated at 95°C in a hot water bath for 5 min and 

allowed to cool back down to room temperature, to facilitate proper folding. DNA stock 

solutions thus prepared were stored in the refrigerator until needed. Just prior to each 

experiment, ssDNA samples were prepared by adding the appropriate volume of DNA 

stock solution to sample buffer. 

5.2.3 Preparation and characterization of nitrogen-doped carbon dots (NCDs) 

The nitrogen-doped carbon dots (NCDs) employed in this study were synthesized 

according to a reported method23, which was modified according to our needs. Briefly, 

citric acid (0.42 g) and ethylenediamine (530 µL) were dissolved completely in 10 mL of 

ultrapure water to achieve a molar ratio of 1:4 (citric acid: ethylenediamine). The solution 

was prepared in a 50 mL Teflon autoclave liner, which was placed into a standard stainless 

steel 304 autoclave reactor (purchased from Labware on Amazon.com, part number: 2T50, 

Wilmington, DE, USA) and heated in an Isotemp oven (model 506G; Fisher Scientific, 

Waltham, MA, USA) at 185-195°C for 5 h. After allowing the reaction vessel to return to 
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room temperature, the reaction mixture was centrifuged and decanted to remove any 

precipitate. A 5 mL aliquot of the neat reaction product solution (which was a clear, 

brownish-yellow solution) was dialyzed against ultrapure water for 3 days (while changing 

the water every 3 h, at room temperature) using a 100-500 Da MWCO cellulose ester 

dialysis membrane (Repligen Corp., Waltham, MA, USA). The dialysis membrane was 

conditioned according to the manufacturer’s guidelines. The concentration of the dialyzed 

NCD solution thus produced was determined from representative aliquots: the reaction 

product solution was centrifuged and three, 0.5 mL aliquots were lyophilized with a 

benchtop freeze dryer (Labconco, Kansas City, MO, USA); and the average aliquot mass 

was then determined, to provide a mass-per-volume (mg/mL) concentration for the 

corresponding batch product solution. Typical “neat” solution concentrations for a batch 

of NCDs prepared according to the methods described herein were 50-60 mg/mL. 

Dialyzed, aqueous NCD solutions were stored at room temperature in the dark until needed. 

5.2.4 Instrumentation 

All ctITP experiments were performed on a Sciex P/ACE MDQ plus CE system 

with LIF detection (employing an Ar-ion laser for excitation at 488 nm, with a 520 nm long 

pass filter and 488 notch filter for emission) (Framingham, MA, USA). Data were collected 

and analyzed using Sciex 32 KaratTM software. Uncoated, fused-silica capillary with inside 

diameter 20 µm (outside diameter, 365 µm) was obtained from Polymicro/Molex (Phoenix, 

AZ, USA), and was cut to length (40.0 cm effective length; 50.2 cm total length) for all  

ctITP  experiments  described herein. All samples were injected by pressure (2 psi for 9 s) 

directly onto the capillary, resulting in an injection volume of 1.0 nL. Electrokinetic 

separations were achieved by applying a constant voltage of 15 kV. 
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5.3. Results and Discussion 

Free solution CE-based separation methods are not typically able to resolve DNA 

samples of varying length in the range of 10-150 bases.7 However, given the ability of CDs 

to noncovalently interact with DNA molecules of varying length, we set out to examine 

the possible utility of CDs as buffer additives to facilitate such separations. The properties 

of CDs and the nature of their interactions with target analytes can be further tuned by the 

addition of dopants during synthesis, such as the addition of nitrogen during our CD 

synthesis from citric acid with ethylenediamine. The resulting NCDs yielded stronger 

fluorescence emission than their non-doped counterparts when excited by UV light (see 

Fig. 5.1A). This behavior is consistent with previously reported N-doping effects.24,25 Our 

NCDs demonstrated fluorescence excitation and emission maxima at 360 nm and 445 nm, 

respectively. Fluorescence emission intensity increased linearly with increasing NCD 

concentration (see Fig. 5.1B), up to a maximum of 500 µg/mL of NCDs. The NCDs were 

stable in aqueous solution at room temperature for at least 6 months. As determined by 

scanning electron microscopy, the NCD size was nominally 5-10 nm. 
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Fig. 5.1. (A) Photograph of carbon dot samples taken under illumination by a hand-held UV lamp 

(365 nm), showing water only (left), undoped citric acid CDs (center), and NCDs prepared from 

citric acid with ethylenediamine (right), at a concentration of 30 g/mL.  (B) Fluorescence emission 

spectra (excit = 360 nm) for NCD samples in water (50 µg/mL, yellow curve; 100 g/mL, grey 

curve; 250 µg/mL, orange curve). Inset: calibration curve for NCD emission intensity as a function 

of concentration:  y=1.9481x+15.417; R2=0.9955). 

 

By employing these NCDs as additives in both the sample and separation buffers 

in ctITP, we capitalized on their interactions with DNA (occurring by way of π-π stacking, 

hydrophobic interactions, hydrogen bonding, and/or electrostatic interactions14) in order to 

effect a separation of ssDNA samples ranging in length from 32-100 bases, as seen in Fig. 

5.2A. In particular, the preparation of nitrogen-doped carbon dots under hydrothermal 

conditions leads to the formation of pyrrolic N within the graphene framework25 , which 

may further enhance interactions with DNA compared to undoped CDs. Under similar 

experimental conditions but in the absence of carbon dots, ssDNA molecules of different 

length co-migrated and could not be resolved (as seen in Fig. 5.2B), due to the similar 

charge-to-size ratios possessed by DNA  molecules in the 10-150 base range. Even the use 
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of undoped CDs as ctITP buffer additives did not yield a separation of the ssDNA samples 

(as seen in Appendix A, Fig. A1). 

Additionally, we conducted an experiment identical to that in Fig. 5.2A but with 

unlabeled versions of the ssDNA samples (and employing absorbance detection at 254 

nm), to determine if the FAM label, in and of itself, might be responsible for the interactions 

between NCDs and DNA. Without the FAM label present, resolution of the three ssDNA 

samples and their order of migration (from first to last: 100-base, 61-base, 32-base) was 

unchanged (data not shown) relative to the FAM-labeled samples with NCDs employed in 

the ctITP system. Hence, we confirmed that the DNA-NCD interactions were not 

dependent upon the presence of the FAM label on the DNA. 

The three traces in Fig. 5.2.B represent three different sample concentrations (100 

nM (i), 150 nM (ii), and 200 nM (iii) of each of the three sizes of DNA in a sample mixture). 

From these results, it can be seen that ctITP in the absence of CDs does not allow for the 

resolution of the three lengths of ssDNA in these samples, but it does allow for the 

quantification of total DNA concentration. That is, the single peak seen in each trace of 

Fig. 5.2.B, which represents the signal arising from the co-migrating 100-base, 61-base, 

and 32-base ssDNA samples, increases in area proportionately with DNA sample 

concentration (see Appendix A, Fig. A2-B, for the corresponding calibration curve). 

Similarly, the sum total of peak areas for the resolved ssDNA peaks in separations with 

NCDs (Fig. 5.2A) increases proportionately with total DNA concentration (see Appendix 

A, Fig. A2-A for the corresponding calibration curve). 
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Fig 5.2. Vertically offset electropherograms of samples containing various sizes of ssDNA (100, 61, and 32 

bases) prepared with (i, blue) 100 nM, (ii, yellow) 150 nM, or (iii, red) 200 nM of each of the three sizes of 

DNA: (A) with 30 µg/mL NCDs in the sample and separation buffers; (B) without added NCDs in the buffers. 

Buffers were: 15 mM tris/500 mM glycine at pH 7.92 (separation) and 50 mM tris adjusted to pH 8.0 by the 

addition of 1.0 M HCl (sample). Injection, separation, and detection conditions were as described in Section 

5.2. 

 

While ctITP conducted in the absence of CDs (or, with undoped CDs) was unable 

to provide resolution of ssDNA of different lengths, it is notable that the same experiments 

conducted with nitrogen-doped CDs were able to achieve the desired separation. To our 
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knowledge, such a separation has not been achieved by any other free-solution 

electrokinetic method. The ctITP separation of ssDNA samples enabled by the addition of 

30 µg/mL NCDs to the separation and sample buffers alike is shown in Figure 5.2A. The 

different sizes of ssDNA samples were not only resolved by this NCD-modified ctITP 

method, but they were also retarded in their net migration towards the detector, as 

evidenced by the longer migration times in Fig. 5.2A compared to 5.2B. Perhaps it was this 

very fact (longer migration times under comparable separation conditions) that enabled the 

resolution of different lengths of ssDNA in the present work. However, a longer migration 

time alone would not lead to differentiation between the various lengths of ssDNA. Such 

resolution must be due to differential interactions of the NCDs with different lengths of 

ssDNA. The stronger the interaction between NCDs and DNA, the longer the migration 

time of the resulting complex. This is because the NCDs themselves have a negative 

electrophoretic mobility (towards the cathode/away from the detector) and so the 

association of any (DNA) sample ions with NCDs will result in a reduced net mobility for 

the sample. 

Other carbon materials, such as graphene oxide (GO), have been shown to have 

different affinities for ssDNA samples of different lengths15. In this prior work by He et 

al., short ssDNA was shown to interact more strongly with GO than long ssDNA. As seen 

in Fig. 5.2A, the relative order of migration of complexes of NCDs with ssDNA samples 

in our current work was (from fastest to slowest): 100 bases, followed by 61 bases, 

followed by 32 bases, which follows the trend predicted by He et al.’s GO studies. In our 

current work, a shorter (faster) migration  time for the larger ssDNA molecules suggests 

these DNA molecules spend less time associated with the (negatively migrating) NCDs. 
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The longer (slower) migration time of the smallest length of ssDNA (32 bases) in our work 

is indicative of greater interactions with the NCDs, and thus, greater retardation of the 

sample’s mobility. We confirmed these differential interactions between NCDs with 

ssDNA samples of different lengths by conducting Stern-Volmer-type fluorescence 

quenching experiments (see Appendix A, Fig. A3), whereby shorter DNA samples were 

shown to have stronger associations with NCDs than longer DNA samples.   

Peak identities were confirmed by performing spiking experiments. These 

experiments also demonstrated linear relationships between individual ssDNA 

concentrations and peak areas in electropherograms employing NCDs for ssDNA 

resolution. For example, the concentrations of 61- and 32-base ssDNA samples were held 

constant (at 200 nM and 100 nM, respectively)  in each of three sample mixtures, which 

 

Fig. 5.3. Spiking experiments to identify and quantify 100-base ssDNA in a sample mixture 

consisting of: (i, green) 400:200:100 nM, (ii, red) 800:200:100 nM, and (iii, blue) 

1200:200:100 nM of 100-base: 61-base: 32-base ssDNA. In each case, separation and sample 

buffers (as described in Fig. 2) contained 30 µg/mL NCDs. All other ctITP conditions were 

as described in Section 5.2. 
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also contained 100-base ssDNA at a concentration of 400 nM, 800 nM, or 1200 nM (see 

Fig. 5.3, traces i, ii, and iii, respectively).  The increase in peak height and area for the first 

of the three major peaks in the resulting electropherograms confirmed this to be the peak 

corresponding to the 100-base ssDNA sample component. Similar spiking experiments 

(holding the concentrations of two of the three ssDNA samples constant while varying the 

concentration of the third, for 32-base and then 61-base samples; data not shown) 

confirmed the remaining peak identities, which are as labeled in Fig.  5.3.  Linear 

calibration curves were obtained for each of the three ssDNA samples in the mixtures (as 

can be seen in Appendix A, Fig. A4); however, sensitivities (slopes of the calibration 

curves) for the three ssDNA samples differed. The FAM-labeled 100-base sample yielded 

the lowest sensitivity, followed by the labeled 61-base and 32-base samples. The practical 

implication of this is that equimolar concentrations of FAM-labeled ssDNA samples 

containing different numbers of bases yield different peak heights (and areas) by ctITP 

with LIF detection, and so quantitation by this method would require separate calibration 

curves. 

The effect of NCDs on the mobility of ssDNA samples of different lengths and 

concentrations is quantified in Table 5.1, along with resolution values. First, it is noted that 

the electroosmotic mobility µ(eo) in the ctITP system with NCDs is only 55% of that 

without added carbon dots.  This overall reduction in electroosmotic flow is likely due, in 

large part, to the high charge density on the NCDs themselves, which would contribute to 

a higher overall ionic strength buffer system, and thus, lower electroosmotic flow. Second, 

for a given concentration of DNA sample in the ctITP experiments with NCDs in the 

buffers, the absolute value of the electrophoretic mobility ǀµ(ep)ǀ of each DNA peak 



91 
 

 

 

 T
a

b
le

 5
.1

: 
E

le
ct

ro
o

sm
o

ti
c 


(e
o

),
 e

le
ct

ro
p

h
o

re
ti

c 


(e
p

),
 a

n
d
 n

et
 m

o
b
il

it
ie

s 


(n
et

) 
fo

r 
ss

D
N

A
 s

am
p

le
s 

o
f 

d
if

fe
re

n
t 

le
n

g
th

s,
 w

it
h

 a
n

d
 w

it
h

o
u
t 

N
C

D
s 

ad
d
ed

 t
o

 s
ep

ar
at

io
n

 a
n

d
 s

am
p

le
 b

u
ff

er
s 

in
 c

tI
T

P
. 
R

es
o
lu

ti
o

n
 R

s 
v

al
u

es
 f

o
r 

ad
ja

ce
n

t 
p
ea

k
s 

ar
e 

re
p

o
rt

ed
 i

n
 p

ar
en

th
es

es
. 

 

     

C
o

n
c.

 

o
f 

ss
D

N
A

 

(n
M

) 

w
it

h
 N

C
D

s 
w

it
h

o
u

t 
N

C
D

s 

µ
(e

o
)/

1
0

-
5

 =
 6

0
.1

 c
m

2
V

-1
s-1

 
µ

(e
o

)/
1

0
-

5
 =

 1
0

9
.3

 c
m

2
V

-1
s-1

 

µ
(n

et
)/

1
0

-
5

 

cm
2
V

-1
s-1

 
µ

(e
p

)/
1

0
-

5
 

cm
2
V

-1
s-1

 

µ
(n

et
)/

1
0

-
5
 

cm
2
V

-1
s-1

 

µ
(e

p
)/

1
0

-
5
 

cm
2
V

-1
s-1

 

1
0

0
 

b
a

se
 

 
6

1
 b

a
se

 
 

3
2

 b
a

se
 

1
0

0
 

b
a

se
 

6
1

 b
a

se
 

3
2

 b
a

se
 

1
0

0
 

b
a

se
 

6
1

 b
a

se
 

3
2

 b
a

se
 

1
0

0
 

b
a

se
 

6
1

 b
a

se
 

3
2

 b
a

se
 

1
0

0
 

2
3

.5
  

(R
s=

 1
.7

7
) 

2
3

.3
 

(R
s=

 1
.3

0
) 

2
2

.9
 

-3
6

.5
 

-3
6

.8
 

-3
7

.2
 

2
7

.4
 

2
7

.4
 

2
7

.4
 

-8
1

.9
 

-8
1

.9
 

-8
1

.9
 

1
5

0
 

2
3

.0
 

(R
s=

 1
.7

1
) 

2
2

.7
 

(R
s=

 1
.2

8
) 

2
2

.4
 

-3
7

.1
 

-3
7

.4
 

-3
7

.7
 

2
7

.6
 

2
7

.6
 

2
7

.6
 

-8
1

.7
 

-8
1

.7
 

-8
1

.7
 

2
0

0
 

2
2

.3
 

(R
s=

 1
.7

6
) 

2
2

.0
 

(R
s=

 1
.3

3
) 

2
1

.7
 

-3
7

.8
 

-3
8

.0
 

-3
8

.4
 

2
7

.7
 

2
7

.7
 

2
7

.7
 

-8
1

.6
 

-8
1

.6
 

-8
1

.6
 



92 
 

increased as the length of the DNA decreased (from 100 bases down to 32 bases long). As 

mentioned previously, this suggests that the shorter DNA samples are more strongly 

associated with the NCDs, and their resulting complexes experience greater retardation as 

a result. Third, the net mobility µ(net) of the DNA peaks decreased with decreasing length 

of DNA. This results in the appearance of the longest DNA first and the shortest DNA last 

in the electropherograms in Fig. 5.2A. Additionally, it can be seen from Table 5.1 that the 

absolute values of the electrophoretic  mobilities ǀ (ep)ǀ of DNA samples increased and 

the net mobilities µ(net) decreased with increasing DNA concentration (from 100 nM of 

each of the three sizes of DNA up to 200 nM of each) in the presence of NCDs. One 

possible explanation for this could be greater DNA-DNA interactions at higher 

concentrations of DNA, which could result in larger (and more negatively charged) NCD-

DNA assemblies, and hence, longer migration times. However, the exact mechanism 

leading to this change in mobility with ssDNA concentration has not yet been determined. 

From Table 5.1, it can also be seen that the 100-base, 61-base, and 32-base samples 

had the same (ep)  and same  (net)  values  for  a given concentration of DNA in  the  

absence of NCDs. This was observed in practice as the co-migration of all DNA samples 

in Fig. 5.2B. For a given size and concentration of DNA sample (take, for example, 100-

base ssDNA at 100 nM), the ǀµ(ep)ǀ and µ(net) values were greater than for comparable 

samples in the presence of NCDs. This was observed in practice as faster migrating DNA 

peaks in Fig. 5.2B (no carbon dots) compared to Fig. 5.2A (with NCDs). 
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5.4. Conclusions 

This study demonstrates a new application for nitrogen-doped carbon dots as buffer 

additives capable of effecting the separation of ssDNA samples of different lengths via a 

free solution ctITP method. DNA molecules with fewer bases showed a stronger affinity 

towards NCDs than their longer DNA counterparts. This differential interaction with the 

NCDs in the separation buffer during the electrokinetic separation impacted the mobilities 

of the DNA samples, thus resulting in their separation. Such a separation was not possible 

in the absence of NCDs, owing   to the fact that DNA molecules in the 10-150 base range 

possess similar charge-to-size ratios and so are not separated by free solution CE methods. 

It was also found that undoped (citric acid) CDs did not provide for the resolution of 100-

, 61-, and 32-base ssDNA samples under ctITP conditions equivalent to those employed 

with NCD-modified buffers. 

NCDs are inexpensive and easy to prepare, and when employed at low 

concentrations (30 µg/mL, as in this work), they do not interfere with the fluorescence 

emission of covalently FAM- labeled DNA samples. As such, CE-LIF-based methods 

involving NCDs as buffer additives can yield quantitative results for analyte determination. 

While many electrokinetic-based separation protocols could potentially be improved by 

employing NCDs as buffer additives, it is likely that aptamer discovery studies and aptamer 

assays for biomolecular or small drug molecule targets could benefit most directly. Work 

in this area is continuing in our lab. 
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CHAPTER 6 

 

USING CARBON DOTS AS A MEDIATOR FOR APTAMER SELECTION 

AGAINST SMALL MOLECULE DRUG TARGETS BY WAY OF CAPILLARY 

ELECTROPHORESIS  
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6.1. Introduction 

Prescription medication monitoring and screening for drugs-of-abuse plays an 

important role in the field of clinical diagnostics, public safety and workplace management. 

The current practice of screening of drug molecules involves two steps: (1) preliminary 

screening, which is mostly done by enzyme immunoassay-based methods, and (2) 

confirmation analysis, mostly done by chromatography-based methods such as GC-MS, 

LC-MS, etc.. A major challenge with the immunoassay-based methods is that they often 

give false positive results, even though the amount of drug is below the intoxicating or 

regulated levels.1 Furthermore, immunoassay-based methods can be expensive and the 

reagents have limited shelf-life. To overcome these limitations, aptamer-based screening 

methods could be employed. Such a paradigm shift would first require the demonstration 

of facile, low-cost, high efficiency aptamer separations, as proposed herein. 

Aptamers are single-stranded oligonucleotide sequences (DNA or RNA) which 

have a high affinity to their selected target molecules.2,3 Aptamers have several valuable  

properties especially when it comes to analytical applications, such as: small size, high 

affinity/high selectivity, thermal stability, low cost, tolerance over a wide range of pH 

values, and ease of synthesis. They can be identified in vitro against a broad range of targets 

such as proteins4, peptides5, metal ions6, bacteria,7 small molecules8 etc. by using a method 

called systematic evolution of ligands by exponential enrichment (SELEX)9
. This method 

involves an iterative enrichment of the DNA-target complex from a random pool of many 

millions of different possible aptamer sequences contained in a DNA library. In recent 

studies, aptamers have been appeared as an essential component of various analytical 

techniques such as colorimetry10, electrochemistry11, capillary electrophoresis (CE)12, and 
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mass spectrometry13. Among these all techniques, CE is the most appealing one due to its 

high resolution, low sample consumption and compatibility with different detection 

methods. Aptamer-based CE has been reported for the detection of HIV reverse 

transcriptase14, human thrombin15, human IgE12, and nucleotides16. When aptamer binds to 

a protein or other target molecule, it leads to a change in the mass-to-charge ratio and based 

on this, it is possible to distinguish the complex from the free, unbound aptamer in a 

resulting CE electropherogram. However, it can be very difficult to identify when an 

aptamer binds with a small molecule target due to a much smaller change in the mass-to-

charge ratio of the aptamer-small molecule complex compared to the free aptamer in this 

case. As such, we set out to identify and evaluate a suitable mediator or “separation 

adjuvant,” which could be included in the CE buffer to enhance the separation of free and 

bound ssDNA. 

Specifically, we have employed carbon dots (CDs), which are fluorescent carbon 

nanomaterials, as a buffer modifier to facilitate the separation of unbound ssDNA from 

ssDNA bound to a small drug molecule target. Carbon dots (CDs) are quasi-spherical, 

fluorescent nanoparticles, with a diameter typically less than 10 nm. They offer various 

advantages over inorganic nanomaterials including low cost, ease of synthesis, 

biocompatibility, stability, and more. CDs are highly soluble in water due to the presence 

of carboxylate functional groups on their surface.17,18 They interact with potential analytes 

via hydrophobic, π-π stacking, hydrogen bonding, and electrostatic interactions.19 In 

addition, CDs can be modified either by adding a dopant during their synthesis, or by 

surface modification after the synthesis. Nitrogen doping is very popular, as it results in 
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nanomaterials with higher quantum yield.20 For all of these reasons, CDs have found 

applications in the fields of biosensing and clinical diagnosis.21, 22  

CDs are less commonly employed in separations method development. However, 

we were interested to understand the potential to use CDs to mediate the mobility and 

binding properties of single-stranded DNA (ssDNA) aptamers in CE-based, SELEX-type 

experiments. Earlier work in our lab demonstrated the ability of CDs to differentiate 

between ssDNA molecules of different length in a ctITP separation method (see Ch. 5).23 

As such, we saw the potential to exploit the binding of CDs with ssDNA in CE systems to 

facilitate the separation and collection of target-bound ssDNA aptamers from unbound 

ssDNA molecules in a random library.  

The mode of aptamer binding discussed in this chapter is based on Non-equilibrium 

capillary electrophoresis of equilibrium mixtures (NECEEM).24 In this mode, the aptamer 

and target are incubated outside of capillary prior to their analysis by CE. NECEEM has 

been applied to peptides25, proteins26,27, and small molecules28,29. Our studies involve a 

small molecule target (cocaine, in this case) incubated with a constant concentration of 

previously identified aptamer34 (referred to herein as “FCBA” or fluorescently labeled 

cocaine binding aptamer). We describe a modified and greatly improved approach to this 

method, in which we introduce nitrogen-doped CDs (NCDs) as separation adjuvants. The 

NCDs are premixed with the aptamer and allowed to incubate together prior to any 

subsequent sample manipulation. In this way, the aptamer (or any ssDNA) gets completely 

bound to the NCDs, and we say that the DNA has been “sequestered” by the NCDs prior 

to any CE-based separation. However, if the ssDNA aptamer’s target molecule is then 

added to the NCD-DNA mixture, the aptamer will have a greater affinity for its target and 
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so will switch its association from the NCDs to its target instead. Subsequent analysis by 

our NCD-modified CE method reveals a new peak attributable to the aptamer-target 

complex, as distinct from the NCD-sequestered DNA. To the best of our knowledge, the 

complete sequestration (with quenching of the fluorescent signal) of ssDNA by NCDs, for 

subsequent identification of target-binding aptamers by CE has never before been 

demonstrated.  In this study, we successfully demonstrate the use of NCDs as separation 

adjuvants in the capillary transient isotachophoresis (ctITP) mode of CE, to allow for the 

resolution of target bound ssDNA aptamers from unbound ssDNA. Here, “unbound” refers 

to DNA that is not bound by its target molecule but may be otherwise associated with 

(“sequestered” by) the added NCDs.   

Aptamer discovery and aptamer-based screening techniques require both effective 

detection (via fluorescence emission in this instance) and identification of aptamer 

sequences uniquely qualified to select for the desired target. For this work, we have 

employed a known fluorescent cocaine binding aptamer (FCBA) sequence consisting of 

32 nucleotides,34 covalently labeled with carboxyfluorescein (FAM). The aptamer 

fluorescence was quenched when sequestered by the NCD separation adjuvants. However, 

the aptamer signal was restored upon addition of the target drug molecule, cocaine, to the 

sample mixture, and so the target-bound DNA peak could be resolved and detected because 

of the NCD modified ctITP-LIF system developed here. This was due to preferential 

binding of the ssDNA aptamer with its drug target relative to its initial association with the 

NCDs employed as buffer modifiers and fluorescence signal mediators. The inherent 

fluorescence of the NCDs themselves gave us another avenue by which to identify peaks 

and determine mobilities in the electropherograms. By employing a simultaneous, dual-
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wavelength LIF detection system, we could monitor the restored fluorescence emission of 

target-bound DNA on one detector channel (with excit = 488 nm and emis = 520 nm) at the 

same time as the emission of NCDs (with or without associated DNA) on a second detector 

channel (with excit = 375 nm and emis = 450 nm).  

To validate this new NCD-mediated separation method, we applied the fraction 

collection methods previously developed in our laboratory30 to the aptamer-target complex 

and aptamer-NCD zones, with these fractions to be subsequently subjected to DNA 

sequencing for confirmation of their identities. To demonstrate selectivity, we introduced 

other illicit drugs (including synthetic cathinones, a cannabinoid, and an opioid antagonist) 

and confirmed that the DNA (including the specific cocaine binding aptamer) remained 

sequestered by the NCDs even when exposed to such interfering agents.  It is anticipated 

that this NCD-mediated competitive binding can be exploited for the separation of drug 

target-bound DNA sequences from DNA libraries for the purpose of aptamer discovery via 

ctITP for other illicit drugs of interest to the forensic community and law enforcement 

agencies. 

 

6.2. Materials and Methods 

6.2.1. Chemicals and reagents 

 Glycine (“Gly,” Bioultra grade, ≥ 99.0% NT), citric acid (> 99.0%), ethylenediamine 

(> 99.0%), and potassium chloride (KCl) were purchased from Sigma-Aldrich (St. Louis, 

Mo). Disodium ethylenediamine tetraacetate (EDTA), magnesium chloride (MgCl2), HCl 

(ACS grade), and NaOH (ACS grade) were purchased from Fisher Scientific (Suwanee, GA) 

and tris (hydroxymethyl) aminomethane (“tris,” Amresco Life Science, proteomics grade) 



103 

 

was purchased from VWR (Atlanta, GA). SYBR Gold nucleic acid gel stain (10,000  

concentrate) was purchased from Life Technologies, Inc. (Carlsbad, CA). Small molecule 

drugs (such as cocaine hydrochloride, tetrahydrocannabinol (-)-Δ9-THC, naloxone, 

methylone HCl, pentylone HCl, MDPV HCl (3,4-methylenedioxypyrovalerone HCl), and  

MDPBP HCl (3’,4’-methylenedioxy-α-pyrrolidinobutiophenone HCl)), were purchased 

from Cerilliant (Round Rock, TX). A Milli-Q® Reagent Water System from EMD 

Millipore Corporation (Billerica, MA) was used to purify water for aqueous sample and 

solution preparation. Measurement of ssDNA concentration was done by Nanodrop® and 

Qubit® (Thermo Fisher Scientific, Wilmington, DE). 

 

6.2.2. ssDNA oligonucleotides 

All ssDNA oligonucleotide samples were purchased in lyophilized powder form from 

Integrated DNA Technologies, IDT (Coralville, IA), and were reconstituted in a 1TE 

buffer (10 mM tris with 1 mM EDTA, pH 8.0; Fisher Scientific, Waltham, MA) to prepare 

100 µM stock solutions. Stock solutions of DNA were aliquoted into smaller volume 

portions and stored at -20oC prior to use (to avoid having to repeatedly freeze/thaw the 

entire DNA stock solution when needed). . A working stock solution of 2.0 µM ssDNA 

was prepared by dilution of the appropriate volume of 100 µM stock solution with sample 

buffer followed by heating in a water bath for about 5 min at 95°C, after which the solution 

was allowed to cool slowly to room temperature to facilitate proper folding. Any left-over 

DNA stock solution and freshly prepared working stock solutions were stored at 4°C until 

needed, for up to 7 days.   
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Analytical samples of ssDNA, for analysis by CE, were prepared by dilution of a 

working stock solution of DNA to the final concentration desired for analysis. Analytical 

samples of ssDNA were prepared in sample buffer (see section 6.2.4), with or without 

added NCDs (see section 6.2.3) and with or without added drug target. Detailed sample 

compositions for each experiment are specified in the corresponding figures and discussion 

that follows in this chapter. 

 Three ssDNA oligonucleotides (synthesized without primer handles) were used in 

this experiment. They are as follows: 

(i)  Fluorescent cocaine-binding aptamer, “FCBA” – a single 32-mer ssDNA sequence 

previously discovered by Stojanovic et al.10 and further modified by Guler et al.31 and 

Deng et al.,32 which is covalently labeled with 6-carboxyfluorescein (6-FAM) at the 5 

end: 

/56-FAM/AG ACA AGG AAA ATC CTT CAA TGA AGT GGG TCG 

 

(ii)  Nonsense ssDNA – a single 32-mer ssDNA sequence, purposefully different from 

the FCBA sequence, but also labeled with 6-FAM at the 5-end: 

/56-FAM/CT TGG CAC CGG GCC ACA TAT ATG CGT TCC AAT 

 

(iii) Randomer ssDNA – a library of random ssDNA sequences, with oligonucleotides A, 

C, T, and G represented as “N,” which are randomly arranged in a 32-base long 

sequence: 

NN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN 

 

6.2.3. Carbon dot synthesis 

The CDs were either unmodified (undoped) or modified (N-doped) and prepared 

in-house according to a modified procedure based on the work of Wu et al.33 Briefly, 
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unmodified CDs were synthesized from a 2.00 g portion of dry citric acid heated in a 

scintillation vial or sealed autoclave reactor to 185-195oC for 5 h, followed by resuspension 

of the resulting carbon dots in 50 mM NaOH. Nitrogen-doped CDs (NCDs) were 

synthesized from a 1:4 molar ratio of starting materials (citric acid: ethylenediamine) 

dissolved in water and heated in a sealed autoclave reactor. For full details of the synthesis 

and purification procedures used for CDs in this study, refer to Ch. 2, section 2.2. 

 

6.2.4. Buffer and sample preparation 

 These studies employed a modified capillary transient isotachophoresis (ctITP) 

mode of CE, which requires one buffer for the sample preparation (containing a “leading 

electrolyte,” with higher electrophoretic mobility than the analyte mobility) and a different 

buffer for filling the capillary before and during the separation (containing a “terminating 

electrolyte,” with lower mobility than the analyte).  The separation buffer was either (a) 25 

mM tris, 250 mM Gly, 5 mM KCl, and 4 mM MgCl2 (inherent pH 8.2), or, for fraction 

collection studies, (b) 31 mM tris, 500 mM Gly, 5 mM KCl and 4 mM MgCl2, unless 

otherwise noted in subsequent figures in this chapter. The sample buffer was 50 mM tris, 

adjusted to pH 8.2 by the addition of 1 M HCl (“tris-HCl” buffer). 

The preparation of samples that included ssDNA and target required two stages of 

incubation. The first stage of incubation allowed for the DNA to fully associate with NCDs; 

and the second stage of incubation allow for DNA with the appropriate sequence to fully 

associate with its target (drug) molecules, prior to injection and separation. In detail, a 

135.4 µL aliquot of the dialyzed NCD stock solution (1.2 mg/mL) was added to a 365 µL 

portion of sample buffer. To this was added a 1.2 µL aliquot of ssDNA working stock 

solution (2 M). In this prepared mixture, the diluted concentrations of NCDs, tris, and 
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DNA were 308.75 g/mL, 36.5 mM, and 4.75 nM, respectively This DNA-NCD-buffer 

mixture (referred to herein as the “DNA mixture” or “aptamer mixture”) was then 

incubated at room temperature in the dark for 2 h to allow the DNA to noncovalently 

associate with the NCDs before further reaction or analysis. At this stage, we refer to the 

DNA as having been “sequestered” by the NCDs.   

Samples also containing a drug target underwent a second stage of incubation, to 

facilitate any association between DNA and target. For this, the solvent from a 65 µL 

aliquot of cocaine (or other drug) stock solution (1 mg/mL in acetonitrile) was evaporated 

using a vacuum centrifuge (see Ch. 2, section 2.1.3 to avoid introducing any organic 

solvent into the sample. The dried drug was then reconstituted with 5 µL of sample buffer 

and this mixture was added to a 95 µL portion of the DNA mixture described above. Thus, 

the resulting drug target concentration was 2 mM in the final sample mixture. This final 

sample mixture was incubated again for 2 hours (to allow for association of the drug with 

suitable DNA sequences) prior to injection and analysis by CE. 

6.2.5. Instrumentation 

CE-based analyses were conducted using a Sciex MDQ Plus system with 32 Karat 

software (Framingham, MA) and dual-wavelength laser-induced fluorescence (LIF) 

detection. One detector channel employed an Ar-ion laser for excitation at 488 nm, and a 

520-nm-long pass filter together with a 488 nm notch filter for emission. The second 

detector channel used an external 375-nm diode laser (Oz Optics, Ltd., Ontario, Canada) 

with a 450-nm-long pass filter (Omega Optical, Brattleboro, VT). 

All CE experiments employed an uncoated, fused silica capillary with an inside 

diameter of 25 µm or 50 µm and an outside diameter of 360 µm, obtained from 
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Polymicro/Molex (Phoenix, AZ), and cut to different lengths as specified in the figures 

later in this chapter. 

6.2.6. Separation condition and fraction collection 

The CE-based separations were conducted with the inlet and outlet vials filled with 

separation buffer, and the samples prepared in sample buffer. The applied separation 

voltage was 25.0 kV and the samples were injected for 5 s at 2 psi, unless otherwise noted. 

The fraction collection study was performed using the ‘timed fraction collection’ 

mode of the 32 KARAT software from Sciex. Briefly, this involved a programmed 

sequence that included the following steps: (a) pressure injection of the sample, (b) 

electrokinetic separation of the sample under conditions of applied constant voltage (25 

kV), (c) detection by LIF, (d) repositioning of the outlet end of the capillary into a fraction 

collection vial containing 60 µL of collection buffer (which was identical in composition 

to the separation buffer), and (e) reapplication of the electric field for a specified collection 

time (2 min, unless stated otherwise), which was determined based on the distance from 

the detector to the capillary outlet and the mobility of the fraction to be collected. This 

whole collection sequence was repeated as many times as necessary with successive 

injected samples in order to accumulate a sufficient quantity of components found in the 

collected zones to allow for subsequent off-line analysis (e.g. sequencing).  Prior to the 

execution of final fraction collection experiments, we first had to evaluate DNA 

accumulation upon collection of 5, 10, and 20 replicates of sample runs. Each such 

accumulation study was quantified by reinjection of the pooled, collected fractions. All the 

fraction collection studies were conducted on 50 µm capillary (effective length 40 cm, total 

length 50.2 cm). 



108 

 

6.3. Results and Discussion 

6.3.1. Evidence of aptamer-target binding using CE-LIF dual wavelength detection  

The detection of aptamer‒small molecule complexes in CE can be difficult, 

particularly due to the fact that there is relatively little change in the mass of the complex 

(relative to the free aptamer), and so achieving resolution of free aptamer from aptamer-

target complex is challenging. In this experiment, we used cocaine as our small molecule 

target with an aptamer previously shown to be selective for cocaine34,35; however, we 

employed NCDs for the first time to facilitate improved resolution and detection of free 

and bound target molecules. It has already been reported that the affinity between 

fluorescent cocaine binding aptamer (FCBA) and cocaine is relatively weak (compared to 

the affinity demonstrated by some aptamers towards their large biomolecular targets), and 

this affinity is challenged further still under typical CE conditions due to the relatively low 

ionic strength of the sample buffers.34,35 This means very little cocaine will bind to its 

corresponding aptamer when the cocaine concentration in the mixture is low, which poses 

challenges for analytical assays or sensing.   

In our experiment, we introduce fluorescent nitrogen-doped carbon dots (NCDs) to 

the sample, which help in two ways: 1) to observe the competitive binding of aptamer with 

NCDs vs. aptamer with its cocaine target; and 2) differentiating between the corresponding 

complexes during CE-LIF due to the different spectral response of the NCDs compared to 

the fluorescein-labeled DNA. 
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Figure 6.1. (A) A series of offset electropherograms showing the fluorescence signal of Fluorescent Cocaine 

Binding Aptamer (FCBA 25 nM) complexed with nitrogen-doped carbon dots (NCDs), indicated by (°), and 

FCBA complexed with its target cocaine, indicated by (*). The FCBA (25 nM) was incubated with NCDs 

(250 µg/mL) for 2 h at room temperature in the dark before varying amounts of cocaine target (0, 25, 50, 

100, 200, and 500 µM – as labeled in the figure) were added to the premixed FCBA-NCD mixture followed 

by incubation for 2 h before injection. Separation buffer consists of 25 mM tris, 250 mM Gly, 5 mM KCl  

(pH= 8.2) with 4 mM MgCl2, and the sample buffer consists of 50 mM tris-HCl, pH=8.2. The sample 

injection was 2 psi for 5 sec and the separation was performed at 25°C with an applied voltage of 25 kV. 

Capillary i.d. was 50 µm and total length was 50 cm with an effective length of 40 cm. (B) A plot of the ratio 

of peak height of the aptamer‒cocaine complex (*) to the aptamer‒NCD complex (o) as a function of cocaine 

concentration. Peak areas of aptamer-NCD and aptamer–cocaine complexes shown in (C) and (D), 

respectively.   

 

In order to confirm that the specifically chosen ssDNA sequence referred to as 

“FCBA” was, indeed, binding  with its intended target cocaine, we conducted an 

experiment involved the titration of increasing concentrations of target (from 0 – 500 M) 

into a preincubated mixture of aptamer with NCDs. In this experiment, a fixed 

A 

 

B 

 

C 
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concentration of NCDs (250 µg/mL) was preincubated with a fixed concentration of FCBA 

(25 nM) in the absence of added target, the ratio of peak areas for free aptamer and NCD-

bound aptamer (indicated by the symbol ‘o’ in Fig. 6.1) was roughly 1:1, as seen in Fig. 

6.1 A & B. In the electropherogram, the top trace (488 nm laser) showed the peak for the 

FCBA-NCD complex at 10.52 min, which is also confirmed by the peak at 10.52 min in 

the corresponding 375 nm wavelength trace shown at the bottom. The bottom trace is 

detecting zones with NCDs present, whereas the top trace is detecting zones with FCBA 

present. On the other hand, the FCBA-cocaine complex peak (denoted with the symbol ‘*’) 

was only observed at 10.95 min with 488 nm detection. This peak was not and should not 

have been seen in the 375 nm trace because FAM-labeled ssDNA can only be seen with 

488 nm detection, and since this FCBA-cocaine zone contains no NCDs, there is no 

corresponding signal in the LIF channel with the 375-nm excitation source unique for NCD 

detection. We have also noticed peaks at 3 and 12 min, which correspond to NCDs (see 

Appendix B, Fig. B.1). 

In Fig 6.1 A, in the 0 µM cocaine trace, we have noticed multiple signal peaks (at 

2.84, 11.6, and 12.4 min) other than two major peaks discussed above. These three peaks 

were belong to the NCDs as they were seen when injected on CE alone (without any 

ssDNA). This may be due to the reason that not all the synthesized dots had the same size 

or charges, that’s why, few of them might migrate differently than the majority of the 

NCDs. 

At 488 nm, we were only expected to see (*) peak for FCBA-cocaine. The signal 

(°) peak was observed at 10.52 min was in fact from the FCBA-NCD complex. As the 

FCBA gets bound by NCDs, this signal should not be seen at 488 nm wavelength. This 
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might be due to the inter detector cross-talk, however, we confirmed the existence of dot-

specific signals by employing 375 nm wavelength detection and it proved that the FCBA-

NCDs signal did not interfere with our signal of interest (FCBA-cocaine). 

 As we increased the target concentration, we have noticed that (*) peak for FCBA-

cocaine was going up in size (seen in the egrams in 6.1A and in 6.1D bar graph) as the 

FCBA-NCDs signal (°) was going down (see Fig. 6.1 C). This was expected due to the 

addition of cocaine. That is, upon increasing cocaine concentration in the pre-incubated 

mixture, the FCBA started leaving NCDs and binding cocaine, as part of a preferential 

binding. If it had been the other way around then the assay would not work because the 

FCBA would never ever depart from its pre-incubation complex that it formed with NCDs. 

We have observed a relationship between the two complexes formed as we added 

cocaine and increased its concentration as shown in Fig. 6.1 B. In the plot, at 0 µM of 

cocaine, we have seen a plateau effect. One reason could be that by adding higher and 

higher concentration of target, we did don’t get any more target-FCBA complex forming. 

This could be because the affinity of the FCBA for cocaine is not high enough to tear away 

the rest of the FCBA from its original NCD partner. Another reason might be the relative 

proportions of NCD to FCBA to cocaine are not yet optimized, and so we don’t have 

enough FCBA in the original pre-incubation mixture to bind with all of the cocaine that 

ultimately gets added. 

6.3.2. Determination of optimal concentration of NCDs for sequestration of ssDNA  

 In order to develop a functional sensing assay or aptamer selection protocol based 

on the differential affinity of aptamer towards NCDs relative to its target, it is necessary to 
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ensure that all aptamer (or more generally, all ssDNA) is fully bound to NCDs to begin 

with. That is, we want to ensure that the sample mixture does not contain some free DNA 

and some NCD-bound DNA when the target is introduced. By ensuring that sufficient 

NCDs are present to “sequester” all of the DNA to begin with, we will improve the 

resolution of target-bound aptamer if/when it is subsequently formed, thus facilitating 

aptamer collection and discovery. However, this does not mean simply adding NCDs in 

copious amounts to the sample mixture, since this could interfere with electrokinetic 

parameters or it could result in spurious signals due to aggregation of nanomaterials or 

other deleterious effects.   

 To this end, we conducted experiments to optimize the NCDs required to 

completely sequester the FCBA (or more generally, any ssDNA sample) prior to 

introduction of the target molecule. Various concentrations of NCDs were studied (from 

285 - 385 µg/mL) for samples containing a fixed concentration of FCBA (4.75 nM), with 

incubation for 2 h. The resulting NCD and NCD-DNA complex peaks formed for each 

sample can be seen in Fig 6.2. In the absence of NCDs, FCBA (4.75 nM) alone appears as 

a peak at 14.4 min as shown in Fig. 6.2A (blue trace). In Fig. 6.2A (orange trace), we see 

no peak because this trace reflects the signal in the 375 nm excitation channel, which is 

sensitive only to NCDs (and recall that in Fig. 6.2A, there are no NCDs present yet). Also, 

when FCBA was mixed with cocaine in the absence of NCDs, only one peak shows up in 

the electropherogram (see Appendix B, Fig. B.2), and this peak appears qualitatively the 

same as the DNA-only peak (with the same migration time as that of the FCBA sample 

alone in Fig. 6.2A. This is expected because the binding of cocaine to FCBA does not result 
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in a significant change in the overall size and charge of the complex, and thus the FCBA-

only and the FCBA-cocaine peaks are indistinguishable in the absence of NCDs.   

 To be able to identify the signal originating from NCDs, we injected NCDs alone 

(with no DNA), as seen in Fig. 6.2B. As expected, a peak is seen in the orange trace of Fig. 

6.2B (which is the 375 nm excitation channel), due to the native emission of the NCDs. 

However, a peak at the same time (13.82 min) is also seen in the electropherogram for 

NCDs alone in the blue trace of Fig. 6.2B, corresponding to the 488 nm excitation channel. 

A 

 
 

B   

 

C 

 

D 

 

Fig 6.2 Electropherogram for NCDs optimization study using various concentration of NCDs (A) 4.75 nM 

FCBA with 0 µg/mL NCDs in sample buffer (B) 308.75 µg/mL NCDs alone in sample buffer (C) 4.75 nM 

FCBA with 285 µg/mL NCDs in sample buffer (D) 4.75 nM FCBA with 308.75 µg/mL NCDs in sample 

buffer. Separation buffer consists of 25 mM Tris, 250 mM Gly, 5 mM KCl  (pH= 8.2) with 4 mM MgCl2 and 

the sample Buffer consists of Tris-HCl, pH=8.2. The sample injection was 2 psi for 5 sec and the separation 

was performed at 25°C with an applied voltage of 25 kV. Capillary i.d. was 25 µm and total length was 50 

cm with an effective length of 40 cm. Injection volume was 1.09 nL. 
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Throughout this work when employing the dual-wavelength LIF detection system, 

we see concomitant peaks in both channels for NCD samples, even though the NCDs have 

very little excitation at 488 nm (see Fig. 3.4). Spectral bleed into the longer wavelength 

channel may account for this. In future studies, this could most likely be avoided by using 

a more suitable set of optical filters in both detector channels during dual wavelength 

detection. For example, channel 1 (the 488 nm laser channel) could employ a 520 nm long 

pass filter together with 488 nm- and 375 nm-notch filters to ensure no interferences from 

the two lasers (375 nm and 488 nm excitation). Channel 2 (the 375 nm laser channel),  

could employ a 450 nm band pass filter (to allow for passage of emission only from the 

CDs to the photomultiplier tube), together with 375 nm-, 488 nm-, and 520 nm-notch 

filters, which would serve to block the lasers’ excitation signals and the CD emission signal 

from passing through to the detector. From the fluorescence study, it has been seen that the 

fluorescence emission of CDs are very low, but not zero at 488 nm excitation (as shown in 

Chapter 3 Fig 3.4). It is important to note that signal from the FAM-label (or SYBR Gold 

tag) is not seen in the 375 nm channel in any of these experiments. Thus, any signal that 

appears in the 488 nm channel but is absent from the 375 nm channel is confirmed as 

having fluorescently-labeled DNA in that zone, whereas any signal that appears in both 

channels simultaneously is confirmed as having NCDs present in that zone. 

The addition of 285 µg/mL NCDs to the 4.75 nM FCBA sample resulted in the 

appearance of a new peak (see Fig. 6.2C). That is, in addition to the peak corresponding to 

free FCBA (at 14.38 min), there is now a second peak at 13.85 min, which corresponds to 

FCBA bound to the added NCDs. A significant difference in the area of the peak attributed 

to FCBA was observed for the sample prepared without NCDs (Fig. 6.2A) compared to the 
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sample prepared with NCDs (Fig 6.2C). After the incubation with NCDs, the unbound 

FCBA peak area (1.1 x 105 RFU.min) was reduced by 38.9% compared to the FCBA peak 

area (1.8 x 105 RFU.min) in the sample with no NCDs. The presence of a remaining free 

(albeit greatly reduced in size) FCBA peak in Fig. 6.2C indicated that the quantity of NCDs 

was insufficient to bind all of the ssDNA in the sample.  As such, we increased the 

concentration of NCDs to 308.75 µg/mL while holding the concentration of the DNA 

constant at 4.75 nM (see Fig. 6.2D). In this mixture, we no longer see a peak corresponding 

to free DNA, while the peak attributed to the NCD-FCBA complex (at 13.83 min) has 

increased in size. This indicates that we have now added sufficient NCDs to ensure that all 

of the DNA in the sample is complexed with NCDs. We refer to this as the NCDs having 

“sequestered” all of the DNA. This is the desired operating condition for DNA samples 

prior to any subsequent addition of possible target molecules, because it eliminates any 

possible overlap between free DNA and target-bound DNA. That is, we have effectively 

employed NCDs as “separation adjuvants” to sequester the DNA, and, in the process, affect 

a change in the migration time of the DNA so that it can be later resolved from any DNA-

target complex that may be formed as part of an aptamer discovery or target sensing 

experiment.  While a NCD concentration of 308.75 µg/mL was necessary to fully sequester 

all of the 4.75 nM FCBA sample, we determined that concentrations of NCDs higher than 

this (332.5 µg/mL and 380 µg/mL) only resulted in a higher signal for the NCD-FCBA 

complex peak in the resulting electropherogram (corresponding to the higher NCD 

concentration), with no further mobility shift of the NCD-FCBA complex (data not shown). 

As such, we proceeded to use 308.75 µg/mL of NCDs as separation adjuvants in all samples 

that follow. 
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6.3.3. The effect of adding target (cocaine) to NCD-FCBA complex 

 Having established that a complex between NCDs and ssDNA (specifically, FCBA 

in this case) is formed upon incubation in a sample buffer, it was still to be determined 

whether or not the NCD-bound aptamer would preferentially bind to its target if given the 

opportunity by introducing target into the sample mixture.  In order to be able to apply the 

NCD-sequestered aptamer as a sensing agent for the aptamer’s target molecule in a CE-

based assay, the aptamer-target association reaction must compete favorably (that is, it’s 

association constant must be greater than for the NCD-aptamer complex formation reaction 

that proceeds it).  To test this, we chose to add increasing concentrations of the target 

cocaine (from 0 to 3 mM) to pre-incubated NCDs-FCBA sample mixtures (prepared with 

308.75 g/mL NCD + 4.75 nM FCBA, as per Fig. 6.2C). However, after adding cocaine 

to this preincubated mixture, the NCDs and FCBA concentrations became 308.75 µg/mL 

and 4.75 nM, respectively in the final sample mixture. These samples were prepared 

according to the procedure described earlier (see section 6.2.4).  

 In Fig. 6.3A (i, light blue trace), the single peak corresponding to the NCD-FCBA 

complex is observed at 13.8 min, since the cocaine target has yet to be added. Upon the 

addition of 0.5 mM cocaine (Fig. 6.3A (ii, orange trace)), no significant change is evident. 

However, upon the addition of 1 mM cocaine (Fig. 6.3A (iii, gray trace)), a new peak 

appears. In addition to the NCD-FCBA peak at 13.6 min in Fig. 6.3A (iii), now there is 

also a small peak at 14.4 min, which corresponds to the formation of FCBA-cocaine 

complex. Thus, the addition of 1 mM cocaine to the sample containing NCD-FCBA 

complex was sufficient to allow the cocaine target to competitively bind with its FCBA 

aptamer. We know that the appearance of this new, small peak can be attributed to the 
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formation of some FCBA-cocaine complex because the peak is visible in the 488 nm 

detector channel but not in the 375 nm detector channel, indicating that it contains DNA 

but not carbon dots (data not shown).  Furthermore, the addition of even higher 

concentrations of cocaine target (including 1.5 mM and 2.0 mM, as can be seen in Fig. 

6.3A (iv) and (v), respectively) led to proportionately larger FCBA-cocaine complex peaks.  

No further enhancement in FCBA-cocaine peak area was achieved upon the addition of 

target concentrations above 2.0 mM (for example, see Fig. 6.3A (vi) for 3.0 mM cocaine 

added to the NCD-FCBA mixture). The sequential drift towards shorter migration times 

observed for peaks in Fig. 6.3A (i-vi) is attributed to the normal system drift in 

electroosmotic flow (eof) that can occur over the course of a long series of runs conducted 

on a given capillary during a given day of experimentation. This drift in eof is well known 

due to changes that occur over time to the surface charge density on the inner wall of the 

capillary. 

 A quantitative representation of the formation of FCBA-cocaine complex upon the 

addition of increasing concentrations of cocaine to the NCD-FCBA complex is shown as a 

calibration curve in Fig. 6.3B & C.  While the linear range is limited, and the sensitivity is 

poor (that is, the concentration of required target is too high under these experimental 

conditions to render this applicable to clinical samples), this proof-of-concept experiment 

establishes two facts that are essential to future applications of NCD-modified separations 

of aptamers. First, it has been demonstrated that ssDNA can be quantitatively bound to 

NCDs with a concomitant change in mobility of the DNA so as to remove it from the zone 

of migration of free DNA.  Second, it has been demonstrated that target-specific sequences 

of ssDNA (aptamers), even when bound to NCDs, will preferentially bind to their target 
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molecules (in this case, FCBA and cocaine), and the resulting target-aptamer peak area is 

proportional to aptamer concentration. Based on these results, we proceeded to employ the 

target cocaine at a concentration of 2 mM when conducting further validation studies, as  

described in the following sections.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6.3: (A) Electropherograms showing the effect of increasing the concentration of cocaine (i, 0 mM; ii, 

0.5 mM; iii, 1.0 mM; iv, 1.5 mM; v, 2 mM; vi, 3 mM) added to a pre-incubated mixture of 308.75 g/mL 

NCD + 4.75 nM FCBA. Separation buffer consists of 25 mM tris, 250 mM Gly, 5 mM KCl  and 4 mM MgCl2 

(pH 8.2), and the sample buffer consists of 50 mM tris-HCl, pH=8.2. The sample injection was at 2 psi for 5 

s (producing an injection volume of 1.09 nL), and the separation was performed at 25°C with an applied 

voltage of 25 kV. Capillary i.d. was 25 µm and total length was 50 cm with an effective length of 40 cm. (B) 

Calibration curve showing peak area of FCBA-cocaine peak as a function of added cocaine concentration. 

(C) Calibration curve showing normalized peak area of FCBA-Cocaine peak against the added cocaine 

concentration. Normalization involved dividing by the peak area for FCBA only (in the absence of NCDs 

and cocaine). 
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6.3.4. Testing the selectivity of FCBA-cocaine binding against possible interferents 

 Having demonstrated that NCD-bound FCBA will preferentially associate with its 

target cocaine, it remained to be seen whether or not NCD-bound FCBA will interact with 

any other small molecule drugs, which could be present alongside the target cocaine in 

clinical or analytical samples. Such interferents could lead to false positives if the NCD-

aptamer complex was to be developed into a sensor for its specific drug target. Also, such 

interferents could lead to the mis-selection of aptamers in discovery-based experiments 

from randomer libraries of ssDNA.  In this experiment, a diverse collection of six small 

molecule drugs (see section 6.2.1) were screened to determine if they posed any possible 

interference for the sensing of cocaine by the NCD-bound FCBA (cocaine-specific 

aptamer).  As shown in Fig. 6.4, the possible interferents we tested (each at a concentration 

of 2 mM) were: (i) cannabinoid THC; (ii-v) synthetic cathinones methylone, pentylone, 

MDPV, and MDPBP; and (vi) opioid antagonist naloxone; compared to (vii) known FCBA 

target, cocaine. In all traces in Fig. 6.4, a peak corresponding to the NCD-FCBA complex 

was seen at 13.4 min. Upon the addition of the FCBA target, cocaine (Fig. 6.4(vii)), the 

characteristic FCBA-target peak is also seen (at 14.2 min). However, no such additional 

peak appeared in the electropherograms recorded for samples prepared with other drugs 

added to the NCD-FCBA mixture, affirming that the FCBA aptamer is selective for the 

cocaine target, as expected. This experiment confirms that ssDNA is only selectively 

dissociated from its initially formed complex with NCDs, and so the presence of other 

small molecule drugs does not appear to pose a threat to the selectivity or sensitivity of the 

NCD-mediated aptamer separation methods developed herein.  
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6.3.5. The effect of nonsense ssDNA in place of FCBA aptamer  

 Having shown the specificity of the FCBA aptamer towards its target cocaine 

relative to other possible drug interferents in the previous section, we now sought to 

confirm that the target cocaine would not indiscriminately bind to some other nonsense 

DNA sequence. As a corollary to this, we sought to establish that NCDs are capable of 

sequestering any ssDNA that is comparable to the FCBA tested thus far. To this end, we 

purchased a nonsense sequence of ssDNA equivalent in length (32 nt) to the FCBA aptamer 

and possessing a 6-FAM label on the 5-end, but composed of a different sequence of 

oligonucleotides (as shown in section 6.2.2) compared to unique sequence known for the 

FCBA aptamer.   In absence of NCDs, a 4.75 nM sample of nonsense DNA (“NS DNA”) 

gave rise to a peak at 14.8 min, detectable via the 488 nm detection channel (see Fig. 6.5A, 

blue trace). This peak qualitatively resembles that observed for FCBA alone in Fig. 6.2A. 

  

Fig. 6.4: Electropherograms of possible interferents (small drugs (2 mM) in addition to the known 

FCBA aptamer target cocaine), added to a pre-incubated mixture of 308.75 µg/mL NCDs with 4.75 

nM FCBA: (i) THC, (ii) methylone, (iii) pentylone, (iv) MDPV, (v) MDPBP, (vi) naloxone; and known 

target (vii)2 mM cocaine.Separation buffer consists of 25 mM tris, 250 mM Gly, 5 mM KCl  (pH= 8.2) 

with 4 mM MgCl2 , and the sample buffer consists of 50 mM tris-HCl, pH=8.2. The sample injection 

was 2 psi for 5 sec (injection volume 1.09 nL), and the separation was performed at 25°C with an 

applied voltage of 25 kV. Capillary i.d. was 25 µm and total length was 50 cm with an effective length 

of 40 cm.  
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As expected, no peak is observed for the NS DNA alone in the 375 nm detection channel 

(Fig. 6.5A, orange trace). After pre-incubation of the NS DNA with NCDs, the free DNA 

peak disappeared and was replaced by a peak for the NCD-DNA complex at 13.8 min (Fig. 

6.5B). The NCD-NS DNA complex peak is visible in both the 488 nm and 375 nm channels 

(Fig. 6.5B, blue and orange traces, respectively), as was seen for NCD-FCBA complex in 

Fig. 6.2D.  This supports our hypothesis that NCDs can be used to sequester ssDNA 

regardless of its sequence.   Upon the addition of 2 mM cocaine to the NCD-NS DNA 

mixture, no new peak was observed (Fig. 6.5C), suggesting that the cocaine does not 

indiscriminately bind to any ssDNA sequence such as the NS DNA, but rather, the cocaine 

will only bind to its specific aptamer sequence FCBA (as was evidenced in Fig. 6.3A, 

where a new peak corresponding to target-aptamer complex was visible). We also added a 

possible interference (2 mM THC) to the NCD-NS DNA complex mixture, which led to 

no change in the electropherogram (data not shown). Knowing that NCDs can be used to 

sequester ssDNA sequences of different identities, and that the electrophoresis method 

derived herein, which employs NCDs as separation adjuvants, does not indiscriminately 

lead to the formation of drug-ssDNA complexes unless the drug and ssDNA sequence are 

a specific target-aptamer pair, we are able to proceed with studies involving a randomer 

library of ssDNA suitable for aptamer discovery experiments, as described in the section 

that follows. 
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Fig 6.5: Electropherograms for a 32-nt, FAM-labeled nonsense ssDNA sample (4.75 nM) (A) without NCDs; 

(B) pre-incubated with 308.75 g/mL NCDs but no drug target added; and (C) same as (B) but with 2 mM 

cocaine added. Separation buffer consists of 25 mM tris, 250 mM Gly, 5 mM KCl  (pH= 8.2) with 4 mM 

MgCl2 and the sample buffer consists of 50 mM tris-HCl, pH=8.2. The left-hand-side axis pertains to the 

blue trace and the right-hand-side axis pertains to the orange trace. The sample injection was at 2 psi for 5 

sec (yielding an injected volume of 1.09 nL), and the separation was performed at 25°C with an applied 

voltage of 25 kV. Capillary i.d. was 25 µm and total length was 50 cm with an effective length of 40 cm.  

6.3.6. Selection of cocaine binding aptamer from a randomer library 

Aptamer discovery processes involve the selection of the most highly binding 

ssDNA sequences contained in an extensive pool of random ssDNA sequences when a 

target is introduced. Thus far we have shown our method to be capable of electrokinetically 

resolving DNA sequestered by NCDs from a selected aptamer that competitively binds 

with its target, but its compatibility with a randomer ssDNA library must also be 
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demonstrated if this method is to be used in future aptamer discovery studies. This section 

describes experiments conducted with a randomer ssDNA sample in place of the NS-DNA 

and FCBA aptamer samples employed in previous sections. The 32-nt randomer sample 

consists of 432 unique sequences of ssDNA containing random placement of the four 

nucleotide bases A/T/G/C. To keep the ssDNA used in this study consistent with previously 

used ssDNA samples (NS-DNA and FCBA), the randomer sample was the same size (32 

nt) and was covalently labeled on the 5-end with 6-FAM.    

A 

 

B 

 

                           C 

 
 

 

Fig 6.6: Electropherogram for study with randomer Electropherogram for understanding the effect of randomer ssDNA 

(4.75 nM) for aptamer-target complex formation. (A) without NCDs (B) preincubated with 308.75 g/mL mixture 

without cocaine (C) preincubated mixture with 2mM cocaine (see section 6.2.4 for detail sample concentration) 

Separation buffer consists of 25 mM Tris, 250 mM Gly, 5 mM KCl  (pH= 8.2) with 4 mM MgCl2 and the sample Buffer 

consists of Tris-HCl, pH=8.2. The left-hand-side axis pertains to the blue trace and the right-hand-side axis 

pertains to the orange trace. The sample injection was 2 psi for 5 sec and the separation was performed at 25°C with 

an applied voltage of 25 KV. Capillary i.d. was 25 µm and total length was 50 cm with an effective length of 40 cm. 

Injection volume was 1.09 nL 
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We set out to determine if any ssDNA from such a randomer library – initially 

sequestered by NCDs – would subsequently bind to the cocaine target being used in these 

proof-of-concept studies. While it is expected that the randomer library will contain some 

suitable binding sequences (and indeed, it may even coincidentally include some number 

of copies of the identified cocaine-binding aptamer sequence referred to herein as FCBA), 

it is not expected that a significant enough proportion of the randomer DNA sample will 

bind the target in any given run to allow for LIF detection of a bound DNA-cocaine peak 

in a single run.     

In Fig 6.6A, the migration time of the randomer DNA sample alone was observed 

at 14.4 min, in the absence of NCDs. This was comparable to what was seen in Fig 6.2A 

for FCBA, which was seen at 14.5 min. However, the randomer peak is broader compared 

to the FCBA peak. The preincubated mixture of randomer DNA with NCDs showed 

complete sequestration of the randomer in Fig. 6.6B. However, upon addition of the target 

small molecule, cocaine (Fig. 6.6C), no aptamer-target signal was observed. This suggested 

that even though the randomer library was fully associated with the NCDs, it may not have 

sufficient numbers of copies of cocaine-specific aptamers to give rise to a signal as it did 

for the pure FCBA ssDNA sample in section 6.3.1. However, the ability to use a randomer 

library is essential to future aptamer discovery studies against new or different targets, and 

so these results confirm this possibility. 

To investigate further, we conducted an experiment where we spiked the randomer 

with FCBA. Whereas the pure randomer sample led to no visible DNA-target peak in the 

resulting electropherogram, we hypothesized that spiking the randomer sample with the 

known binding sequence FCBA would enable us to see a DNA-target peak.  Thus, we  
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Fig 6.7: Electropherogram for study with spiking experiment Electropherogram for understanding the effect 

of spiked randomer with FCBA ssDNA (4.75 nM total) for aptamer-target complex formation. (A) without 

NCDs (B) preincubated with 308.75 g/mL without cocaine (C) preincubated mixture with 2mM cocaine (see 

section 6.2.4 for detail sample concentration). The left-hand-side axis pertains to the blue trace and the right-hand-

side axis pertains to the orange trace. Separation buffer consists of 25 mM Tris, 250 mM Gly, 5 mM KCl  

(pH= 8.2) with 4 mM MgCl2 and the sample Buffer consists of Tris-HCl, pH=8.2. The sample injection was 

2 psi for 5 sec and the separation was performed at 25°C with an applied voltage of 25 KV. Capillary i.d. 

was 25 µm and total length was 50 cm with an effective length of 40 cm. Injection volume was 1.09 nL 

created an ssDNA sample (4.75 nM total) containing half randomer and half FCBA. This 

mixed DNA sample – in the absence of NCDs and prior to the introduction of target – led 

to two peaks in the electropherogram (as seen in Fig. 6.7A, at 14.2 min and 14.8 min, for 

randomer and FCBA, respectively). It was expected that the two species of ssDNA would 

co-migrate; however, their mobility was slightly different as seen in Fig 6.7A. The only 
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difference between the two ssDNA sources in the ½-and-½ sample is their sequence. That 

is, FCBA has only one sequence and the randomer has 432 unique sequences. We proceeded 

to preincubate the FCBA-randomer DNA sample with NCDs. The pre-incubated mixture 

did not give rise to any free aptamer signal (Fig. 6.7B), which means that all the DNA was 

sequestered by NCDs as occurred in previous experiments when FCBA or NS-DNA 

samples were employed. Upon addition of the target cocaine to the pre-incubated NCD-

DNA mixture, we saw a new peak at 14.8 min (Fig. 6.7C).  This peak resembled the one 

seen upon the formation of FCBA-cocaine complex in previously described experiments 

in this chapter, except the signal intensity in Fig. 6.7C was 50% less. The fact that the 

DNA-target peak in this study (which employed a DNA sample containing only 50% 

FCBA) was only 50% of the signal observed with the pure FCBA sample is confirmation 

that the NCDs sequester all similar DNA sequences equivalently, and that specific target-

binding sequences are able to be seen by LIF when complexing with their target in 

sufficient quantity.    

6.3.7. Effect of separation conditions on aptamer-target complex separation 

 Having thus demonstrated the feasibility of using a randomer library as the ssDNA 

sample, we finally needed to optimize the separation parameters (such as capillary 

diameter, separation voltage, injection volume, buffer composition, etc.) to ensure 

maximum resolution between NCD-bound DNA and target-bound DNA. Achieving the 

maximum possible resolution is essential to this project because aptamer discovery will 

involve low quantities of target-bound DNA – so low, in fact, that the target-DNA peak 

will be undetectable by the LIF system. If, however, we have sufficient resolution between 

the DNA that remains bound to the NCDs (that is, the undesired DNA) and the DNA that 
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binds to the target (that is, the desired aptamer sequences), then we can confidently 

undertake a “blind” collection of the anticipated DNA-target complex. Repeating a blind  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.8: CE-LIF separation using different buffer and capillary diameter. (A) Separation buffer consists of 

25 mM Tris, 250 mM Gly, 5 mM KCl  (pH= 8.2) with 4 mM MgCl2 and the sample Buffer consists of 50 

mM Tris-HCl, pH=8.2. Capillary i.d. was 25 µm and total length was 50 cm with an effective length of 40 

cm. Injection volume was 1.09 nL (B) Separation buffer consists of 31 mM Tris, 500 mM Gly, 5 mM KCl  

(pH= 8.2) with 4 mM MgCl2 and the sample Buffer consists of 50 mM Tris-HCl, pH=8.2. The 

electropherograms consists of 4.75 nM FCBA (blue trace), 308.75 µg/mL NCDs (orange trace), 4.75 nM and 

308.75 µg/mL NCDs (green trace), 4.75 nM FCBA+308.75 µg/mL NCDs+2 mM cocaine (yellow trace). 

Capillary i.d. was 50 µm and total length was 50 cm with an effective length of 40 cm. Injection volume was 

24 nl. In both cases, the separation was performed at 25°C with an applied voltage of 25 KV.  
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collection of the same appropriate, resolved zone over the course of replicate runs will 

allow sufficient collection of the desired DNA sequence to proceed with identification of 

the sequence as the culmination of an aptamer discovery process.  

During the separation optimization, it was observed that at low glycine 

concentration (250 mM) in the separation buffer, the aptamer-NCD complex and aptamer-

cocaine complex migrated within a minute of each other, as shown in Fig 6.8A (top trace). 

This sufficient but minimal resolution could be affected by the injection volume (1.09 nL) 

and capillary diameter (25 µm). As the ultimate goal of this study is to collect allow for the 

collection of aptamer-target without contamination by NCD-bound DNA, we conducted a 

series of experiments with different separation conditions to try to improve resolution (data 

not shown). These experiments allowed us to arrive at a set of separation conditions 

yielding optimal resolution and signal intensity, as seen in Fig. 6.8B. The conditions 

included the use of higher glycine content (500 mM) in our separation buffer, along with a 

larger injection volume (24 nL) so that we could collect sufficient quantities of aptamer 

complexes. To achieve this larger volume injection, we switched to using a higher internal 

diameter (50 µm) capillary to ensure that can collect a sufficient amount into the collection 

receiving vial in fraction collection experiments (as described in the next section). As 

shown in Fig. 6.8B, these modified separation conditions allowed the aptamer-NCDs and 

aptamer-cocaine peaks to be resolved from one another by 2 min, which will allow for 

successful fraction collections even if the fractions have to be collected blindly. Blind 

fraction collect relies on a knowledge of the mobility of bound fractions even if the 

concentration of species within the fraction is too low to be visualized by LIF detection in 

a single run. Such collection must be free from possible contamination by neighboring 
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zones, and so by achieving such high resolution in this study we are confident that we could 

proceed with fraction collection. 

6.3.8. Selection of cocaine binding aptamer by fraction collection on CE 

 By achieving such a high resolution separation using NCDs as separation adjuvants, 

we enable the subsequent development of aptamer-based target sensing assays and aptamer 

discovery experiments.  The latter requires collection of fractions containing target-bound 

aptamer, followed by amplification and sequencing to identify the selective ssDNA  

Fig 6.9: The fraction collection study showing the collection windows for the ssDNA-NCDs and ssDNA-

target bound fraction. Separation buffer consists of 31 mM Tris, 500 mM Gly, 5 mM KCl  (pH= 8.2) with 4 

mM MgCl2 and the sample buffer consists of 50 mM Tris-HCl, pH=8.2. Capillary i.d. was 50 µm and total 

length was 50 cm with an effective length of 40 cm. Injection volume was 24 nL. The separation and fraction 

collection was performed at 25°C with an applied voltage of 25 kV.  
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sequences. Given the very small volume capacity of the capillary in CE-based experiments 

such as these, the function of fraction collection is not commonly developed. To ensure the 

collection of a sufficient quantity of the desired analytes or species of interest contained in 

a specific zone, it is often necessary to conduct a series of replicate experiments under 

identical conditions, with the desired fraction from each replicate being pooled to amass 

sufficient quantity for subsequent processing. In order for this strategy to succeed, the CE-

based separation method must meet two strict criteria: (1) it must have reproducible 

migration times from run-to-run, and (2) it must have high resolution to avoid 

contamination of the collected fraction by components in nearby zones. The NCD-

mediated ctITP method developed herein meets these criteria and so can be applied to 

aptamer discovery experiments.  

 To validate fraction collection and to confirm the identity of fraction constituents, 

we designed a series of experiments using the following six samples, as itemized in Table 

6.1: (1 & 2) NCDs with a model aptamer (FCBA), without and with the target cocaine 

added; (3 & 4) NCDs with a randomer library, without and with cocaine added; and (5 & 

6) NCDs with a 50-50 mixture of randomer library and FCBA, without and with cocaine 

added.  We prepared each sample according to the procedure described in section 6.2.4, 

and we conducted the ctITP separation of each according to the optimized conditions 

specified in section 6.3.7.  

 From each of the six samples articulated above, we collected 2 fractions as depicted 

in Fig 6.9 and as itemized in Table 6.1. Fractions were collected for a 2 min window, from 

(a) 8 min to 10 min to capture what has been identified as the NCDs-bound DNA complex, 

and from (b) 12 min to 14 min for unbound DNA or target (cocaine)-bound DNA, if any. 
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The collection occurred into a 60 µL portion of separation buffer in a collection vial at the 

outlet position. A series of 10 replicate sample injections were conducted for each sample 

collection sequence, and the collected fractions for all replicates were accumulated and 

stored at 4℃ until sequencing could be conducted. This fraction collection validation study 

yielded 12 collected fractions (see Table 6.1).  

 The concentration of ssDNA present in each of the collected fractions was 

measured using both the Nanodrop instrument (absorbance-based measurements) and 

Qubit instrument (fluorescence-based measurements), with results shown in Table 6.1. The 

DNA concentrations determined by the Nanodrop and Qubit instrument were not in 

agreement in all instances. The Nanodrop method consistently gave higher ssDNA 

concentrations, and this phenomenon has been documented by others36,37,38. All of the “(a)” 

fractions (that is, collection windows encompassing the NCDs bound with DNA) were 

anticipated to yield measurable quantities of ssDNA, and this is seen to be the case in Table 

6.1. However, of the “(b)” fractions (that is, collection windows encompassing free or 

cocaine-bound ssDNA), it was hypothesized that measurable quantities of DNA would be 

observed only for fractions 2b and 6b, since these were the only samples that were prepared 

with FCBA and cocaine target.  Furthermore, it was hypothesized that the amount of DNA 

in fraction 2b should be greater than that in fraction 6b, since the sample leading to the 

former contained twice as much FCBA compared to the latter. The data in Table 6.1 

support this hypothesis as it pertains to fraction 2b, but the results for fraction 6b are 

inconclusive at this stage. It is anticipated that pending sequencing data will resolve this 

question.  It was hypothesized that fractions 1b, 3b, 4b and 5b should contain no significant 

amount of DNA (since the samples leading to these fractions did not contain both FCBA 
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and cocaine and thus, the DNA originally bound to the NCDs in these samples should have 

stayed bound to the NCDs). Pending sequencing data will also be able to confirm or refute 

our hypothesis regarding these fractions.   

Table 6.1. Collected CE fractions and their ssDNA concentration (ng/µL) as measured by 

Nanodrop and Qubit*.   

Sample information Collected fraction 
ssDNA Conc. (ng/µL) 

Nanodrop Qubit 

(1)  FCBA + NCDs 
1(a)  FCBA-NCD complex 5.2 0.3 

1(b)  Unbound FCBA (blind)  0.2 ND 

(2)  FCBA + NCDs + 

Cocaine 

2(a)  FCBA-NCDs complex 0.6 ND 

2(b)  FCBA-Cocaine complex 6.6 0.5 

(3)  Randomer + NCDs 
3(a)  Randomer-NCD complex 3.4 0.46 

3(b)  Unbound Randomer (blind)  0.5 0.26 

(4)  Randomer + NCDs + 

Cocaine 

4(a)  Randomer-NCDs complex 3.5 0.4 

4(b)  Randomer-Cocaine complex 0.2 ND 

(5)  ½ FCBA + ½ Randomer 

+ NCDs 

5(a) FCBA-Randomer-NCD 

complex 

4.2 0.3 

5(b)  Unbound FCBA-Randomer 

(blind)  

0.8 0.32 

(6)  ½ FCBA + ½ Randomer  

+ NCDs + Cocaine 

6(a)  FCBA-Randomer-NCDs 

complex 

2.2 0.6 

6(b)  FCBA-Randomer-Cocaine 

complex 

3.8 ND 

* ND indicates “not detectable” – this does not necessarily mean that DNA was absent from the fraction. 

Once fully validated, this new methodology could be applicable to screening for 

small molecule drugs (cocaine in this case) present in patient urine samples. Additionally, 

this NCD-mediated resolution of target bound and unbound ssDNA provides a definitive 

procedure by which aptamers can be selected from randomer libraries of ssDNA when 

other small molecule drug targets are introduced. Being able to select, resolve, fraction 
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collect, and sequence binding aptamers will ultimately allow for the development of rapid 

and highly selective and sensitive drug screening protocols via NCD-mediated ctITP. In 

addition to clinical use, this method could be adapted for use in microchip CE systems 

suitable for roadside screening of oral fluids by law enforcement agencies or in the 

workplace for employee drug screening. Being a cost- and time-efficient technique, it will 

be a suitable alternative to immunoassay. The growing demand for rapid drug screening 

and sensing tools may be met by this methodology with aptamers and NCDs.   

6.4. Conclusions 

 The optimization of separation conditions, along with the method validation and 

control studies described in this section, involved an aptamer of known identity (FCBA) in 

comparison to nonsense and randomer DNA samples. By studying these samples first 

sequestered by NCDs and then allowed to associate with a target molecule (cocaine), we 

were able to verify the suitability of this new NCD-modified ctITP method for target 

sensing and aptamer discovery experiments. The optimization studies were critical to 

ensuring a quality aptamer selection experiment while reducing any errors that may occur 

during subsequent sequencing steps. The use of various ssDNA samples established the 

specificity of the cocaine-binding aptamer towards its target, and ensured that the presence 

of NCDs did not interfere with that aptamer-target specificity.  Based on this study, we are 

confident in using this methodology to discover other small molecule specific aptamers 

using NCDs by way of CE-LIF.   
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CHAPTER 7 

 

CONCLUSIONS 

It is of great importance to develop modern and improved analytical screening 

techniques against illicit drugs for the purpose of aiding medical, environmental and law 

enforcement sectors. To achieve such milestones, aptamer-based screening for illicit drugs 

is deemed a suitable but possibly aspirational alternative compared to conventional 

immunoassay-based screenings such as ELISA. However, aptamer selection against small 

molecule targets is a necessary first step prior to developing any such screening technique, 

and this remains challenging for a number of reasons, such as weaker binding and minimal 

perturbation of aptamer mobility upon small molecule target binding. The potential to use 

carbon-based nanomaterials such as carbon dots (CDs) to mediate the mobility, 

fluorescence signal, and binding properties of single-stranded DNA (ssDNA) aptamers was 

of our interest. This thesis reports on the synthesis and characterization of nitrogen-doped 

carbon dots, and their application to ssDNA separations by way of modified capillary 

electrophoresis methods, as summarized here. 

 

7.1. Synthesis and Characterization of Carbon Dots 

CDs were synthesized by an easy and inexpensive method from solid citric acid as 

a precursor. Two types of CDs were synthesized and investigated for their physicochemical 

properties to assess their suitability in CE-based sensing. These include unmodified CDs 

and nitrogen-doped CDs (NCDs, modified by ethylenediamine). From microscopy studies, 
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it was observed that NCDs are relatively smaller in size (2-9 nm) compared to unmodified 

CDs (6-12 nm). Also, we revealed the elemental content of each type of dots. Spectroscopic 

studies showed the NCDs were more fluorescent at a lower concentration, which was also 

confirmed by capillary electrophoresis (CE)-based analysis. Each type of carbon dot 

synthesized had its own distinct electrophoretic migration in CE-LIF studies. Each type of 

carbon dot was further studied to determine potential applications for ssDNA separation 

and fluorescence detection.  

 

7.2. Application of Nitrogen-doped CDs for ssDNA Separation Based on Size by CE-

LIF 

This work demonstrated a novel application of nitrogen-doped carbon dots (NCDs) 

for the separation of ssDNA based their nucleotide base length. In this work, the NCDs 

were used as buffer additives in a free solution ctITP method. It was observed that DNA 

with fewer bases exhibited stronger affinity for the NCDs than the longer DNA. This size-

dependent interaction of ssDNA with NCDs impacted the mobility of the DNA during the 

CE separation. Whereas ssDNA in the size range of 30-100nt would ordinarily co-migrate 

under typical free-solution CE conditions, we have shown that NCDs can successfully 

moderate the migration of different sizes of ssDNA to effect their resolution in a CE-based 

system. Similar experiments were conducted with unmodified CDs; however, no 

separation of the various ssDNA samples could be achieved. Therefore, the presence of 

NCDs in the separation buffer is essential for the size-based ssDNA separation by CE.  
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7.3. Use of Carbon Dots in Mediating Aptamer Selection for Small Molecule Drug 

Targets 

As a proof-of-principle, we have employed a target, cocaine, and a known cocaine-

binding aptamer sequence consisting of 32 nucleotides, covalently labeled with 

carboxyfluorescein (6-FAM). In this study, we conducted optimization of separation 

conditions for aptamer selection by CE. We also conducted an interference study that 

showed the cocaine binding aptamer (FCBA) to have an affinity only for cocaine among a 

collection of six other small molecule drug candidates. In these studies, we established that 

the optimal concentration for the NCDs was 325 µg/mL. This concentration allowed for 

the complete sequestration of a 5 nM FAM-labeled ssDNA sample. After establishing that 

cocaine, as a target, does not bind to nonsense ssDNA, we also established that the signal 

for any complex formed between cocaine and members from a randomer ssDNA library 

would be insufficient to be measured in a single run with LIF detection. However, a fraction 

collection experiment that allowed for the pooling of target-bound DNA fractions from a 

series of replicate injections has been shown to be possible due to the extremely high 

resolution achieved with the new NCD-mediated ctITP separation method developed 

herein. It is presumed that the pooled fractions will be sufficient for sequencing and 

confirmation of known DNA samples, and for identification of potential new aptamer 

sequences. A future project to be conducted in our lab is the sequencing of collected 

fractions by Illumina or other NGS platform.  

In closing, this work highlights the fact that CE is a robust and versatile 

instrumental tool, made all the more so when separation methods are developed employing 

novel carbon-based nanomaterials. In particular, nitrogen-doped carbon dots can be used 
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as aids in CE-based methods for the qualitative and quantitative determination of various 

analytes including small drug molecules and DNA, as demonstrated herein. This work also 

demonstrates the potential for NCD-mediated CE methods to find application as a suitable 

analytical tool for the selection of aptamers against small molecules. This proof-of-

principle work provided evidence for the high resolution of target-bound aptamer from 

NCD-bound ssDNA. Future work includes aptamer discovery against other illicit drugs or 

against prescription drugs (for medication monitoring), of interest to the clinical and the 

forensic communities.  
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APPENDIX A: SUPPLEMENTAL INFORMATION FOR CHAPTER 5 

 

NITROGEN-DOPED CARBON DOTS AID IN THE SEPARATION OF ssDNA 

MOLECULES OF DIFFERENT LENGTH BY CAPILLARY TRANSIENT 

ISOTACHOPHORESIS (ctITP) WITH LASER-INDUCED FLUORESCENCE 

(LIF) DETECTION 

 

 

 

 

 

 

 

Fig. A.1: Vertically offset electropherograms of samples prepared with mixtures of 100 

nM of each of the three different sizes of ssDNA (100, 61, and 32 bases) with (i, blue) no 

carbon dots; (ii, orange) 30 µg/mL undoped citric acid CDs; and (iii, gray) 30 µg/mL 

NCDs in the sample and separation buffers. Buffers were: 15 mM tris/500 mM glycine at 

pH 7.92 (separation buffer) and 50 mM tris adjusted to pH 8.0 by the addition of 1.0 M 

HCl (sample buffer). Injection, separation, and detection conditions were as described in 

Section 2.4. 
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Figure A.2: Calibration curves for total peak area as a function of cumulative sample 

concentration of ssDNA. Samples were prepared by mixing equimolar concentrations of 

each of  3 sizes of ssDNA (100-base, 61-base, and 32-base) to yield total sample 

concentrations of 300 nM, 450 nM, and 600 nM: (A) with 30 µg/mL NCDs in the sample 

buffer (50 mM tris adjusted to pH 8.0 with HCl) and separation buffer (15 mM tris/500 

mM glycine, pH 7.92): y=25661x, R2= 0.9902; and (B) without added NCDs in the 

buffers: y=21987x, R2= 0.9955. Injection, separation, and detection conditions were as 

described in Section 2.4.  
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Figure A.3: Stern-Volmer plot of the relative fluorescence intensity of 30 μg/mL NCDs 

as a function of quencher (ssDNA) concentration (25, 50, 100, and 200 nM): () 32-base 

ssDNA, y= 0.0005x + 1.0224, R2=0.994; () 61-base ssDNA, y= 0.0003 + 1.0016; 

R2=0.9987; and () 100-base ssDNA, y= 0.0002x + 1.0038; R2=0.992. All samples were 

prepared in 15 mM tris-500 mM glycine buffer (pH 7.9) containing 30 μg/mL NCDs, and 

fluorescence emission (at 450 nm) was recorded after excitation at 350 nm in a 

semimicro quartz cuvette (path length 1-cm) using an Agilent Cary Eclipse fluorescence 

spectrophotometer.  
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Figure A.4: Calibration curves obtained for each of the three ssDNA components in 

mixtures determined by ctITP with 30 µg/mL NCDs in the sample and separation buffers:  

() 32-base ssDNA, y= 0.3839x - 0.16, R2=0.9998; () 61-base ssDNA, y= 0.1401x + 

0.06; R2=0.9999; and () 100-base ssDNA, y= 0.0307x - 0.36; R2=0.9989. Injection, 

separation, and detection conditions were as described in Section 2.4. 
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APPENDIX B: SUPPLEMENTAL INFORMATION FOR CHAPTER 6 

 

USING CARBON DOTS AS A MEDIATOR FOR APTAMER SELECTION 

AGAINST SMALL MOLECULE DRUG TARGETS BY WAY OF CAPILLARY 

ELECTROPHORESIS  

 

 

Fig. B.1: Representative electropherogram showing both 488 nm wavelength detection (top trace, left Y-

axis) and 375 nm detection (bottom trace, right Y-axis). Vertically offset electropherograms showing the 

fluorescence signal of Fluorescent Cocaine Binding Aptamer (FCBA 25 nM) complexed with nitrogen-doped 

carbon dots (NCDs), indicated by (°), and FCBA complexed with its target cocaine, indicated by (*). The 

FCBA (25 nM) was incubated with NCDs (250 µg/mL) for 2 h at room temperature in the dark with no 

cocaine target added to the premixed FCBA-NCD mixture followed by incubation for 2 h before injection. 

Separation buffer consists of 25 mM tris, 250 mM Gly, 5 mM KCl  (pH= 8.2) with 4 mM MgCl2, and the 

sample buffer consists of 50 mM tris-HCl, pH=8.2. The sample injection was 2 psi for 5 sec and the separation 

was performed at 25°C with an applied voltage of 25 kV. Capillary i.d. was 50 µm and total length was 50 

cm with an effective length of 40 cm.  
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Fig B.2: Representative electropherogram showing dual wavelength detection: 488 nm wavelength detection 

(top trace, left Y-axis) and 375 nm detection (bottom trace, right Y-axis) of  sample consisting of 4.75 nM of 

FCBA and 2 mM of cocaine in absence of NCDs in buffers. Separation buffer consists of 25 mM Tris, 250 

mM Gly, 5 mM KCl (pH= 8.2) with 4 mM MgCl2 and the sample Buffer consists of Tris-HCl, pH=8.2. The 

sample injection was 2 psi for 5 sec and the separation was performed at 25°C with an applied voltage of 25 

KV. Capillary i.d. was 25 µm and total length was 50 cm with an effective length of 40 cm. Injection volume 

was 1.09 nL 
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APPENDIX C 

 

LIQUID CHROMATOGRAPHY TANDEM MASS SPECTROMETRY METHOD 

FOR NOVEL PSYCHOACTIVE SUBSTANCES: KRATOM AND SYNTHETIC 

CATHINONES IN URINE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This appendix was originally published as an article in the journal “LC/GC: Current trends 

in Mass Spectrometry,” Vol. 16, pp. 6-10 (Mar. 02, 2018), by D. Roy, O. T. Cummings, E. 

C. Strickland, A. L. Mellinger, C. L. Colyer, and G. L. McIntire. This work was conducted 

during the summer internship program in the laboratory of our industry collaborator, 

Ameritox. The version presented here has been altered to include some additional results 

and to account for stylistic variations between the published article and this dissertation. 

D. Roy conducted the experimental work and data analysis with guidance from O. 
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written by D.R. and edited by O Cumming, E, Strickland and C.L.C. The Financial support 

for this work was provided in part by Wake Forest University and the National Science 

Foundation GOALI Grant (#1611072).  
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C.1. Introduction 

Cathinone is a monoamine alkaloid found in the Khat plant (Catha edulis) (1). Khat 

is a shrub grown in eastern Africa and the southern Arabian Peninsula, which can have 

mild stimulant effects when the leaves are chewed (2). Cathinone is also a beta ketone 

analog of amphetamine and as such is reported to cause sympathomimetic effects as well 

as psychoactive effects common with amphetamine and amphetamine derivatives like 

MDMA (“Ecstasy”) and MDA (“Eve”) (3). Chewing of the Khat plant has been linked to 

increased risk of heart related diseases and duodenal ulcers (4).  Synthetic variants of 

cathinone, commonly referred to as “bath salts” or as “novel psychoactive substances” 

(NPS) by public health personnel, are stronger and more dangerous than their natural 

counterpart (5). The first synthetic derivatives of cathinone were reported during the 1920s 

(6-8). These initial derivatives were designed for medical purposes; however, most were 

withdrawn due to abuse and obvious dependency among users.  Interestingly, bupropion 

(Wellbutrin®) is a “synthetic cathinone” and is widely used as an antidepressant and anti-

anxiety medicine (2). 

More recently, synthetic cathinones (NPS) have expanded as popular drugs of 

abuse. Their ready availability in the local drug market and so-called head shops make 

them easy “legal” highs. These active agents are sold under various names such as 

pesticides, insect repellants, etc.  They are often labeled as “not for human consumption,” 

to avoid regulatory control. However, the use of bath salts has significantly increased in 

recent years with poison control centers in the United States reporting 304 calls related to 

bath salts in 2010 and 1,782 calls in the first four months of 2011 (9,10).  It is believed that 
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the increase in their use is due to their availability, lack of proper methods for drug testing, 

and media coverage. 

Mitragynine is a naturally occurring substance found in the leaves of the kratom 

(Mitragyna speciosa) plant, a member of the coffee family found in Southeast Asia, 

Indochina, and Malaysia (11).  This “legal” high is readily available and is often used to 

mitigate pain, aid in opiate withdrawal, and for recreational purposes (12).  This natural 

drug is regulated in a number of countries including Malaysia but not currently scheduled 

in the United States (13). 

Urine drug testing is a common means of monitoring for the use of these drugs. 

While forensic labs often have access to blood, urine and other tissues to test in postmortem 

subjects, pain management laboratories tend to focus on urine or oral fluids due to ease of 

sampling and minimal stability requirements.  In addition to ease of sample collection, 

required sample preparation is comparatively easier for urine than other patient specimens, 

e.g. blood. Often such preparation consists of sample matrix removal via solid phase 

extraction; however, reports of “dilute-and-shoot” testing confirm that direct analysis 

without sample preparation is possible for some analytes (14).   In this study, a unique 

“dilute-and-shoot” liquid chromatography – mass spectrometry/mass spectrometry (LC-

MS/MS) method is developed and validated for the analysis of nine synthetic cathinones 

and mitragynine (Kratom) in patient urine samples. This method is ideal for a high-

throughput production environment since it has a modest 2.5 minute cycle time and 

requires minimal sample preparation time and cost while still preserving sensitivity and 

specificity of the quantitative analytical result.  Above all, this method achieved complete 

chromatographic resolution of the isobars, ethylone and butylone, both of which are 
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analyzed in this method, by lowering column temperature to 20oC and cutting flow rate to 

0.4 mL/min to maintain system pressure.  

 

C.2. Materials and Methods of Analysis 

C.2.1. Reagents 

All reference standard compounds, including internal standards, were purchased 

from Cerilliant (Round Rock, TX, USA). Solvents, including methanol, acetonitrile, and 

formic acid, were purchased from VWR (Radnor, PA, USA). Normal drug-free urine was 

obtained from UTAK (Valencia, CA).  

C.2.2. Preparation of calibration standards  

Aliquots of normal drug-free urine were fortified with the reference standards at 

concentrations of 25, 250, and 1,000 ng/mL as calibrators. All samples, calibrators, and 

controls were diluted 5X with the internal standard solution (0.5 µg/mL methylone D3 and 

alpha-PVP D8) by adding 400 µL of internal standard to 100 µL of sample.  

C.2.3. Instrumentation 

All analyses were performed via LC-MS/MS on a Waters ACQUITY TQD 

UPLC/MS/MS system. A 1.7 µm Acquity UPLC BEH C18 (2.1 × 50 mm) analytical 

column was used for chromatographic separations. The run time for this method was 2.0 

minutes with a total cycle time of 2.5 minutes. No sample extraction or clean-up was 

required before LC-MS/MS analysis. Two transitions were monitored for each of ten 

analytes (alpha-PVP, butylone, ethylone, MDPV, mephedrone, d,l-methcathinone, 
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methedrone, methylone, mitragynine, and naphyrone), plus two internal standards 

(methylone D3 and alpha-PVP D8), as shown in Table 1. Elution solvents used in the 

gradient were 0.1% formic acid in 10% methanol (Mobile Phase A) and 0.1% formic acid 

in 50:50 methanol: acetonitrile (Mobile Phase B), with a flow rate of 0.4 mL/min (Table 

2). 

 

C.2.4. Method validation 

The method was validated by examining various parameters such as limits, 

linearity, precision and accuracy (P&A) (10 replicates of each of three concentrations per 

day for three days with coefficient of variance (%CV) of each set of P&A point replicates 

per day and across all P&A days falling within +/- 15%), interferences, and matrix effects. 

Drugs of abuse (Benzoylecgonine, THC-A, Amphetamine, Methamphetamine, MDMA, 

MDEA, MDA, and Phentermine) and therapeutic drugs (Oxazepam, Morphine, 

Imipramine, Buprenorphine, Fentanyl, Meprobamate, Methadone, Tramadol, Gabapentin, 

Pregabalin, and Tapentadol) were tested as possible sources of interferences.  Patient 

samples were evaluated by comparing the quantitative results of a previously used method 

with those of the new method as described herein. Since mitragynine and alpha-PVP were 

not evaluated in the previous method, a comparison was not possible. The previous method 

was developed and validated as described herein but lacked critical analytes (e.g., 

mitragynine and alpha-PVP).  This method has not been reported in the literature. Detailed 

discussion of these validation parameters can be found in a paper by Enders and McIntire 

(14).   
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The tolerance for all analytes at each concentration level was ± 25%.  All daily 

calibration curves had correlation coefficient values (r2) greater than or equal to 0.99. The 

matrix blanks following highest calibrator points did not show any signs of carryover (i.e., 

no response greater than 50% of the limit of quantitation, LOQ).  

Two mass transitions were selected for each of the analytes following infusion 

studies of pure standards dissolved in matrix. The first transition served as the quantifier 

ion transition and the second transition served as a qualifier ion transition (Table 1). The 

ratio of the areas of the quantifier ion transitions for the analyte of interest and the internal 

standard (IS) were used to obtain the relative response by plotting the area ratio of the 

analyte-to-IS vs analyte concentration. The area of the second ion transition of the analyte 

was used to generate a specific relative ratio to the area of the quantifier peak. This 

generates a compound specific “ion ratio” for each analyte that together with retention time 

helps to confirm that the peak results from the compound of interest.   

 

C.3. Results 

This method generated calibration data with consistent peak areas and ion ratios for 

all analytes and internal standards. Daily three-point calibration curves were completed 

with correlation coefficient values (r2) of at least 0.99 for all analytes. Consistent accuracies 

of 100 ± 25% were obtained for all calibration points, negative and positive controls, as 

well as points generated daily for both calibration and controls. The Limit of Quantification 

(LOQ) was determined to be 25 ng/mL, which was sufficient to achieve consistent 

precision and accuracies as well as acceptable ion ratios, while the Upper Limits of 

Linearity and of Carryover (ULOL, ULOC) were 1000 ng/mL.  The chromatogram of all 
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analytes shown in Figure 1 provides clear evidence that there is good chromatographic 

separation and resolution of all analytes assessed in this assay even at the LOQ.  

Furthermore, Figure 2 shows the separation achieved for the ethylone and butylone isobars, 

while Table 3 shows a summary of the validation results.  

 

C.4. Discussion and Conclusions  

This work documents the successful development and validation of an improved 

LC-MS/MS method for routine, high-throughput analysis of alpha-PVP, butylone, 

ethylone, MDPV, mephedrone, d,l-methcathinone, methedrone, methylone, mitragynine, 

and naphyrone, using methylone D3 and alpha-PVP D8 internal standards. During the 

initial stages of method development, the column temperature was held at 50°C with a flow 

rate of 0.8 mL/minute, which required a much longer 4.0 minute cycle time for complete 

resolution of all analytes of interest.  This was especially true for the isobars butylone and 

ethylone, which did not exhibit robust separation even with the longer elution time.  To 

ensure complete resolution (< 10% peak height overlap) of these two isobars while still 

achieving the desired 2.5 minute cycle time, the column temperature was lowered to 20°C 

and the flow rate was decreased to 0.4 mL/min. Traditional chromatography paradigms 

indicate higher temperatures lead to better resolution (15).  However, the unique 

combination of column, solvents, analytes and flowrates used here responded to lowering 

the temperature for improved resolution. Lowering the column temperature coupled with 

decreasing the gradient flow rates proved vital to ensure that appropriate system pressures 

were maintained while facilitating the appropriate degree of separation of the isomers, 

ethylone and butylone.   
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The synthetic cathinone compounds of interest were successfully analyzed in urine 

samples by this “dilute-and-shoot” LC-MS/MS method. This particular method is robust 

and useful as it reduces analysis time and does not incur additional costs for up-front 

sample preparation while still providing accurate results. As there were no interferences 

observed from the major drugs of abuse and therapeutic drugs, this method is an excellent 

tool for the clinical, medicinal and toxicology communities especially in high sample 

volume settings.  

Results achieved with this method are summarized in Table 4 where positive data 

from over a year of testing are summarized.  Mitragynine was the most prevalent 

component in the tested urine samples, while alpha-PVP and methcathinone were close 

seconds.  Although tests for these analytes are positive for just a small fraction of all pain 

medication monitoring samples, these results are important to both physicians and patients 

in their ongoing treatments for chronic pain, substance abuse and/or mental illness.  For 

example, patient ages associated with at least one positive bath salt result ranged from 19 

to 72 years old, with equal positivity rates across all age groups.  Lastly, the overwhelming 

positivity of mitragynine in this group more than likely reflects the legality of this natural 

product in many states in the USA while attempts to schedule this agent at the federal level 

have been delayed by consumer activist protests (13). 

Any method that tests for illicit synthetic substances must be updated frequently to 

keep up with the changes on “the street” that result in novel pharmaceutical substances 

being consumed with known and unknown effects.  However, this method offers 

advantages in terms of cost and time and has been shown to be capable of detecting many 

patient positives when implemented for large numbers of samples.    
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        Table C.1: Ion fragmentation transitions of analytes and internal standards. 

Analyte M+1 

Cone 

Voltage 

(V) 

Quantifier Ion 

(1st transition) 

Collision 

Energy (V) 

Qualifier Ion 

(2nd transition) 

Collision 

Energy 

(V) 

Alpha-PVP 232.00 26 76.97 38 104.98 26 

Butylone 222.07 22 174.13 18 72.03 22 

Ethylone 222.10 20 174.13 20 146.10 26 

MDPV 276.12 36 126.07 26 135.00 30 

Mephedrone 178.08 22 145.02 18 119.06 22 

D,L-

Methcathinone 
164.03 24 130.96 20 104.99 22 

Methedrone 194.08 22 161.05 18 58.01 14 

Methylone 208.06 14 160.03 16 132.00 28 

Mitragynine 399.00 42 110.05 30 159.00 58 

Naphyrone 282.15 20 141.01 22 211.14 20 

Internal 

Standard 
M+1 

Cone 

Voltage 

(V) 

Quantifier Ion 
Collision 

Energy (V) 
Qualifier Ion 

Collision 

Energy 

(V) 

Alpha-PVP D8 240.08 34 76.97 44 91.01 24 

Methylone D3 211.08 20 163.04 16 135.08 30 

 

 

        Table C.2: Liquid chromatography gradient parameters.  

 

Step 
Time 

(minutes) 

Flow Rate 

(mL/min) 
%A %B 

1 0.00 

0.400 

80 20 

2 0.20 80 20 

3 1.80 20 80 

4 1.81 2 98 

5 1.86 2 98 

6 2.00 80 20 
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Table C.3: Validation data obtained from the “dilute-and-shoot” method for all analytes 

included in this assay. LOQ was 25 ng/mL for all analytes.    ULOL was set at 1,000 ng/mL 

for all analytes 

 

 

Table C.4:  Positive NPS data from a 14-month period of testing. 

 Mitragynine Alpha-PVP Methcathinone Butylone Methylone Ethylone MDPV 

Avg 1849.5 2134.3 142.8 5389.4 102.0 2299.0 92.0 

Std Dev 4582.5 4275.0 156.8 10273.5 42.0 540.2   

Median 589.0 258.5 75.0 220.0 84.0 2299.0   

Max 37615.0 19521.0 698.0 34070.0 150.0 2681.0   

Min 26.0 29.0 25.0 29.0 72.0 1917.0   

n 81 24 25 14 3 2 1 

Values in all rows are reported with units of ng/mL, with the exception of the bottom row, 

which is reported as the number of samples yielding a positive result.  Naphyrone, 

Mephedrone, and Methedrone were not detected. 

 

  

 
Precision and Accuracy Matrix Interference 

Carryover 

 

Avg. 

Conc.  

ng/mL 

(N=5) 

Avg. % Target (N=30) Avg. % CV (N=30) % 

Matrix 

Effect 

Interfering 

compounds 
75 

ng/mL 

300 

ng/mL 

750 

ng/m

L 

75 

ng/m

L 

300 

ng/m

L 

750 

ng/mL 

Alpha-PVP 5.3 100.2 95.9 96.7 3.4 1.3 1.1 3.97 None 

Butylone 0.6 97.7 95.0 97.3 4.5 1.9 3.5 -20.34 Ethylone 

D,L 

Methcathinone 

0.0 111.2 97.1 97.0 3.0 0.5 1.2 -7.95 None 

Ethylone 1.9 100.8 97.3 97.1 1.6 1.6 0.9 -2.50 Butylone 

MDPV 3.1 112.8 108.3 102.2 3.5 4.4 3.2 20.45 

None 

 

Mephedrone 1.3 102.1 94.1 96.1 1.4 1.7 2.5 21.22 

Methedrone 0.0 109.8 102.1 98.0 1.9 0.9 1.2 6.31 

Methylone 2.5 102.7 96.6 97.5 1.6 0.8 1.3 -16.91 

Mitragynine 9.3 105.4 101.2 104.5 0.4 3.0 4.8 -18.86 

Naphyrone 8.5 105.1 103.1 104.4 1.5 0.6 5.7 -56.43 
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Figure C.1. Overlaid chromatogram of ten analytes determined in this assay. The chromatogram was 

obtained after injecting a sample at the limit of quantification (LOQ) of 25 ng/mL. Internal standards (IS) are 

not shown. 

 

 

Figure C.2. Chromatogram showing the separation of the isomers—ethylone and butylone.   
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