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ABSTRACT 

 

CAPILLARY ELECTROPHORESIS-BASED CHARACTERIZATION AND 

APPLICATIONS OF CARBON DOTS 

Leona R. Sirkisoon 

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

 

 Carbon dots (CDs) represent a class of fluorescent nanomaterials that are emerging 

as important tools in imaging, biosensing, and medicine, due in large part to their 

biocompatibility, photostability, low toxicity, and reduced cost relative to many organic 

dyes and inorganic quantum dots. Given the promise of these new nanomaterials, this 

dissertation aims to deepen our understanding of the nature and applications of CDs, 

especially in the realm of analytical separations.  In particular, the two overarching goals 

for this work include:  (i) to synthesize CDs by facile, “bottom-up” methods and to 

characterize the resulting materials by spectroscopic and capillary electrophoresis (CE) 

techniques; and (ii) to develop and optimize CE-based methods that employ CDs as 

separation mediators for the separation of metallated proteins, such as transferrin (Tf), a 

small iron transport protein.  

 Unmodified CDs and nitrogen-doped (urea modified) CDs (N-CDs) were 

synthesized by pyrolysis, in an oven or autoclave reactor, from powdered citric acid or a 

solution of citric acid and urea. The oven synthesis method produced CDs with more 

intense fluorescence emission. Spectroscopic characterization revealed excitation/emission 

maxima at 360 nm/460 nm for unmodified CDs, whereas N-CDs produced by the oven 
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synthesis exhibited an additional excitation/emission couple at 410 nm/525 nm. 

Additionally, CE with laser induced fluorescence (LIF) detection was shown to be a 

valuable tool for characterizing the CD precursor and the CD identity based upon CE-LIF 

profiles unique to each class of synthesized dots.  

 In addition to demonstrating the utility of CE-LIF as a tool to characterize CDs, this 

work also establishes the utility of CDs as separation adjuvants in CE-based separations. 

In the absence of CDs, Tf proteins were unresolved in electrophoresis-based separations; 

however, upon the addition of CDs to the separation buffer, multiple forms of Tf 

(demetallated, partially metallated, and fully metallated) were successfully resolved due to 

differential interactions between the various forms of Tf and CDs. We conclude that CDs 

are inexpensive, stable and convenient buffer modifiers for electrophoresis-based 

separations, with implications for greater selectivity and efficiency for CE and PectI 

analysis of many other classes of analytes in the future. 
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CHAPTER 1 

 

INTRODUCTION 

 

 Nanomaterials are diverse in their size, composition, and application, and this has 

led to continued growth in this field of research. Nanomaterials share in common the fact 

that their size (generally assumed to be on the order of 1-100 nm) imparts them with 

characteristics somewhere between the bulk properties of materials and the quantum 

properties of molecules. Carbon dots (CDs) represent a relatively new class of 

nanomaterials with the potential to circumvent the toxicity and expense of many currently 

utilized nanomaterials. The overall goal of this work is to demonstrate that CDs can be 

used as safe alternatives to inorganic quantum dots and organic dyes for the separation and 

detection of a variety of analytes by capillary electrophoresis (CE). This work describes 

the development of efficient and versatile synthetic preparations of CDs, and the evaluation 

of CDs as separation modifiers in CE to improve the resolution of bioanalytes in complex 

mixtures.  

 

1.1. Capillary Electrophoresis 

 Electrophoresis is the separation of analytes based on their size and charge under 

the influence of an electric field. Prior to capillaries, electrophoretic separations were 

conducted on paper substrates or in gel slabs. Joule heating, which is heat released as a 

result of an electric current passing through a resistive material such as the matrix in a 

separation channel, is a significant disadvantage of paper and gel electrophoresis because 

it generates temperature differences across the separation channel. This, in turn, 
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deteriorates the separation. By conducting the separation within a capillary, it is possible 

to maintain a uniform thermal cross-section, thereby allowing for more efficient heat 

dissipation and improved separation efficiency.1  

 Within the capillary format, there are a variety of separation modes, including 

capillary zone electrophoresis (CZE), micellar electrokinetic chromatography (MEKC), 

capillary isoelectric focusing (cIEF), capillary isotachophoresis (cITP), capillary 

electrochromatography (CEC), capillary gel/sieving electrophoresis (CGE/CSE), and 

polymer enhanced capillary transient isotachophoresis (PectI).1,2 A uniform buffer system 

is used in CZE; micelles are employed as a pseudostationary phase in MEKC; an 

ampholyte gradient is employed in cIEF to separate analytes (typically proteins) based on 

their isoelectric points; and a discontinuous buffer system is used in cITP to provide analyte 

zone enrichment. CEC occurs in a capillary with both a stationary phase and electric field 

responsible for separation, while in CGE/CSE, the separation buffer contains a polymeric 

gel or sieving material for analyte size discrimination. PectI is a variant of ctITP, which 

combines dilute polymer focusing with strong transient ITP stacking to concentrate 

analytes into single, narrow zones. Any one or a combination of these CE modes can be 

used depending upon the nature of the analytes and sample types under consideration. 

 CE separations are based on the speed at which an ion travels in an electrical field, 

which is referred to as the ion’s migration rate (𝑣). This is determined by the product of the 

electric field strength (𝐸) and the electrophoretic mobility of the ion (𝜇𝑒𝑝), as shown in 

equation 1-1 below:3 

𝑣 = 𝐸𝜇𝑒𝑝 (1 − 1) 
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The electrophoretic mobility is inversely proportional to the ion’s charge and directly 

proportional to the ion’s size and buffer viscosity. Upon sample plug introduction and 

application of the voltage, separation occurs due to differing mobilities of cations and 

anions in the electric field. In normal polarity CE, the positive electrode is positioned at 

the injection end of the capillary, resulting in the migration of cations towards the cathode 

(negative electrode), and anions towards the anode (positive electrode). However, 

depending upon the rate of the electroosmotic flow (EOF), all sample species (positive, 

neutral and negative) may be carried towards the cathode. The detector is placed near the 

cathode end of the capillary, so that a signal is registered as analyte ions migrate past it on 

the way to the cathode. The registered signal is converted to an electronic output as a 

function of time. A graph of signal versus time is called an electropherogram.  

 Electroosmotic flow (EOF) can be generated when a voltage is applied across a 

fused silica capillary filled with an electrolyte solution,1,3  and it is characterized by its flat, 

plug-like flow profile (as opposed to the parabolic flow profile of pressure-driven flow in 

a capillary). Fig. 1.1 shows a schematic illustration of EOF in a capillary. An electric 

double layer on the inside walls of the capillary results from proper conditioning of the 

capillary. At pH values equal to or higher than 3, the silanol groups on the inside walls of 

the capillary are ionized, leaving the walls negatively charged, which attracts a layer of 

counter ions from the separation buffer, thus resulting in an electrical double layer at the 

capillary wall. The diffuse region of the double layer, when subjected to an applied electric 

field as used for electrophoresis, moves towards the cathode and entrains adjacent solute 

molecules (by viscous drag occurring as a result of hydration of double-layer ions). As a 

result, a bulk flow of solution (the EOF) is observed when a voltage is applied to the 
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separation capillary (as illustrated in Fig. 1.1, top). The flat flow profile known as plug-

like flow (Fig. 1.1, bottom), which is characteristic of EOF, has the advantage of causing 

less band broadening (and therefore, higher efficiency separations) compared to the 

parabolic flow profile of pressure driven (laminar) flow, as is characteristic of high 

performance liquid chromatography systems.3  

 The migration time t of an analyte refers to the time it takes to travel from the inlet 

to the detector. This is affected by the analyte’s electrophoretic mobility and the 

electroosmotic flow mobility, which together result in the net mobility (and net migration 

time) for each species. Equally charged ions with different sizes are separated due to their 

different electrophoretic mobilities (𝜇𝑒𝑝), and thus, different migration rates (𝑣) in a 

constant electric field.4 However, the rate of electroosmotic flow is imposed on all species, 

regardless of their size and charge, and so a net velocity may be expressed as shown in 

equation 1-2: 

𝑣𝑛𝑒𝑡 = 𝐸 × 𝜇𝑛𝑒𝑡 = 𝐸(𝜇𝑒𝑝 + 𝜇𝑒𝑜𝑓) =
𝑑𝑖𝑛𝑙𝑒𝑡−𝑡𝑜−𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟

𝑡
                 (1 − 2) 

 
Fig. 1.1. Top: The electric double layer results from the interaction between nearby cations and the negatively charged 

capillary walls. Bottom: Electrophoretic plug flow profile and pressure driven laminar flow profile. 
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 In a system with |𝜇𝑒𝑜𝑓| > |𝜇𝑒𝑝| and with EOF directed towards the cathode (the 

outlet end of the capillary in “normal” polarity mode), the smallest, highly charged cations 

in a sample will migrate towards the outlet with the greatest net velocity, and smallest, 

highly charged anions will migrate with the smallest net velocity. Neutral species will not 

be separated under these conditions; instead, they will travel at the same rate as the EOF 

and can serve as an EOF marker, as shown in Fig. 1.2. 

 

 There are numerous operating modes for CE (which can provide for greater 

selectivity and specificity towards given analytical needs); however, two modes of CE were 

employed for the present work: capillary zone electrophoresis (CZE) and a modified 

version of capillary isotachophoresis (cITP) referred to as polymer enhanced capillary 

transient isotachophoresis (PectI).2  Although CZE is a sensitive, high resolution separation 

technique, band broadening has been observed under zone electrophoresis conditions. PectI 

concentrates analytes into a single narrow zone during the separation by coupling dilute 

polyethylene oxide (PEO) focusing and strong capillary transient isotachophoresis (ctITP) 

stacking. As described previously, ions are separated based on their differential 

electrophoretic mobilities in a continuous buffer system in zone electrophoresis (Fig. 

1.3-A), whereas in capillary transient (ct)ITP mode and PectI mode, a discontinuous buffer 

system is employed to preconcentrate analytes by stacking them into zones. The sample 

 

 
Fig. 1.2. Migration order of ions in normal polarity CE. 
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plug is injected between a leading and tailing electrolyte with different mobilities. When a 

constant voltage is applied to the capillary, a discontinuous electric field is generated5 and 

the different analytes are stacked into distinct zones flanked by the leading and tailing 

electrolytes due to their individual electrophoretic mobilities.4 As the leading electrolyte 

overtakes the tailing electrolyte, the separation mode eventually “evolves” into regular 

zone electrophoresis mode, as shown in Fig. 1.3-B.5,6 

 These various modes of electrophoresis employ the same basic CE instrumentation 

components, including: a high voltage power supply, two platinum electrodes, a capillary 

and a detector.4 The electric field is created by connecting the two electrodes to the power 

 
Fig. 1.3. A. A typical CZE separation, where 1 and 2 refer to different analytes in the sample. B. A ctITP separation in 

which the capillary is filled with terminating electrolyte (T), the sample contains the leading electrolyte (L) and analytes 

1 and 2. 
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supply, and sustained by the ions in solution filling the fused silica capillary connecting 

the inlet and outlet solution vials. Optical detection can occur directly on-capillary, as 

shown in Fig. 1.4. Typical capillaries used for CE separations range from 10 – 100 cm in 

length with inside diameters ranging from 10 – 100 µm. Capillaries are made of fused silica 

with an external polyimide coating for mechanical strength. At the point where the detector 

is located, a small section of the polyimide coating is burned with a flame and then removed 

using acetone, creating an optically transparent “window.” Prior to sample introduction, 

the capillary is filled with a background electrolyte solution, known as the separation 

buffer.  Sample injection typically occurs via hydrodynamic or electrokinetic methods. 

Both ends of the capillary are placed into vials containing the separation buffer with an 

 

 
Fig. 1.4. CE instrumentation 
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electrode in each, and a high voltage is applied to start the separation. Detection occurs in 

two ways: (1) on-column, as migrating analytes pass the window on the capillary; or (2) 

post-column, as the analytes exit the capillary. Detectors used with CE include absorbance, 

fluorescence, thermal lens, Raman, chemiluminescence, mass spectrometric with 

electrospray ionization, and electrochemical (conductivity, potentiometry, and 

amperometry).3,4 More details pertaining to detection in CE are provided in section 1.2. 

 

1.2. Detection 

Ultraviolet/visible (UV/Vis) absorption and laser induced fluorescence (LIF) detection 

schemes were utilized for the present work.  The basis of UV/Vis absorption spectroscopy 

is the absorption of ultraviolet or visible energy due to valence electronic transitions.7 A 

specific wavelength of light in the UV/Vis region is impinged on the sample and the light 

that is transmitted through the sample is measured and then converted to absorbance. In 

the case of absorbance detection in CE, the capillary itself functions as a “flow-through 

cuvette.” A schematic of this process is shown in Fig. 1.5. The relationship between 

absorbance and concentration is described by Beer’s Law, as shown in equation 1-3, where 

the absorbance (𝐴) is equal to the product of the molar absorptivity of the analyte (𝜀), the 

path length of the sample (𝑏), and the concentration (𝑐) of the analyte:7 

𝐴 = 𝜀𝑏𝑐 (1 − 3) 

Advantages of UV/Vis absorbance detection coupled to CE are ease of use, high precision, 

and minimal sample volume. Disadvantages include low specificity and poor sensitivity. 

The poor sensitivity observed in this detection technique is attributed to the short path 
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length of the capillary (10 – 100 µm).4 Despite these limitations, CE coupled to a UV/Vis 

absorbance detector was beneficial for the initial stages of method development. 

 A more sensitive alternative to UV/Vis absorbance detection for CE is laser-

induced fluorescence (LIF) detection (see Fig. 1.6), which is sensitive to naturally 

fluorescent analytes or fluorescently labeled analytes. In CE-LIF, excitation occurs due to 

the absorption of laser light by analyte ions in their ground state. As a result, electrons in 

the S0 energy level are promoted to the S1 energy level, forming excited state analyte ions. 

As analyte ions in the excited state return to the ground state, light is emitted and 

fluorescence intensity is measured by the photomultiplier tube (PMT) detector.8  A laser 

beam has a narrower bandwidth and more power to excite analyte ions, compared to a 

xenon arc lamp, which is the most commonly used source for fluorescence measurements. 

 
Fig. 1.5. A schematic illustration of a UV/Vis detection system in CE. 
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Laser-induced fluorescence detection is more sensitive than fluorescence measurements 

made using a continuum source because the increased power of the laser translates into an 

increased number of excited state analyte ions. Fig. 1.6 shows the optical layout of a typical 

LIF detector utilized in this work.  

 

 The fiber optic cable and collimating device focus the 406 nm light emitted from a 

diode laser onto the dichroic mirror. The excitation radiation is reflected off the dichroic 

mirror onto the ball lens, which is then focused onto capillary, which functions as the flow-

 

 
Fig. 1.6.  A schematic of a typical LIF detector. 
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cell for on-column detection. The fluorescence emitted by the analyte is focused by the ball 

lens through the dichroic mirror to the emission filters. The emission filters select the 

appropriate emission wavelength and prevent scattered or transmitted excitation 

wavelength radiation from reaching the photomultiplier tube. One drawback of LIF 

detection is that lasers are expensive and can only emit light of one specific wavelength 

however, diode lasers can provide suitable low-cost options. As such, the work described 

herein employed diode lasers as excitation sources, with laser wavelengths matched to the 

excitation wavelengths of analytes, including carbon dots.  

 

1.3. Carbon Dots 

 Carbon dots (CDs) have garnered much attention recently as a class of 

nanomaterials that may provide a functional alternative to inorganic quantum dots (QDs) 

in some instances. Quantum dots are nanomaterials with confined excitons in all three 

special dimensions.9 An exciton is an excited electron with an associated hole across an 

energy range where no electrons can exist, called the bandgap.  The excitons are confined 

because the diameter of the quantum dots is smaller than the size of the exciton Bohr radius, 

resulting in electrons with different energy levels, leading to special optical properties such 

as fluorescence. Although inorganic quantum dots can be useful analytical tools, their 

toxicity (especially when cadmium is present) and high production cost (if comprised of 

noble metals such as gold, silver or platinum) has limited their application. Increased 

interest in CDs, which are fluorophores made of graphene oxide (GO) sheets smaller than 

100 nm in diameter, is due to their low toxicity, high luminescence, robust chemical 

inertness, biocompatibility, variable excitation wavelengths, low production costs, and 
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their ability to electrostatically interact with various molecules and microbes.10,11 The 

potential to use CDs as substitutes for inorganic QDs in some applications, including 

bioimaging, biosensing, chemical sensing, and energy conversion,12 is facilitated by the 

physicochemical similarities between these nanomaterials. Absorbance and fluorescence 

spectroscopic studies indicate that CDs have a maximum absorbance signal at 362 nm, and 

emission maximum signal at 460 nm when excited at any wavelength between 300 and 420 

nm. Fourier transform infrared (FTIR) spectroscopy measurements suggest that CDs have 

carboxylic acid functional groups attached to the surface, and these functional groups are 

responsible for the water soluble nature of the nanomaterials, which allows them to interact 

with a variety of analytes.10 In the present work, the application of CDs as separation 

mediators and fluorescence labeling agents is explored in detail. Nanoparticles in general 

and CDs in particular are appealing as separation mediators and fluorescent labeling agents 

due to their high surface area-to-volume ratios, water solubility, and ease of surface 

modification.13  

 Carbon dots may be synthesized by either a “top-down” or “bottom-up” method. 

The “top-down” approach uses special instrumentation to break down larger graphene 

oxide sheets into nanoparticles of quantum dimensions, which usually results in low yields 

of CDs with multiple sizes.10 Electrochemical synthesis, chemical oxidation, and 

solvothermal synthesis are considered “top-down” methods.14 

 The “bottom-up” approach to the synthesis of CDs involves microwave assisted 

synthesis, pyrolysis/carbonization, or a hydrothermal method employing smaller organic 

precursors.9,14 CDs resulting from the microwave assisted synthesis process tend to be 

uniformly sized due to the homogenous heating afforded by the microwave.  
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For example, CDs with a diameter of 3.5 nm were produced from glucose by way 

of microwave synthesis, although the CD diameter could be tuned by varying the 

microwave time.15 Any simple carbon source can serve as a precursor in the microwave 

synthesis method, as long as it contains C, H, and O in a 1:2:1 ratio, and the H and O is 

present in the form of hydroxyl, carboxyl, or carbonyl functional groups. Despite the 

disadvantage of requiring a microwave oven suitable for scientific use, this method has the 

advantage of improved CD yield and quality owing to the transient heating properties of 

the microwave oven.14  A simpler alternative is provided by pyrolysis, which only requires 

the use of a heating mantle or oven capable of achieving temperatures approximately 50°C 

above the melting point of the chosen carbohydrate precursor. Depending upon the 

precursor or mixture of precursors used, the “bottom-up” pyrolysis method can allow for 

selection of surface functional groups, which in turn, provides for greater control over the 

solubility and reactivity of CDs thus produced.10,15 

 Hydrothermal methods can be conducted in a “top-down” or “bottom-up” format. 

Hydrothermal cutting is a “top-down” approach involving the thermal reduction of GO to 

graphene sheets, which are then oxidized in an acidic solution followed by hydrothermal 

reduction to produce CDs.16  Of relevance to the current work is the “bottom-up” approach 

to hydrothermal synthesis, which involves organic precursors involved in polymerization 

and carbonization reactions to produce CDs.14,17 This method is advantageous because it is 

direct and efficient, it allows for easy control of the solution, it is environmentally friendly, 

and consumes little energy. 

 Yet another “bottom-up” synthesis method is pyrolysis/carbonization. This method 

differs from hydrothermal and microwave methods in that it is conducted open to the 
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atmosphere, allowing water to escape as the organic precursor is carbonized, whereas in 

hydrothermal and microwave methods pyrolysis occurs in sealed vessels. Dong and 

colleagues10 synthesized CDs from a “bottom-up” method involving the pyrolysis of citric 

acid using a heating mantle. Fig. 1.7 shows the proposed mechanism for CD formation by 

this method. Elemental analysis of the CDs so produced revealed that the carbon content 

was higher (about 46% by weight) than in the citric acid precursor (which is 34% by 

weight), which indicates that the citric acid is carbonized in this synthesis, giving rise to 

CDs with sp2-hybridized carbon clusters. These sp2-hybridized carbon clusters are 

responsible for the strong photoluminescent activity observed in CDs.  

 Both hydrothermal and microwave pyrolysis methods are capable of producing 

functionalized CDs. For example, a “bottom-up” pyrolysis by Qu and coworkers18 used 

equal masses of citric acid and urea dissolved in DI water to produce urea modified CDs, 

also referred to herein as nitrogen doped CDs (N-CDs), that were spherical and ranged 

from 1 – 5 nm in diameter. These N-CDs were comprised of C (42% by weight), H (4% 

 

 
Fig. 1.7. Proposed mechanism for CDs formation from the pyrolysis of citric acid. 
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by weight), N (21% by weight), and O (33%). Raman and nuclear magnetic resonance 

(NMR) spectroscopy revealed the presence of sp2- hybridized carbon atoms. Further 

analysis employing 13C NMR confirmed the existence of sp2- and sp3-hybridized carbon 

atoms as well as carboxyl/amide groups on the surface. Additionally, Kim and colleagues19 

reported the hydrothermal synthesis of N-CDs sensitive to methamphetamine precursors. 

Their “bottom-up” synthesis involved a 10:1 molar ratio of urea to citric acid and resulted 

in smaller (2 nm diameter) N-doped CDs. FTIR spectroscopy revealed that the difference 

in molar ratio of urea to citric acid resulted in abundant amino groups on the surface of 

these N-CDs because the intensity of the N-H bending peak was much stronger than that 

of the characteristic C=O peak. X-ray photoelectron spectroscopy (XPS) revealed that 

these dots contained 58.4% carbon, 6.1% nitrogen, and 35.5% oxygen. These N-CDs 

exhibit structural features and properties similar to unmodified CDs prepared from citric 

acid. However, differences attributed to the incorporation of nitrogen groups on the surface 

of N-CDs include a broad UV/Vis absorption band with peaks at 270 nm, 340 nm, and 405 

nm resulting from the microwave pyrolysis synthesis (or at 310 nm and 350 nm for the 

hydrothermal synthesis), compared to the unmodified CDs, which had peaks at 280 nm and 

360 nm. Additionally, the N-CDs produced by pyrolysis demonstrated excitation 

wavelength-dependent emission (at 440 nm and 570 nm corresponding to excit = 340 nm 

and 500 nm, respectively) whereas those produced via the hydrothermal route exhibited 

excitation-independent emission (at 420 nm for  excit = 320 nm.)19 These differences in 

character may lead to different types of interactions between CDs and target analytes based 

upon synthetic route and dopant. Therefore, a complete investigation is needed to develop 

efficient and versatile synthetic preparations of CDs and to determine the utility of 
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modified or unmodified CDs as analytical fluorescent probes and separation mediators for 

important classes of analytes, such as metalloproteins, illicit drugs, and other small 

molecule targets. These various classes of analyte are introduced presently. 

 

1.4. Metalloproteins 

 Metalloproteins refer to proteins that require a metal ion cofactor to function. These 

represent almost half of all proteins found in nature.20 They play an important role in many 

biological processes, such as photosynthesis, respiration, water oxidation, molecular 

oxygen reduction and nitrogen fixation. These proteins are further categorized based on 

their function, including storage and transport, enzymatic (catalytic) activity, and signal 

transduction metalloproteins.21 The metal cofactor in these proteins is usually coordinated 

by nitrogen, oxygen, or sulfur centers from the sidechains of the amino acid residues of the 

protein or by a cyclic ligand incorporated into the protein. Reactions involving these 

proteins typically occur on the metal centers; however, the protein matrix regulates 

reactivity along with substrate and product trafficking.22 

 The development of sensing schemes for metalloproteins (or other 

macromolecules) may aid in the diagnosis of disease. For example, transferrin (Tf) levels 

in plasma can used to identify iron related diseases. Specifically, Tf levels higher than the 

normal range (170 to 370 mg/dL) are indicative of anemia, while Tf levels lower than the 

normal range are may imply liver disease or hemolytic disease.23 Additionally, the Tf 

receptor is overexpressed on proliferating cancer cells relative to normal cells. Therefore, 

Tf is a promising carrier protein for targeted drug delivery and therapy for cancerous 

cells.24–32 Tf  is a globular, 80 kDa iron transport glycoprotein (as shown in Fig. 1.8), 
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comprised of two lobes (N and C lobes) with a high affinity Fe3+ binding domain (Ka ≈ 

1020 M-1, with the synergistic binding of a carbonate ion) in each lobe.21 When iron is bound 

to both iron binding sites on Tf (holo-Tf), the protein adopts a more closed conformation 

relative to when no iron is bound (apo-Tf). The ability to separate the different 

conformations of Tf (fully metallated, partially metallated, and demetallated), is important 

because potential drug molecules may have different affinities for the different 

conformations of Tf. 

 Nowak and colleagues33,34 demonstrated the use of surfactants as pseudostationary 

phases or buffer additives in CE for greater resolution of metallated and demetallated  

protein forms. Thus, to expand upon the collection of pseudostationary phases and buffer 

additives for enhanced separations, the development of a separation using CDs as 

inexpensive, stable and convenient separation modifiers for a CE-based method was 

pursued herein. Furthermore, the nature of interactions of CDs with protein analytes may 

 
Fig. 1.8. Ribbon structure of transferrin.33 
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be exploited for small molecule interactions with CDs, and hence this work will explore 

the utility of CDs for sensing small molecule analytes, too.  

 

1.5. Small Molecules 

 Sensing and screening of small molecule analytes is especially important in areas 

such as clinical chemistry, pharmaceutical quality control, and law enforcement. Often, 

these small molecule targets are found at low levels in complex matrices, and so developing 

analytical methods capable of highly selective and highly sensitive detection is especially 

important for these targets.  Consider, for example, the homemade explosive triacetone 

triperoxide (TATP), which is used by terrorists and criminals for the destruction of lives 

and property.35 Sample preparation and detection is difficult due to the target’s sensitivity 

to shock, heat, friction, and its rapid vaporization.35 TATP is classified as a primary 

explosive meaning it is easily ignited by electrostatic discharge, friction, spark, flame, heat, 

or impact.36 Primary explosives have a lower detonation order because of their high 

sensitivity, but they are often used to initiate secondary explosives like nitroaromatic 

compounds [e.g. trinitrotoluene (TNT)], which are used to intensify detonation. TATP is 

more dangerous than other primary explosives because it is more likely to produce an 

entropic explosion.36 The danger associated with TATP and its increased use among 

terrorists make detection of trace amounts necessary. 

 Drugs of abuse are responsible for many health problems among recreational users, 

including chest pain, nose bleeds, sweating, nausea, vomiting, heart attacks, strokes, 

lowered blood pressure, sleepiness, slowed breathing, slowed pulse rate, coma, and death.37 

They are also increasingly difficult to detect because of the drug cocktails many 

recreational users take. Bath salts are a new group of recreational drugs that produce a high 
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similar to that of methylenedioxymethylamphetamine (MDMA), methamphetamine or 

cocaine. The main psychoactive ingredients in bath salts are synthetic cathinone 

derivatives, based on compounds originally derived from the khat plant (Catha edulis). The 

synthetic cathinone structures are continuously modified by drug designers to evade legal 

detection.38 The structure of cathinone and four synthetic cathinone analogs are shown in 

Fig. 1.9. Currently, synthetic cathinones have no approved medical uses in the United 

States.37 Detection of trace levels of bath salts is also necessary because synthesis is not 

regulated, resulting in unknown and dangerous effects.37 However, trace level detection 

alone is not sufficient. Detection of high concentrations of these drugs is necessary to 

determine levels of abuse, and so analytical methods with large dynamic ranges are needed. 

Improved separation efficiency and detection of these drugs could allow for easier law 

enforcement as well as more accurate determination of the cause of the symptoms observed 

in a patient so that doctors could devise more effective treatments.  

 

 

 
Fig. 1.9. Cathinone structure and four synthetic cathinone analogs 
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1.6. Research Goals 

 The overarching purpose of this work is to demonstrate the utility of CDs as stable, 

inexpensive, and versatile alternatives to inorganic quantum dots and organic dyes for 

aiding in the separation and detection of a variety of analytes by capillary electrophoresis. 

To this end, specific research goals included the synthesis and characterization of CDs by 

a variety of methods, along with the assessment of CDs as separation modifiers in CE 

assays to improve the resolution of analytes in complex mixtures. The results presented 

here suggest that the electrophoretic profile of CDs can be tuned for specific applications, 

and that CDs are convenient buffer additives capable of improving upon current 

electrophoretic separation methods, with implications for greater selectivity in the CE and 

PectI separations of other classes of analytes, including metalloproteins and small molecule 

targets. 

 The chapters that follow expand upon the methods used and results obtained as 

each of the research goals of this dissertation were pursued. Chapter 2 presents a detailed 

outline of CD synthesis methods in order to systematically describe the impacts of 

synthesis parameters on nanomaterial properties. The physicochemical and spectral 

properties of CDs are documented in Chapter 3 as a result of spectroscopic characterization 

studies, to ascertain the suitability of these nanomaterials as optical sensing agents for 

several classes of target analytes.  To complement these spectroscopic studies, CE methods 

were developed (as discussed in Chapter 4) to provide qualitative profiling or 

fingerprinting and quantitative characterization of CDs samples. A demonstration of the 

successful application of CDs for metalloprotein separations by CE and PectI methods is 

provided in detail in Chapters 5 and 6, respectively. 
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CHAPTER 2 

 

SYNTHESIS OF CARBON DOTS 
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2.1. Introduction 

 Carbon dots (CDs) are a unique class of fluorescent nanomaterial with chemical 

and physical properties that have triggered interest in their use as fluorescent probe 

alternatives to organic dyes and inorganic nanoparticles.1–7  CDs are known for their 

biocompatibility, photostability, and low toxicity, along with their added advantages of 

simple and low cost synthesis methods. A typical CD structure is comprised of one to a 

few layers of graphene sheets smaller than 10 nm in diameter, forming a graphene core 

decorated with oxygenated functional groups on the surface.1–3,8,9 Applications involving 

CDs exploit their fluorescent properties for bioimaging,10–13 biomedicine,14 and 

biosensing15–17 to aid in the diagnosis and treatments of disease.1  

  Just as there are numerous applications of CDs, so, too, are there numerous 

synthesis methods leading to their production.  The two major classifications of CD 

synthesis methods include “top-down” and “bottom-up” methods. “Top-down” methods 

begin with larger carbon materials, such as carbon nanotubes,18 graphite columns,19 

carbohydrates,20 carbon soot,21 and carbon fibers22 which are broken down to nano-sized 

CDs by electrochemical or chemical oxidation, solvothermal treatment, or laser 

ablation.9,23–25 In electrochemical synthesis, cyclic voltammetry is employed to break down 

a plasma-treated graphene film,  multi-walled carbon nanotubes used as the working 

electrode, or graphite rods as the anode and cathode, which produced CDs of 3 - 5 nm in 

diameter.25,26 Chemical oxidation requires the use of an oxidative reagent (HNO3, H2SO4) 

to introduce abundant oxygen-containing functional groups like –OH and –COOH, which 

are responsible for water solubility and variable emission. Solvothermal synthesis is a 

single step method that utilizes dimethylformamide (DMF) as a reducing agent and solvent 
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to produce CDs with different sizes.27 In this instance, column chromatography was 

employed to achieve batches of more uniform particles for better photoluminescence. DMF 

is typically used as the solvent in solvothermal syntheses because it has a high boiling point 

and a high proportion of nitrogen atoms, which can serve as a source of nitrogen for surface 

passivation.25 High heat and pressure generated by a laser is used to synthesize CDs by 

laser ablation.28 “Top-down” methods like these may involve harsh reaction conditions, 

long reaction times, and/or expensive equipment, compared to “bottom-up” methods.23,29 

 “Bottom-up” methods begin with small organic molecules that serve as the building 

blocks for CD products by pyrolysis, hydrothermal treatment, or microwave irradiation. 

Typical organic precursors utilized in “bottom-up” methods include citric acid,4,5,30 

glucose,31 ascorbic acid,32,33 or amino acids.34–37 There are two possible CD formation 

mechanisms from “bottom-up” syntheses: (1) dehydration reactions4,38,39 or (2) a sequence 

of processes including ionization, condensation, polymerization, carbonization, and 

passivation.9,24 In pyrolysis, the precursor is heated in an open container exposed to the 

atmosphere.4,40 Hydrothermal treatment involves placing an aqueous solution of the 

precursor into an autoclave (closed vessel) and applying heat.6,41 Heating sources include 

heating mantles, ovens, or microwaves.5,42 Thus, syntheses of CDs via “bottom-up” 

methods are typically simple, fast, inexpensive, and easily scaled up.9,23,24 

 The synthesis of CDs by either method – “bottom-up” or “top-down” – may be 

modified to allow for passivation or doping of the resulting dots. These modifications are 

pursued in an effort to tune the optical and/or reactive properties of the dots. Passivation 

of CDs has been shown to extend emission lifetimes, increase quantum yields, shift 

photoluminescence to longer wavelengths (extending past the visible and into the near 
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infrared region of the electromagnetic spectrum), increase UV-A absorption, and narrow 

emission bandwidths.43 Passivation refers to the shielding of the highly reactive functional 

groups on the CD surface improving stability and protecting fluorescence features (surface 

groups and traps responsible for the emission of CDs). For example, Liu and colleagues42 

introduced sodium polyacrylate (PAAS) as an effective passivating agent for CDs. They 

synthesized CDs by a microwave assisted hydrothermal treatment of glucose with added 

PAAS, which resulted in nanomaterials with strong green fluorescence emission. The 

passivated CDs thus produced were functionalized with folic acid and used for imaging of 

cancer cells with overexpressed folate receptor.  

 Doping refers to the introduction of foreign atoms into the CDs to modify their 

electronic properties, thus tuning their optical and electronic performance.44 Heteroatom 

doping has been found to improve the stability of the surface defects of CDs, resulting in 

brighter fluorescence emission due to more effective radiative recombination of the 

surface-confined electrons and holes.44 However, the mechanism by which heteroatom 

doping occurs, and the structure of heteroatom-doped CDs (with dopant in the rigid core 

or present as surface functional groups on the doped CDs) has yet to be determined. A wide 

variety of heteroatoms, including nitrogen, sulfur, boron, selenium, tellurium, phosphorus, 

silicon and halogens, have all been used to dope CDs.3,5,23,40,44–47 Nitrogen is the most 

widely explored heteroatom dopant for CDs because it has an electronic structure similar 

to that of carbon, and because nitrogen atoms can contribute their unpaired electrons to 

improve the emission properties of the resulting materials (since N-containing functional 

groups are likely to undergo the electronic transition from the ground state to the lowest 

excited singlet state). Qu and coworkers5 reported using a domestic microwave to 
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synthesize nitrogen doped CDs from a citric acid and urea precursor mixture. Their dots 

showed excitation wavelength dependent fluorescence when coated on paper, vegetable 

fibers, animal fur, feathers and skin.  

 Despite the many published accounts of CD syntheses, and the commercial 

availability of these materials,4,5,11,48–50 there remains much to be learned about the effects 

of synthesis parameters (time, temperature, heat source, solvent, and more) on CD 

properties. Thus, we undertook this study (of CD synthesis methods, as described in this 

chapter; along with characterization of CDs in the following two chapters) in order to better 

understand and more systematically describe the impacts of choices made during synthesis 

procedures.   In particular, this chapter will focus on an oven-based synthesis of unmodified 

CDs and urea modified CDs (which are nitrogen doped and referred to herein as N-CDs). 

Transmission electron microscopy (TEM) was used to determine the size of the resulting 

CDs. Reaction times were optimized by following the emission properties of dots using 

fluorescence spectroscopy. Additionally, capillary electrophoresis with laser-induced 

fluorescence detection (CE-LIF) was employed to determine its utility as a valuable tool 

for studying the size and charge of synthesized CDs. The CDs prepared herein appear to 

be viable materials for analytical applications (for sensing and separations), as established 

through further characterization (and documented in Chapters 3 and 4). 

 

2.2. Materials and Methods 

2.2.1. Reagents 

 Carbon dot precursors citric acid (> 99.5%), D (+) glucose (≥ 99%), gluconic acid 

(≥ 99%), and L-ascorbic acid (≥ 99%), were purchased from Sigma-Aldrich (St. Louis, Mo). 
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Another precursor, N-acetylneuraminic acid (≥ 98%), was purchased from Santa Cruz 

Biotechnology. Passivating agent sodium polyacrylate (PAAS) was purchased from 

Carolina Biological (Burlington, NC), and N-dopant urea was obtained from Wake Forest 

University Chemistry Inventory (Winston-Salem NC). Other reagents used in the 

preparation and/or analysis of CDs included sodium bicarbonate (100.2%) and NaOH (≥ 

97%)   from Fisher Scientific (Fair Lawn, NJ). Ultrapure water, purified using a Milli-Q® 

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

aqueous samples and solutions. 

 

2.2.2. Carbon Dots 

 The CDs were prepared in-house by modifying the method of Dong and colleagues4. 

Briefly, 2 g of dry citric acid in a 20-mL disposable scintillation vial was heated in a Fisher 

Scientific Isotemp oven (model 506G, Waltham, MA) at 180°C for 4 h. Alternatively, 2 g of 

dry citric acid was placed in a 50 mL Teflon autoclave liner, which was placed into a standard 

stainless steel 304 autoclave reactor (purchased from Labware (part number: 2T50), 

Amazon.com), and was heated in the oven at 180°C for 24 hours. The resulting dark orange 

liquid was cooled slightly and a 20 mL aqueous solution of 50 mM NaOH was added, and 

the scintillation vial (or autoclave reactor) was sonicated using a 2510 Branson sonicator 

(Branson Ultrasonics Corporation, Danbury, CT) for 30 min to suspend the CDs. Three, 0.5-

mL aliquots of the resulting NaOH suspension of CDs were lyophilized with a FreeZone 2.5 

Liter -84°C Benchtop Freeze Dryer (Labconco, Kansas City, MO), and the mass of the 

resulting dried product was found. The average mass of three dried CD aliquots was found 
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in order to provide a representative mass-per-volume (mg/mL) concentration of CDs for the 

batch.  

 The composition and/or properties of CDs were altered by using different starting 

materials or by suspending CDs in ultrapure water (rather than NaOH) after pyrolysis of 

citric acid by oven or autoclave reactor as described above. Variations included the synthesis 

of dots from a mixture of PAAS and citric acid; from urea and citric acid; and from organic 

precursors other than citric acid. The proportions of passivating agent (PAAS) and N-dopant 

(urea) relative to citric acid used in these synthetic studies are described in Table 2.I.  

Modified CDs were suspended in ultrapure water (30 mL H2O for PM-CDs and 5 mL H2O 

for N-CDs), followed by sonication for 30 min to suspend the resulting CDs. The suspension 

was then vacuum filtered through 0.2 µm nitrocellulose filter paper (manufacturer unknown). 

The filtrate containing the desired CDs was transferred to a clean 20 mL scintillation vial and 

stored at room temperature, protected from light.  

 Additionally, gluconic acid, N-acetylneuraminic acid, ascorbic acid, and glucose 

CDs were synthesized by oven pyrolysis in separate scintillation vials as described above. 

Although these CDs did not find widespread use in further of our applied studies, they were 

characterized according to their electrophoretic profile and utility as separation adjuvants 

in Chapter 4 and 5, respectively.   
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 Table 2.I. Variations of synthetic mixtures and methods for CD production* 

O
v

en
 

U
n

m
o

d
if

ie
d

 C
D

s 

 Dry citric acid – 1 hrs, CDs suspended in 50 mM NaOH 

 Dry citric acid – 2 hrs, CDs suspended in 50 mM NaOH 

 Dry citric acid – 4 hrs, CDs suspended in 50 mM NaOH 

 Dry citric acid – 8 hrs, CDs suspended in 50 mM NaOH 

 Dry citric acid – 12 hrs, CDs suspended in 50 mM NaOH 

 Dry citric acid – 24 hrs, CDs suspended in 50 mM NaOH 

 Dry citric acid – 4 hrs, CDs suspended in 10 mM NaOH 

 Dry citric acid – 4 hrs, CDs suspended in 1 M NaOH and diluted with water to 200 mM NaOH 

 Dry citric acid – 4 hrs, CDs suspended in 200 mM NaOH 

 Dry citric acid – 4 hrs, CDs suspended in ultrapure water 

N
-C

D
s 

 Solution of urea and citric acid (3.2:1 molar ratio; 0.5 g urea, 0.5 g citric acid, 1 mL water ) – 1 hr; N-

CDs were suspended in water 

 Solution of urea and citric acid (3.2:1 molar ratio) – 4 hrs; N-CDs were suspended in water 

 Solution of urea and citric acid (3.2:1 molar ratio) – 8 hrs; N-CDs were suspended in water 

 Solution of urea and citric acid (3.2:1 molar ratio) – 12 hrs; N-CDs were suspended in water 

 Solution of urea and citric acid (3.2:1 molar ratio) – 24 hrs; N-CDs were suspended in water 

 Solution of urea and citric acid (3.2:1 molar ratio) – 36 hrs; N-CDs were suspended in water 

 Solution of urea and citric acid (3.2:1 molar ratio) – 48 hrs; N-CDs were suspended in water 

 Solution of urea and citric acid (10:1 molar ratio) – 12 hrs; N-CDs were suspended in water 

 Solution of urea and citric acid (0.5:1 molar ratio) – 12 hrs; N-CDs were suspended in water 

 Solution of urea and citric acid (1:1 molar ratio) – 12 hrs; N-CDs were suspended in water 

O
th

er
s 

 Solution of  2 g citric acid, 1 g PAAS, and 30 mL water – 6 hrs; PM-CDs were suspended in water 

 Dry gluconic acid – 4 hrs; CDs were suspended in 50 mM NaOH 

 Dry N-acetylneuraminic acid – 4 hrs; CDs were suspended in 50 mM NaOH 

 Dry ascorbic acid; CDs were suspended in 50 mM NaOH 

 Dry glucose; CDs were suspended in 50 mM NaOH 

A
u

to
cl

a
v

e 

U
n

m
o

d
if

ie
d

 C
D

s 

 Solution of 2 g citric acid and 20 mL water – 24 hrs 

 Solution of 2 g citric acid and 10 mL water – 24 hrs 

 Solution of 2 g citric acid and 1 mL water – 24 hrs 

 Dry citric acid – 24 hrs; CDs suspended in water 

 Dry citric acid – 1 hr; CDs suspended in 50 mM NaOH 

 Dry citric acid – 24 hrs; CDs suspended in 50 mM NaOH 

 Dry citric acid – 24 hrs; CDs suspended in 10 mM NaOH 

 Dry citric acid – 4 hrs; CDs suspended in 1 M NaOH and diluted with water to 200 mM NaOH 

 Dry citric acid – 24 hrs; CDs suspended in 1 M NaOH and diluted with water to 200 mM NaOH 

 Dry citric acid – 24 hrs; CDs suspended in 200 mM NaOH 

 Solution of 2 g citric acid and 4.5 M HCl – 24 hrs 

 Solution of 2 g citric acid and 4.5 M NaOH – 24 hrs 

N
-C

D
S

 

 Solution of urea and citric acid (3.2:1 molar ratio) – 24 hrs 

 Dry urea and citric acid (3.2:1 mole ratio) mixed – 24 hrs; N-CDs suspended in water 

 Dry urea and citric acid (3.2:1 mole ratio) layered – 24 hrs; N-CDs suspended in water 

 Solution of urea and citric acid (10:1 molar ratio) – 24 hrs 

 Dry urea and citric acid (10:1 mole ratio) mixed – 24 hrs; N-CDs suspended in water 

 Dry urea and citric acid (10:1 mole ratio) layered – 24 hrs; N-CDs suspended in water 

*Synthesis conditions leading to CDs employed in more extensive studies in this dissertation are highlighted with bold text. 
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2.2.3. Buffers and Sample Solution Preparation 

 A stock solution (1.00 M) of sodium bicarbonate was prepared by dissolving the 

appropriate mass of reagent in ultrapure water, quantitatively transferring to a volumetric 

flask and filling to the line with ultrapure water. The resulting stock solution was filtered (0.2 

µm nylon syringe filter, VWR, Atlanta, GA) and stored in a polypropylene or HDPE vessel 

at 2-8°C until needed.  Bicarbonate stock solution was used to prepare biocarbonate 

background electrolytes (or separation buffers) used when recording profiles of CD samples 

by CE. (Additional method development and optimization with respect to CE profiling of 

CDs is discussed in Chapter 4.)  The stock solution was brought to room temperature and an 

aliquot was diluted with filtered, ultrapure water to prepare the CE buffer at a concentration 

of 35 mM sodium bicarbonate, with buffer pH adjusted to 10.0 by the dropwise addition of 

1 M NaOH. The buffer solution was stored at room temperature until use, for up to seven 

days. After seven days, the buffer was discarded and a new batch was prepared from the 

stock solution. 

 Carbon dot samples were prepared for analysis by adding the appropriate volume of 

CD suspension (in NaOH or water) to a 5.00 mL volumetric flask for fluorimetry studies or 

a 0.6 mL microcentrifuge vial (Fisher Scientific, Suwanee, GA) for CE studies, followed by 

dilution with the appropriate volume of ultrapure water. The volumetric flask or sample vial 

was vortexed to mix all constituents (CDs and ultrapure water) and the sample was 

transferred to a clean, dry 10 mL conical centrifuge tube (Fisher Scientific, Suwanee, GA ) 

for storage during fluorimetry measurements, or to a 250 µL injection vial for CE studies. 

For fluorimetry studies, a semi-micro quartz cuvette (Fisher Scientific, Suwanee, GA) was 

triple-rinsed with the appropriate diluted CDs solution before filling with the same solution 
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for fluorescence measurements. The cuvette was cleaned by triple-rinsing with ultrapure 

water followed by a single rinse with 95% ethanol (Fisher Scientific, Suwanee GA) before 

use with a new sample. 

 

2.2.4. Instrumentation 

 Spectrofluorimetry studies were conducted using an Agilent Technologies Carey 

Eclipse fluorescence spectrophotometer (Foster City, CA). Excitation wavelengths 

employed were 360 nm and 410 nm, followed by an emission scan from 365-700 nm or 

415-700 nm, respectively. Excitation and emission slit widths were 5 nm; the scan rate was 

300 nm/min; and the PMT voltage was 600 V.  

 CE studies were conducted using an Agilent G1600A CE System with Chemstation 

software (Foster City, CA). Detection was performed by laser-induced fluorescence (LIF) 

using a Picometrics LIF Detector (406 nm laser with 12.5 mW output power and a 410 nm 

emission filter). All CE experiments employed uncoated fused-silica capillaries (Polymicro 

Technologies, Phoenix, AZ) with 60.5 cm total length, 48.0 cm effective length, and 50 

µm inside diameter. The separation buffer was 35 mM sodium bicarbonate (pH 10.0), 

separation voltage was 25 kV, and the injection volume was 8 nL (50 mbar for 5.64 sec). 

 Carbon coated Formvar copper grids (200 mesh) were prepared for TEM imaging 

using a ‘drop casting’ technique. The Formvar side of the grid was etched with 100% 

ethanol, followed by addition of a drop of the CD solution being studied (100 mg/mL for 

unmodified CDs and 10 mg/mL for N-CDs). The CD solution was sonicated for 

approximately 10 min prior to depositing the drop on the TEM grid. The CD solution was 

incubated on the grid for about one hour and then wicked off using Wattman #2 filter paper, 
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leaving a thin, wet film on the grid. After the film dried, N-CDs were stained with 10 

mg/mL uranyl acetate solution using the same ‘drop casting’ technique and the grids were 

imaged using an FEI Technai BioTwin 120 keV TEM instrument with digital imaging. 

 

2.3. Results and Discussion 

2.3.1. Imaging of CDs by Transmission Electron Microscopy 

 Unmodified CDs and N-CDs were analyzed by transmission electron microscopy 

(TEM) to determine their size.  Representative transmission electron micrographs for 

unmodified CDs and N-CDs are shown in Fig. 2.1-A&B, respectively. We observed that 

unmodified CDs are 5 - 10 nm in diameter and N-CDs are 2 - 5 nm in diameter. This 

confirmed that the CDs synthesized in-house were similar in size to those previously 

reported by other groups.4,5 Additionally, PM-CDs were prepared on the basis of a report 

by Liu and colleagues.42 However, since these passivated CDs did not offer any advantages 

 

 
Fig. 2.1. TEM images for unmodified CDs (A) and N-CDs (B). Isolated CDs are shown in yellow circles in the images. 
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over N-doped or unmodified dots in our subsequent studies, we did not pursue their 

characterization by TEM or other methods. 

 

2.3.2. Monitoring CD emission properties as a function of reaction time 

 To establish the optimal heating time, CDs syntheses were run for 1, 2, 4, 8, 12, 

and 24 hours in the oven (with precursors of dry citric acid, or a solution of citric acid and 

urea), followed by fluorescence spectroscopy of the resulting products. Note that a 

systematic characterization of CDs by various spectroscopic methods is presented in 

Chapter 3, whereas here we are considering only fluorescence emission as a way to assess 

optimal synthesis time.  The NaOH suspension of unmodified CDs after each reaction time 

period were diluted 1000-fold, and the water suspension of N-CDs were diluted 

100,000-fold with ultrapure water for fluorescence measurements. Fig. 2.2 shows the 

fluorescence emission intensity at 450 nm (A) and 520 nm (B), corresponding to 

wavelengths of maximum fluorescence following excitation at 360 nm (A) and 410 nm (B) 

 

 
Fig. 2.2. Bar graphs showing the maximum fluorescence emission intensity of unmodified CDs (light orange) and N-

CDs (light green) after various reaction times (from 1 -24 h) for ex/em = 360/450 nm (A) and ex/em = 410/520 nm 

(B). Inset shows a dilute solution of unmodified CDs under long wavelength UV light. 
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for unmodified CDs (light orange) and N-CDs (light green). The inset in Fig. 2.2-B is a 

dilute solution of unmodified CDs under a long wavelength UV lamp.  

 Results illustrate that unmodified CDs synthesized for 4, 8, and 12 hours gave rise 

to fluorescence signals with similar intensity at both 450 nm and at 520 nm. Although 

reaction times of 8 and 12 h resulted in unmodified CDs with slightly higher emission 

intensities compared to CDs produced by a 4 h heating regime, the increase in intensity 

was not significant enough to warrant the longer synthesis times for unmodified CDs. 

Therefore, a 4 h heating period was adopted for unmodified CD synthesis. For N-CDs, a 

decrease in citric acid character (as indicated by fluorescence emission at 450 nm; see Fig. 

2.2-A) was observed with increasing reaction time up to 24 h. Urea character (as indicated 

by fluorescence emission at 520 nm; see Fig. 2.2-B) of N-CDs is relatively constant with 

increasing reaction time. At reaction times of 12 h or longer, the citric acid character and 

urea character are almost equal in terms of emission intensity for the N-CDs. This dual 

emission property of N-CDs prepared in the oven for 12 h or longer allows them to be 

interrogated at an excitation wavelength of either 360 nm and/or 410 nm. These N-CDs 

were synthesized from a mixture of dry citric acid and urea. However, no substantial 

change in properties of the dots was observed when the synthesis proceeded from an 

aqueous solution of citric acid and urea (data not shown). Thus, we concluded from these 

reaction time studies that unmodified CDs and N-CDs should be synthesized for 4 and 12 

hours, respectively, and this synthesis protocol was adhered to for all dots used in 

subsequent studies (unless otherwise noted). 
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2.3.3. Monitoring CD synthesis by way of CE profiles 

 CDs were analyzed by capillary electrophoresis coupled to laser induced 

fluorescence detection (CE-LIF), following a modified version of the method presented by 

Baker and Colón,51 to assess differences in size and charge of the synthesized materials. 

CE is a high resolution separation technique that separates analytes by size and charge 

using an electric field.52,53 CE separations occurred on an Agilent G1600A CE System 

employing 35 mM sodium bicarbonate (pH 10.0) separation buffer and applied voltage of 

25 kV. Samples were analyzed using a 50 µm inside diameter (i.d.) capillary and 8 nL 

injection volume. Samples for CE analysis were prepared by diluting aliquots of 

unmodified CDs,   unmodified CDs dialyzed for eight hours, and N-CDs, in separation 

buffer to a final concentration of 1.0 mg/mL for unmodified CDs and 0.05 mg/mL for N-

CDs. Fig. 2.3-A shows representative electropherograms for dialyzed unmodified CDs (i) 

and unmodified CDs (ii). A representative electropherogram for N-CDs is shown in Fig. 

2.3-B.  

 

 

 
Fig. 2.3. (A) Representative CE electropherograms for 1.0 mg/mL dialyzed unmodified CDs (i) and 1.0 mg/mL 

unmodified CDs (ii). (B) Representative CE electropherogram for 0.05 mg/mL N-CDs.  
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 Unmodified CDs were dialyzed to remove any possible unreacted starting material; 

therefore, we expected some differences in the electropherograms for dialyzed CDs (blue; 

Fig. 2.3-A(i)) compared to undialyzed CDs (red; Fig. 2.3-A(ii)). The fact that these two 

electropherograms in Fig. 2.3-A are almost identical suggests that there was either 

complete synthesis from citric acid to unmodified CDs or that, if incomplete, the unreacted 

starting material had no effect on the CE profile of the unmodified CDs. We tried extending 

the dialysis time to 3 days to ensure complete removal of any possible unreacted starting 

material. However, we observed CDs adsorbing to the dialysis membrane during this 

prolonged sample clean-up, as indicated by a change in color of the dialysis membrane 

from colorless to yellow. The broad peak observed in the electropherograms for 

unmodified CDs (Fig. 2.3-A) suggests that the synthesized dots exist as a mixture of 

materials of different sizes and surface charges. This is not unexpected given the bulk 

nature of the synthesis, employing powdered citric acid heated in an open vessel. Indeed, 

the CE profile for our unmodified CDs is similar to the one reported by Baker and Colón.51 

 The electropherogram for N-CDs (Fig. 2.3-B) presents a very different profile for 

these N-doped dots relative to their unmodified counterparts. The CE profile shows three 

distinct peaks, suggesting that three predominant species (or sizes or configurations) of N-

CDs exist in the as-synthesized batch. These could represent different sizes of CDs, or 

different extents of N-doping within the batch, or some other factor. Based on the CE 

profile study, we concluded that dialysis of CD samples is not necessary for CE 

characterization of the materials themselves (nor for application of CDs as buffer additives 

in other CE-based separation assays). Additionally, we found that N-CDs have a markedly 

different electrophoretic profile compared to unmodified CDs, despite the similarity in the 
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method of their synthesis. The potential utility of CE as a diagnostic tool for CD 

characterization and study is explored in more detail in Chapter 4.   

 

2.4. Conclusions 

 Synthesis of CDs from citric acid and other carbohydrate precursors, with or 

without modifiers, by way of oven pyrolysis has been shown to be an efficient materials 

preparation route. Unmodified citric acid CDs prepared in an oven were approximately 

twice as large (5-10 nm diameter) as their N-doped N-CD counterparts (2-5 nm diameter) 

when synthesized according to the same procedures. However, different reaction times 

were adopted: the optimal reaction time for the oven synthesis of unmodified CDs was 4 

h, or 12 h for N-CDs. By way of CE-LIF, it was determined that dialysis of unmodified 

CDs following oven synthesis had no effect on their electrophoretic profile, suggesting that 

unreacted starting material may have been absent or else did not affect the migration 

properties of existing dots. Additionally, CE-LIF revealed very different electrophoretic 

profiles for unmodified CDs and N-CDs, thus confirming their different sizes and likely 

surface compositions. 

 These synthetic studies prompted a thorough investigation of the spectroscopic 

properties and CE profiles of oven synthesized CDs and N-CDs, as documented in 

Chapters 3 and 4, respectively. Furthermore, the application of oven synthesized CDs as 

separation modifiers in CE-based assays is documented in Chapter 5. Future studies 

(beyond the scope of this work) will explore the potential of oven-synthesized citric acid 

CDs as antioxidants (reducing agents). For example preliminary work with unmodified 

CDs and tetraauric acid yielded plasmonic Au-coated CDs. The color of the CD solution 
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with added tetraauric acid changed from pale yellow to pink, confirming the reduction of 

gold ions, presumably on the surface of the dots, which would confer them with plasmonic 

character (as  suggested by UV/Vis and fluorescence spectroscopy).  The possibility of 

using spontaneously generated Au-CDs as easily synthesized replacements for more 

expensive gold nanoparticles will be explored. On the whole, the ease of the oven synthesis 

procedure documented here, together with the low cost of the starting materials and the 

variety of spectroscopic and electrophoretic properties that can be readily imbued upon 

citric acid CDs supports their wider use in analytical and materials science applications.  

  



42 
 

References 

(1)  Shan, D.; Hsieh, J.-T.; Bai, X.; Yang, J. Citrate-Based Fluorescent Biomaterials. 

Adv. Healthc. Mater. 2018, 7 (18), 1800532. 

https://doi.org/10.1002/adhm.201800532. 

 

(2)  Sun, Y.; Bi, Q.; Zhang, X.; Wang, L.; Zhang, X.; Dong, S.; Zhao, L. Graphene 

Quantum Dots as Additives in Capillary Electrophoresis for Separation Cinnamic 

Acid and Its Derivatives. Anal. Biochem. 2016, 500, 38–44. 

https://doi.org/10.1016/j.ab.2016.01.024. 

 

(3)  Ju, J.; Chen, W. Synthesis of Highly Fluorescent Nitrogen-Doped Graphene 

Quantum Dots for Sensitive, Label-Free Detection of Fe (III) in Aqueous Media. 

Biosens. Bioelectron. 2014, 58, 219–225. 

https://doi.org/10.1016/j.bios.2014.02.061. 

 

(4)  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 (12), 4738–4743. 

https://doi.org/10.1016/j.carbon.2012.06.002. 

 

(5)  Qu, S.; Wang, X.; Lu, Q.; Liu, X.; Wang, L. A Biocompatible Fluorescent Ink 

Based on Water-Soluble Luminescent Carbon Nanodots. Angew. Chem.-Int. Ed. 

2012, 51 (49), 12215–12218. https://doi.org/10.1002/anie.201206791. 

 

(6)  Hu, Q.; Paau, M. C.; Zhang, Y.; Chan, W.; Gong, X.; Zhang, L.; Choi, M. M. F. 

Capillary Electrophoretic Study of Amine/Carboxylic Acid-Functionalized Carbon 

Nanodots. J. Chromatogr. A 2013, 1304, 234–240. 

https://doi.org/10.1016/j.chroma.2013.07.035. 

 

(7)  Wu, Y.; Remcho, V. T. A Capillary Electrophoretic Method for Separation and 

Characterization of Carbon Dots and Carbon Dot-Antibody Bioconjugates. Talanta 

2016, 161, 854–859. https://doi.org/10.1016/j.talanta.2016.09.031. 

 

(8)  Zhao, P.; Zhu, L. Dispersibility of Carbon Dots in Aqueous and/or Organic 

Solvents. Chem. Commun. 2018, 54 (43), 5401–5406. 

https://doi.org/10.1039/c8cc02279h. 

 

(9)  Miao, P.; Han, K.; Tang, Y.; Wang, B.; Lin, T.; Cheng, W. Recent Advances in 

Carbon Nanodots: Synthesis, Properties and Biomedical Applications. Nanoscale 

2015, 7 (5), 1586–1595. https://doi.org/10.1039/c4nr05712k. 



43 
 

(10)  Yang, W.; Zhang, H.; Lai, J.; Peng, X.; Hu, Y.; Gu, W.; Ye, L. Carbon Dots with 

Red-Shifted Photoluminescence by Fluorine Doping for Optical Bio-Imaging. 

Carbon 2018, 128, 78–85. https://doi.org/10.1016/j.carbon.2017.11.069. 

 

(11)  Bhaisare, M. L.; Talib, A.; Khan, M. S.; Pandey, S.; Wu, H.-F. Synthesis of 

Fluorescent Carbon Dots via Microwave Carbonization of Citric Acid in Presence 

of Tetraoctylammonium Ion, and Their Application to Cellular Bioimaging. 

Microchim. Acta 2015, 182 (13–14), 2173–2181. https://doi.org/10.1007/s00604-

015-1541-5. 

 

(12)  Goh, E. J.; Kim, K. S.; Kim, Y. R.; Jung, H. S.; Beack, S.; Kong, W. H.; Scarcelli, 

G.; Yun, S. H.; Hahn, S. K. Bioimaging of Hyaluronic Acid Derivatives Using 

Nanosized Carbon Dots. Biomacromolecules 2012, 13 (8), 2554–2561. 

https://doi.org/10.1021/bm300796q. 

 

(13)  Zholobak, N. M.; Popov, A. L.; Shcherbakov, A. B.; Popova, N. R.; Guzyk, M. 

M.; Antonovich, V. P.; Yegorova, A. V.; Scrypynets, Y. V.; Leonenko, I. I.; 

Baranchikov, A. Y.; et al. Facile Fabrication of Luminescent Organic Dots by 

Thermolysis of Citric Acid in Urea Melt, and Their Use for Cell Staining and 

Polyelectrolyte Microcapsule Labelling. Beilstein J. Nanotechnol. 2016, 7, 1905–

1917. https://doi.org/10.3762/bjnano.7.182. 

 

(14)  Zheng, M.; Liu, S.; Li, J.; Qu, D.; Zhao, H.; Guan, X.; Hu, X.; Xie, Z.; Jing, X.; 

Sun, Z. Integrating Oxaliplatin with Highly Luminescent Carbon Dots: An 

Unprecedented Theranostic Agent for Personalized Medicine. Adv. Mater. 2014, 

26 (21), 3554–3560. https://doi.org/10.1002/adma.201306192. 

 

(15)  lqbal, A.; lqbal, K.; Xu, L.; Li, B.; Gong, D.; Liu, X.; Guo, Y.; Liu, W.; Qin, W.; 

Guo, H. Heterogeneous Synthesis of Nitrogen-Doped Carbon Dots Prepared via 

Anhydrous Citric Acid and Melamine for Selective and Sensitive Turn on-off-on 

Detection of Hg (II), Glutathione and Its Cellular Imaging. Sens. Actuators B-

Chem. 2018, 255, 1130–1138. https://doi.org/10.1016/j.snb.2017.08.130. 

 

(16)  Zhang, Q.; Zhang, C.; Li, Z.; Ge, J.; Li, C.; Dong, C.; Shuang, S. Nitrogen-Doped 

Carbon Dots as Fluorescent Probe for Detection of Curcumin Based on the Inner 

Filter Effect. Rsc Adv. 2015, 5 (115), 95054–95060. 

https://doi.org/10.1039/c5ra18176c. 

 

(17)  Wang, Y.; Gao, D.; Chen, Y.; Hu, G.; Liu, H.; Jiang, Y. Development of N,S-

Doped Carbon Dots as a Novel Matrix for the Analysis of Small Molecules by 

Negative Ion MALDI-TOF MS. Rsc Adv. 2016, 6 (82), 79043–79049. 

https://doi.org/10.1039/c6ra12131d. 



44 
 

(18)  Zhou, J.; Booker, C.; Li, R.; Zhou, X.; Sham, T.-K.; Sun, X.; Ding, Z. An 

Electrochemical Avenue to Blue Luminescent Nanocrystals from Multiwalled 

Carbon Nanotubes (MWCNTs). J. Am. Chem. Soc. 2007, 129 (4), 744–745. 

https://doi.org/10.1021/ja0669070. 

 

(19)  Zhao, Q.-L.; Zhang, Z.-L.; Huang, B.-H.; Peng, J.; Zhang, M.; Pang, D.-W. Facile 

Preparation of Low Cytotoxicity Fluorescent Carbon Nanocrystals by 

Electrooxidation of Graphite. Chem. Commun. 2008, No. 41, 5116–5118. 

https://doi.org/10.1039/b812420e. 

 

(20)  Peng, H.; Travas-Sejdic, J. Simple Aqueous Solution Route to Luminescent 

Carbogenic Dots from Carbohydrates. Chem. Mater. 2009, 21 (23), 5563–5565. 

https://doi.org/10.1021/cm901593y. 

 

(21)  Tian, L.; Ghosh, D.; Chen, W.; Pradhan, S.; Chang, X.; Chen, S. Nanosized 

Carbon Particles From Natural Gas Soot. Chem. Mater. 2009, 21 (13), 2803–2809. 

https://doi.org/10.1021/cm900709w. 

 

(22)  Peng, J.; Gao, W.; Gupta, B. K.; Liu, Z.; Romero-Aburto, R.; Ge, L.; Song, L.; 

Alemany, L. B.; Zhan, X.; Gao, G.; et al. Graphene Quantum Dots Derived from 

Carbon Fibers. Nano Lett. 2012, 12 (2), 844–849. 

https://doi.org/10.1021/nl2038979. 

 

(23)  Sharma, A.; Das, J. Small Molecules Derived Carbon Dots: Synthesis and 

Applications in Sensing, Catalysis, Imaging, and Biomedicine. J. 

Nanobiotechnology 2019, 17 (1), 92. https://doi.org/10.1186/s12951-019-0525-8. 

 

(24)  Liu, M. L.; Chen, B. B.; Li, C. M.; Huang, C. Z. Carbon Dots: Synthesis, 

Formation Mechanism, fluorescence Origin and Sensing Applications. Green 

Chem. 2019, 23. 

 

(25)  Wu, Z. L.; Liu, Z. X.; Yuan, Y. H. Carbon Dots: Materials, Synthesis, Properties 

and Approaches to Long-Wavelength and Multicolor Emission. J Mater Chem B 

2017, 5 (21), 3794–3809. https://doi.org/10.1039/C7TB00363C. 

 

(26)  Li, Y.; Hu, Y.; Zhao, Y.; Shi, G.; Deng, L.; Hou, Y.; Qu, L. An Electrochemical 

Avenue to Green-Luminescent Graphene Quantum Dots as Potential Electron-

Acceptors for Photovoltaics. Adv. Mater. 2011, 23 (6), 776-+. 

https://doi.org/10.1002/adma.201003819. 

 



45 
 

(27)  Bacon, M.; Bradley, S. J.; Nann, T. Graphene Quantum Dots. Part. Part. Syst. 

Charact. 2014, 31 (4), 415–428. https://doi.org/10.1002/ppsc.201300252. 

 

(28)  Hu, S.-L.; Niu, K.-Y.; Sun, J.; Yang, J.; Zhao, N.-Q.; Du, X.-W. One-Step 

Synthesis of Fluorescent Carbon Nanoparticles by Laser Irradiation. J. Mater. 

Chem. 2009, 19 (4), 484–488. https://doi.org/10.1039/b812943f. 

 

(29)  Wang, Y.; Hu, A. Carbon Quantum Dots: Synthesis, Properties and Applications. 

J. Mater. Chem. C 2014, 2 (34), 6921–6939. https://doi.org/10.1039/c4tc00988f. 

 

(30)  Zeng, Q.; Shao, D.; He, X.; Ren, Z.; Ji, W.; Shan, C.; Qu, S.; Li, J.; Chen, L.; Li, 

Q. Carbon Dots as a Trackable Drug Delivery Carrier for Localized Cancer 

Therapy in Vivo. J. Mater. Chem. B 2016, 4 (30), 5119–5126. 

https://doi.org/10.1039/c6tb01259k. 

 

(31)  Li, H.; He, X.; Liu, Y.; Huang, H.; Lian, S.; Lee, S.-T.; Kang, Z. One-Step 

Ultrasonic Synthesis of Water-Soluble Carbon Nanoparticles with Excellent 

Photoluminescent Properties. Carbon 2011, 49 (2), 605–609. 

https://doi.org/10.1016/j.carbon.2010.10.004. 

 

(32)  Zhang, B.; Liu, C.; Liu, Y. A Novel One-Step Approach to Synthesize Fluorescent 

Carbon Nanoparticles. Eur. J. Inorg. Chem. 2010, No. 28, 4411–4414. 

https://doi.org/10.1002/ejic.201000622. 

 

(33)  Li, H.; He, X.; Kang, Z.; Huang, H.; Liu, Y.; Liu, J.; Lian, S.; Tsang, C. H. A.; 

Yang, X.; Lee, S.-T. Water-Soluble Fluorescent Carbon Quantum Dots and 

Photocatalyst Design. Angew. Chem.-Int. Ed. 2010, 49 (26), 4430–4434. 

https://doi.org/10.1002/anie.200906154. 

 

(34)  Wu, X.; Tian, F.; Wang, W.; Chen, J.; Wu, M.; Zhao, J. X. Fabrication of Highly 

Fluorescent Graphene Quantum Dots Using L-Glutamic Acid for in Vitro/in Vivo 

Imaging and Sensing. J. Mater. Chem. C 2013, 1 (31), 4676–4684. 

https://doi.org/10.1039/c3tc30820k. 

 

(35)  Mintz, K. J.; Mercado, G.; Zhou, Y.; Ji, Y.; Hettiarachchi, S. D.; Liyanagea, P. Y.; 

Pandey, R. R.; Chusuei, C. C.; Dallman, J.; Leblanc, R. M. Tryptophan Carbon 

Dots and Their Ability to Cross the Blood-Brain Barrier. Colloids Surf. B-

Biointerfaces 2019, 176, 488–493. https://doi.org/10.1016/j.colsurfb.2019.01.031. 

 

 



46 
 

(36)  Wang, X.; Gao, T.; Yang, M.; Zhao, J.; Jiang, F.-L.; Liu, Y. Microwave-Assisted 

Synthesis, Characterization, Cell Imaging of Fluorescent Carbon Dots Using L-

Asparagine as Precursor. New J. Chem. 2019, 43 (8), 3323–3331. 

https://doi.org/10.1039/c8nj05421e. 

 

(37)  Pei, S.; Zhang, J.; Gao, M.; Wu, D.; Yang, Y.; Liu, R. A Facile Hydrothermal 

Approach towards Photoluminescent Carbon Dots from Amino Acids. J. Colloid 

Interface Sci. 2015, 439, 129–133. https://doi.org/10.1016/j.jcis.2014.10.030. 

 

(38)  Wang, S.; Chen, Z.-G.; Cole, I.; Li, Q. Structural Evolution of Graphene Quantum 

Dots during Thermal Decomposition of Citric Acid and the Corresponding 

Photoluminescence. Carbon 2015, 82, 304–313. 

https://doi.org/10.1016/j.carbon.2014.10.075. 

 

(39)  Qu, D.; Zheng, M.; Zhang, L.; Zhao, H.; Xie, Z.; Jing, X.; Haddad, R. E.; Fan, H.; 

Sun, Z. Formation Mechanism and Optimization of Highly Luminescent N-Doped 

Graphene Quantum Dots. Sci. Rep. 2015, 4 (1), 5294. 

https://doi.org/10.1038/srep05294. 

 

(40)  Li, L.; Dong, T. Photoluminescence Tuning in Carbon Dots: Surface Passivation 

or/and Functionalization, Heteroatom Doping. J. Mater. Chem. C 2018, 6 (30), 

7944–7970. https://doi.org/10.1039/c7tc05878k. 

 

(41)  Kim, T. H.; Ho, H. W.; Brown, C. L.; Cresswell, S. L.; Li, Q. Amine-Rich Carbon 

Nanodots as a Fluorescence Probe for Methamphetamine Precursors. Anal 

Methods 2015, 7 (16), 6869–6876. https://doi.org/10.1039/C5AY01715G. 

 

(42)  Liu, Q.; Xu, S.; Niu, C.; Li, M.; He, D.; Lu, Z.; Ma, L.; Na, N.; Huang, F.; Jiang, 

H.; et al. Distinguish Cancer Cells Based on Targeting Turn-on Fluorescence 

Imaging by Folate Functionalized Green Emitting Carbon Dots. Biosens. 

Bioelectron. 2015, 64, 119–125. https://doi.org/10.1016/j.bios.2014.08.052. 

 

(43)  Dimos, K. Tuning Carbon Dots’ Optoelectronic Properties with Polymers. 

Polymers 2018, 10 (12), 1312. https://doi.org/10.3390/polym10121312. 

 

(44)  Li, F.; Yang, D.; Xu, H. Non-Metal-Heteroatom-Doped Carbon Dots: Synthesis 

and Properties. Chem.- Eur. J. 2019, 25 (5), 1165–1176. 

https://doi.org/10.1002/chem.201802793. 

 



47 
 

(45)  Park, Y.; Yoo, J.; Lim, B.; Kwon, W.; Rhee, S.-W. Improving the Functionality of 

Carbon Nanodots: Doping and Surface Functionalization. J. Mater. Chem. A 2016, 

4 (30), 11582–11603. https://doi.org/10.1039/c6ta04813g. 

 

(46)  Karimzadeh, A.; Hasanzadeh, M.; Shadjou, N.; de la Guardia, M. Optical 

Bio(Sensing) Using Nitrogen Doped Graphene Quantum Dots: Recent Advances 

and Future Challenges. Trac-Trends Anal. Chem. 2018, 108, 110–121. 

https://doi.org/10.1016/j.trac.2018.08.012. 

 

(47)  Hai, X.; Feng, J.; Chen, X.; Wang, J. Tuning the Optical Properties of Graphene 

Quantum Dots for Biosensing and Bioimaging. J. Mater. Chem. B 2018, 6 (20), 

3219–3234. https://doi.org/10.1039/c8tb00428e. 

 

(48)  Carbon Quantum Dots https://www.americanelements.com/carbon-quantum-dots-

7440-44-0 (accessed Nov 10, 2019). 

 

(49)  Carbon quantum dots 900414 

https://www.sigmaaldrich.com/catalog/product/aldrich/900414 (accessed Nov 10, 

2019). 

 

(50)  Feng, Y.; Zhong, D.; Miao, H.; Yang, X. Carbon Dots Derived from Rose Flowers 

for Tetracycline Sensing. Talanta 2015, 140, 128–133. 

https://doi.org/10.1016/j.talanta.2015.03.038. 

 

(51)  Baker, J. S.; Colón, L. A. Influence of Buffer Composition on the Capillary 

Electrophoretic Separation of Carbon Nanoparticles. J. Chromatogr. A 2009, 1216 

(52), 9048–9054. https://doi.org/10.1016/j.chroma.2009.08.063. 

 

(52)  Skoog, D. A.; West, D. M.; Holler, F. J.; Crouch, S. R. Miscellaneous Separation 

Methods. In Fundamentals of Analytical Chemistry 8th EDITION; Thomson 

Brooks/Cole; pp 1003–1010. 

 

(53)  Harris, D. C. Chromatographic Methods and Capillary Electrophoresis. In 

Quantitative chemical analysis; W.H. Freeman and Co.: New York, 2003; pp 654–

672. 

 

  



48 
 

CHAPTER 3 

 

SPECTRAL CHARACTERIZATION OF CARBON DOTS 

 

 

 

 

 

 

 

 

 

This chapter includes largely unpublished results [Leona R. Sirkisoon and Christa L. 

Colyer]; however, excerpts are included in Molecules 2019, 24(10), 

1916; https://doi.org/10.3390/molecules24101916. L.R.S. designed and conducted 

experiments and conducted data analysis, all with guidance from C.L.C. The chapter was 

written by L.R.S., and C.L.C. acted in an advisory and editorial capacity. Data curation, 

funding acquisition, and provision of resources were the responsibility of C.L.C.  Financial 

support for this work was provided in part by Wake Forest University and the National 

Science Foundation GOALI Grant (1611072).  



49 
 

3.1. Introduction 

 Carbon dots (CDs) are a type of fluorescent nanomaterial comprising of one to a 

few layers of graphene sheets smaller than 10 nm in diameter.1–5 These structures consist 

of a graphene core decorated with oxygenated functional groups on the surface. Typical 

CDs synthesized from citric acid exhibit an emission maximum at 460 nm, independent of 

excitation wavelength from 300 nm – 420 nm, with carboxylic and hydroxyl functional 

groups on the surface.1,6 This distinctive photoluminescence is attributed to the sp2 

hybridized carbon atoms and quantum confinement and edge effects resulting from the 

small size of these carbon-based materials.6  

The hydroxyl and carboxylic acid functional groups on the surface of CDs are 

responsible for the ability to prepare homogeneous solutions (suspensions) of CDs in 

aqueous solutions, and surface groups can be easily altered to render these materials 

amphiphilic.2 CDs exhibit chemical and physical properties such as biocompatibility, 

photostability, and low toxicity. These properties, coupled with their simple and low cost 

syntheses, have triggered interest in the use of CDs in analytical sciences (for example, as 

fluorescent probes in place of organic dyes and inorganic nanoparticles.)1,3,5–9 CDs interact 

with potential analytes through hydrophobic, π-π stacking, hydrogen bonding, cation‒π, 

and electrostatic interactions.1,6 Applications in the the areas of bioimaging,10–13 

biomedicine,14 and biosensing15–17 rely on the fluorescent properties of CDs to aid in the 

diagnosis and treatments of disease.1  

 Chemical sensors or sensing assays often rely on fluorescence emission properties 

native to or imparted on an analyte via derivatization or labeling. The popularity of 

fluorescence assays is due to their simplicity, the widespread availability of fluorescent 
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labels with varying spectral properties, and the very low detection limits that can be 

achieved by fluorescence detection.18,19 If the analyte is not natively fluorescent, a taggant 

or label must be found that is: conveniently excited (without interference from  the target 

analyte or matrix), easily detectable with conventional instrumentation, exhibits a high 

fluorescence quantum yield, soluble in matrices suitable for the analyte, stable under a 

range of conditions, selective towards the target analyte(s),  easily and economically 

prepared or commercially available with reproducible quality, and has known 

photophysical properties.20 Traditionally, organic dyes have been used as fluorescent labels 

in sensing applications.21 However, nanoparticles are gaining popularity as fluorescent 

labels due to their unique optical properties, such as tunable excitation and emission 

wavelengths (and broad absorption spectra), higher emission quantum yields, high 

photostability and resistance to photobleaching, relatively small size, and narrow emission 

spectra.18 In particular, CDs are chosen for sensing applications over inorganic 

nanoparticles and organic dyes because of their low cost, ease of preparation, 

biocompatibility, low toxicity, water solubility, and photostability.22  

 The origin of fluorescence emission demonstrated by CDs has yet to be determined; 

however, researchers have proposed that the quantum confinement effect, the surface states 

effect, and/or molecular fluorescence effects could be responsible. The most widely 

accepted mechanism for observed fluorescence from CDs is due to the surface states of the 

CDs, which are determined by the degree of oxidation and surface functional groups.22 Bao 

and colleagues23 synthesized CDs by electrochemical etching of carbon fibers and  

explored the effects of size and degree of surface oxidation. They showed that a higher 

degree of surface oxidation led to an increased number of surface defects for CDs. 
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According to this mechanism, an excited electron and/or its associated hole can be trapped 

by these surface defects, and radiative emission at a lower energy results from their 

recombination.22–24 Additionally, some researchers associate surface states with functional 

groups and have illustrated varied emission wavelengths by tuning the surface functional 

groups.22,25  

 CD fluorescence emission may, in fact, arise due to  a combination of two 

mechanisms from different sources: the intrinsic quantized effects from the core, and the 

functional groups or defects on the particle surface.24 This combined mechanism leads to 

excitation-dependent emission of the CDs characterized by a decrease in fluorescence 

intensity and a bathochromic shift in the wavelength of maximum intensity as the excitation 

wavelength increases. 

 The quantum confinement effect is typically exhibited by inorganic semiconductor 

quantum dots.22 Quantum confinement occurs in nanomaterials that are smaller than the 

Bohr exciton radius, resulting in confined excitons with quantized energy states in all three 

spatial dimensions.24,26 An exciton is formed by an excited electron and the hole it leaves 

behind, which exist in a bound state held together by Coulombic forces. In semiconductors, 

an electron from the valence band is promoted to the conduction band when excited by a 

photon, leaving a hole in the valence band.24 Following recombination of the electron and 

hole, a photon of light is emitted as fluorescence. This type of emission is also referred to 

as intrinsic band gap fluorescence, band-edge electron-hole recombination, or a 

HOMO-LUMO transition.24 Typically, the emission band is very narrow in such cases, 

which also demonstrate excitation-independent emission (that is, the emission maximum 

is at a fixed wavelength regardless of the excitation wavelength used).  
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 Unlike quantum confinement or surface state effects, molecular fluorescence of 

CDs is as ascribed to the superimposition of emission responses from different fluorophore 

molecules or functional groups on the surface, resulting in a broad emission band.22,24 This 

type of fluorescence is typically observed from CDs prepared using the “bottom-up” 

procedure at low temperatures (< 230°C), where neither quantum confinement nor a 

collective excitonic effect exist. Krysmann and colleagues27 reported that the carbogenic 

core of CDs synthesized via “bottom-up” procedures start forming at temperatures greater 

than 230°C, and the corresponding fluorescence signal is from both molecular fluorophores 

and the carbogenic core under those conditions. The spectral differences observed for  CDs 

synthesized at low temperatures compared to CDs synthesized at high temperatures result 

from different compositions of the particle surfaces, since there was no strong correlation 

between the position of the spectral bands and particle size.27 Hence, the fluorescence 

emission behavior of CDs depends on the synthetic conditions and materials used. 

 The goal of this work is to elucidate the physicochemical properties of the CDs 

synthesized in-house via oven and autoclave “bottom-up” methods, to determine the 

suitability of these nanomaterials for optical sensing applications. Unmodified CDs and 

urea-modified (nitrogen-doped) CDs (N-CDs) were analyzed by IR spectroscopy, UV/Vis 

absorbance spectrophotometry, and fluorescence emission spectrometry. The linearity of 

the fluorescence response as a function of CD concentration and the effect of pH on the 

fluorescence emission intensity at the wavelength of maximum emission was determined. 

Furthermore, unmodified CDs were tested as fluorescence sensing agents for a variety of 

analytes, including: triacetone triperoxide (TATP), a dangerous explosive used by 

terrorists; synthetic cathinones, illicit drugs commonly known as “bath salts;” and 
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transferrin protein (Tf), a small iron transport protein used to diagnose iron-related 

diseases. 

  

3.2. Materials and Methods 

3.2.1. Reagents 

 Citric acid (> 99.5%), sodium formate (≥ 99%), and glycine (≥ 99.0%, NT), were 

purchased from Sigma-Aldrich (St. Louis, Mo). Sodium bicarbonate (100.2%), HCl (37%), 

and NaOH (≥ 97%) were purchased from Fisher Scientific (Fair Lawn, NJ). Formic acid 

(99%) was purchased from Acros Organics; N-acetylneuraminic acid (≥ 98%) was purchased 

from Santa Cruz Biotechnology; tris(hydroxymethyl)aminomethane (“tris”)  (Amresco Life 

Science, proteomics grade) was purchased from VWR (Atlanta, GA); and urea was obtained 

from Wake Forest University Chemistry Inventory (Winston-Salem NC). Ultrapure water, 

purified using a Milli-Q® Reagent Water System from EMD Millipore Corporation 

(Billerica, MA), was used for all aqueous samples and solutions. 

 

3.2.2. Carbon Dots 

 The CDs used in this work were prepared in-house according to a modified method 

based on that of Dong and colleagues.6 Briefly, 2 g of dry citric acid in a 20-mL disposable 

scintillation vial was heated in a Fisher Scientific Isotemp oven (model 506G, Waltham, 

MA) at 180°C for 4 h. Alternatively, 2 g of dry citric acid was placed in a 50-mL Teflon 

autoclave liner within a standard stainless steel 304 autoclave reactor (Labware, 

Amazon.com, part number: 2T50), which was heated in the oven at 180°C for 24 h. The 

resulting dark orange liquid was cooled slightly and 20 mL of 50 mM NaOH (aq) was added 
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to the scintillation vial (or autoclave reactor), followed by sonication using a 2510 Branson 

sonicator (Branson Ultrasonics Corporation, Danbury, CT) for 30 min to suspend the CDs. 

The CDs thus prepared were stored in solution at room temperature, protected from light.  

 Additionally, urea modified CDs (N-CDs) were synthesized from a solution 

comprised of 0.5 g of citric acid and 0.5 g of urea in 1 mL of ultrapure water in a 20-mL 

scintillation vial or Teflon autoclave liner. The solution was heated in an oven at 180°C for 

12 h or 24 h (in the scintillation vial or autoclave reactor, respectively). The resulting N-CDs 

were suspended in ultrapure water (5 mL water added to the scintillation vial, or 4 mL to the 

autoclave reactor after heating), followed by sonication for 30 min to suspend the resulting 

CDs. The suspension was vacuum filtered through 0.2 µm nitrocellulose filter paper 

(manufacturer unknown), and the filtrate containing the N-CDs was transferred to a clean 20 

mL scintillation vial and stored at room temperature, protected from light.  

 Three, 0.5-mL aliquots of the resulting suspension of unmodified CDs and N-CDs 

(in NaOH or water) were lyophilized with a FreeZone 2.5 Liter -84°C Benchtop Freeze Dryer 

(Labconco, Kansas City, MO), and the mass of the resulting dried product was found. The 

average mass of three dried CD aliquots was used as a representative mass-per-volume 

(mg/mL) concentration of CDs for the batch.  

 

3.2.3. Buffer and Sample Preparation 

 Stock solutions (1.00 M) were prepared separately by dissolving the appropriate mass 

of reagent in ultrapure water, quantitatively transferring to a volumetric flask and filling to 

the line with ultrapure water for the following reagents: sodium bicarbonate, tris, and sodium 

formate. A 2.00 M stock solution of glycine was prepared by dissolving the appropriate mass 
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of glycine in filtered ultrapure water. The resulting stock solutions were filtered (0.2 µm 

nylon syringe filter, VWR, Atlanta, GA) and stored in a polypropylene or HDPE vessel at 

2-8°C until needed.  

 The stock solutions were brought to room temperature and an aliquot was diluted 

with filtered ultrapure water to prepare each buffer. The sodium bicarbonate (35 mM; pH 

10.0), and tris-glycine (50-50 mM; pH 7.8) buffers were adjusted to the specified pH by the 

dropwise addition of 1 M NaOH.  The 50 mM sodium formate buffers (pH 5.0 and 3.0) were 

adjusted to the specified pH by dropwise addition of 1 M formic acid. After pH adjustment, 

each buffer solution was quantitatively transferred to a volumetric flask and filled to the line 

with filtered, ultrapure water. The pH was measured again to confirm that the buffer was 

prepared correctly. The buffer solutions were stored at room temperature until use, for up to 

seven days. After seven days, the buffer was discarded and a new batch was prepared from 

the stock solutions. 

 Samples of CDs were prepared for analysis by adding the appropriate volume of CD 

suspension to a 5.00 mL volumetric flask, followed by dilution with the appropriate volume 

of ultrapure water, buffer, or acetonitrile to achieve the desired final concentration. After 

preparation in the volumetric flask, the CD sample solution was transferred to a clean, dry 

10 mL conical centrifuge tube (Fisher Scientific, Suwanee, GA) for storage.  

 

3.2.4. Instrumentation 

 UV/Vis absorption spectra were obtained using an Agilent Technologies Cary 8454 

UV/Vis instrument. Spectrofluorimetry studies were conducted using an Agilent 

Technologies Carey Eclipse fluorescence spectrophotometer (Foster City, CA). Excitation 
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wavelengths employed were 360 nm and 410 nm, followed by an emission scan from 365-

700 nm or 415-700 nm, respectively. Excitation and emission slit widths were 5 nm; the scan 

rate was 300 nm/min; and the PMT voltage was 600 V. Fourier transform infrared (FTIR) 

spectra were collected using a Perkin Elmer Spectrum 100 FTIR Spectrometer. 

 A semi-micro quartz cuvette (Fisher Scientific, Suwanee, GA) was triple rinsed with 

the appropriate diluted CDs solution before filling with the same solution for UV/Vis and 

fluorescence measurements. The cuvette was cleaned by triple-rinsing with ultrapure water 

followed by a single rinse with 95% ethanol (Fisher Scientific, Suwanee GA). Suspensions 

of CDs in NaOH or water were analyzed by infrared spectra. 

 

3.3. Results and Discussion 

 Unmodified CDs and N-CDs synthesized in-house were analyzed by Fourier 

transform infrared (FTIR) spectroscopy, UV/Vis absorption spectrophotometry, and 

fluorescence emission spectrometry to determine their spectral properties in comparison to 

those reported previously for unmodified CDs6 and N-CDs.7 The CDs used in these studies 

were synthesized as described in section 3.2.2.  The suspensions of CDs were used directly 

for FTIR studies and were diluted with ultrapure water or buffer for UV/Vis absorption 

and fluorescence emission studies. 

 

3.3.1. Fourier Transform Infrared spectroscopy 

 Infrared (IR) spectroscopy is a useful tool for characterizing nanomaterials, since it 

is able to provide information regarding surface groups, which give rise to characteristic 

IR bands just as molecular species do. FTIR spectra for unmodified CDs and N-CDs are 
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shown in Fig. 3.1-A&B, respectively. The IR spectrum for unmodified CDs (Fig. 3.1-A) 

shows stretching vibration features corresponding to OH at 3526 cm-1; OH from COOH at 

2925 cm-1 and 2530 cm-1; C=O at 1730 cm-1 and 1703 cm-1; phenyl at 1558 cm-1; CH
2
 at 

1378 cm-1; and C-O at 1184 cm-1.  Dong and colleagues6 reported absorption of carboxyl 

groups and hydroxyl groups; and C-H vibration at 2950 cm-1 and below 1350 cm-1, and 

concluded that unmodified CDs were comprised of incomplete carbonization of citric acid. 

Unmodified CDs synthesized in-house exhibit similar absorption bands as the unmodified 

CDs previously reported by Dong,6 and therefore we may conclude that the unmodified 

CDs synthesized in-house were most likely the result of incomplete carbonization of citric 

acid.  

 The IR spectrum for N-CDs in these studies (Fig. 3.1-B) shows absorption bands 

for OH/NH groups at 3550 cm-1; the OH from carboxylic acid groups at 3063 cm-1; C=O 

at 1714 cm-1; phenyl at 1605 cm-1 and 1451 cm-1;CH
2
  at 1374 cm-1;  and CO/CN groups 

at 1207 cm-1. The IR spectrum for N-CDs reported by Qu and coworkers7 showed 

absorption bands from 3100 cm-1 to 3500 cm-1 for OH/NH groups; from 1600 cm-1 to 1700 

cm-1 for C=O; and from 1350 cm-1 to 1460 cm-1 for CH
2
. These IR spectral features were 

similar to those we observed for our own N-CD samples, suggesting that our N-CDs are 

similar in structure and functional group composition to the N-CDs previously reported.7 

In both cases, the appearance of CO/CN and NH2 bands in the IR spectra confirm that the 

urea modifier is being incorporated into or onto the dot surface during the carbonization 

synthesis, but we do not have sufficient information to confirm if the nitrogen dopant is 

uniformly distributed on and within the resulting CDs or not. In any case, the nitrogen is 
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clearly present and integral to the modified dots, and we see further evidence of this in the 

UV/Vis absorbance and fluorescence emission spectra to follow. 

 

 

 
Fig. 3.1. FTIR spectra for unmodified CDs (A) and N-CDs (B). Spectra for the CD suspensions 

samples were collected using a Perkin Elmer Spectrum 100 FTIR Spectrometer. 
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3.3.2. Absorbance spectrophotometry 

 UV/Vis absorption spectra for unmodified CDs and N-CDs are shown in Fig. 

3.2-A&B, respectively. Samples were prepared for analysis by diluting the CD suspensions

 

10-fold for unmodified CDs and 1000-fold for N-CDs. A broad band from about 200-500 

nm was observed for unmodified CDs (Fig. 3.2-A), with a maximum absorbance plateau 

from about 350-380 nm. However, the absorption spectrum for unmodified CDs reported 

by Dong et al.6 showed a broad band from about 300-410 nm with a maximum absorbance 

at 362 nm. The slight differences in absorbance properties could be attributed to the heating 

method during CD synthesis. While our unmodified CDs were prepared in an oven, the 

CDs reported by Dong and co-workers6 were prepared using a heating mantle.  

 A broad absorption spectrum from about 200-500 nm was observed for N-CDs (Fig. 

3.2-B), with a peak at 330 nm and a maximum absorbance at 400 nm. Qu and colleagues7 

reported an absorbance spectrum for N-CDs which had a shoulder at about 340 nm and a 

maximum at about 405 nm, consistent with the absorbance features we observed for our 

 

 
Fig. 3.2. Absorption spectra of unmodified CD samples prepared by 10-fold dilution in water (A) and N-CDs prepared 

by 1000-fold dilution in water (B).  
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N-CDs. These absorbance peaks are characteristic of an aromatic π system, implying 

extended conjugation in the dot structure. The differences observed in the N-CDs compared 

to unmodified CDs are due to the incorporation of nitrogen atoms into the N-CD structure.  

 

3.3.3. Fluorescence emission spectrometry 

 Fluorescence emission spectra for unmodified CDs and N-CDs (excited at 360 nm 

and 410 nm) are illustrated in Fig. 3.3-A&B, respectively. Samples analyzed by 

fluorescence spectrophotometry were prepared by diluting the NaOH suspension of 

unmodified CDs 1000-fold and the water suspension of N-CDs 100,000-fold. Unmodified 

CDs synthesized in-house showed a fluorescence emission maximum at 460 nm when 

excited at 360 nm, and at 490 nm when excited at 410 nm, with the former 

excitation/emission couple resulting in significantly greater intensity compared to the latter 

(Fig. 3.3-A). Dong et al.6 reported unmodified CDs with a fluorescence emission maximum 

at 460 nm when excited at 362 nm. However, they found the maximum emission 

 

 
Fig. 3.3. Fluorescence emission spectra of unmodified CD samples prepared by 1000-fold dilution in water (A) and N-

CD samples prepared by 100,000-fold dilution in water (B). Fluorescence emission spectra resulting from excitation 

at 360 nm and 410 nm are shown in blue and red, respectively.  
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wavelength to be largely independent of excitation wavelength, which they proposed was 

due to uniform size and surface state of sp2 clusters in their CDs. While our unmodified 

CDs demonstrated an emission maximum at 460 nm, akin to the performance of Dong et 

al.’s CDs,6 this emission was not independent of the excitation wavelength in our studies. 

In particular, increasing the excitation wavelength resulted in a bathochromic shift of the 

maximum emission wavelength as demonstrated by the red trace is Fig. 3.3-A. Here, the 

maximum emission wavelength shifted to 490 nm as a result of changing the excitation 

wavelength to 410 nm.   This confirms that our unmodified CDs are not uniform in size 

(recall from section 2.3.1 that unmodified CDs were about 5 – 10 nm in diameter; see Fig. 

2.1-A) or in the surface state of sp2 clusters in the CDs.  

 N-CDs prepared in-house had significantly stronger emissions at all wavelengths 

than unmodified CDs when prepared to nominally the same concentration of dots. The 

fluorescence signal from N-CDs was so great that it necessitated a 100,000-fold dilution of 

the water suspension of N-CDs (as opposed to a 1,000-fold dilution, which was suitable 

for the unmodified dots) in order to reduce the fluorescence signal to a level suitable for 

detection in these studies. Diluted N-CDs had an emission maximum at 450 nm when 

excited at 360 nm, and at 520 nm when excited at 410 nm, with very little difference 

between their intensities (Fig. 3.3-B).  The shift in maximum emission wavelength from 

490 nm for unmodified CDs to 520 nm for N-CDs (at excit = 410 nm), accompanied by the 

increased intensity of N-CDs at 520 nm, suggests that the nitrogen has been incorporated 

into the N-CDs. The urea character is depicted by the emission at 520 nm while the citric 

acid character is represented by emission at 450 nm.   Qu et al.7 reported N-CDs with 

emission maxima at 440 nm and 570 nm when excited at 340 nm and 500 nm, respectively. 
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Based on the excitation dependent emissions demonstrated by the N-CDs in our work (and 

in Qu’s work7), we believe that these samples are constituted by N-doped dots that vary in 

size and surface state structure (in contrast to the unmodified dots studied by Dong6).  

 

3.3.3.1. Effect of Concentration of Unmodified CDs on fluorescence intensity 

 The intensity of fluorescence emission at low concentrations of a molecular species 

is known to be proportional to the incident power of the excitation source, along with the 

quantum yield, molar absorptivity, and concentration of the molecular species.28,29 Since 

some of the fluorescence character of carbon dots has been attributed to molecular 

fluorescence processes,22,24 we sought to determine the effect of the concentration of the 

unmodified CD samples on the resulting fluorescence emission signal. Dialyzed 

unmodified CDs were prepared at concentrations from 0 µg/mL to 25 µg/mL by dilution 

(with acetonitrile or pure water) of the NaOH suspension of dots resulting from oven 

pyrolysis. We chose water and acetonitrile as diluents for this study to allow to compare 

any differences in fluorescence response of the CDs in organic versus aqueous systems. 

Diluted samples were excited at 360 nm and at 410 nm, and the resulting emission scan for 

each was recorded, as shown in Fig. 3.4-A&B. The wavelength of maximum emission 

(corresponding to excit = 360 nm) for unmodified CDs diluted in acetonitrile shifted to a 

slightly shorter wavelength (445 nm) relative to the emission of unmodified CDs diluted 

in water (450 nm; see Fig. 3.3-A – blue curve).  Likewise, the wavelength of maximum 

emission for unmodified CDs diluted in acetonitrile for excit = 410 nm shifted to shorter 

wavelength (480 nm) relative to the emission of unmodified CDs diluted in water (490 nm; 

see Fig. 3.3-A – red curve).  
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 The fluorescence peak shapes for unmodified CDs in acetonitrile (Fig. 3.4-A) were 

similar to those for unmodified CDs in ultrapure water (Fig. 3.4-B). However, a diminution 

in fluorescence intensity was observed for the same concentration of CDs diluted in water 

compared to CDs diluted in acetonitrile, presumably due to some self-association of the 

dots occurring in water. Despite the lower signal in aqueous solution, fluorescence 

emission was proportional to unmodified CD concentration in both non-aqueous (Fig. 

3.4-C) and aqueous (Fig. 3.4-D) solutions. This linear response (fluorescence emission as 

 

 
Fig. 3.4. Fluorescence emission spectra and calibration curves for dialyzed, unmodified CD samples diluted in 

acetonitrile (A, C) or in water (B, D). Excitation of CD samples ranging in concentration from 0 µg/mL to 25 µg/mL, 

as indicated in the figures, was carried out at 360 nm for both acetonitrile (A) and aqueous (B) samples, or at 410 nm 

(see insets).   Calibration curves based on emission peak heights obtained for excitation/emission wavelength couples 

360 nm/445 nm and 410 nm/480 nm for CD samples in acetonitrile (C), or at 360 nm/450 nm and 410 nm/465 nm for 

CD samples in water (D), are shown. 
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a function of unmodified CD concentration) held true for samples prepared in acetonitrile 

at excit/emis = 360 nm/ 445 nm and excit/emis = 410 nm/ 480 nm (Fig. 3.4-C) and for samples 

prepared in water at excit/emis = 360 nm/ 450 nm and excit/emis = 410 nm/ 490 nm (Fig. 

3.4-D).  The slope of each calibration curve is a measure of the sensitivity of the 

measurement (that is, how much change in the signal arises per unit change in 

concentration). For a given excitation wavelength (either 360 nm or 410 nm), steeper 

calibration curve slopes (greater sensitivities) were achieved for unmodified CD samples 

prepared in acetonitrile compared to water, but the correlation between concentration and 

signal was equally good (R2 > 0.99)  for all calibration curves (aqueous and nonaqueous). 

As expected, the response for unmodified CDs (prepared in either water or acetonitrile), 

when excited at 360 nm, had greater sensitivity than when excited at 410 nm. This is 

because 360 nm is the optimal excitation wavelength for unmodified CDs. However, for 

sensing applications an excitation wavelength of 410 nm may be more practical (due to the 

greater availability of excitation sources at the longer wavelength and reduced background 

interference at the longer wavelength). Despite its lower sensitivity, using excit = 410 nm 

is still a viable option for sensing applications employing CDs. 

 

3.3.3.2. Effect of Solution pH on the Fluorescence Emission of CDs 

 The fluorescence spectrometry studies described above involved CD samples 

diluted in pure water, but we also wanted to discover the effect of solution pH on CD 

fluorescence. As such, we prepared diluted CD solutions in buffers ranging from pH 3 to 

10. The buffers used for dilution of CD samples were: 35 mM sodium bicarbonate (pH 

10.0); 50 mM tris - 50 mM glycine (pH 7.8); 50 mM sodium formate (pH 5.0); and 50 mM 
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sodium formate (pH 3.0). Unmodified CD samples and N-CD samples were prepared to 

yield final dot concentrations of 0.5 mg/mL and 0.005 mg/mL, respectively, for 

interrogation by fluorescence spectrometry by dilution of appropriate aliquots of the CD 

suspensions (produced from oven-based or autoclave-based pyrolysis of citric acid or citric 

acid with urea) with buffer. Fig. 3.5 shows the fluorescence emission spectra (following 

excitation at 360 nm) for unmodified CDs synthesized in the oven (Fig. 

3.5-A) or in the autoclave (Fig. 3.5-B) following their dilution in four different pH buffers.

 The emission spectra for unmodified CDs following excitation at 410 nm are shown 

 

 
Fig. 3.5. Fluorescence emission spectra for unmodified CDs synthesized in the oven (A) and autoclave (B) following 

excitation at 360 nm and at 410 nm (shown in the inset figures) for samples prepared at pH 10.0 (blue), pH 7.8 (red), 

pH 5.0 (green) and pH 3.0 (purple). Final concentrations were 0.5 mg/mL unmodified CDs and 0.005 mg/mL N-CDs. 

Bar graphs showing the maximum intensity of CD fluorescence emissions at 450 nm (excit = 360 nm) (C) and at 490 

nm ( (excit = 410 nm (D) as a function of pH of the diluted sample solution. 
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in the insets to Fig. 3.5-A&B. (Recall from Fig. 3.2 that unmodified CDs absorb optimally 

at 360 nm whereas N-CDs absorb optimally at 410 nm). The emission for oven unmodified 

CDs is greater than that for autoclave unmodified CDs when excited at both 360 nm and 

410 nm. As expected, the emission of unmodified CDs is greater as a result of excitation 

at 360 nm compared to excitation at 410 nm, for both oven and autoclave unmodified CDs, 

regardless of pH, confirming that the wavelength of maximum excitation for unmodified 

CDs 360 nm.  

 The bar graphs in Fig. 3.5-C show the fluorescence response for oven (light gray 

bars) and autoclave (dark gray bars) unmodified CDs at the 450 nm (the wavelength of 

maximum fluorescence emission intensity) when excited at 360 nm for the different pH 

conditions. The emission of oven unmodified CDs is relatively independent of pH (from 

pH = 5 – 10), with the strongest emission at pH 7.8. At lower pH (= 3) a significant decrease 

in the emission for oven unmodified CDs was observed. However, for autoclave 

unmodified CDs a decrease in fluorescence intensity was observed with decreasing pH 

relative to the strongest emission (under the conditions tested) at pH 10. Table 3.I shows 

the percent change in the emission intensity of unmodified CDs synthesized via oven and 

autoclave for different pH conditions relative to the strongest emission from the set of pHs 

tested for the 360 nm/450 nm and 410 nm/490 nm excitation/emission couples. Under 

non-optimal excitation conditions (that is, for excit = 410 nm), a greater effect of pH on the 

emission of unmodified CDs was observed, as shown in Fig. 3.5-D (light orange for oven 

unmodified CDs and dark orange for autoclave unmodified CDs). The emission intensity 
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of unmodified CDs synthesized via oven and autoclave decreased as the solution became 

more acidic, with the strongest fluorescence signal arising at pH 10.  

 These pH study results suggest that the charge state of unmodified CDs (prepared 

by either oven- or autoclave-pyrolysis), which is likely to be affected by pH due to the 

presence of carboxylic and hydroxyl groups on the surface (as confirmed by previous IR 

spectroscopy studies – see Section 3.3.1), has only a minimal effect on fluorescence 

emission within the moderate pH range from 5 – 10. The pKa of the carboxylic acid groups 

on the surface is approximately 5, and so we expect that the unmodified CDs will have 

greater negative character at pH 5-10 compared to their net charge at pH 3.0. It was not 

until unmodified CD samples were prepared in buffer at pH 3 that we saw a decrease in 

fluorescence emission for these CDs. Since the same trends in fluorescence emission as a 

function of pH were observed for unmodified dots produced by either oven-pyrolysis or 

autoclave-pyrolysis, we conclude that the surface features of both types of dots are likely 

very similar to one another, and so they respond similarly in different buffer solutions. 

Table 3.I. Percent change of emission intensities at different pH conditions relative to the strongest emission 

from the set of pHs tested for unmodified CDs synthesized via oven and autoclave for 360 nm/450 nm and 410 

nm/490 nm excitation/emission couples. 

    Oven Autoclave 

360 nm/450 nm 

pH 10.0 -4.3% (strongest emission)  

pH 7.8 (strongest emission) -12.5% 

pH 5.0 -3.4% -18.3% 

pH 3.0 -21.5% -25.6% 

410 nm/490 nm 

pH 10.0 (strongest emission) (strongest emission) 

pH 7.8 -15.5% -45.5% 

pH 5.0 -32.5% -54.9% 

pH 3.0 -48.8% -62.4% 
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 The influence of solution pH on the fluorescence emission of urea-modified carbon 

dot samples (N-CDs) was also studied. Fig. 3.6-A&B show fluorescence emission 

spectra at four different pH’s for N-CDs synthesized by the oven and autoclave pyrolysis 

methods. Recall that N-CDs demonstrated much more intense fluorescence emissions than 

unmodified CDs, and so the N-CD samples were prepared by 100,000-fold dilution of the 

water suspension of N-CDs in buffer (as opposed to the 1,000-fold dilutions used for 

unmodified CD samples shown in Fig. 3.5).   

 

 
Fig. 3.6. Fluorescence emission spectra for N-CDs synthesized in the oven (A) and autoclave (B) resulting from 

excitation at 360 nm (inset) and 410 nm,  at pH 10.0 (blue), 7.8 (red), 5.0 (green)  and 3.0 (purple). Bar graphs showing 

the maximum intensity of emission of N-CDs at 450 nm (gray) and 520 nm (light green) when excited at 360 nm (C) 

and showing the maximum intensity of oven N-CDs at 520 nm and autoclave N-CDs at 470 nm when excited at 410 

nm (D) at the four different pH levels tested. The data were collected on an Agilent Technologies Cary Eclipse 

Fluorescence Spectrometer. 
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 Fig. 3.6-C shows the maximum fluorescence emission intensities of N-CDs 

following excitation at 360 nm. In particular, the emission of oven-pyrolyzed N-CDs at 

450 nm (light gray) and autoclave-pyrolyzed N-CDs at 450 nm (dark gray). Interestingly, 

the emission spectrum of the oven-pyrolyzed N-CDs included an additional peak at 520 

nm (as can be seen in the inset, Fig. 3.6-A) following excitation at 360 nm.  Presumably 

this can be attributed to the presence of nitrogen from urea incorporated into the dots, since 

this emission signal at 520 nm was not visible in the fluorescence emission spectrum of the 

oven-pyrolyzed unmodified CDs (as seen in Fig. 3.5-A). As such, the emission signal 

corresponding to excit = 360 nm/ emis = 520 nm as a function of pH for oven N-CDs is 

also represented (by the teal-colored bars) in Fig. 3.6-C. Table 3.II shows the percent 

change in emission intensities for N-CDs synthesized via oven and autoclave under 

different pH conditions (calculated relative to the strongest fluorescence emission from the 

set of pHs tested for 360 nm/450 nm and 410 nm/520 nm emission couples). As was the 

 

Table 3.II. Percent change of emission intensities at different pH conditions relative to the strongest emission 

from the set of pHs tested for N-CDs synthesized via oven and autoclave for 360 nm/450 nm and 410 nm/520 

nm excitation/emission couples. 

    Oven Autoclave 

360 nm/450 nm 

pH 10.0 -39.4% -11.1% 

pH 7.8 -5.2% (strongest emission)  

pH 5.0 (strongest emission) -2.0% 

pH 3.0 -26.0% -34.8% 

410 nm/520 nm 

pH 10.0 -57.3% (strongest emission) 

pH 7.8 -6.2% -14.3% 

pH 5.0 -2.0% -18.6% 

pH 3.0 (strongest emission) -26.0% 
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case for unmodified CDs (Fig. 3.5), the autoclave-synthesized N-CDs were less fluorescent 

than the oven-synthesized N-CDs at all pHs and excitation wavelengths studied (as seen in 

Fig. 3.6-C&D). Consequently, this discussion will focus on the effect of pH on oven-

synthesized N-CDs henceforth.   

 The fluorescence emission intensity for oven N-CDs following excitation at 360 

nm (Fig. 3.6-C, light gray) was at its highest levels for samples prepared at pH 5 and 7.8, 

and at its lowest level at pH 10. Compare this to the unmodified CDs, which demonstrated 

their lowest emission at pH 3 after excitation at 360 nm (Fig. 3.5-C). A similar pattern 

emerged for the emission of oven N-CDs at 520 nm as a function of solution pH (Fig. 

3.6-C, teal). We believe the emergence of the additional emission signal at 520 nm in oven 

N-CDs is due to the incorporation of N atoms in the N-CDs structure and the different 

charge states of the N-CDs. It is expected that in neutral or acidic solution conditions (as 

in the pH 3, 5, and 7.8 buffers studied herein), any nitrogen-containing functional groups 

on the surface of the nitrogen-doped N-CDs will remain protonated. However, in the pH 

10 buffer solution, it is likely that some of the N-containing surface groups on the N-CDs 

may be deprotonated, and this could be affecting the resulting emission that is observed.  

Regardless of pH, it should be noted that excitation of the N-doped dots at 410 nm resulted 

in greater fluorescence emission compared to excitation at 360 nm (see Fig. 3.6-A, main 

panel vs. inset). Thus, we will now consider the response of oven- and autoclave-N-CDs 

at different pH’s following excitation at 410 nm.   

 The fluorescence emission intensity of oven and autoclave N-CDs at 520 nm and 

470 nm, respectively, following excitation at 410 nm is shown as a function of pH in Fig. 

3.6-D. As was the case following excitation at 360 nm, the oven N-CDs prepared in basic 
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solution conditions (pH 10) demonstrated significantly lower fluorescence emission   than 

oven N-CDs prepared in pH 3, 5, and 7.8 buffers. In fact, pH was seen to have virtually no 

effect on emission of the oven N-CDs across this range (pH 3-7.8; see Fig. 3.6-D, light 

orange bars). At all pH values, the fluorescence intensity of autoclave N-CDs was very low 

compared to the intensity observed for the oven N-CDs following excitation at 410 nm (see 

Fig. 3.6-D, dark orange bars compared to light orange bars). This is consistent with the 

lower fluorescence emission observed for unmodified CDs prepared by autoclave pyrolysis 

relative to oven pyrolysis, as discussed previously. These results suggest that the urea 

character of the N-doped dots (with an emergent emission peak at 520 nm) is more 

dominant for N-CDs prepared under gentler or more uniform heating conditions, as may 

be provided by the oven synthesis method. 

 

3.3.4. Applications of CDs for Fluorescence Sensing 

 In order to develop effective sensing assays, it is desirable to have fluorescent labels 

or taggants that can provide both sensitive and selective detection of analytes. The linear, 

high sensitivity calibration curves shown for CD samples in both nonaqueous and aqueous 

solutions (as documented in section 3.3.3.1), along with different emission intensities 

based on solution pH (as documented in section 3.3.3.2), and the associated differences in 

surface charge carried by the dots themselves as a function of pH, which could result in 

selective interactions with analytes, suggests that these nanomaterials are well suited to 

sensing applications. We conducted preliminary explorations of CD-based assays for three 

different classes of analyte: (i) a small molecule explosive, triacetone triperoxide (TATP); 
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(ii) synthetic cathinones (illicit drugs known as “bath salts”); and (iii) a metallated protein, 

transferrin (Tf). Results of these preliminary studies are presented below. 

 Triacetone triperoxide TATP is a dangerous explosive sometimes used by terrorists 

because it can be easily synthesized from readily available starting materials (acetone, 

hydrogen peroxide, and sulfuric acid), and because it does not contain nitrogen, which 

means that it can escape detection by methods typically employed for other explosives.30 

Detection of TATP is difficult because it absorbs very little in the UV/Vis region, it is not 

naturally fluorescent, and it does not have a nitro functional group, as most other explosives 

do. Conventional methods for detecting explosives are based on the chemical properties of 

the explosive.30 The presence of a nitro group is important to such detection methods 

because it allows for π to π* transitions, which are ideal for absorbance and fluorescence 

spectroscopy. Instead, TATP has been detected previously using amperometry or by 

chemical modification of the TATP molecule itself.31 Additionally, electrogenerated 

chemiluminesence32 and colorimtric33 sensing techniques have been used for detection of 

TATP.  

 We hypothesized that unmodified CDs might be able to provide a simple, direct, 

low-cost method for detection of TATP through possible hydrogen bonding interactions 

between the dots and explosive, or due to the possible reduction of the explosive by the 

CDs. If interactions of the CDs with TATP resulted in an enhancement of the intrinsic CDs 

fluorescence in a concentration-dependent manner then an assay could be readily 

developed. Preliminary experiments conducted by H. Makamba34 revealed increasing 

emission of unmodified CDs (prepared by pyrolysis of citric acid using a heating mantle) 

proportional to increasing concentration of added TATP sample (from 450 nM - 9 µM 
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TATP, in acetonitrile) following excitation at 360 nm. However, these preliminary results 

could not be replicated with the unmodified CDs prepared by oven- or autoclave-pyrolysis, 

as used in the spectroscopy studies described herein. Further work remains to be completed 

in order to develop a reproducible fluorescence response for CDs with TATP, with greater 

sensitivity to facilitate a field-ready sensing system that could be deployed at airports, large 

sporting venues, and other such sites where terrorist threats exist.  

 Bath salts are a new class of recreational drugs that produce a high similar to that 

of methylenedioxymethylamphetamine (MDMA), methamphetamine or cocaine. The main 

psychoactive ingredients in bath salts are cathinone derivatives, originally derived from the 

khat plant (Catha edulis), which are continuously modified by drug designers to evade 

legal detection.35 Detection of trace levels of bath salts is also necessary because synthesis 

is not regulated, resulting in unknown and dangerous effects for users.36 However, trace-

level detection alone is not sufficient. Detection of high concentrations of bath salts is also 

necessary to determine levels of abuse. Therefore, a wide linear dynamic range is necessary 

for a functional assay for bath salts in order to address the potential variety of patient 

symptoms to be determined from clinical samples and/or drug identification in seizures by 

law enforcement. Currently, bath salts screenings are conducted by colorimetric tests37 

involving concentrated acids, or by immunoassays involving an antigen-antibody reaction 

to identify and give a quantitative estimate of xenobiotics in a sample.38 We hypothesize 

that unmodified CDs or N-CDs may interact with bath salts through π-π stacking or 

hydrogen bonding interactions, and that these interactions may lead to an increase in the 

intrinsic fluorescence of the CDs. Preliminary experiments conducted by J. Roberts39 have 

employed unmodified CDs as buffer additives to improve resolution of bath salts in a 



74 
 

capillary electrophoresis based separation. While improved resolution has been achieved 

in the presence of CDs (presumably due to different extents of interaction of the CDs with 

different bath salt compounds), there has not been an enhancement in fluorescence signal 

resulting from these interactions. Similarly, no fluorescence enhancement was observed in 

fluorescence spectrometry studies involving bath salt samples prepared with unmodified 

CDs or N-CDs. Further studies are warranted, exploring different solution pH’s and CD 

concentrations to establish their utility for drug screening, or exploring additional classes 

of illicit drugs and their potential interactions with modified or unmodified CDs. 

 Transferrin (Tf) is a globular, iron transport glycoprotein (comprised of 679 amino 

acid residues with a molecular weight of 80 kDa). It has two lobes (the N and C lobes) with 

a high affinity Fe3+ binding domain in each.40,41 When iron is bound to both lobes in Tf 

(constituting the fully metallated or “holo-” form of the protein), the protein adopts a 

structural conformation that is more closed (folded) than that of the demetallated (“apo-”) 

Tf protein. There are four possible conformations of Tf, depending upon the number and 

position of bound Fe3+ ions: (i) holo-Tf (fully metallated), (ii) single Fe3+ bound only to the 

C-lobe or (iii) only to the N-lobe (partially metallated), and (iv) apo-Tf (demetallated).  The 

Tf receptor is overexpressed on proliferating cancer cells, but not normal cells, therefore, 

Tf is a promising carrier protein for targeted drug delivery and therapy for cancerous 

cells.41–49 Additionally, Tf is a potential marker for hypertension, primary renal disease, 

and diabetes.50  

 Reports of Tf sensing include N-doped CDs49 and a surface plasmon resonance 

sensor.50 We have shown that unmodified CDs interact differentially with metallated and 

demetallated forms of Tf (see Chapter 5, Fig. 5.1). Briefly, varying extents of fluorescence 
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quenching occurred for holo-Tf but not apo-Tf. Furthermore, a much more pronounced 

change in electrophoretic mobility was observed for demetallated Tf relative to metallated 

Tf with CDs present in the sample and separation buffers. Based on the differential 

interaction of CDs with metallated versus demetallated forms of Tf in this work, we 

hypothesize that unmodified CDs may play a significant role in screening or sensing 

applications for other metallated proteins (such as the calcium-binding protein calmodulin 

or copper-binding protein ceruloplasmin), and work is continuing in our laboratory to this 

end. 

 In this brief list of potential fluorescence sensing applications involving CDs, we 

do not yet have substantiated evidence (in terms of reproducible changes in fluorescence 

intensity) to indicate interactions of unmodified CDs with TATP or bath salts. However, a 

decrease in fluorescence intensity of the unmodified CDs was observed upon interaction 

with metallated Tf.  The development of novel sensing applications for these carbon 

nanomaterials remains a high priority for our research group and many others. Since the 

CDs prepared in-house demonstrate spectral properties in agreement with those reported 

by other research groups, we are confident that the physicochemical properties of our 

materials are sufficient to allow their development into invaluable sensing tools for a wide 

range of analytical applications. 

  

3.4. Conclusions 

 This work presented the physicochemical and optical properties of unmodified CDs 

and N-CDs synthesized in-house via oven and autoclave pyrolysis, and considered the 

suitability of these materials as sensing agents for various analytical targets. Various 
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spectroscopic techniques, include UV/Vis absorbance, fluorescence emission, and IR 

absorbance confirmed that the unmodified CDs and N-CDs synthesized in-house exhibit 

fluorescence emission dependent upon the excitation wavelength, concentration of CDs, 

and pH of the sample solution. The UV/Vis and IR absorbance spectra presented herein 

confirm  those previously reported by others.6,7 Additionally, we have shown that the 

fluorescence emission intensity of unmodified CDs following excitation at 410 nm, 

decreases as the pH is lowered.  

In contrast, N-CDs exhibit greater fluorescence at pH 7.8 or lower.  In all cases, the 

oven synthesized unmodified CDs and N-CDs demonstrate higher fluorescence intensity 

compared to their autoclave synthesized counterparts. Furthermore, the high degree of 

linearity (and sensitivity) of CD fluorescence emission as a function of concentration 

indicates that CDs are promising tools for fluorescence sensing for a wide range of 

analytical targets that may, themselves, be nonfluorescent. Preliminary studies involving 

unmodified CDs and N-CDs as sensing agents for TATP and synthetic cathinones did not 

yield conclusive results However, unmodified CDs were successfully employed as 

separation enhancement reagents for the detection of metallated and demetallated forms of 

Tf by capillary electrophoresis (CE), and so further work in this area – especially with other 

metallated proteins – is warranted. Additionally, CE when coupled to laser-induced 

fluorescence detection, may provide a complementary tool alongside these spectroscopic 

studies, to help us more fully characterize the CDs themselves based on their 

electrophoretic profiles and LIF signals (as documented in Chapter 4). 
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CHAPTER 4 

 

CAPILLARY ELECTROPHORESIS AS A TOOL FOR THE 

CHARACTERIZATION OF CARBON DOTS 
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4.1.  Introduction 

 Capillary electrophoresis (CE) is a high resolution separation technique that 

separates analytes based on differential migration rates of charged species in an electric 

field.1,2 Advantages of CE include fast analysis times, high efficiency separations, and 

small sample volumes.3–7  While CE is most often used as an alternative or complement to 

other high performance separation techniques such as high performance liquid 

chromatography (HPLC), it has also distinguished itself as a tool suitable for profiling or 

“fingerprinting” various classes of materials (such as humic substances,8 microorganisms,9 

polyelectrolytes and polysaccharides,10 natural rosins,11 and polystyrene nanoparticles12 to 

name just a few), thus aiding in the characterization and/or identification of those materials. 

CE has also been used as a characterization tool for a variety of carbon-based 

nanomaterials, including carbon nanotubes,13–16 graphene oxide and chemically converted 

graphene,7 hollow carbon nanoparticles,17 and carbon dots (CDs).4–6 For example, Baker 

and Colón6 synthesized CDs by oxidation of soot and examined the influence of 

electrophoretic parameters on the capillary electrophoretic profile of the CDs. In particular, 

the effects of buffer composition including buffer species, counter ion, pH, and ionic 

strength were studied. The results indicated that the electrophoretic pattern was influenced 

by buffer co- and counter ions, specifically by altering selectivity and peak shape. 

Electropherograms from their pH study showed an increased in electrophoretic mobility 

with an increase in pH and a strong dependence on the buffer ionic strength.  

 In other work by Hu et al.,4 CE was used to study reaction time kinetics of CD 

formation and to aid in identification of charge states associated with functional groups in 

separated fractions of CDs synthesized by microwave irradiation of a solution of citric acid 
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and ethylenediamine. The effect of different mole ratios of NH2/COOH in CD precursor 

materials on the surface functionality of CDs in complex product mixtures was also 

investigated by CE. Hu et al. found that longer reaction times resulted in higher yield of 

CDs, with a proportional increase in positive, neutral and negative CDs species with 

increasing mole ratio of NH2/COOH from 0.25 to 0.80. A mole ratio of NH2/COOH 

between 1.00 and 2.00 resulted in positive and neutral CDs. Building on the work of Hu 

and colleagues,4 Wu and Remcho5  developed a faster CE method using an alkaline 

separation buffer  to quantify their CDs and  to analyze CD-antibody bioconjugate 

complexes.  

 Whereas these previous studies established the feasibility of characterizing and 

quantifying CDs by CE, they involved only nitrogen functionalized CDs4,5 and unmodified 

CDs synthesized from “top-down” synthetic procedures.6   Additionally, these previous 

studies by Baker,6 Hu,4 and Wu5 revealed a   broad band of unresolved peaks for CD 

samples and so we sought to develop modified CE methods capable of offering improved 

resolution or “fingerprinting” of CDs obtained by oven synthesis of unmodified CDs from 

citric acid, nitrogen functionalized CDs from oven synthesis of citric acid and urea, or other 

starting materials.   

One particular approach to achieving improved resolution or fingerprinting in CE 

is to alter the composition and concentration of sample and separation buffers. Preparing 

the sample buffer at a different concentration or with a different buffer ion (different 

mobility) compared to the separation buffer results in a discontinuous buffer system that 

concentrates the sample on the capillary at the boundary between electrolytes when the 

voltage is applied, resulting in improved sensitivity and resolution.18,19 Another approach 
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is to include non-reacting buffer additives to the system (such as sodium dodecyl sulfate 

(SDS) and hydroxypropyl methylcellulose (HPMC)), which have been shown to improve 

resolution and peak shape of carbon nanoparticles17 and carbon nanotubes.14–16 It is also 

possible to combine the use of a discontinuous buffer system together with a buffer additive 

in order to reap greater benefit, as demonstrated by the method of  polymer enhanced 

capillary transient isotachophoresis (PectI).20 This method exploited the focusing power of 

soluble polymer in the buffer and the preconcentration power of isotachophoresis to allow 

for the coalescence of a myriad of  peaks from a single bacterial species into one single, 

quantifiable peak,  and to separate bacteria from yeast in a mixture.20 PectI, however, has 

not been employed for the separation of carbon-based nanomaterials. 

 The goal of the present work is to explore a range of solution conditions for CE-

based methods (including PectI) to qualitatively and quantitatively characterize CDs 

synthesized in-house. Qualitative characterization includes a capillary electrophoretic 

profile or “fingerprint” of the CDs, which can aid in identification of CDs based on starting 

materials, heating method, functionalization, batch-to-batch variations, and size 

distribution. Quantitative characterization is important for determining the concentration 

of dots produced by our in-house synthesis methods or in analytical samples, which may 

employ CDs as fluorescent probes for nonfluorescent analytes. Not surprisingly, our results 

suggest that there is no universal set of conditions in CE capable of quantifying and 

fingerprinting all variations of CDs Instead, CE conditions can be selected to generate a 

capillary electrophoretic “fingerprint” of CDs to aid in the identification of the starting 

materials, heating method, size distribution, and batch-to-batch variations. Other CE 

conditions can be identified in order to determine concentrations of CDs as-synthesized. 
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Results from this work suggest that CE is a promising tool for quantitatively and 

qualitatively characterizing CDs. 

 

4.2. Materials and Methods 

4.2.1. Reagents 

Citric acid (> 99.5%) D (+) glucose (≥ 99%), gluconic acid (≥ 99%), L-ascorbic acid 

(99%) sodium formate (≥ 99%), glycine (≥ 99.0%, NT), sodium dodecyl sulfate (98.5% CG), 

and polyethylene oxide (PEO 600,000) were purchased from Sigma-Aldrich (St. Louis, 

Mo). Sodium bicarbonate (100.2%), sodium phosphate dibasic (98.4%), HCl (37%), acetic 

acid (99.7%), ammonium hydroxide (29%), and NaOH (≥ 97%) were purchased from Fisher 

Scientific (Fair Lawn, NJ). Ammonium acetate (98%) and formic acid (99%) were purchased 

from Acros Organics. Hydroxypropyl methylcellulose (HPMC) was purchased from Alpha 

Aesar, N-acetylneuraminic acid (≥ 98%) was purchased from Santa Cruz Biotechnology, 

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

purchased from VWR (Atlanta, GA), sodium polyacrylate (PAAS) was purchased from 

Carolina Biological (Burlington, NC), and urea was obtained from Wake Forest University 

Chemistry Inventory (Winston-Salem NC). Ultrapure water, purified using a Milli-Q® 

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

aqueous samples and solutions. 

 

4.2.2. Carbon dots 

 The synthesis of CDs used in this work is described in detail elsewhere (Chapters 

2 and 3). Briefly, the method entailed a modification of the synthetic procedure by Dong21 
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and colleagues, using oven or autoclave pyrolysis of  citric acid samples (with or without 

added urea for nitrogen doping). The resulting CDs were suspended in 50 mM NaOH or 

water.  Additionally, CDs were synthesized by heating mantle pyrolysis. Powdered citric 

acid (2.0 g) was placed in a 20-mL disposable scintillation vial on a cold Thermowell 

heating mantle (model C3AM from Laboratory Craftsmen Inc., Beloit WI). The heating 

mantel was plugged in to start the synthesis and the scintiallation vial was removed from 

the heating mantle when the powdered citric acid changed to a clear dark orange liquid 

(approximately 13 min).  The scintillation vial was cooled slightly and 20 mL of 50 mM 

NaOH was added, followed by vortexing to suspend the CDs. Resulting CDs were further 

processed (by vacuum filtration and/or lyophilization), as needed. 

 

4.2.3. Separation Buffer and Sample Preparation 

Stock solutions were prepared separately by dissolving the appropriate mass of 

reagent in ultrapure water, quantitatively transferring to a volumetric flask, and filling to the 

line with ultrapure water for the following reagents: glycine (2.0 M), sodium bicarbonate 

(1.0 M), sodium phosphate (1.0 M), acetic acid (1.0 M), ammonium acetate (1.0 M), tris (1.0 

M), and sodium formate (1.0 M). The resulting stock solutions were filtered (0.2 µm nylon 

syringe filter, VWR, Atlanta, GA) and stored in a polypropylene or HDPE vessel at 2-8°C 

until needed. A 0.25% (w/v) stock solution of polyethylene oxide (PEO 600,000) was 

prepared by adding the appropriate mass of PEO 600,000 to filtered, ultrapure water followed 

by sonication for 60 minutes at 50°C. The mixture was quantitatively transferred to a 

volumetric flask and filled to the line with filtered ultrapure water. The resulting PEO stock 

solution was stored in a polypropylene vessel at 2-8°C until needed.  
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The stock solutions were brought to room temperature and an aliquot was diluted 

with filtered ultrapure water to prepare each CE buffer. The sodium bicarbonate (pH 10 at a 

concentration of 35 mM or 80 mM), sodium phosphate (30 mM, pH 9.0), glycine-NaOH 

(100 mM, pH 9.0), acetate-NaOH (30 mM, pH 3.6), and tris-glycine (50-50 mM, pH 7.8) 

buffers were adjusted to the desired pH by the dropwise addition of 1 M NaOH.  The 

ammonium acetate (10 mM and pH 9.0, 5 mM and pH 8.0, or 2 mM and pH 7.0) buffers 

were adjusted to the specified pH by dropwise addition of 1 M ammonium hydroxide. The 

tris-acetate (pH 8.4 at a concentration of 20 mM, 50 mM, or 100 mM) buffers were adjusted 

to the specified pH by dropwise addition of 1 M acetic acid. The 50 mM sodium formate 

buffers (pH 5.0 and 3.0) were adjusted to the specified pH by dropwise addition of 1 M 

formic acid. Buffers prepared with additives (SDS or HPMC) were prepared by dissolving 

the appropriate mass of buffer additive in filtered ultrapure water, followed by the addition 

of the appropriate aliquot of the stock solution with adjustment to the specified pH, as 

described previously. PectI separation and sample buffers were prepared with a final 

concentration of 0.0125% (w/v) PEO 600,000. The 10 mM sodium bicarbonate (pH 10) 

separation buffer was prepared by diluting the appropriate aliquot of sodium bicarbonate 

stock and the appropriate aliquot of PEO 600,000 stock with filtered ultrapure water. The pH 

was adjusted by dropwise addition of NaOH. The 31 mM tris - 500 mM glycine (unadjusted 

pH 8.2) separation buffer and 3.2 mM tris - 50 mM glycine (unadjusted pH 8.9) sample 

buffer were prepared by diluting the appropriate aliquots of tris, glycine, and PEO 600,000 

stock solutions with filtered ultrapure water. Lastly, the 50 mM tris-HCl (pH 8.2) sample 

buffer was prepared by diluting the appropriate aliquots of tris and PEO 600,000 stock 

solutions with ultrapure water, followed by dropwise addition of HCl to achieve the specified 
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pH. After pH adjustment, the buffer solution was quantitatively transferred to a volumetric 

flask and filled to the line with filtered, ultrapure water. The pH was measured again to 

confirm that the buffer was prepared correctly. The buffer solutions were stored at room 

temperature until use, for up to seven days. After seven days, the buffer was discarded and a 

new batch was prepared from the stock solutions. 

Samples were prepared for analysis by adding the appropriate volume of CD 

suspension (in NaOH or water) to a 0.6 mL microcentrifuge vial (Fisher Scientific, Suwanee, 

GA) followed by removal of solvent in a vacuum centrifuge (Brinkmann Instruments Inc., 

Westbury, NY). The dried CD aliquot was then reconstituted in 50 µL of the specified sample 

buffer with vortexing until all CDs were suspended in the sample solution, which was 

transferred to a clean, dry, injection vial (Agilent, 250 µL or Beckman, 200 µL). In the cases 

when the analysis required CD samples to be prepared in water, the appropriate volume of 

CD suspension was added to a microcentrifuge vial, followed by dilution with the appropriate 

volume of ultrapure water. The vial was vortexed and the sample was transferred to a clean, 

dry injection vial. 

 

4.2.4. Instrumentation 

CE studies were conducted using a Beckman Coulter P/ACE MDQ CE System with 

32Karat software (Redwood City, CA) or an Agilent G1600A CE System with Chemstation 

software (Foster City, CA). Detection was performed by laser-induced fluorescence (LIF) 

using a 405 nm diode laser with 5 mW output power (Oz Optics Ltd, Ontario, Canada) and 

410 nm long pass filter (Omega Optical, Brattleboro, VT), or a Picometrics LIF Detector 

(406 nm laser with 12.5 mW output power and 410 nm emission filter) for the Beckman-
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Coulter and Agilent CE systems, respectively. All CE experiments employed uncoated 

fused-silica capillaries (Polymicro Technologies, Phoenix, AZ) with different lengths and 

inside diameters (as specified in the Results and Discussion section). 

 

4.3. Results and Discussion 

4.3.1. Qualitative Characterization 

4.3.1.1. Capillary electrophoresis profiles of CDs 

 Initial capillary electrophoresis conditions were established following the method 

reported by Baker and Colón.6 The effects of capillary inside diameter and injection 

volume on peak shape and resolution of CDs were studied to optimize these parameters for 

our CE system, which employed laser induced fluorescence (LIF) detection to capitalize 

on the fluorescence properties of the CDs and for its superior sensitivity for detection in 

CE, compared to other detection methods.19 The CD samples used in these optimization 

studies were prepared by two-fold dilution in water of the NaOH suspension of CDs 

originating from heating mantle pyrolysis of citric acid. We achieved satisfactory CE 

profiles or “fingerprints” of these samples by employing a 50 µm i.d. capillary, 8 nL 

injection volume, 35 mM sodium bicarbonate (pH 10) separation buffer, and an applied 

separation voltage of 25 kV.  However, the impact of separation buffer on CD 

fingerprinting was further investigated, as described below.  

 While CD syntheses can be tuned to provide for specific properties or functional 

groups (see chapter 2), the CE profile of CDs can also be tuned by employing different 

separation buffers in order to allow for the qualitative and quantitative characterization of 

CDs. A variety of separation buffers that had previously been used for graphene oxide and  
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chemically converted graphene,7 as well as other carbon nanomaterials4–6,13 were utilized 

for the CE analysis of CDs synthesized by oven pyrolysis of citric acid followed by 

suspension in NaOH. The separation buffers tested were: 30 mM sodium phosphate (pH 

9.0), 100 mM glycine-NaOH (pH 9.0), 30 mM acetate-NaOH (pH 3.6), ammonium acetate 

(10 mM and pH 9.0, 5 mM and pH 8.0, or 2 mM and pH 7.0), and tris-acetate (pH 8.4 at a 

concentration of 20 mM, 50 mM, or 100 mM). Representative electropherograms obtained 

using a 50 mM tris-acetate (pH 8.4) separation buffer and a 30 mM sodium phosphate (pH 

9.0) separation buffer are shown in Fig. 4.1-A&B, respectively. The other separation 

buffers (glycine-NaOH, acetate-NaOH, and ammonium acetate) resulted in 

electropherograms with broad bands lacking any distinctive features or fine structure for 

the CD signals and so were not studied further.  

 

 Employing 50 mM tris-acetate (pH 8.4) as the separation buffer resulted in a split 

peak (Fig. 4.1-A), which represented a greatly simplified CE profile for the CD sample 

 

 
Fig. 4.1. Representative CE electropherograms of 10 mg/mL CDs. The separation buffers were 50 mM tris-acetate pH 

8.4 (A) and 30 mM sodium phosphate pH 9.0 (B), with sample volumes of 8 nL (5.8 sec at 0.7 psi) and a separation 

voltage of 25 kV in both cases. The separations occurred on a Beckman Coulter P/ACE MDQ CE System with  an LIF 

detector using a 405 nm laser with a 410 nm long pass filter at 25°C on a 50 µm i.d. capillary with an effective length 

of 50 cm and a total length of 60 cm. 
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relative to the usual collection of multiple peaks that characterizes most CE analyses of 

CDs.  The collapse of the usual multi-peak signal into this more unified single, split peak 

for the CD sample suggests that 50 mM tris-acetate (pH 8.4) separation buffer can be used 

for quantifying all CDs present in a sample or when using the CDs to fluorescently label 

another analyte (since the dots themselves would not pose as great an interference in the 

electropherogram given their simplified signal under these separation conditions).  

 A broad band of unresolved peaks was observed for the CD sample when using the  

phosphate separation buffer (Fig. 4.1-B), which is consistent with reports from Hu et al.4 

and Wu et al.5 This suggests that our synthesized CDs are likely similar those synthesized 

from soot as reported by Baker and Colón.6 We believe the breadth of the CD peak under 

these separation conditions represents a diversity of sizes of CDs, each comprised of a 

similar sized core, while the fine structure represents slight variations in the C, H, and O 

composition of the surface functional groups, contributing to the complexity of the sample 

(and the complexity of the resulting CE profile), as described by Baker and Colón.6 Spikes 

were observed in the electropherograms corresponding to graphene oxide and chemically 

converted graphene reported by Müller et al.7 They attributed spikes in their 

electropherograms to aggregation of graphene oxide sheets with increasing electrolyte 

concentration. In that work, the spikes corresponding to aggregated graphene oxide were 

not reproducible since aggregation occurs randomly. However, the spikes observed in the 

CD profile of our CDs in Fig. 4.1-B are reproducible, as determined by multiple replicates 

which resulted in the same fine structure (data not shown). Therefore, we believe the fine 

structure in our CE signal is real and could be attributed to similar size core with slight 

variations in the composition of the surface functional groups.  
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Furthermore, the orientation of graphene oxide sheets has been shown to cause 

electrophoretic heterogeneity resulting in broad peaks.7 We expect that the orientation of 

our CDs as they migrate through the capillary is apt to contribute very little to their 

electrophoretic profile due to the small size of the CDs rendering them more molecule-like 

compared to graphene oxide sheets in other studies. Thus, under the conditions established 

here, the electrophoretic profile of CDs (as determined using a 50 mM tris-acetate 

separation buffer at pH 8.4) may be able to provide quantitative information about the CD 

sample (based on area under the coalesced signal). Alternatively, the electrophoretic profile 

(as determined using a 30 mM sodium phosphate separation buffer at pH 9.0) may be used 

to differentiate between CDs of different sizes or with different surface groups, as could 

result from different CD precursors, synthesis methods, or batch-to-batch variability. Being 

able to achieve both quantitative and fingerprinting types of CE profiles for the same CD 

sample by simply adopting a different separation buffer system is important for improving 

our understanding of these materials.  

 

4.3.1.2. Effects of Separation Buffer pH on CE profile of CDs 

 Buffer pH is an important consideration in any CE separation, since it affects the 

charge on the capillary wall and potentially also the charge on the analyte itself, thus 

altering electroosmotic flow, electrophoretic migration, and in some cases even the 

absorbance or emission signal of the analyte. Given the large surface area and highly 

charged nature of CDs, it is important to understand how buffer pH may affect the resulting 

CE-LIF profile or fingerprint obtained for each CD sample.  As such, CDs were analyzed 

by CE-LIF employing separation buffers with different pHs to determine the effect of pH 
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on the electrophoretic profile of unmodified CDs and urea-modified citric acid based CDs 

(N-CDs). Fig. 4.2 shows representative electropherograms for unmodified CDs (A) and N-

CDs (B) analyzed with separation buffers at four different pHs. The separation buffers 

were:  (i) 35 mM sodium bicarbonate (pH 10.0); (ii) 50 mM tris - 50 mM glycine (pH 7.8); 

(iii) 50 mM sodium formate (pH 5.0); and (iv) 50 mM sodium formate (pH 3.0). Consistent 

with reports from Baker et al.6 and Hu et al.,4 the migration time increased as the pH 

decreased, resulting in a signal where the broad band characteristic of CD samples in the 

electropherograms was even further spread out and the spikes disappeared or were less 

prevalent in the CE profiles of unmodified CDs under these lower pH conditions.  

 

 The signal for N-CDs did not show a broad band under these pH conditions, as was 

evident in the electrophoretic profiles for the unmodified CDs. The N-CD profiles as a 

function of pH varied most noticeably in the migration time and resolution of the cluster 

of sharp peaks, and also in the intensity of those peaks (which diminished substantially at 

 

 
Fig. 4.2. Representative CE electropherograms of (A) 10 mg/mL CDs and (B) 1 mg/mL N-CDs at (i) pH 10.0, (ii) pH 

7.8, (iii) pH 5.0, and (iv) pH 3.0. The separation buffers were (i) 35 mM sodium bicarbonate pH 10.0, (ii) 50 mM tris-

50 mM glycine pH 7.8, (iii) 50 mM sodium formate pH 5.0 and (iv) 50 mM sodium formate pH 3.0. A volume of 8 nL 

(5.64 sec at 50 mbar) was injected and 25 kV was applied. The separations occurred on an Agilent G1600A CE System 

with  a Picometrics LIF detector using a 406 nm laser with a 410 nm long pass filter at 25°C on a 50 µm i.d. capillary 

with an effective length of 48 cm and a total length of 60.5 cm. 
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pH 3). The decrease in fluorescence intensity was observed for CDs and N-CDs alike as 

the pH was decreased, and in the case of unmodified CDs, this decrease in signal with pH 

was consistent with spectral results for unmodified CDs (see Ch. 3, Fig. 3.5-D). However, 

previous spectroscopic studies for N-CDs (as documented in Ch. 3, Fig. 3.6-D) showed 

diminished fluorescence for these dots at the highest pH studied (pH 10), whereas the CE-

LIF profile for N-CDs at pH 10 (Fig. 4.2-B(i)) featured intense peaks for this sample. This 

difference in fluorescence response of the N-CD samples via CE-LIF compared to 

fluorescence spectroscopy is not easily resolved. Hu et al.4 synthesized N-functionalized 

CDs from citric acid and ethylene diamine, and observed peaks in the electropherograms 

for these samples corresponding to positive, neutral and negatively charged CDs. In Hu’s 

work, positive species were observed at pH 10 but not above pH 11, and no significant 

increase in electroosmotic flow with increasing pH was documented.4  In our CE-LIF 

profiles of N-doped CDs synthesized from citric acid with urea (Fig. 4.2-B) the 

electroosmotic flow is significantly increased at high pH levels, which is to be expected. 

The differences observed between CE-LIF profiles of our N-CDs and the N-doped citric 

acid-based CDs synthesized with ethylenediamine as reported by Hu et al.4 could be due 

to their microwave synthesis procedure compared to our oven synthesis, or the structure of 

the CDs, or the extent of nitrogen incorporated into the dots based on using urea compared 

to ethylenediamine as a dopant. Thus, based on their electrophoretic profiles across a range 

of pH values, our unmodified CDs and N-CDs appear to consist of negatively charged 

nanoparticles, which experience a decrease in fluorescence intensity with a decrease in pH. 
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4.3.1.3. Effects of the Method of Synthesis of CDs on the CE profile   

 Given the ability to capture the “fingerprint” of a CD sample by way of CE-LIF, 

we set out to compare CE profiles of dots synthesized by different methods (including 

different heating procedures and suspension matrices in addition to different starting 

materials).  The profiles of unmodified CDs prepared from citric acid, gluconic acid, N-

acetylneuraminic acid, ascorbic acid, or glucose, along with N-CDs, were determined by 

the CE-LIF methods optimized for unmodified citric acid CDs (see section 4.3.1.1). After 

their synthesis, all CDs samples were prepared to the specified concentrations in ultrapure 

water before CE-LIF analysis. Fig. 4.3 shows representative electropherograms for these 

CDs. 

 

 

 
Fig. 4.3. (A) Representative CE electropherograms of (i) 8.4 mg/mL unmodified CDs, and (ii) 0.1 mg/mL N-CDs, 

prepared in ultrapure, deoionized water. Fluorescence intensity shown on the left axis is for unmodified CDs, and on 

the right axis is for N-CDs.(B) Representative CE electropherograms of CDs prepared from different organic 

precursors: (i) 10 mg/mL citric acid CDs, (ii) 10 mg/mL gluconic acid CDs, (iii) 10 mg/mL N-acetylneuraminic acid 

CDs, (iv) 1 mg/mL citric acid CDs, (v) 1 mg/mL ascorbic acid CDs, and (vi) 1 mg/mL glucose CDs. Fluorescence 

intensity shown on the left axis for  electropherograms i, ii, and iii, and on the right axis for electropherograms iv, v, 

and vi. The separation buffer was 35 mM sodium bicarbonate pH 10.0. A volume of 8 nL (5.64 sec at 50 mbar) was 

injected and 25 kV was applied. The separations occurred on an Agilent G1600A CE System with  a Picometrics LIF 

detector using a 406 nm laser with a 410 nm long pass filter at 25°C on a 50 µm i.d. capillary with an effective length 

of 48 cm and a total length of 60.5 cm. 
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 Representative electropherograms for unmodified and N-CDs are shown in Fig. 

4.3-A. Whereas we had previously established that a phosphate pH 9 buffer was suitable 

for fingerprinting unmodified citric acid CDs, we subsequently found a bicarbonate buffer 

to be suitable for this purpose as well, with the added advantage of its versatility for use 

with CDs from many different starting materials. Fluorescence intensity for 

electropherogram (i, unmodified citric acid CDs) is displayed on the left axis and 

fluorescence intensity for electropherogram (ii, N-CDs) is shown on the right axis. The 

blue trace (i) represents 8.4 mg/mL unmodified CDs synthesized from citric acid. A broad 

band centered at about 12.5 min with a group of distinctive spikes or fine structure 

superimposed on the broad band was observed. The red trace (Fig. 4.3-A(ii)) illustrates the 

electrophoretic profile for 0.1 mg/mL N-CDs. These CDs gave rise to three intense peaks 

migrating from 5-6 min followed by a series of smaller intensity but still resolved peaks 

from 6-9 min.  On the whole, N-CDs had capillary electrophoresis profiles with earlier 

migration time and more intense signal compared to unmodified CDs. Based on the 

principles governing CE separations, smaller and/or more positive (less negative) analytes 

migrate first,1,2 and so this suggests that modified CDs are smaller in size and/or more 

positively charged than unmodified CDs. The greater fluorescence signal for the N-CDs is 

consistent with the results from our earlier spectroscopic characterization of CDs, as 

discussed in Chapter 3.  Doping of CDs results in CDs with greater florescence emission,22 

and so the more intense LIF signals observed in the electrophoretic profile of N-CDs is to 

be expected. 

 Fig. 4.3-B shows representative electropherograms for CDs prepared from citric 

acid and other organic precursors. Fluorescence intensity for electropherograms i, ii, and 
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iii is shown on the left axis, and fluorescence intensity for electropherograms iv, v, and vi 

is displayed on the right axis. The blue electropherogram (i) depicts 10 mg/mL CDs 

synthesized from citric acid. The electrophoretic profile for this batch of CDs show a 

cluster of spikes at about 5 minutes, followed by a broad band centered at about 11.6 min. 

Differences observed in the electrophoretic profile of these CDs compared to the 

electrophoretic profile of the CDs synthesized from citric acid shown in Fig.4.2-A(i) are 

due to differences in sample concentrations and also due to different ovens (and thus 

temperature profiles) used for the synthesis. Here we see that the spikes in the 

electropherograms for two separate batches of CDs prepared from the same starting 

material but synthesized at different times and in different ovens are able to distinguish 

between these two different batches of materials. They do have in common the broad band 

centered at about 12 min, with relatively the same shape and fluorescence intensity.  

 The red trace (ii) in Fig. 4.3-B shows the electrophoretic profile of 10 mg/mL CDs 

synthesized from gluconic acid. These CDs gave rise to a broad band centered at about 8.5 

min with several early migrating clusters of spikes. The earlier migration time observed for 

gluconic acid CDs suggests that the dots are smaller in size or more positively charged 

compared to citric acid CDs (Fig. 4.3-B(i)). The fluorescence intensity of the gluconic acid 

CDs is lower than that of the CDs synthesized from citric acid.  

 The green electropherogram (iii) in Fig. 4.3-B represents 10 mg/mL CDs 

synthesized from N-acetylneuraminic acid. This electrophoretic profile for 

N-acetylneuraminic acid CDs consists of a peak at about 2.8 min followed by a broad band 

at 3.7 min and three clusters of spikes at 4.3, 4.7, and 5.3 min. The early migration time 

imply that these CDs are small in size or more positively charged (less negatively charged), 
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compared to citric acid CDs (Fig. 4.3-B(i)). The N-acetylneuraminic acid CDs gave rise to 

a more intense fluorescence signal compared to CDs synthesized from citric acid.  

 The purple trace (iv) in Fig. 4.3-B corresponds to 1 mg/mL CDs synthesized from 

citric acid. This electrophoretic profile very closely resembles that of the 10 mg/mL citric 

acid signal (Fig. 4.3-B(i)), but with a roughly 10-fold decrease in fluorescence intensity, 

indicating that at lower concentrations the structures revealed in the electrophoretic profile 

are preserved while the overall signal intensity is proportional to concentration.  

 The light blue electropherogram (v) in Fig. 4.3-B illustrates the electrophoretic 

profile for 1 mg/mL CDs synthesized from ascorbic acid. A broad band is centered at about 

6.7 minutes, with two clusters of spikes at 4.2 and 6.0 min. This electrophoretic profile is 

similar to that of citric acid CDs; however, the earlier migration of the ascorbic acid CDs 

implies that these are smaller in size and/or more positively charged (less negatively 

charged) compared to CDs synthesized from citric acid. Additionally, the fluorescence 

intensity of ascorbic acid CDs is about two times higher than that of citric acid CDs.  

 Lastly, the orange trace (vi) in Fig. 4.3-B depicts 1 mg/mL CDs synthesized from 

glucose. These CDs gave rise to a spike at 2.9 minutes followed by a peak at 3.1 minutes 

with a tailing shoulder at 3.9 minutes. The lack of spikes in this electropherogram suggests 

that the CDs generated from glucose are more uniform in size and shape, thus producing a 

CE fingerprint with simpler features reflecting a less complex sample. The glucose CDs 

demonstrated the highest CE-LIF signal of all unmodified CDs prepared in this study. 

Overall, the order of LIF signal (from least intense to most intense) for unmodified CD 

samples prepared at a concentration of 10 mg/mL was  gluconic acid CDs, citric acid CDs, 
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and, N-acetylneuraminic acid CDs, and for unmodified CDs samples prepared at 1 mg/mL 

was citric acid CDs, ascorbic acid CDs, and glucose (most intense).  

 As illustrated Fig. 4.3-B, CDs synthesized from different organic precursors have 

unique capillary electrophoresis profiles with varying fluorescence intensities. Therefore, 

precursors can be selected to yield CDs with a specific electrophoretic profile if so desired; 

or alternatively, the electrophoretic profile can play an invaluable role in identifying the 

starting material and/or batch integrity for CD samples. 

 As already alluded to (in the previous comparison of Fig. 4.3-A(i) and 4.3Bi, which 

showed distinct profiles for citric acid CDs that had been prepared in two different ovens), 

the method of heating or pyrolysis will impact the electrophoretic profile of the resulting 

CDs, as will the matrix in which the synthesized dots are suspended and reconstituted in 

solution for characterization by CE-LIF. To assess the significance of heating method and 

suspension solution on the electrophoretic profiles of the synthesized CDs (from dry citric 

acid), two heating methods were employed, following which the dots were suspended in 

50 mM NaOH or ultrapure water. Representative electropherograms are shown in Fig. 4.4 

for CDs synthesized in the oven and suspended in 50 mM NaOH (i); CDs synthesized in 

the oven and suspended in ultrapure water (ii); and CDs synthesized in an autoclave and 

suspended in ultrapure water (iii). The three electropherograms are qualitatively similar, as 

to be expected since they each represent citric acid CDs. They each depict a broad band of 

similar breadth; however, the CDs synthesized in the oven and suspended in 50 mm NaOH 

(Fig. 4.4-i, blue trace) gave rise to the most intense fluorescence signal compared to the 

other two samples (CDs synthesized in the oven and suspended in ultrapure water (Fig. 
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4.4-ii, red trace) and CDs synthesized in the autoclave and suspended in ultrapure water 

(Fig. 4.4-iii, green trace)). 

 

 Furthermore, it is readily apparent upon viewing the electrophoretic profiles in Fig. 

4.4 that the CD suspension matrix (NaOH vs. water suspension, as depicted in Fig. 4.4-i&ii, 

blue & red) has a more significant impact on the profile than does the pyrolysis method 

(oven vs. autoclave, as depicted in Fig. 4.4-ii&iii) The increased fluorescence intensity 

observed in Fig. 4.4-i (blue) for the NaOH-suspended, oven pyrolyzed dots could be 

 

 
Fig. 4.4. Representative CE electropherograms of (i) 10 mg/mL oven CDs suspended in 50 mM NaOH, (ii) 10 mg/mL 

oven CDs suspended in water, and (iii) 10 mg/mL autoclave CDs suspended in water. The separation buffer was 35 

mM sodium bicarbonate pH 10.0. A volume of 8 nL (5.8 sec at 0.7 psi) was injected and 25 kV was applied. The 

separations occurred on a Beckman Coulter P/ACE MDQ CE System with  an LIF detector using a 405 nm laser with 

a 410 nm long pass filter at 25°C on a 50 µm i.d. capillary with an effective length of 50 cm and a total length of 60 

cm. 
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attributed to a higher intrinsic fluorescence of these CDs perhaps caused by neutralization 

of some acidic surface groups upon suspension in NaOH. Even if the NaOH suspension of 

CDs resulting from this synthesis contained a higher proportion of CDs it is important to 

note that the NaOH suspensions of CDs were diluted with water to a final concentration of 

10 mg/mL dots in all cases for this particular study. A comparison of the electropherograms 

corresponding to CDs suspended in ultrapure water following pyrolysis by either the oven 

method or autoclave method (Fig. 4.4-ii, red, and 4.4-iii, green traces, respectively) reveals 

similar fluorescence intensity and migration time, with only minor differences in fine 

structure of the electrophoretic profiles. Therefore, it appears that both the heating method 

and suspension solution have an impact on the electrophoretic profile of the resulting CDs, 

as did the precursor material(s) used to create the CDs.  Being able to use CE-LIF to 

differentiate between dots based on these factors gives the analyst a powerful tool for 

characterization of the synthesized materials, in addition to the spectroscopic tools 

discussed previously (Ch. 3).  

 

4.3.2. CE Profiles for Quantitative Characterization of CDs 

Quantitation of CDs is valuable for determining concentrations of CDs from 

different batches of synthesized CDs or for using CDs as fluorescent labels (to aid in the 

quantitation of labeled analytes). Wu and Remcho5 generated a calibration curve of their 

CDs to enable the rapid determination of concentrations of CDs for subsequent labeling 

reactions. In addition to using electropherograms as “fingerprints” of CDs to help 

differentiate between synthesis methods, precursors, etc., we have also established that – 

under certain separation conditions (see, for example, Section 4.3.1.1 and Fig. 4.1) – it is 
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possible to correlate peak area to CD concentration.  A calibration curve for N-CDs is 

shown in Fig. 4.5-A, as an example of using CE-LIF as a tool for quantifying CDs. A 

representative electropherogram corresponding to the 25 µg/mL N-CDs sample from the 

calibration curve is shown Fig 4.5B.  

 

 Electropherograms were obtained with 50 mM tris-50 mM glycine (pH 7.8) 

separation buffer because (as seen in Fig. 4.2-B(ii)) this buffer gave rise to the most intense 

fluorescence signal with more resolved peaks for N-CDs, compared to the signal for N-

CDs obtained from the other conditions tested. Data for the calibration curve were collected 

over two days using the same method. Calibration points from 0.10 µg/mL to 25 µg/mL 

citric acid CDs were obtained, and then two weeks later, calibration points from 0.01 

µg/mL to 0.20 µg/mL were collected. Peaks were integrated by ChemStation Data Analysis 

software. The total area of all major peaks seen in the electropherogram for a sample of N-

CDs was calculated, and this value was averaged over three electropherograms from three 

 

 
Fig. 4.5. Calibration curve for N-CDs, showing relationship between averaged area of all peaks as a function of carbon 

dots concentrations, from 0.01 µg/mL to 25.0 µg/mL (A) and representative CE electropherogram of 25 µg/mL N-CDs 

(B) The separation buffer was 50 mM tris - 50 mM glycine pH 7.8. A volume of 8 nL (5.64 sec at 50 mbar) was injected 

and 25 kV separation voltage was applied. The separations occurred on an Agilent G1600A CE System with  a 

Picometrics LIF detector using a 406 nm laser with a 410 nm long pass filter at 25°C on a 50 µm i.d. capillary with an 

effective length of 48 cm and a total length of 60.5 cm. 
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replication injections for each sample. The resulting calibration curve is a plot of average 

total peak area as a function of N-CD concentration. The two peaks migrating between five 

and six minutes in Fig. 4.5-B were not present in the electropherograms collected for 0.01 

µg/mL and 0.02 µg/mL samples (due to detection limits). As documented in Table 4.I, the 

calibration curve data were recorded for two distinct concentration ranges (from 0.1 – 25 

μg/mL, and from 0.01 – 0.2 μg/mL), but both data sets could be combined to establish a 

larger linear range. Additionally, each individual peak within a given electropherogram 

demonstrated the same linear behavior (peak area relative to sample concentration) from 

0.01 µg/mL to 25 µg/mL (data not shown). Therefore, fraction collection could be used to 

further purify this batch of CDs, and additional calibration curves could be established for 

each fraction. 

 

4.3.3. Effects of sample preparation, buffer additives, and CE mode on electrophoretic 

profile of CDs 

 To determine the effect of sample preparation on the capillary electrophoretic 

profile of unmodified CDs, samples were prepared in separation buffer (35 mM sodium 

bicarbonate pH 10.0), ultrapure water, or sample buffer (80 mM sodium bicarbonate pH 

 

Table 4.I. Calibration curve data for or two distinct concentration ranges (from 0.1 – 25 μg/mL, and from 0.01 

– 0.2 μg/mL) and a combination of these two concentration ranges of N-CDs. 

 Range 1 Range 2 Combined Ranges 

N-CD concentrations (µg/mL) 0.1 - 25.0 0.01 - 0.2 0.01 - 25.0 

Slope (averaged area per µg/mL) 53.439 50.092 53.343 

R2  0.9993 0.9996 0.9994 

y-intercept (averaged area) -3.4587 -0.169 -1.712 
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10.0) for analysis by CE-LIF. The resulting electropherograms for unmodified citric acid 

CDs were characterized by having a broad band rather than sharp, resolved peaks shown 

in Fig. 4.6. However, the broad signal band migrated at a slightly longer time when the 

CDs were prepared in separation buffer (Fig. 4.6-i) compared to ultrapure water (Fig. 

4.6-ii), or sample buffer (Fig. 4.6-iii), and the sample prepared in water (Fig. 4.6-ii) showed 

more spikes or fine structure in the signal, superimposed on the broad band. This fine 

structure was reproducible, and appeared in electrophoretic profiles for these same dots 

 

 
Fig. 4.6. Representative electropherograms of unmodified citric acid CDs synthesized by heating mantle pyrolysis 

prepared in 35 mM sodium bicarbonate pH 10 (i), pure water (ii), and 80 mM sodium bicarbonate pH 10 (iii). The 

separation buffer was 35 mM sodium bicarbonate (pH 10.0). A volume of 8 nL (5.64 sec at 50 mbar) was injected and 

25 kV was applied. The separations occurred on an Agilent G1600A CE System with  a Picometrics LIF detector using 

a 406 nm laser with a 410 nm long pass filter at 25°C on a 50 µm i.d. capillary with an effective length of 48 cm and a 

total length of 60.5 cm. 
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prepared in water (Fig. 4.6-ii) or separation buffer (Fig. 4.6-i), but the intensity of the fine 

structure was significantly reduced when the sample was prepared in the sample buffer 

(Fig. 4.6-iii, which was a more concentrated version of the separation buffer).   Therefore, 

the solution in which the CD sample is prepared (e.g. pure water, separation buffer, or 

sample buffer) provides the analyst with flexibility (depending upon assay needs or 

constraints) and also provides another distinction among electrophoretic profiles.  

 In addition to considering the effect of buffer additives, we also considered the 

effect of separation mode on the electrophoretic profile of unmodified and N-CDs. 

Specifically, we used PEO as a polymer additive together with a capillary isotachophoresis 

separation mode according to the “PectI” method published previously20 in order to profile 

our CD samples.  PectI has been shown to collapse multiple peaks arising from a single 

bacteria sample into a single peak, the area of which was proportional to bacteria sample 

concentration20, and so we wanted to determine the effect of this separation mode on our 

CD samples. Representative electropherograms for CE and PectI separations of 

 

 
Fig. 4.7. Representative (i) CE electropherograms, (ii) PectI pH 10, and (iii) PectI pH 8.2 of (A) 1 mg/mL unmodified 

CDs, (B) 0.1 mg/mL N-CDs. A volume of 8 nL (5.64 sec at 50 mbar) for CE and 20 nL (2.78 sec at 5 mbar for PectI 

was injected and 25 kV was applied. The separations occurred on an Agilent G1600A CE System with  a Picometrics 

LIF detector using a 406 nm laser with a 410 nm long pass filter at 25°C on a 50 µm i.d. capillary for CE and a 75 µm 

i.d. capillary for PectI with an effective length of 48 cm and a total length of 60.5 cm. The asterisk (*) denotes a 

spurious signal from the detector. 
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unmodified CDs and N-CDs are shown in Fig. 4.7-A&B, respectively. The blue traces 

correspond to CE separations employing a separation buffer of 35 mM sodium bicarbonate 

at pH 10.0 (i); the red traces represent PectI electropherograms using 10 mM sodium 

bicarbonate with 0.0125% polyethylene oxide 600,000 (PEO 600,000; pH 10.0) as the 

separation buffer and 3.2 mM tris - 50 mM glycine with 0.0125% PEO 600,000 (pH 8.9) 

as the sample buffer (ii); and the green traces represent PectI electropherograms obtained 

with 31 mM tris - 500 mM glycine with 0.0125% PEO 600,000 (pH 8.2) as the separation 

buffer and 50 mM tris-HCl with 0.0125% PEO 600,000 (pH 8.2) as the sample buffer (iii).   

 The electrophoretic profiles of unmodified CDs achieved by PectI (Fig. 

4.7-A(ii&iii)) showed the same broad band as was achieved by CE (Fig. 4.7-A(i)); 

however, the signal band was moved to shorter migration time and was diminished in 

intensity when the PectI mode was adopted. Additionally, some changes in the fine 

structure superimposed on the broad band was seen when PectI was used to analyze 

unmodified CDs (Fig. 4.7-A).   The electrophoretic profiles for N-CD samples achieved by 

PectI  (Fig. 4.7-B(ii&iii)) demonstrated a shift to earlier migration times and a significant 

enhancement of signal intensity for the resulting signal relative to that achieved by CE 

mode (Fig. 4.7-B(i)). Signal enhancement is typical of PectI separations, due to the 

focusing effects of the added polymer and stacking effects of the discontinuous buffer 

system.20 Furthermore, differences in the electrophoretic profiles of N-CDs were observed 

for the two PectI conditions studied: the pH 10 PectI system (Fig. 4.7-B(ii)) resulted in 

only two major peaks for the N-CD sample, while the pH 8.2 PectI system gave rise to 

three major peaks (which more closely resembled the peak profile seen in the CE analysis 

of N-CDs, Fig. 4.7-B(i)).  (Fig. 4.7-B(iii)). While operating in PectI mode  did not collapse 
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the multi-peak signal characteristic of CD samples into a single peak (as PectI is known to 

do  for bacteria samples),20 it did significantly enhance the intensity and reduce the 

migration time of N-CD signals, and thus it may provide a valuable mode of operation for 

CE-based profiling of N-CDs at low levels (less than 0.01 µg/mL). 

 

4.4. Conclusions 

CE is presented as a viable characterization technique for CDs, complementing 

spectroscopic characterization tools presented previously.  CE serves as an important 

method for identifying differences in size and charge of CD samples on the basis of 

differences in their resulting electrophoretic profiles. We explored the effects of capillary 

inside diameter and injection volume on the CE-LIF profile of unmodified CDs and found 

that a 50 µm i.d. capillary and 8 nL injection volume gave rise to satisfactory CE profiles 

of CDs. Furthermore, we studied the effect of separation buffer composition on the 

electrophoretic profile of unmodified CD samples, and we found that two distinct profiles 

could be achieved: (1) a broad band profile (arising from a 30 mM sodium phosphate pH 

9.0 separation buffer) with unique fine structure for identification of starting material, 

heating method, suspension solution, or other variations in synthesis between batches of 

CDs; and (2) a single peak CE profile (arising from a 50 mM tris-acetate (pH 8.4) 

separation buffer), which could be used for quantitation of CD samples or for using CDs 

as fluorescent tags when analyzing  non-fluorescent analytes. A calibration curve was 

constructed for N-CD samples, revealing a linear response for LIF signal as a function of 

CD concentration over a large range of concentrations (0.01 – 25 μg/mL). The effect of 

separation buffer pH was also considered, leading us to conclude that our unmodified CD 
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and N-CD samples consist of negatively charged nanoparticles, which experience a 

decrease in fluorescence intensity with a decrease in solution pH.   Further CE conditions 

studied, to determine their impact on the electrophoretic profiles of CD samples, included:   

sample diluent (preparation of the CD sample in  separation buffer or ultrapure water led 

to no significant change in the resulting electrophoretic profile); addition of buffer 

additives (SDS and HPMC had no significant effect on the CE profile of our CDs); and 

electrophoresis mode (PectI-LIF resulted in increased sensitivity that may be useful for 

determining lower concentrations of N-CDs). 

On-going work in the lab involves establishing a library of CE profiles or 

fingerprints characteristics of CD samples prepared from different precursors, and the 

identification of trends between CD “molecular weight” and fluorescence intensity for 

various classes of CD precursor materials based on CE profiles.  

Thus, using CE as a technique to “profile” CD samples provides us with an 

increased understanding of these materials, to complement any spectroscopic or 

microscopic materials characterization. CE profiling may ultimately allow us to identify 

the CDs best suited to a particular application based on CD size, surface functional groups 

and charge states, and fluorescence intensity.  
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CHAPTER 5 

 

CARBON DOT-MEDIATED CAPILLARY ELECTROPHORESIS 

SEPARATIONS OF METALLATED AND DEMETALLATED  

FORMS OF TRANSFERRIN PROTEIN 

 

This chapter was first published as a peer-reviewed article in Molecules 2019, 24(10), 

1916, doi:10.3390/molecules24101916 [Leona R. Sirkisoon, Honest C. Makamba 

(Razzberry Inc., New Haven, CT), Shingo Saito (Graduate School of Science and 

Engineering, Saitama University, Saitama, Japan), and Christa L. Colyer]. The version 

presented here has been altered to include some additional results. H.C.M. conducted 

preliminary studies for carbon dot synthesis and conceived the initial idea to employ carbon 

dots for analyte sensing. S.S. extended the initial idea to include transferrin as the target. 

L.R.S. designed and conducted synthesis, spectroscopic, and capillary electrophoresis 

experiments with guidance from H.C.M., S.S., and C.L.C. Data analysis was completed by 

L.R.S. under the supervision of C.L.C. and S.S.  Resources were provided by C.L.C. and 

S.S. The manuscript was written by L.R.S. and C.L.C. with review and editorial 

contributions from S.S. and H.C.M. Data curation and funding acquisition were performed 

by C.L.C. and L.R.S. The authors would like thank Tom Wittmann, Gina Li, and Emily 

Walton for their contributions to some of the experimental precursors to this work. 

Financial support for this work was provided in part by Wake Forest University and the 

National Science Foundation (EAPSI Fellowship (141489) and GOALI Grant (1611072)).  
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5.1. Introduction 

 Carbon dots (CDs) are a unique type of fluorescent nanomaterial consisting of a 

graphene core decorated with oxygenated functional groups on the surface.1–5 They are 

structures comprising of one to a few layers of graphene sheets smaller than 10 nm in 

diameter. The distinctive photoluminescence of CDs is attributed to the sp2 hybridized 

carbon atoms and the quantum confinement and edge effects resulting from the small size 

of these carbon-based materials.6 For example, typical CDs synthesized from citric acid 

exhibit an emission maximum at 460 nm, independent of excitation wavelength from 300 

nm – 420 nm, with carboxylic acid and hydroxyl functional groups on the surface.1,6 CDs 

interact with potential analytes through hydrophobic, π-π stacking, hydrogen bonding, 

cation‒π, and electrostatic interactions. The dispersibility of CDs in aqueous solutions is 

due to the hydroxyl and carbonyl functional groups on their surface, which can be easily 

altered to render the materials hydrophobic or amphiphilic.2  CDs exhibit characteristic 

chemical and physical properties such as biocompatibility, photostability, and low toxicity, 

and they have the added advantages of simple and low cost synthesis methods. These 

features have triggered interest in the use of CDs as alternative fluorescence probes in place 

of organic dyes and inorganic nanoparticles.1,3,5–7  Many recent applications involving CDs 

capitalize on their fluorescent properties for bioimaging,8–11 biomedicine,12 and 

biosensing13–15 to aid in the diagnosis and treatments of diseases, defects, and cancers.1 

However, little is known about the utility of CDs as separation adjuvants in capillary 

electrophoresis (CE)3 in comparison to other nanomaterials such as silica nanoparticles,16,17 

carbon nanotubes,18 graphene nanoparticles,19 single-walled carbon nanotubes,20 and gold 

nanoparticles,21–23 which have all been reported to enhance CE separations. 
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 CE is a high resolution separation technique that separates analytes based on 

differential migration rates of charged species in an electric field.24,25 Advantages of CE 

include relatively fast analysis times, high efficiency separations, and small sample 

volumes.3,26  Further selectivity may be achieved in CE by employing pseudo-stationary 

phases (solution-based additives present in the separation buffer, which effect the 

separation of analytes based on their differential associations). The use of pseudo-

stationary phases rather than true stationary phases in CE-based methods reduces problems 

with irreproducibility between capillaries and furthermore, it is simpler than introducing 

selectivity via the more time-consuming process of immobilization of nanomaterials to 

form inner capillary wall coatings.27,28 While surfactants are among the most commonly 

encountered buffer additives in CE, the use of soluble nanomaterials as buffer additives (or 

“separation adjuvants”) provides another option for CE method development.  For 

example, Sun and colleagues3 successfully employed CDs as additives for the separation 

of cinnamic acid and its derivatives by CE coupled with UV detection and observed 

increased resolution between cinnamic acid and its derivatives, concluding that CDs are a 

promising separation material for analytical methods. While carbon nanotubes have be 

used to assist in protein separations by CE,29 there are no published reports of CDs being 

used in this capacity and thus, the potential for new developments in this area remains 

great. Based on these [limited] precedents, we have sought to advance our understanding 

not only of the versatility and utility of CDs as CE separation adjuvants but also, of 

metallated protein separations by CE.  

 In particular, this work focuses on the separation of transferrin (Tf) protein. Tf is a 

globular, iron transport glycoprotein (comprised of 679 amino acid residues with a 
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molecular weight of 80 kDa). It has two lobes (the N and C lobes) with a high affinity Fe3+ 

binding domain in each.30,31 When iron is bound to both lobes in Tf (constituting the fully 

metallated or “holo-” form of the protein), the protein adopts a structural conformation that 

is more closed (folded) than that of the demetallated (“apo-”) Tf protein. There are four 

possible conformations of Tf, depending on the number and position of bound Fe3+ ions: 

(i) holo-Tf (fully metallated), (ii) single Fe3+ bound only to the C-lobe or (iii) only to the 

N-lobe (partially metallated), and (iv) apo-Tf (demetallated).  The Tf receptor is 

overexpressed on proliferating cancer cells, but not normal cells, therefore, Tf is a 

promising carrier protein for targeted drug delivery and therapy for cancerous cells.31–39 

The ability to separate the different conformations of Tf (fully metallated, partially 

metallated, and demetallated), is important because potential drug molecules may have 

different affinities for the different conformations of Tf. However, a major challenge in 

separating apo- and holo-Tf by CE is the fact that bound metal ions exert only subtle 

changes in overall protein mass and charge.40 This challenge may be met by the use of 

pseudostationary phases or buffer additives, as demonstrated previously by Nowak and 

colleagues,26,40 who developed and optimized a CE method for the separation of different 

forms of Tf using micellar electrokinetic chromatography. Their work, employed sodium 

dodecyl sulfate and 20% methanol as separation buffer additives, leading to the resolution 

of apo-Tf, holo-Tf, two partially metallated forms of Tf, lactoferrin, and human serum 

albumin proteins.  

 Just as Nowak’s use of surfactants in CE was able to afford greater resolution of 

metallated and demetallated protein forms, we hypothesized that the use of CDs in CE 

should likewise afford the necessary selectivity for Tf separations. To this end, CDs were 
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synthesized in-house by pyrolysis of citric acid and other organic precursors. Fluorescence 

studies were performed to assess the interaction between CDs and apo- and holo-Tf. A 

significant quenching was observed for the mixture of CDs with holo-Tf and no change in 

fluorescence signal was observed for CDs with apo-Tf, suggesting that the extent of protein 

metallation has an impact on protein interaction with CDs. A mixture of holo- and apo-Tf 

was analyzed by a simple CE method. In the absence of CDs, the proteins were not 

resolved; however, upon addition of CDs to the separation buffer, multiple forms of Tf 

were resolved.  Sample preparation, buffer identity, ionic strength, pH, capillary inside 

diameter, and temperature were optimized. The results indicate that dots synthesized from 

citric acid provide the best resolution between the different metallated forms of Tf. Results 

from this work indicate that CDs are inexpensive, stable, and convenient buffer additives 

able to improve current electrophoretic separations of metalloproteins, with implications 

for greater selectivity in the CE separations of other classes of analyte.  

 

5.2. Materials and Methods 

5.2.1. Reagents 

 Citric acid (> 99.5%) and glycine (≥ 99.0%, NT) were purchased from Sigma-

Aldrich (St. Louis, Mo). Sodium phosphate dibasic (ACS Grade), HCl (ACS Grade), and 

NaOH (ACS Grade) were purchased from Fisher Scientific (Suwanee, GA). Human apo-

transferrin (“Apo-Tf”) (≥ 95%) and human holo-Tf (≥ 95%) were purchased from 

Calbiochem (San Diego, CA). Tricine (electrophoresis grade) was purchased from MP 

Biomedicals (Solon, OH) and tris(hydroxymethyl)aminomethane (Amresco Life Science, 

proteomics grade) was purchased from VWR (Atlanta, GA). Ultrapure water, purified using 
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a Milli-Q® Reagent Water System from EMD Millipore Corporation (Billerica, MA), was 

used for all aqueous samples and solutions. 

 

5.2.2. Carbon Dots 

 The CDs used in this work were prepared in-house following the method from Dong 

and colleagues6 with some modifications. Briefly, 2 g of dry citric acid in a 20-mL disposable 

scintillation vial was heated in a Fisher Scientific Isotemp oven (model 506G, Waltham, 

MA) at 180°C for four hours. Alternatively, 2 g of dry citric acid was placed 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) and heated was heated in 

the oven at 180°C for 24 hours. The resulting dark orange liquid was cooled slightly and a 

20 mL aqueous solution of 50 mM NaOH was added and the scintillation vial (or autoclave 

reactor) and was sonicated using a 2510 Branson sonicator (Branson Ultrasonics 

Corporation, Danbury, CT) for 30 min to suspend the CDs. Three, 0.5-mL aliquots of the 

resulting NaOH or water suspensions of CDs were lyophilized with a FreeZone 2.5 Liter -

84°C Benchtop Freeze Dryer (Labconco, Kansas City, MO), and the mass of the resulting 

dried product was found. The average mass of three dried CD aliquots was found in order to 

provide a representative mass-per-volume (mg/mL) concentration of CDs for the batch. In 

some cases, a post-synthesis cleanup was performed by dialyzing (Float-a-Lyzer G2, 

MWCO 500-1000 D, from Spectrum Labs, (purchased from Fisher Scientific, Suwanee, 

GA)) about 5 mL of the NaOH suspension of CDs against water for eight hours, changing 

the water every two hours.  
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5.2.3. Separation Buffer and Sample Preparation 

 Stock solutions (1.00 M) of each buffer component (tris and tricine) were prepared 

separately by dissolving the appropriate mass of reagent in water, quantitatively transferring 

to a volumetric flask and filling to the line with ultrapure water. The resulting stock solutions 

were filtered (0.2 µm nylon syringe filter, VWR, Atlanta, GA) and stored in a polypropylene 

or HDPE vessel at 2-8°C until needed. The stock solutions were brought to room temperature 

before use. The tris‒tricine buffer used for fluorescence emission and CE studies, was 

prepared to a final concentration of 50.0 mM tris and 200.0 mM tricine (unadjusted pH 7.4).  

 Additionally, other separation buffers were prepared from phosphate, tris and 

glycine. The phosphate separation buffer was prepared to a final concentration of 10.0 mM 

dibasic sodium phosphate adjusted to pH 7.4 with 1.0 M phosphoric acid. Two different 

tris-glycine buffers were prepared, one with a final concentration of 50.0 mM tris ‒ 200.0 

mM glycine, and the other with 50.0 mM tris ‒ 500.0 mM glycine, and both adjusted to pH 

7.4 by the dropwise addition of 1.0 M HCl. Lastly, a tris‒HCl separation buffer was 

prepared to a final concentration of 50.0 mM tris adjusted to pH 7.4 with 1.0 M HCl. 

 Separate apo- and holo-Tf stock solutions (250 µM each) were prepared by 

dissolving the 0.01g of apo-Tf or holo-Tf in the 500 µL of filtered ultrapure water (0.2 µm, 

nylon syringe filter) in a 1.6 mL microcentrifuge vial. Unused Tf stock solutions (of apo- and 

holo-Tf, separately) were portioned into 5 µL aliquots and stored at -20°C until needed. 

 Samples were prepared for analysis by adding the appropriate volumes of apo-Tf, 

holo-Tf, or both stock solution(s) to a 1.6 mL microcentrifuge vial (Fisher Scientific, 

Suwanee, GA) for fluorimetry studies and a 0.6 mL microcentrifuge vial (Fisher Scientific, 
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Suwanee, GA)  for CE studies, followed by dilution with the appropriate volume of buffer 

(50 mM tris ‒ 200 mM tricine pH 7.4) for fluorimetry measurements, and with the 

appropriate volumes of sample buffer (100 mM tris ‒ 400 mM tricine pH 7.4, with 70 µg/mL 

CDs when present) and ultrapure water (producing a sample with a total volume of 50 µL) 

such that the final buffer concentration was (50 mM tris ‒ 200 mM tricine pH 7.4) for CE 

samples. The final buffer concentrations for fluorimetry samples are shown in Table A.I.  For 

fluorimetry studies, a working solution of CDs (350 µg/mL) was prepared each time the 

studies were performed, from the NaOH suspension of CDs after sonication of the NaOH 

suspension of CDs for 5 min followed by approximately 25-fold dilution of a 39.78 µL 

portion of the NaOH suspension of CDs with 960.22 µL buffer. The working solution was 

sonicated for 1-2 min prior to transferring the appropriate volume to the microcentrifuge vial 

containing the diluted Tf protein immediately prior to analysis (producing a sample with total 

volume of 500 µL). For CE samples, the NaOH suspension of CDs (a 25.6 µL aliquot) was 

diluted approximately 390 fold with separation buffer in a 10.00 mL volumetric flask 

(resulting in a separation buffer with a final concentration of 35 µg/mL CDs), and a 2.56 µL 

aliquot of the NaOH suspension of CDs was diluted 195 fold with 497.44 µL sample buffer 

in a 1.6 mL microcentrifuge tube (resulting in sample buffer with a final concentration of 70 

µg/mL CDs). The sample vial was then vortexed to mix all constituents, and the solution 

therein (containing various combinations of apo-Tf, holo-Tf, buffer, and CDs, as needed) 

was transferred to a clean, dry, injection vial (Agilent, 250 µL or Beckman, 200 µL) for CE 

studies or to a semi-micro quartz cuvette (Fisher Scientific, Suwanee, GA) for fluorimetry 

studies.  The cuvette was cleaned by triple-rinsing with water and with 95% ethanol (Fisher 

Scientific, Suwanee GA). 
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5.2.4. Instrumentation 

 Spectrofluorimetry studies were conducted using an Agilent Technologies Carey 

Eclipse fluorescence spectrophotometer (Foster City, CA). An excitation wavelength of 360 

nm was used, followed by an emission scan from 365-700 nm. Excitation and emission slit 

widths were 5 nm; the scan rate was 300 nm/min; and the PMT voltage was 600 V. CE 

studies were conducted using a Beckman Coulter P/ACE MDQ CE System with 32Karat 

software (Redwood City, CA) or an Agilent G1600A CE System with Chemstation software 

(Foster City, CA). Detection was performed by UV absorbance at 200 nm, or by laser-

induced fluorescence (LIF) using a 375 nm diode laser with 5 mW output power (Oz Optics 

Ltd, Ontario, Canada) and 400 nm long pass filter (Omega Optical, Brattleboro, VT), or a 

Picometrics LIF Detector (406 nm laser with 12.5 mW output power and 410 nm emission 

filter) for the Beckman-Coulter and Agilent CE systems, respectively. All CE experiments 

employed uncoated fused-silica capillaries (Polymicro Technologies, Phoenix, AZ) with 

different lengths and inside diameters (as specified in the Results and Discussion section). 

 

5.3. Results and Discussion 

5.3.1. Probing interactions between CDs and Tf by fluorimetry 

 The interactions between CDs and metallated versus demetallated forms of Tf were 

assessed by fluorimetry. CDs used in these studies were synthesized by oven pyrolysis of 

dry citric acid reagent followed by suspension of the resulting CDs in aqueous solution. 

Fluorescence emission of the CDs alone was measured, followed by emission of the CDs 

upon addition of increasing amounts of apo-Tf or holo-Tf, as seen in Fig. 5.1. No 

significant change (11.2% quenching) in fluorescence emission (at 460 nm) was observed 
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Fig. 5.1. Fluorescence emission spectra for 35 µg/mL samples of oven-synthesized citric acid CDs, with increasing 

concentrations (from 0.5 µM to 100 µM) of added apo-Tf (A) and holo-Tf (B). Fluorescence response in terms of 

intensity at the wavelength of maximum emission (460 nm) as a function of Tf concentration, for apo- and holo-Tf are 

shown in (C). All samples were prepared to the concentrations indicated in the Fig.s using 50 mM tris - 200 mM tricine 

(pH 7.4) buffer as diluent. The data were corrected for the respective native Tf fluorescence at each concentration. The 

excitation wavelength was 360 nm and the emission scan range was 365-700 nm.  
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for a 35 µg/mL CD sample as the concentration of apo-Tf was increased from 0 to 100 μM 

(Fig. 5.1-A). However, the fluorescence signal was quenched by as much as 47.6% upon 

the addition of up to 100 μM holo-Tf to the same CD sample (see Fig. 5.1-B). The 

intensities represented in Fig. 5.1-C were determined at the wavelength of maximum 

fluorescence emission (460 nm) after having corrected for native Tf fluorescence at each 

concentration (as shown in Fig. A.1-A&B) and applying a five-point boxcar smoothing. 

The extent of change in fluorescence of CDs as a function of Tf protein concentration is 

represented by the slopes of the response curves in Fig. 5.1-C. The slope for apo-Tf 

is -0.0112 RFU/µM indicating very little to no change in fluorescence of the CDs.  

However, the slope for holo-Tf is -0.048 RFU/µM, revealing a direct proportionality 

between the extent of fluorescence quenching of the CDs signal and the concentration of 

holo-Tf. In work by Bhattacharya and colleagues39 a similar effect was characterized as 

static quenching via their steady-state and time-resolved photoluminescence measurements 

at pH 7.4. Based on estimated thermodynamic parameters of the CD-Tf association 

determined from quenching measurements performed at various temperatures, they 

concluded that the observed quenching was a result of the electrostatic interaction between 

CDs and the Fe3+ ions associated with holo-Tf, not the amino acid residues. Furthermore, 

Zhu and coworkers41 showed that the presence of Fe3+ ions in bulk solution quenched the 

intrinsic fluorescence of CDs. Therefore, we believe the differential effect of apo- versus 

holo-Tf on the fluorescence of CDs in our experiments is most likely a result of the 

paramagnetic property of the Fe3+ ions of the holo-Tf impacting the quantum yield. 

However, such an effect does not preclude the possibility of different metallated protein 
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states interacting to a different extent with the CDs (and we explore this possibility in more 

detail in the capillary electrophoresis studies discussed in Section 5.3.2.  

 Additionally, the experiment was repeated using CDs synthesized in the autoclave 

and suspended in aqueous solution. A similar trend was observed with these CDs: little to 

no change in fluorescence emission of the CDs upon increasing the concentration of apo-

Tf (Fig. A.1-D), and decreased fluorescence emission upon increasing the concentration of 

holo-Tf (Fig. A.1-E). The conformation of demetallated apo-Tf is such that is has two 

tryrosine, one aspartate, and one histidine residue exposed.39 While it seems plausible that 

these exposed residues could interact with the CDs (via hydrophobic, π-π stacking, H-

bonding, or electrostatic interactions), the relative lack of change in fluorescence emission 

of apo-Tf with CDs could not provide evidence for any such interactions under the solution 

conditions employed here.  However, the observed fluorescence quenching of CDs with 

holo-Tf indicates that the bound Fe3+ in the metallated form of the protein experiences 

electrostatic interactions with the hydroxyl and carboxylic acid groups on the surface of 

the CDs, resulting in a non-emissive ground state complex.39 Thus, even though CDs may 

interact (to a different extent) with demetallated and metallated forms of Tf, this could not 

be confirmed by fluorescence studies alone. 

 

5.3.2. CE method development and optimization of the separation of apo-Tf and holo-Tf 

5.3.2.1. Studying the effects of sample preparation: diluent and sample additive 

 Given the differential interactions of CDs with metallated versus demetallated 

forms of Tf, as evidenced by differences in fluorescence quenching (Section 5.3.1), we 

surmised that CDs might be useful in the separation of these protein forms. Samples of 
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apo-Tf, holo-Tf, and mixtures of apo- and holo-Tf were first prepared in aqueous solution 

alone and then subjected to analysis by CE with UV absorbance detection, employing a 50 

mM tris - 200 mM tricine (pH 7.4) separation buffer. Typical electropherograms resulting 

from these protein samples prepared in aqueous solution – with no CDs – are shown in Fig. 

5.2-A. Subsequently, the water-based Tf samples and the separation buffer were prepared 

with added CDs (such that the final concentration of dots was 35 µg/mL in all cases), and 

the resulting electropherograms are shown in Fig. 5.2-B. The CDs used for these CE 

experiments were synthesized from citric acid by oven pyrolysis, followed by suspension 

in 50 mM NaOH and dialysis against ultrapure water for eight hours prior to use, unless 

otherwise stated.    

 

 The blue traces (i) in Fig. 5.2-A&B represent apo-Tf samples without and with 

added CDs, respectively. The observed migration time of the apo-Tf peak was 3.34 min 

without CDs and 3.33 min after the addition of CDs, which is just a 0.3% decrease in 

 

 
Fig. 5.2. Effects of oven CDs as additives for samples of apo-Tf, holo-Tf and mixtures of apo- and holo-Tf  (25 μM 

each) without CDs (A) and with CDs (B) for 25 μM apo- Tf (i), 25 μM holo-Tf (ii), and a mixture of apo- and holo-Tf 

(iii). Electropherograms are vertically offset for clarity. Samples were prepared in ultrapure water, a volume of 1.25 nL 

(5.2 sec at 1.3 psi) was injected, and 20 kV was applied. The separation occurred on a Beckman Coulter P/ACE MDQ 

System coupled with a UV detector at 15°C on a 25 μm i.d. capillary with an effective length of 30 cm and a total 

length of 40 cm. 
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migration time accompanied by a 34.0% increase in peak height (from 0.00890 AU to 

0.0119 AU) and a 44.4 % increase in peak area (from 0.000573 AU•min to 0.000827 

AU•min). While the change in the observed migration time of the apo-Tf peak as a result 

of adding CDs to the sample (and separation buffer) was not significant, there was a marked 

change (50.6 %) in the (negative) electrophoretic mobility (μep) of apo-Tf (from -0.00239 

cm2V-1s-1 in the absence of CDs to -0.00360 cm2V-1s-1 in the presence of CDs). This change 

in (negative) electrophoretic mobility of apo-Tf was accompanied by a 34.0% increase in 

peak height and a 44.4% increase in peak area. The increase in (negative) electrophoretic 

mobility may provide evidence of the association of apo-Tf with CDs to produce a larger 

complex with greater net negative charge. Such a complex with greater negative 

electrophoretic mobility would move counter to the direction of electroosmotic flow, and 

so might be expected to appear at a longer migration time in the resulting electropherogram. 

However, based on the position of the small negative marker peak in Fig. 5.2-A&B, the 

electroosmotic mobility was found to increase by 5.6% (from 0.0205 cm2V-1s-1 to 0.0216 

cm2V-1s-1 ) upon the addition of CDs to the buffer system.  In this particular case, the 

combination of the increased electroosmotic mobility and the decreased (i.e., increased 

negative) electrophoretic mobility resulted in very little change in the net mobility of apo-

Tf (with and without added CDs) and thus the migration time of the apo-Tf peak appeared 

virtually unchanged. The increase in apo-Tf peak height and area in the system containing 

CDs may provide further evidence of the formation of apo-Tf‒CD complexes, since such 

complexes may demonstrate some variation in size and enhanced absorbance relative to 

free apo-Tf.  
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 The red traces (ii) in Fig. 5.2-A&B represent holo-Tf samples without and with 

added CDs, respectively. A 6.0% decrease in migration time of holo-Tf (from 3.38 min to 

3.18 min) was observed upon the addition of CDs. This reduced migration time is due to 

an increase in net mobility, and recall that net mobility is given by the sum of 

electroosmotic and electrophoretic mobilities. In the case of holo-Tf, it appears that the 

impact of added CDs on the electroosmotic flow (recall, a 5.6% increase in electroosmotic 

mobility was observed) was greater than the impact of added CDs on the electrophoretic 

mobility of the protein. The electrophoretic mobility of holo-Tf was found to be -0.00281 

cm2V-1s-1 in the absence of CDs and 0.00278 cm2V-1s-1 in the presence of CDs, which 

represents just a 1.0% decrease (in the negative electrophoretic mobility, which is 

effectively the same as a 1.0% increase in μep towards the cathode). This change is small 

in comparison to the 50.6% change in electrophoretic mobility observed for apo-Tf, which 

might suggest that the demetallated form of the protein has a greater affinity for (or forms 

more stable, long-lived complexes with) CDs compared to the metallated form of the 

protein.  Thus, in the case of holo-Tf, the relatively small change in electrophoretic mobility 

is overshadowed by a greater change in electroosmotic flow upon the addition of CDs to 

the sample and separation buffers, which translates into a greater net mobility and shorter 

migration time.  

 The height of the major peak attributed to holo-Tf decreased by 19.1% (from 0.0118 

AU to 0.00957 AU) while its area increased by 15.5% (from 0.000747 AU•min to 0.000862 

AU•min) upon the addition of CDs (as seen in Fig. 5.2-A(ii) compared to Fig. 5.2-B(ii)). 

The decrease in peak height and increase in peak area is attributed to the loss of Fe3+ ions 

by holo-Tf40 while the appearance of a new, minor peak at 3.27 min is attributed to a 
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partially metallated form of Tf, which may associate with CDs in the separation buffer to 

a different extent than does the fully metallated form of Tf from which it originates. The 

appearance of an additional peak induced by the addition of CDs to the holo-Tf sample, 

taken together with changes in migration times or net mobilities, supports the idea of 

differential interactions between CDs with various different metallated forms of Tf.  

 Whereas samples of individual Tf proteins in the absence of CDs gave rise to single 

peaks (Fig. 5.2-A(i and ii)), a sample mixture containing 25 μM each of apo- and holo-Tf 

in water (also in the absence of CDs) gave rise to an unresolved cluster of three peaks by 

CE (Fig. 5.2-A(iii)). In the protein mixture, there is presumably an opportunity for 

exchange of Fe3+ ions between protein forms, resulting in unresolved metallated, 

demetallated, and partially metallated Tf proteins. Upon the addition of CDs, the cluster of 

three peaks was more clearly resolved in the electropherogram for the mixed-protein 

sample (Fig. 5.2-B(iii)). Interestingly, the combined area of the mixture increased 22.6% 

(from 0.00132 AU•min to 0.00162 AU•min without and with added CDs, respectively), 

and the migration order of apo-Tf and holo-Tf was reversed in the electropherogram of the 

protein mixture upon the addition of CDs to the sample and separation buffer. Whereas 

holo-Tf migrated last in the sample containing a mixture of proteins in the absence of CDs, 

it migrated first in the sample containing CDs. As discussed previously, this change in the 

proteins’ net mobilities, brought about by the addition of CDs to the buffer system, may be 

attributed to the combined effects of a change in electroosmotic mobility and a change in 

electrophoretic mobility due to associations between CDs and Tf proteins. The overall 

impact was improved resolution of the protein mixture.  
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 In addition to preparing Tf samples in pure water, as shown in Fig. 5.2, Tf samples 

were prepared using the separation buffer (50 mM tris - 200 mM tricine, pH 7.4) as a 

diluent, without or with added CDs (35 µg/mL) to further ascertain the importance of 

sample composition on CE resolution. Representative electropherograms are shown in Fig. 

A.2-A&B. Furthermore, Tf samples were prepared in the 25 mM tris - 100 mM tricine (pH 

7.4) buffer.   Representative electropherograms for these Tf samples without added CDs 

and with 17.5 μg/mL added CDs are shown in Fig. A.2-C&D, respectively. No significant 

improvement (nor deterioration) in separation efficiency was afforded by these changes in 

sample buffer concentration. A comparison of the changes in migration times, peak heights, 

peak areas, and electrophoretic mobility of metallated and demetallated Tf without and 

with added CDs are shown in Table A.III. 

 A comparison of Fig. 5.2 and A.2 leads us to conclude that an enhancement of the 

CE separation of apo- and holo-Tf is achieved in the presence of CDs regardless of sample 

buffer composition. That is, preparations of Tf samples in water, separation buffer, and 

diluted separation buffer all resulted in similar electropherograms. The electropherograms 

for mixed samples containing both apo-Tf and holo-Tf protein standards revealed the 

appearance of a third peak, which was better resolved upon the addition of CDs into both 

the sample and separation buffer. The appearance of this third peak upon mixing apo-Tf 

and holo-Tf together may indicate a partial exchange of Fe3+ from the holo-Tf to apo-Tf 

when mixed.  Intraconversion between metallated and demetallated forms of Tf has been 

documented elsewhere.40  In all cases, resolution improved upon the addition of CDs. In 

Fig. 5.2, for example, the peak attributed to a partially metallated Tf species is better 

resolved from the apo-Tf peak (Rs increased from 0.5 without CDs to 1.1 with added CDs) 
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and it is also better resolved from the holo-Tf peak (Rs increased from 0.8 without CDs to 

1.5 with added CDs) in mixed protein samples. This suggests that the CDs interact 

differentially with each form of Tf, presumably due to differing contributions from 

hydrophobic, π-π stacking, H-bonding, or electrostatic interactions in the absence and 

presence of metal in various folded states of the proteins. Regardless of the sample 

preparation (that is, protein(s) diluted in water, in 25 mM tris – 100 mM tricine, or in 50 

mM tris – 200 mM tricine), apo-Tf migrated first and holo-Tf last in the absence of CDs; 

however, in the presence of CDs, holo-Tf migrated first and apo-Tf last. Furthermore, since 

the effect of sample buffer ions on the resolution of a mixture of Tf protein forms was 

nominal relative to the effect of added CDs, method development is not constrained to a 

single sample preparation, giving the analyst greater flexibility when optimizing 

metalloprotein separations by this CD-enhanced CE method. Based on simplicity, ultrapure 

water with added CDs was chosen for Tf sample preparations in subsequent studies. 

 Whereas CDs were introduced simultaneously to both the sample preparation and 

the separation buffer to improve the separation of mixtures of apo-Tf and holo-Tf, as 

described above, the impact of CDs as separation adjuvants for on-column use only (CDs 

only in the separation buffer) and pre-column use only (CDs only in the sample 

preparation) was also explored. Pre-column use of CDs (as additives to the sample 

preparation only) did not result in a significant improvement in resolution of Tf protein 

forms (Fig. A.3-ii) relative to the use of no added CDs (Fig. A.3-i). However, CDs added 

to the separation buffer alone led to improved resolution of a mixture of Tf proteins relative 

to separations conducted without added CDs, as seen in Fig. A.3-iii&iv relative to Fig. 

A.3-i. The resolution achieved with CDs in the separation buffer alone was still not as good 
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as the resolution achieved with CDs in both the sample buffer and the separation buffer 

(Fig. A.3-iv, and previously, Fig. 5.2-B(iii)), and so CDs were employed as additives to 

both sample and separation buffers in all following CE experiments. 

The effect of changes in CD composition on the resolution of Tf peaks was studied. 

CD composition and properties were modified by reducing the heating time during 

synthesis, doping with urea during synthesis, and cleaning up the matrix post-synthesis by 

dialysis. Representative electropherograms shown in Fig. A.4 utilized these modified CDs 

(10 µg/mL) as mediators for the separation of mixtures of metallated and demetallated Tf 

with UV detection at 200 nm. Dialysis of CDs does not affect the composition of the CDs 

themselves but does affect the ionic strength (presence of counter ions) and pH of the CD 

sample solution. Dialysis of CDs used in these separations did not affect the resolution of 

Tf when a high concentration (> 25 µg/mL) of CDs was used, as shown in Fig. 5.3 and Fig. 

A.7. Changes in mobility of apo-Tf and holo-Tf were not observed as a result of employing 

these modified CDs. This indicates that dialyzed CDs created under conditions of reduced 

heating time with added urea did not interact differentially with demetallated, partially 

metallated, and fully metallated forms of Tf, unlike the original (unmodified) CDs 

employed in this study, which did show differential interaction with the various forms of 

Tf. 

Additionally, carbon dot composition was altered by replacing citric acid as the 

organic precursor with ascorbic acid, gluconic acid, N-acetylneuraminic acid, or glucose. 

Fig. A.5 shows representative electropherograms employing these altered CDs (35 µg/mL) 

as adjuvants in the separation of mixtures of apo- and holo-Tf with UV detection at 200 

nm (Fig. A.5-A) and with LIF detection using a 375 nm laser and a 400 nm long pass filter 
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(Fig. A.5-B). Altering dot composition by using different precursors resulted in some CDs 

with the potential to improve the resolution of the individual components in a mixture of 

apo- and holo- Tf with further optimization and others that did not affect the mobility at 

all, as observed by UV detection and a single peak or broad hump from LIF detection. 

Although all of the chosen precursors result in CDs decorated with hydroxyl and carboxylic 

acid functional groups, the differences in their interaction with apo- and holo-Tf could be 

due to the ratio of carboxylic acid to hydroxyl functional groups on the surface, or 

differences in the carbon dot core, which may result from the arrangement of each 

precursor molecule as the carbon dot core was built, leading to the differences in the 

intrinsic fluorescence of the CDs from each precursor. Overall, CDs prepared from citric 

acid yielded the best resolution between the metallated, partially metallated, and 

demetallated forms of Tf. 

 Incubation time studies ranging from 2 – 197 min (time elapsed between 

preparation of Tf protein samples with added CDs and their analysis by CE) revealed no 

correlation between sample incubation time and peak area or migration time (data shown 

in Fig. A.6). Thus, CDs can be employed as separation adjuvants in CE studies without 

imposing any additional restrictions on method or time of sample preparation. This lends 

further credence to the utility of CDs as CE separation adjuvants. 

 

5.3.2.2. Effect of concentration of added CDs 

 CE experiments were conducted with different concentrations of CDs added to the 

sample preparations and separation buffer in order to determine the optimal concentration 

to enhance the separation of a mixture of apo- and holo-Tf.  The concentrations of CDs 
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tested were 2, 5, 7, 10, 25, 35, 50, 75, 100, 250 and 500 µg/mL. A subset of these 

representative electropherograms are shown in Fig. 5.3 (with the full concentration range 

shown in Fig. A.7). At CD concentrations of 2-7 µg/mL, only two peaks were observed for 

a sample mixture containing 25 μM each of apo-Tf and holo-Tf (Fig. 5.3-i). The addition 

of 10 µg/mL CDs gave rise to a broad signal with three unresolved components (Fig. 

5.3-ii). Upon the addition of anywhere from 25 – 500 µg/mL of CDs to the sample and 

separation buffer, three nearly resolved peaks were observed (Fig. 5.3-iii to -v).  It should 

 

 
Fig. 5.3. Abbreviated range of CDs concentrations tested with a mixture of apo- and holo-Tf (25 µM each). 

Concentrations of CDs shown are (i) 2 μg/mL, (ii) 10 μg/mL, (iii) 35 μg/mL, (iv) 100 μg/mL, and (v) 500 μg/mL. 

Electropherograms are vertically offset for clarity. A volume of 5 nL (2.1 sec at 45 mbar) was injected and 20 kV was 

applied. The separation occurred on an Agilent G1600A CE coupled with a DAD UV/Vis Detector at 25°C on a 50 μm 

i.d. capillary with an effective length of 24 cm and a total length of 32.5 cm. 

 



135 
 

be noted that sample compositions in Fig. 5.3 differ from the optimal sample conditions 

shown in Fig. 5.2 (optimal), due to the sequencing of experiments conducted. The samples 

in Fig. 5.3 were prepared in 25 mM tris – 100 mM tricine buffer (pH 7.4), with a 

concentration of CDs in the sample equal to half of the concentration in the separation 

buffer. Based on the results in Fig. 5.3 (and Fig. A.7), we determined the optimal 

concentration of CDs to be 35 µg/mL for the CE separation of the sample mixture of apo- 

and holo-Tf. While 25 – 500 µg/mL CDs also permitted the partial resolution of three peaks 

(attributed to apo-Tf, holo-Tf, and partially metallated Tf in the sample), the use of 35 

µg/mL CDs was chosen as a conservative value to afford the necessary separation while 

also accommodating any synthetic variations from different batches of CDs, or effects due 

to post synthesis clean-up, and to prevent a high baseline from the absorbance of the CDs 

themselves, should they have been used at higher concentrations.  

 

5.3.2.3. Separation buffer composition: background electrolyte, pH and concentration 

effects 

 A variety of different background electrolytes were tested as separation buffers in 

order to determine their effects on separation efficiency for sample mixtures containing 

apo- and holo-Tf.  These included buffers composed of phosphate, tris-tricine, tris-glycine, 

and tris-HCl, all at pH 7.4. Representative electropherograms obtained using each of these 

separation buffers for the analysis of a sample mixture containing 25 μM each of apo-Tf 

and holo-Tf with 35 μg/mL CDs are shown in Fig. 5.4-i to -v. Tris-tricine and tris-HCl 

separation buffers at pH 7.4 (Fig. 5.4-ii&v, respectively) afforded the best resolution (with 

three nearly resolved peaks representing apo-Tf, holo-Tf, and partially metallated Tf,), 
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albeit with the longest migration times relative to the other separation buffers tested. 

Calculated resolution values are summarized in Table A.II. The remaining separation 

buffers at pH 7.4 (10 mM phosphate, Fig. 5.4-i; 50 mM tris - 200 mM glycine, Fig. 5.4-iii; 

50 mM tris - 500 mM glycine, Fig. 5.4-iv) yielded faster eluting, unresolved peaks and so 

were not preferred above the tris-tricine and tris-HCl buffers.  

 Subsequently, the effect of separation buffer pH on the resolution of a mixture of 

apo- and holo-Tf with CDs was evaluated with phosphate and tris-tricine separation buffers 

at pH 4.4, 7.4, and 10.4.  No signal was observed in electropherograms recorded at pH 4.4 

 
Fig. 5.4. Separation buffer composition study for mixtures of apo- and holo-Tf (25 μM each) with CDs at pH 7.4 in 

different separation buffers. The separation buffers used were 10 mM phosphate (i), 50 mM tris – 200 mM tricine (ii), 

50 mM tris – 200 mM glycine (iii), 50 mm tris – 500 mM glycine (iv), and 50 mM tris-HCl (v). Electropherograms are 

vertically offset for clarity. A volume of 1.25 nL (5.2 sec at 1.3 psi) was injected and 20 kV was applied. The separation 

occurred on a Beckman Coulter P/ACE MDQ System coupled with a UV detector at 25°C on a 25 μm i.d. capillary 

with an effective length of 30 cm and a total length of 40 cm. 
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for both tris-tricine and phosphate buffers. At pH 7.4 the tris-tricine buffer gave rise to 

three peaks while the phosphate buffer gave rise to only two peaks (Fig. A.8-i and A.8-ii, 

respectively), while at pH 10.4 only one peak was observed for both tris-tricine and 

phosphate buffers (Fig. A.8-iii &iv, respectively). The lack of resolution afforded by pH 

4.4 and 10.4 separation buffers and by phosphate buffer relative to tris-tricine buffer at all 

pHs tested, led us to conclude that the tris-tricine buffer at pH 7.4 (with CDs) was optimal 

for the resolution of a sample mixture containing apo-Tf and holo-Tf (also with CDs). 

However, the optimal concentration for the tris-tricine buffer remained to be determined, 

and so a concentration study was undertaken, as described presently.  

 With a fixed concentration of 50.0 mM tris, we varied the concentration of tricine 

from 100.0 – 300.0 mM to create a series of separation buffers (each adjusted to pH 7.4, if 

necessary) in order to determine the optimum buffer concentration for this work. 

Representative electropherograms recorded for a Tf mixture sample using the various 

concentrations of tris-tricine separation buffer (at pH 7.4, both with and without CDs) are 

shown in Fig. A.9. At or above tricine concentrations of 200 mM we observed a significant 

increase in migration time for Tf; however, the increased resolution afforded by these 

higher concentration buffers, especially in the range of 200-250 mM tricine relative to 100-

175 mM tricine, suggested that 200 mM tricine was optimal.   

 Using this, we subsequently varied the tris concentration from 25.0 – 100.0 mM in 

the separation buffer while maintaining a pH of 7.4 to complete the buffer optimization 

process. Representative electropherograms for a sample mixture of apo- and holo-Tf 

revealed three peaks for 200 mM tricine separation buffers containing CDs with either 25 

mM or 50 mM tris (Fig. A.10-i and A.10-ii, respectively), but only two peaks were resolved 
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with the higher concentrations of tris in the separation buffer (75 mM, Fig. A.10-iii; 100 

mM, Fig. A.10-iv).  At all concentrations, we again verified that the presence of CDs (in 

the tris-tricine buffer and the Tf sample) was essential to achieving resolution of the various 

metallated forms of the protein (Fig. A.10).  Hence, 50 mM tris - 200 mM tricine (pH 7.4) 

containing 35 μg/mL CDs was chosen as the optimal separation buffer for this method.  

 

5.3.2.4. Optimizing capillary inside diameter and temperature 

 In addition to optimizing the separation buffer and sample preparation including 

CDs, we likewise studied the effects of capillary inside diameter and temperature on the 

resolution of a mixture of apo- and holo-Tf in order to optimize the overall separation 

method.  Separations were conducted using 20, 25, and 50 μm i.d. capillaries (as shown in 

Fig. A.11-A,B,&C, respectively), each thermostated at 15, 25, or 30oC, with the optimized 

buffer and sample conditions determined herein. Interestingly, variation in capillary inside 

diameter and temperature within the ranges conducted in this study did not have a marked 

impact on separation efficiencies. As expected, increased temperatures led to decreased 

migration times (due to reduced buffer viscosities), and the largest capillary (50 μm i.d.) 

produced broader, less resolved signals with greater absolute absorbances (due to greater 

sample loading). Based on these results, the 25 µm i.d. capillary operated at 15°C (Fig. 

A.11-B(i)) was chosen as optimal for this method.  

 Thus, the final optimized CE method, designed to afford the greatest resolution of 

a sample mixture containing various metallated forms of Tf protein, employs a 25 μm i.d. 

capillary at 15oC with a 50 mM tris - 200 mM tricine separation buffer (pH 7.4) containing 

35 µg/mL CDs, and samples prepared or sample buffer with 35 µg/mL CDs added. 
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5.4. Conclusions 

 The use of CDs as separation adjuvants in CE method development is presented as 

an opportunity to expand upon the usual repertoire of pseudo-stationary phases and buffer 

additives for enhanced separations. Carbon dots employed in this study were synthesized 

in-house by a simple method of oven pyrolysis of citric acid, although the use of other 

carbohydrate precursors is possible (especially N-acetylneuraminic acid and glucose) and 

may extend the utility of this method further still. It is of significance that CDs were found 

to interact differentially with the various forms of Tf protein (metallated, demetallated, and 

partially metallated), as evidenced by varying extents of fluorescence quenching (which 

occurred for holo-Tf but not apo-Tf), and by a much more pronounced change in 

electrophoretic mobility for apo-Tf relative to holo-Tf with CDs present in the sample and 

separation buffers. This differential association of CDs with metallated and demetallated 

proteins facilitated greater resolution of apo- and holo-Tf by CE, along with the added 

ability to discern an additional sample component in the resulting electropherograms, 

which is presumed to be a partially metallated form of the protein, arising from spontaneous 

metal ion exchange between holo-Tf and apo-Tf components of the sample. The 

mechanism of quenching observed for unmodified CDs interacting with  metallated Tf has 

yet to be determined and warrants further investigation to establish if the effect results from 

a closed protein conformation when Fe3+ ions are bound, or from the CDs interacting 

directly with the Fe3+ ions.  

In addition to studying the effect of CDs as sample and buffer additives, other CE 

parameters were optimized for this metalloprotein separation, including: sample 

preparation; separation buffer composition, concentration, and pH; and capillary inside 
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diameter and temperature. Specifically, by employing a 25 μm i.d. capillary at 15oC with 

a 50 mM tris - 200 mM tricine separation buffer (pH 7.4) containing  35 µg/mL CDs, we 

were able to resolve three peaks for a sample comprising 25 μM each of apo-Tf and holo-

Tf with 35 µg/mL CDs in water. Most importantly, resolution of these sample components 

was not possible in the absence of CDs. These results indicate that CDs are useful as CE 

buffer additives and can lead to improved resolution for challenging samples such as 

metallated protein mixtures. The application of CDs to other separation challenges in CE 

is a promising avenue for future studies.  
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CHAPTER 6 

 

INFLUENCE OF CARBON DOTS ON POLYMER ENHANCED  

CAPILLARY TRANSIENT ISOTACHOPHORESIS (PectI)  

SEPARATIONS OF METALLATED AND DEMETALLATED  

FORMS OF TRANSFERRIN PROTEIN 
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6.1. Introduction 

 Polymer enhanced capillary transient isotachophoresis (PectI) is a variant of 

capillary electrophoresis (CE) that relies on  the capillary transient isotachophoresis (ctITP) 

separation mechanism augmented by the presence of soluble polymer in the separation 

buffer system.1,2 Saito and colleagues1 showed that using polymer-enhanced buffers alone 

or ctITP alone was only  moderately successful for focusing bacterial [Bacillus globigi] 

and yeast [Saccharomyces cerevisiae] samples, with multiple peaks still detected for each 

sample in the resulting electropherograms. However, a combination of these techniques, 

coined as “PectI,” has been shown to collapse multiple bacteria peaks into a single peak 

and to enable the separation of bacteria from yeast in a mixture.1 Additionally, PectI was 

employed for the separation and detection of same genus, gram-positive bacteria, Bacillus 

globigii and Bacillus subtilis.2 This polymer-modified version of ctITP has also been 

successfully applied as a selection methodology for DNA aptamers bound to microbes3 

and for human lung cancer cell line (PC-9) complexed with DNA aptamer candidates from 

a randomized DNA library.4  In the PectI system, analytes are concentrated into narrow 

bands based on isotachophoresis principles, and then separated by capillary zone 

electrophoresis (CZE) after the leading and terminal zones are transiently mixed.2,3 It is 

believed that polymer buffer additive (polyethylene oxide, PEO 600,000) focuses and 

maintains the integrity of the zones of analytes during the CZE portion of the separation.  

 In an effort to capitalize on the high resolving power of PectI, and to tailor the 

method to the separation of metallated proteins, we hypothesized that further augmentation 

of the PectI system by the addition of CDs could lead to enhanced resolution of metallated 

proteins. Recall in Chapter 5 that CDs synthesized from the pyrolysis of citric acid provided 
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the best resolution of various forms of transferrin (Tf) in CE separations. Tf is an iron 

transport protein with a demetallated form (apo-Tf) and three possible metallated forms 

(including a fully metallated (holo-Tf) form with two bound Fe3+ ions, and two partially 

metallated forms arising due to a single Fe3+ ion bound only to the C-lobe or only to the N-

lobe of the protein). In the CE separation of a mixture of apo- and holo-Tf employing CDs 

as a buffer additive, the two partially metallated forms of Tf could not be completely 

resolved.5 To improve upon the CD-aided CE separation of Tf, we hypothesized that 

adding CDs to the PectI buffers could possibly resolve the demetallated, fully metallated 

and two partially metallated forms of Tf by combining the focusing effects of PectI and the 

differential binding of CDs to metallated proteins. 

 Hence, the goal of this work was to examine the influence of unmodified CDs, as 

part of a PectI system for Tf separations. Optimization of separation voltage, sample buffer 

composition, capillary inside diameter, and injection volume to establish a PectI-UV 

method for mixtures of metallated and demetallated forms of Tf protein was conducted 

prior to determining the influence of CDs on the PectI separation of Tf. The utility of the 

CD-modified PectI method was assessed by determining the resolution (Rs) between fully 

metallated, partially metallated, and demetallated Tf, along with determining changes in 

electrophoretic (µep) and electroosmotic mobility (µeo). The results of this study indicated 

that there is no “universal” form of CD suitable to all separations, and that the resolving 

power of PectI is not necessarily increased just by including CDs as an additional buffer 

component for selectivity. Recall from Fig. A.4-iv, N-doped CDs were unable to resolve 

metallated and demetallated forms of Tf by CE. Additionally, unmodified CDs synthesized 

by autoclave had no impact on the resolution of metallated and demetallated Tf. Thus, the 
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composition of the CDs used in CE-based separations is critical to the resolving power of 

those methods, more so than the underlying electrophoretic separation mechanism at play.  

 

6.2. Materials and Methods 

6.2.1. Reagents 

 Citric acid (> 99.5%), glycine (≥ 99.0%, NT), and polyethylene oxide (PEO 600,000) 

were purchased from Sigma-Aldrich (St. Louis, Mo). HCl (ACS Grade), and NaOH (ACS 

Grade) were purchased from Fisher Scientific (Suwanee, GA). Human apo-transferrin 

(“Apo-Tf”) (≥ 95%) and  human holo-Tf (≥ 95%) were purchased from Calbiochem (San 

Diego, CA).Tricine (electrophoresis grade) was purchased from MP Biomedicals (Solon, 

OH) and tris(hydroxymethyl)aminomethane (Amresco Life Science – proteomics grade) was 

purchased from VWR (Atlanta, GA). Ultrapure water, purified using a Milli-Q® Reagent 

Ultrapure water System from EMD Millipore Corporation (Billerica, MA), was used for 

all aqueous samples and solutions. 

 

6.2.2. Carbon dots 

 The CDs used in this work were prepared in-house following the method from Dong 

and colleagues6 with some modifications. Briefly, 2 g of dry citric acid in a 20-mL disposable 

scintillation vial was heated in a Fisher Scientific Isotemp oven (model 506G, Waltham, 

MA) at 180°C for four hours. Alternatively, 2 g of dry citric acid was placed in the 50 mL 

Teflon autoclave liner of a standard stainless steel 304 autoclave reactor (purchased from 

Labware, part number 2T50, from Amazon.com), and was heated  in the oven at 180°C for 

24 hours. The resulting dark orange liquid was cooled and 20 mL of 50 mM NaOH was 
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added to the scintillation vial (or autoclave reactor), followed by sonication using a 2510 

Branson sonicator (Branson Ultrasonics Corporation, Danbury, CT) for 30 min to resuspend 

the CDs. Three, 0.5-mL aliquots of the resulting NaOH or water suspensions of CDs were 

lyophilized with a FreeZone 2.5 Liter -84°C Benchtop Freeze Dryer (Labconco, Kansas City, 

MO), and the mass of the resulting dried product was found. The average mass of three dried 

CD aliquots served as a representative mass-per-volume (mg/mL) concentration of CDs for 

the batch. In some cases a post-synthesis cleanup was performed by dialyzing (Float-a-Lyzer 

G2, MWCO 500-1000 D, from Spectrum Labs, purchased from Fisher Scientific, Suwanee, 

GA) about 5 mL of the NaOH suspension of CDs against ultrapure water for eight hours, 

changing the ultrapure water every two hours.  

Variations in dot composition were achieved by suspending the CDs in 200 mM NaOH 

or ultrapure water. For example, citric acid was carbonized as described above, and the 

resulting dark orange liquid was cooled before adding 20 mL of 200 mM NaOH and 

sonicating for 30 min to resuspend the CDs, followed by dialysis. Alternatively, after 

carbonization of citric acid, 20 mL of ultrapure water was added followed by sonication. The 

resulting CDs were stored at room temperature protected from light until needed. 

 

6.2.3. Separation Buffer and Sample Preparation 

 Stock solutions (1.0 M) of each buffer component (tris, and tricine), 2.0 M glycine,  

and 0.25% PEO 600,000 were prepared separately by dissolving the appropriate mass of 

reagent in ultrapure water, quantitatively transferring to a volumetric flask and filling to the 

line with ultrapure water. The resulting stock solutions were filtered (0.2 µm nylon syringe 

filter, VWR, Atlanta, GA) and stored in a polypropylene or HDPE vessel at 2-8°C until 
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needed. The stock solutions were brought to room temperature before use. The tris-HCl PectI 

separation buffer was prepared to a final concentration of 50 mM tris with 0.0125% PEO 

600,000 and adjusted to a pH 7.4 by dropwise addition of 1.0 M HCl. Two tris-glycine 

sample buffers for PectI studies were prepared to a final concentration of 62.0 mM tris-

1000.0 mM glycine with 0.025% PEO 600,000 (unadjusted pH 8.19) and 50.0 mM tris-200.0 

mM glycine with 0.025% PEO 600,000 (unadjusted pH 8.5). Additionally, a tris-tricine PectI 

sample buffer was prepared to a final concentration of 50.0 mM tris-200.0 mM tricine with 

0.025% PEO 600,000 (unadjusted pH 7.4).Separate apo- and holo-Tf stock solutions (250 

µM each) were prepared by dissolving 0.01 g of apo-Tf or holo-Tf in 500 µL of filtered 

ultrapure water (0.2 µm, nylon syringe filter) in a 1.6 mL microcentrifuge vial. Unused Tf 

stock solutions (of apo- and holo-Tf, separately) were portioned into 5 µL aliquots and stored 

at -20°C until needed.   

 Samples were prepared for analysis by adding the appropriate volumes of stock 

solutions of apo-Tf, holo-Tf, or both to a 0.6 mL microcentrifuge vial (Fisher Scientific, 

Suwanee, GA), followed by dilution with the appropriate volumes of sample buffer (with or 

without 70 µg/mL CDs) and ultrapure water (producing a sample with a total volume of 50 

µL) such that the final buffer concentration was reduced by half. A 25.6 µL aliquot of the 

NaOH suspension of CDs was diluted approximately 390-fold with separation buffer in a 

10.00 mL volumetric flask (resulting in a separation buffer with a final concentration of 35 

µg/mL CDs), and a 2.56 µL aliquot of the NaOH suspension of CDs was diluted 195-fold 

with 497.44 µL of sample buffer in a 1.6 mL microcentrifuge tube (resulting in sample buffer 

with a final concentration of 70 µg/mL CDs). The sample vial was then vortexed to mix all 

constituents, and the solution therein (containing various combinations of apo-Tf, holo-Tf, 
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buffer, and CDs, as needed) was transferred to a clean, dry, injection vial (Agilent, 250 µL 

or Beckman, 200 µL). 

 

6.2.4. Instrumentation 

 PectI and CE studies were conducted using a P/ACE MDQ CE System with 32Karat 

software (Beckman Coulter, Redwood City, CA, USA) or an Agilent G1600A CESystem 

equipped with Chemstation software. Detection was performed by UV absorbance at 200 nm 

for the Beckman Coulter and Agilent CE systems, or by laser-induced fluorescence (LIF) 

using a 375 nm diode laser with 5 mW output power (Oz Optics Ltd., Carp, ON, Canada) 

and 400 nm long pass filter (Omega Optical, Brattleboro, VT, USA) for the Beckman-

Coulter CE system. All CE experiments employed uncoated, fused-silica capillaries 

(Polymicro Technologies, Phoenix, AZ, USA) with different lengths and inside diameters 

(as specified in the Results and Discussion section). 

 

6.3. Results and Discussion 

6.3.1. Method development and optimization for the PectI separation of apo- and holo-Tf 

6.3.1.1. Studying the effects of separation voltage, sample buffer composition, and CDs 

as sample additives 

 Carbon dots were shown to interact preferentially with demetallated (relative to 

metallated) Tf in CE separations (as discussed previously; see Chapter 5, Fig. 5.2 and 

Appendix A, Fig. A.2), and so we expected that CDs added to both the PectI sample and 

separation buffer would likewise be able to discriminate between protein forms. The 

capillary length, inside diameter, temperature, and injection volume for these CD-modified 
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PectI studies were the same as in the optimized CE method presented in Chapter 5.  Apo- 

and holo-Tf samples were analyzed by PectI with UV detection, using a 50 mM tris-HCl 

with 0.0125% PEO 600,000 (pH 7.4) as the separation buffer, with or without added CDs.  

Using this separation buffer, we then set out to determine the effect of sample buffer 

composition by preparing the Tf samples in each of the following solutions (with or without 

added CDs): 31 mM tris - 500 mM glycine with 0.0125% PEO 600,000 (pH 8.2); 25 mM 

tris - 100 mM glycine with 0.0125% PEO 600,000 (pH 8.5); and 25 mM tris - 100 mM 

tricine with 0.0125% PEO 600,000 (pH 7.4).  A separation voltage of 5, 10, or 20 kV was 

applied to effect the PectI separation of mixtures of apo- and holo-Tf (25 µM each) in each 

sample buffer. Representative electropherograms are shown in Fig. 6. 1 for Tf protein 

samples prepared in the 31 mM tris - 500 mM glycine - 0.0125% PEO 600,000 (pH 8.19) 

sample buffer without CDs (dashed lines) and with CDs (solid lines) added to both the 

sample and separation buffer. The final concentration of CDs was 35 µg/mL in all cases 

(solid lines) for separations at (i) 20 kV, (ii) 10 kV, and (iii) 5 kV. CDs used in these studies 

were synthesized by carbonization of citric acid in an oven for 4 hours, followed by 

suspension in 50 mM NaOH and dialysis against ultrapure water for 8 h prior to use, unless 

otherwise stated.  
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 Fig. 6.1-A(i) and Fig.6.1-B, blue traces, represent the separation of a mixture of 

apo- and holo-Tf (25 µM each) samples prepared without CDs (dashed lines) and with 

added CDs (solid lines) at 20 kV. The first peak seen in each electropherogram represents 

the electroosmotic flow marker and is not due to sample. A single peak with a fronting 

shoulder, representing all unresolved Tf species, was observed without CDs, whereas a 

series of three peaks were observed holo-Tf, partially metallated Tf, apo-Tf with added 

CDs. Peak identities were confirmed by injecting pure sample of each form of Tf. The 

changes in migration times and electrophoeretic mobilities of apo- and holo-Tf, along with 

the change in electroosmotic mobility presented in Table 6.I for the separation at 20 kV, 

support the conclusion from Chapter 5 that CDs interact with apo-Tf to a greater extent 

than with holo-Tf.  The resolution between apo-Tf and the partially metallated Tf was 0.6 

 

Table 6.I. Comparison of migration times, electrophoretic mobility (µep), and electroosmotic mobility (µeo) of 

from PectI separations of demetallated and metallated Tf without and with added CDs at 20, 10, and 5 kV. 

  Demetallated Tf Metallated Tf 

  without 

CDs 
with CDs %Change 

without 

CDs 
with CDs %Change 

20 kV 

Migration time 

(min) 
3.08 3.22 4.7% 3.08 3.10 0.8% 

µep (cm2V-1s-1) -0.00334 -0.00401 20.0% -0.00334 -0.00329 -1.7% 

µeo (cm2V-1s-1) 0.0229 0.0226 -0.9% - - - 

10 kV 

Migration time 

(min) 
6.11 6.47 5.9% 6.18 6.23 0.8% 

µep (cm2V-1s-1) -0.00318 -0.00403 26.8% -0.00340 -0.00331 -2.8% 

µeo (cm2V-1s-1) 0.0228 0.0226 -1.1% - - - 

5 kV 

Migration time 

(min) 
12.2 12.9 5.7% 12.5 12.4 -0.5% 

µep (cm2V-1s-1) -0.00358 -0.00341 -4.8% -0.00318 -0.00416 31.0% 

µeo (cm2V-1s-1) 0.0228 0.0227 -0.4% - - - 
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and between holo- and partially metallated Tf was 1.1. Resolution was approximated by 

triangulation of the peaks to determine the base width.  

The PectI separation of a mixture of apo- and holo-Tf samples prepared without 

(dashed lines) and with (solid lines) added CDs conducted at 10 kV is shown in Fig. 6.1-A 

(ii) and Fig. 6.1-C (red traces).  A split peak (incomplete resolution) was observed for the 

mixture of apo- and holo-Tf without added CDs. Upon the addition of CDs to sample and 

separation buffer, three discernible peaks were observed. Changes in migration times and 

electrophoretic mobilities of demetallated and metallated Tf, as well as the change in 

electroosmotic mobility due to the addition of CDs for the 10 kV separations, are presented 

in Table 6.I. The resolution between apo- and holo-Tf without CDs was 0.6, and with CDs 

added, the resolution between the partially metallated Tf and apo-Tf improved to 1.3, with 

the resolution of holo-Tf and partially metallated Tf achieved at 2.1.  

 The green traces (Fig. 6.1-A(iii) and Fig. 6.1-D) show the PectI separation of a 

mixture of apo- and holo-Tf samples conducted at 5 kV without CDs (dashed lines) and 

with added CDs (solid lines). Table 6.I show a comparison of the migration times and 

electrophoretic mobilities of apo- and holo-Tf as well as the electroosmotic mobility from 

the 5 kV separations in the absence and presence of CDs. The resolution between apo-Tf 

and partially metallated Tf was 0.7 and between holo-Tf and partially metallated Tf was 

0.4 without CDs. Upon the addition of CDs, the resolution between apo-Tf and partially 

metallated Tf was 1.3, and between holo-Tf and partially metallated Tf, the resolution was 

2.3.  

 Changing the separation voltage (over the range from 5 – 20 kV) had little to no 

effect on the impact of CDs in the PectI separations. The electroosmotic mobility decreased 
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as a result of adding CDs to the separation and sample buffers at all three voltages tested. 

This decrease in electroosmotic mobility means that the separation was slightly slower with 

CDs present compared to the separation that occurred without CDs. The slower separation 

was accompanied by a decrease in electrophoretic mobility of holo-Tf and an increase in 

electrophoretic mobility of apo-Tf. This suggests that the interaction of apo-Tf with CDs 

renders the protein more negative relative to free apo-Tf or holo-Tf, which in turn results 

in the slower migration of apo-Tf towards the cathode in these PectI studies. This is 

consistent with the results observed in the CE separations of Tf with CDs (Chapter 5 Fig. 

5.2). Therefore, this study confirms that CDs have a similar effect on the separation of Tf 

species by either CE or PectI-based separation mechanisms, and that changes in the 

separation voltage similarly affect the overall separation time in both methods (with lower 

voltages resulting in increased times migration times and increased resolution between the 

peaks).  

 The effect of separation voltage was also tested on PectI separations of Tf 

employing different buffer compositions. Recall that we successfully employed a 31 mM 

tris - 500 mM glycine - 0.0125% PEO 600,000 (pH 8.19) sample buffer with a 50 mM tris-

HCl - 0.0125% PEO 600,000 (pH 7.4) separation buffer in the PectI studies shown in Fig. 

6.1. Additionally, we employed a sample buffer composed of 25 mM tris - 100 mM glycine 

with 0.0125% PEO 600,000 (pH 8.5), without and with added CDs (data not shown). For 

a Tf sample mixture, this reduced concentration sample buffer resulted in the appearance 

of an unresolved split peak without CDs, and an unresolved cluster of three peaks with 

CDs by PectI at 20 kV. The electropherograms from the PectI experiments conducted at 

10 kV and 5kV with this reduced concentration sample buffer resulted in similar peak 
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patterns, each with lesser resolution than was achieved with the 31 mM tris - 500 mM 

glycine (pH 8.19) - 0.0125% PEO 600,000 sample buffer with CDs added (as in Fig. 6.1). 

Yet another sample buffer (25 mM tris - 100 mM tricine (pH 7.4) with 0.0125% PEO 

600,000) was tested in PectI experiments conducted at 5, 10, and 20 kV with Tf samples 

(data not shown), and it, too, gave rise to poorer resolution. 

 Thus, it was determined that subsequent PectI separations would be conducted at 5 

kV using a 31 mM tris - 500 mM glycine sample buffer with 0.0125% PEO 600,000 and 

added CDs in order to achieve the greatest resolution of demetallated, partially metallated 

and fully metallated forms of Tf.  

 

6.3.1.2. Studying the effects of voltage and capillary inside diameter 

 PectI-UV experiments were conducted at three voltages (5, 10, and 20 kV) using 

capillaries with inside diameters of 25 µm and 50 µm to determine the effects of these 

experimental parameters on the resolution of mixtures of apo- and holo-Tf (25 µM each) 

with added CDs. Representative electropherograms are shown in Fig. 6.2-A&B for the 25 

µm and 50 µm inside diameter capillaries, respectively, conducted at (i) 20 kV, (ii) 10 kV, 

and (iii) 5 kV separation voltages, all with added CDs.  The sample volumes injected on 

the 25 µm and 50 µm capillaries were 0.5 nL and 5 nL, respectively. 
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Regardless of separation voltage applied, the 25 µm capillary gave rise to better 

resolution for the mixture of apo- and holo-Tf with added CDs, compared to the 50 µm 

capillary. Table 6.II shows resolution values between demetallated and partially metallated 

Tf together with resolution values for fully metallated and partially metallated Tf for 

separations employing 25 µm and 50 µm i.d. capillaries. The electropherograms from the 

25 µm capillary at 5 kV provided the greatest separation between the three Tf peaks, 

confirming that a capillary with 25 µm inside diameter and 5 kV are optimal for PectI 

separations of demetallated, partially metallated and fully metallated forms of Tf. 

 

6.3.1.3. Studying the effect of injection volume 

 An injection volume study was conducted using the optimized parameters from 

Section 6.3.1.1 and 6.3.1.2 for PectI-UV to determine the effect on the resolution of a 

mixture of apo- and holo-Tf (25 µM each). Representative electropherograms obtained 

with added CDs are shown in Fig. 6.3 for (i) 0.5 nL, (ii) 2.5 nL, (iii) 5 nL, and (iv) 10 nL 

sample injections. Fig. 6.3 reveals a decrease in resolution between apo- and holo-Tf as the 

 

Table 6.II. Resolution values for demetallated/partially metallated and metallated/partially metallated Tf from 

PectI separations on 25 µm i.d and 50 µm i.d capillaries at 20, 10, and 5 kV. 

  Demetallated/Partially 

metallated 

Metallated/Partially 

metallated 

25 µm i.d. 

20 kV 0.2 1.7 

10 kV 1.1 1.8 

5 kV 1.3 2.3 

50 µm i.d. 

20 kV 1.1* 1.1* 

10 kV 1.0* 1.0* 

5 kV 0.5 0.9 

*Rs between apo- and holo-Tf (no partially metallated Tf peak observed) 
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injection volume is increased. However, smaller injections result in lower signal intensities. 

For this Tf sample mixture, an injection volume of 2.5 nL (Fig. 6.3-ii) was chosen as a 

compromise between signal intensity and resolution. 

 

 Additionally, an injection volume study was conducted on a 50 µm capillary. Larger 

inside diameter capillaries will give rise to larger injection volumes (and hence, increased 

peak heights and areas); however, the sample focusing mechanism associated with the 

PectI separation method is known to be able to accommodate larger sample volumes 

 

 
Fig. 6.3. Representative PectI electropherograms for a mixture of apo- and holo-Tf (25 µM each) with CDs at injection 

volumes of  (i) 0.5 nL, (ii) 2.5 nL,  (iii) 5 nL, and (iv) 10 nL. Electropherograms are vertically offset for clarity. The 

separation occurred on a Beckman Coulter P/ACE MDQ CE System with UV detector at 15°C on a 25 µm i.d. capillary 

with an effective length of 30 cm and a total length of 40 cm. 
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without loss of resolution.1 As such, we wanted to determine if we could capitalize on the 

advantage of larger injection volumes afforded by the PectI separation mode while still 

maintaining the resolution we had been able to achieve with the smaller (25 µm) i.d. 

capillary.  Volumes tested were 5 nL, 10 nL, and 20 nL, which showed peaks corresponding 

to apo- and holo-Tf and a shoulder on the apo-Tf peak corresponding to the partially 

metallated Tf at 5 nL and 10 nL injections, and a single peak at the 20 nL injections (data 

not shown). This decrease in resolution as the injection volume increased implies that even 

with the advantage of larger injection volumes enabled by the PectI mode (relative to the 

regular CZE mode), the 50 µm capillary was not suitable for this separation. 

 Hence, the final optimized PectI separation conditions for the greatest resolution of 

a sample mixture containing various metallated forms of Tf protein utilized a 25 µm i.d. 

capillary at 15°C with a 50 mM tris-HCl separation buffer (pH 7.4) with 0.0125% PEO 

600,000 containing 35 µg/mL CDs. Samples were prepared in 31 mM tris – 500 mM 

glycine with 0.0125% PEO 600,000 (pH 8.2) sample buffer with 35 µg/mL CDs added. 

The optimized voltage was 5 kV and an injection volume of 2.5 nL was selected as a 

suitable compromise between resolution and signal intensity. 

 

6.3.2. PectI-LIF versus PectI-UV: comparison of linearity and sensitivity 

 Linearity, and sensitivity were determined for the PectI-UV and the PectI-LIF 

methods with added CDs for equimolar mixtures of Tf proteins. Samples prepared at 

concentrations from 0 µM to 50 µM Tf were injected three times at each concentration 

level. The total peak areas (calculated using 32Karat software) for the three replicates were 

averaged and plotted as a function of Tf concentration to generate calibration curves for 
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PectI-LIF and PectI-UV. Calibration curves were used to determine the sensitivity of each 

method, which is the ability to distinguish even small changes in analyte concentration and 

is determined by the slope of the linear regression or best-fit line.  Fig. 6.4 illustrates 

representative PectI-LIF (A) and PectI-UV (B) electropherograms for equimolar mixtures 

of apo- and holo-Tf with added CDs, along with the resulting calibration curves (as insets 

to the figure). 

A single peak with a fronting shoulder was observed in the PectI-LIF 

electropherograms (Fig. 6.4-A) for equimolar mixtures of apo- and holo-Tf, whereas three 

distinct maxima were observed in the PectI-UV electropherograms (Fig. 6.4-B). The R2 

values for calibration curves were 0.9865 and 0.9979 for LIF and UV detection, 

respectively. The slopes (sensitivities) of these calibration curves were 275,886 peak 

area/µM for LIF detection and 36,752 peak area/µM for UV detection. The dominant peak 

observed in the PectI-LIF electropherograms for mixtures of apo- and holo-Tf most likely 

corresponds to apo-Tf due to the preferential interaction of CDs with apo-Tf. Recall Fig. 

5.1-A from Chapter 5, no change in fluorescence intensity was observed upon mixing apo-

Tf with CDs. Thus, the signal observed in these PectI-LIF electropherograms for the CDs 

complexed with demetallated Tf is from the intrinsic fluorescence of the CDs. The three 

maxima observed in PectI-UV confirm that metallated and demetallated species of Tf are 

present because the total peak area represents the entire quantity of Tf present.  
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Fig. 6.4. Representative PectI-LIF (A) and PectI-UV (B) electropherograms for mixtures of apo- and holo-Tf at 

equimolar concentrations increasing from 0 µM to 50 µM. A volume of 2.5 nL was injected and 5 kV was applied. The 

separation occurred on a Beckman Coulter P/ACE MDQ CE System with UV detector at 15°C on a 25 µm i.d. capillary 

with an effective length of 30 cm and a total length of 40 cm. Inset: Total peak area for each replicate was calculated 

using 32Karat software and the average peak area was plotted as a function of Tf concentration. A linear increase in 

peak area was observed as the Tf concentration was increased. 
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 PectI-LIF separations of holo-Tf alone (data not shown) gave rise to negative peaks 

at each protein concentration tested, while single positive peaks were obtained for each 

holo-Tf concentration in PectI-UV separations (data not shown). Recall Fig. 5.1-B from 

chapter 5, where a quenched signal was observed as holo Tf was mixed with CDs. 

Therefore, the negative peaks observed in PectI-LIF experiments for holo-Tf samples are 

consistent with the previously described findings, and are likely a result of the CDs 

interacting with the bound iron atom, not the protein itself. The R2 values for holo-Tf 

calibration curves were 0.9993 for PectI-LIF and 0.9930 for PectI-UV and the slopes were 

24,445 peak area/µM and 16,601 peak area/µM, respectively. Both methods have 

acceptable linearity, and the LIF method is more sensitive than the UV method due to the 

larger slope; however, negative peaks are not a desirable measurable in an analytical 

method, and thus the LIF method is not suitable for holo-Tf. 

 Electropherograms obtained for apo-Tf alone by PectI-LIF and PectI-UV (data not 

shown) showed a single peak at the concentrations tested. Recall from chapter 5 Fig. 5.2-iii, 

CDs interact preferentially with apo-Tf, resulting in a shift in migration time of apo-Tf in 

the presence of CDs. Therefore, the intensity of the signal observed in PectI-LIF is due to 

the intrinsic fluorescence of the CDs, not from the interaction of CDs with apo-Tf. The R2 

values for apo-Tf calibration curves with LIF and UV detection were 0.9926 and 0.9847, 

respectively, and the slopes were 489,322 peak area/µM and 22,158 peak area/µM, 

respectively. PectI-LIF is a better method for the analysis of apo-Tf because the linearity 

and sensitivity are higher compared to PectI-UV. 

 A progressive shift (increase) in migration time with increasing Tf concentration 

was observed for all cases tested. This shift is characteristic of incomplete binding, similar 
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to that observed in affinity capillary electrophoresis studies.7 The identities of peaks 

observed by PectI-LIF for mixtures of metallated and demetallated Tf were confirmed by 

single protein responses. Based on these studies, it was determined that LIF detection 

would not be preferential for holo-Tf, but could lead to selective detection for apo-Tf, since 

the signal for this protein was not diminished. Taken collectively, these results indicate that 

the PectI-UV method would be best for mixtures of apo- and holo-Tf, given the adequate 

sensitivity it displays for all Tf forms.  

 

6.3.3. Effect of pyrolysis method and matrix for suspension of carbon dots 

 While CDs have been shown to enhance the separation of the various forms of Tf 

protein, it remained to be seen how the preparation of those CDs affected their role in 

protein separations. To this end, CDs prepared (from dry citric acid) by oven pyrolysis and 

in an autoclave reactor were suspended in 50 mM NaOH, 200 mM NaOH, or ultrapure 

water to assess the effects of the CD suspension matrix. The CDs prepared by oven or 

autoclave pyrolysis and suspended in 50 mM NaOH or 200 mM NaOH were dialyzed to 

remove the sodium ions and any unreacted citric acid.  Representative PectI-UV 

electropherograms for mixtures of Tf proteins obtained (i) without CDs, (ii) with dialyzed 

CDs prepared by oven pyrolysis with suspension in 50 mM NaOH, (iii) with CDs prepared 

by autoclave pyrolysis with suspension in 50 mM NaOH, (iv) with dialyzed  CDs prepared 

by autoclave pyrolysis with suspension in 200 mM NaOH, (v) with dialyzed CDs prepared 

by oven pyrolysis with suspension in 50 mM NaOH, (vi) with  CDs prepared by autoclave 

pyrolysis with suspension in ultrapure water, and (vii) with CDs prepared by oven pyrolysis 

with suspension are shown in Fig. 6.5.  
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 A split peak was observed in the absence of CDs (Fig. 6.5-i) and for the three 

electropherograms obtained with autoclave CDs (Fig. 6.5-iii, iv, & vi). Three peaks (not 

baseline resolved) were observed for the electropherograms obtained with CDs from oven 

pyrolysis, regardless of the suspension matrix or dialysis clean-up applied to these dots 

(Fig. 6.5. ii, v, & vii). The CDs that gave rise to the signal with the best resolution for the 

mixture of apo- and holo-Tf were the dialyzed oven CDs suspended in 200 mM NaOH 

(Fig. 6.5-v). These results indicate that the solution matrix of the CD following its 

 
Fig. 6.5. Representative PectI electropherograms for a mixture of apo- and holo-Tf (25 µM each) (i) without CDs (ii) 

with dialyzed oven CDs, (iii) autoclave dry CDs suspended in 50 mM NaOH, (iv) dialyzed autoclave dry CDs 

suspended in 200 mM NaOH, (v) dialyzed oven CDs suspended in 200 mM NaOH, (vi) autoclave CDs suspended in 

water, and (vii) oven CDs suspended in water. Electropherograms are vertically offset for clarity. A volume of 2.5 nL 

was injected and 5 kV was applied. The separation occurred on a Beckman Coulter P/ACE MDQ CE System with UV 

detector at 15°C on a 25 µm i.d. capillary with an effective length of 30 cm and a total length of 40 cm.  
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preparation has relatively little effect on the PectI separation. However, the pyrolysis 

method (oven versus autoclave) seems to have a significant impact on the composition or 

functionality of the CDs, which translates into an impact on the interaction of CDs with Tf 

proteins in this case, and subsequently, an impact on the resulting PectI separations. The 

peak corresponding to partially metallated Tf is only observed in the electropherograms of 

mixtures of apo- and holo-Tf with CDs synthesized by oven pyrolysis but not by autoclave 

pyrolysis.  

 

6.3.4. Comparison of PectI and CE separations of Tf 

6.3.4.1. CE Voltage Study 

 In normal CE method optimization, a study of the effect of separation voltage is 

typically undertaken, and so we set out to do the same for both CE and PectI separations 

of Tf involving CDs. The optimized CE method presented in Chapter 5 was utilized to 

study the impact of voltage on the resolution of apo- and holo-Tf (25 µM each), as shown 

in Fig. 6.6. This can be compared to the impact of voltage on the PectI separations as shown 

in Fig. 6.1. Representative CE electropherograms without added CDs (dashed lines) and 

with added CDs (solid lines) for separations at (i) 20 kV, (ii) 10 kV, and (iii) 5 kV are 

shown in Fig. 6.6-A. Enlarged images at 20 kV, 10 kV and 5 kV are shown in Fig. 6.6-B, 

C, & D, respectively. The optimized CE separation buffer -- namely, 50 mM tris - 200 mM 

tricine (pH 7.4) -- was employed and samples were prepared in pure water. The CDs used 

in this study were synthesized by oven pyrolysis of citric acid for 4 hours, and suspended 

in 50 mM NaOH, followed by dialysis for 8 hours against ultrapure water.  
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 The blue electropherograms shown in Fig. 6.6-A(i) and Fig. 6.6-B represent the CE 

separation of mixtures of apo- and holo-Tf (25 µM each) at 20 kV without and with added 

CDs, respectively. Table 6.III summarizes the changes in migration times and 

electrophoretic mobilities of demetallated and metallated forms of Tf, together with the 

change in electroosmotic mobility for separations at 20 kV, resulting from the addition of 

CDs to the separation buffer and the sample.  The resolution increased as a result of added 

CDs, from Rs = 0.1 between apo- and holo-Tf without added CDs to Rs = 0.4 between apo- 

and partially metallated Tf and Rs = 1.3 between holo- and partially metallated Tf. 

Differences observed in the percent change and the mobilities here compared to Fig. 5.2 

from chapter 5 are due to a different preparation of CDs.  

 

 

Table 6.III. Comparison of migration times, electrophoretic mobility (µep), and electroosmotic mobility (µeo) of 

from CE separations of demetallated and metallated Tf without and with added CDs at 20, 10, and 5 kV. 

  Demetallated Tf Metallated Tf 

  without 

CDs 

With 

CDs 
%Change 

without 

CDs 

With 

CDs 
%Change 

20 kV 

Migration time 

(min) 
3.17 3.30 4.1% 3.18 3.18 0.1% 

µep (cm2V-1s-1) -0.00255 -0.00345 35.5% -0.00262 -0.00281 7.1% 

µeo (cm2V-1s-1) 0.0215 0.0217 0.8% - - - 

10 kV 

Migration time 

(min) 
6.16 6.49 5.4% 6.25 6.22 -0.5% 

µep (cm2V-1s-1) -0.00262 -0.00372 42.1% -0.00289 -0.00290 0.4% 

µeo (cm2V-1s-1) 0.0221 0.0222 0.5% - - - 

5 kV 

Migration time 

(min) 
12.6 13.2 5.0% 12.8 12.6 -1.0% 

µep (cm2V-1s-1) -0.00264 -0.00375 42.1% -0.00291 -0.00292 0.5% 

µeo (cm2V-1s-1) 0.0217 0.0219 1.0% - - - 
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The red electropherograms (Fig 6.6-A(ii) and Fig. 6.6-C) depict the CE separation 

of mixtures of apo- and holo-Tf (25 µM each) at 10 kV without and with added CDs. A 

comparison of the changes in migration times and electrophoretic mobilities for apo- and 

holo-Tf, along with the change in electroosmotic mobility in the presence of CDs for CE 

separations at 10 kV, are shown in Table 6.III. Without added CDs, the resolution was 0.8 

between apo- and holo-Tf. The resolution improved upon the addition of CDs (to Rs = 1.3 

between apo- and partially metallated Tf and Rs = 1.7 between holo- and partially 

metallated Tf). 

 The green electropherograms (Fig. 6.6-A(iii) and Fig. 6.6D) illustrate the CE 

separation of mixtures of apo- and holo-Tf (25 µM each) at 5 kV without and with CDs 

added to the separation buffer and the sample. Table 6.III shows the changes in migration 

times and electrophoretic mobilities of apo- and holo-Tf, as well as the changes in 

electroosmotic mobility due to addition of CDs, for CE separations at 5 kV.  Without added 

CDs, the resolution between apo- and holo-Tf was Rs = 0.8, but with added CDs, the 

resolution improved to Rs = 1.4 between apo- and partially metallated Tf and to Rs = 2.0 

between holo- and partially metallated Tf. 

 Decreasing the voltage had little to no influence on the results of the CE separation 

of Tf with added CDs. An increase in the electroosmotic mobility, and in the 

electrophoretic mobility of apo- and holo-Tf, was observed. The percent change in 

mobilities of apo- and holo-Tf as a result of added CDs from this study are consistent with 

those from Fig. 5.2 and Fig. A.2 from Chapter 5 and Appendix A, respectively. 

Interestingly, the electroosmotic mobility was slightly increased in CE separations of Tf 

shown in Fig. 6.6 and slightly decreased in PectI separations of Tf from Fig. 6.1 as a result 
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of added CDs at the three voltages tested. The increase in electroosmotic mobility in CE 

separations is due to the negatively charged CDs. However, the reason for the decrease in 

electroosmotic mobility in PectI has yet to be confirmed. As mentioned in Chapter 5, CDs 

interact differentially with the various forms of Tf, and to a greater extent with demetallated 

Tf compared to fully metallated Tf. Whereas the electrophoretic mobility of apo-Tf 

increased in both CE and PectI separations despite the changes in electroosmotic mobility 

(which increased in CE and decreased in PectI), the mobility of holo-Tf is dependent on 

the change in electroosmotic mobility further confirming that CDs interact with apo-Tf to 

a greater extent than holo-Tf.  Thus, the differential interaction of CDs with metallated and 

demetallated forms of Tf is maintained in the PectI separation leading to increased 

resolution between the different forms of Tf.    

 

6.3.4.2. PectI versus CE 

 Recall that CDs synthesized by oven pyrolysis of citric acid and suspended in 50 

mM NaOH followed by dialysis were used in the electropherograms presented in Fig.6.1 

and Fig. 6.6. To compare the impact of CDs on the PectI-UV separations relative to the 

CE-UV separations, electropherograms were obtained for mixtures of apo- and holo-Tf (25 

µM each) without CDs (i), with CDs synthesized by oven pyrolysis followed by suspension 

in ultrapure water (ii), with CDs synthesized by autoclave pyrolysis (iii), and with dialyzed 

CDs from oven pyrolysis followed by suspension in 50 mM NaOH. Representative 

electrophorgrams from the PectI and CE methods are shown in Fig.6.7-A and B, 

respectively. The injection volume, capillary inside diameter, temperature and voltage were 

kept constant for both PectI and CE methods. The separation buffer for the PectI mode was 
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50 mM tris-HCl with 0.0125% PEO 600,000 (pH 7.4) and the separation buffer for CE 

mode was 50 mM tris - 200 mM tricine (pH 7.4). Samples for PectI separations were 

prepared in 31 mM tris - 500 mM glycine with 0.0125% PEO 600,000 (pH 8.2) and samples 

for CE experiments were prepared in ultrapure water. Where noted, the separations were 

aided by the presence of 35 µg/mL CDs added to both the separation and sample buffers. 

 In the absence of CDs (as seen in the blue traces (i) in Fig. 6.7-A&B for PectI and 

CE, respectively), a split peak was observed for Tf samples in the PectI electropherograms 

compared to a cluster of three unresolved peaks in electropherograms from the CE method. 

The addition of oven pyrolyzed CDs suspended in ultrapure water to the PectI separation 

and sample buffers gave rise to a cluster of four peaks. However, a peak with fronting and 

tailing shoulders was seen for this same Tf sample via CE with CDs, as shown by the red 

traces (ii) in Fig 6.7-A&B, respectively.  PectI and CE separations of mixtures of apo- and 

holo-Tf employing autoclave pyrolyzed CDs suspended in ultrapure water (as illustrated 

by the green traces (iii) in Fig. 6.7-A&B, respectively), resulted in electropherograms with 

 
Fig. 6.7. Representative PectI electropherograms (A) and CE electropherograms (B) for mixtures of apo- and holo-Tf 

(25 µM each) without CDs (i), employing CDs suspended in water pyrolyzed in the oven (ii), in the autoclave (iii) and, 

employing dialyzed CDs suspended in 50 mM NaOH carbonized in the oven (iv). Electropherograms are vertically 

offset for clarity. A volume of 1.25 nL (5.2 sec at 1.3 psi) was injected and 5 kV was applied. The separation occurred 

on a Beckman Coulter P/ACE MDQ CE System with UV detector at 15°C on a 25 µm i.d. capillary with an effective 

length of 30 cm and a total length of 40 cm.  
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a split peak for PectI and a single peak with a fronting and tailing shoulder for CE. Lastly, 

PectI and CE separations with oven pyrolyzed CDs that were  suspended in 50 mM NaOH 

followed by dialysis prior to use, are depicted as the purple traces (iv) in Fig. 6.7-A (PectI) 

and Fig. 6.7-B (CE), respectively. These showed a cluster of peaks for PectI and three 

nearly resolved peaks for CE. These results indicate that PectI-UV is advantageous for the 

separation of mixtures of apo- and holo-Tf in the presence of oven pyrolyzed CDs or 

autoclave pyrolyzed CDs suspended in ultrapure water (Fig. 6.7-A(ii& iii), respectively) 

while CE-UV is advantageous for the separation of mixtures of apo- and holo-Tf in the 

presence of oven pyrolyzed CDs suspended in 50 mM NaOH followed by dialysis (Fig. 

6.7-B(iv)). The CDs synthesized in the autoclave improved the resolution between apo- 

and holo-Tf in the PectI system.   However, there was no sign of an additional peak 

corresponding to the partially metallated Tf in this separation, which suggests that 

autoclave synthesized CDs may not be suitable for the separation of partially metallated 

species of Tf. Thus, we have shown that the method of preparation and composition of CDs 

are important for their performance as separation adjuvants (at least in terms of their 

interactions with the different forms of Tf) in different modes of CE. Furthermore, PectI is 

a complex separation method that relies on differential buffer systems of leading and 

trailing electrolytes with added polymer, and so the resolving power may not improve upon 

the addition of yet another layer of complexity (in the form of added CDs). 

 

6.4. Conclusions 

 The aim of this study was to determine the effects of CDs in a PectI system to 

distinguish metallated versus demetallated forms of Tf. The voltage, sample buffer, 
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capillary inside diameter, and injection volume for a PectI-UV method was optimized. We 

found that the addition of CDs to the sample and separation buffers led to a decrease in 

electroosmotic mobility, an increase in electrophoretic mobility of apo-Tf, and a decrease 

in electrophoretic mobility of holo-Tf. Further, we observed that PectI-LIF was not 

appropriate for the separation and detection of metallated and demetallated forms of Tf due 

to the fact that the quenched signal from fully metallated Tf in the presence of CDs was 

overshadowed by the intrinsic fluorescence signal of the CDs themselves. Results 

presented here show that there is no “universal” CD construct capable of associating 

equally with all analytes, and the resolving power of the PectI system is not improved by 

simply adding CDs to the already complex discontinuous buffer system that is 

characteristic of regular PectI separations.  It is noted that the synthesis of unmodified CDs 

by autoclave presumably altered the composition of the CDs (possibly resulting in the loss 

of surface functional groups) that had previously given rise to the differential interaction 

of CDs with metallated and demetallated forms of Tf. This work highlights that the 

composition of the CDs is important for their differential interactions with metallated and 

demetallated forms of Tf, and furthermore, it shows that such interactions are maintained 

in PectI and CE separation modes. Therefore, employing CDs as buffer and/or sample 

additives when conducting CE-based assays is a promising avenue for other challenging 

analytes and future studies.   

 Further development of the method presented here includes modifying parameters 

for the separation of mixtures of Tf and other metalloproteins found in serum, such as 

lactoferrin, myoglobin, and hemoglobin. In addition, this method can be modified to screen 

and characterize the interaction between DNA aptamers and metallated, partially 
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metallated, or demetallated Tf. Furthermore, the selectivity of this method can be improved 

by synthesizing CDs that show an increase in intrinsic fluorescence upon complexation 

with Tf, which could then be used as fluorescent labels and separation adjuvants in both 

PectI and CE separations. 
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CHAPTER 7 

 

CONCLUSIONS 

 

 Improved detection of analytes relevant to human health and safety issues is 

increasingly important as new threats emerge. To enhance detection sensitivity and 

selectivity, analytical chemists may employ organic dyes, inorganic quantum dots, or gold 

nanoparticles (Au-NPs) as taggants or fluorescence labels to be used with nonfluorescent 

analytes, but these labels may be toxic, expensive, or unstable. Carbon dots (CDs) are an 

important class of fluorescent nanomaterials that boasts excellent water solubility, 

biocompatibility, low toxicity, simple synthesis, and tunable fluorescence emission. These 

varied traits have facilitated their use in sensing, bioimaging, drug delivery, catalysis, and 

optronics applications. Thus, a thorough exploration of their utility as fluorescent probes 

in the field of chemical analysis and separation science was warranted. The overarching 

goal of this work was to demonstrate the convenience and suitability of CDs as versatile 

alternatives to inorganic quantum dots and organic dyes for assisting in the separation and 

detection of a variety of analytes by capillary electrophoresis (CE). Realization of this goal 

involved synthesis and characterization of CDs followed by evaluation of CDs as 

separation adjuvants in CE. 

 

7.1. Synthesis and Characterization of Carbon Dots 

 Unmodified CDs, from citric acid, and urea modified CDs (N-CDs), from a solution 

of citric acid and urea, were synthesized by an oven pyrolysis method and were 
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subsequently characterized by fluorescence spectroscopy, transmission electron 

microscopy (TEM), and capillary electrophoresis coupled to laser induced fluorescence 

detection (CE-LIF). Spectroscopic results suggest that the optimal heating times for the 

oven synthesis (at 180oC) of unmodified CDs and N-CDs were 4 h and 12 h, respectively. 

TEM data confirmed that the CDs produced by this oven pyrolysis method were similar in 

size to   those previously reported. CE studies showed that dialysis of the as-synthesized 

solution of unmodified CDs had no effect on the electrophoretic signal of unmodified CDs, 

and that unmodified CDs could be differentiated from N-CDs on the basis of differences 

in their electrophoretic profiles by CE-LIF. These results suggest that an oven pyrolysis 

method is a viable option for synthesizing CDs and that CE-LIF methods can provide 

profiles or fingerprints of synthesized CDs, allowing for differentiation on the basis of 

nanomaterial precursors and other factors.  

 The spectral properties of oven synthesized unmodified CDs and N-CDs were 

determined by UV/Visible, fluorescence and infrared spectroscopy. Absorbance and 

fluorescence spectra showed that the optimal excitation wavelength for unmodified CDs 

was 360 nm, and the wavelength of maximum fluorescence emission was 450 nm. Oven 

synthesized N-CDs had optimal excitation wavelengths at 360 nm and 410 nm, with 

emission maxima at 450 nm and 520 nm; however, N-CDs synthesized by autoclave 

pyrolysis displayed just one maximum excitation/emission pair at 360 nm/450 nm. These 

results verified that unmodified CDs and N-CDs synthesized in-house via oven pyrolysis 

had spectral features similar to those reported previously. In addition, the fluorescence 

spectra showed that oven synthesized CDs demonstrated excitation wavelength-dependent 

fluorescence emission, potentially indicating that the fluorescence of these CDs arises from 
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the surface states effect. Furthermore, the fluorescence signal for oven-synthesized CDs 

was more intense compared to the fluorescence signal for autoclave-synthesized CDs. 

Lastly, unmodified CDs diluted in acetonitrile or water demonstrated a linear increase in 

fluorescence intensity with increasing CD concentration. These results indicate that 

unmodified CDs have the potential to serve as fluorescent labels in sensing applications. 

Indeed, unmodified CDs and N-CDs were tested as fluorescent probes for sensing 

triacetone triperoxide (TATP), synthetic cathinones (bath salts), and transferrin protein 

(Tf). No significant change in the fluorescence intensity of unmodified CDs or N-CDs was 

observed with TATP or synthetic cathinones; however, unmodified CDs were found to 

interact differentially with metallated and demetallated forms of Tf, resulting in a potential 

metalloprotein sensing application for unmodified CDs. 

 Spectral characterization of CDs was complemented by CE-LIF characterization of 

unmodified CDs, N-CDs, and CDs from other organic precursors, such as gluconic acid, 

N-acetylneuraminic acid, ascorbic acid, and glucose. CE-LIF profiles or fingerprints of 

CDs can be optimized by selection of a specific separation buffer for specific applications. 

Our studies showed two possible CE profiles; a single peak for quantitation or labeling of 

non-fluorescent target analytes; or a broad signal band for identification of starting 

material, heating method, suspension solution, or deviations in different batches of CDs 

produced from the same starting material. A linear increase in CE-LIF signal of N-CDs 

with increasing concentrations of N-CDs was observed over a large range of 

concentrations. Additionally, the capillary electrophoretic profile of N-CDs was such that 

it could provide an opportunity to further purify the CD sample (into more homogeneous 

fractions by size)  by coupling CE with  fraction collection, whereby each fraction of dots 
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could be used as fluorescent labels, since each peak (representative of a different fraction) 

showed a linear response with increasing N-CD concentration. CE-LIF studies of CDs 

conducted with separation buffers at different pHs showed that unmodified CDs and N-

CDs are negatively charged, even at low pH. Furthermore, the LIF signal intensity of 

unmodified CDs and N-CDs decreased as pH decreased, implying that the fluorescence 

intensity of CDs is increased when the CDs are negatively charged. Therefore, the CE 

profile of unmodified CDs and N-CDs can aid in improving our understanding of these 

materials and allow for the selection of CDs for specific applications based on size, 

functional groups, charge state, and fluorescence intensity. 

 Furthermore, we found that the CE-LIF profile of CDs was not significantly 

affected by the diluent used for preparation of the CD samples (when using water or 

separation buffer as the diluent). Likewise, common CE buffer additives such as sodium 

dodecyl sulfate and hydroxypropyl methyl cellulose had no significant impact on the CE 

profile of our CDs. However, using the PectImode instead of the CE mode resulted in 

increased fluorescence intensity for the N-CD signals. Collectively, these results suggest 

that careful consideration of sample buffer (to establish isotachophoretic conditions) 

together with polymer additive could enhance N-CD signals for dilute samples, but other 

electrophoretic modes, sample diluents, and buffer additives would not necessarily offer 

the analyst any real benefits.  

 The main conclusions based on all synthesis and characterization studies are that 

CDs and N-CDs can by synthesized by oven pyrolysis, and that these CDs demonstrate 

greater fluorescence emission than CDs made in an autoclave reactor from the same 

starting materials. Oven-synthesized CDs demonstrate excitation wavelength-dependent 
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emission strongly suggesting that the surface states effect is governing the fluorescence. 

The CDs and N-CDs are negatively charged, even in acidic conditions. A linear increase 

in fluorescence response with increasing concentrations of unmodified CDs prepared in 

acetonitrile or water suggest that these CDs can be used to sense analytes that are not, 

themselves, natively fluorescent. Additionally, unmodified CDs can be used to sense 

metallated and demetallated forms of transferrin protein. The CE profile of CDs can be 

tuned for a specific application by selection of the appropriate separation buffer. Therefore, 

CE is a powerful tool for characterizing CDs and assisting in the determination of their 

physicochemical properties. 

 

7.2. Carbon Dot-Mediated CE Separations 

 The potential of CDs as separation adjuvants in CE assays to improve the resolution 

of analytes in complex mixtures was assessed. The differential interaction between 

unmodified CDs and the various forms of transferrin protein (Tf) was demonstrated by 

fluorescence spectroscopy and then was further investigated by CE-UV and PectI-UV 

separations. A more pronounced change in electrophoretic mobility was observed for 

demetallated Tf relative to metallated Tf with CDs present in the sample and separation 

buffers. In addition, three peaks were resolved for a sample comprised of 25 µM each of 

demetallated (apo-) and metallated (holo-) Tf with 35 µg/mL CDs in water. Two of the 

peaks could be attributed to apo-Tf and holo-Tf species, while the thrid peak is presumed 

to indicate the presence of a partially metallated form of Tf. Most importantly, in the 

absence of CDs the resolution of these sample components was not possible, indicating 

that CDs are useful as buffer additives that can lead to improved resolution for challenging 
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samples such as metallated protein mixtures. Additionally, we found that the addition of 

CDs to sample and separation buffers in a PectI-based separation of Tf led to an increase 

in the electrophoretic mobility of demetallated Tf compared to the mobility of metallated 

Tf.  Based on the differential interaction of CDs with apo-Tf and holo-Tf in both PectI and 

CE separations, we may conclude that employing CDs in various modes of electrophoresis 

is a promising avenue for studying other challenging analyte mixtures by any number of 

electrophoretic methods in future studies. 

 

7.3. Future Opportunities 

 The creation of a database of spectroscopic properties and CE profiles for oven 

synthesized CDs as a function of their organic precursor would be a valuable resource for 

materials chemists and analytical chemists alike. Collating such data would enable 

scientists to identify trends between nanomaterial size, fluorescence intensity, and 

electrophoretic fingerprint to help guide the appropriate selection of CD type for a given 

application.    

 Future applications of CDs in the analytical realm will involve the identification of 

analytes that interact with CDs and in so doing, result in a decrease (quenching) or increase 

(enhancement) of the intrinsic fluorescence of the CDs. In this way, the CDs could serve 

as fluorescent labels to enhance analyte detection, but if labeling occurs during a CE-based 

separation, then the CDs could also serve as buffer modifiers to provide enhanced 

resolution at the same time. For example, further improvements to the CE method involved 

CDs for the separation of a mixture of Tf proteins, in order to resolve and quantify all four 

species (apo-Tf, holo-Tf, and two distinct forms of partially-metallated Tf) should be 
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pursued.  The addition of 20% methanol to the separation buffer could aid in this separation 

(as it may keep the Fe3+ ions bound to the protein, to minimize interconversion between 

metallated protein species). Any CD-modified CE conditions thus established could be 

applied to the study of any number of other metallated proteins, including lactoferrin, 

myoglobin, and hemoglobin. Of further interest is the increased sensitivity afforded by the 

CD-modified PectI methodology (relative to CE), which holds much promise for 

determining low concentrations of nitrogen-doped CDs and their analyte complexes.  

Indeed, future applications for carbon nanomaterials in analytical chemistry and separation 

science are as varied and promising as the CDs themselves. 
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APPENDIX A: SUPPLEMENTAL INFORMATION FOR CHAPTER 5 

 

CARBON DOT-MEDIATED CAPILLARY ELECTROPHORESIS 

SEPARATIONS OF METALLATED AND DEMETALLATED  

FORMS OF TRANSFERRIN PROTEIN 

 

The material in this appendix is comprised of unpublished results together with content 

from the Supplementary Materials published with Molecules 2019, 24(10), 1916, 

doi:10.3390/molecules24101916 [Leona R. Sirkisoon, Honest C. Makamba (Razzberry 

Inc., New Haven, CT), Shingo Saito (Graduate School of Science and Engineering, 

Saitama University, Saitama, Japan), and Christa L. Colyer]. H.C.M. conducted 

preliminary studies for carbon dot synthesis and conceived of the initial idea to employ 

carbon dots for analyte sensing. S.S. extended the initial idea to include transferrin as the 

target. L.R.S. designed and conducted synthesis, spectroscopic, and capillary 

electrophoresis experiments with guidance from H.C.M., S.S., and C.L.C. Data analysis 

was completed by L.R.S. under the supervision of C.L.C. and S.S.  Resources were 

provided by C.L.C. and S.S. The manuscript was written by L.R.S. and C.L.C. with review 

and editorial contributions from S.S. and H.C.M. Data curation and funding acquisition 

were performed by C.L.C. and L.R.S. The authors would like thank Tom Wittmann, Gina 

Li, and Emily Walton for their contributions to some of the experimental precursors to this 

work. Financial support for this work was provided in part by Wake Forest University and 
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A.1. Materials and Methods 

A.1.1. Reagents 

 L-ascorbic acid (99%), gluconic acid (≥ 99%), and D (+) glucose (≥ 99%) were 

purchased from Sigma-Aldrich (St. Louis, Mo) and N-acetylneuraminic acid (≥ 98%) was 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA). 

 

A.1.2. Carbon Dots 

 In other syntheses, citric acid was replaced with other organic precursors, including 

ascorbic acid, gluconic acid, N-acetylneuraminic acid, or glucose, and CDs were prepared 

from these carbohydrate precursors by following the same procedure as for dry citric acid.  

All CDs were characterized by spectroscopic techniques (UV/Vis absorbance and 

fluorimetry) and by CE-LIF (Unpublished Results, L. Sirkisoon (2014-2018), and T. 

Wittmann (2016)). 

 

A.2. Results 

Table A.I. Final Buffer Concentrations for Fluorimetry Samples 

[Tf] µM Final Buffer Concentration 

0 50 mM tris - 200 mM tricine  

0.5 49.9 mM tris - 199.6 mM tricine  

5 49 mM tris - 196 mM tricine 

10 48 mM tris - 192 mM tricine   

25 45 mM tris - 180 mM tricine   

50 40 mM tris - 160 mM tricine   

100 30 mM tris - 120 mM tricine 
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Table A.II. Resolution Values for Fig. 5.4. 

Electropherogram Forms of Tf Rs 

i 
metallated and partially metallated 0.7 

partially metallated an demetallated  N/A 

ii 
metallated and partially metallated 1.3a 

partially metallated an demetallated  0.8a 

iii 
metallated and partially metallated 0.7 

partially metallated an demetallated  0.5 

iv 
metallated and partially metallated 0.8 

partially metallated an demetallated  0.5 

v 
metallated and partially metallated 0.8 

partially metallated an demetallated  0.8 
aResolution values differ from those in Fig. 5.2 due to the fact that they 

were obtained for separations conducted on a different capillary and with 

a different buffer preparation 
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An 8.5% quenching of fluorescence emission at 450 nm was observed for a 35 

µg/mL autoclave synthesized CD sample upon increasing the concentration of apo-Tf from 

0 to 100 μM (Fig. A.1-D). The fluorescence signal was quenched by as much as 43.7% 

upon the addition of up to 100 μM holo-Tf to the same CD sample (Fig. A.1-E). The 

intensities represented in Fig. A.1-F were determined at the wavelength of maximum 

fluorescence emission (450 nm) after having corrected for native Tf fluorescence at each 

concentration (as shown in Fig. A.1-A&B) and applying a five-point boxcar smoothing. 

The extent of change in fluorescence of CDs as a function of Tf protein concentration is 

represented by the slopes of the response curves in Fig. A.1-F. The slope for apo-Tf is -

0.004 RFU/µM indicating very little to no change in fluorescence of the CDs. However, 

the slope for holo-Tf is -0.0208 RFU/µM, revealing quenching of the CD signal with holo-

Tf. It is noted that this effect was not as dramatic as the quenching observed with the oven 

synthesized CDs, shown in Fig. 5.1-C. 
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 Representative electropherograms for demetallated Tf (i), metallated Tf (ii), and a 

mixture of demetallated and metallated (25 µM each; iii) Tf prepared in separation buffer  

(50 mM tris -200 mM tricine, pH 7.4) without added CDs are shown in Fig A.2-A and with 

added CDs (35 µg/mL) are shown in Fig. A2-B. Additionally, representative 

electropherograms for apo-Tf (i), holo-Tf (ii), and a mixture of apo- and holo-Tf (25 µM 

each; iii) prepared in diluted separation buffer (25 mM tris -100 mM tricine, pH 7.4) 

without added CDs are shown in Fig. A.2-C, and with added CDs (17.5 µg/mL) are shown 

 
Fig. A.2. Representative electropherograms for Tf protein samples prepared in separation buffer (50 mM tris – 200 

mM tricine, pH 7.4) without CDs (A) or with added CDs (B) and Tf protein samples prepared in diluted separation 

buffer (25 mM tris – 100 mM tricine, pH 7.4) in the absence of CDs (C) or in the presence of CDs (D). Samples were  

25 μM apo-Tf alone (i), 25 μM holo-Tf alone (ii), and mixtures of apo- and holo-Tf (25 μM each, iii). 

Electropherograms are vertically offset for clarity. A volume of 1.25 nL (5.2 sec at 1.3 psi) was injected and 20 kV 

was applied. The separation occurred on a Beckman Coulter P/ACE MDQ System coupled with a UV detector at 15°C 

on a 25 μm i.d. capillary with an effective length of 30 cm and a total length of 40 cm. 
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in Fig. A.2-D. Table A.III compares the migration time, peak heights, peak areas, and 

electrophoretic mobility (µep) for demetallated (Fig. A.2-i) and metallated (Fig. A.2-ii) Tf 

samples prepared in separation buffer and diluted separation buffer without and with added 

CDs.  

 

A broad signal with three discernable (but unresolved) peaks was observed for the 

mixture of apo- and holo-Tf without added CDs prepared in separation buffer (Fig. 

A.2-A(iii)), where the middle peak (corresponding to partially metallated Tf) was the most 

intense. In the electropherogram with CDs present in the buffer system (Fig. A.2-B(ii)), 

the peaks were more resolved and their intensities were similar to one another and the 

 

Table A.III. Comparison of migration time, peak height, peak area, and electrophoretic mobility (µep) of 

metallated and demetallated Tf without and with added CDs. 

    Demetallated Tf  Metallated Tf 

    

Without 

added 

CDs 

With 

added 

CDs 

% 

Change 

Without 

added 

CDs 

With 

added 

CDs 

% 

Change 

Separation 

Buffer  

(50 mM 

tris - 200 

mM tricine  

pH 7.4) 

migration time 

(min) 
3.27 3.35 2.4% 3.33 3.19 -4.1% 

peak height 

(AU) 
0.0116 0.0127 9.7% 0.0124 0.0110 -11.0% 

peak area 

(AU•min) 
0.000781 0.000834 6.8% 0.000706 0.000712 0.9% 

µep  

(cm2V-1s-1) 
-0.00241 -0.00382 58.4% -0.00282 -0.00279 -0.9% 

Diluted 

Separation 

Buffer  

(25 mM 

tris - 100 

mM tricine 

 pH 7.4) 

migration time 

(min) 
3.08 3.27 5.9% 3.14 3.12 -0.8% 

peak height 

(AU) 
0.0113 0.0104 -8.2% 0.0142 0.0110 -23.1% 

peak area 

(AU•min) 
0.000786 0.000689 -12.4% 0.000807 0.000682 -15.4% 

µep  

(cm2V-1s-1) 
-0.00233 -0.00358 54.1% -0.00279 -0.00280 0.5% 
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combined area increased by 18.9% (from 0.00151 AU•min to 0.00179 AU•min in the 

absence and presence of CDs, respectively). The µep increased by 58.4% for apo-Tf and 

decreased by 0.9% for holo-Tf, upon the addition of CDs (Fig. A.2-Bi&ii, respectively) 

relative to the separation without CDs (Fig. A.2-A(i&ii), respectively), when prepared in 

separation buffer, as shown in Table A.III. The electroosmotic mobility increased by 3.9% 

(from 0.00208 cm2V-1s-1 to 0.00216 cm2V-1s-1, in the absence and presence of added CDs, 

respectively) for samples prepared in separation buffer (Fig. A.2-A&B). Improved 

resolution of three sample peaks in the presence of CDs was likewise observed even for 

samples prepared in the separation buffer (Fig. A.2-B) instead of in ultrapure water (Fig. 

5.2-B) compared to the separations without added CDs for samples prepared in separation 

buffer (Fig. A.2-A) or water (Fig. 5.2-A). The calculated resolution (Rs) values between 

the apo-Tf and partially metallated Tf peaks increased from 0.6 without CDs to 1.0 with 

added CDs, and the Rs values between holo-Tf and partially metallated Tf peaks were 0.7 

and 1.6 without and with added CDs, respectively, for Tf mixtures prepared in separation 

buffer (Fig. A.2-A(iii)&B(iii), respectively). Rs was approximated by triangulation of the 

peaks to determine base width and compared to the Rs estimated using the valley-height 

technique. Additionally, migration times of apo- and holo-Tf samples prepared in 

separation buffer with CDs (Fig. A.2-B(i&ii), respectively) were unchanged relative to 

those prepared in pure water with CDs (Fig. 5.2-B(i&ii), respectively). 

In the mixture of apo- and holo- Tf without and with added CDs, prepared in diluted 

separation buffer (Fig. A.2-C(iii)&D(iii), respectively) the partially metallated Tf peak (the 

middle peak) was of equal intensity to the apo-Tf peak without CDs, while in the presence 

of CDs, the peaks are more resolved and the partially metallated Tf peak was the least 
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intense and the combined area decreased by 15.3% (from 0.00173 AU•min to 0.000146 

AU•min without and with added CDs, respectively). Apo-Tf, holo-Tf, and mixtures of 

apo- and holo-Tf prepared in the lower concentration buffer (Fig. A.2-C and D) 

demonstrated increased net mobilities/reduced migration times relative to those prepared 

in water (Fig. 5.2-A&B) and those prepared in the high concentration buffer 

(Fig.A.2-A&B). Holo-Tf and apo-Tf in the 25 mM tris - 100 mM tricine buffer experienced 

the same relative changes in mobility (54.1% increase in µep of apo-Tf, 0.5% increase in 

µep for holo-Tf; shown in Table A.III) and a 0.8% increase in electroosmotic mobility from 

(0.0218 cm2V-1s-1 to 0.0220 cm2V-1s-1 without and with added CDs, respectively) upon the 

addition of CDs as observed in the more concentrated sample buffer (Fig. A.2-A&B) and 

in pure water (Fig. 5.2-A&B). Rs between the apo-Tf and partially metallated Tf peaks was 

0.5 and 0.9 without and with added CDs, respectively and the Rs between the holo-Tf and 

partially metallated Tf peaks were 0.9 without CDs and 1.5 with added CDs for mixtures 

of apo- and holo-Tf prepared in diluted separation buffer (Fig.A.2-C(iii)&D(iii), 

respectively). 
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 In the absence of CDs (Fig. A.3-i), a broad band with three unresolved peaks was 

observed with the middle peak as the most intense and the apo-Tf peak as a fronting 

shoulder. When CDs were introduced only to the sample (Fig. A.3-ii) the migration of the 

broad band shifted slightly later and still had three unresolved peaks, but the middle and 

third peaks (holo-Tf) were of equal intensity. In the case where CDs were added only to 

the separation buffer (Fig. A.3-iii), the broad peak was shifted to a later migration time 

with more well defined peaks compared to the case without dots. Lastly, the dots were 

 
Fig. A.3. Introduction of CDs as separation adjuvants for mixtures of apo- and holo-Tf (25 µM each) for no dots added 

(i), dots added only in the sample (ii), dots added only in the separation buffer (iii), and dots added to both the separation 

buffer and the sample (iv). Electropherograms are vertically offset for clarity. A volume of 1.25 nL (5.2 sec at 1.3 psi) 

was injected and 20 kV was applied. The separation occurred on a Beckman Coulter P/ACE MDQ System coupled 

with a UV detector at 15°C on a 25 μm i.d. capillary with an effective length of 30 cm and a total length of 40 cm. 

and a total length of 40 cm. 
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added to the separation buffer and to the sample (Fig. A.3-iv), resulting in the first peak 

(holo-Tf) separating out from the second and third peak, and the middle peak was the least 

intense. 

 

 

 

 CDs prepared as described in section 5.2.2 (citric acid carbonized in the oven for 

four hours) were added to the separation buffer and three peaks were observed for the 

corresponding electropherogram (Fig. A.4-i). The CDs carbonized for four hours were 

 
Fig. A.4. Representative electropherograms for mixtures of apo- and holo-Tf (25 µM each) with unmodified CDs (i), 

dialyzed unmodified CDs (ii), CDs prepared from 40 min carbonization of citric acid (iii), and N-CDs (iv). 

Electrophereograms are vertically and horizontally offset for clarity. The electropherograms were obtained on an 

Agilent G1600A CE with a DAD UV Detector at 25°C on a 50 μm i.d. capillary with an effective length of 24 cm and 

a total length of 32.5 cm. The injection volume was 5 nL and 20 kV was applied. 
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cleaned up by dialysis to remove unreacted citric acid and NaOH as described in section 

5.2.2. The representative electropherograms employing dialyzed CDs (Fig. A.4-ii) shows 

a single peak with three humps, however, increasing the concentration of the dialyzed CDs 

to 35 µg/mL (Fig. 5.3-iii) results in a cluster of three resolved peaks. Therefore, dialysis 

does not affect the dots or the resolution of Tf caused by the dots as long as high enough 

concentration is used, shown previously. A single peak was observed in the 

electropherograms obtained for mixtures of apo- and holo-Tf employing CDs heated for 

40 minutes (Fig. A.4-iii). Thus, citric acid needs to be carbonized for at least 4 hours at 

180°C to form CDs that interacted differentially with the demetallated, partially metallated 

and fully metallated form of Tf. Urea was chosen as a modifying agent for the citric acid 

based CDs to determine if the nitrogen groups added to the dots surface from the urea will 

help separate the two partially metallated forms of Tf, co-migrating as the partially 

metallated peak in the separation of apo- and holo- Tf with unmodified citric acid CDs. 

Modifying the CDs with urea resulted in dots that gave rise to a single peak for mixtures 

of apo- and holo-Tf (Fig. A.4-iv).  The ratio of urea to citric acid was increased, adding 

more nitrogen groups to the dots surface, and those dots resulted in electropherograms with 

a single peak for mixtures of apo- and holo-Tf also, data not shown.  
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 CDs synthesized from citric acid gave rise to 3 peaks (Fig. A.5-A(i)), CDs from 

ascorbic acid (Fig. A.5-A(ii)) and gluconic acid (Fig. A.5-A(iii)) only gave rise to one or 

two peaks, and CDs from N-acetylneuraminic acid (Fig. A.5-A(iv)) and glucose (Fig. 

A.5-A(v)) gave rise to peaks with shoulders that had the potential to have three peaks by 

CE-UV.  

 In CE-LIF studies (Fig. A.5-B), a single peak for the mixture of apo- and holo-Tf 

with CDs synthesized from citric acid, ascorbic acid, and gluconic acid was observed, and 

a tiny peak in the baseline for the Tf mixture with CDs from N-acetylneuraminic acid and 

glucose. 

 

 
Fig. A.5. Representative electropherograms for mixtures of apo- and holo-Tf (25 µM each) with oven CDs synthesized 

from different precursors, analyzed by CE-UV/Vis (A) and CE-LIF (B). The precursors chosen were citric acid (i), 

ascorbic acid (ii), gluconic acid (iii), N-acetylneuraminic acid (iv), and glucose (v). Electropherograms are vertically 

and horizontally offset for clarity. A volume of 1.25 nL (5.2 sec at 1.3 psi) was injected and 20 kV was applied. The 

separation occurred on a Beckman Coulter P/ACE MDQ System coupled with a UV detector for panel A and an LIF 

detector using a 375 nm laser with a 400 nm long pass filter for panel B at 15°C on a 25 μm i.d. capillary with an 

effective length of 30 cm and a total length of 40 cm. 
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 To determine if the length of time of exposure of Tf samples to CD additives would 

affect the protein separation, we conducted an incubation time study. This involved 

preparing sample mixtures containing apo-Tf, holo-Tf, and CDs and allowing them to sit 

for 2 min to 197 min prior to injection and analysis by CE-LIF. The incubation time was 

started from the time the sample was prepared to the start of the voltage for that respective 

injection. It should be noted that sample compositions in Fig. A.6 differ from the optimal 

sample conditions shown in Fig. 5.2 (optimal), due to the sequencing of experiments 

conducted. Representative electropherograms for the protein-CD incubation time study are 

shown in Fig. A.6. In this study, three distinct protein bands (as previously observed in CE-

UV studies, and attributed to apo-Tf, holo-Tf, and a partially metallated form of Tf) could 

not be detected by LIF detection at 410 nm emission due to the fact that this emission is 

characteristic of the CDs themselves and not of the proteins. Recall that the absolute value 

of the µep of demetallated Tf with CDs (|-0.00360 cm2V-1s-1|) was greater than that of 

 
Fig. A.6. Incubation time study for samples of a mixture of apo- and holo-Tf (12.5 µM apo- and 50 µM holo-) with 10 

µg/mL CDs (A). The incubation times tested were (i) 2 min, (ii) 16 min, (iii) 58 min, (iv) 86 min, (v) 128 min, and (vi) 

197 min. Electropherograms are vertically offset for clarity. A volume of 5 nL (3.92 sec at 45 mbar) was injected and 

20 kV was applied. The separation occurred on an Agilent G1600A CE with Picometrics LIF Detector (406 nm laser 

with a 410 emission filter) at 25°C on a 50 μm i.d. capillary with an effective length of 48 cm and a total length of 60.5 

cm. Peak areas versus incubation time showing no correlation between peak area and incubation time (B).  
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metallated Tf with CDs (|-0.00278cm2V-1s-1|) (Fig. 5.2-B(i&ii), respectively). This may 

indicate that apo-Tf interacts with CDs to a greater extent than holo-Tf, resulting in a larger, 

more negative complex with a larger, more negative µep for apo-Tf with CDs. Since the Tf 

proteins themselves are not fluorescent, any peaks detected in this CE-LIF study would 

represent protein associated with (fluorescent) CDs. Additionally, We might expect to see 

a signal for the partially-metallated Tf bound to CDs, as a result of partial association with 

CDs, although these species were not fully resolved under the CE-LIF conditions employed 

in this incubation study. A single peak was observed for each incubation time point, peak 

areas were calculated using the trapezoid method, and no correlation between peak area 

and protein‒CD incubation time was revealed (Fig. A.6-B). Therefore, CDs can be used as 

sample additives in CE studies without needing to strictly control the time between sample 

preparation and CE analysis. 
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 Although the samples in Fig. 5.3 were prepared in 25 mM tris – 100 mM tricine 

buffer (pH 7.4), with a concentration of CDs in the sample equal to half of the reported 

concentration in the separation buffer, a thorough study of CD concentrations was 

additionally conducted and the results are featured in Fig. A.7. It should be noted that the 

electropherograms recorded with 35 and 100 μg/mL CDs (Fig. 5.3-iii and 5.3-iv, 

 
Fig. A.7. Full range of CDs concentrations tested with a mixture of apo- and holo-Tf (25 µM each). Concentrations of 

CDs were (i) 2 μg/mL (ii) 5 μg/mL, (iii) 7 μg/mL, (iv) 10 μg/mL, (v) 25 μg/mL, (vi) 35 μg/mL, (vii) 50 μg/mL, (viii) 

75 μg/mL, (ix) 100 μg/mL, (x) 250 μg/mL, and (xi) 500 μg/mL. Electropherograms are vertically offset for clarity. The 

electropherograms represented by (v) through (ix) were conducted on a different capillary and were normalized using 

an offset of 0.48 minutes. A volume of 5 nL (2.1 sec at 45 mbar) was injected and 20 kV was applied. The separation 

occurred on an Agilent G1600A CE with DAD UV/Vis Detector at 25°C on a 50 μm i.d. capillary with an effective 

length of 24 cm and a total length of 32.5 cm. 
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respectively and A.7v - ix) were recorded using a different capillary and on a different day 

than those in Fig. 5.3-i, ii, & v (and A.7-i to iv, x, & xi) and hence, the variability in their 

migration times can be attributed to expected differences in capillary wall charge, etc. To 

compensate for these differences, electropherograms 5.3-iii and 5.3-iv (and A.7v - ix) are 

offset by 0.48 min relative to the other traces in Fig. 5.3. 

 

 

 

 
Fig. A.8. Separation buffer pH study for mixtures of apo- and holo-Tf (25 µM each) with CDs in 50 mM tris – 200 

mM tricine or 10 mM phosphate at pH 7.4 (i and ii, respectively) and  pH 10.4 (iii and iv respectively). 

Electropherograms are vertically offset for clarity. A volume of 1.25 nL (5.2 sec at 1.3 psi) was injected and 20 kV 

was applied. The separation occurred on a Beckman Coulter P/ACE MDQ System coupled with a UV detector at 25°C 

on a 25 μm i.d. capillary with an effective length of 30 cm and a total length of 40 cm. 
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Fig. A.9. Tricine concentration effects for mixtures of apo- and holo-Tf (25 µM each) with CDs at 100 mM (i), 150 

mM (ii), 175 mM (iii), 200 mM (iv), 225 mM (v), 250 mM (vi), 275 mM (vii), and 300 mM(viii). Electropherograms 

are vertically offset for clarity. A volume of 1.25 nL (5.2 sec at 1.3 psi) was injected and 20 kV was applied. The 

separation occurred on a Beckman Coulter P/ACE MDQ System coupled with a UV detector at 25°C on a 25 μm i.d. 

capillary with an effective length of 30 cm and a total length of 40 cm. 
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Fig. A.10. Tris concentration effects for mixtures of apo- and holo-Tf (25 µM each) without CDs (dashed lines) and 

with CDs (solid lines) at 25 mM (i), 50 mM (ii), 75 mM (iii), and 100 mM (iv). Electropherograms are vertically offset 

for clarity. A volume of 1.25 nL (5.2 sec at 1.3 psi) was injected and 20 kV was applied. The separation occurred on a 

Beckman Coulter P/ACE MDQ System coupled with a UV detector at 25°C on a 25 μm i.d. capillary with an effective 

length of 30 cm and a total length of 40 cm. 
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Fig. A.11. Capillary inside diameter and temperature optimization for  mixtures of apo- and holo-Tf (25 μM each) 

without CDs (dashed lines) and with CDs (solid lines), at 15°C (i), 25°C (ii), and 30°C (iii) on capillaries with inner 

diameters of  (A) 20 μm, (B) 25 μm, and (C) 50 μm. Electropherograms are vertically offset for clarity. Volumes of 

0.8 nL, 1.25 nL and 5 nL were injected on the capillaries with inner diameters of 20 μm, 25 μm, and 50 μm, respectively, 

and 20 kV was applied. All capillaries were prepared with an effective length of 30 cm and a total length of 40 cm and 

installed on a Beckman Coulter P/ACE MDQ System coupled with a UV detector.  
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