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ABSTRACT 

 

FLUORESCENT LABELING OF SYNTHETIC CATHINONES AND 

PROTEINS VIA SULFOTETRAFLUOROPHENYL-FUNCTIONALIZED 

SQUARYLIUM DYES FOR ANALYSIS BY CAPILLARY 

ELECTROPHORESIS 

Jennifer B. Roberts 

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

 

 New psychoactive substances (NPS) are a class of unregulated drugs, including 

synthetic cathinones, that cause paranoia, confusion, violence, and suicidal thoughts 

which often evade law enforcement and drug-screening efforts. Typically marketed as 

bath salts, they are cheap, widely available mimics of controlled stimulants with no legal 

medical application. Their ever-growing number and increased use call for rapid, 

selective detection.  

Few synthetic cathinones are innately fluorescent, so this work posits the use of new 

4-sulfo-2,3,5,6-tetrafluorophenyl ester (STP ester)-functionalized squarylium (SQ) dyes, 

synthesized by our collaborators in Japan, as probes for the amine-based drug targets. The 

advantages of squarylium dyes include ease of functionalization, high molar 

absorptivities, narrow absorption and emission bands, and enhanced emission intensities 

upon analyte binding. The two used here differ by a hydrogen or dodecyl group, 

respectively, at the site of their indole nitrogen. This study aims to determine and 

optimize the efficacy of separation parameters for quantitative determination of SQ-STP 

derivatized bath salts using a variety of capillary electrophoresis (CE) systems with laser-

induced fluorescence (LIF) detection.  
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Initially, we used two commercial probes, BODIPY FL STP and ATTO-TAG FQ, to 

derivatize bath salts, but labeling was incomplete with the former, and the latter showed 

nonlinear quenching, making quantitative determination impossible. However, ATTO-

TAG FQ proved effective in derivatization of bovine serum albumin (BSA) and threonine 

with sodium dodecyl sulfate (SDS) added in the separation buffer. 

When we implemented the novel SQ fluorophores, CE trials showed the enhancement 

of bath salt signal after ionic liquid, cyclodextrin, and carbon dots were added, enabling 

semi-quantitative determination. SQ-STPa/b labeled synthetic cathinones in a mixture 

comigrated. Capillary transient isotachophoresis (ctITP) of a complex mixture of large 

mucus proteins—mucin, lysozyme, and lactoferrin—was performed with SQ-STPb and 

afforded partial resolution. These results will enable improved biological assays to 

identify synthetic cathinones and proteins. 
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CHAPTER 1 

 

 

 

INTRODUCTION 
 

 

 Squarylium fluorophores are resonance-stabilized, zwitterionic members of the 

polymethine class of dyes. They exhibit high photoconductivity, high molar 

absorptivities, narrow absorption bands, narrow emission bands, relatively high emission 

intensities upon analyte binding, and are easily functionalized to interact with specific 

analytes.1 Functionalized with a 4-sulfo-2,3,5,6-tetrafluorophenyl (STP) ester, they can 

be used to covalently label synthetic cathinones at the secondary amine reaction site, 

where the formation of an amide bond allows laser-induced fluorescence detection via 

capillary electrophoresis (CE). CE analysis can also detect fluorescence resulting from 

noncovalent labeling of tertiary amine-based bath salts and mucus proteins. Moreover, 

when CE is coupled to laser-induced fluorescence or ultraviolet/visible (UV/Vis) 

absorbance detection, numerous separation additives, such as carbon dots, cyclodextrin, 

and ionic liquid, can enhance the separation and detection of small molecules and 

proteins. The overarching goal of this work is to illustrate CE’s effectiveness in detecting 

synthetic cathinones and proteins using various analyte labeling and detection systems.  
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1.1. Capillary Electrophoresis 

 Electrophoresis is a separation technique that can be performed in gels, paper, and 

capillaries; it uses an electric field to create electroosmosis, promoting the movement of 

ions in a solution. Capillary (zone) electrophoresis (CE or CZE), introduced in 1981 by 

Jorgenson and Lukacs,2 uses a narrow bore, fused silica capillary to perform high 

efficiency separations.  Silanol groups are exposed internally, while an external, 10-25 

µm thick polyimide coating is burned off to produce a transparent window directly on the 

capillary (Fig. 1.1-A).3 The inner diameter of fused silica capillaries ranges from 20 to 

100 µm.3 The fixed silanol groups along the inside wall become deprotonated (negatively 

charged) at a pH greater than 4 (Fig. 1.1-B).4 A diffuse double layer then forms from 

 

 

Fig. 1.1. (A) Capillary electrophoresis instrumentation with a 

forward separation at the cathode. (B) Interior of enlarged capillary 

cross section illustrating the electronically charged layers. 
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cations in the buffer. It is attracted to the negative silanol groups and effectively 

neutralizes the capillary wall surface charge.5 The applied electric field acts on the double 

layer to mobilize the electroosmotic flow (EOF) of the bulk solution. 

Analytes injected into the capillary separate due to their individual electrophoretic 

mobilities, which are based upon their size and charge. With the application of high 

voltage, the bulk electroosmotic flow carries all ions and neutral species toward the 

detector, as seen in equation 16: 

� = � × � (1-1), 

where v represents the net migration velocity (m/s); m is the effective mobility (the sum 

of electrophoretic and electroosmotic mobilities, in units of m2/V.s); and E is the applied 

electric field (V/m).7 The separation can be conducted in normal (forward) or reverse 

mode based on the polarity of the power supply. The cathode is near the detector in 

normal polarity mode, while in reverse mode, the anode is adjacent to the detector. 

The van Deemter equation (equation 2) is an expression of separation efficiency (as 

measured by plate height, H) as a function of column characteristics and flow rate µx:  

� = � +
	


�
+ �μ� (1-2), 

where A is a factor accounting for various paths through the separation column; 
	


�
 

represents longitudinal diffusion; and �μ� represents equilibration time. In CE, the open 

column and lack of a stationary phase ensures one flow path and eliminates the need for 

equilibration between stationary and mobile phases, thus negating both the A and C 

coefficients. Since the velocity profile of the flow in CE is uniform across the diameter of 

the column, not laminar (as in pressure-driven separations methods), a plug flow is 

generated. These features provide excellent separation efficiencies: an order of magnitude 
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greater than those achieved with column chromatography. The average CE system 

produces 50,000 to 500,000 theoretical plates.7 

A modified version of capillary electrophoresis, known as electrokinetic 

chromatography (EK or EKC), is used in enantioselective separations. Chiral selectors, 

such as cyclodextrins (CD), are added to perform as a pseudo-stationary phase (Fig. 1.2). 

Resolving the synthetic cathinone enantiomers studied here is valuable as they exhibit 

different pharmacological effects. Kolanos et al. found that S-(+)-MDPV is more potent 

in inhibiting reuptake of dopamine and norepinephrine than R-(-)-MDPV or the racemic 

mixture of the enantiomers.8 

Capillary transient isotachophoresis (ctITP) is a variant of CZE. Isotachophoresis, 

derived from the Greek for equal speed, is a focusing technique in which discontinuous 

electric fields in each zone and the distinct effective mobilities of each analyte generate 

equal velocity in each zone toward the detector, as seen in Fig. 1.3.9  It preconcentrates 

analytes for improved detection with transition into CZE for analysis completion. 

Fig. 1.2. Proposed interaction of 4-MEC and β-CD in capillary electrophoresis separation. 



5 

 

ITP also involves the application of leading and terminating electrolytes. The leading 

electrolyte must be more mobile than the analyte, and the terminating electrolyte must be 

less mobile so that it does not dissolve when it migrates into the separation zone 

containing the sample.10 Used alone, ITP output is characterized by adjacent plateaus 

representing components of the signal, rather than the distinct peaks associated with CZE. 

However, coupling ITP with CE (ctITP) results in improved resolution and sensitivity. A 

modified version of ctITP, known as polymer-enhanced capillary transient 

isotachophoresis (PectI), includes a polymer pseudo-stationary phase, commonly found 

in the background electrolyte. Additional resolution stems from the analyte-polymer 

interaction.11 

 

 

Fig. 1.3. The self-sharpening effect of isotachophoresis with different electric fields in each 

zone. The analytes A, B, and C are injected into the same zone (A) and begin to separate in 

order of decreasing velocity when voltage is applied (B, D). L and T, respectively, represent 

the leading and terminating electrolytes. The analytes then move into separate zones 

approaching the cathode (C), while the leading and terminating electrolytes assume fixed 

positions based on charge. 
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1.2.  Detection 

 Numerous detection schemes are available for use with CE, including ultraviolet-

visible (UV-Vis) absorbance, fluorescence emission, amperometry, conductivity, and 

electrospray mass spectrometry.3 We used laser-induced fluorescence (LIF) and UV-Vis 

absorption. In LIF, a laser of a specific wavelength excites the sample as it passes 

through the capillary’s detection window. If the sample contains fluorophores with an 

excitation wavelength matching that of the laser, the resulting emitted light is focused 

through a ball lens and passed through a notch filter and an emission filter before it is 

amplified at the photomultiplier tube (Fig 1.4). The notch filter is designed to block any 

transmitted laser light frequencies in a specific range or band, thus creating the 

appearance of a notch. The emission, or long pass, filter allows all emitted fluorescence 

light above a certain threshold frequency to pass through to the detector. In some 

Fig. 1.4. Schematic of laser-induced fluorescence detection 
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instances, a band pass filter centered on the emission maximum of a single analyte can be 

used in place of a long pass filter. 

After the emitted light passes through the notch and emission filters, it reaches the 

photomultiplier tube (PMT), a vacuum tube consisting of a focusing electrode that directs 

the light to a photosensitive photocathode that releases electrons. These electrons are 

multiplied by dynodes and collected at an anode at the end of the tube. The signal is then 

proportional to the current generated by the photocathode, and the intensity of emitted 

light is proportional to the concentration of the fluorescent analyte giving rise to the 

emission.12  

Ultraviolet/visible absorption detection employs a deuterium lamp (wavelength range 

= 160-400 nm) located in a module behind the capillary cartridge (Fig. 1.5).13,14 Two 

lenses focus and direct the radiation from the lamp through a wavelength selecting filter 

(here largely, 214 nm).13 The radiation is directed through an aperture in the cartridge at 

 

Fig. 1.5. Schematic of ultraviolet/visible detection 
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the capillary window, where the nonabsorbed radiation continues to a photodiode via a 

fiber-optic cable.13 

 UV/Vis detection is an inexpensive alternative that is universal with the presence of 

an analyte chromophore and, unlike LIF, does not require fluorescence derivatization or 

native fluorescence. However, the short pathlength (capillary window) decreases 

sensitivity, as shown by Beer’s Law: 

� = ��� (1-3), 

where A is the absorbance of the species; � is the molar absorptivity (M-1·cm-1); b is the 

path length (cm); and c is the concentration (mol/L).15 

 

1.3.  Squarylium Dyes 

 Squaraine (SQ) dyes are resonance-stabilized, zwitterionic members of both the 

polymethine and cyanine classes. W. Koenig named polymethine dyes in 1922; Treibs 

and Jacob advanced their study of these probes in 1965.16,17 SQ fluorophores consist of a 

cyanine polymethine chain and an introduced squaraine ring, so they belong to the 

cyanine dye group.18 In the 1980s and 1990s, Kock-Yee Law studied their synthesis and 

electrochemical, physical, chemical, and photochemical properties, and they gained 

widespread popularity for use in solar cell, bioimaging, sensor, and photodynamic 

therapy (PDT) applications.19,20 In solar cell applications, electrons excited by the sun’s 

radiation are transferred from the dye to the semiconductor.21 In bioimaging applications, 

SQ dyes are used with fluorescence microscopy to visualize human umbilical vein 

endothelial cells, among others.22 In the sensor applications described here, they are 

crucial in labeling and detecting analytes with no native fluorescence.   
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Squaraine dyes are highly desirable probes due to their long emission wavelength 

(600-800 nm), high quantum yield (typically ≥ 0.3), and large molar absorptivity (nearly 

105 L/mol·cm).23 While they are not reactive, noncovalent, nonspecific interactions of 

unfunctionalized squarylium dyes have found analytical applications, and modifying the 

functional group attached to their indole moiety allows assays for specific targets with 

fewer interferences.23 Customizing the probe for the target molecule provides an 

impressive alternative to commercially available dyes, such as BODIPY FL STP or 

ATTO-TAG FQ.  

Although these fluorophores have many positive attributes, limitations include 

fluorescence quenching via dye aggregation, vulnerability to nucleophilic attack 

stemming from an electron- deficient central ring, and low aqueous solubility.20 

 

 

Fig. 1.6. Molecular structure of SQ-STPa (A) and SQ-STPb (B). 
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Modifying their functional group can remediate aspects of these limitations to develop a 

fluorophore capable of specific covalent interactions.  

Our collaborators, Dr. Takeshi Maeda and Takuhiro Ashida at Osaka Prefecture 

University (Japan), have synthesized two functionalized asymmetric squaraine dyes (Fig. 

1.6) through the mechanism shown in Fig. 1.7. They consist of a 4-sulfo-2, 3, 5, 6-

tetraflourophenyl (STP) ester moiety attached to the six-membered ring of the indole. SQ 

dyes are broadly classified as asymmetric and symmetric; synthesis is more easily 

achieved with the symmetric class where condensation of squaric acid with an aniline 

derivative typically produces a high yield.19 Asymmetric dye synthesis is more 

challenging due to an additional aniline derivative; the three products are difficult to 

separate.19 Dr. Maeda’s SQ-STP synthesis examined two starting materials, achieving the 

highest yield (65% recovery) with the cation shown in Fig 1.8. Only a 26% yield was 

 

Fig. 1.7. Schematic of SQ-STPb synthesis  

 

 



11 

 

achieved with a neutral pyrrole group lacking a functionalized nitrogen. Addition of an 

STP ester group remediates the one drawback of squaraine dyes: low solubility.24 We 

speculate that these novel squarylium dyes form a covalent bond with amines; for 

example, in the SQ-STPa and 4-MEC (4-methylethcathinone) bath salt reaction seen in 

Fig. 1.8. However, both covalent and noncovalent interactions of the dye and drug target 

may occur, particularly with tertiary amine drugs employing noncovalent squarylium 

labeling due to the unlikelihood of cyclic amine formation of four bonds. Noncovalent 

drug‒dye labeling may stem from hydrogen bonding, π-π stacking, hydrophobic, or 

electrostatic interactions. 

We also explored two commercially available dyes, ATTO-TAG FQ and BODIPY 

FL STP ester. ATTO-TAG FQ is a well characterized, commercially available 

fluorescent probe that does not fluoresce until reacted with an analyte to increase 

conjugation.25 It has been used to label primary amines, and here, we focus on optimizing 

the labeling reaction with the simplest amino acid, glycine, as a proof of concept. High 

fluorescence intensity is often challenging in the ATTO-TAG FQ reaction, and many 

studies have focused on optimizing pH, concentration, and buffer composition in the 

critical incubation period.26 

 

Fig. 1.8. Proposed reaction mechanism for 4-MEC and SQ-STPa 
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1.4.  Cyclodextrin Enantioselective Modifiers   

 Cyclodextrin (CD) consists of cyclic saccharide polymers (oligosaccharides) with a 

toric, truncated cone structure comprised of a hydrophobic interior cavity and a 

hydrophilic outer surface (Fig. 1.9).27 They are formed by bacterial digestion of starch via 

cyclodextrin glycosyl transferase (CGTase).28 CDs are commercially available, versatile, 

extensively studied, and easily derivatized. The three main types, alpha (α-CD), beta (β-

CD), and gamma (γ-CD) differ only in their glucopyranose content; six, seven, and eight 

molecules, respectively. They can be derivatized in many ways to alter their charge, 

cavity size, and analyte interaction. 

CDs are optimal for use in chiral separations as background electrolyte (BGE) 

additives in CE. They can interact with the analyte in two main ways. In the primary 

mechanism, their hydrophobic cavity harbors the analyte’s hydrophobic portion (Fig. 1.9-

B), while in the secondary mechanism, hydroxyl groups on their rim interact with the 

 

Fig. 1.9. Chemical structure of β-cyclodextrin (A) and a schematic of 4-MEC occupying the 

cavity of β-cyclodextrin (B) 
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polar moieties of the analyte either through dipole-dipole interactions or hydrogen 

bonding.29 Steric factors of the complexing CD impact analyte interactions as well as 

high energy water leaving the cavity upon analyte complexation.28  

Enantioselective separations are achieved as CDs in the BGE act as pseudo-stationary 

phases to form transient diastereomeric analyte-CD complexes.28 The analyte-CD 

complex then migrates at unique times for each enantiomer as these newly interacting 

molecules vary in complexation mechanism as well as pKa shift.30 Both enantiomers 

maintain the same charge with unique migration times due to enantiomer-CD 

complexation differences.   

 

1.5. Synthetic Cathinones 

 Cathinones are psychoactive alkaloids with the same sympathomimetic action 

mechanism as amphetamine. They are found in the leaf of Catha edulis, a tree native to 

 

  

Fig. 1.10. Cathinone structure and six synthetic cathinone analogues   
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the horn of Africa, East Africa, and the Middle East.31 Chewing khat originated in East 

Asia and the Arab peninsula in the tenth century or earlier and continues today.32  

Synthetic cathinones, also known as bath salts or new psychoactive substances (NPS), 

are drugs designed to mimic the effects of scheduled substances while circumventing 

prosecution (Fig. 1.10). Most were originally synthesized for medicinal or research 

purposes, and their effects and synthesis have been described in detail.33 The first, 

methcathinone, was synthesized in 1928, while MDPV appeared in 1967.34,35 There were 

no reports of synthetic cathinone abuse until the early 1990s, and widespread use began 

around 2009.33,36 In the European Union, more than 80 synthetic cathinone derivatives 

were reported between 2005 to 2014.37 The most common are methylone, mephedrone, 

and MDPV.33 In vitro experiments found that the pharmacological effects of methylone 

mimic cocaine-MDMA (3,4-methylenedioxymethamphetamine); methylene-

dioxypyrovalerone (MDPV) and 3’,4’-methylenedioxy-α-pyrrolidino-butyrophenone 

(MDPBP) mimic pyrovalerones.38 

Drug scheduling is a classification system based on medicinal use, abuse liability, and 

the likelihood of dependence.33 The Controlled Substances Act of 1970 schedules 

substances on a scale from I to V. Schedule I drugs bear the highest risk, and schedule V 

have a medicinal use with low risk. Manufacture, dealing or possession of illicit drug 

analogues, largely represented by synthetic cathinones, could not be prosecuted until the 

Controlled Substance Analogue Enforcement Act of 1986 allowed a substance intended 

for human consumption and bearing a chemical structure analogous to known schedule I 

and II substances to be handled as a schedule I substance.39 Thereafter, to avoid 

prosecution, designer drugs were labeled as not intended for human consumption and 
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synthesized with structures dissimilar to those of scheduled substances, but in 2011, 

MDPV, methylone, and mephedrone were classified as schedule I substances.33,40  

The principal action mechanism of synthetic cathinones is dysregulation of central   

monoaminergic systems, gathering sites for signals of emotional and recognition 

behaviors that are usually the result of exercise.41 Bath salts increase libido, energy, and 

empathy.42 Mephedrone users specifically reported powerful elation and increased 

talkativeness, concentration, restlessness, and sex drive as the most common effects.43 

They also reported such undesirable effects as jaw clenching, increased body temperature 

and heart rate, and decreased appetite, need for sleep, and memory.43 Bath salt use may 

spark paranoia, confusion, high blood pressure, violence, and suicidal thoughts with a 

high lasting 4-6 hours.44  

 

1.6. Amino Acids and Proteins 

 

 Amino acids (α-amino carboxylic acids) combine to form proteins with complex 

three-dimensional structures. Each is classified as a primary amine and has a similar 

chemical structure featuring an amino group, an acidic carboxyl group, and a unique 

organic side chain. Amino acids are classified as essential or nonessential; the body 

produces those termed nonessential, and they cannot be sourced from diet alone.  

The detection of amino acids is important in hormone synthesis, particularly 

melatonin synthesis from tryptophan as overproduction leads to melatonin shortages 

otherwise required for serotonin production.45 We used seven amino acids as proof-of-

concept analytes in dye labeling prior to the labeling of more complex secondary and 

tertiary amine-based synthetic cathinones. Three are classified as essential: threonine, 
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leucine, and tryptophan. In covalent bonding, glycine, a nonessential amino acid with the 

simplest chemical structure, C2H5NO2, shows little steric hinderance at the analyte 

fluorophore reaction site.  

Bovine serum albumin (BSA), isolated from cattle, is a globular protein weighing 

approximately 66,000 Da (Fig. 1.11).46 It is nontoxic, biodegradable, low cost, easily 

purified, soluble in water, and binds reversibly.47 Applications range from 

immunohistochemistry blocker to drug delivery via hydrophobic residues on its surface. 

This biocompatible protein has multiple binding sites that can accommodate fluorophores 

via noncovalent interactions. 

Mucin is a glycoprotein that largely composes mammalian mucus. We used secretory 

mucin from porcine stomach, type III, which, unlike membrane bound mucin, forms gels 

on the gastrointestinal, respiratory, and reproductive tracts.48 Mucin is composed of a 

core protein, apomucin, on which a variable number of tandemly repeating amino acid 

sequences, termed the VNTR region, contains the majority of oligosaccharides.48 

 

Fig. 1.11. Ribbon structure of bovine serum albumin46 
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Apomucin weighs approximately 200 kDa, and due to this large size, its signal is 

typically difficult to focus.49  

 

1.7. Research Goals  

 The overarching goal of this work is to develop highly efficient and sensitive methods 

for separating and detecting synthetic cathinones via capillary electrophoresis. 

Specifically, we use LIF in conjunction with CE to characterize both commercially 

available and newly synthesized SQ fluorescent probes to determine their suitability for 

labeling illicit drugs and proteins . We also determine the effectiveness of separation 

additives and certain CE techniques, including MEKC and PectI. We couple UV-Vis 

absorbance detection to CE and electrokinetic chromatography to resolve the enantiomers 

of synthetic cathinones. Results show semi-quantitative detection of synthetic cathinones 

and provide detailed information on a wide range of CE protocols. 

The following chapters elaborate experimental conditions and outcomes. Chapter 2 

presents the analysis of the commercial fluorophores, BODIPY FL STP and ATTO-TAG 

FQ, and their application as fluorescent tags for bath salts; neither was effective in 

detection or quantification. Chapter 3 describes the qualitative determination of the illicit 

drugs via the sulfotetrafluorophenyl-functionalized squarylium dyes SQ-STPa and SQ-

STPb with and without background electrolyte additives in CE-LIF. Chapter 4 details the 

enhancement of dye-drug interactions with the concentration dependent addition of 

carbon dots. Chapter 5 discusses the application of CE-UV-Vis, ionic liquids, and β-

cyclodextrin to determine each drug enantiomer. Chapter 6 explores the use of SQ-
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STPa/b in polymer-enhanced capillary isotachophoresis PectI with new psychoactive 

substances, tricyclic antidepressants, and proteins.   
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COMMERCIAL FLUOROPHORES FOR CAPILLARY 

ELECTROPHORESIS ANALYSIS OF SMALL MOLECULES AND 

PROTEINS 
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2.1. Introduction 

 Capillary electrophoresis (CE) is a technique that separates analytes via migration 

time in an electric field based upon size and charge.3 The efficiency of CE separations 

can be discussed in terms of chromatographic theory established for gas chromatography 

(GC) and high-performance liquid chromatography (HPLC). CE is faster than these 

chromatography methods and accommodates smaller sample volumes while providing 

high resolution separations that can be easily automated.4,5 It was first used to identify 

amino acids and proteins in fields ranging from biochemistry to agriculture and food 

science.6 It is primarily used with ultraviolet-visible (UV-Vis) absorbance and laser-

induced fluorescence (LIF) detection. Emonts et al.7 used it with fluorescein 

isothiocyanate isomer 1 for synthetic cathinone derivatization.  

Commercial fluorophores are readily available dyes with well characterized 

properties, including purity, absorbance and emission spectra, reaction mechanisms, and 

ideal reaction conditions. They are crucial in detecting analytes that are not natively 

fluorescent, with uses ranging from antibody labels in antigen screening to viewing single 

neuron projections via fluorescence microscopy.1,2 Two commercial probes, BODIPY FL 

STP (BOron-DI-Pyrromethene Fluorescein-Like 4-sulfo-2,3,5,6-tetrafluorophenyl) and 

ATTO-TAG FQ (3-2-(furoyl)quinoline-2-carboxaldehyde, FQ, or 3-benzoyl-2-

quinolinecarboxaldehyde), have numerous applications; here, we focus on labeling amine 

targets, such as synthetic cathinones. 

BODIPY FL STP is a well characterized, commercially available fluorescent probe 

designed for derivatization of amine-based targets. BODIPY dyes were discovered in 
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1968 by Treibs and Kreuzer.8 The core compound of the fluorophore is 4-4’-difluoro-4-

bora-(3a,4a)-diaza-s-indacene, which belongs to the organoboron family (Fig. 2.1).9  

Amine labeling reagents are classified in three groups: active esters, isothiocyanates, 

and sulfonyl chlorides. Active esters are the most desirable reagent class because the 

addition of the STP ester group increases hydrophilicity and the stability of carboxamide 

bonds.10 STP esters were found to be three orders of magnitude more water soluble than 

n-hydroxysuccinimide (NHS) esters and more reactive with primary amines.11 Their 

characteristic water solubility stems largely from their sulfonic group, while the 

perfluorophenyl ester moiety is highly amine reactive.11 Prior to the use of active esters, 

fluorescein isothiocyanate was widely used to conjugate proteins based on its high 

quantum yield and molar absorptivity.12 However, it is an isothiocyanate and does not 

remain stable.12 

Hoeman et al.13 used BODIPY FL STP in the separation of 15 amino acids via 

micellar electrokinetic chromatography (MECK) on a chip. This work demonstrated that 

multiple amino acid can be resolved and fluorescently detected using various forms of 

electrokinetic separation. The results identify a BODIPY FL STP peak as it is a 

Fig. 2.1. Chemical structures of BODIPY FL STP (A) and ATTO-TAG FQ (B). 
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fluorescent dye which presents signal when unbound or prior to an analyte reaction. In 

contrast, ATTO-TAG FQ is classified as a fluorogenic reagent that does not fluoresce 

prior to an analyte reaction.14  

ATTO-TAG FQ is a well characterized, neutral, commercially available fluorogenic 

reagent that displays fluorescence upon analyte reaction via increased isoindole 

conjugation.15,16 It was first synthesized in 1988 by Beale et al.17 to provide a more 

sensitive, stable fluorogenic dye with an optimal absorption maxima than previous amine 

reactive dyes, such as 7-chloro-4-nitrobenzene-2-oxa-1,3-diazole (NBD-chloride), o-

phthalaldehyde (OPA), ninhydrin, and naphthalene-2,3-dicarboxaldehyde (NDA).17 The 

stability of an ATTO-TAG FQ labeled amine can be attributed to the use of cyanide, 

which has electron-withdrawing characteristics in a nitrile formation on the isoindole ring 

(Fig. 2.2). In contrast, the fluorogenic reagent OPA reacts to form a thiol on the isoindole 

ring.17  

Beale et al. used ATTO-TAG FQ to label primary amines for liquid chromatography 

analysis with LIF detection.16 They aimed to improve its reaction rate, quantum yield, 

derivative stability, and absorption maxima relative to other fluorogenic reagents’ near a 

 

Fig. 2.2.  Reaction product of ATTO-

TAG FQ and an amine R group 
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laser line. They concluded that it excels in three of the four categories, although reaction 

rate, approximately 45 minutes, was slower. Otherwise, the glycine complex quantum 

yield was 0.3; when frozen, the derivative remained stable for two weeks; and the 

absorption maximum approached 488 nm.16 The stable analyte derivative was achieved 

under mild conditions (37°C with no stirring) with a fourfold molar excess of dye and a 

twofold excess of KCN.16  

We used these commercial fluorescent probes in an attempt to derivatize synthetic 

cathinones, which are not natively fluorescent. Variously termed new psychoactive 

substances (NPS) or bath salts, they are illegal, cheap, and widely available street drugs 

that have no known medical applications but mimic controlled substances. Between 2005 

and 2014, more than 80 synthetic cathinone derivatives were reported in the European 

Union alone.18  

Their chemical structure is modified during synthesis to create a challenge for 

prosecutors who must confirm each drug, often in combinations. Methylone, 

mephedrone, and methylenedioxypyrovalerone (MDPV) are the most common.19 One 

side of the molecule has a ring system; the other, a secondary or tertiary amine on a 

carbon chain. The ever-growing number and use of synthetic cathinones calls for rapid 

and selective detection methods. 

While many groups have reported on fluorophore-labeled primary amines, we are 

among the very few who have studied complex secondary and tertiary amine labeling in 

an effort to detect and quantify synthetic cathinones. This chapter focuses on the use of 

BODIPY FL STP and ATTO-TAG FQ to label amino acids, bovine serum albumin, and 

synthetic cathinones for detection via CE-LIF.  



30 

 

 

2.2. Materials and Methods 

2.2.1. Reagents 

 BODIPY FL STP, ATTO-TAG FQ, and potassium cyanide were purchased from 

ThermoFisher Scientific (Suwanee, GA, USA). Sodium hydroxide (ACS grade) and 

methanol (HPLC grade) were purchased from Fisher Scientific (Fair Lawn, NJ, USA). 

Boric acid (>99.5%), dimethylformamide (99.8%), and L-amino acids (>99%) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium dodecyl sulfate (ACS 

grade) was purchased from the United States Biochemical Corporation (Cleveland, OH, 

USA). Methylone and MDPV were purchased from Cerilliant Analytical Reference 

Standards (Round Rock, TX, USA). All aqueous solutions used deionized water from a 

Milli-Q reagent water system (Billerica, MA, USA). 

 

2.2.2. Buffers and Sample Preparation 

 BODIPY FL STP (5 mg) was dissolved in 10.00 mL of dimethylformamide (DMF). 

The solution was aliquoted in 500 µL microcentrifuge tubes and stored at -20°C after 

overnight vacuum centrifugation to remove solvent. Each dye aliquot had 0.5 µmol of 

BODIPY FL STP for future reactions.    

ATTO-TAG FQ (10 mg) was dissolved in 4.00 mL of methanol. The solution was 

aliquoted in 500 µL microcentrifuge tubes to yield 135.3 nmol of dye per tube after 

vacuum centrifugation. The samples were stored at -20°C, removed from the freezer on 

the day of experiments, and reconstituted in 15.00 µL of methanol. All ultrapure water 

and buffer solutions were passed through a 0.2 µm nylon filter. A solution of 0.38 M 
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KCN was prepared in 50 mM sodium borate buffer (pH 11.7) for use in experiments 

without sodium dodecyl sulfate (SDS). A 20 µL aliquot of this solution was added  to a 

total sample volume of 50 µL.  

In ATTO-TAG FQ reactions with SDS, we dissolved KCN in ultrapure, filtered 

water, following the method of Pinto et al.20 We mixed the KCN and glycine with 2.67 

mM sodium borate buffer prepared with 5.03 mM SDS (pH 9.27) and diluted the 

resulting solution two-fold, We then added 5.00 µL of the resulting 22.10 mM KCN 

solution to the ATTO-TAG FQ solution and vortexed. After vortexing, the sample was 

incubated for one hour in the dark. 

  

2.2.3. Instrumentation 

 An Eppendorf Vacufuge Concentrator 5301 was used for evaporating fluorophore 

solutions and samples. A Cary 8454 UV/Vis spectrophotometer was used for absorbance 

measurements, and a Cary Eclipse fluorescence spectrophotometer was used for 

spectrofluorimetry measurements (Agilent Technologies, Foster City, CA, USA). A 

semi-micro quartz cuvette (Fisher Scientific, Suwanee, GA) was used for both 

absorbance and fluorescence measurements. It was cleaned with a triple rinse of ultrapure 

water followed by a single rinse of 95% ethanol (Fisher Scientific, Suwanee, GA). For 

both BODIPY FL STP and ATTO-TAG FQ, we used an excitation wavelength of 503 

nm, with 5 nm slit widths for both excitation and emission; a scan rate of 300 nm/min; 

and an emission scan range of 504-600 nm. A photomultiplier tube voltage of 600 V was 

used for ATTO-TAG FQ analysis.  
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Capillary electrophoresis analysis was performed on a P/ACE MDQ CE with 32 

Karat software (Beckman Coulter, Redwood City, CA, USA). Various inner diameters of 

uncoated, fused silica capillary (Polymicro Technologies, Phoenix, AZ, USA) were 

studied. CE detection was achieved by laser-induced fluorescence (LIF) using a 5 mW, 

488 nm laser (OZ Optics, Carp, ON, Canada) with a 520 nm long pass filter (Omega 

Optical, Brattleboro, VT, USA).  

 

2.3. Results and Discussion 

2.3.1. Analysis of BODIPY FL STP Labeling with Primary Amines and BSA 

As expected, the native (underivatized) 100 nM glycine sample (purple trace, Fig 2.3) 

showed no native absorbance or fluorescence emission at pH 8.4. We had expected that 

samples with 5-100 nM glycine would illustrate a concentration dependent relationship of 

enhancement or quenching upon interaction with 1 nM BODIPY FL STP dye. However, 

no linear correlation was found for glycine labeled with 1 nM dye. Among the 

absorbance spectra, the highest signal was found in the trial of 1 nM BODIPY FL STP 

alone (no added glycine), and the greatest fluorescence intensity stemmed from 5 nM 

glycine with 1 nM dye. The lack of correlation between  dye-labeled analyte 

concentration and spectrophotometric signal is presumably an indication that no or 

nonuniform fluorophore labeling occurred.  
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We next used CE to confirm or contradict this finding. Electropherograms were 
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recorded for pre-column labeled samples consisting of 50 nM of BODIPY FL STP added 

to glycine concentrations between 5 nM and 100 nM. However, quantitative signals were 

not obtained and thus, we could not construct a calibration curve. All samples displayed 

nearly identical signals in CE with no variation in migration time or peak area and 

intensity, regardless of glycine concentration. On-column labeling experiments (with dye 

present in the background electrolyte, into which the glycine sample was injected) 

produced no signal above baseline. These CE studies confirm the absorbance and 

fluorescence spectra seen previously in Fig. 2.3, which showed no correlation between 

glycine concentration and fluorescence signal intensity. Furthermore, CE analysis with 

attempted BODIPY FL STP labeling of threonine instead of glycine similarly produced 

no quantitative signals.  

With a larger protein analyte, bovine serum albumin (BSA), on-column labeling with 

BODIPY FL STP successfully resulted in both qualitative and quantitative determination 

(Fig. 2.4). The calibration curve confirms a linear correlation with an R2 value of 0.998. 

Optimal reaction conditions for BSA employed 5 nM BODIPY FL STP, a tenfold-lower 

concentration of dye than was used in the previous amino acid studies. Pre-column 

labeling of BSA resulted in CE signals that were not as highly correlated to protein 

concentration as on-column labeling experiments.  
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We extended these studies of BODIPY FL STP labeling to include synthetic 

cathinones, and we concluded that this commercial dye does not yield a quantitative 

determination of synthetic cathinones. The six individual drug samples displayed nearly 

identical electropherograms with identical migration time and peak areas (data not 

shown). This lack of temporal resolution and indistinguishable signal intensity  may 

indicate that covalent labeling of the drugs was inefficient, or, if reaction occurred, then 

the similar molecular masses of the drugs (ranging from 227.73 g/mol (4-MEC) to 317.85 

g/mol (naphyrone)), may have impeded their resolution by this method. In an effort to 

deprotonate the drug samples to facilitate labeling, we used a background electrolyte with 

 

Fig. 2.4. Electropherograms of on-column, BODIPY FL STP-labeled BSA at five 

concentrations. The green trace (i) represents 5 µM BSA; the orange trace (ii) 10 µM; 

the gray trace (iii) 20 µM; the yellow trace (iv) 50 µM; and the blue trace (v) 100 µM. 

The corresponding calibration curve is shown in the inset. Samples were prepared in 

ultrapure water, and the separation buffer consisted of 5 nM BODIPY FL STP in 100 

mM NaHCO3 (pH 10.0). A sample volume of 100 nL (5 sec at 0.2 psi) was injected, with 

a 25 kV separation voltage applied. All separations were carried out on a Beckman 

Coulter P/ACE MDQ CE system with an LIF detector using a 488 nm laser with a 520 

nm long pass filter; capillary effective length, total length, and inner diameter were 60.2 

cm, 50 cm, and 75 µm, respectively. 
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a basic pH (10), but it is possible that this may have led to the hydrolysis of BODIPY FL 

STP, thus rendering the label ineffective for quantitative analysis. 

 

2.3.3. ATTO-TAG FQ Enhancement of Threonine and BSA in CE-LIF 

Previous studies used ATTO-TAG FQ derivatized analytes to estimate tobacco leaf 

amino acid content and protein concentration.13,14 To determine the efficacy of this 

commercial dye for covalent labeling of analytes containing primary amine functional 

groups, we used ATTO-TAG FQ to derivatize and detect threonine samples (8.8 µM and 

880 µM ) via CE-LIF (Fig. 2.5-A).   We expected to see a linear correlation between 

increased fluorescence and increased analyte concentration for a fixed concentration of 

ATTO-TAG FQ, but a 100-fold increase in threonine concentration yielded only a 7.49% 

increase in signal peak area. This nonlinear fluorescence enhancement held for FQ-

 

Fig. 2.5. (A) Electropherograms of ATTO-TAG FQ blank (i) and FQ-labeled threonine at 8.8 µM 

(ii) and 880 µM (iii), following a one-hour incubation in the dark at room temperature. The 

separation buffer was 50 mM sodium borate (pH 9.48). A sample volume of 10 nL (5 sec at 0.2 psi) 

was injected followed by an applied separation voltage of 20 kV. (B) Electropherograms of ATTO-

TAG FQ blank (i) and FQ-labeled BSA at 7.5 µM (ii) and 15 µM (iii), with a separation buffer of 

50 mM sodium borate (pH 9.27) and 5.0 mM SDS. A sample volume of 10 nL (8.5 sec at 0.4 psi) 

was injected, and a separation  voltage of 15 kV was employed. All separations were carried out on 

a Beckman Coulter P/ACE MDQ CE system with an LIF detector using a 488 nm laser with a 520 

nm long pass filter. Capillary effective length, total length, and inner diameter were 50 cm, 60.2 

cm, 75 µm, respectively, for panel A; and 30 cm, 40.2 cm, and 50 µm, respectively, for panel B. 
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labeled glycine samples as well. Incubating glycine samples with ATTO-TAG FQ for 

one hour in the dark at ambient temperature enhanced the signal 101.8% over samples 

prepared with immediate injection following mixing of the dye and amino acid analyte 

(data not shown), in close agreement with findings of Liu et al.21 The lack of quantitative 

response for analyte-dye interaction may be attributed to FQ reactions with impurities in 

KCN or variables affecting the derivatization, such as reaction time, temperature, or 

reagent concentration. It may also be attributed to separation variables, including buffer 

concentration and organic modifiers.21  

In contrast to the single peak found in electrophoretic profiles of threonine labeled by 

ATTO-TAG FQ (Fig. 2.5-A), the electropherograms of FQ-labeled BSA have many 

peaks (Fig. 2.5-B). Clearly, a varying number of ATTO-TAG FQ molecules interact with 

BSA since the exposed amino acid residues in the protein molecule are not equally 

accessible to the dye when the protein is folded in a quaternary structure. Some published 

methods involve heating the protein prior to analysis to achieve a denatured protein 

structure, whereby the resulting primary structure affords easy and equal access to 

binding sites. Michels et al.,22 among many others, heated the protein to denature it 

before labeling, thus reducing peak broadening or proliferation. We did not denature the 

protein because our goal was fast, simple analysis after a brief preparation. 

According to Pinto et al.,20 the presence of SDS in the buffer will result in a signal for 

ATTO-TAG FQ in the resulting electropherogram even with no analyte (Fig. 2.3-B (i)). 

This may be due to the fact that SDS interaction with the dye probably stops dye self-

aggregation, which would otherwise occur due to π- π stacking between aromatic rings, 

along with van der Waals forces, and the dye molecules’ ionic nature.23 Dye aggregates 
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can quench the dye signal, and can form either face-to-face or head-to-tail arrangements 

in H- or J-aggregates, respectively.24 In our sample lacking target analyte, introducing 

SDS into the separation buffer led to SDS-dye interactions that decreased dye self-

aggregation and as a result, generated a fluorescence response in the electropherogram.  

 

2.3.4. Fluorescence Quenching of ATTO-TAG FQ-labeled Synthetic Cathinones via CE-

LIF  

 ATTO-TAG FQ-labeled methylone was also analyzed with a Beckman P/ACE MDQ 

CE system with LIF detection, following a method established by Beale et al.17 We used 

 

Fig. 2.6. Electropherograms of ATTO-TAG FQ-labeled methylone (solid 

lines) and MDPV (dashed lines) at concentrations of 4.83 µM and 3.63 µM 

in blue (i), 48.3 µM and 36.3 µM in red (ii), and 363 µM and 483 µM in 

green (iii), respectively. All samples incubated for one hour at ambient 

temperature. The separation buffer was 50 mM sodium borate (pH 9.44). A 

sample volume of 10 nL (5 sec at 0.2 psi) was injected followed by an 

applied separation voltage of 20 kV. Separations were carried out on a 

Beckman Coulter P/ACE MDQ CE system with a LIF detector using a 488 

nm laser with a 520 nm long pass filter with a capillary effective length, 

total length, and inner diameter of 75 µm, 50 cm, 60.2 cm, respectively. 
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a 100 mM sodium borate (pH 9.44) buffer for the separation and for sample preparation, 

along with an applied separation voltage of 20 kV. The 75 µm internal diameter capillary 

was injected with 10 nL of the 50 µL drug sample, which was pre-labeled in a two-step 

procedure. First, a mixture comprised of 10 µL of methanol, 20 µL of 0.38 M KCN 

solution in 50 mM sodium borate (pH 11.7) buffer, and 5 µL of methylone in methanol 

were incubated in the dark at room temperature for one hour. Next, 15 µL of 100 mM 

sodium borate (pH 9.44) buffer were added. An MDPV sample was prepared in the same 

way. Electropherograms of the methylone samples at concentrations of 4.83 µM (i), 48.3 

µM (ii), and 483 µM are shown in Fig.2.6 (solid lines), and MDPV samples at 

concentrations of 3.63 µM (i), 36.3 µM (ii), and 363 µM (iii) are shown in Fig. 2.6 

(dashed lines).  

 We expected to see fluorescence enhancement due to covalent or noncovalent 

bonding of the ATTO-TAG FQ label to the amine-based drugs, but the signals in the 

resulting electropherograms suggest that the ATTO-TAG FQ interaction with either the 

secondary synthetic cathinone methylone, or the tertiary synthetic cathinone MDPV, 

causes fluorescence quenching. Quenching occurs via three mechanisms that may or may 

not occur simultaneously: intersystem crossing, electron exchange, and/or photoinduced 

electron transfer (PET).25 Intersystem crossing occurs when a heavy atom causes the 

excited singlet state to become an excited triplet state. Electron exchange, also known as 

Dexter interactions, occurs when an electron is transferred from an excited donor to the 

acceptor and back to the donor. Photoinduced electron transfer occurs when the electron 

donor and acceptor form a complex, and no photon is emitted upon return to the ground 

state. We postulate that the latter two mechanisms play a role, either simultaneously or 
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independently, in the decreased fluorescence observed with the addition of methylone or 

MDPV to ATTO-TAG FQ. Overall, this research proved useful for qualitative, not 

quantitative characterization.  

 

2.4. Conclusions 

 The aim of these studies was to detect and quantify synthetic cathinones using the 

commercial fluorescence probes BODIPY FL STP and ATTO-TAG FQ. BODIPY FL 

STP absorbance and fluorescence spectra did not yield a linear correlation between  

enhancement (or quenching) of the dye signal with increasing concentration of amino 

acid or synthetic cathinone drug analytes.  CE-LIF signals echoed these results. That is, 

the CE-LIF peaks corresponding to threonine and glycine remained unchanged for 

various concentrations of the studied amino acids. While we found the hypothesized 

linear correlation between concentration and peak area when BSA was used, 

electropherograms of synthetic cathinone analysis, like those of amino acids, revealed no 

concentration dependence. The basic pH of the reaction solution utilized for the labeling 

reaction involving bath salt analytes (intended to result in the deprotonation of the bath 

salts) may have inadvertently led to the hydrolysis of the fluorescent probe, thus 

interfering with the desired analytical response. BODIPY FL STP seemingly participated 

in noncovalent protein labeling of BSA, while no apparent interactions of amino acids or 

synthetic cathinones with this dye were observed. 

ATTO-TAG FQ was effective in labeling BSA and threonine when we followed the 

Arriaga experimental procedure of adding SDS to the buffer.20 Nevertheless, it did not 

enhance but rather quenched the synthetic cathinone signal, showing no linear correlation 
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with either dye or analyte, and barring its use in quantitative detection of these illicit 

drugs. The fluorogenic reagent appeared to partially/incompletely label synthetic 

cathinones with varying degrees of interaction.  

We developed our methods to include the use of buffer additives in addition to 

buffers of various compositions and pHs, and multiple fluorescent dyes. In future work, 

modification of our BODIPY FL STP experimental parameters could find application in 

studies with other analytes. In the present work, operating under basic pH conditions was 

thought to be vital to the covalent labeling of bath salts (to realize their deprotonation). 

However, under other experimental conditions like acidic pH or varied BGE counterions, 

ATTO-TAG FQ’s fluorescence quenching of synthetic cathinones might be rendered 

concentration dependent for quantitative determinations.  
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CHAPTER 3 

 

CAPILLARY ELECTROPHORESIS CHARACTERIZATION OF 

SULFOTETRAFLUOROPHENYL-FUNCTIONALIZED, 

SQUARYLIUM DYE-LABELED SYNTHETIC CATHINONES 
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3.1. Introduction 

 Capillary electrophoresis (CE) became widely used in the 1990’s after its 1981 

introduction as an alternative analytical separation technique1, closely related to high-

performance liquid chromatography (HPLC) and gas chromatography (GC). It mobilizes 

analytes through an electric field based on their size and charge.2 CE provides quick 

separations of small samples with high resolution and can be easily automated.1,3 It was 

first employed in routine analysis of therapeutic proteins but soon transitioned to 

identifying, quantifying, and characterizing a broad array of analytes.  

Detection of analytes on-column in CE is possible due to the optical transparency of 

the fused silica separation capillary. Many CE applications are predicated on UV-Vis 

absorbance by analytes, which provides a nearly universal detection scheme. However, 

fluorescence detection can provide greater selectivity and sensitivity.  Fluorophore 

derivatized analytes for CE include amino acids;4 sugars, such as glycosaminoglycan;5 

peptides, such as β-amyloid;6 and proteins, such as human serum albumin.7 Dabek-

Zlotorzynska et al.8 labeled low molecular mass amines via fluorescein isothiocyanate I 

(FITC) for CE with laser induced fluorescence (LIF) detection and examined the impact 

of buffer composition, pH, and concentration; FITC concentration; organic modifiers; 

reaction time; and temperature. Their study indicated that the complexation of dye and 

analyte occurred faster at higher temperatures, but heating the sample generated 

undesirable side reactions.8 Nonetheless, they demonstrated that the limits of detection 

(LOD) with CE-LIF are equal to, or greater than those obtained via GC or HPLC for low 

molecular mass primary and secondary amines in atmospheric aerosols and 

environmental samples under optimal conditions (which employed a 20 mM borate‒20% 
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acetone‒5 mM 2,6-di-О-methyl-β-CD (DM-β-CD) separation buffer at pH 9). While 

baseline resolution was not achieved for a mixture of seven amines (as three amines 

comigrated), the data showed highly fluorescent, stable FITC-derivatized amines were 

achieved. Cyclodextrin (CD) was found to interact with amine analytes, dependent on 

functionalization, to shorten migration time and improve analyte resolution through 

cavity size and rim interactions.  

To determine what amino acids are consumed by yeast during beer fermentation, 

Turkia et al.9 demonstrated the efficacious complexing of Oregon green 488 carboxylic 

acid and succinimidyl ester (OG-SE) with primary and secondary amines for CE-LIF 

analysis. They examined proline, an amino acid containing a secondary amine, and two 

amino acids, histidine and tryptophan, containing both a primary and secondary amine. 

All amino acids, regardless of primary and secondary amines, were successfully labeled 

and detected under optimized parameters: a 15-minute reaction time at room temperature 

with a separation buffer of 50 mM sodium tetraborate decahydrate (pH 9) with 30 mM 

sodium dodecyl sulfate (SDS) and 20 mM 18-crown-6-ether (18C6). SDS was found to 

enhance separation between analytes by coating their surface in proportion to their size, 

as the molecular weights of amino acids are similar.10  

These studies established that CE-LIF can be used in labeling, detecting, and 

quantifying smaller primary and secondary amines but did not address larger secondary 

and tertiary amines. They also illustrated the need to improve resolution and to develop a 

quick fluorophore derivatization method for amines. We sought to improve CE-LIF 

resolution for labeling secondary and tertiary amines with separation additives and 4-

sulfotetrafluorophenyl ester-functionalized squarylium (SQ-STP) dyes. 
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Synthetic cathinones are drugs designed to mimic the effects of scheduled substances 

while circumventing prosecution. In the United States, the most abused are thought to be 

methylenedioxypyrovalerone (MDPV) and methylone.11 In vitro, methylone effects were 

found to mimic those of cocaine-MDMA, while MDPV and 3',4'-methylenedioxy-α-

pyrrolidinobutyrophenone (MDPBP) behave as pyrovalerones.12 Sought after for 

sparking libido, energy, and empathy, they can also cause paranoia, confusion, increased 

blood pressure, violence, and suicidal thoughts, with a high lasting 4-6 hours.13,14  

Synthetic cathinones have both a ring structure and a branched carbon chain featuring 

a secondary or tertiary amine moiety. We hypothesize that fluorophore labeling occurs at 

this amine reaction site, and CE-LIF will provide a new way to detect these illicit drugs, 

the synthesis and use of which are ever-increasing. 

Our approach uses squarylium functionalized probes and optimized sample and 

separation conditions, including buffer additives, to enhance CE-LIF determination of 

amines via fluorophore derivatization. Structurally, SQ dyes consist of two ring systems 

separated by a squaric acid moiety.15 Their oxocyclobutenolate core distinguishes them 

from other dyes in the cyanine class.16 Unfunctionalized squarylium dyes do not readily 

react to form covalent bonds unless they are derivatized for molecular recognition via an 

analyte specific functional group.17,18 Our collaborators at Osaka Prefecture synthesized 

two mixed, asymmetrical squarylium dyes functionalized with 4-sulfotetrafluorophenyl 

ester bound to the indole.19 They differ only by a hydrogen atom (SQ-STPa) or dodecyl 

group (SQ-STPb) at the site of the indole nitrogen but demonstrate different interactions 

with secondary and tertiary amines, so they can discriminate between bath salts in 



49 

 

complex mixtures to some extent. SQ-STPa labels all synthetic cathinones, while various 

sample conditions allow SQ-STPb to label only tertiary synthetic cathinones.  

Studies described in this chapter were designed to apply SQ-STP dyes as fluorescent 

labels for a range of amines under various sample and separation conditions via CE-LIF. 

SQ-STPa and SQ-STPb were initially characterized via absorbance and fluorescence 

spectrophotometry. They were then used to label and detect bovine serum albumin 

(BSA), amino acids, and synthetic cathinones. Buffer additives were introduced to 

optimize separations, along with studying the impact of capillary temperature and inner 

diameter.  

 

3.2. Materials and Methods 

3.2.1. Reagents 

 Sodium phosphate dibasic (ACS grade), HCl (ACS grade), sodium bicarbonate (ACS 

grade), potassium chloride, and NaOH (ACS grade) were purchased from Fisher 

Scientific (Suwanee, GA, USA). Boric acid (> 99.5%), sodium formate (≥ 99.0%), and 

citric acid (ACS grade) were purchased from Sigma (Jaffrey, NH, USA). Sodium dodecyl 

sulfate (SDS, ACS grade) was purchased from the United States Biochemical 

Corporation (Cleveland, OH, USA), and α-cyclodextrin α-CD (> 98.0%) was purchased 

from TCI (Portland, OR, USA). All synthetic cathinones were purchased from Cerilliant 

(Round Rock, TX, USA). Aqueous solutions were prepared with deionized water from a 

Milli-Q reagent water system (Billerica, MA, USA). 

 

3.2.2. Sample Preparation 
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 Separation buffers were prepared by dissolving the appropriate mass of reagent in 

water, quantitatively transferring the aqueous solution to a volumetric flask, and adding 

water to the volume line of the flask. Borate buffer was prepared from boric acid, 

adjusted to pH 10-12 (dependent upon the study) with 1.0 M NaOH. Citrate buffer was 

prepared by dissolving citric acid and adjusting to a pH of 3.0 with 1.0 M NaOH. 

Formate buffer was prepared from sodium formate adjusted to pH 5.0 with 1.0 M formic 

acid. Phosphate buffer was prepared from sodium phosphate dibasic adjusted to pH 7.0 

with 1.0 M phosphoric acid. 

 Synthetic cathinone samples (purchased as methanolic solutions) were vacufuged (25 

µL starting volume) until dry and reconstituted with ultrapure water. All capillary 

electrophoresis experiments were performed with a synthetic cathinone concentration of 

1 mg/mL. Mixtures were prepared by simultaneously vacufuging drugs (75 µL total 

volume for a three-drug mixture) and reconstituting with ultrapure water (25 µL). One 

dataset used pre-column labeling with SQ-STP and borate as the sample buffer.  

 

3.2.3. Instrumentation 

 A Cary Eclipse fluorescence spectrophotometer (Agilent Technologies, Foster City, 

CA, USA) was employed for fluorimetry measurements. A semi-micro quartz cuvette 

(Fisher Scientific, Suwanee, GA) was used for both absorbance and fluorescence 

measurements. It was cleaned with a triple-rinse of ultrapure water followed by a single 

rinse of 95% ethanol (Fisher Scientific, Suwanee, GA). We used an excitation 

wavelength of 635 nm with 5 nm slit widths for both excitation and emission at a scan 

rate of 300 nm/min, with an emission scan range of 645–900 nm, and a photomultiplier 
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tube voltage of 600 V. Absorbance studies were carried out with an Agilent Technologies 

Cary 8454 UV/Vis spectrophotometer (Agilent Technologies, Foster City, CA, USA). 

We used an Eppendorf Vacufuge Concentrator 5301 to evaporate fluorophores and 

samples. Capillary electrophoresis analysis was performed on a P/ACE MDQ CE with 32 

Karat software (Beckman Coulter, Redwood City, CA, USA) and an uncoated, fused-

silica capillary (Polymicro Technologies, Phoenix, AZ, USA) with various inner 

diameters (as specified in the figures that follow). CE detection was achieved by laser-

induced fluorescence (LIF) using a 5 mW, 635 nm laser (OZ Optics, Carp, ON, Canada) 

with a 650 nm long pass filter (Omega Optical, Brattleboro, VT, USA). 

 

3.3. Results and Discussion 

3.3.1. Absorbance and Fluorescence Characterization of SQ Dyes 

 SQ-STPa and SQ-STPb were characterized via UV/Vis absorbance and fluorescence 

emission spectroscopy. The absorbance spectra of both fluorophores revealed an 

excitation wavelength of 635 nm at pH 3.0, 7.0, and 10.0, which is suitable for CE-LIF 

(Fig. 3.1-A,B). Fluorescence emission spectra at these pH in an aqueous environment 

show that SQ-STPa has little native fluorescence, and SQ-STPb has none (Fig. 3.1-C,D). 

Additional fluorescence studies involving these dyes revealed that their intensity 

increases in organic solvents (data not shown); outside an entirely aqueous environment, 

their hydrophobic nature makes them less likely to self-aggregate. Dye aggregration 
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occurs in either J- or H-form: J-aggregates head-to-tail, often producing red-shifted 

absorption bands, and H-aggregates face-to-face, usually producing blue-shifted 

absorption bands.20 

We first studied the noncovalent interactions of both SQ-STPa/b fluorophores with 

bovine serum albumin via absorbance and fluorescence spectrophotometry. We used 

BSA because it is abundant in bovine blood plasma and frequently used to study protein 

characteristics, including aggregation, drug delivery, and folding.20 Like other proteins, 

BSA contains hydrophobic regions that contribute to the disruption of dye aggregates and 

provide a favorable location for the SQ-STP fluorophore to interact.20 A pH study was 

 

Fig. 3.1. Absorbance spectra of 4 µM SQ-STPa (A) and 4 µM SQ-STPb (B) at pH 3.0 (yellow 

trace), pH 7.0 (orange trace), and pH 10.0 (blue trace). The buffers were citrate, phosphate, and 

bicarbonate, respectively, at a concentration of 25 mM. Fluorescence spectra of 4 µM SQ-STPa 

(C) and 4 µM SQ-STPb (D) indicate little or no native fluorescence (upon excitation at 635 nm) at 

the three pH values employed in these studies. 
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performed to determine optimal labeling conditions, since both the protein and the 

fluorophore were altered by different pH. 

Table 3.I. Percent change in absorbance and emission intensities for 4 µM SQ-STP signal 

upon complexation with 7 µM BSA at three pH values, following a one-hour incubation.  

BSA contains 583 amino acid residues that interact via salt bridges and hydrogen 

bonding at side chains, such as alcohol and amine, that influence protein structure in a pH 

dependent manner. Fluorescence spectrophotometry experiments revealed that SQ-STPb 

has no native fluorescence at pH 3.0, 7.0, or 10.0 but demonstrated increased absorbance 

and signficant fluorescence enhancement upon analyte binding (see Table 3). Binding to 

BSA significantly enhanced fluorescence in both dyes, and compared to no incubation, an 

incubation period of one hour increased fluorescence 137.1% in 7 µM BSA complexed 

with 4 µM SQ-STPb in phosphate buffer at pH 7.0. This fluorescence enhancement likely 

stems from dye interaction at hydrophobic BSA pockets allowing dye aggregates to 

disperse with an increased incubation period providing time for kinetics of dye 

disaggregation.  

  

3.3.2. Fluorophore-labeled BSA and Amino Acid Determination via CE-LIF 

 pH 

λmax 

Absorbance 

(nm) 

Increased 

Absorbance 

λmax 

Emission** 

(nm) 

Fluorescence 

Enhancement 

SQ-

STPa 

3.0 635 nm 105.1% 

675 nm 

416.8% 

7.0 635 nm 52.9% 332.6% 

10.0 495 nm 140.3% 48.7% 

SQ-

STPb 

3.0 
635 nm 

46.5 % 

665 nm 

N/A* 

 

7.0 635 nm 23.1%  

10.0 644 nm 3.1%  
* Fluorescence enhancement not calculated since SQ-STPb is a fluorogenic reagent. 
**Emission was measured following excitation at the λmax absorbance value.  
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 Bovine serum albumin, a globular protein derived from cows’ blood, consists of 583 

amino acid residues with 17 intramolecular disulfide bonds and one free thiol residue.21 It 

weighs approximately 69 kDa and has a pI between 4.7 and 4.9.21 It is used in 

immunology and biochemistry applications, including western and dot immunoblots, 

ELISAs (enzyme-linked immunosorbent assays), and microbial culture nutrient media, to 

name a few.22 In ELISA, BSA serves as a blocking reagent to prevent antibody cross 

reactions or nonspecific binding.22 Unknown protein concentrations can be determined by 

comparison with a known quantity of BSA. Overall, this useful reagent is readily 

available, inexpensive, and stable, but it is not natively fluorescent and must be 

derivatized with a fluorophore for fluorescence detection. 

We hypothesized that employing either pre-column or on-column labeling of BSA 

with SQ-STPa/b  would be highly effective for CE-LIF detection and quantification of 

the protein. Pre-column labeling involves pre-mixing the analyte with fluorophore prior 

to injection, while on-column labeling employs a separation buffer containing the 

fluorophore, which the analyte encounters (and may react with) as it migrates through the 

capillary. In the pre-column labeling experiment, we used sodium phosphate buffer at pH 

7.0 as the background electrolyte; for on-column labeling, we added 2 µM SQ-STPa or 
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SQ-STPb to the sodium phosphate buffer. All samples were incubated for seven minutes; 

on-column samples incubated inside the capillary, after injection of the sample and prior 

to the application of the separation voltage. Both types of sample labeling showed a 

linear correlation between signal area and BSA concentration (Fig. 3.2), with a 

coefficient of determination (R2) greater than 0.99 in all labeling scenarios. Moreover, 

detection was rapid: all BSA peaks migrated at times between 2.2 and 2.6 minutes.  

 

Fig. 3.2. (A) Pre-column SQ-STPa labeling of BSA at five concentrations: 0.625 µM (blue trace), 

1.25 µM (orange trace), 2.50 µM (gray trace), 5.00 µM (yellow trace), and 10.0 µM (green trace). 

(B) On-column SQ-STPa labeling of BSA at the same concentrations. (C) Electropherograms of 

pre-column labeling of the five BSA samples with SQ-STPb. (D) Data from on-column SQ-STPb 

labeling of the five BSA concentrations. The inset panels show the calibration curve for each 

case; for all four, the R2 value was 0.99 or higher. All experiments were performed on a Beckman 

Coulter P/ACE MDQ CE system; 20 kV were applied in a 50 µm capillary of 30 cm effective 

length and 40 cm total length. The background electrolyte consisted of 25 mM sodium phosphate 

at pH 7.0, and on-column experiments contained 2 µM SQ-STPa/b; 2 µM SQ-STPa/b were added 

to pre-column samples. All samples were prepared in ultrapure water; incubated for seven 

minutes (on-column samples incubated in the capillary prior to voltage application); and injected 

at a volume of 5 nL (8.5 sec at 0.2 psi). 
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The optimal separation system was on-column labeling with SQ-STPb, which yielded 

the highest signal intensity at each of five concentrations (Fig. 3.2-D). This result was 

expected since Zare et al.23 introduced on-column labeling in 1985 to improve sensitivity 

and the resolution of separations. We hypothesize that SQ-STPa/b noncovalent labeling 

of BSA is accompanied by some covalent bonding of exposed amino acids. 

The identification and quantification of amino acids is critical in biological processes 

ranging from disease diagnosis to neurotransmission to energy metabolism.4 For instance, 

Lorenzo et al.4 optimized CE-LIF to detect and quantify biomarkers of bipolar disorder 

progression, labeling amino acids of interest in human plasma with 4-fluoro-7-nitro-

2,1,3-benzoxadiazole (NBD-7). Thus, we expected that implementing CE-LIF with our 

unique squarylium fluorophores as labels for amino acids would enable us to acquire the 

preliminary data needed to label the secondary and tertiary amine groups of synthetic 

cathinones. Prior to conducting  CE-LIF studies of SQ dyes with amino acids, 

fluorescence spectrophotometry found no significant fluorescence enhancement of seven 

amino acids (9.5-26.6 µM) labeled with 1 µM SQ-STPa or 1 µM SQ-STPb. The CE-LIF 

experiments revealed low intensity signals for the amino acids that could not be 

quantified (data not shown). Neither pre- nor on-column labeling experiments resulted in 

the expected enhanced signals for simple amino acid analytes, but we proceeded with 

studies involving synthetic cathinone analytes.  

 

3.3.3. Synthetic Cathinone CE-LIF Characterization via SQ-STP Probes 

 We aimed to develop a rapid, cost-effective CE-LIF methodology to detect and 

quantify synthetic cathinones using either or both of two unique 4-sulfotetrafluorophenyl 
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ester-functionalized squarylium dyes to facilitate fluorescent derivatization. Variables, 

such as buffer additives, capillary temperature, and capillary length, can be altered to 

achieve optimal separation conditions. In this part of our research, we referenced the 

ThermoFisher protocol for BODIPY FL STP amine labeling to establish effective 

methods for bonding our unique SQ-STP fluorophores to synthetic cathinones before 

adjusting such parameters as background electrolyte pH or capillary coatings.24  

 

3.3.3.1 Effects of pH on CE analysis of SQ-STP labeled synthetic cathinones.  

 The net migration velocity of an analyte depends on the electrophoretic mobility of 

the analyte and the electroosmotic mobility of the background electrolyte. Buffer pH can 

affect both the charge on the analyte (hence, its inherent electrophoretic mobility) and the 

electroosmotic mobility, making buffer pH key for overall control of electrokinetic 

effects in CE separations. Electrolyte pH dictates the charge of the analyte and the 

capillary wall.25 High pH buffers deprotonate silanol groups on the capillary wall ((SiO-); 

low pH buffers protonate them.26 The pH and ionic strength of the background electrolyte 

controls the magnitude of charge density on the capillary wall, and hence, the 

electroosmotic flow EOF. High pH increases the EOF because it increases the thickness 

of the electrical double layer formed adjacent to the deprotonated wall, resulting in 

greater viscous drag of waters of hydration associated with buffer counterions balancing 

the wall charge. Counter ions in the double layer and their waters of hydration migrate 

toward the cathode generating the EOF in a forward separation.26  

pH also affects analyte charge and potential chemical interactions with other 

molecules. To deprotonate the analyte in preparation for covalent bonding, the 
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background electrolyte pH must be higher than the pKa of the analyte. The pKa of most 

synthetic cathinones is not known, but for methylone it is 7.74,27 and for MDPV, 8.4.28 

Based on these published values, we used buffers with pH between 9.0 and 10.0 to 

deprotonate the bath salt analytes. At one pH unit above the analyte’s pKa, it is 90% 

deprotonated; at two pH units, 99% deprontonated, and at 3 pH units, 99.9% 

deprotonated.  

We performed a pH study to optimize labeling and detection of our analyte/dye 

complex via CE-LIF. Table 3.II summarizes the results of on-column labeling of analytes 

with each dye, with background electrolytes at a concentration of 100 mM and pH 3.0 

(citrate), pH 5.0 (formate), pH 7.0 (phosphate), pH 9.0 (borate), pH 10.0 (borate), pH 

11.0 (borate), and pH 12.0 (borate). All synthetic cathinones were prepared in ultrapure 

water. The experiments were performed on a Beckman Coulter P/ACE MDQ CE system 

with a 50 µm inner diameter capillary with a 30 cm effective length (40 cm total length). 

Sample volumes of 5 nL were injected at 1 psi for 6.8 sec,  followed by an applied 

separation voltage of 20 kV. The eletropherograms for analytes with either dye at pH 3.0, 

5.0, and 7.0 showed no signal, which is not unexpected since the pKa of synthetic 

cathinones is presumably higher than the buffer pH and so reaction between the analyte 

and dye was disfavored. Moreover, the silica capillary walls begin to adopt a negative 

charge at a pH above 4 due to deprotonation of surface silanol groups, which affects the 

direction of the separation.29  
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At pH 9.0, SQ-STPa or SQ-STPb labeling of synthetic cathinones’ secondary amine 

Table 3.II. On-column labeling of six synthetic cathinones at  

1 mg/mL each, including mixtures, with 2 µM of either SQ-

STPa or SQ-STPb at various pH values* for CE-LIF analysis. 

A checkmark denotes the presence of signal in the 

electropherogram, and a dash denotes no signal. 

 pH 9.0 10.0 11.0 12.0 

4-MEC 

SQ-STPa - � � - 

SQ-STPb - � - - 

Methylone 

SQ-STPa - � � - 

SQ-STPb - � - - 

Pentylone 

SQ-STPa � � � - 

SQ-STPb - � - - 

2° Mix 

SQ-STPa - � � - 

SQ-STPb - � - - 

MDPV 

SQ-STPa - � � - 

SQ-STPb � � � � 

MDPBP 

SQ-STPa � � � - 

SQ-STPb - � � - 

Naphyrone 

SQ-STPa � � � - 

SQ-STPb � � - - 

3° Mix 

SQ-STPa � � � - 

SQ-STPb � � � � 

 

*pH 3.0, 5.0, and 7.0 results are not shown, as no signal was 

obtained at these values, below the presumed pKa of the 

analytes. 
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produced no signal, with the exception of SQ-STPa-labeled pentylone. The tertiary 

amine-based synthetic cathinones (MDPV, MDPBP, and naphyrone) were largely labeled 

via noncovalent interactions with both SQ-STPa and SQ-STPb, while one drug (4-MEC) 

had no signal with either. At the optimal pH of 10.0, all drugs were labeled with SQ-

STPa and SQ-STPb. At pH 11.0, SQ-STPa-labeled secondary amine bath salts 

(pentylone, methylone, and 4-MEC) were all detected, yet the same analytes showed no 

signal with SQ-STPb labeling. In the case of tertiary amine-based bath salts, only 

naphyrone was not well detected; all others responded to both fluorophores.  

At the highest pH in our study, pH 12.0, no signal was observed for any of analytes 

derivitized with either probe, although MDPV and the 3° mixture showed an 

irreproducible signal with SQ-STPb (data not shown).  

 

Fig. 3.3. On-column labeling of a mixture of MDPV and MDPBP at 1 

mg/mL each with a separation buffer of 10 mM borate buffer containing 

2 µM SQ-STPa at pH 9.2 (i), pH 9.4 (ii), pH 9.6 (iii), pH 9.8 (iv), pH 

10.0 (v), pH 10.2 (vi), and pH 10.4 (vii). A Beckman P/ACE MDQ CE 

was used; with a separation voltage of 15 kV and  a capillary 20 µm 

inner diameter, 30 cm effective length, and 40 cm total length. Injection 

volume was 3.03 nL (20 sec at 2 psi). 
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To determine the impact of precise pH in the optimal range, we studied the effects of  

increasing the separation buffer pH in increments of 0.2 units, between 9.2 and 10.4 with 

2 µM SQ-STPa for on-column labeling of a mixture of MDPV and MDPBP at a 

concentration of 1 mg/mL each. The optimal pH is 9.4; signal was present across this 

entire pH range, but was of lesser intensity at pH 10.2 and 10.4 (Fig. 3.3). We noted that 

the migration time of each peak in the electropherogram increased with background 

electrolyte pH, suggesting additional pH dependent mechanisms at play, such as changes 

to the analyte structure or increased net negative charge of analyte-dye complex, resulting 

in decreased net mobility despite increased EOF with increased pH.  

 

3.3.3.2. Temperature and capillary inner diameter studies.  

 In commercial CE instrumentation, the capillary is housed in a cartridge and 

surrounded by either a liquid or air-based cooling system to maintain a constant 

temperature. It controls Joule heating (ohmic heating), which occurs when the electric 

current encounters resistance in the capillary. The heat is not distributed evenly because 

the space near the capillary wall dissipates heat faster than the space in the center.30 

Therefore, a thermostat regulates the cartridge temperature within a range from 15°C to 

60°C. Temperature changes also alter the electroosmotic flow, background electrolyte 

viscosity, and analysis time; separations at higher temperatures are quicker but may be 

less sensitive.31 The temperature in the CE  sample-storage area is also regulated. We 

conducted experiments to optimize both cartridge and sample temperatures. 

When the capillary was maintained at 15°C, resolution and sensitivity increased, 

while at 25°C and 45°C, resolution decreased. Resolution and sensitivity improved when 
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the sample storage temperature was maintained at 4°C but not enough to yield 

quantitative outcomes. At 10°C and 25°C for sample storage, signals were slightly less 

resolved but with no major significance compared to 4°C.  

We also examined the effects of capillary inner diameter. The larger the diameter, the 

re sample can be loaded, which may enhance detection limits. Larger diameter and larger 

injection may lead to reduced resolution.  We observed greater signal intensity in 

capillaries with a 20 µm inner diameter compared to those with 50 and 75 µm inner 

diameters. However, optimizing the temperature and capillary inner diameter still did not 

enable quantitative determination of the synthetic cathinones when labeled with SQ dyes 

in these studies. 

 

3.3.3.3. Observation of sample/separation additives in CE analysis of SQ-labeled 

synthetic cathinones.  

 Potassium chloride was introduced into the background electrolyte to provide excess 

counter ions (K+) able to compete for association with charged capillary inner wall sites 

(to minimize analyte adsorption).32 The concentration of this buffer additive also affects 

the magnitude of the EOF and current in the capillary: higher concentration decreases 

EOF and increases Joule heating.33 Samples of MDPBP, MDPV, naphyrone, and a 

mixture of equal parts of the three synthetic cathinones, all at 1 mg/mL, were prepared in 

deionized water and injected in a capillary filled with 2 µM SQ-STPb in 15 mM borate 

with 50 mM KCl (pH 10.0) for on-column labeling. As the sample matrix, ultrapure 

water provided a greater difference in ionic strength between the sample and separation 

buffers to maintain the original sample’s concentration.34 In Fig. 3.4, the purple trace (iv) 



63 

 

represents the equal parts mixture of the three tertiary amine-based synthetic cathinones. 

In this trace, the peak at migration time 7.1 minutes represents MDPBP; the peak at  

migration time 7.5 minutes is composed (at least partially) of MDPV; and the third peak 

at migration time 8.2 minutes may correspond to naphyrone or a complex of the 

cathinones. Adding KCl did increase the resolution of the separation, but the results still 

did not lead to quantifiable signals. 

In another experiment, we added a pseudo-stationary phase of 3.5 mM sodium 

dodecyl sulfate (SDS) to the background electrolyte, as utilized by Katzenmeyer et al.,35 

at a concentration below the critical micelle concentration (CMC) to prevent micelle 

formation.36 Specifically, the SDS was added to 50 mM borate at pH 10.0 in which 

samples of MDPV, MDPBP, naphyrone, and an equal parts mixture of the three were 

 

Fig. 3.4. (A) Electropherograms of MDPV (i), MDPBP (ii), naphyrone (ii, and enlarged inset), 

and a mixture of all three cathinones (iv), with on-column labeling with 2 µM SQ-STPb in a 

separation buffer of 15 mM borate (pH 9.97), 50 mM KCl, and ultrapure water. (B) 

Electropherograms of MDPV (i), MDPBP (ii), naphyrone (iii), a mixture of all three cathinones 

(iv), and 2 µM SQ-STPa alone (v), after pre-column labeling with 2 µM SQ-STPa in 50 mM 

borate (pH 10.0), with a separation buffer of 50 mM borate (pH 10.0) with 3.5 mM SDS. All 

experiments were carried out on a Beckman Coulter P/ACE MDQ CE system with a 635 nm 

laser and a 75 µm capillary (30 cm effective length, 40 cm total length), and a 51 nL (17 sec at 

0.2 psi) injection volume. The applied separation voltage was 5 kV for Panel A 

electropherograms or 20 kV for Panel B. 
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pre-column labeled with 2 µM SQ-STPa. Pre-column labeling often shows less resolution 

and sensitivity than on-column labeling. However, pre-column labeling when combined 

with SDS led to enhanced fluorescence intensity for the labeled cathinone samples, as 

seen in Fig. 3.4B.36  In on-column labeling, the presence of fluorophore in the 

background electrolyte may increase the overall background signal, thus resulting in 

decreased sensitivity while retaining increased resolution. On-column labeling also 

mitigates the presence of a dye signal such as those seen at approximately 4 minutes in 

Fig. 3.4B. This stems from dye continuity in the BGE unlike pre-column labeling with 

one region of dye-labeled analyte. 

Next, we introduced another pseudo-stationary phase, alpha-cyclodextrin (α-CD), to 

the separation buffer. Separations were performed with on-column labeling employing a 

background electrolyte consisting of either 2 µM SQ-STPa or 2 µM SQ-STPb in 100 mM 

borate (pH 9.9) with 1.5 mM α-CD. All cathinone sample were reconstituted at 1 mg/mL 

in ultrapure water and were injected without prior derivatization. Signal intensity 

declined for all synthetic cathinones, and multiple peaks were evident in the resulting 

electropherograms for all samples except pentylone (data not shown). The additional 

peaks observed may have been due to enantioseparations or impurity labeling, but none 

were quantifiable.  

We then added poly(diallyldimethylammonium chloride) (PDADMAC) to the 

background electrolyte. PDADMAC can be used in CE analysis to prevent protein-silica 

electrostatic and hydrophobic region interactions that cause analyte-silica adsorption.37 

The polyelectrolyte coating was employed in capillary conditioning prior to analyte 

injection with reverse mode analysis. It was  discovered that the quaternary amine 
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chemical structure of PDADMAC deprotonated to a tertiary amine that competed with 

the analytes for fluorophore binding resulting in irreproducible, spurious peaks (data not 

shown).  

 

3.4. Conclusions 

 The research described in this chapter addressed the spectral properties of STP-

functionalized SQ probes. It demonstrated their suitability as fluorescent labels for BSA, 

yielding linear enhancement in emission by way of fluorimetry and CE-LIF.. Whether we 

used fluorimetry or CE-LIF, SQ-STPa/b did not effectively label amino acids at the 

primary amine moiety, but the dyes did label synthetic cathinones with secondary and 

tertiary amine moieties via CE-LIF analysis, although no quantitative relationship of the 

analytes and dyes emerged. Seemingly, both covalent and noncovalent labeling of 

synthetic cathinones occurred wherein covalent derivatization alone was initially 

expected. 

Optimization of CE operating parameters and buffer additives was undertaken. 

Optimal conditions for cartridge temperature and capillary inner diameter were 15°C and 

20 µm, respectively. KCl and SDS buffer additives increased the resolution of all 

synthetic cathinone-sulfotetrafluorophenyl-functionalized squarylium electropherograms, 

while adding α-CD to the background electrolyte reduced signal intensity. None of these 

additives enabled quantitative analysis.  

In summary, this work achieved quantitative labeling of BSA and qualitative labeling 

of synthetic cathinones with secondary and tertiary amine moieties using novel SQ-STPa 

and SQ-STPb dyes.  
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CHAPTER 4 

 

CARBON DOT-MEDIATED SEPARATIONS OF SYNTHETIC 

CATHINONES BY CAPILLARY ELECTROPHORESIS 
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4.1. Introduction 

 Carbon dots are nanomaterials less than 10 nm in diameter1 which are water soluble, 

resistant to photobleaching, easy to prepare, low in toxicity, and feature high chemical 

stability.2 They were discovered by Xu et al.3 in 2004 and possess a nearly spherical core 

of graphene fragments with functional groups found at the surface as seen in Fig. 4.1.4,5 

They can be synthesized in two ways. In the “bottom up” approach, organic precursors, 

commonly citric acid,6 act as the building blocks and undergo pyrolysis or hydrothermal 

treatment. In the “top-down” approach, larger organic materials, such as carbon 

nanotubes,7 are broken down via oxidation, laser ablation, or solvothermal treatment.8  

While the fluorescent behavior of CDs is affected by the association of the carbon 

core and surrounding functional groups, tuning this property is not easily achieved during 

synthesis.9 Their maximum excitation wavelength is 362 nm, and maximum emission 

 

Fig. 4.1. Carbon dot chemical structure 
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wavelength is 460 nm.6 The emission wavelength undergoes a bathochromic shift with an 

increase in both surface defects and the size of conjugated n-domains.9  

Capillary electrophoresis (CE) is a technique to separate analytes based on their 

migration time in an electric field.10 Its purpose often complements rather than competes 

with that of gas chromatography (GC) and high-performance liquid chromatography 

(HPLC) separations, and CE is distinguished by short separation times; small-volume 

samples, and very high resolution separations that can be easily automated.11,12 It was 

originally used to identify amino acids and proteins but expanded to address a variety of 

analytes across numerous research fields.  

Carbon dots have been used with CE to enhance the separation and resolution of 

analytes, including the metallated and demetallated forms of transferrin studied by 

Sirkisoon et al.,13 the nonsteroidal anti-inflammatory drugs studied by Benitez-Martinez 

et al.,14 and the cinnamic acid derivatives investigated by Sun et al.15 The use of CDs to 

enhance electrokinetic separations is modeled after the established practice of using 

pseudostationary phases in CE. In 1984, Terabe et al.16 introduced micelles pseudo-

stationary phases in CE, thus inventing electrokinetic chromatography. Pseudo-stationary 

phases were first introduced to enable the separation  of uncharged analytes of equal 

mobility via different distribution coefficients of the solute between the pseudo-stationary 

phase and background electrolyte.17 Pseudo-stationary phases do not require the 

immobilization of nanomaterials on the capillary wall and circumvent irreproducibility 

between capillaries with fixed stationary phases.18,19  

We applied carbon dots to CE analysis in an effort to enhance the separation of 

synthetic cathinones labeled with 4-sulfotetrafluorophenyl squarylium dye (SQ-STP). 
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Synthetic cathinones, also known as bath salts or new psychoactive substances, belong to 

a class of unregulated drugs that can be structurally modified during synthesis to evade 

legal scheduling and law enforcement and drug screening efforts. With no legal medical 

applications, they are cheap, widely available mimics of controlled stimulants. Between 

2005 and 2014, more than 80 synthetic cathinone derivatives were reported in the 

European Union alone.20 They all feature a ring system on one side, and on the other, a 

secondary or tertiary amine on a carbon chain; their very similar structures make 

separating and identifying any one of them in mixtures challenging. Methylone, 

mephedrone, and methylenedioxypyrovalerone (MDPV) are the most common.21 Their 

ever-growing number and increased use call for rapid and selective detection methods. 

Although many report efforts to detect and quantify them, no ideal method exists. 

This chapter focuses on the use of carbon dots as sample additives or pseudo-

stationary phases to develop a quick, high resolution method that could ultimately be 

transposed to microchip CE platforms to advance field testing of synthetic cathinones 

with SQ-STP labeling. Few synthetic cathinones are natively fluorescent; they must be 

derivatized to enable fluorescence detection. We studied carbon dot interactions with 

synthetic cathinones via ultraviolet/visible (UV/Vis) absorbance and fluorescence 

spectrophotometry and found that fluorescence signal was enhanced at an excitation 

wavelength of 360 nm. The optimal concentration of carbon dots was 100 µg/mL; at 

higher concentrations, quenching occurred. To optimize separation conditions, we studied 

the incorporation of carbon dots in the sample and/or separation buffers in relation to pre-

column vs on-column SQ-STP labeling. 
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4.2. Materials and Methods 

4.2.1. Reagents 

 Sirkisoon13 synthesized carbon dots from citric acid following the top-down method 

of Dong et al.6 All synthetic cathinones were purchased from Cerilliant Analytical 

Reference Standards (Round Rock, TX, USA). Boric acid (>99.5%) was purchase from 

Sigma-Aldrich (St. Louis, MO, USA). All aqueous solutions used ultrapure, deionized 

water from a Milli-Q Reagent Water System (Billerica, MA, USA). Our collaborators, 

Dr. Takeshi Maeda and Takuhiro Ashida, at Osaka Prefecture University in Osaka, Japan, 

synthesized and provided samples of the 4-sulfotetrafluorophenyl functionalized 

squarylium dyes. 

 

4.2.2. Sample and Buffer Preparation 

 To prepare the separation buffer, the appropriate mass of boric acid was dissolved in 

ultrapure water, quantitatively transferred to a volumetric flask, and then additional 

ultrapure water was added to the line of the flask. The pH of the buffer was adjusted to 

10.0 with 1.0 M NaOH prior to final dilution. Separation buffer containing carbon dots 

was prepared from a 26.2 mg/mL stock solution and diluted to the desired concentration. 

Synthetic cathinone samples (obtained in methanol solution) were vacufuged (25 µL 

volume) until dry and reconstituted with ultrapure water. Their concentration was 50 

µg/mL for all spectrophotometry experiments and 1 mg/mL for all CE experiments. The 

appropriate volume of sample buffer, ultrapure water, was added to synthetic cathinone 

samples following vacufugation with some containing carbon dots (diluted to 100 µg/mL 

from a 26.2 mg/mL stock solution).  
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4.2.3. Instrumentation 

 An Eppendorf Vacufuge Concentrator 5301 was used for evaporating fluorophores 

and samples. Absorbance studies were performed on an Agilent Technologies Cary 8454 

UV/Vis spectrophotometer (Agilent Technologies, Foster City, CA, USA). Fluorometer 

measurements were carried out on a Cary Eclipse fluorescence spectrophotometer 

(Agilent Technologies, Foster City, CA, USA). A semi-micro quartz cuvette (Fisher 

Scientific, Suwanee, GA, USA) was used for both absorbance and fluorescence 

measurements and cleaned with a triple-rinse of ultrapure water followed by a single 

rinse of 95% ethanol (Fisher Scientific, Suwanee, GA, USA). 

For fluorometry, the excitation wavelength was 360 nm with 5 nm slit widths (both 

excitation and emission). The scan rate was 300 nm/min; the emission scan range 365-

1000 nm, and the photomultiplier tube voltage 600 V. We also tested a fluorescence 

excitation wavelength of 635 nm and a scan range of 645-900 nm. 

Capillary electrophoresis separations were performed on a P/ACE MDQ CE with 32 

Karat software (Beckman Coulter, Redwood City, CA). We used uncoated, fused-silica 

capillaries (Polymicro Technologies, Phoenix, AZ) with various inner diameters. CE 

detection was achieved by laser-induced fluorescence (LIF) using a 5 mW, 635 nm laser 

with a 650 nm long pass filter or a 5 mW, 405 nm laser with a 410 nm long pass filter 

(both lasers: OZ Optics, Carp, ON; both filters: Omega Optical, Brattleboro, VT). 

 

4.3. Results and Discussion 
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4.3.1. Characterization of Carbon Dot Interaction with SQ-STP and Synthetic 

Cathinones by Spectrophotometry 

 Interactions between the dye-drug complex and carbon dots were analyzed via 

absorbance and fluorescence spectrophotometry. Fig 4.2-A shows UV/Vis absorption 

 

Fig 4.2. (A) Absorption spectra of carbon dots alone (gray trace), 

with SQ-STPb labeled pentylone (orange trace), SQ-STPb labeled 

pentylone alone (yellow trace), dye alone (blue trace), and 

pentylone alone (green trace). (B) Fluorescence spectra of these 

samples at a 360 nm excitation wavelength. All samples were 

studied in 100 mM borate (pH 9.96) with pentylone at 50 µg/mL. 
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spectra for 2 µM SQ-STPb-labeled pentylone with (orange trace) and without (yellow 

trace) 100 µg/mL carbon dots present. The absorbance of pentylone with dye and carbon 

dots closely mirrored that of pentylone alone, with the exception of 242-275 nm. A noted 

increase in fluorescence was seen when carbon dots were present in the sample with a 

bathochromic shift of approximately 50 nm.  

Fluorescence spectroscopy detected no signal for carbon dots at an excitation 

wavelength of 635 nm (data not shown). Therefore, we hypothesized that using CDs in 

CE-LIF at that excitation wavelength would not contribute to fluorescence detection but 

instead could contribute to the enhancement or quenching of the fluorescence of the dye-

drug complex (and additionally, could contribute to changes in migration time). When we 

applied a 360 nm excitation wavelength in our fluorimetry studies, the dye-drug sample 

with 100 µg/mL of carbon dots added showed the highest intensity signal (Fig. 4.2-B). At 

the wavelength of maximum emission (465 nm), the fluorescence of the dye-drug sample 

with carbon dots was 15.2% more intense than that of the dye-drug sample with no 

carbon dots added. Additional spectra illustrated a nearly negligible fluorescent signal for 

pentylone alone (in the absence of both dye and CDs - data not shown). We interpret the 

enhancement in fluorescence and the accompanying shift in λmax upon the addition of 

CDs to the dye-drug sample as indicators of noncovalent interactions between the dye-

drug complex and the CDs, which could include hydrogen bonding, π-π stacking, 

hydrophobic, or electrostatic interactions.22 However, we could not confirm the nature of 

interactions based on the spectrophotometry data alone. 

 

4.3.2. CE Analysis of Carbon Dots with Dye/Drug Samples 
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 When conducting CE separations of dye-drug samples with and without added CDs, 

we first used UV/vis detection employing pre-column labeling. At an absorbance of 214 

nm, a void peak was noted for ultrapure water as the probable EOF marker. The 

formation of distinct peaks, at approximately 4.33 minutes for drug alone and 4.43 

minutes for dye alone, indicated a lack of dye-drug interaction (Fig. 4.3). When we then 

added 100 µg/mL carbon dots to the sample containing drug and dye, both the first 

(previously attributed to drug) and second peak (previously attributed to dye) underwent 

an increased migration time shift and absorbance enhancement. This time shift of both 

the first drug peak and second dye peak indicates interactions of carbon dots-drug and 

carbon dots-dye, respectively. Slight enhancement of both peaks was also seen upon 

 

Fig. 4.3. Electropherograms of  2 µM SQ-STPb labeled pentylone (yellow 

trace), 2 µM SQ-STPb labeled pentylone with 100 µg/mL carbon dots 

(orange trace), pentylone (green trace), 100 µg/mL carbon dots (gray trace), 

and 2 µM SQ-STPb (blue trace). A separation buffer of 2 µM SQ-STPb and 

100 µg/mL carbon dots in 100 mM borate (pH 9.97) was used. Noted 

additives were found in an ultrapure water sample buffer. All experiments 

were carried out on a Beckman Coulter P/ACE MDQ CE system with UV 

detection. Voltage (10 kV) was applied to a capillary with a 20 µm inner 

diameter, an effective length of 30 cm, and a total length of 40 cm. The 

injection volume was 1.67 nL (4.4 sec at 5 psi). 
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carbon dot addition. Therefore, we hypothesize that some interaction is occurring 

between carbon dots and dye, carbon dots and drug, or between carbon dots and any 

drug-dye complex that exists in the mixed sample. Thus, absorbance detection in CE is 

suggestive of associations with the added CDs, and these may be manifest as increases in 

fluorescence signal when LIF detection is employed with CE. 

To improve the electropherograms, we sought to optimize the carbon dot 

concentration in the background electrolyte while employing LIF detection. At 100 

µg/mL, signal intensity and the resolution of various drug samples increased (data not 

shown). At higher concentrations of carbon dots (300 µg/mL and 1 mg/mL), fluorescence 

was quenched, probably due to several mechanisms but primarily static quenching, as the 

weakly hydrophobic nature of synthetic cathinone, squarylium dye, and carbon dots 

drives their aggregation. The β-keto group makes synthetic cathinones weakly 

hydrophobic and more polar, especially compared to such structures as phenethylamine.23 

As a result of these studies, it was determined that the optimal concentration for carbon 

dots as buffer additives for CE-LIF analysis of pentylone with SQ-STPb was 100 µg/mL 

in comparison to 35 µg/mL, 300 µg/mL and 1 mg/mL.  

 

4.3.3. Influence of Adding Carbon Dots to Sample Buffer vs. Separation Buffer  

 We explored the impact of carbon dots as separation additives in sample buffer only, 

separation buffer only, or both, as well as their effect on squarylium dye signal for pre-

column labeling and on-column labeling, experiments. The most intense signals were 

observed for drug samples analyzed by CE-LIF using a background electrolyte 

containing both carbon dots and dye (Fig. 4.4). This represents an on-column labeling 
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format, enhanced by the presence of carbon dots. The weakest signals resulted when 

carbon dots were in the background electrolyte but dye was present in the sample buffer 

only (pre-column labeling). These data were expected based on Le Châtelier’s principle, 

which holds that the increase in reactant concentration achieved through on-column 

labeling (where SQ-STPb is considered “reactant”) alters the system’s equilibrium, 

 

Fig. 4.4. The effect of separation and sample buffer composition with respect 

to the inclusion of carbon dots and SQ-STPa on resulting electropherograms 

of pentylone. On-column labeling with a 100 mM borate separation buffer 

(pH 10.0) containing no carbon dots but 2 µM SQ-STPa, and the following 

samples:  (i) pentylone (blue trace); (ii) pentylone with 2 µM SQ-STPa in the 

sample and separation buffer (orange trace);  (iii) pentylone with 100 µg/mL 

of carbon dots in the sample (gray trace); and (iv)  pentylone with 100 µg/mL 

of carbon dots and 2 µM SQ-STPa in the sample and separation buffers alike 

(yellow trace). Electropherograms (v) through (viii) represent the same 

samples as (i) through (iv) but with carbon dots (100 µg/mL) added to the 

separation buffer along with 2 µM SQ-STPa.  In all cases, the pentylone drug 

sample was 1 mg/mL. Inset: electropherograms display the respective sample 

order with a separation buffer of 100 µg/mL carbon dots in 100 mM borate 

(pH 10.0). All experiments were conducted on a Beckman Coulter P/ACE 

MDQ CE system with a 635 nm laser and a 20 µm capillary (30 cm effective 

length, 40 cm total length). Applied voltage was 10 kV, and injection volume 

was 10 nL (26.5 sec at 5 psi). 
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shifting it towards increased product concentration (where product is SQ-STPb-drug 

complex).24 The optimal pentylone signal was seen when the background electrolyte 

consisted of 2 µM SQ-STPa and 100 µg/mL carbon dots in 100 mM borate buffer at pH 

10.0, and the sample buffer consisted of 2 µM SQ-STPa in ultrapure water (Fig. 4.4-iv). 

The area of the peak increased by 111.5% over the signal achieved with the same sample 

buffer but with a separation buffer consisting of 2 µM SQ-STPa in 100 mM borate buffer 

at pH 10.0 without carbon dots present (Fig. 4.4-ii). Thus, the presence of carbon dots as 

separation buffer additives, not unlike the pseudostationary phases explored by Terabe 

and others, proved beneficial to the CE analysis of drug analytes – in particular, 

fluorescently labeled pentylone in these studies. 

We conducted further CE-LIF studies to better understand carbon dot interactions 

with synthetic cathinones and SQ-STP dyes at an excitation wavelength suitable for 

carbon dots (namely, 405 nm). We explored the effects of this excitation wavelength for 

on-column, pre-column, and a combination of the two derivatization schemes with SQ-

STP. A background electrolyte of 100 µg/mL carbon dots in 100 mM borate buffer (pH 

10.0) yielded no signals in the resulting electropherograms for samples consisting of 

pentylone alone, pentylone with 2 µM SQ-STPa, pentylone with 100 µg/mL carbon dots, 

pentylone with 100 µg/mL carbon dots plus 2 µM SQ-STPa, or 2 µM SQ-STPa alone (all 

samples in ultrapure water; data not shown). However, a peak was seen at 3.2 minutes for 

a sample of 100 µg/mL carbon dots and for a sample of 2 µM SQ-STPa with 100 µg/mL 

carbon dots, both in ultrapure water. These two samples yielded identical signals, 

confirming the detection of carbon dots with no additional interactions at an excitation 

wavelength of 405 nm. Samples containing carbon dots with pentylone or with pentylone 
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plus 2 µM SQ-STPa produced no signals in their resulting electropherograms, indicating 

a possible quenching effect of the drug or the dye/drug complex. Many mechanisms are 

probably involved in a mixed form of quenching,25 including static quenching, as sample 

additives make the UV/Vis spectra unique.26 We hypothesize that a nonfluorescent 

ground state complex forms. Results were the same when the background electrolyte of 

100 µg/mL carbon dots in 100 mM borate (pH 10.0) did or did not contain 2 µM SQ-

STPa. 

Lastly, we used a background electrolyte of 2 µM SQ-STPa in 100 mM borate buffer 

(pH 10.0) in CE-LIF studies at an excitation wavelength of 405 nm with pentylone 

prepared in each of four different sample buffers: water alone, 2 µM SQ-STPa, 100 

µg/mL carbon dots, and 2 µM SQ-STPa with 100 µg/mL carbon dots, all in ultrapure 

water. Regardless of sample buffer, pentylone samples produced a peak with tailing, 

unresolved shoulder peaks for on-column labeling experiments (Fig. 4.5). These 

pentylone peaks, seen only with on-column labeling, were 83.3% less intense than CD 

peaks previously seen with BGEs of CDs alone and dye with CDs. The two 

aforementioned separation buffers yielded peaks representative of CDs while the third 

separation buffer illustrated peaks for pentylone. The signal observed in 

electropherograms of pentylone samples with 2 µM SQ-STPa on-column derivatization 

can be attributed to the fluorescence of the dye/drug complex, as SQ-STPa is fluorescent 
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at pH 10.0 at 405 nm with an absorbance (excitation) ranging from 250-675 nm (see Fig. 

3.1.). 

 

4.4. Conclusions 

 Carbon dots are viable additives for capillary electrophoresis analysis of synthetic 

cathinones labeled with an SQ-STP probe, enhancing absorbance and fluorescence of 

pentylone in particular. Carbon dots used in this study were synthesized in-house by our 

colleague Leona Sirkisoon via oven-based pyrolysis of citric acid.13 In UV/Vis absorption 

spectroscopy, adding 100 µg/mL of carbon dots to a sample of 2 µM SQ-STPb-labeled 

pentylone at a concentration of 50 µg/mL led to a spectrum similar to that of pentylone 

alone.   

Fig. 4.5.  On-column 2 µM SQ-STPa labeling of pentylone in water 

(blue trace), pentylone with 2 µM SQ-STPa (orange trace), 

pentylone with 100 µg/mL carbon dots (gray trace), and pentylone 

with 2 µM SQ-STPa and 100 µg/mL carbon dots (yellow trace). A 

separation buffer of 2 µM SQ-STPa in 100 mM borate buffer (pH 

10.0) was employed. All experiments were conducted on a Beckman 

Coulter P/ACE MDQ CE system with a 405 nm laser and a 20 µm 

capillary (30 cm effective length, 40 cm total length). Applied 

voltage was 10 kV, and injection volume was 10 nL (26.5 sec at 5 

psi). 
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In fluorescence spectroscopy, an excitation wavelength of 635 nm revealed no signal 

for carbon dots alone, indicating that the addition of carbon dots to the separation buffer 

as a sort of pseudostationary phase will not result in discrete peaks that could interfere 

with the analysis. Nor does the presence of carbon dots in the separation buffer contribute 

significantly to the baseline in CE-LIF analyses employing a 635 nm diode laser for 

excitation. However, signal intensity increased when carbon dots were added at a 

concentration of 100 µg/mL to the dye/drug sample mixture. At an excitation wavelength 

of 365 nm, signal intensity was greatest when 100 µg/mL of carbon dots were added to 

the dye/drug sample mixture. At the emission wavelength of maximum intensity, 465 nm, 

the fluorescence intensity of SQ-STPb-labeled pentylone increased 15.2% when 100 

µg/mL of carbon dots were added. Hydrogen bonding, π-π stacking, hydrophobic, or 

electrostatic interactions between the drug/dye complex and the carbon dots probably 

explain these effects.22 These noncovalent carbon dot interactions may have occurred 

with the analyte, dye, or capillary walls. 

Experiments coupling capillary electrophoresis with UV/Vis detection at 214 nm 

provided a better understanding of the interaction among synthetic cathinone, STP-

functionalized squarylium dye, and carbon dots. Two distinct peaks were seen as the 

quickest one represented drug alone and the later represented dye alone. The addition of 

carbon dots led to a bathochromic shift and signal enhancement of both aforementioned 

peaks. This second peak did not appear for samples of carbon dots or pentylone alone, 

and it migrated at an earlier time for dye alone samples. Electropherograms revealed a 

7.6% and 48.6% enhancement of signal intensity corresponding to the first and second 

peaks, respectively, when carbon dots were added to the dye/drug sample mixture. 
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Therefore, we hypothesize that the addition of carbon dots ultimately resulted in 

enhanced fluorescence for the dye/drug complex based upon the observed absorbance 

(excitation) enhancement. 

Lastly, we studied the effect of carbon dots on pre-column, on-column, or a 

combination of the two labeling methods. The most intense signals were seen in 

electropherograms when the background electrolyte contained both carbon dots and dye 

(Fig. 4.4). The signal was weakest when carbon dots were in the borate background 

electrolyte and the sample consisted of pentylone with carbon dots and SQ-SPTa. The 

optimal pentylone signal resulted when the background electrolyte consisted of 2 µM 

SQ-STPa and 100 µg/mL of carbon dots in 100 mM borate buffer at pH 10.0, and the 

sample buffer consisted of 2 µM SQ-STPa in ultrapure water. Fluorescence quenching 

was observed at carbon dot concentrations of 300 µg/mL and higher.  
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ENANTIOSELECTIVE CAPILLARY ELECTROPHORESIS 

ANALYSIS OF SYNTHETIC CATHINONES USING AN IONIC 
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5.1. Introduction 

 Capillary electrophoresis (CE) is a technique that separates analytes based on 

their migration time in an electric field.1 It complements gas chromatography (GC) and 

high-performance liquid chromatography (HPLC) separations, and features quick 

separation times; small-volume samples, and very high resolution separations that can be 

easily automated.2,3 It was first used for amino acid and protein determination but quickly 

transitioned to other fields, including pharmaceutical analysis and disease diagnosis.4,5 

Nowak et al.6 used CE with ultraviolet (UV) absorbance detection for enantioselective 

determinations of two synthetic cathinones, PVP (α-pyrrolidinovalerophenone) and 

MDPV (methylenedioxypyrovalerone). Baciu et al.7 used CE with diode array detection 

(DAD) to identify mephedrone and its metabolites in human hair. Both established the 

use of cyclodextrins, but not ionic liquids, as enantioselective CE modifiers. 

Commonly employed as chiral selectors, cyclodextrins are cyclic saccharide polymers 

with a toric, truncated cone structure. They have a hydrophobic interior cavity and a 

hydrophilic outer surface and are formed in Bacillus or additional bacteria strains’ starch 

digestion starch via cyclodextrin glycosyl transferase (CGTase).8 Cyclodextrins are 

commercially available, versatile, easily derivatized, and have been extensively studied. 

The three main types are termed alpha (α-CD), beta (β-CD), and gamma (γ-CD) and differ 

in the number of glucopyranose molecules they contain: six, seven, and eight, respectively. 

They are derivatized in many ways to alter charge, cavity size, and analyte interaction for 

food, drug, and biological analyses.8 They have two mechanisms of interaction in forming 

transient complexes with diastereomeric analytes. In the first,  the analyte’s hydrophobic 

portion is included in the cyclodextrin’s hydrophobic cavity. The second consists of dipole-
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dipole interactions or hydrogen bonding among the polar moieties of the analyte and 

hydroxyl groups on the cyclodextrin rim.9 Cyclodextrin molecules experience differential 

interactions with the two “hands” of the molecule to form a more stable complex with one 

enantiomer and determine the efficacy of the enantioseparation. The transient analyte-

cyclodextrin complex that results has a unique migration time based on variations in the 

complexation mechanism and pKa shift.6 Ionic liquids (ILs) are salt-like compounds 

consisting of organic cations and inorganic or organic anions that occur in liquid phase 

below 100°C.10 We added tetrabutylammonium chloride (TBAC) (as shown in Fig. 5.1) to 

the background electrolyte in CE-UV experiments to detect synthetic cathinone 

enantiomers. TBAC can modify the electroosmotic flow by interacting with deprotonated 

silanol groups of the capillary and can possibly alter the electrokinetic mobility of analyte 

species due to  ionic and/or proton donor/acceptor interactions with analytes.11 TBAC is 

thought to also perform as a chiral selector, although it lacks the chiral center once 

 

Fig. 5.1. Chemical structure of tetrabutylammonium 

chloride (TBAC)  
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considered necessary. Ionic liquids, such as cetyltrimethylammonium bromide (CTAB) and 

tetradecyltrimetylammonium bromide (TTAB), were first used to modify electroosmotic 

flow in the 1980s.12,13 Yu and Quirino used chiral ionic liquids, such as 

tetrabutylammonium L-argininate (TBA+), as chiral selectors with β-CD to achieve the 

enantioselective separation of phenethylamine.14 Ionic liquids have high conductivity, low 

vapor pressure, good solubility, and are classified as green chemistry solvents,11 although 

they are known to be highly toxic to aquatic systems.15 The ability to detect synthetic 

cathinones, also known as bath salts or new psychoactive substances, would enable law 

enforcement to prosecute their sale and use. These illicit drugs have no legal medical 

applications and serve as cheap, widely available mimics of controlled stimulants. 

Composed of a ring system on one side and a secondary or tertiary amine on a carbon chain 

on the other, their chemical structure can be slightly varied during synthesis to evade legal 

scheduling.  Between 2005 and 2014, more than 80 synthetic cathinone derivatives were 

reported in the European Union alone.16 Their similar yet ever-changing structures make 

drug detection challenging, particularly when several are combined. The three most 

common are methylone, mephedrone, and methylenedioxypyrovalerone (MDPV).17 Most 

are not natively fluorescent, so they must be derivatized for fluorescence work. 

By coupling ultraviolet absorbance detection with capillary electrophoresis, we 

rendered fluorescent analyte derivatization unnecessary. Adding TBAC to the background 

electrolyte resulted in enantioselective separations of each of the six synthetic cathinones 

under study. The ionic liquid greatly improved resolution, and removing it produced a 

poor signal with no enantioselective determination, regardless of the presence of β-CD. 

CE-UV experiments with other background electrolyte systems containing no chiral 
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selector or ionic liquid produced weak signals with no enantioselectivity. Experiments 

were conducted with a variety of TBAC concentrations in order to identify the optimal 

parameters.  

 

5.2. Materials and Methods 

5.2.1. Reagents 

 Ammonium formate (99%), formic acid (99%), and β-cyclodextrin (98%) were 

purchased from Acros Organics (Fair Lawn, NJ, USA). Tetrabutylammonium chloride 

(>98.0%) was purchased from TCI (Portland, OR, USA). Sodium phosphate dibasic 

(ACS grade), phosphoric acid (ACS grade), and sodium bicarbonate (ACS grade) were 

purchased from Fisher Scientific (Suwanee, GA, USA). Boric acid (>99.5%) was 

purchased from Sigma (Jaffrey, NH, USA). All synthetic cathinones were purchased 

from Cerilliant (Round Rock, TX, USA). Aqueous solutions used deionized water from a 

Milli-Q Reagent Water System (Billerica, MA, USA). 

 

5.2.2. Sample Preparation 

 Separation buffers were prepared by dissolving the appropriate mass of reagent in 

water, quantitatively transferring the aqueous solution to a volumetric flask, and adding 

water to the volume fill line. Formate buffer was prepared from ammonium formate with 

12 mM β-CD and various TBAC concentrations added prior to pH adjustment. The 

buffer system was adjusted to pH 3.1 with 1.0 M formic acid. Synthetic cathinone 

standards (in methanol, as received) were vacufuged (25 µL volume) until dry and 

reconstituted with ultrapure water. All capillary electrophoresis experiments were 
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performed with a synthetic cathinone concentration of 1 mg/mL. Mixtures were prepared 

by combining three drug samples in a single tube (75 µL total volume of three-drug 

mixtures) followed by vacufuging of the mixed sample and reconstitution with ultrapure 

water (25 µL). 

 

5.2.3. Instrumentation 

 An Eppendorf Vacufuge Concentrator 5301 was used for evaporating fluorophores 

and samples. Capillary electrophoresis analysis was performed on a P/ACE MDQ CE 

with 32 Karat software (Beckman Coulter, Redwood City, CA, USA). Uncoated, fused 

silica capillary (Polymicro Technologies, Phoenix, AZ, USA) of various lengths and 

inner diameters was used. CE detection was achieved via ultraviolet detection at 214 nm.  

 

5.3. Results and Discussion 

5.3.1. Enantiomeric separations of synthetic cathinones with TBAC via capillary 

electrophoresis 

 Tetrabutylammonium chloride was found to resolve enantiomers of secondary and 

tertiary amine-based synthetic cathinones. Using the same experimental parameters 

(which included β-CD in the separation buffer), but using no TBAC with a mixture of 

MDPV, MDPBP, and naphyrone, yielded poor signal and no enantiomer determination 

(Fig. 5.2). This result is somewhat unexpected as β-CD is a common stand-alone chiral 

selector.18 We hypothesize that the improved enantiomer resolution stems from proton 

donor/acceptor interactions between the synthetic cathinones and TBAC.  
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 Additionally, UV absorbance enabled the detection of both secondary and tertiary 

amines; thus, we did not need to employ SQ-STP dyes in this work. In fact, adding 2 µM 

SQ-STPb to the background electrolyte in this system, which also contained ionic liquid 

and cyclodextrin, did not aid in the detection of enantiomeric species. The background 

electrolyte pH of 3.1 prevented the deprotonation of the synthetic cathinones for covalent 

dye bonding, primarily for those that are secondary amine-based. As such, SQ-STP did 

not yield fluorescent signals for analytes under these enantiomeric separation conditions.  

To deprotonate and covalently label these illicit drugs with fluorescent dyes, our 

previous studies used a borate background electrolyte at pH 10.0. In this current 

experiment we set out to identify any specific interactions of SQ-STPa/b dyes, synthetic 

cathinones, TBAC, and β-CD. Capillary electrophoresis experiments employing a 

 

Fig. 5.2. Electropherograms of a mixture of tertiary synthetic cathinones 

(MDPBP, MDPV, and naphyrone) at 1 mg/mL each, The blue trace 

indicates no TBAC and the orange trace 25 mM TBAC. Ultrapure water was 

the sample buffer, and the separation buffer was 50 mM ammonium formate 

with 12 mM β-CD (pH 3.1). A Beckman P/ACE MDQ CE was used with an 

applied voltage of 20 kV. The capillary inner diameter was 50 µm and its 

effective and total lengths were 50 cm and 60 cm, respectively. The 

injection volume was 5 nL (5 sec at 0.2 psi). 
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background electrolyte consisting of 100 mM borate (pH 10.0) with 2 µM SQ-STPb, 25 

mM TBAC, and 12 mM β-CD, and a sample prepared in ultrapure water, with laser-

induced fluorescence detection at 635 nm produced no signal. We altered both the sample 

and separation buffers, now using a sample buffer of 2 µM SQ-STPa in ultrapure water 

and a background electrolyte of 100 mM sodium bicarbonate (pH 10.0) with 12 mM β-

CD and 25 mM TBAC. We achieved signals for both secondary and tertiary amine-based 

drugs, but they were not reproducible. Replacing the sodium bicarbonate with borate (pH 

10) yielded no signal. We conclude that at this basic pH with ionic salt and CD present, 

the squarylium STP dye was quenched rather than generating a fluorescent bath salt 

product.  

 The observed effects also stem from the effects of pH on the inner coating of the 

capillary. The silica groups lining the capillary wall are deprotonated above pH 4.19 In 

separations with a basic background electrolyte, the capillary walls are deprotonated and 

bear a negative charge density. A double layer of cationic counter ions from the buffer 

forms, and the diffuse mobile layer of the double layer migrates toward the cathode. The 

opposite is true with an acidic background electrolyte below the  pKa of the silanol 

groups. Here, the capillary walls would be largely protonated, and anions from the 

background electrolyte would form the diffuse layer adjacent to the protonated capillary 

wall, leading to a reversed  electroosmotic flow.  

 

5.3.2. TBAC Concentration Study 

  Tetrabutylammonium chloride serves many functions in capillary electrophoresis: it 

coats the capillary surface and interacts with dissolved cations and anions in the 
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background electrolyte.11 We added it to the background electrolyte at three 

concentrations to determine which one enhanced resolution and analyte migration time: 

25 mM, 50 mM, and 100 mM. All experiments contained 12 mM β-CD as the chiral 

selector. The optimal TBAC concentration was 50 mM: it enabled enantiomer 

determination with baseline resolution for pentylone, MDPV, and MDPBP (Fig. 5.3). As 

anticipated, the less concentrated the ionic liquid, the shorter the analyte migration time. 

This is because TBAC interacts with the deprotonated capillary walls and alters the 

electrokinetic mobility of the analyte, likely increasing analyte wall interaction and 

increasing migration time.11 However, a significant reduction in migration time was not 

seen between 25 mM and 50 mM TBAC trials. Moreover, 50 mM TBAC provided a 

much-improved level of resolution not seen with 25 mM TBAC. Migration time 

increased for synthetic cathinone mixtures in comparison to single drug samples (Fig. 

5.3) possibly because the drugs interact with one another in the mixed samples. Separate 

signals were observed for each drug in the mixed samples. Overall, we hypothesized that 

lower TBAC concentration would shorten analyte migration times, as analyte-TBAC 

coated wall interactions are decreased with decreased TBAC concentrations. Higher 
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TBAC concentration led to improved enantioselective separation of the synthetic 

cathinones but did so with an undesirable increase in migration times (data not shown). 

 

5.3.3. Study of the Effect of Buffer Components 

 We studied other parameters to increase resolution and sensitivity. An applied voltage 

of 20 kV proved optimal; 5 kV led to an undesirable increase in analyte migration time 

with no improvement in enantiomer resolution, and at 30 kV, enantiomer resolution 

 

Fig. 5.3. Electropherograms of synthetic cathinones, employing TBAC and β-CD as 

buffer additives to effect enantiomeric separations: (I, pink)  a mixture of pentylone, 

4-MEC, methylone, MDPBP, MDPV, and naphyrone; (ii, orange) a mixture of the 

secondary amine synthetic cathinones: pentylone, 4-MEC, and methylone; (iii, gray) 

pentylone alone; (iv, yellow) 4-MEC alone; (v, purple) methylone alone; (vi, green) 

a mixture of tertiary amine drugs: MDPBP, MDPV, and naphyrone; (vii, blue) 

MDPBP alone; (viii, red) MDPV alone; and (ix, black) naphyrone alone. All 

synthetic cathinones were studied at a concentration of 1 mg/mL in ultrapure water. 

The background electrolyte consisted of 50 mM ammonium formate, 50 mM 

TBAC, and 12 mM β-CD at pH 3.0. Separations were conducted using a Beckman 

P/ACE MDQ CE with an applied voltage of 20 kV and a capillary with an inner 

diameter of 50 µm and effective and total lengths of 50 cm and 60 cm, respectively. 

The injection volume was  5 nL (5 sec at 0.5 psi). 
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decreased with the decrease in analyte migration time. With an applied voltage of 30 kV 

and a 20 µm inner diameter capillary of 30 cm effective length and 40 cm total length, 

electropherograms evidenced migration times of approximately 5 minutes and little to no 

enantiomer separation.  

Capillary inner diameter was found to be optimal at 50 µm. At 20 µm with effective 

and total lengths of 50 cm and 60 cm, respectively, no signal was observed. Resolution 

was greatly decreased and led to a loss of enantiomer identification when effective length 

was 30 cm, and total length 40 cm, regardless of inner diameter. 

Initial experiments were conducted at 25oC, but capillary temperatures of 15°C and 

35°C were also studied. Migration time increased by nearly 30 minutes and enantiomer 

separation was not enhanced at the lower temperature, and enantiomer separation 

decreased significantly at the higher. We used 25°C as the optimal operating temperature. 

Other buffer systems were tested, but found to give worse or no resolution 

improvement compared to the system described in Fig. 5.3, include boric acid, 

acetonitrile, and phytic acid individually utilized in phosphate background electrolyte. 

Boric acid was used to simultaneously lower zeta potential,  electroosmotic flow and 

eddy migration as it features a higher pKa than silica groups.20 UV absorbance detection 

experiments using a 150 mM phosphate background electrolyte (pH 6.1) with 1 mM 

boric acid but without TBAC and β-CD were carried out to determine overall separation 

efficacy in the absence of fluorophores and chiral selectors. Borate is used in capillary 

electrophoresis because it can alter the capillary surface and suppress the electroosmotic 

flow to decrease eddy migration.21 It can also form complexes with hydroxyl groups and 

polysaccharides, which improves separations.21 These trials conducted in the absence of 
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TBAC and β-CD evidenced no synthetic cathinone enantiomer resolution, as expected. 

An intense signal was observed for MDPBP at concentrations between 0.05 mg/mL and 1 

mg/mL. However, no linear relationship between peak area and drug concentration 

emerged, so results could not be quantified. Moreover, when 4-MEC and MDPBP, both 

at 1 mg/mL, were mixed, self-association resulted in a single, extremely broad peak. 

Electropherograms showed unresolved peaks that were not quantitatively related to drug 

concentration.  

Bean et al.22 found the addition of acetonitrile (ACN) buffer additive greatly 

improved sorghum and maize protein separation through modified capillary wall zeta 

potential and electroosmotic flow. The organic modifier also improved solubility for 

weakly hydrophobic analytes and presumably decreases self-association and drug-drug 

interactions. As such, we added 1% acetonitrile (ACN) to a separation buffer of 150 mM 

phosphate (pH 6.1) in trials without a chiral selector, separation improved. Fig. 5.4 shows 

the impact of acetonitrile (blue trace) on cathinone separations. The electropherogram 

shows only four peaks for a six-drug mixture and closely resembles the six-drug mixture 

electropherogram (data not shown) for boric acid-phosphate BGE. Individual drugs 

cannot be determined in the mixture electropherogram as peaks with similar intensity and 

migration time are seen when separately analyzing the synthetic cathinones.  

Phytic acid is known to improve capillary electrophoresis sensitivity and resolution 

because the dodecasodium salt of inositol-hexaphosphoric acid retains a polyanionic 

structure across a large pH range, to allow for interaction with cationic analytes.23 

Therefore we employed a 150 mM phosphate background electrolyte (pH 6.1) with 10 

mM phytic acid in our buffer composition studies. The phytic acid buffer system failed to 
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resolve a mixture of all six synthetic cathinones at 1 mg/mL each. Separation resolution 

was marginally improved as three baseline resolved peaks were achieved in comparison 

to no phytic acid producing two split baseline resolved peaks, as seen in Fig. 5.4 (orange 

trace). However, the overall lack of resolution in synthetic cathinone separations led us to 

stop our UV absorbance detection studies with phytic acid or with acetonitrile in the 

absence of chiral selectors.  

 

5.4. Conclusions 

 Employing the ionic liquid tetrabutylammonium chloride with β-CD enabled 

synthetic cathinone enantiomeric resolution, which had not been previously achieved. 

Importantly, it was the combination of TBAC with β-CD that proved effective; either 

Fig. 5.4. Electropherograms of a mixture of six synthetic cathinones (MDPV, 

MDPBP, naphyrone, pentylone, methylone, and 4-MEC) at 1 mg/mL each. 

The blue trace indicates a background electrolyte of 150 mM phosphate 

buffer with 1% acetonitrile. The orange trace indicates a separation buffer of 

150 mM phosphate with 10 mM phytic acid. Both background electrolytes 

had pH 6.1, and all samples were prepared in ultrapure water. A Beckman 

P/ACE MDQ CE was used with an applied voltage of 20 kV and a capillary 

of inner diameter 50 µm and effective and total lengths of 50 cm and 60 cm, 

respectively. The injection volume was 5 nL (5 sec at 0.5 psi). 
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additive on its own did not yield the desired resolution. This combination of buffer 

additives for synthetic cathinone separations is unique to this work. CE-UV experiments 

using various background electrolyte systems without chiral selector or ionic liquid 

produced signals with poor resolution and no enantioselectivity. A study of various buffer 

additives, pHs, and counter ions was conducted but none improved upon the TBAC, β-

CD, pH 3 system. Despite the success of enantiomeric resolution in this work, the length 

of time required for analysis (nearly 50 minutes for a six-drug mixture) is likely too great 

to enable this as a clinical or forensic method. Furthermore, the UV absorbance detection 

did not facilitate identification of the species giving rise to each peak in the resulting 

electropherogram. Identification had to be achieved by spiking or comparison to 

electropherograms of single-drug samples. 

  



104 

 

References 

(1)  Schmitt-Kopplin, P.; Fekete, A. The CE-Way of Thinking: “All Is Relative!” In 

Capillary Electrophoresis: Methods and Protocols; Schmitt-Kopplin, P., Ed.; 

Methods in Molecular Biology; Springer: New York, NY, 2016; pp 3–19. 

https://doi.org/10.1007/978-1-4939-6403-1_1. 
 

(2)  Voeten, R. L. C.; Ventouri, I. K.; Haselberg, R.; Somsen, G. W. Capillary 

Electrophoresis: Trends and Recent Advances. Anal Chem 2018, 90 (3), 1464–

1481. https://doi.org/10.1021/acs.analchem.8b00015. 
 

(3)  Dickinson, A. J.; Armistead, P. M.; Allbritton, N. L. Automated Capillary 

Electrophoresis System for Fast Single-Cell Analysis. Anal Chem 2013, 85 (9), 

4797–4804. https://doi.org/10.1021/ac4005887. 
 

(4)  Rabel, S. R.; Stobaugh, J. F. Applications of Capillary Electrophoresis in 

Pharmaceutical Analysis. Pharm Res 1993, 10 (2), 171–186. 

https://doi.org/10.1023/A:1018918306877. 
 

(5)  Sniehotta, M.; Schiffer, E.; Zürbig, P.; Novak, J.; Mischak, H. CE - a 

Multifunctional Application for Clinical Diagnosis. Electrophoresis 2007, 28 (9), 

1407–1417. https://doi.org/10.1002/elps.200600581. 
 

(6)  Nowak, P. M.; Olesek, K.; Woźniakiewicz, M.; Mitoraj, M.; Sagan, F.; 

Kościelniak, P. Cyclodextrin-Induced Acidity Modification of Substituted 

Cathinones Studied by Capillary Electrophoresis Supported by Density Functional 

Theory Calculations. Journal of Chromatography A 2018, 1580, 142–151. 

https://doi.org/10.1016/j.chroma.2018.10.036. 
 

(7)  Baciu, T.; Borrull, F.; Calull, M.; Aguilar, C. Enantioselective Determination of 

Cathinone Derivatives in Human Hair by Capillary Electrophoresis Combined In-

Line with Solid-Phase Extraction. Electrophoresis 2016. 

https://doi.org/10.1002/elps.201600149. 
 

(8)  Zhu, Q.; Scriba, G. K. E. Advances in the Use of Cyclodextrins as Chiral Selectors 

in Capillary Electrokinetic Chromatography: Fundamentals and Applications. 

Chromatographia 2016, 79 (21), 1403–1435. https://doi.org/10.1007/s10337-016-

3167-0. 
 

(9)  Gee, K. R.; Archer, E. A.; Kang, H. C. 4-Sulfotetrafluorophenyl (STP) Esters: 

New Water-Soluble Amine-Reactive Reagents for Labeling Biomolecules. 



105 

 

Tetrahedron Letters 1999, 40 (8), 1471–1474. https://doi.org/10.1016/S0040-

4039(98)02695-1. 
 

(10)  Ionic Liquids - Uses and Applications https://www.sigmaaldrich.com/technical-

documents/articles/chemfiles/ionic-liquids0.html (accessed Apr 7, 2020). 
 

(11)  Wahl, J. The Use of Ionic Liquids in Capillary Electrophoresis Enantioseparation; 

Universität Würzburg, 2019. 
 

(12)  Tsuda, T. Modification of Electroosmotic Flow with Cetyltrimethylammonium 

Bromide in Capillary Zone Electrophoresis. Journal of High Resolution 

Chromatography 1987, 10 (11), 622–624. 

https://doi.org/10.1002/jhrc.1240101109. 
 

(13)  Huang, Xiaohua.; Luckey, J. A.; Gordon, M. J.; Zare, R. N. Quantitative 

Determination of Low Molecular Weight Carboxylic Acids by Capillary Zone 

Electrophoresis/Conductivity Detection. Anal. Chem. 1989, 61 (7), 766–770. 

https://doi.org/10.1021/ac00182a025. 
 

(14)  Yu, R. B.; Quirino, J. P. Chiral Selectors in Capillary Electrophoresis: Trends 

during 2017–2018. Molecules 2019, 24 (6), 1135. 

https://doi.org/10.3390/molecules24061135. 
 

(15)  Thuy Pham, T. P.; Cho, C.-W.; Yun, Y.-S. Environmental Fate and Toxicity of 

Ionic Liquids: A Review. Water Research 2010, 44 (2), 352–372. 

https://doi.org/10.1016/j.watres.2009.09.030. 
 

(16)  Injection of synthetic cathinones (Perspectives on drugs) | www.emcdda.europa.eu 

http://www.emcdda.europa.eu/publications/pods/synthetic-cathinones-injection 

(accessed Apr 3, 2020). 
 

(17)  German, C. L.; Fleckenstein, A. E.; Hanson, G. R. Bath Salts and Synthetic 

Cathinones: An Emerging Designer Drug Phenomenon. Life Sciences 2014, 97 (1), 

2–8. https://doi.org/10.1016/j.lfs.2013.07.023. 
 

(18)  Wren, S.; Berger, T. A.; Boos, K.-S.; Engelhardt, H.; Adlard, E. R.; Davies, I. W.; 

Altria, K. D.; Stock, R. The Use of Cyclodextrins as Chiral Selectors. In The 

Separation of Enantiomers by Capillary Electrophoresis; Wren, S., Berger, T. A., 

Boos, K.-S., Engelhardt, H., Adlard, E. R., Davies, I. W., Altria, K. D., Stock, R., 

Eds.; Chromatographia CE Series; Vieweg+Teubner Verlag: Wiesbaden, 2001; pp 

59–77. https://doi.org/10.1007/978-3-322-83141-5_5. 



106 

 

 

(19)  Lauer, H. H.; Rozing, G. P. High Performance Capillary Electrophoresis; A 

Primer; Agilent Technologies: Germany, 2018. 
 

(20)  Dougherty, A. M.; Bush, V. J.; Shieh, P. Handbook of Capillary Electrophoresis, 

Second Edition, 2nd ed.; CRC Press, 1996. 
 

(21)  Dolnik, V. Borate-Containing Background Electrolytes to Improve CE Separation 

in Bare Capillaries. ELECTROPHORESIS 2020, 41 (12), 1073–1080. 

https://doi.org/10.1002/elps.201900470. 
 

(22)  Bean, S. R.; Lookhart, G. L.; Bietz, J. A. Acetonitrile as a Buffer Additive for Free 

Zone Capillary Electrophoresis Separation and Characterization of Maize (Zea 

Mays L.) and Sorghum (Sorghum Bicolor L. Moench) Storage Proteins. J. Agric. 

Food Chem. 2000, 48 (2), 318–327. https://doi.org/10.1021/jf990786o. 
 

(23)  Viskari, P. J.; Colyer, C. L. Separation and Quantitation of Phycobiliproteins 

Using Phytic Acid in Capillary Electrophoresis with Laser-Induced Fluorescence 

Detection. Journal of Chromatography A 2002, 972 (2), 269–276. 

https://doi.org/10.1016/S0021-9673(02)01085-3. 

 

  



107 

 

CHAPTER 6 
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6.1. Introduction 

 Capillary electrophoresis (CE) or capillary zone electrophoresis (CZE) is an 

analytical separation technique that became widespread in the 1990’s following its 

introduction in 1981 as an alternative to high performance liquid chromatography 

(HPLC) or gas chromatography (GC). It relies on differences in the migration of analytes 

in an electric field based on their size and charge.1 CE offers high resolution, rapid 

separations of small sample sizes and can be easily automated.2,3 It was first used in the 

routine analysis of therapeutic proteins but quickly transitioned to the identification, 

quantification, and characterization of a broad range of analytes. 

In many instances, CZE uses a continuous buffer system, but combining a 

discontinuous buffer system with or without buffer additives may increase resolution and 

repeatability. Girod et al.4 were the first to report the application of polyethylene oxide 

(PEO; see Fig. 6.1) to the migration buffer in CZE. Later, Saito et al.5 created polymer 

enhanced capillary transient isotachophoresis (PectI), a variant of CZE, to quantify gram-

positive bacteria without the need for staining. PectI uses the stacking principles of 

isotachophoresis (ITP), followed by CZE with PEO added to the background electrolyte, 

sample buffer, or a combination thereof. The focusing effect of dilute soluble polymer is 

thought to stem from a reduction in analyte longitudinal diffusion during capillary 

 Fig. 6.1. Chemical structure of polyethylene oxide. 
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migration.4 While PectI has been applied to such analytes as digoxin6 and gram-positive 

bacteria,5 it has not been used to detect synthetic cathinones. The goal of this work was to 

study the resolving powers of PectI with SQ-STP-labeled bath salts. 

Synthetic cathinones, also known as bath salts or new psychoactive substances, are 

drugs designed to mimic the effects and the composition of scheduled substances to 

circumvent prosecution. The most abused bath salts in the United States are thought to be 

MDPV and methylone.7 The in-vitro pharmacological effects of methylone were found to 

mimic cocaine-MDMA, while MDPV and MDPBP behave as pyrovalerones.8 Synthetic 

cathinones can cause paranoia, confusion, violence, increased blood pressure, and 

suicidal thoughts, with a high lasting 4-6 hours.9 They are sought after for sparking 

libido, energy, and empathy.10 They contain a carbon ring structure as well as a 

secondary or tertiary amine, where  fluorophore labeling may take place. The fluorescent 

labeling of bath salts for CE analysis with laser-induced fluorescence (LIF) detection will 

provide a new method to detect these illicit drugs as their synthesis and usage increase. 

Squarylium (SQ) dyes are cyanine fluorophores containing two ring systems 

separated by a squaric acid moiety.11 Their oxocyclobutenolate core distinguishes them 

from many other cyanine dyes.12 Derivatizing them enables molecular recognition for 

covalent labeling; unfunctionalized squarylium dyes do not readily react with analytes to 

form covalent bonds and instead participate in noncovalent bonding.13,14  

Our collaborators at Osaka Prefecture synthesized two mixed, asymmetrical 

squarylium dyes functionalized with a 4-sulfotetrafluorophenyl (STP) ester that differs by 

only a hydrogen (SQ-STPa) or a dodecyl group (SQ-STPb) at the site of the indole 

nitrogen.15 Different interactions with secondary and tertiary amines correlate with this 
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structural difference, providing a way to discriminate between bath salts in complex 

mixtures. SQ-STPa labels all synthetic cathinones, while various sample conditions allow 

SQ-STPb to discriminately label only tertiary synthetic cathinones.  

The goal of this work is to apply PectI to improve LIF detection and quantification of 

synthetic cathinones using SQ-STPa/b amine reactive probes. It is noted that the PectI 

conditions employed herein represent a deviation from published PectI conditions, and 

hence, this work employed a modified PectI methodology.  This modified PectI method 

generated greater sensitivity for mucin, synthetic cathinones, and tricyclic antidepressants 

than did CZE or ctITP. The modified PectI analysis of mucin resulted in a decrease in 

peak broadening and migration time, but poor reproducibility prevented any quantitative 

application of the method. In another study with transferrin protein, modified PectI 

yielded a linear correlation for five concentrations of apo- or holo-transferrin. However, 

R2 values were below 0.99 for each analyte, and a mixture of these protein forms could 

not be resolved. Unexpectedly, ctITP enhanced transferrin signal more than PectI did. 

The opposite was true in studies involving synthetic cathinones: this PectI method 

enhanced detection but did not produce singular electropherogram peaks as several peaks 

remained after PEO concentration, and again, mixtures of cathinones could not be 

resolved. Similarly, in modified PectI studies of tricyclic antidepressants, individual 

drugs could not be separated from mixtures (see Appendix A).  

 

6.2. Materials and Methods 

6.2.1. Reagents 
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Sodium bicarbonate (100.2%) and NaOH (ACS grade) were purchased from 

Fisher Scientific (Suwanee, GA, USA). Glycine (≥99.0%), polyethylene oxide (PEO 

600,000), apo-transferrin (≥98%), holo-transferrin (≥98%), mucin (type III, porcine 

stomach, partially purified), lysozyme (≥90%), β-lactoferrin (≥90%), imipramine 

(≥99%), doxepin (≥98%), and nortriptyline (≥98%) were purchased from Sigma (Jaffrey, 

NH, USA). Tris(hydroxymethyl)aminomethane (Amresco Life Science, proteomics 

grade) was purchased from VWR (Atlanta, GA, USA). All synthetic cathinones were 

purchased from Cerilliant (Round Rock, TX, USA). Aqueous solutions used deionized 

water from a Milli-Q Reagent Water System (Billerica, MA, USA). 

 

6.2.2. Sample Preparation 

Separation buffer was prepared by dissolving the appropriate mass of reagent in 

water, quantitatively transferring the aqueous solution to a volumetric flask, and adding 

water to the volume line. Sodium bicarbonate buffer was adjusted to pH 10.0 with 1.0 M 

NaOH. Sample buffers – 3.2 mM tris-50 mM glycine, and 6.4 mM tris-100 mM glycine 

(native pH 8.0) – were prepared by dissolving the appropriate mass of tris and glycine in 

ultrapure water. PEO was added from a 0.125% stock solution in ultrapure water to 

achieve a final concentration of 0.0125%. Synthetic cathinone samples (received in 

methanol diluent) were vacufuged (25 µL volume) until dry and reconstituted with 

ultrapure water. All CE experiments were performed with a synthetic cathinone 

concentration of 1 mg/mL, unless otherwise noted. Drug mixtures were prepared by 

vacufuging three drugs (75 µL total volume) simultaneously and reconstituting with 

ultrapure water (25 µL).  
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6.2.3. Instrumentation 

An Eppendorf Vacufuge Concentrator 5301 was used to evaporate fluorophores 

and samples. CE analysis was performed on a P/ACE MDQ CE with 32 Karat software 

(Beckman Coulter, Redwood City, CA, USA) and various inside diameters of uncoated, 

fused-silica capillary (Polymicro Technologies, Phoenix, AZ, USA) of various inner 

diameters. CE detection was achieved by laser-induced fluorescence (LIF) using a 5 mW, 

635 nm laser (OZ Optics, Carp, ON, Canada) with a 650 nm long pass filter (Omega 

Optical, Brattleboro, VT, USA). 

 

6.3. Results and Discussion 

6.3.1. Comparison of Isotachophoresis and Polymer Enhanced Capillary Transient 

Isotachophoresis  

Our ctITP/modified PectI studies initially targeted mucin because large protein 

molecules have many sites available to label, and yet they can be difficult to separate 

with high efficiencies due to their tendency to interact with charged sites on the capillary 

wall and/or with other protein molecules in the sample. The proteins were studied in their 

native state, as our goal was simple, rapid detection of the quarternary structure. We 

achieved superior results with PectI compared to ctITP: peak focusing and intensity were 

significantly better because PEO-analyte aggregate formation of PectI decreased 

longitudinal diffusion (Fig. 6.2).16 However, the improved signal was irreproducible, with 

weak concentration-dependence. Optimized methods relied on SQ-STPb since SQ-STPa 

signals for mucin and synthetic cathinones could not be reproduced. CE-UV analysis of 
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mucin without fluorescent probes yielded many peaks, indicating an analyte-based 

response independent of dye derivatization (data not shown). The appearance of many 

peaks even for a supposedly pure mucin protein sample could indicate multiple different 

aggregation states and/or protein fragments. Thus, we determined that mucin’s multiple 

peaks in ctITP and PectI with LIF detection likely stem from numerous protein-dye 

compositions (Error! Reference source not found.). An extension of these studies to 

include the antimicrobials lysozyme and β-lactoferrin, which are found in combination 

with mucin in the larynx, produced no signal.17 Based on the lack of identification and 

resolution of these analytes with SQ-STP dyes, we did not continue further with our these 

studies. 

Fig. 6.2. On-column SQ-STPb labeling of 0.1 mg/mL mucin 

with no PEO (blue trace) and 0.0125% PEO in both buffers 

(orange trace). The sample buffer was 3.2 mM tris -50 mM 

glycine (pH 8.2), and the separation buffer was 2 µM SQ-

STPb in 100 mM NaHCO3 (pH 10.03). We used a Beckman 

P/ACE MDQ CE with an applied voltage of 20 kV; a 

capillary with a 75 µm  inner diameter and effective and total 

lengths of 50 cm and 60 cm, respectively; and an injection 

volume of  100 nL (5 sec at 2 psi). 
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In related experiments with the protein transferrin, ctITP unexpectedly produced 

more intense signal than PectI did. The sample buffer of 6.4 mM tris -100 mM glycine 

(pH 7.92) and the separation buffer of 1µM SQ-STPa-1 µM-SQ-STPb-100 mM sodium 

bicarbonate (pH 10.03)  yielded electropherograms with a linear concentration-to-peak 

area correlation for holo-transferrin, with an R2 value of 0.970. The apo-transferrin 

correlation under the same conditions was also linear, with an R2 value of 0.980 in the 

0.02 mg/mL-1 mg/mL concentration range. Adding 100 µg/mL citric acid carbon dots to 

the separation buffer yielded no significant signal change. PectI showed no additional 

sensitivity for these protein molecules individually or in mixtures. Regardless of method, 

apo- and holo-transferrin could not be resolved as individual signals in an equal-parts 

mixture, and not all signals displayed smooth Gaussian peaks (Fig. 6.3). Previous CE-UV 
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work from our lab18 was able to successfully resolve apo- and holo-transferrin using 

carbon dots in a tris-tricine separation buffer, so the present studies involving ctITP and 

modified PectI with SQ-STP dyes for fluorescent labeling of the proteins did not prove to 

be an improvement over existing methods. 

Synthetic cathinone detection via ctITP and PectI was limited to tertiary amine-based 

drugs because secondary amine-based analytes produced no signal via these methods 

with SQ-STPa or STPb. On-column SQ-STPb labeling with PectI yielded much 

improved dye-drug fluorescence signal for tertiary amine-based drugs, with signal 

intensity increasing two orders of magnitude in PectI naphyrone analysis in comparison 

to similar SQ-STPb on-column labeling CZE experiments. PectI also produced more 

 

Fig. 6.3. On-column labeling of holo-transferrin at concentrations of 

0.01 mg/mL (blue trace and inset), 0.02 mg/mL (orange trace and 

inset), 0.1 mg/mL (gray trace), 0.2 mg/mL (yellow trace), and 0.5 

mg/mL (green trace). The sample buffer consisted of 6.2 tris -100 mM 

glycine (pH 7.92), and the separation buffer was 1 µM SQ-STPa-1 µM 

SQ-STPb in 100 mM NaHCO3 (pH 10.03). A Beckman P/ACE MDQ 

CE was used with an applied voltage of 20 kV; a 635 nm laser; a 

capillary with an inner diameter of 75 µm and effective and total 

lengths of 50 cm and 60 cm, respectively; and an injection volume of  

100 nL (5 sec at 2 psi). 
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focused, narrow naphyrone signals. However, while on-column labeling with SQ-STPa/b 

in combination enhanced the signal intensity of these new psychoactive substances, 

resolution, migration time, and drug differentiation were not improved. Tertiary amine-

based synthetic cathinones are noncovalently labeled with SQ-STPa/b, so there may not 

have been dye-analyte interactions, or the buffer additive may have disrupted the analyte-

dye interaction of covalent derivatization for secondary amine-based synthetic 

cathinones. Various tertiary amine-based mixtures of two or three drugs were not 

resolved, as the drugs interacted more strongly with one another than with the fluorescent 

probe. Another class of drugs – the tricyclic antidepressants, including imipramine, 

doxepin, and nortriptyline – were studied by this method to compare the effectiveness of 

ctITP and PectI with SQ-STP dyes. The signals obtained for these drugs  yielded results 

similar to those of PectI synthetic cathinone analysis. The mixtures were not resolved 

following successful individual drug labeling. 

  

6.3.2. Application of Modified PectI to Different Analytes at Different Concentrations  

 We used our modified PectI method to examine the interactions (both covalent and 

noncovalent) between SQ-STPb, and an array of target molecules (Appendix A). We 

focused on the separation and quantification of mucin, transferrin, synthetic cathinones, 

and tricyclic antidepressants based on initial, viable electropherograms. The mucus 

protein mixture included mucin, lysozyme, and β-lactoferrin, which are commonly found 

together in the larynx, while transferrin studies focused on apo- and holo-transferrin; they 

are both iron-transport glycoproteins, but the former has no iron, and the latter is bound 
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to iron. We studied synthetic cathinones and tricyclic antidepressants in three-drug 

mixtures since polydrug consumption is common.  

 Initial modified PectI studies of mucin alone, labelled on-column with SQ-STPb, 

yielded a narrow peak at 0.1 mg/mL. However, we could not reproduce this signal at 

mucin concentrations between 10 µg/mL and 1 mg/mL in triplicate trials. Numerous 

forms of the protein (as aggregates or protein-protein complexes), along with various 

extents of labeling of molecules in the protein sample,  probably gave rise to the many 

observed peaks in PectI studies with on-column SQ-STPb labeling of the mucin protein.  

The modified PectI method involving on-column labeling with SQ-STPb dye could 

not be applied with great reproducibility with the lower mass protein transferrin, which 

demonstrated a linear correlation between concentration and peak area in ctITP analysis. 

Unexpectedly, signal intensity with ctITP was at least twice that produced with PectI. A 

mixed sample of apo- and holo-transferrin yielded a single peak at individual protein 

concentrations between 0.1-0.5 mg/mL. Capillary transient ITP analysis of apo-

transferrin alone resulted in a correlation between concentration and fluorescence signal 

with an R2 value of 0.980, while holo-transferrin displayed an R2 of 0.970. Apo- and 

holo-transferrin migrated at 8.3 and 8.0 minutes, respectively, when analyzed as single-

protein samples. Their mixture, however, co-migrated, and neither ctITP nor modified 

PectI with SQ-STPb could resolve the two proteins. Earlier work in our lab18 resolved 

apo- and holo-transferrin via CE-UV analysis with carbon dot additives and tris-tricine 

separation buffer.   



118 

 

We then focused on synthetic cathinones, which are small molecules. ctITP analysis 

of naphyrone produced a nonlinear correlation of peak area and analyte concentration  

between 0.05-1 mg/mL. Introducing PEO improved PectI electropherograms for 

naphyrone and tertiary amine-based drugs. Only this class of synthetic cathinones 

resulted in the presence of any fluorescent signals by this method. The absence of signal 

for secondary amine-based drugs may be due to PEO interference in the covalent bonding 

of dye and analyte. The analysis of each tertiary amine target yielded concentration-

dependent electropherograms, as shown for naphyrone in Figure 6.4. Naphyrone signals 

showed fewer peaks with modified PectI than with CZE for a range of sample 

concentrations, due to the focusing effects of PEO aggregate formation. MDPV and 

 

Fig. 6.4. On-column SQ-STPb PectI determination of naphyrone at five concentrations: 

0.05 mg/mL (blue trace), 0.1 mg/mL (green trace), 0.2 mg/mL (orange trace), 0.5 mg/mL 

(purple trace), and 1 mg/mL (yellow trace). The inset shows the 0.05 mg/mL and 0.1 

mg/mL results enlarged. The sample buffer consisted of 3.2–50 mM tris-glycine (pH 8.2) 

with 0.0125% PEO; the background electrolyte was 2 µM SQ-STPb in 100 mM 

NaHCO3 (pH 10.03) with 0.0125% PEO. A Beckman P/ACE MDQ CE was used with an 

applied voltage of 20 kV; a capillary of 75 µm inner diameter and effective and total 

lengths of 50 cm and 60 cm, respectively; and an injection volume of 100 nL (5 sec at 2 

psi). 
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MDPBP each featured a single peak, and their migration times approached 5.6 minutes 

(data not shown). Spiking experiments were conducted in an effort to identify each bath 

salt in a three-drug sample mixture, but this did not help to identify each species; rather, it 

resulted in the generation of many clustered peaks. The goal of this work was to 

qualitatively and quantitatively identify synthetic cathinones both individually and in a 

mixture. However, tertiary amine-based bath salts could not be resolved in mixtures of 

two or more because their masses are similar, and thus their migration times are 

comparable. Furthermore, noncovalent interactions among the drugs in the mixture likely 

prevented individual signals. 

Antidepressants may be combined in prescribed or unprescribed use.19 Our goal was 

to identify individual analytes of the tricyclic subgroup in mixtures via amine labeling 

with novel SQ-STPa/b probes in an approach similar to that for synthetic cathinones. 

PectI analysis of this class of antidepressants, featuring tertiary amines, produced signals 

in the resulting electropherograms for drugs at concentrations between 0.01 and 1 

mg/mL. However, the antidepressants were not individually resolved in mixtures of two 
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or more under ctITP or modified PectI conditions (Fig. 6.5). Antidepressant signal often 

featured multiple peaks at concentrations below 0.05 mg/mL. 

 

6.3.3. PectI Parameter Optimization 

 We attempted to optimize the modified PectI buffer system and found that using 

alternative background electrolytes—ammonium bicarbonate with and without boric acid 

(pH 9.74), ammonium carbonate with ammonium biborate (pH 9.74), and phosphate (pH 

7.00)—did not improve the resulting electropherograms. 

Voltage studies, which commonly affect peak resolution, were carried out at 25°C. 

We determined that 20 kV, the maximum voltage that could be applied for this particular 

system before the instrumental current limit of 300 µA was reached, provided better 

 

Fig. 6.5. On-column SQ-STPb PectI determination of antidepressants: 0.2 mg/mL 

doxepin (blue trace), 0.2 mg/mL nortriptyline (orange trace), 0.2 mg/mL imipramine 

(gray trace), and 1 mg/mL of the three-drug mixture (yellow trace). The sample buffer 

was 3.2–50 mM tris-glycine (pH 8.0) with 0.0125% PEO; the background electrolyte 

was 2 µM SQ-STPb in 100 mM NaHCO3 (pH 10.05) with 0.0125% PEO. A Beckman 

P/ACE MDQ CE was used with an applied voltage of 20 kV; a capillary of 75-µm 

inner diameter and effective and total lengths of 50 cm and 60 cm, respectively; and 

an injection volume of  100 nL (5 sec at 2 psi). 
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resolution than 15 kV. Lowering the capillary temperature to 15°C allowed for the 

application of a higher separation voltage of 25 kV, but resolution did not improve under 

these conditions, while a capillary temperature of 40°C produced multiple spurious peaks 

possibly because PEO strands entangled to a greater extent with one another at that 

temperature.  

In addition, we examined the effects of capillary inner diameter. Whereas the 

majority of our studies were conducted using a capillary with an inside diameter of 75 

µm (see, for example, Fig. 6.5), we also conducted experiments with 20 µm or 50 µm i.d. 

capillaries. These smaller i.d. capillaries did not improve upon the resolution achieved 

with 75 µm capillaries. This is unexpected as resolution commonly decreases with 

increasing capillary size along with increased currents, increased Joule heating, and band 

broadening with larger capillaries.20 

A ten-fold decrease in PEO concentration of the separation buffer, 0.00125%, in 

the background electrolyte decreased signal intensity. This is not unexpected as prior 

works utilizing polymer enhanced capillary transient isotachophoresis employed 

0.0125% PEO.16,21 As PEO concentration increases, the separation buffer viscosity also 

increases which decreases the electrophoretic mobility and electroosmotic flow while 

increasing migration time.  

 

6.4. Conclusions 

 The modified version of PectI described herein generated greater sensitivity for 

mucin, synthetic cathinones, and tricyclic antidepressants than did CZE or ctITP. 

Transferrin results differed; ctITP, not PectI,  improved reproducibility and led to 

stronger signals. PectI conducted with SQ-STPb present in the separation buffer proved 
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more reproducible with a stronger signal than that provided by SQ-STPa, while applying 

both simultaneously provided little signal enhancement. Overall, PectI significantly 

enhanced naphyrone sensitivity and peak sharpening. However, we did not achieve the 

goal of identifying individual drugs in a mixture containing either synthetic cathinones or 

tricyclic antidepressants. Nor were we able to achieve apo-/holo-transferrin resolution 

when analyzing mixed samples of this protein by PectI. Mucin signals were 

irreproducible by this modified PectI method. For analytes that generated a linear 

calibration curve (peak area as a function of analyte concentration) – including apo-/holo-

transferrin, synthetic cathinones, and tricyclic antidepressants– the correlation coefficient 

was less than 0.99. Overall, for most analytes, focusing improved when subjected to 

analysis by PectI or ctITP compared to regular CE, but mixtures of analytes could not be 

resolved by these CE variations. 
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CHAPTER 7 

 

CONCLUSIONS 

 

 The ever-increasing abuse of synthetic cathinones calls for rapid, accurate methods to 

detect them in patient samples, especially as new variations proliferate. Capillary 

electrophoresis (CE) coupled with laser-induced fluorescence (LIF) detection could 

provide a low-cost, automatable analytical technique to meet this challenge. However, 

synthetic cathinones do not innately fluoresce, so fluorophores had to be synthesized. Our 

collaborators developed two unique squarylium probes functionalized with 4-sulfo-

2,3,5,6-tetrafluorophenyl (STP) ester. They belong to the polymethine dye class and 

feature narrow absorption bands and emission bands, high photoconductivity, high molar 

absorptivities, high emission intensities upon analyte binding, and are easily 

functionalized to interact with specific analytes. We labeled additional biological and 

small molecules with these probes for detection via CE-LIF. We then optimized these 

separations in tests with various buffer additives, including carbon dots, cyclodextrins, 

and an ionic liquid. The overarching goals of this work were to detect and quantify 

synthetic cathinones using a variety of capillary electrophoresis modes, and these were 

realized at the qualitative level even if not at a quantitative level sufficient to supplant 

some existing assays for these analytes. 

 

7.1. Commercial fluorophores 
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Two commercial fluorophores, BODIPY FL STP and ATTO-TAG FQ, were 

employed in the initial stages of this dissertation research. The application of BODIPY 

FL STP resulted in absorbance and fluorescence spectra with no linear correlation 

between emission signal (enhancement or quenching) and analyte concentration. Results 

with CE-LIF were similar. Using bovine serum albumin (BSA) as a model protein, we 

found a linear correlation between its concentration and signal. However, signal did not 

change with various concentrations of the studied amino acids, threonine and glycine, and 

signals generated by commercial dyes with synthetic cathinones in CE-LIF 

electropherograms showed no concentration dependence. We speculate that the basic pH 

used to deprotonate the synthetic cathinones may have resulted in BODIPY FL STP 

hydrolysis. ATTO-TAG FQ proved effective in labeling BSA and threonine when we 

followed Arriaga’s experimental parameters; that is, adding sodium dodecyl sulfate 

(SDS) to the separation buffer [Ch. 2, ref 20]. Nevertheless, this fluorogenic reagent did 

not enhance synthetic cathinone signal. Instead, we observed a quenching with no linear 

correlation to the concentration of the analyte-dye complex, preventing quantification of 

the illicit drugs.  

 

7.2. Functionalized squarylium probes  

 Our collaborators at Osaka Prefecture University synthesized two functionalized 

squarylium probes with nearly identical chemical structures: bound to the nitrogen atom 

of their indole moiety, SQ-STPa has a hydrogen atom, and SQ-STPb has a C12H25 chain. 

Their optical properties were analyzed via absorbance and fluorescence spectroscopy to 

demonstrate their suitability as fluorogenic reagents for analyte derivatization. Studies of 
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SQ-STP labeled BSA yielded linear concentration dependent enhancement in both 

fluorescence spectra and CE-LIF electropherograms, but our squaraine probes did not 

effectively label amino acids at the primary amine moiety, as determined by fluorimetry 

or CE-LIF.  

These novel SQ-STP dyes were more successful in labeling synthetic cathinones with 

secondary and tertiary amine moieties via CE-LIF analysis, although drug concentration 

did not correlate quantitatively with peak area. Experiments to optimize the parameters 

determined that the ideal capillary temperature is 15°C, and the ideal capillary inner 

diameter is 20 µm. Electropherogram signal for all synthetic cathinones was better 

resolved when KCl and SDS were added to the buffer. However, adding alpha-

cyclodextrin (α-CD) to the background electrolyte reduced signal intensity. The use of 

these additives did not enable quantitative determination. Overall, this work supported 

the quantitative labeling of BSA and qualitative labeling of synthetic cathinones with 

secondary and tertiary amine structures using our squaraine probes.  

We also added carbon dots (CDs) to CE in an effort to enhance the absorbance and 

fluorescence signals of synthetic cathinones labeled with an SQ-STP probe. Our 

colleague Leona Sirkisoon synthesized the CDs in-house via oven-based pyrolysis of 

citric acid. In ultraviolet/visible (UV/Vis) absorption spectroscopy, adding 100 µg/mL of 

CDs to 50 µg/mL pentylone labeled with 2 µM SQ-STPb enhanced the signal between 

250-300 nm and 350-400 nm; specifically, it increased dye-drug complex absorbance by 

74.3% at 252 nm and 111.6% at 360 nm over the sample without added CDs.  

By fluorescence spectroscopy, CDs alone produced no signal at an excitation 

wavelength of 635 nm, indicating that they do not interfere with CE-LIF analysis, and 
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again, with this technique, signal intensity increased when 100 µg/mL CDs were added to 

the dye-drug complex. The signal was strongest at an excitation wavelength of 365 nm. 

At the emission wavelength of maximum intensity, 465 nm, the fluorescence intensity of 

SQ-STPb- labeled pentylone with 100 µg/mL CDs was 15.2% stronger than that of the 

analyte-dye complex without CDs. These enhancements stem from hydrogen bonding, π-

π stacking, and hydrophobic or electrostatic interactions between the dye-drug complex 

and the CDs.  

Coupling CE with UV detection at 214 nm provided a better understanding of the 

interaction of the CDs, synthetic cathinone, and STP-functionalized squarylium dye. The 

drug produced one consistent peak, with another migrating later, seemingly composed of 

the drug-fluorophore complex, enhanced by the CDs. This second peak did not appear 

with CDs alone and was shifted for a longer migration time for the fluorophore alone. 

Signal intensity at the second peak increased 48.6% when CDs were added to the analyte-

dye complex.  

On-column, pre-column, and a combination of both methods were studied using CDs. 

The most intense electropherogram signals were seen in samples in which the separation 

buffer contained both CDs and dye. The lowest signal intensity was recorded with CDs in 

the separation buffer only and dye in the sample buffer only. The optimal pentylone 

signal was seen when the separation buffer consisted of 2 µM SQ-STPa and 100 µg/mL 

CDs in 100 mM borate buffer at pH 10.0, and the sample buffer consisted of 2 µM SQ-

STPa in ultrapure water. Fluorescence quenching was observed for CD concentrations of 

300 µg/mL and higher. Overall, adding CDs improved synthetic cathinone separations, 
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but even under these conditions, a quantitative response of signal (fluorescence or 

absorbance) as a function of drug concentration was not achieved.  

Last, we combined the ionic liquid tetrabutylammonium chloride (TBAC) with β-CD 

to achieve synthetic cathinone enantiomer resolution via CE-UV. Such resolution is 

unique to this work.  Specifically, the unique combination of TBAC and β-CD as co-

additives in the separation buffer greatly improved resolution; removing TBAC from the 

separation buffer resulted in no enantioselective signals, regardless of the presence of β-

CD. Being able to detect these illicit drug enantiomers is pertinent since their biological 

mechanisms are diverse. 

CE-UV experiments with other background electrolyte systems containing no chiral 

selector or ionic liquid produced signals with poor resolution and no enantioselectivity.  

While these studies could not rapidly identify the enantiomers, with a migration time of 

nearly 50 minutes for a six-drug mixture, they establish a proof-of-concept for future 

work. The incorporation of novel fluorophores into the TBAC – β-CD buffer system, 

such that cathinones could be selectively labeled and differentiated from possible 

interferences in clinical or forensics, remains a goal. 

 

7.3. Capillary isotachophoresis and polymer enhanced transient isotachophoresis 

 Capillary transient isotachophoresis (ctITP) is a technique using a discontinuous 

buffer system for analyte concentration featuring leading and terminating electrolytes. It 

resulted in better separations of transferrin than did its polymer-enhanced counterpart, 

PectI, although neither method could resolve a mixture of demetallated (apo-) and 

metallated (holo-) transferrin molecules. A variant of ctITP known as polymer-enhanced 
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ctITP (“PectI”) has been shown in other studies to improve focusing of analyte zones by 

adding a polymer to the separation and sample buffers. The polymer may interact with 

the analytes, thus affecting their migration and offering an additional focusing 

mechanism to complement the focusing afforded by ctITP. PectI improved synthetic 

cathinone resolution over that achieved by either CZE or ctITP alone. Specifically, it 

reduced the spurious peaks commonly seen in naphyrone electropherograms and it 

reduced peak broadening. PectI also improved resolution in a study of structurally similar 

tricyclic antidepressants, although the drugs could not be positively identified in a 

mixture, and correlation coefficients for calibration curves for individual drug 

components were not high enough for practical application.  Meanwhile, PectI with LIF 

detection was not successful in studies aimed at determining a mixture of proteins 

including mucin, lysozyme, and β-lactoferrin.  

Overall, successful fluorescent labeling of individual synthetic cathinones and  

tricyclic antidepressants with PectI analysis, and transferrin with ctITP analysis, gave rise 

to linear correlations between peak area and concentration, but with R2 values less than 

0.99 by PectI-LIF or ctITP-LIF. Peaks were sharper due to the PectI focusing effect for 

most analytes, but complex mixtures of these analytes were still unresolved by this 

method. 

 

7.4. Future Opportunities 

 Fluorescent labeling of analytes to yield greater selectivity and sensitivity in 

separations remains an important goal, especially in clinical and forensic applications. .  

Further studies with the novel SQ-STP1/b probes should be pursued, as these 
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fluorophores offer advantages over commercially available probes, including their 

stability, high quantum yield, and tunability (in terms of synthesis variations about the 

squaraine ring). Additionally, the development of new, functionalized carbon dots to be 

used in conjunction with SQ-STPa/b dyes, for the purpose of FRET studies, for example, 

remain to be conducted. Applying SQ-STPa/b for drug analyte derivatization in studies 

involving drug-DNA interactions is another promising avenue for future research, based 

upon studies by other researchers in our lab. 

 Capillary transient ITP and PectI methods should be optimized for application to 

complex samples. These methods hold tremendous promise based on their demonstrated 

focusing abilities. In particular, PectI systems that incorporate novel fluorophores in 

separation and sample buffers may render it suitable for antidepressant determination. 

Additional dyes synthesized by our collaborators, SQ-NH2-a/b and SQ-COOH-a/b/c, 

with other functional groups could be applied to analyte discovery. 
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APPENDIX A: SUPPLEMENTAL INFORMATION FOR CHAPTER 6 

 

MODIFIED POLMER ENHANCED CAPILLARY TRANSIENT 

ISOTACHOPHORESIS OF PROTEINS, ANTIDEPRESSANTS, AND 

SYNTHETIC CATHINONES 
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A.1. Materials and Methods 

A.1.1. Reagents 

Sodium bicarbonate (100.2%) and NaOH (ACS grade) were purchased from Fisher 

Scientific (Suwanee, GA, USA). Glycine (≥99.0%), polyethylene oxide (PEO 600,000), 

apo-transferrin (≥98%), holo-transferrin (≥98%), mucin (type III, porcine stomach, 

partially purified), lysozyme (≥90%), β-lactoferrin (≥90%), imipramine (≥99%), doxepin 

(≥98%), and nortriptyline (≥98%) were purchased from Sigma (Jaffrey, NH, USA). 

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

purchased from VWR (Atlanta, GA, USA). All synthetic cathinones were purchased from 

Cerilliant (Round Rock, TX, USA). Aqueous solutions used deionized water from a 

Milli-Q Reagent Water System (Billerica, MA, USA). 

 

A.2. Results 

 Irreproducible peaks were observed in triplicate trials of mucin analysis by a modified 

PectI method, for protein concentrations ranging from 0.01-0.2 mg/mL. Thus, 

quantitation of mucin by this method was not possible (Fig. A.1). In an effort to improve 

run-to-run reproducibility, we studied the effect of refreshing the separation buffer 

between runs, and the effect of shaking the  separation buffer vials between runs. Even 

with these changes, peaks were irreproducible from one injection to the next.  A larger 

injection volume (2x the standard injection volume) of mucin was also employed in an 

effort to improve run-to-run reproducibility but was not successful.  

 A study of on-column SQ-STPb labeled MDPV by modified PectI  did yield 

improved electropherograms (with reproducible peaks, correlated to sample 

concentration) compared to MDPV signal achieved by CZE or ctITP. However, 
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quantitative studies did not yield satisfactory results due to correlation coefficients less 

than 0.99 (Fig. A.2). Analysis of MDPBP by this same modified PectI method yielded 

similar results but with more variation in migration times arising from changes in sample 

concentration at 15°C (Fig. A.3). Furthermore, PectI did not achieve our goal of resolving 

individual drug components in a synthetic cathinone mixture (Fig. A.4),  and spiking 
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experiments were unable to identify individual drug components within a sample 

mixture.  
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 Following synthetic cathinone analysis by PectI, other small molecule drug targets 

along with some large molecule analytes were studied to determine SQ-STPa/b labeling 

suitability. These trials were performed under optimized PectI conditions. Most targets 

were not labeled (Table A.I.).  However, tricyclic antidepressants were readily labeled 

but could not be resolved in mixtures by PectI, thus resembling the outcomes achieved 

for synthetic cathinones (Fig. A.5). 

  

 

Fig A.2. On-column labeling of MDPV samples of different concentrations: 0.05 

mg/mL (green trace), 0.1 mg/mL (orange trace), 0.2 mg/mL (gray trace), 0.5 

mg/mL (yellow trace), and 1 mg/mL (blue trace), via modified PectI analysis. 

[Inset: enlarged image of the four lowest concentrations]. The sample buffer was 

3.2 mM tris-50 mM glycine (pH 8.2), and the separation buffer was 2 µM SQ-

STPb in 100 mM NaHCO3 (pH 10.03) with 0.0125% PEO in both buffers. We 

used a Beckman P/ACE MDQ CE with an applied voltage of 20 kV; a capillary 

with a 75 µm  inner diameter and effective and total lengths of 50 cm and 60 cm, 

respectively; and an injection volume of  100 nL (5 sec at 2 psi). 
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Fig A.3. On-column labeling of MDPBP samples of different concentrations: 0.05 

mg/mL (green trace), 0.1 mg/mL (orange trace), 0.2 mg/mL (gray trace), 0.5 

mg/mL (yellow trace), and 1 mg/mL (blue trace), via modified PectI analysis 

(with lowest concentrations seen in inset). The sample buffer was 3.2 mM tris-50 

mM glycine (pH 8.04), and the separation buffer was 2 µM SQ-STPb in 100 mM 

NaHCO3 (pH 10.05) with 0.0125% PEO in both buffers. We used a Beckman 

P/ACE MDQ CE with an applied voltage of 20 kV; a capillary with a 75 µm  

inner diameter and effective and total lengths of 50 cm and 60 cm, respectively; 

and an injection volume of  100 nL (5 sec at 2 psi) at 15°C. 
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Fig. A.4. Analysis of a mixture of three tertiary amine synthetic cathinones by 

modified PectI-LIF with on-column SQ-STPb labeling equal parts concentrations 

0.05 mg/mL (green trace; inset), 0.1 mg/mL (blue trace), 0.2 mg/mL (orange 

trace), 0.5 mg/mL (gray trace), and 1 mg/mL (yellow trace). The sample buffer 

was 3.2 mM tris-50 mM glycine (pH 8.04), and the separation buffer was 2 µM 

SQ-STPb in 100 mM NaHCO3 (pH 10.03) with 0.0125% PEO in both buffers. 

We used a Beckman P/ACE MDQ CE with an applied voltage of 20 kV; a 

capillary with a 75 µm  inner diameter and effective and total lengths of 50 cm 

and 60 cm, respectively; and an injection volume of  100 nL (5 sec at 2 psi). 
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Table A.I. Summary of analytes studied 

by a modified PectI method with tris-

glycine sample buffer and sodium 

bicarbonate separation buffer with SQ-

STPb on-column labeling.  

Analyte PectI 

Observations 

Naloxone No signal 

Tetrahydrocannabinol No signal 

Cocaine No signal 

Myoglobulin Quantitative 

data 

Histone H1 No PectI 

signal, CZE 

yielded signal 

peak 

Reserpine Spurious 

peaks 

Papain Broad signal 

Trypsinogen No signal 

Pepsin No signal 

Digoxigenin Spurious 

peaks 

Tetracycline Spurious 

peaks 

Biotin Spurious 

peaks 
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Fig. A.5. Modified PectI method with SQ-STPb on-column labeling of mixtures of 

two tricyclic antidepressants: imipramine and nortriptyline (blue trace), imipramine 

and doxepin (orange trace), and nortriptyline and doxepin (gray trace). The sample 

buffer was 3.2 mM tris -50 mM glycine (pH 8.04), and the separation buffer was 2 

µM SQ-STPb in 100 mM NaHCO3 (pH 10.03) with 0.0125% PEO in both buffers. 

We used a Beckman P/ACE MDQ CE with an applied voltage of 20 kV; a capillary 

with a 75 µm  inner diameter and effective and total lengths of 50 cm and 60 cm, 

respectively; and an injection volume of  100 nL (5 sec at 2 psi). 
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