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ABSTRACT 

 

The importance of biomolecules to many fields has driven the development of 

more efficient and selective analytical methods for the examination of such compounds. 

Part of this development includes organic dye molecules to act as noncovalent fluorescent 

labels to aid biomolecule detection. Noncovalent binding of dyes through hydrophobic, 

electrostatic, and other interactions with biological molecules can result in improved 

sensitivity by assays using capillary electrophoresis with laser induced fluorescence 

detection (CE-LIF). Results from such studies provide much needed information 

regarding the formation of noncovalent complexes as well as a means of quantifying 

biomolecules. Presented herein are results from spectroscopic and CE-LIF experiments 

focused on the characterization and application of five new asymmetric squarylium dyes 

containing variations in placement and number of carboxylic acid residues, as potential 

fluorescent probes for proteins and viruses. Bis-SQ-4d, which contains a double squaric 

acid center, was found to be a successful noncovalent label for human serium albumin 

(HSA), myoglobin, transferrin, trypsinogen, and bovine serium albumin (BSA) and was 

also used in the separation of a complex mixture of these proteins. Also examined were 

dyes SQHN-3c, SQHN-102, SQHN-103, and SQHN-105, which contain a single squaric 

acid center with various carboxylic acid functional groups. Despite structural similarities, 

these dyes possess very distinct pKa values along with spectral and binding 

characteristics, underscoring the importance of even subtle changes in dye structure 

towards the utility of a fluorescent probe in CE-LIF assays. In addition to the application 

of these dyes as noncovalent labels for proteins, SQHN-102 (λmax=634 nm) also showed 



	   x	  

affinity towards two plant viruses (turnip yellow mosaic virus, TYMV and cowpea 

mosaic virus, CPMV). Optimization of experimental conditions necessary for virus or 

protein binding sometimes comes at the expense of separation efficiency. However, such 

a compromise was accommodated by using CE-LIF for these studies, since this technique 

served both as a tool to study the binding (by way of frontal analysis, CE-FA, and 

nonequilibrium capillary electrophoresis of equilibrium mixtures, NECEEM) and to 

study the separation of labeled analytes, with the aim to guide future design of more 

selective and sensitive dyes for bioanalysis. 
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CHAPTER I 
 
 

INTRODUCTION 
 
 

Capillary electrophoresis with laser induced fluorescence detection (CE-LIF) has 

proven to be a useful tool for the fast, efficient separation of proteins in addition to other 

biomolecules, small molecules, ions, and intact microbes. Protein separations are 

important in many areas of research including biochemistry, homeland security (those 

found in deadly viruses and bacteria), environmental science, cancer research, and 

nutrition. Since most proteins do not have significant native fluorescence properties, 

derivatization with a fluorescent probe is often required for sensitive and selective 

determination of the analyte(s) of interest. One family of probes that has shown great 

promise for noncovalent derivatization of proteins is the squarylium dyes, which belong 

to the class of cyanine dyes. These types of dyes have exhibited great stability over time 

and a wide pH range and there are a variety of proteins with which they can interact.  

This thesis examines new and existing squarylium dyes as probes for proteins and 

microbes. The main focus of the work was to provide an in-depth characterization of 

these dyes, thus allowing us to establish the optimum conditions for the dyes both in 

terms of their fluorescence properties as well as their binding affinities with proteins and 

viruses to form noncovalent complexes. In addition, this thesis documents separation 

method development for various samples, in order to demonstrate the applicability of 

noncovalent fluorescent labeling for CE-LIF assays. 

Five asymmetric squarylium dyes (as well as one triazolylcoumarin dye TAZ-C4) are 

discussed in this thesis, including bis-SQ-4d, SQHN-3c, SQHN-102, SQHN-103, and 
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SQHN-105.  One of the major differences between dyes in this group is the number and 

placement of carboxylic acid functional groups, which were studied to determine their 

role in dye stability and binding to biological analytes. The biological analytes of interest 

included proteins myoglobin, transferrin, trypsinogen, bovine serum albumin (BSA), and 

human serum albumin (HSA), along with viruses turnip yellow mosaic virus (TYMV) 

and cowpea mosaic virus (CPMV).   

 

Capillary Electrophoresis 

Capillary electrophoresis (CE) is a technique most notably used for the separation of 

proteins and other large biomolecules. An advantage of CE over other popular separation 

methods is the fact that a very small amount of the sample is required and separation can 

be achieved more quickly with higher efficiency. Separation methods can yield both 

qualitative and quantitative data, and the results from CE separations, in particular, may 

be complementary to other chromatographic methods.1   

Separation by CE is accomplished using a fused-silica capillary (Fig. 1). In the 
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instrument each end of the column is exposed to a buffer vial and a platinum electrode. 

The sample is introduced by either electrokinetic (voltage based) or hydrodynamic 

(pressure based) injection on the inlet side. After injection of the sample, a voltage is 

applied to the capillary from the CE’s high voltage power supply. The (positive) ions in 

the injected sample move toward the outlet where they pass by a detection window at 

which point the on-column detector records the absorbance or fluorescence signal of the 

charged species.1,2      

The inside wall of the untreated capillary contains acidic surface silanol groups, and 

when treated with a buffer above pH 2, these groups experience ionization which can 

assist in the separation of proteins. The negative charge on the silanol groups attracts the 

positively charged ions in the buffer solution, thus causing an electric double-layer, as 

shown in Fig. 1. The positively charged ions in the buffer act to balance out the stationary 

negatively charged silanol groups.1,2 The applied electric field and the electric double-

layer give rise to an electroosmotic flow (EOF). This flow depends on the ionic strength 

of the bulk solution and the capillary surface charge density.  The electroosmotic flow is 

responsible for assisting the separation and can allow for the detection of acidic, neutral, 

and basic analytes in a single run (Fig. 2).  
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Fig. 2: Schematic representation of the separation of ions in a CE capillary 
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Migration times for analytes rely on a number of properties and typically all solutes 

move in the same direction aided by the EOF. These properties include charge, size, and 

in some instances shape. These factors control the electrophoretic mobility  

(µ) of a solute. When determining the net mobility of a solute one must also take into 

account the electroosmosis effects on mobility (µos). Therefore, the actual mobility of any 

given analyte (which is referred to as the apparent electrophoretic mobility, µapp), is equal 

to the sum of the electrophoretic and electroosmotic mobilities. Certain parameters can 

affect the apparent mobility and so can be used to control it. These include separation 

voltage, buffer composition, pH, additives such as surfactants and organic solvents, and 

capillary size and surface coating.1,2,3   

 

Labeling and Detection of Biological Analytes    

The study of protein-dye interactions is commonplace in many areas of research and 

has the capacity to result in major scientific breakthroughs in areas such as environmental 

science, as well as cancer treatments and diagnoses.4,5 One negative and positive aspect 

to studying proteins by fluorescence is that most proteins do not natively fluoresce. On 

the other hand, some proteins that contain aromatic amino acids may weakly fluoresce 

upon excitation, but only in the 260 to 300 nm range. Excitation and fluorescence 

detection is hindered due to the limited supply and high cost of UV lasers for this region 

and/or the lack of aromatic residues in the proteins of interest. Therefore, the labeling of 

proteins with fluorescence tags, such as dyes, has become an essential part of studying 

proteins by CE-LIF. Chemical labeling of proteins for CE separations with LIF detection 
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allows for the selectivity and sensitivity necessary for the identification of individual 

proteins.6,7   

A protein can be made fluorescent in any of three ways. These include genetic 

engineering of the protein to produce autofluorescence; or, the protein can undergo a 

reaction in which a covalent or noncovalent bond is formed to a fluorescent probe. 

Noncovalent labeling is commonly used for CE separations, even though selectivity is 

reduced compared to some other methods. The popularity of this type of labeling is owed 

to the simplicity of the labeling procedure and its cost efficiency4. Difficulties with this 

type of derivatization arise when multiple, differently labeled species result, thus causing 

peak broadening. Labeling of the protein(s) can take place pre-column (before injection), 

on-column (after injection), and in some cases post-column (after separation). Once the 

derivatization has occurred, detection is made possible after excitation of the labeled 

species with a laser (or other light source). LIF detection is the most sensitive method, 

because the light source is intense and capable of being focused closely on the detection 

window, and the signal-to-noise ratio is not a function of the cell path length, which is 

very narrow in the case of a CE capillary. LIF is by far the best tool for lowering 

detection limits. These limits can be enhanced by the purity of the protein, configuration 

of detector, as well as type, concentration, and affinity of probe used.2,6,8  

The noncovalent bond that occurs between the fluorescent tag and its protein target is 

influenced by one or more of the following: hydrogen bonding, hydrophobic and/or 

electrostatic interactions. Each protein in a given sample may not experience uniform 

noncovalent tagging, and labeling success varies between different types of proteins. The 

reactivity of the probe with its target depends strongly on functional groups of the tag, the 
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reaction conditions (such as buffer, pH, temperature, and reaction time), the target’s 

stability/reactivity under appropriate reaction conditions, and the ratio of tag to target. 

The ideal probe is one that reacts quickly and completely, as well as possesses a high 

quantum yield. It must not experience undesired hydrolysis or create byproducts that 

cannot be distinguished from the labeled target. The performance of most fluorescent 

probes can be improved by simply manipulating experimental conditions and by pairing 

the target with the appropriate tag.9,10,11   

In addition to proteins, viruses are of special interests in the advancement of 

virology.12 As with proteins, fluorescent probes can form noncovalent bonds to virus 

targets. Virus labeling most commonly occurs via interactions with proteins in the capsid, 

but occasionally the internal nucleic acids can be targeted as well depending on the type 

of dye used.13 Plant viruses, like turnip yellow mosaic virus (TYMV) and cowpea mosaic 

virus (CPMV), are gaining the attention of analysts not only due to their role in plant 

disease but also due to the fact that the capsid can be genetically engineered to contain 

multiple orthogonal reactive sites.14,15 Fluorescent labels like squarylium dyes can be 

used to quantify the viruses themselves and potentially to probe changes in the virus 

structures.                

 

Squarylium Dyes 

While in their infancy more than 30 years ago, squarylium dyes have today become a 

well-established group of dyes. Typical squarylium dyes are synthesized via a 

condensation reaction between squaric acid and two aromatics (which could be 

heterocyclic compounds).16 This reaction creates products that are characterized by 1,3-
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disubstitution of the aromatic compounds, as pictured in Fig. 3. Over the years, properties 

such as strong resistance to photodegradation and the ability to absorb light have added to 

squarylium dyes’ popularity. This popularity has led to the application of squarylium 

dyes to such areas as organic solar cells, optical recording media, photoconductors, and 

optical sensors.17 The use of these dyes as an optical sensor has expanded from metal 

targets and complexes to proteomics, as a result of recent work demonstrating that 

squarylium dyes can be utilized as probes for proteins.18,19,20 The reactivity of these dyes 

may be due, at least in part, to their carboxylic acid functionalities, which are 

characteristic of many squarylium dyes. This functional group allows for increased 

opportunities for enhanced electrostatic interactions with charged groups on protein 

analytes. These dyes are also attractive as protein probes because most absorb at long 

wavelengths (~600-1000 nm), which is a cost benefit since less expensive diode lasers 
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can be employed. In addition to being inexpensive, these semiconductors diode lasers are 

compact, but provide sufficient power to allow for more sensitive detection.3,11,21,22 

Furthermore, longer wavelength emissions suffer from less Rayleigh scattering noise.  

The various properties and functionalities of squarylium dyes can be attributed to 

their structures. The underlying dye structure and modifications to this structure have 

interested many researchers. Squarylium dyes can be symmetric or asymmetric based on 

the nature of the substituents. The substituents and their positions relative to one another 

can be controlled to yield different photophysical and chemical properties. This can be as 

simple as altering how the substituents are introduced to the central ring or as complex as 

incorporating unique substituents, for example 1,2,3,3-tetramethylindolenium used by 

Kim et al.23. Minor and major changes alike can have a profound effect on the stability 

and reactivity of the dye.18,24,25      

Squarylium dyes, such as those depicted in Fig. 3, exhibit a large increase in their 

quantum yield when noncovalently bound to certain proteins like HSA or BSA. The 

extent of the fluorescence enhancement is dependent on type of solvent and protein used, 

as well as the labeling method.8,26 In addition to fluorescence enhancement, the protein-

dye complex results in a red shift of the maximum absorbance wavelength, which permits 

better spectral resolution of the emission signal from the excitation signal. 

 

Quantitative Binding Studies     

The strength of the noncovalent interaction depends on the affinity of the probe (dye 

molecule) to that of its target (the protein, virus, or other biological analyte). Determining 
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the binding association for this interaction is essential to understanding how effective the 

dye is as a probe for any particular biological analyte. This information lends insight into 

the applicability of the dye to other similar reactions. These association constants can be 

calculated through a number of methods using CE, including frontal analysis (FA), 

Hummel-Dreyer (HD), and nonequilibrium capillary electrophoresis of equilibrium 

mixtures  (NECEEM) methods (Fig. 4).27,28,29     

 

 

 

 

 

 

 

 

 

 

 

 

With all binding study methods there are some assumptions to consider. CE-FA 

assumes the protein-dye complex and free protein have the same mobilities and therefore, 

Fig. 4: Hypothetical electropherograms depicting expected results for CE-
FA (A), CE-HD (B), and NECEEM (C) methods for binding studies. 
Symbols represent free dye (*) and dye-protein complex (•), and dissociation 
of dye from complex (†). 
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will co-elute. However, CE-FA also assumes that the protein-dye complex can be 

resolved from free dye. These same assumptions also hold true for CE-HD. From the 

electropherogram a binding curve can be constructed from the ratio of bound probe 

molecules to target molecules relative to the concentration of free probe molecules. From 

this plot’s nonlinear regression fit, it is possible to determine the association 

constant.27,28,29  

When performing a study using CE-FA, a large sample plug must be injected into the 

capillary and, provided the assumptions hold true, this should result in an 

electropherogram with two plateaus, as shown in Fig. 4A. The shorter plateau represents 

free probe (dye) and the taller plateau represents the probe-target (dye-protein) complex 

along with free target. By comparing the heights of the two plateaus, it is possible to 

determine the concentration of free dye as a fraction of the total dye concentration in a 

given mixture, and ultimately, this information can be used to determine binding 

constants as articulated later in this thesis.  

In CE-FA, the protein is labeled with the dye before injection (“pre-column 

labeling”), whereas in CE-HD, the proteins are exposed to the dye (present in the 

separation buffer) after injection, resulting in on-column labeling. CE-HD analysis results 

in a negative peak due to the vacancy of free dye in a zone in the separation buffer and a 

positive peak that represents the co-eluting complex and any remaining free protein. The 

amount of bound dye corresponds to the area of the negative peak, as represented in Fig. 

4B. In both cases (CE-FA and CE-HD), the dye concentration is varied while the protein 

concentration is held constant.28,29  Since both methods yield comparable results, only 

CE-FA methods were pursued herein. 
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CE-FA and CE-HD both assume that equilibrium conditions between free and bound 

probe are not disturbed during the separation, but in circumstances in which equilibrium 

is violated, the NECEEM method can be utilized for the binding studies.30 This method 

assumes that the complex is in equilibrium with the free target and free probe molecules, 

but only in the initial small sample plug injection. Once the sample is exposed to an 

applied electric field, the free target and probe molecules will be separated from the 

complex and all will have different migration times resulting in separation from one 

another (Fig. 4C).28,29 Under nonequilibrium conditions, the complex may begin to 

dissociate on the column during the separation. The free probe and free target thus 

liberated will migrate towards the free probe and free target zones, creating peak tailing 

(or fronting) around the complex zone in the resulting electropherogram. The relationship 

of the zones to each other is dependent on the separation conditions. Difficulty arises 

from assigning the boundaries to the beginning and ending points of the zones. This tends 

to be the major contributor of error to this method. However, like FA and HD, NECEEM 

separation has proven to be a significant tool in the study of binding interactions between 

targets and probes, such as proteins and dyes.29,30,31    

 In summary, binding interactions between novel squarylium dyes and protein or 

virus targets have been quantified by equilibrium and nonequilibrium methods. Results 

from empirical and semi-empirical studies have been compared. The effects of 

parameters such as pH, ionic strength, and buffer constituents have been explored in 

order to establish optimal labeling conditions. Spectral characterization of free and bound 

dyes has played a critical role in these studies, and ultimately has led to the development 

of CE-LIF applications employing squarylium dyes for protein and virus analysis.    
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ABSTRACT: 

 
Labeling proteins with fluorescent dyes offers a powerful tool for monitoring protein 

interactions in vitro and in vivo. In order for this tool to be effective, the nature of the 

dyes − absorbance and emission properties, solution stability, pH range, and mechanisms 

for protein interaction − must first be considered. Two new asymmetric, squarylium dyes, 

bis-SQHN-4d and SQHN-3c, were shown to be only weakly fluorescent in aqueous 

buffers in the absence of proteins.  However, their spectra showed a dramatic increase in 

fluorescence intensity upon the addition of human serum albumin (HSA) or bovine serum 

albumin (BSA) as model proteins. The enhanced fluorescence properties, attributed to 

noncovalent binding, allowed the use of the new squarylium dyes as probes for the low-

level detection of proteins in a mixture (including myoglobin (pI=7.16), transferrin 

(pI=5.9), and HSA (pI=4.8)), separated by capillary electrophoresis with laser-induced 

fluorescence detection (CE-LIF). Because of the low background fluorescence of these 

probes, on-column labeling was feasible and led to simple and rapid protein detection. 

This labeling protocol offered greater sensitivity than the more conventional pre-column 

labeling protocol (with a 10-fold lower limit of detection for HSA with bis-SQHN-4d). A 

limit of detection for HSA (by CE-LIF with on-column labeling with bis-SQHN-4d) of 

3.42 x 10-8 M indicates that this dye is well suited to the development of other protein 

assays. 
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1. Introduction 

The implication of proteins in various biological functions and as markers of 

various states of disease provides the impetus for developing improved protein assays. 

Various techniques, including two-dimensional polyacrylamide gel electrophoresis 

(PAGE) [1], high-performance liquid chromatography (HPLC) [2,3], and mass 

spectrometry [4], have been successfully employed for protein analysis. Alternatively, 

fluorescence-based methods have been shown to be some of the most sensitive methods 

for protein analysis [5].	   By combining the sensitivity and selectivity of laser-induced 

fluorescence (LIF) detection with the high efficiency and speed of capillary 

electrophoresis (CE) separations of proteins, many have shown the utility of this system 

for protein analysis [6-13]. However, since just a small number of proteins possess 

natural fluorescence in a suitable spectral range (beyond UV), CE-LIF requires protein 

analytes to be labeled with a fluorescent tag or dye. Covalent labeling (e.g. via the ɛ-

amino group of lysine, the α-amino group of the N-terminus, or the thiol group of a 

cysteine residue) often necessitates increased sample preparation, and may be difficult to 

achieve with very dilute samples. Instead, noncovalent dye–protein interactions can be 

exploited to facilitate protein determination by CE–LIF. Noncovalent labeling can occur 

by way of a variety of physical mechanisms, including hydrophobic interactions, 

electrostatic interactions and hydrogen bonding. The exact nature of these interactions is 

often difficult to determine, but evidence of interaction is clearly provided by a change in 

the emission (wavelength and/or intensity) of the fluorophore–protein complex relative to 

that of the free, uncomplexed fluorophore, which can be easily monitored by fluorimetric 

studies [8]. 
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 Squarylium dye molecules are polymethine dyes with a cyclobutene core in the 

middle of the pi-conjugation systems. These dyes and their derivatives are gaining 

significant interest in many fields such as solar-energy conversion [9], biochemical 

labeling [10], chromo/fluorogenic probes [11], and neutral molecule recognition [12]. 

The properties of squarylium dye molecules have been extensively studied by Liang et al. 

[13]. Typically, they exhibit a characteristically intense absorption band in the range of 

640–850 nm [14].	   	  Nakazumi et al. showed that squarylium dyes experience enhanced 

fluorescence emission upon binding to BSA and HSA [15].	   	   	  By modifying the structure 

of the molecule, it is possible to design different kinds of squarylium dyes that will 

function in specific media or exhibit enhanced selectivity and sensitivity towards specific 

analytes. Two squarylium dyes designed with these goals in mind are shown in Figure 1.  

They exhibit different selectivity and sensitivity for protein labeling because of their 

different molecular structures. 

The aim of the current work is to determine the effects of solution conditions on 

the nature of protein-dye interactions for bis-SQHN-4d and SQHN-3c dyes; the emission 

properties of the two novel squarylium dyes in their bound and free states; and the 

efficiency of the separation of dye-labeled proteins.  To this end, the absorbance and 

emission properties of the new dyes were determined in a variety of solvents and aqueous 

buffers at different pH’s prior to titration of fixed quantities of the dyes with increasing 

concentrations of model proteins human serum albumin (HSA) or bovine serum albumin 

(BSA).  An investigation of aggregation effects along with protein-dye incubation time 

and solution age was conducted. Finally, the utility of the new dyes bis-SQHN-4d and 
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SQHN-3c as noncovalent protein probes was explored by designing and quantifying pre-

column and on-column labeling protocols for CE-LIF.  

 

2 Materials and methods 

2.1. Reagents, buffers, and sample solutions 

3-((Z)-4-((2'-((E)-(1-Butyl-3,3-dimethylindolin-2-ylidene)methyl)-3,3',4,4'-

tetraoxo-[1,1'-bi(cyclobutane)]-1,1'-dien-2-yl)methylene)quinolin-1(4H)-yl)propanoic 

acid (bis-SQHN-4d) and (Z)-4-((5-carboxy-1-ethyl-3,3-dimethyl-3H-indol-1-ium-2-

yl)methylene)-2-(4-(diethylamino)-2-hydroxyphenyl)-3-oxocyclobut-1-enolate (SQHN-

3c) dyes (Fig. 1) were synthesized by modifying previously published procedures by 

Nakazumi and co-workers [16,17].  The solid dyes are stable in the dark at room 

temperature for several months or longer. A 1.70 x 10-4 M stock solution of bis-SQHN-4d 

was prepared in dimethylformamide, DMF (Fisher, Fair Lawn, NJ, USA) and 

subsequently diluted in HPLC- grade methanol (G.J. Chemical Company, Newark, NJ, 

USA) to the desired concentration (1.00 or 5.00 µM) just prior to use. A 1.30 x 10-4 M 

stock solution of SQHN-3c was prepared in dimethyl sulfoxide, DMSO (Fisher) and 

subsequently diluted to a working solution of 5.00 x 10-6 M in DMSO just prior to use.  

Dye stock solutions were stored in the dark at 4˚C when not in use.  Proteins were used 

as-received from Sigma-Aldrich (St. Louis, MO, USA) and prepared as stock solutions in 

water to the specified concentrations:  human serum albumin ( HSA, 96%, pI 4.8,  1.00 x 

10-4 M); bovine serum albumin(BSA, 98%, pI 4.9, 1.00 x 10-4 M); myoglobin (from horse 

heart, 90%, pI 7.16, 2.00 x 10-4 M); trypsinogen (from bovine pancreas, 98%, pI 9.3, 1.00 

x 10-4 M); transferrin (human, 98%, pI 5.9, 3.83 x 10-5 M). Protein solutions were stored 
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at 4˚C in the dark when not in use.  Pre-column mixtures of protein with dye were 

prepared by combining the proper volumes of dye and protein stock solutions, diluted 

with water or buffer prior to analysis.   

Buffers for sample dilution and/or CE separation were prepared from citric acid 

(Mallinckrodt, St. Louis, MO, USA), tris(hydroxymethyl)aminomethane (Tris, 

Mallinckrodt); boric acid (J.T. Baker, Phillipsburg, NJ, USA); or disodium phosphate 

(Fisher). Buffers were prepared by dissolving the correct amount of reagent in MilliQ 

distilled, deionized water (Millipore, Bedford, MA, USA) and adjusting the pH by the 

addition of either 1 M NaOH or 1 M HCl (Fisher, Pittsburgh, PA, USA). Before use, 

buffers were filtered through 0.2 µm nylon syringe filters (Corning, NY, USA).  

2.2. Instrumentation 

An Agilent HP3DCE system (Waldbronn, Germany) was used for the 

electrophoretic separations of protein mixtures labeled on-column and pre-column with 

bis-SQHN-4d. The instrument was coupled with an external Picometrics Zeta LIF 

detector (model: LIF SA-03, Ramonville, France) equipped with a Melles Griot 230 kV, 

406 nm diode laser. Uncoated, fused-silica capillaries were purchased from Polymicro 

Technologies (Phoenix, AZ, USA), and were 75 µm x 75 cm x 62.5 cm or  50 µm x 75 

cm x 62.5 cm (ID x total length x effective length). Variations in capillary dimensions 

were governed by optimization considerations and system compatibilities. The new 

capillary was conditioned for 10 min using purified water, 20 min using 1 M sodium 

hydroxide, then 10 min using purified water, and finally 20 min using the running buffer. 

Between each run, the capillary was rinsed with the running buffer for 3 min. Injections 
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were by pressure at 50 mbar for 5 s. The applied separation voltage was 20 kV, and the 

temperature of the capillary and sample was held constant at 20oC.  

A BioRad Biofocus 3000 CE system (Hercules, CA, USA) with an LIF detector 

equipped with a 650 nm external diode laser (OZ Optics, Carp, Canada) and a 664 nm 

DF20 emission filter (Omega Optical, Brattleboro, VT, USA) was used for the 

electrophoretic separations of protein mixtures labeled on-column and pre-column with 

SQHN-3c. Unless otherwise noted, uncoated, fused silica capillaries (25 µm ID x 30.0 

cm total length x 25.4 cm effective length) were used and were stored overnight, when 

not in use, filled with water; and a separation voltage of 20 kV with 4 psi*sec injection 

was also employed.  Between each run, the capillary was rinsed with purified water for 

two minutes, then running buffer for 2 min.  

A Perkin-Elmer LS50B Luminescence Spectrometer (Shelton, CT, USA) was 

used for fluorimetric studies. For bis-SQHN-4d, excitation and emission slit widths were 

10 nm; scan speed was 300 nm/min; and scan range was from 425 to 725 nm. For SQHN-

3c, excitation and emission slit widths were 5 nm; scan speed was 100 nm/min; and scan 

range was from 640 to 750 nm. Fluorescence spectra of dye and protein–dye solutions 

were measured using a 1-cm quartz cuvette (VWR, Suwanee, GA, USA). 

Absorbance studies for both dyes were conducted over a scan range of 190-900 

nm using a Hewlett-Packard HP8453 UV–Vis spectrometer (Waldbronn, Germany) and a 

1-cm quartz cuvette. 
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3. Results and discussion 

3.1. Spectral properties of bis-SQHN-4d and SQHN-3c alone and with added protein 

Spectral properties of the novel squarylium dyes (7.00 x 10-6 M bis-SQHN-4d or 

7.50 x 10-6 M SQHN-3c) were determined under various solution conditions in order to 

assess their suitability as fluorescent probes for proteins. Absorbance maxima for bis-

SQHN-4d were observed at 220, 414, 607, and 657 nm in methanol, and red shifts of all 

but the shortest wavelength absorbance band were observed for dye samples prepared in 

aqueous buffers. However, the absorbance maximum for SQHN-3c was slightly blue 

shifted relative to methanol (640 nm) in all aqueous buffers except under acidic 

conditions (citric acid buffer), for which a slight red shift was observed.  A summary of 

the wavelengths of maximum absorbance and emission of the dyes, both with and 

without added protein, is presented in Table 1. Significant differences between 

absorbance and emission wavelengths for both dyes in the presence of protein (for 

example, 52 nm in the case of bis-SQHN-4d with BSA in Tris) indicate good analytical 

discrimination between excitation and emission signals, thus allowing for more sensitive 

detection. The wavelengths of maximum absorbance and emission for SQHN-3c 

exceeded those for bis-SQHN-4d. These longer wavelengths can be beneficial because 

they allow the optical detection to be shifted away from the region of native protein 

absorbance bands and possible autofluorescence of biological matrices, therefore 

reducing interference and  improving detection limits.   

As noted above, there are four absorbance bands in methanol and in aqueous 

buffered solutions for the bis-SQHN-4d dye.  The band around 420 nm was the strongest 

and is reported in Table 1.  In Na2HPO4 buffer (pH 11.3, 25.0 mM), the fluorescence 
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emission of bis-SQHN-4d alone was very weak with a maximum at 475 nm (and the dye 

color in Na2HPO4 buffer at pH 11.3 is light purple to the eye, but it is blue in other 

buffers).  When an equimolar quantity of BSA was added, the fluorescence emission was 

very strong with a maximum at 620 nm. It should be noted that there was a substantial 

increase (98%) in the fluorescence emission for bis-SQHN-4d with BSA in Na2HPO4 

buffer (pH 11.3, 25.0 mM) relative to the emission of the dye alone with no added protein 

in this same buffer system. No other increases of this magnitude were observed for other 

buffer systems, which indicated that the interaction of bis-SQHN-4d with BSA is 

significantly affected by the pH of the solution.  At pH 11.3, both the dye and protein are 

predicted to be negatively charged, and so electrostatic repulsion would suggest an 

unfavorable condition for interaction at this pH.  However, if the dye forms H-type 

(parallel) aggregates at low solution concentrations, as documented  recently by Saito et 

al. [18] for another squarylium-based protein label, then it is possible that the higher 

solution pH instigates disaggregation, availing the dye for protein labeling.  Even though 

electrostatic interactions are not likely favored under these solution conditions, other 

interactions (i.e. hydrophobic interactions, hydrogen bonds and van der Waals forces) 

between dye-proteins will exist and could subsequently affect the noncovalent 

interactions between dye and proteins as reflected in changes in fluorescence, causing a 

more significant enhancement in fluorescence to be observed.   

Unlike bis-SQHN-4d, there was no fluorescence enhancement observed for 

SQHN-3c upon addition of BSA in the phosphate buffer (pH 11.3, 25.0 mM); however, 

there was a fluorescence enhancement upon the addition of BSA in all other buffers, with 

the enhancement in the citric acid buffer (pH 3.1, 25.0 mM) being the most significant.  
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In the citric acid buffer the fluorescence emission of the unbound SQHN-3c was the 

weakest; however, upon the addition of BSA the fluorescence emission was strong with a 

substantial 96% increase in signal relative to the emission of SQHN-3c alone.  In the 

borate and Tris buffers there were 89% and 58% increases in signal, respectively.  While 

these increases are not as significant as in the citric acid buffer, this does demonstrate that 

the binding of SQHN-3c with protein is not as pH dependent as the binding of bis-

SQHN-4d with protein. 

To further explore the nature of bis-SQHN-4d−BSA interactions, a fixed 

concentration (7.00 x 10-7 M) of dye was titrated with increasing concentrations of BSA 

to achieve dye:protein ratios ranging from 1:0 to 1:30 in the Na2HPO4 buffer (pH 11.3).  

The enhancement of fluorescence increased with increasing concentration of added 

protein up to 2.10 x 10-5 M added protein (a 30-fold molar excess of protein relative to 

dye). A correlation coefficient of r2 = 0.991 affirmed a linear correlation between 

emission intensity and protein concentration over the range of 0 − 1.00 x 10-5 M BSA, 

with a regression equation as follows: [fluorescence emission, RFU] = 4.02 x 

105[concentration BSA, mol/L].	  However, the addition of BSA to a fixed concentration of 

bis-SQHN-4d beyond a molar ratio of 1:14 (dye:protein) did not result in proportional 

increases in fluorescence. This indicates a saturation, whereby all available dye 

molecules are bound by protein and so the addition of still more protein could not 

significantly alter the emission properties of the dye. 

3.2. Stability of dye and dye-protein mixtures  

Since the stability of most dyes in aqueous solution is poor [19], we investigated 

aging effects for both the dye solution and the dye-protein mixture in Na2HPO4 buffer on 
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fluorescence for bis-SQHN-4d. The stability of bis-SQHN-4d (1.00 x 10-6 M) and a bis-

SQHN-4d (1.00 x 10-6 M) − BSA (1.00 x 10-5 M) mixture was analyzed by CE-LIF. The 

fluorescence of the CE-LIF peak observed for bis-SQHN-4d samples alone remained the 

same over a period of 48 hours, indicating a stable dye solution in Na2HPO4 buffer.	  

However, the fluorescence of the peak attributable to the dye−BSA complex increased 

during the 48 hour period, but stabilized thereafter.	    There was a substantial peak area 

increase (63%) for bis-SQHN-4d with BSA in Na2HPO4 buffer (pH 11.3, 25.0 mM) after 

24 hours relative to the total fluorescence response of the dye with BSA within one hour 

of mixing in this same buffer system.  This might imply a slow rate of association for the 

bis squarylium dye with protein, whereas previous research confirmed a fast reaction rate 

[20]. Even though our own subsequent studies employing bis-SQHN-4d for on-column 

labeling reactions confirm a fast enough reaction to yield sufficient sensitivity for protein 

detection (see Section 3.4), it is possible that greater sensitivities could be achieved by 

allowing longer reaction times.   

The effect of age of the dye–protein mixture on fluorescence in citrate buffer (pH 

3.1, 25 mM) for SQHN-3c was also investigated.  The stability of a SQHN-3c (7.00 x 

10-7 M) – BSA (7.00 x 10-7 M) mixture was analyzed by fluorimetry.  The fluorescence 

of the peak attributable to the complex in the resulting spectra rapidly degraded during 

the first 4 hours after mixing, after which time the signal remained very weak.  There was 

a substantial decrease (30%) in fluorescence signal from time 0 to 10 minutes, and 

another substantial decrease (38%) from 10 minutes to 15 minutes.  The most stable 

fluorescence was observed between 1 - 2 hours after mixing; however the strongest 

fluorescence signal was observed immediately after mixing. As such, SQHN-3c may be 



 
 
 
 

 
 

28 

considered suitable for on-column or pre-column labeling of protein samples in cases 

when the subsequent separation can be completed in a very short period of time, although 

quantitation of protein based on CE-LIF peak height in such instances may not 

necessarily be attained through a simple linear calibration.  

3.3. CE-LIF Analysis of Protein-Dye Mixtures 

CE-LIF can be used analogously to fluorimetry to monitor changes in 

fluorescence emission of a dye upon titration with increasing concentrations of protein. In 

Fig. 2, a linear increase in peak height for BSA−SQHN-3c complex (regression data 

reported in Table 2) is seen for increasing BSA concentration via on-column labeling.  In 

these experiments, the citric acid running buffer contained a fixed concentration of 

SQHN-3c dye (5.00 x 10-6 M), while injected protein samples (prepared in water) ranged 

in concentration from 0.625 x 10-6 M to 10.0 x 10-6 M. Peak shape degraded as protein 

concentration increased in this calibration study, presumably due to competitive 

equilibria between protein-dye binding and protein-protein interactions.  Reduced 

concentrations of injected protein should mitigate this problem; however, limits of 

detection for this particular dye/protein/buffer system need to be taken into consideration 

(for a complete discussion of limits of detection, refer to Section 3.4).  It is possible to 

affect a change in CE-LIF signal for a given probe dye concentration by changing the 

protein analyte concentration, and indeed, this forms the basis of any calibration 

procedure to enable the use of this technique as a quantitative tool for protein 

determination. However, as seen in Fig. 3, the amount of dye available for complexation 

can also affect the CE-LIF response, and it is therefore necessary to optimize the 

concentration of dye for any given analytical protocol.  In Fig. 3, on-column labeling of a 
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given HSA sample (1.00 x 10-5 M) was conducted with three different concentrations of 

bis-SQHN-4d added to the Na2HPO4 buffer (pH 11.3, 25.0 mM).  As can be seen, when 

the injected HSA concentration was held constant at 1.00 x 10-5 M, the peak area of the 

complex increased when the bis-SQHN-4d dye concentration increased from 1.0 x 10-6 M 

(Fig 3a) to 5.0 x 10-6 M (Fig 3c), but the peak area of the complex did not show a further 

increase (and, in fact, decreased) when the dye concentration was further increased to 1.0 

x 10-5 M (Fig 3b).	   	  Thus, 5.0 x 10-6 M dye in running buffer was chosen for further on-

column labeling studies to maximize dye–protein signal. Similarly, a study of optimal 

SQHN-3c dye concentration for on-column protein labeling revealed that 1.0 x 10-6 M 

SQHN-3c provided the best compromise between sensitivity towards added protein and 

minimal dye background signal (data not shown).    

3.4. On-column vs. pre-column labeling protocols 

In the previous section, on-column, noncovalent protein labeling was employed to 

establish optimal dye concentrations for analytical method development. For noncovalent 

protein labeling in CE-LIF, the commonly used modes are on-column and pre-column 

labeling [21-23]. The mode of pre-column labeling involves mixing the protein and 

fluorophore together prior to introduction of a discrete plug of the mixture at the inlet of a 

buffer-filled capillary.  On-column labeling, however, involves the injection of a discrete 

plug of protein alone into a capillary filled with buffer that contains the dye. In this case, 

the dye concentration is essentially constant in the buffer throughout the capillary, and 

the equilibrium between the free dye and the protein-bound dye is readily established and 

maintained as the protein migrates through the capillary. On-column labeling provides a 

simpler protocol with no sample pretreatment required, no risk of sample contamination, 
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and no sample dilution, and it typically offers an enhancement in sensitivity as 

demonstrated in previous work with related squarylium dyes [24].   

A comparative study was undertaken with bis-SQHN-4d, to determine which 

method is more effective for protein labeling and analysis in the present work. 	  Fig. 4 

shows electropherograms resulting from pre-column labeling of two different 

concentrations (1.00 x 10-6 M,  5.00 x 10-6 M) of HSA with 1.00 x 10-5 M bis-SQHN-4d 

dye, 24 hours after sample preparation (Fig. 4(a) and (b)), along with an 

electropherogram resulting from on-column labeling of a 5.00 x 10-6 M HSA sample  

with 1.00 x 10-5 M dye in the Na2HPO4 separation buffer (Fig. 4(c)).  In Figs. 4(a) and 

(b), it can be seen that	   the protein−dye complex peak increased with increasing 

concentration of protein, due to the formation of additional complex. No peaks are 

observed for free dye in these pre-column labeling experiments, presumably because an 

excess of protein in the samples ensured that all dye was present in its bound form. Any 

small amount of dye liberated by dissociation during the separation itself would have 

been insufficient to be detected as an independent peak given the lower fluorescence 

quantum yield of the free dye relative to the bound dye. A single peak for dye-protein 

complex was similarly observed in the electropherogram for the on-column labeling 

experiment (Fig. 4(c)). Any unbound dye in this instance would simply contribute to the 

baseline fluorescence signal rather than appear as a discrete peak since the dye is present 

everywhere in the buffer, but again, the quantum yield of the unbound dye is lower than 

that of the bound dye and so background fluorescence in the case of on-column labeling 

with bis-SQHN-4d is not likely to reduce the overall sensitivity of the method. It can be 

seen that the HSA−bis-SQHN-4d peak resulting from on-column labeling (Fig. 4(c)) is 
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larger (by 51% in terms of peak area) than the comparable peak from pre-column labeling 

(Fig. 4(b)), which confirms the increased sensitivity achieved for on-column labeling in 

other work [24]. In addition, on-column labeling offers the advantage of reduced sample 

handling.  The increase in migration time observed for the protein-dye complex peak in 

the on-column labeling experiment arises due to the presence of dye in the running 

buffer, which increases the ionic strength of the buffer, thus decreasing the overall 

electroosmotic mobility and concomitantly increasing the migration time.  

A similar comparative study of noncovalent, pre-column vs. on-column labeling 

of BSA with SQHN-3c was conducted by CE-LIF, and the resulting electropherograms 

are shown in Fig. 5.  In this instance, 5.00 x 10-6 M SQHN-3c dye was used for on-

column labeling of two different injected concentrations of BSA sample (Fig. 5(a) 5.00 x 

10-6 M and (b) 1.25 x 10-6 M), and pre-column labeling of 50.0 x 10-6 M BSA (Fig. 5(c)) 

in a 25.0 mM citric acid buffer system (pH 3.4).  Analogous to the studies with bis-

SQHN-4d, on-column labeling with SQHN-3c resulted in a 54-fold increase in peak area 

(or an approximately 10-fold increase in peak height) relative to pre-column labeling, 

which confirms the increased sensitivity achieved for on-column labeling in other work 

[24].   In Fig. 5(c), it can be seen that a single peak for the protein-dye complex was 

observed.  No peak was observed for free dye, presumably because an excess of protein 

in the sample, as described for the bis-SQHN-4d labeling experiments in Fig. 4.  In Fig. 

5(a) and (b), it can be seen that	   the (single) protein−dye complex peak increased with 

increasing concentration of injected protein, due to the formation of additional complex.  

As in the case of bis-SQHN-4d, the increase in migration time observed for the protein-

dye complex peak in the on-column labeling experiment with SQHN-3c likely arises due 
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to the presence of dye in the running buffer, which increases the ionic strength of the 

buffer, thus decreasing the overall electroosmotic mobility and concomitantly increasing 

the migration time.  

A quantitative comparison of sensitivity differences between on-column and pre-

column labeling methods was conducted.  In this work, the limit of detection (LOD) was 

calculated as 3s/m, where s is the standard deviation of the baseline signal, found from 

1/5 of the peak-to-peak noise of a blank signal, and m is the slope or sensitivity of a 

calibration curve constructed from peak height versus injected protein concentration. 

Protein concentration ranges were from 0.78 − 3.5 µM HSA (pre-column labeled with 

bis-SQHN-4d), 0.70 - 7.0 µM HSA (on-column labeled with bis-SQHN-4d), and 0.625 - 

10 µM BSA (on-column SQHN-3c).  The LODs for pre-column and on-column labeling 

of HSA with bis-SQHN-4d and on-column labeling of BSA with SQHN-3c are reported 

in Table 2. As can be seen, the LOD for pre-column labeling with bis-SQHN-4d is more 

than an order of magnitude higher (worse) than that for on-column labeling.  As the 

protein analyte migrates through a buffer-filled capillary in which the labeling dye is 

dissolved, the equilibrium between free and bound forms of the protein (dye + protein ⇌  

dye−protein) is driven towards the bound form by the presence of excess dye in the 

buffer serving as a ‘reactant.’ Additionally, it can be seen that the LOD for HSA obtained 

with bis-SQHN-4d is about one order of magnitude lower than the LOD for BSA 

obtained with SQHN-3c, indicating that the former interacts more strongly with proteins, 

possibly through the kind of ‘clamshell’ interactions described in work by Patonay et al. 

[20].   
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3.5. Separations of protein mixtures 

A mixture containing three model proteins with different pIs including myoglobin 

(pI=7.16), transferrin (pI=5.9), and HSA (pI=4.8) was labeled on-column with bis-

SQHN-4d and fully resolved by CE-LIF, as shown in Fig. 6.  Trypsinogen was also 

labeled and resolved in subsequent experiments, although separation efficiency was 

significantly lower for this protein (data not shown). A thorough study of separation 

parameters was undertaken, including capillary dimensions, injection times, cartridge 

temperatures, separation voltage, buffer composition and ionic strength.  Greater 

separation efficiencies were achieved for on-column labeling of a protein mixture 

employing a 25.0 mM phosphate separation buffer (pH 11.53) with 5.00 x 10-6 M bis-

SQHN-4d  using a 50 µm ID capillary (Fig. 6b) rather than a 75 µm ID capillary (Fig. 

6a), as had been employed for previous CE-LIF studies in this paper.     

Unfortunately, similar CE-LIF conditions did not yield successful protein 

separations with SQHN-3c as the labeling probe. The lower sensitivities achieved with 

SQHN-3c may have been a contributing factor, or perhaps SQHN-3c interacted more 

strongly with charged sites on the inside capillary wall and so separation and labeling 

efficiencies were reduced relative to the work with bis-SQHN-4d. As noted previously, at 

the high pH (11.3) employed for the on-column labeling and separation of the mixture of 

model proteins in this work, all proteins would be negatively charged, as would be the 

squarylium dyes (due to the deprotonation of the pendant carboxylic acid group on each 

dye), and so pure electrostatic interactions alone would not favor noncovalent binding. 

This would imply that other interactions such as hydrophobic interactions, hydrogen 
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bonds and van der Waals forces (i.e. Dipole-dipole bonds) are critical to dye-protein 

binding, as confirmed in previous work [19]. 

4. Conclusions 

The spectral properties of two novel squarylium dyes, bis-SQHN-4d and SQHN-

3c, were explored under a variety of solution conditions in order to determine the best 

conditions for noncovalent protein labeling and analysis by CE-LIF.  Although these dyes 

are not water soluble, stable stock solutions can be prepared in organic solvents and 

subsequently diluted with aqueous buffers to the appropriate working concentration just 

prior to use. In particular, bis-SQHN-4d shows great potential as a noncovalent label for a 

wide range of proteins, and the enhanced detection sensitivity observed for this dye with 

on-column labeling protocols also bodes well for its promise as a protein probe. On-

column labeling methods have the advantage of reduced sample handling (and thus lower 

risk of contamination or loss). Sample derivatization prior to injection typically 

necessitates larger sample sizes (to ensure proper mixing of reagents and a complete 

reaction) than does any given CE-LIF injection, and sample derivatization prior to 

injection often results in sample dilution, thus impinging on detection limits. However, 

on-column, noncovalent protein labeling as described herein obviates the need for sample 

derivatization prior to injection, which holds much promise for analytical method 

development for clinical, forensic, and environmental samples. By combining the high 

resolving power of CE with the sensitivity of LIF detection and the convenience of on-

column labeling, applications for novel, asymmetric squarylium dyes as protein probes 

are expected to grow. 
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Table 1. Absorbance and fluorescence properties for bis-SQHN-4d and SQHN-3c dyes in 
various solvent systems.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. LOD for pre-column and on-column labeling of HSA with bis-SQHN-4d and 
for on-column labeling of BSA with SQHN-3c, analyzed by CE-LIF. 
 

Dye Labeling 
Mode 

Linear Regression 
[protein concentration (M) 

vs. peak height] 

Correlation 
Coefficient 

Limit of 
Detection (M) 

 
bis-SQHN-4d     

 on-column y =1.00 x 10-9x + 117 0.9998 3.42 x 10-8 
 pre-column y=2.93x + 0.0018 0.9996 8.70 x 10-7 

SQHN-3c     

 on-column 
 

y =256000x – 118000 
 

0.9997 
 

0.216 x 10-6 

 
 
  

Solvent or Buffer  7.00 x 10-6 M bis-SQHN-4d  

  no added protein  with 1.00 x 10-6 M BSA  

  λabs, max 
(nm)  λemis, max 

(nm)  λabs, max 
(nm)  λemis, max 

(nm)  

methanol 414  550  ---  ---  
citric acid (25.0 mM, pH 3.1) 421  470  421  470  
Tris-HCl (25.0 mM, pH 7.4) 418  470  418  470  
boric acid (25.0 mM, pH 9.1) 424  470  424  470  

Na2HPO4 (25.0 mM, pH 11.3) 420  475  423  620  

         

 7.00 x 10-6 M (abs) or 7.00 x 10-7 M (emis) SQHN-3c  

 no added protein  with 7.00 x 10-6 M BSA  

 λabs, max 
(nm)  λemis, max 

(nm)  λabs, max 
(nm)  λemis, max 

(nm)  

methanol 640  650  ---  ---  

citric acid (25.0 mM, pH 3.1) 643  656  650  659  

Tris-HCl (25.0 mM, pH 7.4) 634  655  643  655  

boric acid (25.0 mM, pH 9.1) 636  654  647  652  

Na2HPO4 (25.0 mM, pH 11.3) 634  651  637  651  
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Figure Captions: 
 
Figure 1.  Molecular structures of squarylium dyes (a) bis-SQHN-4d, MW 588.7 and (b) 
SQHN-3c, MW 474.6 g/mol. 
 
Figure 2. Electropherograms of BSA samples labeled on-column with a 25.0 mM citric 
acid buffer (pH 3.4) containing 5.00 × 10-6 M SQHN-3c:  Concentrations of injected 
BSA samples as follows: (a) 10.0 × 10-6 M; (b) 5.00 × 10-6 M; (c) 2.50 × 10-6 M; (d) 1.25 
× 10-6 M; (e) 6.25 × 10-7 M.  Electropherograms offset for clarity. Other separation 
conditions:  25 µm ID × 30.0 cm total length × 25.4 cm effective length capillary; 
pressure injection at 4 psi*sec; 20 kV separation voltage. 
 
Figure 3. Electropherograms of 1.00 × 10-5 M HSA labeled on-column with different 
concentrations of bis-SQHN-4d present in the 25.0 mM phosphate buffer (pH 11.3). Dye 
concentrations as follow: (a) 1.00 × 10-6 M; (b) 1.00 × 10-5 M; (c) 5.00 × 10-6 M.  
Electropherograms offset for clarity.  Other separation conditions: 75 µm ID x 75 cm 
total length × 62.5 cm effective length capillary; capillary and sample temperatures held 
constant at 25oC; pressure injection at 50 millibar for 5 s; 20 kV separation voltage. 
 
Figure 4. Electropherograms of HSA samples labeled with 1.00 × 10-5 M bis-SQHN-4d 
by pre-column (a, b) and on-column (c) methods. HSA concentration as follows: (a) 1.00 
× 10-6 M; (b) 5.00 × 10-6 M; (c) 5.00 × 10-6 M.  Electropherograms offset for clarity. 
Other separation conditions as described in Figure 3.   
 
Figure  5.  Electropherograms of BSA samples labeled with 5.00 × 10-6 M SQHN-3c by 
on-column (a,b) and pre-column (c) methods. BSA concentrations as follow: (a) 5.00 × 
10-6 M; (b) 1.25 × 10-6 M; (c) 50.0 × 10-6 M.  Electropherograms offset for clarity.  
Separation conditions as described in Figure 2. 
 
Figure  6. Electropherograms of a mixture of proteins with different pI’s labeled on-
column with 5.00 × 10-6 M bis-SQHN-4d present in the 25.0 mM phosphate separation 
buffer (pH 11.3). Separation voltage: 20.0 kV; capillary and sample temperatures: 15oC; 
pressure injection: 50 millibar for 5 s; and capillary dimensions: (a) 75 µm ID × 75 cm 
total length × 62.5 cm effective length capillary, (b) 50 µm ID × 75 cm total length x 62.5 
cm effective length capillary. Peak identities: I, 1.00 × 10-5 M (a) or 6.70 × 10-5 M (b) 
myoglobin (pI=7.16); II,	  5.00 × 10-6 M (a) or 3.30 × 10-5 M (b) transferrin (pI=5.9); III,	  
5.00 × 10-6 M (a) or 4.00 × 10-6 M (b) HSA (pI=4.8).   
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ABSTRACT:  

Noncovalent interactions between squarylium dyes and proteins can play an 

important role in the formation of fluorescent complexes, thus facilitating the use of these 

dyes as bioanalytical probes. Three members of a class of squarylium dyes (SQHN-102, 

SQHN-103, and SQHN-105) bearing carboxylic acid substituents in various positions 

were studied to determine how their acid functional groups might opportunistically 

enhance electrostatic binding to protein targets under selected pH conditions. These dyes 

demonstrate absorbance maxima from 618-634 nm in neutral, aqueous buffer conditions, 

and undergo only slight red shifts upon the addition of human serum albumin (HSA). 

Meanwhile, the fluorescence emission (observed from 645 - 660 nm) was enhanced for 

all three dyes upon the addition of HSA. Variations in fluorescence enhancement factors 

suggest that the different dyes have different selectivities towards protein binding. This is 

supported by differences in association constants obtained from protein titration data and 

calculated by the double reciprocal plot method, yielding 5.27 x 106 M-1 for SQHN-

102−HSA, 2.37 x 106 M-1 for SQHN-103−HSA, and 4.71 x 104 M-1 for SQHN-

105−HSA. The predominant stoichiometries of noncovalent HSA:dye complexes, 

determined by the method of continuous variation under neutral aqueous solution 

conditions, were found to be 1:1 for both SQHN-102 and SQHN-105, and 2:3 for SQHN-

103. Whereas the stoichiometries of protein complexes (involving either HSA or 

trypsinogen) with SQHN-102 and SQHN-103 were largely independent of buffer pH and 

composition, those formed with SQHN-105 were not. These results may be attributed to 

differences in acid dissociation constants for the carboxylic acid residues and their affects 

on possible electrostatic and hydrogen bonding interactions involving the dyes. 
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Knowledge of binding affinities between specific dyes and proteins can ultimately be 

employed to design more sensitive and selective probes for protein assays by analytical 

methods such as CE-LIF. 
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1. Introduction 

Reliance on protein-dye interactions is commonplace in many areas of research, not 

only to facilitate a greater understanding of protein structure and function but also to 

provide a means of determining protein analytes in fields as diverse as environmental 

science1, clinical chemistry2, and for the development of chemosensors.3,4 Although some 

proteins contain aromatic amino acids that can fluoresce upon excitation in the UV 

region, detection schemes relying on this for protein determination are limited by the 

need for a UV laser for excitation and/or the relative scarcity of aromatic residues in 

some proteins of interest. Therefore, the labeling of proteins with fluorescence tags has 

become an essential part of protein studies, since it can allow for the selectivity and 

sensitivity necessary for the identification and examination of individual proteins using a 

range of possible excitation sources.5  

A protein can be made fluorescent in any of three ways. These include genetic 

engineering of the protein to produce autofluorescence; or, the protein can undergo a 

reaction by which it is covalently derivatized or noncovalently bonded with a fluorescent 

probe.  Despite the relative lack of selectivity of noncovalent labeling, this method’s 

popularity is owed to its simplicity, speed, and cost-efficiency.3 Difficulties with this type 

of derivatization arise when multiple, differently labeled species are produced, and in a 

subsequent high efficiency separation (for example, by capillary electrophoresis) this can 

result in peak broadening.6 

One or more of the following interactions can influence the noncovalent bond that 

occurs between the fluorescent tag and its protein target: hydrogen bonding, hydrophobic 

and/or electrostatic interactions. As such, various proteins in a given mixture may not 
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experience uniform noncovalent tagging, and labeling success can vary between different 

types of proteins. The affinity of the noncovalent tag towards its target depends strongly 

on functional groups of the tag, the reaction conditions (such as buffer composition, pH, 

temperature, and reaction time), the stability/reactivity of the target under the reaction 

conditions necessary for labeling, and the ratio of tag to target. The ideal probe is one that 

reacts quickly, completely and possesses a high quantum yield. It must not experience 

undesired hydrolysis or create byproducts that cannot be distinguished from the labeled 

target. The performance of most fluorescent probes can be improved by simply 

manipulating experimental conditions and by pairing the appropriate target with the 

tag.7,8,9      

Squarylium dyes, which belong to the class of cyanine dyes, have shown great 

promise for noncovalent labeling of proteins.5 Typical squarylium dyes are synthesized 

via a condensation reaction between squaric acid and two aromatics (which could be 

heterocyclic compounds).10 This reaction creates products that are characterized by 1,3-

disubstitution of the aromatic compounds, as illustrated in Fig. 1. Properties such as 

strong resistance to photodegradation and high molar absorptivities have added to the 

popularity of squarylium dyes. This popularity has lead to the application of squarylium 

dyes to such areas as organic solar cells, optical recording media, photoconductors, and 

optical sensors.2,11,12 The use of these dyes as optical sensors has expanded from metal 

targets13,14,15 to proteomics16, as a result of work demonstrating that squarylium dyes can 

be utilized as probes for proteins.17 The reactivity of these dyes may be due, at least in 

part, to their carboxylic acid functional group(s), which are characteristically present in 

many squarylium dyes. This functional group allows for increased opportunities for 
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enhanced electrostatic interactions with charged groups on protein analytes. These dyes 

are also attractive as protein probes because most absorb at long wavelengths (~600-1000 

nm) with concomitantly long wavelength emissions, which is advantageous due to 

reduced interference from autofluorescence of biological sample components and 

reduced Rayleigh scattering noise in this region. Excitation of these dyes can be achieved 

using low cost, portable and stable diode lasers, which offers another advantage in terms 

of analytical instrumentation and method development.  

The various properties and functionalities of squarylium dyes can be attributed to 

their structure. The underlying dye structure and modifications to this structure have 

interested many researchers.12,18 Squarylium dyes can be broadly classified as 

symmetrical or asymmetrical based on the nature of the substituents on the central 

squaraine ring. Functionalization of these substituents and the positions of functional 

groups relative to one another can be manipulated to yield different photo-physical and 

chemical properties. In the present work, three asymmetrical squarylium dyes, referred to 

as SQHN-102, SQHN-103, and SQHN-105 (Fig. 1), characterized by having multiple 

carboxylic acid residues occupying different sites on the dye molecule. It is known that 

minor changes to the dye structure can have a profound effect on the stability and 

reactivity of the dye13,17, and as such, the work discussed herein aims to examine the 

effect of carboxylic acid functionalization on the relative performance of these three new 

asymmetrical squarylium dyes as probes for proteins.  

 Charge, size, structure and hydrophobicity are among the factors affecting how 

proteins will interact with ligands (such as the squarylium dye molecules in the present 

work). In fact, such binding processes involving fluorescent dyes have been used to 
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investigate protein folding processes, aggregation interactions, and to explore active sites 

of enzymes.19 One major experimental factor affecting such research is the state of the 

protein and the dye in different solvent environments.20,21 The stability of protein and dye 

alike greatly influence what type of interaction(s) (electrostatic, hydrophobic, or 

hydrogen bonding, for example) will be encountered. In addition to influencing the type 

of intermolecular interaction, these factors are also responsible for the strength of the 

resulting noncovalent bonds in the protein-dye complex.               

The most abundant protein found in blood serum is HSA, a globular protein with 

a molecular weight of 66.48 kD and a pI value of 4.8.22 It has been found via pH studies 

that HSA is stable and remains unchanged in structure from pH 3.8 to 7, but in very basic 

environments (above pH 12) there is evidence that points to structural changes and/or 

protein aggregation.22 HSA has been the subject of in-depth binding studies due to its 

ability to interact with a wide range of ligands, both endogenous and exogenous23,24, and 

these studies have identified two high affinity binding sites suitable for aromatic 

compounds. In the present work, we seek to exploit these sites for fluorescent labeling 

with our novel squarylium dyes. The first HSA binding site is thought to involve mainly 

hydrophobic interactions, whereas the second site likely involves in a combination of 

hydrophobic, electrostatic, and hydrogen bonding interactions.24    

Trypsinogen, which has a molecular weight of 23.98 kD and pI value of 9.3, is the 

inactive precursor of trypsin, which is a member of the serine peptidase family and is 

essential to pancreatic exocrine functions.25,26 Trypsinogen amino acid composition is 

partially comprised of 27 amides, 17 aromatic residues, and 15 lysine residues with 13 

acidic residues in total.25 Despite protonation or deprotonation of these residues under 
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acidic or basic solution conditions, trypsinogen remains relativity stable.27 Changes due to 

solution pH are largely experienced by residues on the outside of the protein molecule, 

and since the structure of trypsinogen is flexible, any localized structural modifications 

are not expected to affect the entire protein.27 

This examination includes a spectral analysis of dyes in various buffers in the absence 

and presence of model proteins human serum albumin HSA (pI 4.8) and trypsinogen (pI 

9.3). Protein titration data were obtained in order to measure the stability of all three dyes 

complexed with HSA, and computational studies were performed to further examine 

protein-dye complex formation. The ultimate goal of this research was to provide a 

deeper understanding of protein-squarylium dye interactions in order to influence how 

potential probes for proteins are subsequently developed and applied.   

    

2. Experimental Methods & Materials   

2.1. Reagents, Buffers, and Sample Solutions 

All three squarylium dyes (Fig. 1) were synthesized according to a procedure 

established by Nakazumi and Maeda.18 Using the solid dye as received, stock solutions 

were prepared in methanol (Fisher Scientific, Fair Lawn, NJ, USA) at a concentration of 

5.00 × 10-4 M for dyes SQHN-102, SQHN-103, and SQHN-105.  These stock dye 

solutions were stored in the dark at 4°C. Proteins were purchased from Sigma-Aldrich 

(St. Louis, MO, USA) and were prepared as stock solutions in water, including human 

serum albumin (HSA, 96%, pI 4.8, stock concentration 1.00 × 10-4 M) and trypsinogen 

from bovine pancreas (98%, pI 9.3, stock concentration 1.00 × 10-4 M). Working 

solutions for spectroscopic studies of dyes and proteins (either separately or in a mixture) 
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were prepared just before use by dilution with appropriate solvent or buffer to achieve the 

final desired concentration. Buffer reagents included: citric acid and tris 

(tris(hydroxymethyl)aminomethane) from Mallinckrodt (ST. Louis, MO, USA); boric 

acid from J.T. Baker (Phillipsburg, NJ, USA), and disodium hydrogen phosphate from 

Fisher Scientific. Buffers were prepared by dissolving the correct amount of reagent in 

MilliQ distilled, deionized water (Millipore, Bedford, MA, USA) and the pH was 

adjusted using either 1 M NaOH or 1 M HCl (Fisher, Pittsburgh, PA, USA). Dye pKa 

values were determined by titration using 3.88 × 10-5 M NaOH.  

2.2. Instrumentation  

A Perkin-Elmer LS50B luminescence spectrometer (Shelton, CT, USA) was used 

to record emission spectra. Excitation and emission slit widths were either 5 nm or 10 nm 

(as specified in “Results & Discussion” for each experiment) with a scan rate of 100 

nm/min and a scan range of 550 - 800 nm. Fluorescence spectra of samples were 

measured using a 1-cm quartz cuvette (VWR, Suwannee, GA, USA).  

Absorbance studies were carried out using a Hewlett-Packard HP 8453 UV-Vis 

spectrometer (Waldbronn, Germany).  Dye or dye-protein samples were mixed just prior 

to use and then immediately analyzed in a 1-cm quartz cuvette by recording spectra from 

200-900 nm.    

Classical volumetric acid-base titrations of dye samples were performed to obtain 

dye pKa values using a PASCO chemistry sensor/ PASPort USB link with pH meter 

adaptor (PASCO, Roseville, CA, USA) using Data Studio 1.9.7 software.  Solution pH 

was recorded after every 0.1 mL aliquot of 3.88 × 10-5 M NaOH titrant from 0 to 7.5 mL 
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added and after every 0.5 mL aliquot from 7.5 to 12 mL added to a 25 mL sample of 5 

µM dye.  

2.3 Molecular Modeling and pKa Calculations 

  HyperChem 8.0 (HyperCube, Gainesville, FL, USA), ChemDraw Ultra 10.0 and 

Chem3D Ultra 10.0 (PerkinElmer Informatics, Cambridge, MA, USA) software packages 

were used for modeling the dye ligands. Ligand structures were optimized by the 

molecular mechanics MM2 force field followed by optimizing the geometry by semi-

empirical quantum mechanics calculation (AM1 with RHF calculation, convergence limit 

of 0.01, RMS gradient of 0.01 kcal/mol and Polak-Ribiere algorithm). 

The HSA crystal structure was obtained from PDB, 1E78 (2000) J.Biol.Chem. 

275: 3873128. The water molecules were omitted from the data, and only polar hydrogen 

atoms were added to the protein structure using AutoDock Tool 1.5.4 (ADT). The torsion 

trees (flexible and torsionable functional groups) of the ligands were set by ADT. To 

identify potential binding sites, the entire surface of the HSA was covered for the “blind 

docking” search, with the degree of exhaustiveness set at 200 to obtain solid docking 

results. The search calculation was examined several times for docking in order to 

confirm the same results were obtained for each calculation.  

MOPAC2009 software (James J. P. Stewart, Stewart Computational Chemistry, 

Version 9.03CS web: HTTP://OpenMOPAC.net) was used to calculate pKa values for the 

most acidic hydrogens via the PM6 function.29    
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3. Results and Discussion 

3.1. Spectral properties of SQHN-102, SQHN-103, and SQHN-105 

Squarylium dyes, such as those depicted in Fig. 1, may display a red shift of their 

maximum absorbance wavelength when bound to certain proteins like HSA. Additionally 

they can exhibit a large increase in their quantum yield. The extent of the fluorescence 

enhancement is dependent on type of solvent used and the extent of protein interaction.10 

Dyes SQHN-102, SQHN-103, and SQHN-105 contain multiple carboxylic acid moieties 

positioned on different sides of the dye molecule. Dye SQHN-102 and SQHN-103 both 

contain two carboxylic acid groups, located on the same side or opposite side of the 

molecule, respectively; whereas dye SQHN-105 possesses three carboxylic acid groups, 

two of which are located on the same side of the molecule. By comparing the binding of 

these dyes to proteins, we will gain a better understanding of the role of electrostatic, 

hydrophobic, and hydrogen bonding interactions in noncovalent labeling systems.  

Molar absorptivities for squarylium dyes are typically on the order of 105 M-1cm-1 

(or higher), depending on solvent  as well as the presence of biological analytes.  So to 

begin, UV-Vis absorbance and fluorescence emission studies were conducted to 

determine the performance of the dyes under acidic, neutral, and basic conditions, both in 

the absence and presence of HSA as a model binding protein.  Absorbance and emission 

data are summarized in Table 1. Additionally, 25 mM acetate (pH 4.98) and 25 mM 

phosphate (pH 9.47) buffers were also examined (data not shown). Absorbance of the 

dyes in acetate buffer  (pH 4.98) was comparable to that obtained in citrate buffer (pH 

3.01), whereas absorbance in phosphate buffer (pH 9.47) resembled that in borate (pH 

9.15) with HSA present. From Table 1 and Fig. 2, it can be seen that optimal conditions 
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for dye performance as a protein label were obtained in 25 mM tris buffer for all three 

dyes. This is based on the magnitude of absorbance for the dye alone and for the dye 

mixed with HSA in a 1:1 concentration ratio (5 × 10-6 M). While SQHN-105 had a 

significantly lower absorbance in all cases when compared to SQHN-102 and SQHN-

103, it yielded the greatest shift in maximum absorbance wavelength upon the addition of 

protein. Absorbance of the dyes in tris and borate buffers were very similar to one 

another, but fluorescence spectroscopy further differentiated between the conditions 

yielding optimal performance of each dye. In tris buffer, all three dyes were very 

fluorescent at low concentrations when mixed with protein. However, SQHN-102 even at 

the low concentration of 5 × 10-8 M was so fluorescent when mixed with HSA that 5 nm 

slit widths had to be used to decide the signal for the HSA-dye complex would well 

below the instrumental limits (whereas 10 nm slit widths were used for 9 × 10-8 M 

SQHN-103 and 2 × 10-7 M SQHN-105 with HSA).  

These fixed concentrations of dye were used to generate a calibration curve for 

each dye by titration with increasing concentrations of HSA in the 25 mM tris buffer (pH 

7.14). Recorded emission spectra for these protein titrations are shown in Fig. 3 and 

calibration curve data are summarized in Table 2. These results demonstrate that SQHN-

102 appears to be the most sensitive and selective dye for HSA out of the three. This 

supports the idea that the structural properties associated with SQHN-102 (Fig. 1), which 

contains two carbocyclic acid resides on the same side of the molecule, provide more 

favorable binding to HSA under neutral conditions.       

These spectroscopic studies of SQHN-102, -103, and -105 in solution with HSA − 

a model binding protein with pI 4.8 and MW 66.48 kDa − were extended by using 
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trypsinogen, which is a basic protein with pI 9.3 and MW 78.50 kD. The contrast in size, 

structure, and electrostatic properties of these two model proteins makes it possible to 

examine the influence of these factors on interactions with the squarylium dyes in this 

study.  Absorbance and emission spectra were thus recorded for the dyes with 

trypsinogen under the range of solution conditions akin to those employed for HSA (vide 

supra).   In particular, a trypsinogen concentration of 2.5 × 10-6 M in a 1:1 molar ratio 

with each dye was employed, and the resulting absorbance and emission wavelength 

maxima are shown in Table 1. The wavelengths measured with trypsinogen present were 

not significantly different than those with HSA, but enhancements in absorbance and 

emission intensities were found to differ in the presence of trypsinogen.  Based on the 

trend this suggests that the dyes have a lower affinity for trypsinogen than for HSA.  The 

degree of emission enhancement observed for SQHN-102 and -103 with trypsinogen 

were similar to one another and both were greater than for SQHN-105 with trypsinogen, 

just as SQHN-105 gave the lowest degree of emission enhancement of the three dyes 

with HSA. Whereas binding of the three dyes with HSA was best facilitated in a neutral 

tris buffer (as judged by the largest extent of fluorescence emission enhancement under 

such solution conditions), binding of SQHN-102 and SQHN-105 with trypsinogen was 

best facilitated in a basic borate buffer while SQHN-103 binding with trypsinogen was 

best facilitated in an acidic citrate buffer. These variations in dye emission enhancement 

can be attributed to the differences in the unique interactions experienced between 

dissimilar analytes and probes, which will be discussed in Section 3.3. The interactions 

between dyes and proteins can also be characterized in terms of the predominant 

stoichiometries of the resulting complexes formed in solution, as discussed presently.        
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3.2. Protein-Dye stoichiometries 

To determine the stoichiometry of the protein complexes formed with all three 

dyes, the method of continuous variation was used. Briefly, this involved generating a 

Job’s plot (example shown in Fig. 4 for SQHN-102), in which a measured signal 

(corrected fluorescence) is plotted as a function of the mole ratio of dye in various dye-

protein samples. The sum total of protein and dye concentrations was the same for every 

measurement; however the ratio of protein-to-dye was varied in each case. The results of 

these studies are summarized in Table 3.  An increase in the proportion of protein (HSA) 

relative to dye present in the noncovalent complexes was observed as solution pH 

increased. This was especially evident for dyes SQHN-102 and SQHN-103, both of 

which demonstrated a greater number of dye molecules per protein (with a 1:2 protein-to-

dye stoichiometry in acidic conditions). In basic environments, the reverse case was seen 

for all three dyes; that is, the molar ratio of protein exceeded that of the dye present in 

noncovalent complexes formed above pH 9.15. Under neutral solution conditions, a 

better balance between protein and dye content in the resulting noncovalent complexes 

was evident:  SQHN-102 and SQHN-105 formed complexes with HSA with a 1:1 

stoichiometry while SQHN-103 complexes had a 2:3 stoichiometry.  

Under acidic conditions, when the method of continuous variation revealed a 

predominant stoichiometry of 1:2 for HSA:SQHN-102 and for HSA:SQHN-103, it is 

reasonable to conclude that dyes SQHN-102 and SQHN-103 are able to bind to both 

known HSA binding sites that have an affinity towards aromatic compounds. These sites 

are discussed in more detail in Section 3.5. When the pH was increased to 7.14 (in tris 

buffer), there appeared to be a loss in HSA affinity for the dyes, possibly at the second 
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binding site of the protein, due to a decrease in hydrogen bonding and electrostatic 

interactions. This was true more so for SQHN-102 than SQHN-103. However, in the case 

of SQHN-105, a strict 1:1 stoichiometry for the complex was adhered to under both 

acidic and neutral solution conditions. This may be attributed to SQHN-105 being less 

hydrophobic than SQHN-102 and SQHN-103. Therefore, SQHN-105 may have a greater 

affinity towards the second binding site of HSA, and due to this dye’s unique structure 

containing three carboxylic acid residues, it may not experience the same loss of 

hydrogen bonding and electrostatic interactions as the other two dyes upon transitioning 

from acidic to neutral solution environments.  

Under basic solution conditions, all three dyes formed noncovalent complexes 

with HSA, which exhibited similar stoichiometric ratios, in as much as they all contained 

greater molar quantities of protein relative to dye.  At pH 9.15 (in 25 mM borate buffer) 

the predominant stoichiometries were found to be 4:1 for HSA:SQHN-102, 3:1 for 

HSA:SQHN-103, and 2:1 for HSA:SQHN-105. At face value, these results are somewhat 

surprising, since they would seem to suggest that one dye molecule is able to bind 

simultaneously to two or more protein molecules. A more probable explanation is that 

one dye molecule is bound to one protein molecule, which in turn is bound or associated 

with additional protein molecules. The fact that HSA may have a propensity to aggregate 

in basic pH environments30 in addition to the fact that the measured stoichiometric ratios 

differ depending upon the dye structure, implies that some structural or conformational 

event may take place upon binding of a dye molecule to HSA protein. This event might 

include a conformational change of the protein, which promotes aggregation. In fact 

some dyes cannot only promote, but also inhibit aggregation.24 Protein-protein 
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interactions may occur to different extents, which might explain the variation in complex 

formation observed for the various dyes in this study.                       

The stoichiometries of dye complexes formed with trypsinogen did not always 

resemble those with HSA. Whereas the molar quantity of dye exceeded that of protein in 

noncovalent complexes formed from SQHN-102 or -103 with HSA in acidic solution, the 

opposite situation was exhibited for SQHN-102 and SQHN-103 in citrate buffer with 

trypsinogen:dye ratios of 5:1 and 2:1, respectively. SQHN-105 was again found to have a 

1:1 stoichiometry with trypsinogen (as with HSA) even in an acidic solution (see Table 

3). These results would seem to suggest that upon binding of SQHN-102 and SQHN-103 

to trypsinogen, the state of the protein is altered enough to promote protein aggregation 

(as was proposed to occur upon dye binding to HSA under basic pH conditions).  At 

higher solution pH, the stoichiometry of the resulting SQHN-102−trypsinogen complex 

does increase (that is, the relative proportion of bound dye to protein increases), but not 

to the same extent that the proportion of HSA decreased relative to dye in noncovalent 

complexes formed in higher pH buffers. In borate (pH 9.14) the trypsinogen:dye ratio 

was 3:1 and in phosphate (pH 11) it was 2:1. From these results, it can be hypothesized 

that binding of the dye SQHN-102 to trypsinogen facilitates protein aggregation and the 

degree of this aggregation is not only dictated by dye structure, but by buffer pH as well.           

3.3. pKa values 

In order to better understand the potential impact of the number and position of 

carboxylic acid functional groups on the interaction of squarylium dyes with protein 

targets, the relative acidity of these groups was examined. To begin, MOPAC2009 

software (with PM6 keyword option) was used to calculate expected pKa values for all 
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three dyes. This semiempirical method takes into account the optimized hydroxyl bond 

lengths and the calculated charges on the ionizable hydrogen atom when predicting pKa 

values.29 The predicted pKa values are summarized in Table 4. With optimized 

parameters, the average unsigned error (also known as the mean absolute error) as 

established for 109 compounds by MOPAC2009 was found to be as low as ±0.31 pKa 

units.31 These results demonstrate how the acidic character of carboxylic acid residues on 

the dye can differ depending upon the number and placement of other functional groups.  

  As a complement to these computed pKa values, SQHN-102, SQHN-103, and 

SQHN-105 were treated as weak acids in classical aqueous acid-base titrations in order to 

assign pKa values to carboxylic acid functional groups. These values can be compared to 

computed values and are important in the development of a better understanding of the 

impact of solution conditions on the potential for interactions between pH sensitive dyes 

and various analytes. However, this experimental method had to contend with the fact 

that cyanine dyes can aggregate even in dilute solution, and the extent of aggregation 

depends on the concentration of the dye.32 As such, the pKa values determined by 

classical titration, as reported in Table 4, represent “apparent” values and may provide 

only a qualitative comparison to calculated values. Furthermore, the titration values were 

also dependent upon the solvent composition and the titration method (classical versus 

spectroscopic) employed.33,30,34 

A comparison between the experimental and semiempirically calculated pKa 

values in Table 4 reveals discrepancies that could be attributed to possible aggregation 

effects of the dyes in water, resulting in higher measured pKa values due to hydrogen 

bonding and/or hydrophobic interactions between dye molecules. Both methods revealed 
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expected variations between acid dissociation constants for each of the multiple 

carboxylic acid functional groups present in a given dye molecule. These variations along 

with the observed differences in dye binding to HSA and trypsinogen, and differences in 

spectroscopic properties of the dyes (as described in previous sections), confirm that the 

number and placement of carboxylic acid residues affects the performance of the dyes, 

both in terms of their selectivity towards protein targets and their sensitivity towards 

fluorescence emission enhancement in bound versus free states.  

Despite variations in absolute pKa values, measured and calculated pKa values did 

demonstrate similar trends in acidity for the three carboxylic acid functional groups. The 

only group common to all three dyes was “R3”, the propanoic acid group pendant to the 

heterocyclic nitrogen atom of the indole group of the dyes. The average calculated pKa 

for R3 was found to be 5.831 ± 0.233 (while the average measured pKa for R2 was 

significantly higher, at 8.87 ± 0.05). Measured and calculated pKa values for the R1 

carboxylic acid functional group present in SQHN-103 and SQHN-105 (and located 

pendant to the aniline group of these two dyes) indicated that this carboxy functionality 

would be preferentially ionized relative to its R3 counterpart, however the relative acidity 

of the R2 carboxylic acid functional group present in SQHN-102 and SQHN-105 (and 

located off of the indole benzene ring) was not definitively established. By comparison of 

titration results, the acidity of the R2 functional group appears to be intermediate to that 

of R3 (least acidic by titration) and R1 (most acidic by titration) in the two dyes, whereas 

a comparison of semiempirical calculation results would indicate that R2 is of 

intermediate acidity in SQHN-105 only, but is of lesser acidic character than R3 in 

SQHN-102.  
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3.4. Stability constants  

Recognizing that the inclusion of multiple carboxylic acid functional groups can 

affect not only the spectroscopic properties of the squarylium dyes but also their affinities 

towards protein targets, it is appropriate to determine the stability constants of their 

noncovalent complexes.  The stability constant, KS (also referred to as Ka) , for a generic 

representation of a protein P−dye D interaction is given by equation (1) below: 

 

                [D] + [P] ⇋ [D-P] ,         𝐾! =
[!!!]
! [!]

            Eqn. 1                                                                                                                                                                           
                                                      

 

where [D], [P], and [D−P] represent solution concentrations of unbound dye, unbound 

protein, and bound dye-protein, respectively.10,14 

 Protein titration data can be utilized to construct a double reciprocal plot (DRP) 

according to the equation14: 

 

                         (1/ΔF) = (1/k[D]Ks) (1/[P]) + (1/k[D])           Eqn. 2 

 

where ΔF is the corrected fluorescence of the dye (in its bound versus free form) and all 

other variables are as previously defined.  According to this equation, the stability 

constant can be found by simply dividing the slope of the double reciprocal plot (1/ΔF 

versus 1/[P]) by the y-intercept.  

 To this end, the HSA protein titration data presented in Fig. 3 were used to 

construct double reciprocal plots to determine apparent stability constants for 

noncovalent complexes formed by each dye with HSA in tris buffer.  The resulting Ks 
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values are summarized in Table 5. Complexes formed with HSA in tris buffer were 

approximately two orders of magnitude more stable with SQHN-102 than with SQHN-

105.  The apparent binding constants obtained by the DRP method also confirm that 

SQHN-102 and SQHN-103 have similar affinities for HSA, and these findings are 

supported by the spectral data reported earlier (Fig. 2). The significantly lower affinity of 

SQHN-105 is in accord with the fact that this dye is less hydrophobic than SQHN-102 

and SQHN-103, and so if the two binding sites on HSA rely (at least partially) on 

hydrophobic interactions with heterocyclic compounds20,24, then SQHN-105 would be 

disfavored.  

 The double reciprocal plot method can provide only an estimate of the effective 

binding constant for each of the three dyes with HSA since Eqn. 2 presumes a 1:1 

stoichiometry as represented in Eqn. 1. Thus, we also employed Hyperchem software to 

compute theoretical association constants for these protein-dye complexes.  The π planar 

structures in the dye ligands were restrained for the docking calculation since the 

orthogonal structure of the squarylium dyes theoretically quenches their emission and the 

planar structure shows fluorescence, while strong emission of the HSA complexes with 

the dye ligands was observed in our experiments. The resulting theoretical binding 

constants were of the same order of magnitude as those obtained from the DRP method 

for SQHN-102, whereas theoretical Ka values for SQHN-103 and SQHN-105 differed 

significantly from their DRP-derived counterparts.  In the case of SQHN-103, the 

theoretical binding values were nearly an order of magnitude greater than the value 

determined from the DRP method. For SQHN-105 this difference was almost 3 orders of 

magnitude greater. One possible reason for these contradictions may be due to limitations 
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of the DRP method. The method of continuous variation revealed a predominant 

stoichiometry of 2:3 for the HSA−SQHN-103 complex formed in tris buffer, whereas the 

DRP method presumes a stoichiometry of 1:1. In the case of SQHN-105, the theoretical 

calculations may underestimate the influence of the electrostatic interactions associated 

with this unique dye structure, thus leading to a discrepancy with the experimentally 

determined binding constant.      

  Although protein docking experiments demonstrate that each dye can possibly 

interact with multiple binding sites on the protein molecule, one site was determined to 

be the most probable and potentially the most stable. Interestingly, this site was also 

identified for SQHN-102, SQHN-103, and SQHN-105  (shown in Fig. 5). Furthermore, 

penetration into the hydrophobic pocket of the protein’s preferred binding site was 

predicted to occur via the same orientation of the dye molecule for all three dyes. This 

site has previously been determined to be responsible for the labeling of HSA by other 

small organic molecules19 and confirms our results described here.  

 

4. Conclusions      

 Dyes SQHN-102, SQHN-103, and SQHN-105 exhibit spectral and binding 

properties specific to each dye structure, while sharing a common proclivity for emission 

enhancement upon the formation of noncovalent protein interactions. While SQHN-102 

and SQHN-103 each contain two carboxylic acid residues and seem to most closely 

resemble one another in both their spectral characteristics and binding properties, SQHN-

105, which possess three carboxylic acid residues, differs significantly in some respects. 

This may be attributed to the increased electrostatic and hydrogen bonding interactions 
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due to the number and placement of the carboxylic acid resides, as well as the less 

hydrophobic nature of SQHN-105. The results presented herein regarding dye properties 

and functions can be applied in the future to the analysis of proteins in complex mixtures 

by the development of on-column labeling methods with SQHN-102,  -103, and -105 for 

capillary electrophoresis with laser-induced fluorescence detection (CE-LIF) analysis. 

CE-LIF methods can also be adapted to provide additional measures of binding constant 

accuracy and dependence on dye functional groups by conducting frontal analysis and 

and nonequilibrium capillary electrophoresis of equilibrium mixtures (NECEEM) 

experiments in the future.. These results will help us to design and synthesize modified 

noncovalent, fluorescent probes that are best suited to the analysis of specific protein 

analytes.  
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 SQHN-102  SQHN-103  SQHN-105 

 no protein  with protein  no protein  with protein  no protein  with protein 

Buffer λabs 
(nm) 

λem 
(nm)  λabs 

(nm) 
λem 

(nm)  λabs 
(nm) 

λem 
(nm) 

 λabs 
(nm) 

λem 
(nm)  λabs 

(nm) 

λem 
(nm)  λabs 

(nm) 
λem 

(nm) 

Citrate 
(pH 3.01) 645 665  639 H 

645 T 
655 
670  624 660  637 H 

629 T 
660 
661  633 663  634 H 

633 T 
655 
660 

Tris 
(pH 7.33) 634 665  634 H 

634 T 
645 
660  618 660  625 H 

619 T 
660 
660  624 660  633 H 

629 T 
660 
658 

Borate 
(pH 9.15) 634 662  635 H 

634 T 
649 
660  618 657  625 H 

618 T 
657 
661  624 660  628 H 

628 T 
657 
662 

Phosphate 
(pH 11.0) 634 665  634 H 

640 T 
ND 
665  620 ND  622 H 

622 T 
ND 

ND  624 ND  622 H 
623 T 

ND 
ND 

Dye Dye concentration 
(M) 

Range of HSA 
concentration (M) Slope Intercept R2 

SQHN-102 5.00x10-8  1.25x10-8  - 3.50x10-7  1.062x109 -9.846 0.9901 

SQHN-103 9.00x10-8 2.25x10-8  - 6.30x10-7 1.929x108 0.3572 0.9913 

SQHN-105 2.00x10-7 5.00x10-8   - 1.40x10-6  4.591x108 0.1790 0.9945 

Table 1 
Spectral properties for dye alone and 1:1 ratios of protein-dye complex for HSA and 
trypsinogen in various buffer systems. Absorbance maxima for protein-dye complex were 
used as excitation wavelengths. The concentration of each buffer was 25 mM.   
 

λabs, absorbance maxima; λem, emission maxima; H, HSA; T, trypsinogen; ND, no data 

Table 2 
Characteristics of linear calibration curves from protein titrations with HSA in 25 mM tris 
buffer (pH 7.14). 
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Dye Protein Citrate 
pH 3.03 

Tris 
pH 7.14 

Borate 
pH 9.14 

Phosphate 
pH 11.0 

SQHN-102 HSA 
Trypsinogen 

1:2 
5:1 

1:1 
ND 

4:1 
3:1 

ND 
2:1 

 
SQHN-103 HSA 

Trypsinogen 
1:2 
2:1 

1:2 
ND 

3:1 
ND 

ND 
ND 
 

SQHN-105 HSA 
Trypsinogen 

1:1 
1:1 

2:3 
ND 

2:1 
ND 

ND 
ND 

 
Functional 

Group 

 
SQHN-102 

 
SQHN-103 SQHN-105 

 
Empirical 
(Titration) 
 

 
Semiempirical 
(MOPAC2009) 

 
Empirical 
(Titration) 

 
Semiempirical 
(MOPAC2009) 

 
Empirical 
(Titration) 

 
Semiempirical 
(MOPAC2009) 
 

R1 N/A N/A 6.00 ± 0.04 4.762 ± 0.002 5.70 ± 0.02 3.965 ± 0.009 
R2 6.35 ± 0.03 7.268 ± 0.004 N/A N/A 7.19 ± 0.01 4.856 ± 0.003 
R3 8.90 ± 0.08 5.959 ± 0.002 8.90 ± 0.08 5.562 ± 0.005 8.82 ± 0.01 5.972 ± 0.003 

Table 4 
Empirical and semiempirical pKa values for carboxylic acid residues (see Fig. 1 for 
structures).  
 

Table 3 
Predominant stoichiometries of complexes (protein:dye)  as determined via Job’s plots 
for each dye with HSA and trypsinogen under various pH conditions. 
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   Stability Constants (M-1) 

Dye  Experimental,  
Double Reciprocal Plot  

Computational, 
Rotatable in π 
Systems  

Computational, 
Planar π 
Systems  

SQHN-102  5.3 × 106  6.6 × 106  3.8 × 106  

SQHN-103  2.4 × 106  1.9 × 107  1.0 × 107  

SQHN-105  4.7 × 104  1.0 × 107  1.1 × 107  

 
 
 
 
 
 
 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
  

Fig. 1: Molecular structures of novel squarylium dyes (R1=R2=R3=COOH) 

SQHN-105 
MW 546.6 
C30H30N2O6 

 

SQHN-103 
MW 502.6 
C29H30N2O6 

 

SQHN-102 
MW 558.7 
C33H38N2O6 

 

O

O-

N+

R3

N

Bu

Bu

R2

O

O-

N+

R3

N

R1

O

O-

N+

R2

R3

N

R1

Table 5 
Stability constants determined by the double reciprocal plot DRP method and from AutoDock 
software (rotatable and planar dye structure).      
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Fig. 2: Absorption spectra of 5 × 10-6 M squarylium dyes SQHN-102, SQHN-103, 
and SQHN-105 in methanol, in water, in 25 mM tris buffer (pH 7.14), and also in 
the presence of 5 × 10-6 M HSA (diluted with tris buffer).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

SQHN-103 

SQHN-105 

SQHN-102 
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Fig. 3: Protein titrations with HSA. (a) 5 × 10-8 M SQHN-102; λexcit 634 nm; 5 nm 
slit widths; 100 nm/min scan rate. (b) 9 × 10-8 M SQHN-103; λexcit 633 nm; 10 nm 
slit widths; 100 nm/min scan rate. (c) 2 × 10-7 M SQHN-105; λexcit 625 nm; 10 nm slit 
widths; 100 nm/min scan rate. Dye:protein ratios are specified in the figure. In each 
case the solvent system used was 25 mM tris buffer (pH 7.14).  
 

(a) SQHN-102 

(b) SQHN-103 

(c) SQHN-105 



 

 72 

Fig. 4: Job’s plot for dye SQHN-102 in tris pH 7.33 buffer. (A) Fluorescence recorded 
for each volume of dye measured λex= 634 nm. (B) Job’s plot with corrected 
fluorescence versus mole fraction of dye. Dye SQHN-102 and HSA concentrations 
ranged from 5.00 × 10-8 M to 1.00 × 10-7 M, with a final concentration of 1.00 × 10-7 M 
for each sample when the protein and dye concentrations were added together. 
Instrument conditions were 5 nm slit widths with a 100 nm/min scan rate.  

A B 
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Fig. 5: Overlay of all dyes (SQHN-102, SQHN-103, and SQHN-105) bound to 
HSA, showing the most probable binding site from two angles, and confirming a 
binding pocket found on subdomain IIA.  
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ABSTRACT: 

  
      Binding studies involving turnip yellow mosaic virus (TYMV) and cowpea mosaic 

virus (CPMV) with noncovalent fluorescent labels from two classes of dyes (coumarin 

and squarylium-based dyes) were conducted using capillary electrophoresis with laser-

induced fluorescence detection (CE–LIF). The dyes were a triazolylcoumarin dye, named 

TAZ-C4, formed by a Cu(I) catalyzed alkyne-azide cycloaddition reaction, and an 

asymmetric squarylium dye, named SQHN-102, with two carboxylic acid functional 

groups. The formation of a complex between TYMV and TAZ-C4 was studied by 

titration of dye with virus. Pre-column and on-column labeling methods in CE-LIF 

studies were compared to establish the greatest sensitivity. Complex formation showed a 

strong dependence on the buffer composition, pH and ionic strength. Under optimized 

analysis conditions in 100 mM boric acid buffer containing 100 mM KCl (pH 10.0), it 

was found that 9 molecules of TAZ-C4 could bind per TYMV particle, with a 

dissociation constant of 4.52×10-7 M. Studies conducted with SQHN-102 and TYMV 

showed that a large (9×) excess of dye relative to virus was required in order to obtain a 

doubling of the fluorescence emission signal due to complex formation. Pre-column 

labeling of TYMV by either TAZ-C4 or SQHN-102 and of CPMV by SQHN-102 

resulted in increased sensitivity relative to on-column labeling, which represents a 

fundamentally different response than previously observed for on-column versus pre-

column labeling of proteins in CE-LIF. Evidence suggests that structural characteristics 

of the mosaic virus in conjunction with the noncovalent dye strongly affect the binding 

interactions and therefore the ability of the dye to serve as a fluorescent probe for 

macromolecular targets.          
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1. Introduction 

       Viruses are assemblies of proteins and nucleic acids. They consist of a proteinaceous 

capsid that may or may not be lipid-enveloped, which encases a DNA or RNA genome. 

In solution, the acidic and basic amino acid residues of the capsid can impart an electrical 

charge to the virion;	  thus, the particles will possess a zeta potential and will migrate in 

response to an applied electric field. As such, viruses will undergo electrophoresis in free 

solution with their rate of migration dependent upon the ionic strength and the pH of the 

buffer solution [1, 2]. Differences in electrophoretic mobilities between viruses based on 

their structures should thus enable separation and characterization of viruses.  

 TYMV is a non-enveloped plant virus with a diameter of approximately 30 nm, 

which can be readily isolated from infected plant leaves by way of simple purification 

protocols [2].  It consists of single-stranded RNA of mass 1.9 × 106 Da, with an outer 

shell composed of 180 chemically identical protein subunits of 20,133 Da each [2].	  

TYMV can be easily conjugated with small organic molecules [3]. Also, due to dominant 

hydrophobic interactions between various protein subunits, TYMV is very stable at room 

temperature, even in the presence of up to 30% organic solvent [4]. Furthermore, TYMV 

is not transmissible to humans and so is safe to work with in the laboratory as a model 

virus for our labeling and separation studies.  

CPMV is also a non-enveloped plant virus with a diameter of approximately 30 

nm that can be isolated using the same methods as for TYMV [5]. The capsid is 

composed of 180 protein subunits that are made up of 60 trimetric asymmetric units [5, 

6]. The empty capsid has a molecular weight of 3.94 × 106 Da, but with the single-
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stranded RNA, CPMV has a mass of approximately 5.6 × 106 Da. CPMV has been shown 

to be a suitable “molecule-like” virus that has binding capabilities not only to fluorescent 

dyes, but also to proteins present in some mammalian cells [2].  CPMV has been shown 

to be viable in up to 20% organic solvent for two weeks and is stable at room temperature 

for two months [6].       

          The present work seeks to better understand the nature of virus-probe binding, 

along with the stoichiometry of the resulting virus-dye complexes. Methods such as 

analytical ultracentrifugation, mass spectrometry [7], and calorimetry [8] have been 

employed to study aptamer-binding stoichiometry. However, these techniques lack the 

selectivity, sensitivity, and rapid analysis times associated with CE methods. CE appears 

promising to investigate free-solution interactions between viruses and probe molecules 

such as TAZ-C4 and SQHN-102 (pictured in Fig. 1), due to expected mobility changes 

upon attachment of probes to the viral surface. Due to the high separation efficiency of 

CE, such mobility can be monitored and the resolution of any excess, free dye from the 

dye−virus complex,	  can be achieved. For example, assessment of the formation of 

complexes between human rhinoviruses and monoclonal antibodies was demonstrated by 

capillary zone electrophoresis (CZE) [9].	  Likewise,	  the ability of soluble receptor 

fragments to form stable associates of different stoichiometries with virus in solution was 

assessed by affinity CE [10]. The general approach for the determination of the 

stoichiometry and dissociation constant associated with a complex between virus and 

different ligands was discussed in detail by Okun and coworkers [11]. While noncovalent 

labeling of microbial targets for analysis by CE-LIF is a newly evolving field, 

fluorescence labeling is well established for high-sensitivity detection of biological 
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molecules such as DNA and proteins [12]. Virus capsids and genomic RNA or DNA can 

be labeled with fluorescent dyes, which drastically increases detection sensitivity [13]. 

By using CE-LIF and a proper fluorescence probe − either TAZ-C4 or SQHN-102 − 

direct evidence of binding stoichiometries and other information can be determined 

simultaneously. Specifically, we will explore CPMV and TYMV, which are suitable for 

fluorescent labeling [4], as these mosaic viruses are excellent candidates for such a 

labeling study since they are very ‘molecule-like’ in the reproducibility of their size and 

composition.   It is anticipated that quantitation of dye-virus interactions by CE-LIF will 

not only contribute to the repertoire of methods available for microbial determination but 

also to the deliberate synthesis of new probes or modifications to microbes, the latter of 

which have already been shown to be possible in the case of CPMV [6].  

        

2 Materials and methods 

2.1. Reagents, buffers, and sample solutions 

            TYMV, CPMV and TAZ-C4 samples were produced by Q. Wang (University of 

South Carolina, Columbia, SC). Dye SQHN-102 was synthesized by Nakazumi and 

coworkers (Osaka Prefecture University, Osaka, Japan). Citric acid and tris were used as-

received from Mallinckrodt (St Louis, MO, USA); boric acid was from J.T. Baker 

(Phillipsburg, NJ, USA); potassium phosphate monobasic and potassium chloride were 

from Fisher Scientific (Fair Lawn, NJ, USA); phytic acid, sodium dodecyl sulfate (SDS) 

and polyethylene oxide 600,000 (PEO) were from Sigma-Aldrich (St Louis, MO, USA); 

and formic acid was from Acros Organics (New Jersey, USA).  



 84 

 All of the buffers were prepared by dissolving the proper amount of reagent in 

MilliQ distilled, deionized water (Millipore, Bedford, MA, USA) and adjusting to the 

desired pH by the addition of 1M NaOH or aqueous ammonia (Fisher Scientific, 

Pittsburgh, PA, USA), and were filtered through 0.2 µm nylon syringe filters (Corning, 

NY, USA) before use.  

 A stock solution of TAZ-C4 was prepared to a concentration of 1.31 × 10-4 M in 

DMF (Fisher, Fair Lawn). A stock solution of SQHN-102 was prepared to a 

concentration of 8.23 × 10-4 M in MeOH (Fisher, Fair Lawn). All dye stock solutions 

were stored in the dark at 4°C when not in use. Working solutions of the dyes were 

prepared just prior to use by dilution of the stock to the final desired concentration with 

MilliQ distilled, deionized water.  

 Stock virus solution (10 mg/mL) was provided already prepared in water, and was 

further diluted with additional water to achieve the desired concentration. Stock virus 

solutions were stored at 0°C. Pre-column mixtures of TYMV or CPMV with dye were 

prepared by adding the proper volume of diluted virus solution to diluted dye solution 

with thorough mixing. 

2.2. Instrumentation 

       An Agilent HP3DCE system (Waldbronn, Germany) was used for the electrophoretic 

separations of protein mixtures labeled on-column and pre-column with TAZ-C4. The 

instrument was coupled with an external Picometrics Zeta LIF detector (Ramonville, 

France) equipped with a Melles Griot 230 V, 406 nm He-Ne laser with a 410 nm 

emission filter. The capillary (Polymicro Technologies, Phoenix, AZ, USA) was 75 µm 

ID × 363 µm OD × 53 cm total length (40 cm effective length). Injections were by 
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pressure at 50 mbar for 5 s. Separation voltage was 8 kV; temperature of the capillary and 

sample were held constant at 20°C.  

 Studies involving SQHN-102 (with both TYMV and CPMV) were conducted 

using a Bio-Rad Biofocus 3000 CE system (Hercules, CA, USA) equipped with an Oz 

Optics, 635 nm external diode laser with a 664 nm emission filter (Ottawa, Ontario, 

Canada). Experimental conditions were as follows: 10 kV separation voltage with a 7 

psi*sec pressure injection; a 1 min rinse with DI water followed by a 2 min rinse with 

buffer before each sample run; with capillary dimensions of 50 µm ID × 363 µm OD × 50 

cm total length (45.4 cm effective length). 

2.3. Affinity complex formation 

        Complex formation was initiated by mixing aliquots of the diluted dye stock 

solution and virus stock solution to achieve the desired concentrations. The mixtures 

were vortexed for 60 s and incubated in the dark at 25°C for one hour before injection 

into the capillary.  For SQHN-102 it was determined that incubation time did not 

influence signal intensity; therefore, samples were mixed and subjected to analysis with 

no more than a 5 min waiting period before injection. This analysis procedure is 

considered to be a non-equilibrium format for CE. In this set-up, complexes are formed 

prior to electrophoresis by co-incubation of the dye and virus, assuming that they remain 

largely stable during the CE run, but also recognizing that they can undergo some extent 

of dissociation during the CE run since there is no additional virus or dye present in the 

electrophoresis buffer to shift the equilibrium in favor of complex formation. 

 Additionally, on-column or pseudo-equilibrium complex formation was also 

studied. This involved preparing the run buffer with the appropriate concentrations of 
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TAZ-4C (2.56 µM) and SQHN-102 (1.00 µM) present, while unadulterated virus sample 

was then injected onto the dye-buffer filled capillary, so that labeling could occur directly 

in the capillary throughout the progression of the separation.  

 

3 Results and discussion 

3.1. Effect of buffer composition 

         Interactions between the virus and charged sites on the inner capillary wall can 

degrade separation efficiencies, just as wall interactions with proteins are a source of 

efficiency loss in CE [6,14,15].  To counter such efficiency losses, the effects of different 

buffer compositions on the separation of free dye and dye-virus complexes were 

investigated.  For example, it is known that SDS can improve virus separations by the 

micellar electrokinetic chromatography (MEKC) method [16]. In other published studies, 

the ionic detergent SDS was required to obtain reproducible separations of human 

rhinoviruses (HRVs) [17,18].  However, in our system, the addition of SDS to a 100 mM 

boric acid buffer did not resolve the free dye and dye-virus complex peaks in the 

resulting electropherograms. Armstrong and coworkers [19] published the first high-

efficiency separation of a mixture of microbes by adding polyethylene oxide (PEO) to the 

background electrolyte. However, when such a buffer was used in our system, the 

complex peaks were very broad. This broadening most probably resulted from the 

existence of a mixture of complexes with slightly dissimilar ratios between virus and dye, 

which were partially resolved into a broad peak. The effects of several other buffers on 

the separation of TYMV and TAZ-C4 were also investigated, and the results are 

qualitatively summarized in Table 1. In this table, we can see that when potassium 
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phosphate monobasic and tris buffers were used, the virus appears to have been adsorbed 

onto the capillary wall. When 10 mM phytic acid in 51 mM formic acid (pH 8.0) was 

used, two complexes appear to have been formed. This could be attributed to the fact that 

TYMV has two different isoforms, and/or because multiple, differently-labeled 

complexes can be formed, which are subsequently resolved. The buffer consisting of 100 

mM boric acid with 100 mM KCl (pH 10.06) gave a better separation of excess free dye 

and dye-labeled virus, which is in agreement with previously published work from our 

lab [15]. This work demonstrated significant improvements in peak height, shape, and 

separation efficiency upon the simple addition of 100 mM KCl to the separation buffer in 

a study involving the noncovalent labeling of proteins with squarylium dyes. 

3.2. Influence of buffer pH and ionic strength 

 Particles ranging from nanometers to micrometers in size have surface charges 

due to a number of possible charged moieties exposed at their surface, such as amino 

acids, acidic carbohydrates, organophosphates and sulfates [20]. The large surface area–

to–volume ratio for these particles results in the formation of a double layer at their 

surface, with their resulting mobility in an applied electric field governed by the Henry 

equation [21].  Simple electrokinetic models, however, have limitations when applied to 

biological particles.  For example, Torimura et al. [22] explained the ionic strength 

dependence of bacteria mobility on the basis of a model for particles developed by 

Sonohara et al. [23], which, in turn, explained the curvature of the mobility vs. ionic 

strength relationship by taking into account the number density of charged surface groups 

along with the resistance to liquid flow at the surface.  Electrophoretic mobilities of 

various bacteria in these studies and others [24] have ranged from about 5 – 
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35 x 10-9 m2V-1s-1.  Interestingly, the high charge density of bioparticles means that their 

mobility range is very similar to that demonstrated by small, low-charged ions.  Thus, we 

should be able to affect a change in virus mobility as a function of the ionic strength and 

the pH of the buffer. 

           The isoelectric point of TYMV occurs at pH=3.3-3.7 [25], and so in order to 

reduce possible virus-capillary wall interactions, a basic buffer was used. Under these 

conditions, the TYMV particles would bear a negative charge on their surface, and thus 

would be repelled from the negative charges on the capillary wall. The effect of boric 

acid buffer pH (over the range from 9–10.5) on the separation of free TAZ-C4 and 

TYMV−TAZ-C4 complex was investigated. Generally, changing the buffer pH affects 

the net surface charge on the capillary wall, but it also causes differences in the degree of 

ionization of the analytical target (mosaic virus in this case). Differences in the degree of 

ionization of the analyte then give rise to differences in electrophoretic and 

electroosmotic mobilities, not to mention possible effects on binding interactions with the 

fluorescent label. Consequently, the separation efficiency, labeling process, and overall 

electroosmotic flow velocity are all affected by changes in the buffer pH.  

 Electropherograms for the separation of TAZ-C4 dye and its virus complex at 

different pHs are shown in Fig. 2. The results indicate that the migration time for this 

analyte-dye system seems not to be significantly affected when the pH is changed. 

However, as the pH is increased, the intensity of the complex peak also increased. This 

may be caused by changes in isoform structures of the TYMV within this range of pH, 

allowing more dye molecules to bind to the virus particles (or allowing for more efficient 

binding/a higher affinity constant, so that more complex was formed overall); and thus, 
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the intensity of the complex peak increased. At pH 10.5 the separation current was very 

high (near 300 µA), leading to excessive Joule heating inside the capillary, which 

interfered with the CE run. As a compromise, 100 mM boric acid with 100 mM KCl (pH 

10.0) was chosen as the best buffer for the TYMV with TAZ-C4. However, this buffer 

system did not provide optimal conditions for investigations involving SQHN-102. 

Previous spectral studies concluded that 25 mM tris-HCl at neutral pH conditions (pH 

7.33) provided optimal binding of SQHN-102 with human serurm albumin (HSA) [26]. 

Therefore, this buffer system was adopted for SQHN-102 - virus experiments. 

        Electrophoretic mobility of the analytes is not only dependent upon pH but also 

upon the buffer concentration or ionic strength. Ionic strength effects can further lead to 

fundamental changes in CE signals, such as changes in peak shape and selectivity, as 

observed experimentally by El Rassi and coworkers [27].	  Hence,	  in	  the	  present	  work,	  

the effect of ionic strength on the separation of dye and complex was studied, as shown 

in Fig. 3. From Fig. 3, we can see that the resolution between peaks attributed to free 

TAZ-C4 dye and its complex with TYMV improved slightly by increasing the boric acid 

concentration of the buffer when the concentration of KCl was kept constant at 100 mM. 

As a result, the migration times also increased. This is likely due to an increase in ionic 

strength, which decreases the thickness of the double-layer at the inner capillary wall, 

ultimitely resulting in a decrease in EOF, with the effect of improving the resolution.	  

Interestingly, it has been shown by others that the tendency of microbes to aggregate 

increases with increasing buffer ionic strength [28].  From Fig. 3, an increased intensity 

of the complex peak was also observed as the boric acid concentration increased, which 

might have been caused by the aggregation of TYMV. As such, 100 mM boric acid with 
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100 mM KCl (pH 10.0) was found to provide suitable conditions for subsequent 

experiments involving the TAZ-C4 dye. 

3.3. Titration of dye with virus  

        To initially characterize the nature of dye and virus binding, titration experiments 

were conducted by CE-LIF. Increasing concentrations of TYMV and CPMV were added 

to a fixed concentration of dye. Representative electropherograms are shown in Fig. 4a 

for TAZ-C4 with TYMV; in Fig. 4b for SQHN-102 with TYMV; and in Fig. 4c for 

SQHN-102 with CPMV. An increase in the peak area of the second peak for TAZ-4C 

with TYMV was observed for increasing concentrations of added virus (Fig. 4a). The 

second peak in the electropherogram was attributed to the formation of TAZ-4C−TYMV 

complex and the area beneath this peak increased nearly linearly with increasing 

concentration of TYMV, confirming its identity. The size of the first peak (representing 

the free dye peak) in Fig. 4a decreased upon the addition of more virus due to increased 

complex formation (which removed free dye from the sample).  When the concentration 

of TYMV was raised to 0.50 mg/mL, the free dye peak for TAZ-C4 disappeared 

altogether.  

 With SQHN-102, no free dye peak was detected for samples prepared with either 

TYMV or CPMV (Fig. 4b and 4c), likely because it was unresolved from the complex 

peak. Only a single peak was observed in these electropherograms, which was attributed 

to the SQHN102−virus complex. As virus concentration was increased in Fig. 4b and 4c, 

an eventual decrease in the peak height was observed, but the peak area increased. This 

was true for SQHN-102 with both viruses, but more so with TYMV (Fig. 4b) than with 

CPMV (Fig. 4c). Since peak area is representative of the total quantity of a species (or in 
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this case, a complex) present, the observed increase in peak area with increasing virus 

concentration confirms the formation of additional complex, as observed for TAZ-C4 dye 

with virus.  

3.4. Comparison of on-column and pre-column labeling  

          On-column labeling offers the advantages of reduced sample handling and 

enhanced separation efficiencies (since there is no need to resolve excess free dye from 

complex), albeit at the expense of sensitivity in some cases.	   The method incorporates the 

labeling reagent (TAZ-C4 or SQHN-102 dye) in the separation buffer so that the virus 

sample can be directly injected without prior derivatization. The virus can then undergo 

labeling directly on the capillary throughout the duration of the separation procedure.  

 Electropherograms resulting from a comparative study of on-column versus pre-

column labeling are shown in Fig. 5. In particular, electropherograms 1&2 in Fig. 5a 

show results for on-column TYMV labeling with TAZ-C4. In these experiments, the 

running buffer (100 mM boric acid with 100 mM KCl at pH 10.0), contained 2.56 × 10-6 

M of TAZ-C4 dye, and the peak attributed to the TYMV−dye complex was seen to 

increase with increasing	  concentration of TYMV injected, which verified the binding of 

additional TYMV with dye in the separation buffer. However, electropherogram 3 in Fig. 

5a reverted to pre-column labeling of a 0.15 mg/mL sample of TYMV with TAZ-C4, 

which represents the same virus concentration as in electropherogram 1 of Fig. 5a, which 

employed on-column labeling. It can be seen that the peak area for the dye-virus complex 

obtained by on-column labeling (Fig. 5a, #1) was much smaller than that obtained by pre-

column labeling (Fig. 5a, #3). This may be due to the fact that the addition of a dye to the 

separation buffer can deteriorate the separation by adsorption to the capillary wall, or due 
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to unfavorable reaction kinetics that prevent significant interaction of the virus with the 

dye during the timescale of the separation.  Regardless, pre-column mixing of the 

reactants is preferable for this particular system.  

 Pre-column labeling of TYMV with SQHN-102, as with TAZ-C4, was likewise 

discovered to be far more sensitive than on-column labeling, as seen in Fig. 5b. In these 

experiments, the SQHN-102 dye concentration was held constant at 1.0 µM, but pre-

column labeling of a 0.63 mg/mL sample of TYMV (Fig. 5b, #3) yielded a signal four 

times greater (in height) than on-column labeling of a 1.5 mg/mL virus sample (Fig. 5b, 

#1). On-column labeling of the 0.63 mg/mL sample of TYMV did not yield any 

detectable signal in the resulting electropherogram (data not shown).  Similar results were 

obtained for pre-column versus on-column labeling of CPMV with the SQHN-102 dye, 

as seen in Fig. 5c.  

3.5. Investigation of the stability of dye−virus complexes 

          The effect of incubation time on the formation of dye−virus complex (or on the 

resulting fluorescence emission) was investigated, as showed in Fig. 6. From these pre-

column labeling experiments, it can be seen that the peak area and peak height of the 

TAZ-C4−TYMV complex increased strongly within the first 1 h of incubation. After 3-5 

hours, the complex remained stable, but a slight shift in mobility was observed.  This can 

likely be attributed to differences in the virus surface make-up as time goes by, and/or 

normal changes in the surface of the capillary inner wall over time, thus resulting in the 

observed migration time ‘drift.’ After incubation of the sample of TAZ-C4 dye with 

TYMV overnight, increased fluorescence intensity was found for the complex, which 

may indicate that this system represents a slow dynamic binding system. It should be 
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noted that the original migration time of the complex for the sample incubated overnight 

was restored. Each new day, the capillary was fully reconditioned prior to 

experimentation, in order to return it to a somewhat uniform ‘starting point’ in terms of 

wall surface charge density, thus restoring the original rate of electroosmotic flow and so 

the original migration time for the complex.  

 A simliar incubation study conducted spectroscopically for SQHN-102 with 

TYMV and with CPMV did not result in any increase (nor decrease) in fluorescence 

signal with increased sample incubation time. The signal for the complex remained stable 

even after a period of 24-h.  This might indicate that the mechanism of interaction of the 

squarylium dye with virus is different than that of the triazolylcoumarin dye.  

3.6. Determination of binding stoichiometry and dissociation constant of dye−virus 

complex 

            In order to gain more information about the nature of the TAZ-C4−TYMV 

complex, the stoichiometry of the complex can be determined by Job’s method [29]. 

Another general approach for the determination of complex stoichiometry and 

dissociation constant for the reaction between a virus and ligand was discussed in detail 

by Okun et. al. [10, 11]. In this approach, the virus concentration was kept constant while 

the ligand (dye) concentration was increased.	  It is assumed by this method that 

equilibrium between free dye and complex is maintained and that the complex does not 

dissociate over the time scale needed for the CE run. By this method, pre-mixed samples 

of dye-virus complexes are injected onto the capillary after co-incubation of the dye 

(TAZ-C4 in this case) and TYMV for 4 hours. The results, as shown in Fig. 7, indicate  9 

bound dye molecules per single virus particle, with an average estimated dissociation 
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constant of 4.52 × 10-7 M. This dissociation constant is derived based on the initial 

concentrations of the dye and virus and is related to the estimated number of binding sites 

found to be on the virus [11]. In a confirming experiment using Job’s method, a fixed 

total concentration of 2 × 10-6 M (TAZ-C4 and TYMV combined) was maintained for all 

samples while the mole fraction of dye varied from 0.1 to 0.95.  The apex of the Job’s 

plot was at a dye mole fraction of 0.89 (data not shown), corresponding to a predominant 

stoichiometry of (TYMV)1(TAZ-C4)9.This result confirms the predominant 

stoichiometry predicted by Okun’s method.  

 While complex stoichiometries and dissociation constants for SQHN-102 with 

CPMV and TYMV were not determined, it was observed that a measurable fluorescence 

signal for the complex was obtained only when an excess of SQHN-102 dye relative to 

virus was present. No signal was observed for a 1:1 mixture of TYMV:SQHN-102, while 

the signal intensity for a 1:9 mixture was double that of the signal intensity for a 1:2 

mixture.  Further experiments are warranted to determine SQHN-102:virus 

stoichiometries and association constants, in order to fully characterize the extent of 

structural influences on dye-virus complex formation.                     

3.7. Labeling and separation of a mixture of viruses 

In order to demonstrate an application of noncovalent labeling of viruses with 

fluorescent probes, we attempted a CE-LIF separation of a mixture of two viruses 

(TYMV and CPMV).  Pre-column labeled samples of TYMV and CPMV, prepared 

individually and in a mixture, with SQHN-102, were analyzed by CE-LIF, as shown in 

Fig. 8. Although migration times for the TYMV (12.7 min) complex and the CPMV (12 

min) complex were distinct for samples prepared individually with the dye, there was 
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only one broad peak observed at 15.6 min for the labeled sample prepared with a mixture 

of the two viruses. While the dye peak in the blank was found to overlap with each of the 

individual, labeled virus peaks in Fig. 8, this was seen in earlier experiments where the 

dye alone appeared at the same migration time as the mixture of dye with virus (for 

example, in Figs. 4B & 4 C).  Variations in peak area and peak height for 

electropherograms corresponding to individual virus samples would indicate that SQHN-

102 has differing affinities towards different viruses. The fact that the two virus 

complexes formed with SQHN-102 co-migrated in the mixed sample and appeared as a 

single peak in the corresponding electropherogram in Fig. 8 may indicate aggregation of 

different virus types or other complex interactions in a mixed sample (individual samples 

and mixture were analyzed on different days which can result in migration time 

variations). Further optimization of the separation procedure would be required to resolve 

virus−dye complexes in mixtures of different viruses. This could be achieved by 

conducting a more thorough buffer analysis with SQHN-102 (including a study of buffer 

additives such as PEO), and/or an exploration of modified separation strategies (such as 

tITP, transient isotachophoresis). The effects of other separation parameters, such as 

capillary coatings and capillary dimensions, could also be explored.           

 

4. Conclusions 

        CE-LIF has the potential to be a valuable tool for the rapid and reliable analysis of 

viral samples. However, in order for this potential to be fully realized, analysts must first 

establish simple and quantitative fluorescent labeling procedures, such as those described 

herein. Noncovalent interactions between an asymmetric squarylium dye and a 
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triazolylcoumarin dye with chemical moieties on the surface of mosaic viruses were 

demonstrated and could be achieved by either pre-column or on-column reactions. The 

former labeling protocol led to greater sensitivity and thus the potential for lower limits 

of detection of viruses by this method. Additional research is needed to fully characterize 

the nature of these noncovalent interactions, so that more purposeful design of selective 

probes can be undertaken. By capitalizing upon the presence of surface functional groups 

known to be present in certain classes of viruses or other microbes, and using these 

groups as ‘handles’ to which engineered fluorescent probes can be anchored for detection 

purposes, analysts will be able to fully harness the potential of CE-LIF for rapid viral 

analysis, e.g. for the early detection of viral infections and/or contaminations, or the 

characterization of virus-based vaccines.  
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Table 1 
Investigation of different separation buffers and additives for TAZ-C4 (2.56 µM) 
labeled TYMV (0.15mg/mL).  
   
 

 
 
 
 

 
 
 
 
 

Buffer Additives Concentration 
of Buffer (mM) pH Comments 

K2HPO4 No 25 8.0 

2 peaks, 
adsorption issue 

with complex 
peak 

Tris-HCl No 25 8.0 

2 peaks, 
adsorption issue 

with complex 
peak 

Formic Acid 10 mM Phytic 
Acid 51 8.0 

3 peaks, 2 
complexes were 

formed 

 0.01% PEO 25 8.0 2 peaks, broad 
complex peak 

 2,6,8,10,20,60 
mM SDS 25 8.0,8.5,9.0 Dye and complex 

peaks overlap 

Boric Acid none 100 8.0 2 peaks 

 100 mM KCl 100 9.0,9.5,10.0,10.5 2 peaks 

 10 mM SDS + 
100 mM KCl 25 8.0 

Precipitation 
appeared in 

buffer 
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Fig. 1: TAZ-C4 and SQHN-102 dye structures 

SQHN-‐102 (MW	  558.7) TAZ-‐C4 (MW	  428.4) 
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Figure 1. Electropherograms of TAZ- C4 dye  pre-column labeling 
of TYMV at different pH  

Separation buffer: 100 mM boric acid with100 mM KCl at different 
pH . 
Capillary: 75 um ID, 53 cm total length and 40cm effective length; 
capillary and sample temperatures were held at 25℃; injection 
was by pressure (50mbar for 5s); separation voltage was 8 kV; 

100

120

140

160

180

200

220

240

260

280

300

0 5 10 15 20

time (min)

Fl
uo

re
sc

en
ce

 In
te

ns
ity

pH 9.0

pH 9.5

pH 10.06

Figure 2. Electropherograms of TAZ- C4 dye  pre-column 
labeling of TYMV at different ionic strength

1. 25 mM boric acid in100 mM KCl
2. 50 mM boric acid in100 mM KCl
3. 100 mM boric acid in100 mM KCl
All other separation conditions as the same as in Figure 1
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Fig. 2: The effect of buffer pH on electropherograms of samples of TYMV (0.15 
mg/mL) pre-column labeled with TAZ-C4 dye (2.56 µM). Separation conditions: 
buffer100 mM boric acid with 100 mM KCl; capillary,; 75 µm ID x 53 cm total 
length (40 cm effective length); capillary temperature, 25°C; pressure injection, 50 
mbar for 5 s; separation voltage, 8 kV.   

Fig. 3: The effect of buffer concentration on electropherograms of samples of TYMV 
(0.15 mg/mL) pre-column labeled with TAZ-C4 dye (2.56 µM):  (1) 25 mM boric 
acid with 100 mM KCl; (2) 50 mM boric acid with 100 mM KCl; (3) 100 mM boric 
acid with 100 mM KCl. All buffers had a pH of 10.0. All other separation conditions 
are as stated in Fig. 2.  
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Fig.3 Electropherograms of titration of 2.56µM dye with TYMV
1. 2.56µM dye; 
2.  2.56µM dye+0.05 mg/mLTMV; 
3. 2.56µM dye+0.15 mg/mLTMV; 
4. 2.56µM dye+0.5 mg/mLTMV;
All other separation conditions as the same as in Figure 1

Fig. 4: Electropherograms for pre-column mixed samples with (a) TAZ-C4 and (b,c) SQHN-
102, titrated with increasing concentrations of virus.  (a) 2.56 µM TAZ-C4 dye with (1) no 
added virus; (2) dye + 0.05 mg/mL TYMV; (3) dye + 0.15 mg/mL TYMV; (4) dye + 0.50 
mg/mL TYMV. All other separation conditions are as stated in Fig. 2. (b) 1.00 µM SQHN-
102 dye with (1) no added virus; (2) dye + 0.63 mg/mL TYMV; (3) dye + 1.25 mg/mL 
TYMV; (4) dye + 2.51 mg/mL TYMV. (c) 1.00 µM SQHN-102 dye with (1) no added virus; 
(2) dye + 0.63 mg/mL CPMV; (3) dye + 1.25 mg/mL CPMV; (4) dye + 2.51 mg/mL CPMV. 
Separation conditions for (b, c): 10 kV separation voltage; 7 psi*sec pressure injection; 50 µm 
ID × 50 cm total length (45.4 cm effective length) capillary; 25 mM tris-HCl (pH 7.33) 
buffer.  
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Figure 4. Electropherograms of precolumn labeling compared with on-
column Labeling

1. On-column Labeling of 0.15mg/mL TYMV with 2.56µM TAZ- C4 dye 
2. On-column Labeling of 0.5mg/mL TYMV with 2.56µM TAZ- C4 dye 
3. Precolumn labeling: 2.56µM TAZ- C4 dye  +0.15mg/mL TYMV;
All other separation conditions as the same as in Figure 1

Fig. 5: Electropherograms comparing pre-column versus on-column labeling of virus 
samples with 2.56 µM TAZ-C4 and 1.00 µM SQHN-102 dye samples. (a) TAZ-C4 
labeling of TYMV: (1) on-column labeling of 0.15 mg/mL TYMV; (2) on-column 
labeling of 0.50 mg/mL TYMV; (3) pre-column labeling of  0.15 mg/mL TYMV. (b) 
SQHN-102 labeling of TYMV: (1) on-column labeling of 1.50 mg/mL TYMV; (2) on-
column labeling of 3.00 mg/mL TYMV; (3) pre-column labeling of  0.63 mg/mL 
TYMV; (c) SQHN-102 labeling of CPMV: (1) on-column labeling of 8.40 mg/mL 
CPMV; (2) on-column labeling of 12.60 mg/mL CPMV; (3) pre-column labeling of 0.63 
mg/mL CPMV. All other separation conditions as stated in Fig. 4. 
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Fig. 6: Electropherograms demonstrating the stability of the TYMV−TAZ-
C4 complex after different incubation times. Separation conditions are the 
same as in Fig. 2.   
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Estimation of the stoichoimetry of dye with virus

y = -2215.2x + 248.52
R2 = 0.9947
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Fig. 7: The formation of TAZ-C4−TYMV complexes, to determine 
stoichiometry by the method described by Okun et. al. [11]. 
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Fig. 8: Electropherograms of virus samples (0.68 mg/mL TYMV; 
0.68 mg/mL CPMV; and a 1:1 mixture of the two viruses) pre-
column labeled with 1.0 µM of SQHN-102. All other conditions are 
as stated in Fig. 4 regarding SQHN-102.   
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ABSTRACT:  

 Investigated here are two methods − non-equilibrium capillary 

electrophoresis of equilibrium mixtures (NECEEM) and capillary electrophoresis frontal 

analysis (CE-FA) − employed for the analysis of binding constants between an 

asymmetric squarylium dye SQHN-102 and human serum albumin (HSA). These 

methods, while complementary, have a range of applicability for different sample types. 

CE-FA is based on the assumption that the equilibrium between free dye and protein-

bound dye in pre-column mixed samples is maintained during the separation by the 

injection of a large sample plug, leading to unresolved plateaus, the heights of which can 

be used to determine equilibrium parameters. NECEEM presumes that the initial 

equilibrium between free and bound dye in pre-column mixed samples is disrupted 

during the separation process itself. By employing these methods, we sought to determine 

the effects of buffer and protein concentration on the extent of binding and 

stoichiometries of dye-protein complexes. CE-based experiments for both methods were 

carried out on a 50 µm ID x 50 cm total length (45.4 cm effective length) capillary using 

25-50 mM tris buffer (pH 7.33), with detection of free and bound dye by absorbance at 

635 nm (CE-FA) or by fluorescence emission at 664 nm (NECEEM). Association 

constants determined by NECEEM for HSA−SQHN-102 were found to increase as 

protein concentration was decreased, with values ranging from 2.2 × 106 - 2.7 × 107 M-1 

in 25 mM tris and 9.0 × 105 - 1.6 × 107 M-1 in 50 mM tris. Association constants 

determined by CE-FA in 25 mM tris closely resembled those obtained by NECEEM in 

this buffer.  Being able to quantify the affinity of fluorescent probe molecules towards 

biological target molecules is essential to the subsequent conceptualization and design of 
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probes suitable for more targeted interactions with maximum sensitivity, and the CE-FA 

and NECEEM methods demonstrated herein are suitable candidates for quantitation of 

probe-target interactions. 
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1.  Introduction 

In addition to its utility as a high efficiency separation technique, capillary 

electrophoresis has also proven to be a useful tool for the examination of noncovalent 

interactions between biological analytes and various probe molecules, such as fluorescent 

dyes1. The sensitivity and selectivity of these probes for various biological agents varies. 

These variations can be attributed to unique features associated with the probes, such as 

molecular shape, solubility, hydrophobicity, acidity, charge, etc. Understanding these 

features can help us to understand which noncovalent forces are predominant in the 

association of the dye with a biological target. This information can, in turn, aid in the 

development of more specific probes for biological analytes of interest, which has 

implications for drug discovery, as well as for other important biological investigative 

research.         

The strength of the noncovalent interaction depends on the affinity of the probe (or 

dye molecule in this case) to that of its target (the protein in this case). The simplest 

representation of the binding equilibrium between dye “D” and protein “P” may be 

written as:  P + D  P−D.  Determining the binding or association constant for this 

interaction is essential to understanding how effective the dye is as a probe for a given 

protein. This information lends insight into the applicability of the dye to other similar 

reactions. Such an association constant can be determined experimentally by way of any 

one of a number of methods based on capillary electrophoresis (CE), including frontal 

analysis (FA) and non-equilibrium capillary electrophoresis of equilibrium mixtures 

(NECEEM) methods. Pictorial representations of electropherograms generated from 

these two methods are shown in Fig. 1.2,3,4      
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CE-FA assumes the protein−dye complex and free protein have the same mobilities 

and will, therefore, co-elute. However, CE-FA also assumes that the mobility of the 

protein−dye complex differs from that of excess, free dye so that the two can be resolved.  

A binding curve can be constructed from the ratio of bound probe-to-target molecules 

relative to the concentration of free probe molecules. A nonlinear regression fit of the 

binding curve data can be used to derive the association constant.2,3,4  

In CE-FA, the protein is labeled with the dye before injection (“pre-column 

labeling”). Whereas typical sample plugs of 1-10 nL are used in CE, a much larger 

sample plug of about 100 nL is injected into the capillary for CE-FA5, and provided the 

above assumptions hold true, this will result in an electropherogram with two plateaus, as 

shown in Fig. 1a. The shorter plateau represents free probe (dye) and the taller plateau 

represents the probe-target (dye-protein) complex together with free target. In subsequent 

runs, the dye concentration is varied while the protein concentration is held constant.3,4 

Additionally, electropherograms with a single plateau for free dye concentration 

standards are obtained, and these results all contribute to the binding curve analysis.      

CE-FA assumes that equilibrium conditions between free and bound probe are not 

disturbed during the separation, but in cases when the equilibrium is violated, then the 

nonequilibrium capillary electrophoresis of equilibrium mixtures (NECEEM) method can 

be utilized for binding studies.6 This newer method assumes that the complex is in 

equilibrium with the free target and free probe molecules, but only during the initial 

period when the small sample plug is injected (and before separation is commenced). 

Once the sample plug is exposed to an applied electric field for the CE separation, the 

free probe molecules will be separated from the complex (whereas the complex and 
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excess target, if present, will co-elute). However, rather than two distinct zones arising 

from this separation process, a ‘bridge’ between the zones will also be observed if the 

equilibrium is violated and some of the complex dissociates during the act of separation. 

The probe molecules liberated due to this dissociation during the separation will be 

observed as a bridging plateau, or front or tail, between distinct peaks for free probe and 

complex in the characteristic NECEEM electropherogram (Fig. 1b).3,4 The areas 

corresponding to the three zones in NECEEM (A1, complex; A2, free dye; and A3, dye 

liberated from the complex by dissociation during the separation process) may be used to 

determine the association or dissociation constant.6,7 Kinetic information can be derived 

from these data as well. Difficulty may arise when assigning boundaries to the beginning 

and ending points of the zones, which themselves may appear contiguous in the 

NECEEM electropherogram. This tends to be the major contributor of error in this 

method. However, like CE-FA, NECEEM separation has proven to be a significant tool 

in the study of binding interactions between targets and probes, such as proteins and 

dyes.4,6,7      

 Herein, a comparison of CE-FA and NECEEM methods will be presented while 

investigating the noncovalent interactions between human serum albumin (HSA) and a 

novel squarylium dye SQHN-102 (shown in Fig. 2). Although SQHN-102 has low water 

solubility and is only weakly fluorescent when free in solution,  it has been shown to be 

an effective label for various biological targets such as proteins and viruses.8,9 Upon 

forming noncovalent interactions with biological targets, the fluorescence emission of the 

dye increases and shifts from λemis= 665 nm to 645 nm in tris buffer at pH 7.33. 

Absorbance of the dye alone occurs at 634 nm and although no substantial wavelength 
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shift occurs upon the addition of HSA protein, there is a substantial increase in 

absorbance intensity (47× larger with HSA present) indicating that the dye is interacting 

with the protein target.  Results obtained from these CE-FA and NECEEM studies of 

SQHN-102 binding to HSA will not onlyhelp to determine the strengths and limitations 

associated with each method, but additionally, will help to elucidate the affinity of 

SQHN-102 towards HSA, thus enabling the design of more selective dyes.  

                      

2. Experimental Methods   

2.1. Reagents, Buffers, and Sample Solutions 

Squarylium dye SQHN-102, shown in Fig. 2, was synthesized and donated by 

Dr.’s Nakazumi and Maeda of Osaka Prefecture University (Osaka, Japan). Using the 

solid dye as-received, a stock solution was prepared in methanol (Fisher, Fair Lawn, NJ, 

USA) at a concentration of 5.00 × 10-4 M. This dye stock solution was stored in the dark 

at 4°C when not in use. Human serum albumin (HSA, 96%, pI 4.8) protein was 

purchased from Sigma-Aldrich (St. Louis, MO, USA) and was prepared as a stock 

solution in water (1.00 × 10-4 M).  Buffer reagent tris (tris(hydroxyl-methyl)-

aminomethane) from Mallinckrodt (St. Louis, MO, USA) was prepared by dissolving the 

correct amount of reagent in MilliQ distilled, deionized water (Millipore, Bedford, MA, 

USA) and the pH was adjusted using 1 M NaOH (Fisher, Pittsburgh, PA, USA). Before 

use, buffers were filtered through 0.2 µm nylon syringe filters (Corning, NY, USA). 

Working solutions of both the dye and protein (either separately or in a mixture) were 

prepared just before use and were diluted with MilliQ distilled, deionized water to 

achieve the final desired concentration, as specified in figure captions.   
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2.2. CE Instrumentation and Methods  

CE-FA and NECEEM experiments were carried out on a Bio-Rad Biofocus 3000 

CE system (Hercules, CA, USA) with UV-Vis (190-800 nm) absorbance detector for 

single or multiple wavelength, high-speed scanning. The light source used was a tungsten 

lamp (366-800 nm) with a holographic grating monochromator. For fluorescence analysis 

the instrument was equipped with an Oz Optics (Ottawa, Ontario, Canada) 635 nm 

external diode laser for excitation with a 664 nm emission filter (Omega Optical, 

Brattleboro, VT). The separations were performed in an uncoated, fused-silica capillary 

(Polymicro Technologies, Phoenix, AZ, USA) with dimensions 50 µm ID x 364 µm OD 

x 50 cm total length (45.4 cm effective length, from inlet to detector).  

Before use each day, the capillary underwent a series of rinses as follows: 1 min 

methanol, 1 min 0.1 M NaOH, 1 min MilliQ distilled deionized water, 3 min 25 mM or 

50 mM tris buffer (pH 7.33). This rinse routine was limited to just water and buffer 

before each run. Samples were injected at 40 psi*sec followed by the application of a 12 

kV separation voltage for CE-FA measurements or for 7 psi*sec with a 10 kV separation 

voltage for NECEEM measurements. The capillary cartridge temperature was set at 

25°C. Depending upon the experiment, detection was by absorbance at 635 nm or by 

fluorescence emission at 664 nm.  

 

3. Results and Discussion  

3.1. Capillary Electrophoresis - Frontal Analysis (CE-FA)  

The squarylium dye SQHN-102 has been successfully employed as a noncovalent 

label for protein and virus targets, and so it was deemed appropriate to conduct a binding 
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study to better understand the nature of interactions with this fluorescent probe. CE-FA 

employs large injection plugs of samples and assumes that equilibrium between the free 

dye and bound dye is maintained throughout the electrophoretic separation, which only 

partially mimics “pre-column labeling” studies that have been previously conducted with 

SQHN-102.8,9 CE-FA requires a blank measurement of dye alone (as the calibration 

standard) as well as a sample measurement with the same dye concentration as was used 

for the blank but with protein added, as seen in Fig. 3. A fixed concentration of HSA (3 × 

10-6 M) was used throughout the CE-FA studies, with various concentrations of SQHN-

102, from 3.50 - 6.00 µM (Fig. 4.).  In the case of pre-mixed samples of HSA and SQHN-

102, the complex elutes from the capillary first followed by any remaining, free dye 

molecules (Fig. 3).  

The plateau-like responses, which are characteristic of CE-FA studies, can lead to 

calculation of the affinity constant for the dye−protein complex. According to the CE-FA 

theory described elsewhere2,10, the fraction “r” of bound probe molecules (squarylium 

dye SQHN-102, simply abbreviated as “D” in the equations to follow) per analyte 

molecule (HSA protein, simply abbreviated “P” in the equations to follow) is given by 

Eq. 1:  
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where [D]b is bound dye, [D]f is free dye, [P]t is total protein, m is the number of 

independent types of binding sites,  n is the number of binding sites of type i, and Ki is 

the association constant of the site of type i.  The free dye concentration [D]f can be 

determined experimentally as a fraction of the total dye [D]t based on the ratio of plateau 

heights for the dye calibration standards (i.e., dye-alone samples), hc,  relative to the free 

dye in the dye-protein samples, hs, according to Eq. 2:  

 

 

 

 

It is then possible to find the concentration [D]b of dye bound to protein, as required by 

Eq. 1, by recognizing that bound dye concentration is simply given by the difference in 

concentrations between total dye and free dye, according to Eq. 3: 

 

Eq. 3 

 

Finally, a non-linear plot of r versus [D]f  will provide values for m, n, and Ki, in 

accordance with Eq. 1. Fig. 3 provides an example of the calibration standard and sample 

runs for SQHN-102 and SQHN-102−HSA. Representative CE-FA electropherograms and 

a nonlinear regression fit of “r” vs. [D]f for SQHN-102 with HSA are shown in Fig. 4. 

The results from this binding study are presented in Section 3.3 of this chapter, where 

they are compared to results obtained from a NECEEM study, as described presently. 
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3.2. Nonequilibrium Capillary Electrophoresis of Equilibrium Mixtures (NECEEM)   

Like CE-FA, NECEEM experiments involve the injection of pre-mixed dye-

protein samples. However, unlike CE-FA, the NECEEM injections are discrete and the 

injected dye−protein complex undergoes dissociation during the course of the 

electrophoretic separation. In this study, sample mixtures containing 3 µM SQHN-102 

with varying amounts of HSA were used. In addition to employing the same 25 mM tris 

buffer at neutral pH that was used in the CE-FA studies, the effect of increased ionic 

strength was also examined on the sensitivity and stability of complex in these NECEEM 

studies, by additionally employing a 50 mM tris buffer. Representative NECEEM 

electropherograms are presented in Fig. 5.  

 Areas under the three zones in a NECEEM electropherogram, namely: the free 

dye, A1; the dye−protein complex, A2; and the dye that is dissociated from the complex, 

A3, can be used directly to solve for the dissociation constant of the complex according to 

Eq. 4: 

 

 

 

where [P]0 and [D]0 are the initial total protein and dye concentrations, respectively. The 

derivation of Eq. 4 is shown elsewhere.6,7 The association constant, which is simply given 

by the inverse of the dissociation constant from Eq. 4, can thus be determined 

experimentally by recording a single electropherogram and measuring the areas under the 

free dye, dye−protein complex, and dissociation regions. This is unlike the determination 
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of Ka by the CE-FA method, which requires electropherograms to be recorded for a wide 

range of protein-dye mixtures.  

3.3. Comparison of binding constants from CE-FA and NECEEM methods   

Elecropherograms for NECEEM experiments are shown in Fig. 5. As described 

above, only a single electropherogram is needed to compute the association constant Ka 

by this method, but a number of different experimental conditions were employed in this 

study to establish the reliability of this method, and to assess the effects, if any, of protein 

concentration and ionic strength on protein-dye binding for HSA with SQHN-102. For 

example, it has been shown that increasing the protein concentration in a mixture with a 

probe (SQHN-102 in this case) will decrease the affinity constant of the protein−probe 

complex.2 The high protein concentration is thought to promote the displacement of 

bound probe through protein aggregation. Likewise, it has been shown that increasing the 

ionic strength of a sample mixture will increase the separation of two closely eluting 

components (in this case providing better resolution of the three zones), but may be 

accompanied by a decrease in sensitivity.5,7    

In the present study, NECEEM conditions included two different concentrations 

for the separation buffer with three different protein concentrations per buffer strength.  It 

was determined that doubling the tris buffer concentration from 25 mM to 50 mM 

resulted in broadened peak zones, as well as decreased sensitivity, in the case of SQHN-

102 and HSA. This effect was also accompanied by larger standard deviations in peak 

areas for separations conducted in the higher concentration buffer (for two of the three 

protein concentrations). Based on the areas under the relevant zones in these 
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electropherograms, the binding constants for HSA with SQHN-102 determined by 

NECEEM were calculated according to Eq. 4, and are summarized in Table 1.  

Table 1 also contains the binding constant determined for SQHN-102−HSA 

determined by CE-FA. The binding constant in the FA studies were determined under 

neutral conditions with tris 25 mM (pH 7.33), which was the initial separation buffer used 

in NECEEM studies. In addition to the binding constant from CE-FA, the stoichiometric 

coefficient of dye in the complex “n,” and the number of different types of independent 

binding sites “m,” were also determined. These values, n = 2.24 and m = 1, suggest that, 

under the solution conditions employed, two SQHN-102 molecules can bind per HSA 

molecule.  

 Several trends in binding constants can be observed in Table 1. First, by 

NECEEM, it was found that binding constants decreased with increasing protein 

concentration. This is likely due to the fact that protein-protein associations begin to 

compete with protein-dye associations as protein concentration is increased. 

Consequently, less protein-dye binding may occur at higher protein concentrations, as 

reflected in the lower binding constants.  This same effect was observed in previously 

published work from our lab involving the labeling of β-lactoglobulin B with the 

squarylium dye Red-1c4. The effect of ionic strength on binding is less clear. Typically, 

an increase in ionic strength will decrease the significance of possible electrostatic 

interactions between a target and probe or ligand, thereby decreasing their affinity 

towards one another.  However, at a concentration of 1.79 µM HSA and 3 µM SQHN-

102 in the present study, the binding constant was seen to increase from 2.2 × 106 M-1 to 

1.6 × 107 M-1 upon doubling the tris buffer concentration from 25 mM to 50 mM. Seyrek 
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et al.11 studied the dependence of protein-polyelectrolye interactions on ionic strength and 

found complex effects depending upon competing hydrophobic versus electrostatic 

interactions, although a decrease in affinity of BSA towards the dye 1-anilino-8-

naphthalene-sulfonate, ANS, with increasing ionic strength was established as early as 

1966 by Daniel and Weber12.  More detailed studies involving changes in ionic strength 

instigated not only by increasing the buffer concentration but also by increasing the 

concentration of supporting electrolyte (e.g. KCl) should be pursued in order to develop a 

better understanding of the complex relationship between binding constant and ionic 

strength for SQHN-102 with HSA.  

 Unfortunately, a direct comparison of binding constants obtained by CE-FA and 

NECEEM cannot be made, since the protein concentration (3.00 µM) used with 25 mM 

tris buffer for the CE-FA studies was not the same as the protein concentration (0.448, 

0.895, or 1.79 µM) used with 25 mM tris buffer for the NECEEM studies. However, if 

we make a comparison between the Ka obtained for the highest concentration of protein 

used in the NECEEM studies with 25 mM tris and the Ka obtained via CE-FA with 25 

mM tris, there is a 15% difference. Binding constants determined in these two cases were 

of the same order of magnitude. A closer examination of possible causes for the 

discrepancy in results is needed. In general, however, the strict requirements for 

maintaining equilibrium and varying the dye concentration over a series of runs in CE-

FA experiments make it a relatively more challenging method than NECEEM, and so 

may lead to greater errors in binding constants determined by this method.    

 The reliability of these two methods is affected by the dynamics of the complexes 

themselves as well as by the method parameters1.  Although CE-FA does not require a 
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pre-determined stoichiometry of the complex, it does require that the sample mixture 

remain in equilibrium.3,4,5,13  If this equilibrium, is violated then the results will not 

accurately represent the binding constant of the mixture. By this method, it has been 

established that the binding constant may depend on the amount of protein used in 

addition to the separation voltage.2 These dependencies could be a direct result of the 

saturation at higher levels of protein as well as the effect of aggregation2,5. Due to these 

dependencies, it is incumbent upon the analyst to clearly specify the experimental and 

solution conditions under which the association constant was determined. However, these 

dependencies can actually be beneficial because, once identified and quantified, they may 

provide the analyst with a way to purposefully alter dye-protein (or probe-target) 

interactions according to the needs of the assay.  

 In the case of NECEEM, the calculated association constant is highly dependent 

upon the zone placements.4 These zones are affected by parameters such as buffer 

strength, separation voltage, and concentration ratios (of probe-to-target), amongst 

others6,7. The more defined these regions are, the more precise the calculations will be. In 

some cases (for certain experimental conditions), the zones may be too separated or too 

close together, in which case it would be necessary to change parameters such as ionic 

strength or capillary dimensions in order to achieve a decrease or increase in zone 

resolution, respectively7. Other considerations include capillary temperature and 

aggregation effects.14,15,16 For example, Joule heating causes the buffer electrolyte 

temperature to increase, which can result in the dissociation of dye from protein, thus 

resulting in changes to NECEEM zone sizes, and consequently, variations in calculated 

association constants by this method.14,15,16     
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 As shown previously in this thesis (Chapter III), computational studies predicted 

an average binding constant for SQHN-102 with HSA of 5.2 × 106 M-1 based on rotatable 

(6.6 × 106 M-1) and planar systems (3.8 × 106 M-1)8. Errors can arise in computational 

values if specific interactions that are used as input variables are underestimated and/or 

overestimated relative to the actual dynamic reaction. An earlier publication using the 

double reciprocal plot method to assess the binding of various asymmetric squarylium 

dyes with HSA in tris buffer (pH 7.4) revealed a range of stability constants from 1.7 × 

105 M-1 to 5.8 × 106 M-1.17  A limitation of the double reciprocal plot method arises due to 

the fact that it assumes a 1:1 stoichiometry.18 Despite these limitations, an ‘order-of-

magnitude’ comparison of the values presented herein to those previously determined by 

the double reciprocal plot method and computational method yields good agreement.  

           

4. Conclusions  

 Both NECEEM and CE-FA can yield accurate and reproducible results pertaining 

to the study of protein−dye interactions, and there may be added value in using the 

methods in conjunction with one another, especially when the stoichiometry of the 

complexes being studied vary from 1:1. Each method has its own limitations and 

advantages that allow for analysis based on restrictions caused by the governing 

interaction and/or specific analytical measurements of interest. NECEEM is a much more 

practical choice over CE-FA in terms of time constraints, since only a single 

electrophoretic run is needed by this method to yield stoichiometric and binding constant 

data.  Although the present CE-FA studies employed absorbance detection whereas the 
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NECEEM studies employed fluorescence detection, either method could be adapted for 

use with either detection system.  
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   Binding Constants (M-1) 

Dye  CE-FA NECEEM (25 mM 
Tris) 

NECEEM (50 mM 
Tris) 

SQHN-102 
(2.6 ± 0.4) × 106 

(3.00 µM HSA) 
 

(2.2 ± 0.4) × 106 
(1.79 µM HSA) 
 

(9.0 ± 8.2) × 105   
(3.00 µM HSA) 
 

   
(2.4 ± 0.9) × 106  
(0.895 µM HSA) 
 

(4.9 ± 3.1) × 107   
(2.40 µM HSA) 
 

    
(2.7 ± 1.7) × 107  
(0.448 µM HSA) 
 

(1.6 ± 0.9) × 107  
(1.79 µM HSA) 
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Table 1 
A comparison of binding constants of protein:dye complexes, as obtained by 
CE-FA ([SQHN-102]= 3.50-6.00 µM) and NECEEM ([SQHN-102]= 3.00 µM) 
methods with varying concentrations of HSA, as specified below.   
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Fig. 1: Representations of electropherograms depicting expected results for 
CE-FA (a) and NECEEM (b) methods for binding constant determination. 
Signals are identified as: (a) height of calibration standard (hc) and height of 
free dye in sample mixture (hs); (b) zone of free dye (A1), dye-protein 
complex (A2), and dissociation of dye from complex (A3). 

Fig.	  2:	  SQHN-‐102 (MW	  558.7) 
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Fig. 3: CE-FA electropherograms of HSA labeled with SQHN-102. Blue dashed line, 
6 × 10-5 M SQHN-102 dye alone; Red solid line, mixture of 6 × 10-6 M SQHN-102 
and 3 × 10-6 M HSA; 12 kV separation voltage with 40 psi*s injection time, absorption 
detection at 634 nm. The first signal in the mixture sample is attributed to the HSA-
SQHN-102 complex [•] and the second plateau is attributed to any free, unbound 
SQHN-102 [*].  

• 

* 

Fig. 4: (A) CE-FA electropherograms of 3 × 10-6 M HSA labeled with varying 
amounts of SQHN-102 (as labeled on the figure). Parameters are the same as stated in 
Fig. 3. (B) Solid line represents the non-linear fitting of the CE-FA data (error bars for 
three runs), which yielded: m=1; n=2.24; Ka= 2.6 × 106 M-1. 
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A 

B 

Fig. 5: (A) NECEEM electropherograms of 3 × 10-6 M SQHN-102 with varying 
amounts of HSA (as labeled in the figure) using 25 mM tris buffer, pH 7.33. (B) Same 
as A, except different concentrations of HSA and 50 mM tris buffer, pH 7.33. 
Experimental parameters include an injection of 7 psi*sec with a 10 kV separation and 
excitation at 635 nm with a 664 nm emission filter. 
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CHAPTER VI 

 

CONCLUSIONS 

     

Investigated here were five asymmetric squarylium dyes with structural 

differences ranging from the number and placement of carboxylic acid residues (SQHN-

3c, SQHN-102, SQNH-103, SQHN-105) to the inclusion of two central squaraine rings 

(bis-SQ-4d). It has been established that even small structural changes can play an 

essential role in the spectral and binding properties of the dyes.  Developing an 

understanding of the role of dye structure is required if we are to be able to engineer 

better probes (offering greater sensitivity or selectivity). The significance of dye structure 

was demonstrated for bis-SQ-4d and SQHN-3c in Chapter II (see Fig. 1 for dye 

structures). These two dyes exhibited very distinct properties that can be attributed to 

their structures. In particular, wide variations in absorbance and fluorescence maxima for 

both dyes in their unbound dye and BSA-bound states were measured (Chapter II, Table 

1). Optimal absorbance by SQHN-3c occurred at 643 nm in 25 mM citric acid buffer 

solutions at pH 3.1, with a 3 nm red-shift fluorescence upon the addition of 

BSA;.whereas, optimal conditions for bis-SQ-4d occured under a 25 mM phosphate 

buffer at pH 11.3, which was found to absorb maximally at a much shorter wavelength 

(420 nm) and to undergo a much larger red-shift (of  45 nm for fluorescence) upon the 

addition of BSA.  Based on the results of our spectral characterization, bis-SQ-4d was 

subsequently used as a labeling tool in the CE-LIF separation of a mixture of proteins 

(myoglobin, transferrin, and HSA; see Chapter II, Fig. 6). 
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Whereas the structures of bis-SQ-4d and SQHN-3c are significantly different, 

those of the dye series SQHN-102, SQHN-103, and SQHN-105 (Chapter III, Fig. 1) are 

much more closely related to one another, but they still provided unique advantages and 

disadvantages as fluorescent probes.  These dyes vary only in the number and placement 

of carboxylic acid residues. These dyes were engineered with the goal to better 

understand the role of carboxylic acid residues on dye solubility, stability, electrostatic 

interactions with targets, and other possible factors. All three dyes had excitation and 

emission maxima in the low- to mid-600 nm range, and all demonstrated a comparable 

red-shift (ranging from 0 to 9 nm for absorbance and 0 nm shifts were most common for 

fluorescent experiments) upon the addition of protein. However, the intensities of the 

three dyes differed (Chapter III, Fig. 2 and 3) and were found to interact with different 

affinities towards HSA, as well as towards trypsinogen (Chapter III, Table 3 and 5). The 

unique behavior of each dye was thought to originate from the placement and number of 

functional groups. Experimentation revealed that the pKa values associated with each of 

the acidic hydrogens on the pendant carboxylic acid groups varied depending upon the 

location on the dye (Chapter III, Table 4). Despite these differences, computational 

studies predicted that all three dyes would likely bind to HSA via one predominant 

binding site on the protein along with penetration by the same end of each dye molecule 

into the protein’s hydrophobic binding pocket (Chapter III, Fig. 4).  

The interaction of SQHN-102 with HSA was further studied using the CE-based 

methods of NECEEM and CE-FA. These studies supported the fact that not only are the 

structures of the dyes crucial for efficient binding but, also that the solution and sample 

conditions under which binding occurs play an essential role as well. The most influential 
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parameters include composition of the buffer, pH, and ionic strength, along with the 

concentration ratio of dye to protein (Chapter V, Table 1). Order-of-magnitude agreement 

between the binding constants measured by distinctly different methods was observed, 

and absolute values of binding constants were comparable to those published previously 

for similar squarylium dyes.  In addition to protein binding, SQHN-102 was also shown 

to interact with two mosaic viruses, TYMV and CPMV (Chapter IV, Fig. 6). These 

interactions were found to be comparable to those displayed by other dye molecules that 

have demonstrated an affinity towards such viruses, and these results suggest promise for 

the role of squarylium dyes in the development of rapid diagnostic or clinical-type assays 

for virus samples.                                     

Exploring the binding properties of asymmetric squarylium dyes as presented in 

this thesis with a focus on labeling virus and protein samples will not only permit the 

analyst to develop new quantitative assays, but should also aid in the design and synthesis 

of new dyes with properties tailored to specific applications. Having now established CE-

LIF separation methods with non-covalent on-column or pre-column labeling for model 

proteins such as HSA, BSA, myoglobin, transferrin, and trypsinogen, we are poised for 

further method development involving a wider range of proteins and also involving a 

wider range of fluorescent probes. Functionalization of the dyes with reactive moieties 

such as boronic acid will allow for their more selective reaction with glycoproteins, for 

example, and this work is continuing in our laboratory. These future studies should 

involve not only separations method development but also binding constant 

determination for the protein-dye complexes by employing the demonstrated techniques 

of computational chemistry, CE-FA and NECEEM, in addition to the more traditional 
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double reciprocal plot method. Structural changes to the dyes that are found to yield 

enhanced binding affinities and/or more selective interactions with desired targets  -- 

either protein-based or microbial-based -- can then be pursued via synthetic routes.       

To summarize, characterization of the new squarylium dyes presented in this 

thesis, along with studying their binding to proteins and viruses, has provided a better 

understanding of the relative roles of noncovalent interactions such as electrostatic, 

hydrophobic,  and H-bonding in pre-column and on-column fluorescent labeling systems 

as well as optimized conditions for CE-LIF assays. Variations of CE methods can serve 

both as analytical/separations tools and as characterization tools for dyes and dye-target 

complexes. Ultimately, it is anticipated that this work will aid in the improvement of 

fluorescent tags, yielding more sensitive, selective probes for targeted analytes. This 

increase in selectivity could provide researchers with the ability to expand the range of 

detectable analytes, including those found in complex matrices, of potential interest to 

agricultural studies, forensics, homeland security, clinical chemistry, oceanography, and 

biochemistry. This expansion could help to position CE-LIF as a standard analytical 

protocol to accompany or complement other more established methods for affinity 

studies.               
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Appendix A 
 
 

 
A research collaboration with Dr. Nakazumi’s laboratory at Osaka Prefecture 

University has provided an opportunity each year for one graduate student from Wake 

Forest University to travel to Japan for one month to contribute to ongoing research. In 

exchange, one graduate student from Japan has visited the Colyer laboratory at Wake 

Forest University for one month each year to similarly contribute to the collaborative 

research effort.  The graduate student traveling to Japan stays and works at Osaka 

Prefecture University (OPU), where they participate in the organic synthesis of 

squarylium dyes. The student traveling to Wake Forest Univeristy from OPU works on 

the analysis of these dyes as probes for biological targets.This exchange program also 

provides a chance to encounter the Japanese culture and education system (or the 

American system). 

S. Rockett participated in this exchange program in 2011, with the goal to synthesize 

new organic dyes. In particular,  this appendixpresents the synthesis of compound 4 (Fig. 

A-1.). Compound 4 is an unsymmetrical squarylium dye that contains one carboxylic acid 

functional group. The reaction mechanism to synthesize compound 4 is a two-step 

process as with most squarylium dyes (Fig. A-2.).  

Reaction #1 was conducted with 259.12 g/mol of compound 1 dissolved in 2 M HCl 

(1.5 mL) and AcOH/H2O (1/1 (v/v); 40 mL). This reaction mixture was refluxed for 2-h 

and then allowed to cool to room temperature. Solid (compound 2) was filtered out, 

washed with ether, and then dried under vacuum. Reaction #2 consisted of compound 2 

(259.12 g/mol) and 3 (359.04 g/mol) dissolved in benzene/BuOH (1/4 (v/v); 2.5 mL). 
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This second reaction mixture was refluxed for 5-h and then allowed to cool to room 

temperature. Fraction collection on a SiO2 column was employed using propanol/MeoH 

(9/1 (v/v)) as the eluent, as previously determined via TLC to be the best eluent.      

The success of this method was monitored via the use of appropriate instrumentation 

to make conclusions regarding the synthesized dye structure and purity. For the analysis 

of compound 4, UV-VIS, FL, IR, 
1H

NMR, 
13C

NMR, and ESI-MS spectra were obtained. 

Results are shown for 
1H

NMR (Jeol JNM-GX 270 FT–NMR spectrometer) in Fig. A-3., 

with the chemical shifts reported in ppm downfield from an internal TMS reference, and 

for ESI-MS (Finnigan Mat TSQ-70) in Fig. A-4.  

The two-step synthesis produced bright green fibrous crystals that were soluble in 

MeOH and showed maximum absorbance at 630 nm and 650 nm (results not shown). 

Analytical assessment from 
1H

 NMR and IR (results not shown) yielded evidence that 

squarylium dye compound 4 was synthesized. Based on the ESI-MS spectra compound 4 

was shown to be of high purity.      
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Fig. A-1. Compound 4 structure 
 
 
 

 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 

Fig. A-2. Schematic of two-part synthesis for compound 
 

Reaction #1 

Reaction #2 
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Fig. A-3. 

1H
NMR was initially taken on final product of reaction #2 and was found to be 

impure Product was then subjected to recrystallization using hexane; evidence for the 
important linkage for the formation of compound 4, which occurs as a part of reaction #2 
is indicated by the red circles.   
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Fig. A-4. a) Actual mass spectrum of recrystallized compound 4; b) Simulated spectrum 
expected for compound 4. 

a) 

b) 
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