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ABSTRACT 

Capillary electrophoresis (CE) has been recently used for the analysis of peptides and 

proteins, drugs and their metabolites, biological extracts, and environmental samples. The 

popularity of this technique arises from its ability to use very small sample volumes while 

still producing fast, highly efficient separations.  In this dissertation two applications of 

CE are documented.  The first application is the characterization of dyeprotein 

interactions for the purpose of developing efficient and sensitive assays for the separation 

and determination of proteins in complex sample mixtures.  By examining the 

spectroscopic characteristics of dye–protein complexes we can better understand the 

types of interactions occurring within the complex, which can lead to better dye designs. 

With optimized dyes as protein probes, we are then poised to develop separation and 

quantification methods through the use of CE with laser-induced fluorescence detection 

(LIF).  Optimal labeling and separation methods utilizing four novel asymmetric 

squarylium dyes as universal protein probes are presented herein.  SQHN-1, -1a, and -1b 

have the same asymmetric structure with a single pendant carboxylic acid group tethered 

by increasing hydrocarbon chain length whereas the structure of SQID-1 contains a 

carboxylic acid group.  All four dyes were found to be successful non-covalent labels for 

bovine serum albumin BSA, transferrin, and -lactoglobulin B and were also used in the 

separation of a complex mixture of these proteins.  The slight differences in dye 

structures affected spectroscopic characteristics and also optimal CE-LIF conditions, 

including separation buffer.  The second application is method development for the 

determination of morphine and its isobaric metabolites morphine-3-beta-D-glucuronide 

(M3G) and morphine-6-beta-D-glucuronide (M6G) by CE with time-of-flight mass 
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spectrometry (CE-ESI-QTOF-MS).  Limits of quantitation in normal human urine were 

found to be 1.0 µg/mL for morphine and 2.5 µg/mL for each of M3G and M6G.  Patient 

samples (N=12) were analyzed by this new CE-ESI-QTOF-MS method and a 7% 

difference in total morphine content (relative to prior high performance liquid 

chromatography-mass spectrometry LC-MS results) was found, which was not significant 

as per a paired-t test at the 99% confidence level.  The prior LC-MS method required 

enzymatic hydrolysis of the glucuronides and hence was only able to determine the total 

morphine species concentration, whereas the new CE-ESI-QTOF-MS method described 

herein allowed for species differentiation in addition to total morphine determination.  By 

this method, it was found that M3G and M6G metabolites were present, on average, in a 

5:1 concentration ratio in each of the patient samples.  Therefore, the CE-ESI-QTOF-MS 

method not only allows for total morphine concentration determination comparable to 

established LC-MS methods, but also allows for differentiation between morphine and its 

glucuronides, yielding additional biochemical information about drug metabolism.
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CHAPTER I 

INTRODUCTION 

Capillary electrophoresis (CE) is a valuable tool for the separation of a wide 

variety of analytes including but not limited to amino acids, chiral drugs, vitamins, 

pesticides, inorganic ions, organic acids, dyes, peptides, proteins, carbohydrates, 

oligonucleotides, and DNA.1  The popularity of this technique arises from its ability to 

quickly separate analytes with high efficiency based on charge and size while using very 

small sample volumes.  CE also provides superior resolution compared to traditional 

separation methods that use packed columns.  Using packed columns for analysis can 

lead to band broadening by three different factors as shown by the van Deemter equation:   

  (1-1) 

where H represents plate height, A is a factor accounting for Eddy diffusion (a multi-path 

effect), B accounts for longitudinal diffusion, and C for mass transfer.  Since CE employs 

open tubular columns the only source of band broadening can come from longitudinal 

diffusion, which is why CE can produce 50,000 - 500,000 theoretical plates (an order of 

magnitude better than chromatography).2  These features are what give an edge to CE and 

allow it to be a superior separation method over traditional separation techniques.3  The 

work of this dissertation will primarily focus on the analysis and separation of proteins 

and drugs using capillary electrophoresis coupled with laser induced fluorescence (CE-

LIF) and mass spectrometry (CE-MS) detection. 

1.1. Capillary electrophoresis theory 

 Electrophoresis is based on the principle that different species in solution migrate 

at different rates under the influence of an applied voltage.  When an external field is 
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applied to a solution of charged species, each ion moves toward the oppositely charged 

electrode.  Movement of ions is based on the charge and size of the ions.  When the 

separation is conducted in normal polarity mode (that is, when the inlet electrode 

functions as the anode and is positive with respect to the outlet electrode), cations reach 

the detector first, followed by neutral species, and lastly anions, as depicted in Fig. 1a.  

The separation of cations and anions is dependent on the size and net charge of the ions.  

A smaller ion will move faster than a larger ion with the same charge; however, an ion 

with a higher charge will move faster than one with a lower charge.  The electrophoretic 

mobility (μEP) is therefore related to the charge and size of the ion according to the 

equation: 

 μEP 6 ηr
 (1-2)

where µEP is the electrophoretic mobility, q is the ionic charge, η is the solution viscosity, 

and r is the radius of ion.  The actual speed (electrophoretic velocity) of an ion is simply a 

product of its mobility and the magnitude of the applied electric field: 

 v μEP ∙ E (1-3)

where v is the velocity of the ion and E is the applied electric field.4 

 There are other factors that play a role in the migration of ions in CE.  For 

example, electroosmotic flow (EOF) is the bulk flow of liquid in the capillary facilitated 

by the ionization of the acidic silanol groups on the inside wall of the capillary when they 

are in contact with the separation buffer solution (Fig. 1b).4,5  At a pH above 4, the silanol 

groups are ionized, which results in the capillary wall being negatively charged.  Cations 

from the separation buffer solution will build up near the wall surface to maintain 

electroneutrality, thus creating an electrical double layer in solution.  When an electric 



3 
 

field is applied, the hydrated cations in the double layer will migrate towards the cathode, 

causing a bulk flow of solution along the capillary.  The extent of flow (Eq. 1-4) is 

related to the charge on the capillary, the separation buffer viscosity, and dielectric 

constant of the separation buffer:  

 μ ε ζ / η) (1-4)

where μEO is the electroosmotic mobility, η is the solution viscosity, and ζ is the zeta 

potential.  The zeta potential is determined by the surface charge of the capillary wall, 

which is pH dependent.  Therefore, the magnitude of the EOF is highly dependent 

on separation buffer pH.1  At a pH below 4 the rate of EOF is not very significant since 

the silanol groups are not fully ionized.  Above a pH of 9, EOF is very strong since the 

 

Fig. 1a: Separation of ions in a CE capillary where cations (green circles) reach the detector first 
followed by neutral ions (yellow diamonds) and anions (red triangles), respectively. 
Fig. 1b: Composition of a typical capillary used in CE, and the generation of electroosmotic flow. 



4 
 

silanol groups are fully ionized.  Other variables can be manipulated to control the rate of 

the EOF, as described in Table 1.   

 Once a sample is introduced into the capillary the analytes will be transported 

towards the detector according to their apparent mobilities (µapp), which are dependent on 

both electrophoretic and electroosmotic mobilities according to the equation:   

 µapp = µep + µeo (1-5) 

Table 1: Methods used to control EOF. 

Parameter Influence on EOF Comments 

Buffer pH 

Low pH 
EOF 
decreases  May change charge or alter structure of 

analyte 
 Most convenient and useful technique to 

change EOF High pH 
EOF 
increases 

Ionic 
Strength 

Low 
EOF 
increases 

 Low ionic strength problematic for sample 
adsorption 

 High ionic strength generates high current and 
possible Joule heating 

 May distort peak shape if conductivity is 
different from sample conductivity 

High 
EOF 
decreases 

Electric 
Field 

Decrease 
voltage 

EOF 
decreases 

 Efficiency and resolution may decrease when 
lowered 

 Joule heating may result when increased Increase 
voltage 

EOF 
increases 

Temperature 

Increase 
EOF 
increases 

 Changes the viscosity by 2-3% per ºC 
 Very useful since temperature can be 

controlled by the instrument Decrease 
EOF 
decreases 
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As 

seen in Fig. 2 the EOF is equal in strength and direction for all of the ions, and this is 

superimposed upon the inherent electrophoretic mobilities of each ion.  The EOF and 

electrophoretic mobility components may be additive (as is the case for cations, 

migrating towards the cathode or negative electrode at the outlet end of the capillary), or 

subtractive (as is the case for anions, in which case μEO must be greater than μEP in order 

for the net mobility to carry the anions past the detector).  Neutral molecules will co-

elute, moving at the same rate as the EOF.  By changing the applied voltage, separation 

buffer selection, separation buffer additives, and pH it is possible to influence the 

mobility of the analytes.4,6  Some common separation buffer additives that are  used to 

enhance selectivity are listed in Table 2. 

Another important aspect of EOF is its flat flow profile compared to the parabolic 

flow profile that is characteristic of pressure-driven flow in high performance liquid 

chromatography (HPLC).  As a result of the flat flow profile, less zone broadening is 

seen in CE, which contributes to the highly efficient separations achieved by this method.  

 

Fig. 2: Extent and direction of electrophoretic and electroosmotic flow mobilities for different 
analytes within the capillary. 
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1.2. Modes of capillary electrophoresis 

The versatility of CE is partially derived from the numerous modes available, 

each with its own separation mechanism, to analyze a wide array of analytes. There are 

five principal modes of CE: capillary zone electrophoresis (CZE), micellar electrokinetic 

chromatography (MEKC), capillary gel electrophoresis (CGE), capillary isoelectric 

focusing (CIEF), and capillary isotachophoresis (CITP). The separation mechanism(s) for 

each mode are listed in Table 3. 

Table 2: Examples of commonly used separation buffer additives. 

Additive Example (s) Effects 

Chiral 
Selectors 

Cyclodextrins, crown ethers, 
bile salts 

chiral separations 

Surfactants 
Sodium dodecyl sulfate  

Sodium cholate 

adsorbs to walls (wall modifiers), form 
micelles to yield “pseudo-stationary” phase, 

modify EOF 

Zwitterions MES, Tris, CHAPS increase ionic strength, affect selectivity 

Polymers PEG, PVA, PEO 
decrease EOF, minimize adsorption, 

decrease wall charge, increase viscosity 

Organics Methanol, propanol, TFA decrease EOF 

Metals K+, NA+, Cu+2, Li+ 
used with micellar electrokinetic capillary 

chromatography to alter selectivity 

Urea  solubilizing agent, affects hydrogen bonding 

Complexing 
buffers 

borates carbohydrate separations 



7 
 

 CZE is the simplest and most popular form of CE.  CZE is also referred to as free-

solution electrophoresis since it is carried out in open tubular capillaries.7 Separation is 

based on the differences in individual electrophoretic mobilities coupled with the EOF.   

The analytes pass by the detector in zones corresponding to their mobilities, as described 

previously in Section 1.1 (see also Fig. 1a).  The order of migration can be reversed 

(anions, neutrals, cations) by coating the capillary with a cationic surfactant and 

switching the electrode polarity. This mode will not allow for the separation of neutral 

analytes.2 The background electrolyte (BGE), also known as the separation buffer, is 

usually aqueous and can be manipulated to improve selectivity.  

 To perform the separation of neutral species by CE, Terabe first introduced 

MEKC in 1984 by employing micelles as separation buffer additives.8  MEKC is a form 

of chromatography because micelles behave as a pseudostationary phase.2  The 

separation is accomplished by adding a surfactant to the BGE.  The concentration of the 

Table 3: Modes of CE. 

Mode Basis of separation 

Capillary zone electrophoresis (CZE) Free solution mobility 

Micellar electrokinetic chromatography 
(MEKC) 

Hydrophobic/ionic interactions with micelles 

Capillary gel electrophoresis (CGE) Charge and size sieving effects 

Capillary isoelectric focusing (CIEF) 
Migration to isoelectric point within a pH 
gradient 

Capillary isotachophoresis (CITP) 
Focusing at moving boundaries between 
electrolyte zones 
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surfactant has to be above the critical micelle concentration so that micelles are formed.  

Micelles are composed of a hydrophobic tail and a charged hydrophilic head.  When an 

anionic surfactant such as sodium dodecyl sulfate (SDS) is used, the micelles have an 

inherent electrophoretic mobility in the direction of the anode (inlet electrode).  However,  

provided the EOF is greater than the electrophoretic velocity of the micelles at neutral or 

basic pH, their net movement is in the direction of the EOF, towards the cathode (at the 

detector end of the capillary).1,4   

  When a neutral analyte is injected onto the capillary it will interact with the 

micellar pseudostationary phase through hydrophobic interactions, which adds a 

secondary equilibrium to the separation.  The analyte will migrate at the same velocity of 

the micelle when it is incorporated into the micelle.  The more the solute interacts with 

the micelle the longer its migration time will be.7  As such, it is possible to separate the 

neutral analytes in a mixture depending upon their differential interaction with the 

micelles.          

 CGE is a variant of gel electrophoresis, which has been a primary tool in the 

biological sciences for decades for the size-based separation of proteins and nucleic 

acids.2  The CGE separation is achieved by filling the capillary with a gel or a polymer 

network that acts as a molecular sieve.  As charged analytes migrate through the polymer 

network they become hindered: larger analytes are more hindered than smaller ones.  

CGE was developed to aid in the separation of macromolecules like DNA whose charge 

to size ratios do not vary much with their number of bases and therefore they cannot be 

easily separated without a gel.  CGE allows for higher efficiency DNA separations 

compared to the traditional slab gel electrophoresis.1  
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 CIEF is an important tool in the analysis of peptides and proteins.  The separation 

is based on the positioning of molecules according to the isoelectric points along a pH 

gradient in the capillary.  The pH gradient is created by employing a complex mixture of 

buffering components called ampholytes.9  Ampholytes are molecules that contain both 

an acidic and a basic moiety and can have pI values that span the desired pH range for the 

analytes to be separated.  Separation is carried out by placing the anodic end of the 

ampholyte-filled capillary in an acidic solution and the cathodic end in a basic solution.  

Under the influence of an applied electric field a stable pH gradient is formed, which 

allows charged proteins or peptides to migrate until they become focused at the position 

where their net charge is zero (pI=pH).  Once the analytes are focused they are mobilized 

past the detector by either electrophoretic or hydrodynamic means.1,8 

  Sample stacking can be very advantageous for efficient, high sensitivity CE 

separations.  In CITP a sample is sandwiched between a discontinuous separation buffer 

system formed by leading and terminating electrolytes.  First, the capillary is filled with 

the leading electrolyte, which contains the ion with the highest mobility (greater than that 

of the sample).  The sample is next injected onto the capillary followed by the 

replacement of the inlet separation buffer with the terminating electrolyte.  The 

terminating electrolyte contains the ion with the lowest mobility.  Once an electric field is 

applied the ions migrate and create stacked isotachophoretic zones with sharp boundaries.  

In a single CITP experiment either cations or anions can be analyzed, but not both.1,9  

1.3. Capillary electrophoresis instrumentation 

 The basic components of a CE instrument (see Fig. 3) include a high voltage 

power supply (up to 30 kV), a fused silica capillary, two separation buffer reservoirs, two 
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platinum electrodes, and a detector.8  CE separation occurs within a buffer-filled, fused 

silica capillary, with typical internal diameter (ID) from 10-100 µm and length from 10-

100 cm, as shown in Fig. 4.  Capillary diameter and length are usually optimized during 

method development.  A polyimide protective coating covers the outside of the capillary 

to make the capillary strong and easy to handle.  For detection, a section of the external 

coating must be removed (typically by burning off a few millimeters of the polyimide) to 

allow for a window to be made, through which optical detection of the analyte can 

 

Fig. 3: Schematic of capillary electrophoresis instrumentation. 

 

 

Figure 4: Typical dimensions of a polyamide-coated, fused silica capillary used in CE. 
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occur.7  The capillary has to be conditioned prior to experimentation in order to establish 

a reproducible inner capillary surface.  Conditioning with a basic solution will remove 

adsorbates and refresh the surface by deprotonation of the silanol groups.  A new 

capillary is typically flushed sequentially with water, 0.1 M sodium hydroxide (NaOH), 

water, and lastly with separation buffer. Variations of this sequence of flushes may be 

conducted between separations, as needed.   

 Next, the sample (located on the inlet side), is introduced onto the capillary by 

either a hydrodynamic (pressure) injection or an electrokinetic (voltage) injection. 

Hydrodynamic injection is the most widely used method.  This is accomplished by 

applying pressure at the injection end of the capillary or by applying a vacuum to the 

outlet end or by a siphoning action achieved by elevating the injection reservoir relative 

to the outlet reservoir.  In the case of pressure-based injections, the volume of sample (in 

liters) loaded onto the capillary is a function of various factors according to the Hagen-

Poiseulle equation:  

 
Volume= 

∆Pd4πt

128ηL
 (1-6)

where ΔP is the pressure difference along the capillary (in Pa), d is the capillary inner 

diameter (in m), t is the injection time (in sec), η is the separation buffer viscosity (in 

Pa∙s), and L is the total capillary length (in m).   

Electrokinetic injection is done by replacing the inlet separation buffer reservoir 

with the sample vial and applying a voltage.  The applied voltage is usually three to five 

times lower than that used for the separation.  The amount of sample that is loaded onto 

the capillary is dependent on the electrophoretic mobilities of the individual analytes.  

The more mobile ions are loaded to a greater extent than the less mobile analytes, and 
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because of this bias, it is not optimal compared to hydrodynamic injection.1   The 

quantity n (in moles) of sample injected by this method can be calculated according to the 

equation:  

 
n	=

(μEP+ μEO)Vπ Ct

L
 (1-7) 

where µEP is the electrophoretic mobility of the analyte (in cm2/Vs), µEO is the 

electroosmotic flow mobility (in cm2/Vs), V is the injection voltage (in V), r is the  

capillary radius (in cm), C is the analyte concentration (in M), t is the injection time (in 

s), and L is the total capillary length (in cm).   

 Once the sample is injected onto the capillary, the inlet end of the capillary is 

returned to the separation buffer reservoir housing a Pt electrode, while the capillary 

outlet is similarly submerged in a separation buffer reservoir with Pt electrode. The 

separation voltage (typically 10-30 kV) is applied across the capillary. This allows for the 

electrophoretic movement of the ions past the detector, as described previously (see 

section 1.1).4 

1.4. Detection methods for capillary electrophoresis  

 One of the greatest challenges in CE is the development of sensitive detection 

methods.  This is a challenge in CE due to the high peak efficiencies, small peak 

volumes, the limited time available to observe analytes, complicated by the small 

dimensions of the capillary.  Many of the detection schemes that were developed for 

liquid chromatography (LC) have been adapted to use in CE.8,9  Table 4 lists various 

detection schemes along with typical limits of detection.1  Other less commonly 

encountered detection schemes for CE include: radioactivity, thermal lens, refractive 

index, circular dichroism, and Raman spectroscopy.  The work presented in this thesis 
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focuses on CE separations employing ultraviolet-visible (UV/Vis) absorbance, laser 

induced fluorescence (LIF), and mass spectrometry (MS) detection, and so these 

detection systems are described in more detail presently.  

  In CE, UV-VIS absorbance is the most popular detection scheme since it is the 

simplest to implement and the majority of analytes possess a chromaphore capable of 

absorbing light somewhere in the UV/Vis spectrum region.  It is also compatible with all 

of the modes of CE that were described previously in Section 1.2.  The detector works by 

Table 4: CE methods of detection. 

Detection Method 
Detection Limit 
(molar)* 

Advantages/Disadvantages 

Ultraviolet-visible 
(UV-Vis) 
absorbance 

10-5 – 10-8 • Universal 
• Diode array offers spectral information 

Fluorescence 10-7 – 10-9 • Sensitive 
• Usually requires sample derivatization 

Laser-induced 
fluorescence (LIF) 

10-14 – 10-16 • Extremely sensitive  
• Usually requires sample derivatization 

Amperometry 10-10 – 10-11 
• Sensitive  
• Selective but useful only for electroactive analytes 
• Requires special electronics and capillary 

modification 

Conductivity 10-7 – 10-8 
• Universal 
• Requires special electronics and capillary 

modification 

Mass spectrometry 
(MS) 

10-8 – 10-9 • Sensitive and offers structural information 
• Requires special interface between CE and MS  

Indirect UV, 
fluorescence, 
amperometry 

10– 100 times less 
than direct 
methods 

• Universal 
• Lower sensitivity than direct methods 
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comparing the light intensity before and after it passes through the capillary.  Since the 

capillary itself is made of fused silica, it is optically transparent and so serves as an in-

line, flow-through cell for optical detection without the need to transfer the separated 

analyte bands to an external detection system.  The light source is a tungsten or deuterium 

lamp, which is directed onto the capillary by focusing optics or optical fibers. 

Wavelength selection is achieved by using optical filters or a diffraction grating.  The 

photodetector, which detects the transmitted light, can be a photomultiplier tube (PMT), 

photodiode, photodiode array, or charge-coupled device.8  The main disadvantage of this 

detection scheme is the relative lack of sensitivity caused by the small internal diameter 

of the capillary (and hence, the short optical path length).  According to Beer’s law, 

absorbance is proportional to the optical pathlength, and so the sensitivity of absorbance 

detection in CE decreases as the ID of the capillary decreases.6  Also, due to the circular 

cross section of the capillary, not all light rays are able to pass through the capillary 

center and the actual optical pathlength is less than the inner diameter (d) of the capillary 

by a factor of πd/4, which decreases the overall absorbance measurement.9  

 The next most common and one of the most sensitive detection methods used in 

CE is fluorescence.  In particular, LIF is achieved by using a laser as the excitation 

source.  Small, inexpensive and robust diode lasers make particularly attractive sources 

for CE-based methods.  The popularity of LIF detection is due to the lower background 

and increased sensitivity that is obtained by using either native fluorescence or 

fluorescence due to labeling the analyte with a fluorescent moiety.9,10  In fluorescence 

detection, analyte molecules absorb incident photons and then some of the electronically 

excited molecules emit a photon upon returning to ground state.  The most important 
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parameters in determining the utility of a fluorophore for detection purposes include its 

absorptivity, fluorescence quantum yield, and photostability.8  A typical set-up for a LIF 

detector is shown in Fig. 5.  The emitted fluorescent light is measured at a 90º angle 

relative to the excitation beam in order to minimize any stray light that could increase the 

background signal.  The emitted light is then collected through a system of optics to be  

detected at a PMT.  In many cases, LIF detection requires analytes to be made fluorescent 

by some labeling procedure if they are not natively fluorescent at the wavelengths 

associated with the excitation lasers.11,12  Analytes can be rendered fluorescent through 

one of two derivatization reactions: covalent labeling and non-covalent labeling 

reactions,3 which will be discussed in more detail later in this chapter (see Section 1.5).   

 The coupling of CE with MS provides the sensitivity required to detect trace 

analytes as well as the ability to determine both the exact mass of analytes and structural

 

 

 

Fig. 5: Typical setup of a laser induced fluorescence detector. 
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information including the possibility to identify and determine co-migrating species in 

overlapping peaks.13,14  The coupling of CE to MS is most commonly done through the 

use of a sheathflow interface, as shown in Fig. 6.  This interface provides the electrical 

connection that is needed to both drive the electrophoretic separation and the electrospray 

ionization of the analytes. The capillary is placed inside a narrow stainless steel tube that 

is held at electrical ground potential. Between the outside of the capillary and inside of 

the stainless steel tube, a sheath liquid is flowed, mixing with the BGE at the capillary 

exit.  This mixture helps to provide the volume flowrate necessary to maintain a stable 

electrospray.  The sheath liquid also helps to complete the electrical connection by 

containing a volatile electrolyte.  Furthermore, the sheath liquid contains a small 

percentage of organic solvent in order to decrease surface tension and assist in droplet 

formation and solvent evaporation.15  A second concentric tube surrounding the inner CE 

capillary may be used to deliver a gas flow that can assist in the spray formation via

 
Fig. 6: Schematic for a sheathflow interface for CE with MS detection. 
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nebulization.  One limitation to this interface is that the sheath liquid is usually 

introduced at a flow rate of a few microliters per minute, whereas the  EOF from the 

capillary is typically on the order of a few nanoliters per minute, and so this can lead to a 

decrease in sensitivity (due to dilution of the analyte zones as they exit the capillary).16     

 An electrospray ionization (ESI) source is typically used in CE-MS systems 

because: (i) it  allows for the detection of multiply chargeable species of high molecular 

mass; (ii) molecules can be transferred directly from the separation capillary to the mass 

spectrometer with minimal additional make-up flow; and (iii) ESI provides both stable 

spray current and high efficiency of ionization.17,18  The major processes involved in 

electrospray are the production of charged droplets at the electrospray tip, followed by 

solvent evaporation, causing the droplets to shrink while the charge density at the surface 

increases.  When the electrostatic repulsion becomes stronger than the surface tension the 

droplets explode and produce multiply charged analyte ions that enter into the MS 

detector.19  

 When CE is coupled to MS via an electrospray interface, one limitation is the 

composition of the BGE, which should be volatile with low ionic strength.  Most widely 

used BGEs for CE-MS are dilute acetic acid, formic acid, and solutions of their 

ammonium salts.  The use of nonvolatile BGEs in CE-MS is an exception since they can 

be responsible for signal suppression due to salt deposits on the electrospray needle and 

for decreased response due to ion-pairing with the analyte.13,18 Unfortunately, CE 

separation efficiency and resolution are not always maintained when using volatile BGEs, 

showing peak defocusing during the electrophoretic separation process,20 and so a 

compromise between ideal conditions for ESI and for CE may be necessary. 
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 Since CE provides fast and efficient separations that often yield very small peak 

widths, the mass spectrometer must be able to produce a sufficient number of data points 

across the peak width. A time-of-flight mass analyzer (TOF-MS) can be used to achieve 

this due to its high data acquisition rate.  TOF offers numerous other advantages, 

including high mass accuracy, very wide mass-to-charge range, very low detection limits, 

fast scan rates, and relatively low cost.  TOF-MS separates ions in time as they travel 

down a flight tube.  The ions are accelerated into the flight tube by an electric field 

(typically 2-25 kV), and since all of the ions are accelerated across the same distance by 

the same force, they all have the same kinetic energy.  The velocities of the ions are 

dependent on their mass-to-charge ratios; therefore, lighter ions will travel faster through 

the flight tube.14  

1.5. Analyte derivatization 

 CE-LIF has become a primary technique for the separation and quantification of 

proteins.  Often, LIF requires protein analytes to be made fluorescent by some labeling 

procedure if they are not natively fluorescent at the wavelengths associated with the 

excitation lasers employed.10,21  Diode lasers are inexpensive, small, and robust and their 

longer wavelengths mean lower background scattering, but few analytes are natively 

fluorescent at these longer wavelengths and so they typically necessitate the 

implementation of labeling procedures.  Such procedures may involve attaching a 

fluorescent tag by either covalent or non-covalent means to the analyte (e.g. a protein) of 

interest in either a pre-column, on-column, or post-column derivatization reaction.   

Covalent labeling reactions, which comprise a majority of derivatization schemes, 

involve the formation of a covalent bond between the fluorescent label and the analyte.  



19 
 

One advantage of fluorescently labeling proteins includes being able to detect proteins 

that are not natively fluorescent, which enhances their detection limits by several orders 

of magnitude compared to absorbance detection.  Increased selectivity can also be seen 

when the appropriate fluorescent label is reacted with a protein, which reduces 

interference from unwanted signals.  Improved efficiencies can also be seen when the 

labeling conditions are carefully controlled.10  However, there are disadvantages to this 

labeling process.  Derivatization requires increased sample preparation and handling, is 

difficult to achieve with dilute samples, and often requires specific control of solution pH 

and temperature.10,21,22  

 Non-covalent labeling (which relies on hydrogen bonding, along with 

hydrophobic and electrostatic interactions between the dye and target analyte) is an 

attractive option, because it requires less sample preparation (and hence, less chance for 

sample loss, dilution, or contamination) and often less analysis time than covalent 

labeling procedures.12,23  The extent of sample handling includes mixing the protein and 

the labeling fluorphore together.  Labeling of the protein can take place pre-column 

(before injection), on-column (after injection), or post-column (after separation).  Many 

factors influence the success or extent of non-covalent labeling.  Success varies 

depending upon the protein itself (its structure, charged surface moieties, etc.).  Even a 

single protein in a given sample may not be uniformly labeled.  Also, the strength of the 

non-covalent interaction depends on the functional groups of the fluorescent label, the 

reaction conditions (which include separation buffer and pH selection, temperature, and 

reaction time), and the ratio of tag to target.  The ideal probe for labeling has a high 

binding affinity for proteins, reacts quickly and completely, and possesses a high 
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quantum yield.  Some drawbacks to non-covalent labeling compared to covalent labeling 

include its lesser selectivity and weaker complexes, which is why these complexes can’t 

always be analyzed by conventional chromatographic methods.10  Furthermore, the 

availability of dyes that are suitable for non-covalent labeling that also have a long 

excitation wavelengths (compatible with diode laser excitation sources, for example) are 

limited to cyanine and squarylium dyes.  

 Non-covalent and covalent labels alike can be introduced to the analyte at various 

possible stages of the analysis.  Pre-column derivatization occurs when the analyte is 

derivatized prior to injection.  All types of reagents can be employed, including covalent 

labels requiring a long reaction time or high temperatures.24  Typical pre-column 

derivatization reagents include dansyl chloride, fluorescein isothiocyanate (FITC), and 

naphthalene-2,3-dicarboxaldehyde (NDA).6  This method can be very time consuming 

depending on the kinetics of the labeling reaction.  Multiple labeling of analytes with 

more than one derivatization site can also occur.  This can cause different electrophoretic 

mobilities for the same analyte, resulting in an electropherogram with multiple peaks or 

band broadening.  Finally the samples that are derivatized need to be stable or the 

degradation of products can be detected.25   

 On-column derivatization involves the injection of an unadulterated analyte 

sample, with the probe incorporated into the separation buffer.  On-column labeling has 

multiple benefits including no sample pretreatment (and therefore no risk of sample 

contamination), no sample dilution, and furthermore, it typically offers an enhancement 

in sensitivity. This enhancement in sensitivity is due to the constant presence of the probe 
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within the separation buffer for the target to bind to when disassociation occurs during 

the migration process.26 

 Post-column derivatization can often avoid the issues that come along with pre-

column derivatization, since the labeling chemistry is carried out after the analytes have 

been separated.  After analytes migrate and are separated along the capillary, they can 

come in contact with a small gap in the capillary employed for this reaction scheme, at 

which point the derivatization reagent is diffused in and can react with the analytes.  The 

derivatized analytes can then be detected before any multiply-labeled species have a 

chance to separate.  A few requirements for post-column derivatization include: fast 

reaction kinetics and efficient mixing of the analyte and derivatizing agent, as well as 

minimal band broadening upon transfer across the capillary gap.25  Fluorescamine and 

ortho-phthaldialdehyde (OPA) are commonly used as post-column derivatizing agents.6  

Some drawbacks to post-column derivatization include band broadening and/or 

incomplete reaction with the derivatizing agent. 

1.6. Applications of CE-LIF: squarylium dyes as non-covalent protein labels 

Squarylium dyes were first synthesized over thirty years ago and due to the wide 

array of uses, these dyes are widely recognized.27,28  This class of dyes are often found in 

applications such as photoconductors, organic solar cells, optical recording devices, 

optical sensors for metal determination, and more recently, as protein labels.12,23  They 

are synthesized through a condensation reaction of squaric acid with two aromatic and/or 

heterocyclic compounds, which produces the 1,3-disubstituted product.  Many different 

modifications to the structure of the dye can be implemented, which will lead to different 

spectral characteristics of the dye.  Squarylium dyes have a zwitterionic structure due to 
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the central squarate bridge and can exist in both symmetric and asymmetric forms based 

on what substituents are on either side on the bridge.  The positions of different 

substituents also greatly affect the chemical properties of these dyes.12  

The wide variety of uses stem from the properties of these dyes, which include 

their ability to exhibit effective light absorption with long excitation and emission 

wavelengths, high fluorescence quantum yields, and resistance to photodegradation.11,22  

Having excitation wavelengths in the red or near-infrared (NIR) spectral range is what 

makes these dyes desirable for use as protein probes for multiple reasons.  First, 

interference due to native fluorescence of analytes is minimized in the red and NIR 

wavelength region.29  Additionally, inexpensive semiconductor diode lasers can be used 

for excitation of the resulting protein-dye complexes in the red and NIR region.  

By examining the characteristics of dye–protein complexes we can better 

understand the types of interactions occurring within the complex, which can lead to 

better dye designs.  Many different modifications to the structure of the dye can be 

implemented, which will lead to different spectral characteristics of the dye and/or 

different analytical properties.  As such, it was the goal of this research (as described in 

Ch. 3 and 4) to thoroughly explore the spectroscopic characteristics of four novel 

squarylium dyes SQHN-1, SQHN-1a, SQHN-1b, and SQID-1, as depicted in Fig. 7, 

along with the properties of their complexes formed with protein analytes.  Additionally, 

this work aimed to optimize separation methods comparing pre-column and on-column 

labeling schemes involving these dyes for the analysis of protein mixtures by CE-LIF.   
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1.7. Applications of CE-LIF and CE-MS: analysis of opioids and their   
           metabolites 
 
 Whereas CE with LIF detection may necessitate the fluorescent labeling of 

analytes, and whereas such analytes may be large protein molecules, it is also possible to 

take advantage of the separation capabilities of CE for small molecules (such as drugs 

and their metabolites), coupled with MS detection without derivatization or labeling. 

Thus, another goal of this thesis was to develop an optimized CE-MS assay for opioids 

 

 

Fig. 7: Structures of squarylium dyes: SQHN-1, -1a, -1b, and SQID-1. 
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and their metabolites.  The structural diversity of the multitude of modern therapeutic 

drugs has been well documented30,31; however, it is important to also study their 

metabolites since the parent drugs may not, themselves, be found in typical biological 

samples such as urine or blood.  A drug undergoes metabolism once it enters into the 

body, and this process can involve absorption, distribution, metabolic transformation, and 

finally excretion.  These events change the efficacy of the drug and also determine its 

pharmacological and toxicological effects. Therefore, the separation and structural 

characterization of metabolites is very important to the process of drug analysis and 

monitoring.32  

The determination of morphine and its isobaric metabolites morphine-3-beta-D-

glucuronide (M3G) and morphine-6-beta-D-glucuronide (M6G) is described in Ch. 5 of 

this thesis.  The coupling of CE with MS allowed for the complete separation of M3G 

and M6G (which are not distinguishable by mass spectroscopy alone) and led to the 

subsequent analysis and detection of morphine content in patient urine samples.  Oliveira 

et al.33 recently described an HPLC method for the determination of morphine, M3G, and 

M6G in a single 35 min run; however, a multi-step sample extraction and purification 

procedure was needed.  The development of an optimized capillary electrophoresis 

electrospray ionization quadrupole time-of-flight (CE-ESI-QTOF) MS detection method 

for morphine and its metabolites, as described herein, represents a substantial 

development in drug monitoring and diagnostics, which may be transposed to assay 

development for other drug/metabolite targets.  

Thus, the goals of this thesis research – namely, to develop an optimized method 

for drug and drug metabolite determination in patient samples, and to develop an 
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optimized labeling and separation procedure for the determination of various model 

proteins with squarylium dyes – share in common the application of CE for high 

efficiency and high sensitivity analysis while demonstrating the wide applicability of the 

technique for analytes of various sizes and in various matrices.  
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CHAPTER 2 

MATERIALS AND METHODS 

The development of CE-based methods and their application to the analysis of 

proteins and to the analysis of morphine and its metabolites required specialized reagents, 

instrumentation, and procedures as summarized in this chapter.  Any deviations from 

these materials and methods, as necessitated by a particular study or experiment, are 

specified in the applicable sections (or figures) of later chapters. 

2.1. Squarylium dyes as protein labels in CE-LIF 

2.1.1. Squarylium dyes 

SQHN-1, SQHN-1a, SQHN-1b:    

Squarylium dyes SQHN-1, SQHN-1a, SQHN-1b were synthesized by Hiroyuki 

Nakazumi and coworkers at Osaka Prefecture University (Osaka, Japan), and were 

provided to the Colyer lab for this work.  The solid dyes are stable in the dark at room 

temperature for several months or longer.  Stock solution of these three dyes were 

prepared in methanol (Fisher, Fair Lawn, NJ, USA) to a concentration of 2.18×10-3 M 

(SQHN-1), 7.80×10-4 M (SQHN-1a), and 3.56×10-4 M (SQHN-1b).  All stock solutions 

were stored in the dark at 4°C when not in use.  Dilute solutions were used for all 

analyses, and the concentrations of these dilute solutions varied depending on 

instrumentation and strength of binding.  All diluted (“working”) dye solutions were 

prepared immediately prior to the analysis being conducted.  Dilution was achieved using 

one of the aqueous buffers being studied or with MilliQ distilled, deionized water 

(Millipore, Bedford, MA, USA). 
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SQID-1:   

Starting materials 1 (C19H21NO3) and 2 (C14H18INO2) and were synthesized by 

Hiroyuki Nakazumi and coworkers at Osaka Prefecture University (Osaka, Japan).  The 

synthesis of SQID-1 from these starting materials, as described in Ch. 4, was carried out 

by T. Isbell at Osaka Prefecture University during an NSF-sponsored graduate student 

research exchange.  A stock solution of SQID-1 was prepared in methanol to a 

concentration of 9.91×10-4 M and stored in the dark at 4°C when not in use.  Dilute 

solutions were used for all analyses, and the concentrations of these dilute solutions 

varied depending on instrumentation and strength of binding.  All diluted (“working”) 

solutions were prepared immediately prior to the analysis being conducted.  Dilution was 

achieved using one of the aqueous buffers being studied. 

2.1.2. Buffers   

Citrate, tris, and borate buffers were studied extensively with all four squarylium 

dyes.  Citric acid and boric acid (Sigma Aldrich, St. Louis, MO, USA) were prepared to a 

concentration of 25 mM with MilliQ water.  A 20 mM solution of 

tris(hydroxymethyl)aminomethane (“tris,” Sigma Aldrich, St. Louis, MO, USA) was also 

prepared.  Buffer pH was adjusted to a final pH of 3.0 (citrate), 10.0 (borate), or 7.3 (tris).  

For buffer pH adjustment, a Fisher Scientific (Pittsburg, PA, USA) Accumet model 15 

pH meter was utilized after having first conducted a three-point calibration using standard 

buffer solutions (pH of 4.00, 7.00, and 10.00) obtained from Fisher Scientific (Fair Lawn, 

NJ, USA).  Stock solution of 1.0 M NaOH was prepared by weighing out and dissolving 

the appropriate amount of NaOH pellets (Acros, New Jersey, USA) in MilliQ water.  

Stock solution of 1.0 M hydrochloric acid (HCl) was prepared by the dilution of 
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concentrated HCl (Fisher Scientific, Fair Lawn, NJ, USA) with MilliQ water.  1.0 M 

NaOH or 1.0 M HCl were then added dropwise to buffer solutions for pH adjustment.  

Dyes shown to have optimal spectroscopic response in the basic borate buffer (SQHN-1a, 

-1b, and SQID-1) were further analyzed using a 25 mM borate buffer and a 25 mM 

sodium phosphate (Fisher Scientific, Fair Lawn, NJ) buffer at a pH of 8.0, 9.0, 10.0, and 

11.0.  Buffer solutions were stored at room temperature and made fresh every week.  

Before use, buffers were filtered through a 0.2 µm nylon syringe filter (Corning, NY, 

USA).   

Buffer additives were used to enhance the CE-LIF separation for both pre-column 

and on-column labeling experiments.  A 20 mM tris buffer (pH 7.3) was modified by the 

addition of 10 mM phytic acid (Sigma Aldrich, St. Louis, MO, USA) for some 

experiments involving SQHN-1. Additions of 10 mM phytic acid and 10 mM potassium 

chloride (KCl) (Sigma Aldrich, St. Louis, MO, USA) to a 25 mM borate buffer (pH 11.1) 

were made and used in some experiments involving SQHN-1b.  Optimal buffers for use 

in CE-LIF experiments with SQHN-1a and SQID-1 were 15 mM borate (pH 9.0) and 25 

mM sodium phosphate (pH 9.1), respectively.   

2.1.3. Protein analytes   

All proteins were purchased from Sigma Aldrich (St. Louis, MO, USA),  

including bovine serum albumin (BSA, 98%, pI 4.9), transferrin from humans (98%, pI 

5.9), and β-lactoglobulin B from bovine milk (pI 5.4).  Stock solutions of proteins were 

prepared fresh weekly at various concentrations (ranging from 1.70×10-4 M to 7.38×10-5 

M) by dissolving the protein in MilliQ water, and these were stored in the dark at 4°C 

when not in use. 
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2.1.4. Instrumentation 

UV/Vis Absorbance Spectroscopy:   

Absorbance studies were conducted to better characterize the squarylium dyes and 

to determine if a non-covalent complex between the dye and protein was formed.  

Complex formation can be indicated by a shift in absorbance wavelength or even a 

change in absorbance intensity of the dye when protein is added.  Absorbance studies 

were conducted on a Hewlett-Packard HP 8453 UV-VIS spectrometer (Waldbronn, 

Germany).  Dye or dyeprotein samples were mixed by vortexing together with a Vortex-

Genie 2, model G-560 (Scientific Industries, Inc., Bohemia, NY, USA), aliquots of the 

dye stock solution, protein stock solution, and additional buffer or MilliQ water to 

achieve the desired final concentration.  Once samples were prepared they were 

immediately analyzed in a 1-cm quartz cuvette (VWR, Suwannee, GA, USA) by 

recording spectra from 200-900 nm.  

Luminescence Spectroscopy:    

Luminescence spectroscopy helps to further characterize the dyes and to assess 

optimal buffer conditions for dye—protein complex formation.  Fluorescence studies 

employed a Perkin-Elmer LS50B luminescence spectrophotometer (Shelton, CT, USA) 

with a pulsed xenon discharge lamp.  Excitation and emission slit widths were 10 nm 

with a scan rate of 300 nm/min.  The fixed excitation wavelength and emission 

wavelength range employed were dependent upon the spectral properties of each dye, as 

specified in relevant figures in later chapters.  Fluorescence spectra of samples were 

measured using a 1-cm quartz cuvette immediately following the preparation of the 

sample.  
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CE-LIF:   

CE-LIF experiments for the analysis of squarylium dyes and proteins were 

performed on a Beckman Coulter P/ACE MDQ Capillary Electrophoresis System with 

32KARAT software for control and analysis.  LIF detection was done using an external 

635 nm diode laser (Oz Optics, ON, Canada) and a 655 nm emission bandpass filter 

(Beckman Coulter), which allowed wavelengths from 645-665 nm to pass through.  The 

separations were conducted on bare fused-silica capillaries (Polymicro Technologies, 

Phoenix, AZ, USA) with an internal diameter of 50 µm and a total capillary length of 

30.0 or 50.0 cm.  Effective capillary length (from the inlet to the detector) is found by 

subtracting the length of capillary from the detector to the outlet (10.2 cm) from the total 

capillary length.  For first-time use, each new capillary was pressure-flushed for 20 min 

with water, 20 min with 1.0 M NaOH, 20 min water, and 30 min with separation buffer.  

At the beginning and end of each day the flush sequence was 5 min water, 5 min 1.0 M 

NaOH, 5 min water, and 10 min separation buffer.  Additionally, the capillary was 

flushed for 2 min with separation buffer prior to each sample injection.        

2.1.5. Labeling methods 

The non-covalent labeling of proteins with the SQHN-1 dye series and SQID-1 

was accomplished by two methods: pre-column labeling or on-column labeling.  Pre-

column labeling was done by adding the appropriate volumes of dye and protein stock 

solutions to a 1.5 mL microcentrifuge tube and diluting with separation buffer to the final 

desired concentrations (as specified in relevant figures).  On-column labeling was done 

by adding the appropriate amount of dye directly into the CE separation buffer.  The final 

concentration of each SQHN-1 series dye in separation buffer was 7.69×10-6 M or 
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1.49×10-6 M for SQID-1 dye. Protein samples for analysis (prepared by adding the 

appropriate volume of protein stock solution to a 1.5 mL microcentrifuge tube followed 

by dilution with MilliQ water to the desired concentration) were directly injected, without 

further modification, onto the capillary containing the separation buffer with dye in order 

to effect on-column labeling.  All protein samples (for pre-column or on-column labeling 

experiments) were prepared fresh, with mixing via vortexing, and immediately analyzed.  

2.1.6. CE separation methods 

For the CE-LIF analysis of proteins with the SQHN-1 dyes, samples were injected 

at either 1.5 psi*sec or 4 psi*sec, and an applied voltage of 9 or 15 kV was used for the 

separation (as specified in relevant figures).  For the CE-LIF analysis of proteins with 

SQID-1 dye, a separation voltage of 10 or 15 kV was applied after a pressure injection of 

either 1.5 psi*sec or 4 psi*sec  (as specified in relevant figures).  

2.2. Opioid & opioid metabolite analysis by CE and CE-ESI-QTOF-MS 

2.2.1. Drug analytes & standards 

Reference standards of morphine, M3G, and M6G were purchased from Cerilliant 

(Round Rock, TX, USA).  Each standard came prepared in methanol (1 mg/mL) and was 

subsequently diluted to the appropriate concentration with separation buffer prior to 

analysis.  Morphine-D3 (Cerilliant, Round Rock, TX, USA) was prepared to 5 µg/mL in 

separation buffer and was used as an internal standard in CE-ESI-QTOF-MS studies. 

2.2.2. Urine samples 

Certified drug-free normal human urine (UTAK Laboratories, Valencia, CA, 

USA) was spiked with morphine-D3 to prepare urine standards with a fixed concentration 

of 5 µg/mL morphine-D3 upon 10-fold dilution with separation buffer.  Authentic patient 
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positive urine samples (provided in-kind from Ameritox, Ltd.) were treated likewise.  

Samples were analyzed immediately after preparation by CE-ESI-QTOF-MS.   

2.2.3. Background electrolytes BGEs  

Two volatile BGE solutions (ammonium formate and ammonium acetate) and two 

nonvolatile BGE solutions (ammonium phosphate and ammonium borate) were prepared 

as separation buffers for CE studies.  Each BGE was prepared to 15, 25, 50, 75, or 100 

mM by appropriate dilution (with MilliQ water) of 1.0 M stock solutions of formic acid 

(Acros Organics, New Jersey, USA), boric acid (Sigma Aldrich, St. Louis, MA, USA), 

acetic acid or phosphoric acid (Fisher Scientific, Fair Lawn, NJ, USA), with pH 

adjustment achieved by the dropwise addition of 1.0 M ammonium hydroxide (Fisher 

Scientific, Fair Lawn, NJ, USA).  

2.2.4. Instrumentation 

CZE:  

CZE experiments were carried out using an Agilent HP3DCE system 

(Waldbronn, Germany) with a UV-Vis absorbance detector (set at 214 nm). Separations 

were performed in an uncoated, fused-silica capillary (Polymicro Technologies, Phoenix, 

AZ, USA) with an internal diameter of 52 μm and a total length of 70 cm (effective 

length: 61.5 cm). The capillary was conditioned by sequential pressure flushes with 

water, 1.0 M NaOH, and the appropriate BGE prior to experimentation, as described in 

section 2.1.4.  Between runs, a 1-min separation BGE rinse was employed.  Morphine 

and metabolite standards were injected hydrodynamically for 10 sec at 50 mbar.  

Separations were performed in normal polarity mode with an applied voltage of 30 kV.   

CE-ESI-QTOF-MS: 
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All analyses were conducted using an Agilent 7100CE system (Waldbronn, 

Germany), interfaced to an Agilent accurate mass 6530 QTOF-MS system using a dual 

AJS ESI interface.  This interface provided a coaxial sheath liquid make-up flow and a 

nebulizer gas to aid in droplet formation, and it required a capillary length of 80 cm 

(inside diameter: 52 µM).  CE parameters included a hydrodynamic injection for 10 sec 

at 50 mbar and a run voltage of 20 kV.  Between runs a 1-min separation BGE rinse was 

performed.  The sheath liquid was composed of a methanol/water mixture (50:50 v/v) 

with the addition of 0.5% v/v of the same acid used in the BGE.  An Agilent reference 

mass of 322.04 was also added to the sheath liquid to aid in mass accuracy validation.  

The isocratic pump flow rate for the sheath liquid was 0.6 mL/min with a 1:100 splitter.  

The sheath gas temperature was 195°C and the sheath gas flow rate was 3.5 L/min. The 

nebulizing gas pressure was 4 psig.  The dry gas temperature was 250°C, delivered at a 

flow of 4 L/min.  The voltage at the capillary and nozzle was 2000 V with the fragmentor 

at 150 V and skimmer at 65 V.  The MS was operated in positive ion, full scan mode. All 

standards used in CE-ESI-QTOF-MS studies were diluted with BGE (either 25 mM 

ammonium formate, pH 9.5, or 25 mM ammonium borate, pH 9.5), unless otherwise 

noted. 

2.2.5. CE separation methods 

 Initially CZE with UV-Vis absorbance detection was used to study the effects of 

separation BGE concentration (15, 25, 50, 75, or 100 mM), composition (ammonium 

formate, ammonium acetate, ammonium phosphate, and ammonium borate), and pH on 

the separation of morphine and its metabolites. The optimal BGE conditions for the 

separation achieved using CZE were then transposed to the CE-ESI-QTOF-MS system, 
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where it was found the optimal BGE was 25 mM ammonium borate at a pH of 9.5.  

Certain CZE conditions were changed in order to be compatible with TOF-MS detection, 

including an increase in capillary length (70 cm vs 80 cm) to accommodate for the 

instrumental interface, along with a lower run voltage (20 kV) to maintain resolution 

between M3G and M6G.  These methods were applied to urine standards and patient 

urine samples.  Patient samples had previously been analyzed for total morphine content 

by a proprietary HPLC-MS method (Ameritox, Ltd., unpublished data). 
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CHAPTER III 

CHARACTERIZATION AND APPLICATION OF  
SQHN-1 DYE SERIES FOR CE-LIF 

 

The development of novel methods and techniques for protein determination is 

very important in clinical and analytical applications.  Spectral detection methods are 

widely used due to their high sensitivity and selectivity.1  Analysis can usually be carried 

out using absorbance detection; however, LIF detection has become a more attractive 

detection method.2  This is due to the lower background, increased sensitivity, and 

increased selectivity that accompanies this method compared to UV-VIS absorbance.2–4  

Background interference from the sample matrix can be reduced when using 

semiconductor diode lasers (which excite in the NIR region), since few molecules 

demonstrate intrinsic fluorescence in this region.  Sensitivity is also increased since the 

magnitude of Raleigh scattering (which is inversely proportional to the fourth power of 

the excitation wavelength, 1/λ4), is less at the longer wavelengths characteristic of diode 

lasers.5   

LIF detection requires (protein) analytes to be made fluorescent by some labeling 

procedure if they are not already natively fluorescent at the wavelengths associated with 

the excitation laser sources.2,6  Analytes can be rendered fluorescent through one of two 

derivatization reactions: covalent labeling and non-covalent labeling reactions.7  More 

detailed information on covalent labeling can be found in Ch. 1, section 5.  Non-covalent 

labeling (which relies on hydrogen bonding, along with hydrophobic and electrostatic 

interactions between the dye and target analyte) is an attractive option, because it requires 

less sample preparation (and hence, less chance for sample loss, dilution, or 
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contamination) and often less analysis time than covalent labeling procedures.8,9  The 

exact nature of interactions between dye and protein target is often difficult to determine, 

but evidence of interaction is provided by a change in emission of the dye–protein 

complex relative to that of the free, uncomplexed dye, and this can be easily monitored 

by conventional fluorimetric studies.  The ideal probe for labeling has a high binding 

affinity for proteins, reacts quickly and completely, shows enhanced fluorescence after 

binding to proteins, and is devoid of its own fluorescence in the absence of protein.9  Two 

main classes of dyes that demonstrate fluorescence in the NIR region have been explored 

as non-covalent protein labels: cyanine and squarylium dyes.2,5,8–11 

Squarylium dyes, which belong to the class of cyanine dyes, were first 

synthesized over 30 years ago and are 1,3-disubstituted compounds synthesized from 

squaric acid and two aromatic and/or heterocyclic compounds through a condensation 

reaction.  Squarylium dyes are widely recognized for their use in photoconductors, 

organic solar cells, and optical recording media since the dyes exhibit effective light 

absorption and are resistant to photodegradation.12–15  They also have high molar 

absorptivities and they display an intense absorption band in the range of 640 – 850 nm.  

Nakazumi et al.16 showed that squarylium dyes experience enhanced fluorescence 

emission upon binding to bovine serum albumin (BSA).   

By examining the characteristics of dye–protein complexes we can better 

understand the types of interactions occurring within the complex, which can lead to 

better dye designs.  Many different modifications to the structure of the dye can be 

implemented, which will lead to different spectral characteristics of the dye.  Squarylium 

dyes have a zwitterionic structure due to the central squarate bridge and can exist in both 
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symmetric and asymmetric forms based on what substituents are on either side on the 

bridge.  The positions of different substituents also greatly affect the chemical properties 

of these dyes.9  

A comparison of a symmetric (NN127) and an asymmetric (SQ-3) squarylium 

dye conducted by Welder et al.11 found that both dyes showed an enhancement in 

fluorescence upon complexation with BSA, human serum albumin (HSA), β-

lactoglobulin A, and trypsinogen.  However, each dye displayed different spectral 

properties and responded differently to the four proteins. NN127 was found to be a more 

ideal protein label than SQ-3 due to the low fluorescence of free NN127.  Also, SQ-3 

labeling was only feasible under acidic conditions when the fluorescence of the free dye 

was quenched relative to its intensity under neutral or basic pH conditions.  It remained to 

be determined whether or not variations in asymmetric SQ dye structure could be 

manipulated to enhance the utility of these dyes as protein labels for CE-LIF studies. 

Part 1 of this chapter compares the optical spectroscopic properties of a new 

series of three related, asymmetric squarylium dyes.  Specifically, all three dyes have the 

same asymmetric core structure with a single pendant carboxylic acid group tethered by 

increasing hydrocarbon chain length (Fig. 1).  The solution conditions found to yield the 

most favorable fluorescence emission response in these studies are subsequently applied 

to CE-LIF method optimization for the determination of three model proteins in the 

second part of this chapter.  

3.1.  Results and discussion: spectroscopic studies 

3.1.1.  Spectroscopic analysis of SQHN-1, SQHN-1a, and SQHN-1b 
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Spectroscopic analysis of SQHN-1, SQHN-1a, and SQHN-1b was conducted to better 

understand the hydrophobic interactions, electrostatic interactions, and hydrogen bonding 

involved in the formation of non-covalent complexes between the dyes and protein 

targets.  The exact nature and combination of these interactions can be difficult to 

determine, but evidence of interaction is provided by a change in the emission of the dye–

protein complex relative to that of the free, uncomplexed dye, and can be easily 

monitored by fluorimetric studies.11  Since the three members of this particular series of 

dyes differed only in the length of the hydrocarbon chain tethering the pendant carboxylic 

acid group in their structures, it was expected that differences in their complexation with 

proteins could be attributed to the hydrocarbon chain length, thus providing insight into 

future design and planning for squarylium dye structures tailored to particular analytical 

needs.  Additionally, this understanding proved to aid in the development of a CE-LIF 

protocol for the separation of various dye–protein complexes, with the promise of 

extension to protein assays more generally.    

UV-VIS absorbance and fluorescence emission studies of the dyes were 

conducted in acidic, neutral, and basic solution conditions, in the presence and absence of 

BSA in order to determine the optimal buffer conditions for further CE-LIF analysis.  A 

Fig. 1: Structures of SQHN-1, -1a, and -1b.
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broad absorbance band around 550 – 650 nm was observed for all three dyes in basic 

aqueous conditions, which suggests that they all form water-soluble aggregates (Fig. 2, 

blue trace).  Two possible types of aggregates – referred to as J and H – are possible.  J-

aggregates arise from the head-to-tail alignment of monomers, while H-aggregates are 

aligned in a head-to-head (or parallel) arrangement.  Fukuda and Nakahara17 reported that 

squarylium dyes with varying alkyl chains similar to the SQHN-1 series, showed a strong 

absorbance band from 630 – 640 nm in chloroform with a blue shift for H-aggregates and 

a red shift for J-aggregates.17  Fig. 2 also shows that λabs was blue shifted in basic 

aqueous conditions relative to non-aqueous conditions (Fig 2, blue vs. green traces), and 

under non-aqueous conditions it is assumed that the dyes would exist predominantly in 

their monomeric forms.  This would indicate that the asymmetric SQ dyes in this study 

were most likely forming H-aggregates in aqueous solution, in the absence of protein.  In 

the presence of protein, λabs for each dye was red shifted relative to λabs for each dye alone 

(in the absence of protein).  Fig. 2 (red trace) shows the change in absorbance for each 

dye upon the addition of BSA under basic aqueous conditions.  These spectral changes 

are indicative of a non-covalent complex being formed between each dye and the protein.  

The absorbance spectrum of SQHN-1b with added BSA did not show the same shape and 

intensity as the two other squarylium dyes upon the addition of BSA.  This particular dye 

had a higher molar absorptivity (12,090 M-1cm-1) than SQHN-1 or -1a (9,949 M-1cm-1 

and 7,478 M-1cm-1, respectively), which could contribute to the increase in absorbance.  

Table 1 displays an in-depth comparison of absorbance and emission wavelengths with 

and without the addition of BSA for each dye in a variety of buffered solutions.   
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Fig. 2: Absorption spectra of 3.00×10-5 M squarylium dyes (a) SQHN-1, (b) SQHN-1a, and (c) SQHN-
1b in methanol (green), 25 mM borate buffer, pH 10.0 (blue), and also in the presence of 3.00×10-5 M 
BSA  in borate buffer (red). 
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  The wavelength of maximum absorbance (λabs) for SQHN-1 showed a blue shift 

of 22 nm (in aqueous media) relative to λabs in methanol, regardless of the buffer pH, as 

seen in Table 1.  SQHN-1a and -1b also displayed similar blue shifts in λabs in aqueous 

solution relative to λabs in methanol.  This confirms the previous statement that the 

SQHN-1 dyes form H-aggregates in aqueous conditions.  Upon the addition of an 

equimolar amount of BSA to the SQHN-1 dye, the absorption spectrum changed 

significantly, including a red shift in λabs (40 nm, regardless of buffer).  This shift can be 

attributed to the formation of a non-covalent complex between the dye and protein.  

SQHN-1a and -1b also displayed a red shift in λabs upon the addition of BSA but to 

various extents depending upon the buffer, as seen in Table 1.  Variations in the extent of 

shifts are indicative of differing strengths of dye–protein interactions under different 

solution conditions.  These spectral changes also imply disaggregation, since the λabs of 

the dye–protein complex closely resembled that of the dye in MeOH, where it is 

presumed to exist in its monomeric state.     

  The change in wavelength of maximum fluorescence emission (λem) for dye alone 

and upon the addition of BSA are also shown in Table 1.  All three dyes showed a red 

shift in λem upon the addition of BSA, but to varying extents under different solution 

conditions.  A larger shift in λem was seen in the neutral and basic buffers for SQHN-1 (8 

nm vs. 6 nm shift), whereas, the largest shift in λem for SQHN-1a occurred in acidic 

conditions (14 nm), followed by a shift of 7 nm in neutral and basic conditions.  SQHN-

1b displayed a larger shift in λem in neutral conditions followed by acidic and basic 

conditions (8 nm, 4 nm, and 3 nm, respectively).  In all cases it is noted that upon the 

addition of BSA to each  of the SQ dyes in aqueous buffered media, there was a red shift 
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in the wavelength of maximum emission (to longer wavelengths), which confirms that a 

non-covalent complex was being formed for all three dyes as was seen in the absorbance 

spectra.  A larger shift in wavelength is desired since the wavelength for the complex is 

then further separated from that of the dye alone, reducing possible spectral interferences.  

This will ultimately improve fluorescence sensitivity.  Determining the optimal buffer (in 

terms of analytical response) for each dye also required a study of the emission intensity 

of the dye–protein complexes in order to discover which buffer would provide the 

greatest sensitivity for determination of the complex.   

Table 1: Spectral properties for members of the asymmetric SQHN-1 dye series, with and without 
added BSA under various solution conditions.  Absorbance maxima for dye–protein complex were 
used as excitation wavelengths for fluorescence emission studies.  Dye and protein concentrations 
were 3.00×10-5 M and 3.00×10-7 M for absorbance and fluorescence measurements, respectively.  

 Buffer or Solvent λabs (nm) λem (nm) 

  Dye Alone 
Dye with 

BSA 
Shift in λ Dye Alone 

Dye with 
BSA 

Shift in λ

SQHN-1 

Methanol 615 ND ND 647 ND ND 
25 mM Citrate 

(pH 3.1) 
593 633 40 642 648 6 

20 mM Tris     
(pH 7.0) 

593 633 40 648 656 8 

25 mM Borate 
(pH 10.0) 

593 633 40 648 656 8 

        

SQHN-1a 

Methanol 633 ND ND 651 ND ND 
25 mM Citrate 

(pH 3.1) 
588 633 45 643 657 14 

20 mM Tris     
(pH 7.0) 

593 633 40 650 657 7 

25 mM Borate 
(pH 10.0) 

582 633 51 650 657 7 

        

SQHN-1b 

Methanol 601 ND ND 633 ND ND 
25 mM Citrate 

(pH 3.1) 
582 606 24 636 640 4 

20 mM Tris     
(pH 7.0) 

582 616 34 632 640 8 

25 mM Borate 
(pH 10.0) 

575 627 52 642 645 3 
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Each of the three, free squarylium dyes in aqueous solution showed very low 

fluorescence intensity (Table 2).  This is likely due to the formation of dye aggregates (as 

presented above).  Such quenching processes have been reported for many squarylium 

dyes.18,19  Optimal buffers for fluorescence emission intensity are highlighted in yellow in 

Table 2.  In the case of SQHN-1, fluorescence emission increased by a factor of 25 upon 

the addition of protein under neutral solution conditions.  The dyes SQHN-1a and SQHN-

1b had the greatest increase in fluorescence emission upon the addition of protein in basic 

solution conditions (fluorescence enhancement factors of 5 and 18, respectively), 

although both enhancements were lower than that observed for SQHN-1 with BSA.  

Through the spectroscopic analysis of these three dyes it can be concluded that dyes 

Table 2: The effect of buffer selection on emission intensity for dye and dye–protein complexes (λex and 
λem are from Table 1).  Dye and protein concentrations were 3.00×10-7 M. 

Dye/Buffer 
Max Fluorescence 
Emission (RFU),    

Dye Only

Max Fluorescence 
Emission (RFU),          

1:1 Dye - BSA mixture 

Fluorescence 
Enhancement  Factor 

SQHN-1  

25 mM Citrate  
(pH 3.1) 

48.03 78.29 1.63 

20 mM Tris       
(pH 7.0) 

16.05 401.7 25.0 

25 mM Borate    
(pH 10.0) 

14.26 16.48 1.16 

SQHN-1a  

25 mM Citrate   
(pH 3.1) 

136.7 37.61 0.275 

20 mM Tris       
(pH 7.0) 

100.7 187.7 1.86 

25 mM Borate   
(pH 9.0) 

113.3 605.3 5.34 

SQHN-1b  

25 mM Citrate   
(pH 3.1) 

8.318 57.12 6.87 

20 mM Tris        
(pH 7.00) 

3.763 36.38 9.67 

25 mM Borate   
(pH 11.0) 

31.40 573.7 18.3 
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SQHN-1a and SQHN-1b show optimal fluorescence with BSA in borate buffer (pH > 

9.0), whereas SQHN-1 with BSA shows optimal fluorescence in tris buffer (pH 7.0).  

Buffer pH must facilitate both dye–protein binding and CE separation; thus, buffer 

additives and variations in composition will be considered as necessary in part 2 of this 

chapter.  

  A protein titration (with constant dye concentration and increasing protein 

concentration) was also conducted for each of the three dyes in their optimal buffer 

conditions.  Fig. 3a shows the titration of SQHN-1 (3.00×10-7 M) with BSA up to a 1:50 

dye:protein ratio (beyond this ratio the emission intensity is saturated and a clear 

emission peak is not detected).  A linear response in emission intensity for SQHN-1 at 

657 nm as a function of added protein concentration was seen up to a concentration of 

6.00×10-7 M, or a 1:2 dye:protein ratio.   

 The protein titration conducted for SQHN-1b (Fig. 3c) also spanned a 1:50 

dye:protein ratio.  However, the fixed concentration of the SQHN-1b dye used in these 

titration studies was  an order of magnitude lower than the concentration of SQHN-1 

(3.00×10-8 M vs. 3.00×10-7 M) in order to avoid saturating the detector, indicating that 

SQHN-1b is a more sensitive label for BSA than is SQHN-1 (when used under optimal 

solution conditions for each day).  A linear response in emission intensity for SQHN-1b 

at 650 nm as a function of added protein concentration was observed up to a 

concentration of 6.00×10-7 M or a 1:2 dye:protein ratio.   

 The protein titration conducted with SQHN-1a (Fig. 3b) spanned a 1:10 dye:protein 

ratio and also the fixed dye concentration was further decreased (to 2.00×10-8 M) relative 

to that of SQHN-1b (3.00×10-8 M) in order to avoid saturating the detector.  This 
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Fig. 3: Fluorescence emission spectra corresponding to the titration of SQHN-1 dyes with BSA 
protein. Dye:protein ratios are specified in the figure. (a) 3.00×10-7 M SQHN-1 in 25 mM tris buffer 
(pH 7.0); λex: 633 nm, (b) 2.00×10-8 M SQHN-1a in 25 mM borate buffer (pH 9.0); λex: 633 nm, (c) 
3.00×10-8 M SQHN-1b in 25 mM borate buffer (pH 11.0); λex: 633 nm. 
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indicates that out of the three dyes SQHN-1a is probably the most sensitive label for 

BSA.  A linear response in emission intensity for SQHN-1a at 657 nm as a function of 

added protein concentration was observed up to a concentration of 1.00×10-7 M or a 1:5 

dye:protein ratio.   

 Table 3 compares the calibration curve results for all three dyes titrated with BSA, 

corresponding to the linear portion of the protein titrations.  Linearity was high in all 

cases (R2 > 0.99).  The sensitivity of the method is defined as the slope of the line of best 

fit for each calibration curve.  The calibration curve (fluorescence emission as a function 

of protein concentrations) for SQHN-1a displayed the steepest slope (3,375 M-1) and thus 

is the most sensitive, followed by SQHN-1b (1,244 M-1) and SQHN-1 (524.8 M-1).  A 

steep slope means that it is easier to see subtle changes in the concentration of analyte 

since the small changes in concentration lead to large changes in signal (fluorescence 

emission in this case).  

3.1.2.  Stability constants 

The stability constant (Ks) for non-covalent complexes formed between BSA and 

each dye was determined by performing protein titrations (increasing concentrations of 

protein added to a fixed concentration of dye diluted in the optimal buffer previously 

determined for each dye – see Table 2) and applying the method established by Patonay 

Table 3: Calibration curves based on lines of best fit from the titration of each dye with BSA. 
Experimental conditions are listed in Fig. 3. 

Dye 
Dye Concentration 

(M) 
Range of BSA 

concentration (µM)
Slope Intercept R2 λex λem 

SQHN-1 3.00 × 10-7 0.00 - 0.60 524.8 12.92 0.9963 633 657 

SQHN-1a 2.00 × 10-8 0.01 - 0.10 3375 251.6 0.9973 633 657 

SQHN-1b 3.00 × 10-8 0.00 - 0.60 1244 4.592 0.9986 633 650 
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and coworkers.20  According to this method, the interaction between dye (D) and protein 

(P) can be expressed as in equation 3-1: 

D P ⇄ DP (3-2) 
From the equilibrium expression 3-1, the stability constant Ks is defined as: 

 (3-3) 

From the fluorimetric titration data it is possible to calculate Ks according to equation 3-

3: 

1 1 1 1
 (3-4) 

where F is the measured fluorescence emission intensity of the complex and k is a 

constant dependent upon the instrumentation.  A double reciprocal plot of 1/F versus 

1/[P] will yield a straight line.  The intercept divided by the slope of this straight line 

equals Ks.  Stability constants thus determined varied greatly for the three dyes since the 

length of the carbon chain affected not only their spectroscopic properties but also their 

affinities towards protein targets.  The protein titration data shown in Fig. 3 was used to 

construct double reciprocal plots for each dye, as shown in Fig. 4.  SQHN-1a formed the 

most stable non-covalent complex with BSA, with Ks = 7.50×107 M-1 followed by 

SQHN-1b (Ks = 5.33×106 M-1) and SQHN-1 (Ks = 3.11×106 M-1).  The variation in these 

values once again verifies that the length of the carbon chain in the dye does, indeed, 

have an effect on its binding with protein.  A limitation of this method used to calculate 

Ks is that it is only strictly valid for 1:1 stoichiometric complexes of dye and protein.   

3.1.3.  Dye–protein stoichiometries 

  The stoichiometries of all three dye–protein complexes were found through the 

method of continuous variation (Job’s plot), whereby a plot of fluorescence emission as a 
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function of mole fraction of dye is constructed for various dye–protein mixtures 

possessing a fixed total concentration of dye plus protein.  Two straight lines are 

observed within the plot and the mole ratio corresponding to the point at which they 

intersect can be used to determine the predominant stoichiometry of the dye–protein 

complex.  Under the prescribed optimal buffer conditions discussed above, SQHN-1a and 

SQHN-1b each formed non-covalent complexes with BSA in which the predominant 

stoichiometry was 1:1 (dye1–BSA1), whereas the Job’s plot for SQHN-1 predicted a 

predominant stoichiometry of 3:2 (dye3–BSA2), as shown in Fig. 5.  There is some 

precedent for a 3:2 dye:protein stoichiometry,  based on previously published findings 

regarding the interaction of the cyanine dye indocyanine green ICG with human serum 

albumin.23  Overall, these findings suggest that the proximity of the pendant carboxylic 

acid group to the dye does impact the dye binding: the longer, more flexible SQHN-1 

chain allowed for more dye molecules to interact per protein molecule compared to the 

shorter, less flexible (but also less penetrating) SQHN-1a and -1b chains. 

Fig. 4:  Double reciprocal plots of 1/fluorescence versus 1/[BSA] (λex= 633 nm) for the 
determination of Ks for: [SQHN-1]= 3.00×10-7 M in tris buffer, λem= 660 nm (green triangles);  
[SQHN-1b]=  2.00×10-8 M in borate buffer, λem= 657 nm (blue diamonds); [SQHN-1a]= 3.00×10-8 
M in borate buffer, λem= 650 (red squares). 
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Fig. 5: Job’s plots for SQHN-1, -1a, and -1b with BSA protein.  ex= 633 nm; em= 660, 657, and 650 
nm for SQHN-1,  SQHN-1a, and SQHN-1b, respectively.  Total concentration of dye plus protein 
held constant for each system: (a) [SQHN-1]+[BSA]= 6.00×10-8 M (green triangles); (b) [SQHN-
1a]+[BSA]= 8.00×10-8 M (red squares); and (c) [SQHN-1b]+[BSA]= 9.00×10-8 M (blue diamonds). 
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The importance of hydrophobic interactions between squarylium dyes and 

proteins has been previously shown21 and the present binding studies support this.  

SQHN-1a was shown to have the strongest binding affinity with BSA; however, it 

demonstrated a lower fluorescence enhancement compared to SQHN-1 with BSA, which 

showed the weakest binding (smallest Ks).  The difference could be that SQHN-1 (longer 

chain length) forms complexes with more dye molecules per protein molecule (3:2) than 

does SQHN-1a or -1b, rendering the SQHN-1 complexes more emissive, whereas the 1:1 

stoichiometry of SQHN-1a and -1b complexes with protein were less fluorescent.  The 

shorter chain lengths of SQHN-1a and 1b permit stronger binding with the protein by 

strengthening the hydrophobic and electrostatic interactions.  The combination of 

electrostatic and hydrophobic interactions renders these dyes suitable for on-column, pre-

column, and post-column protein labeling strategies under basic and neutral solution 

conditions for subsequent protein analysis by CE-LIF. 

3.1.4. pKa studies  

In order to understand the potential impact of the hydrocarbon chain length 

tethered to the pendant carboxylic acid group on the interaction of squarylium dyes with 

protein targets, the relative acidity of the SQHN-1 dye series was examined.  Absorbance 

measurements can be used to determine the pKa of weak acids.  The Henderson-

Hasselbach equation (Eq. 3-4) can be used to find the point at which the pH will equal the 

pKa: 

 ⁻
 (3-4) 

When the ratio of the conjugate base to the conjugate acid equals one (Eq. 3-5) then the 

log of that ratio will equal zero, so that pKa will equal pH: 
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 ⁻
1  and pH = pKa (3-5) 

When a plot of absorbance vs. pH at the wavelength of maximum absorbance is 

constructed, the inflection point can be found where [HX-] = [X-] and pH = pKa.22  Two 

inflection points were found in the absorbance vs. pH plots for each of the dyes 

(excluding SQHN-1b), indicating that the dyes are diprotic, with two pKa values (see 

Table 4).  However, it is believed that the hydroxyl group on the squaraine ring was 

already deprotonated even at the lowest pH employed for these studies,23 so that the dyes 

would most likely have had a net charge of +1 at the outset.  The first measured pKa 

value occurred at 1.78, 1.60, or 2.35 (for SQHN-1, -1a, and -1b, respectively).  These 

values are believed to correspond to the carboxylic acid group that is tethered by differing 

alkyl chain lengths to the three dyes.  At solution pHs above the measured pKa1 values of 

the dyes but below their pKa2 values, the carboxylic acid group on each dye would be 

deprotonated and the dyes would have no net charge.  The second pKa values determined 

by this study are believed to correspond to the amino group attached to the varying alkyl 

chains for the SQHN dyes (5.14 and 4.66 for SQHN-1 and -1a, respectively).  Above the 

pKa2 values, the dyes would be expected to have a net charge of -1.  This is in agreement

 

Table 4: Experimentally derived pKa values for the SQHN-1 dye  
series (5.00×10-6 M) found by measurement of dye absorbance at λabs=  
600 nm in a 25 mM borate buffer with pH adjusted from 1.46 – 12.01. 

Dye pKa1 pKa2 

SQHN-1 1.78 5.14 

SQHN-1a 1.60 4.66 

SQHN-1b 2.35 (not determined) 
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with the fact that the SQHN dyes migrated after the electroosmotic flow marker in CE 

experiments conducted in normal mode (with positive polarity).  A value for pKa2 was 

not found for SQHN-1b.  This could be due to the deprotonated carboxylic acid and the 

protonated amino group forming an intramolecular bond, affording it greater stability.  

Molecular modeling may be employed to provide further information, including a 

comparison for measured pKa values and verification of their assignment to functional 

groups within the dye structures.    

Since the optimal solution conditions for the labeling of BSA with members of 

the SQHN-1 dye series were found to be aqueous solutions  with pH values above the 

second pKa value for all three dyes, it can be assumed that the dyes would have a net 

charge of -1 at this pH.  Likewise, the BSA protein (pI = 4.7) would bear a net negative 

charge under the solution conditions found to be optimal for fluorescence enhancement.  

This means that electrostatic interactions would be unfavorable under these conditions, 

and so a combination of hydrogen bonding and hydrophobic interactions must contribute 

to the formation of the dye–protein complex. 

3.2.  CE-LIF studies involving SQHN-1 dye series 

Fluorimetric studies that were previously conducted in Section 3.1.1 of this 

chapter helped to determine the suitability of the SQHN-1 dye series as protein labels.  

To further asses their utility as protein labels, CE-LIF was employed to study the non-

covalent interactions between the dye and various model proteins.   

3.2.1.  CE-LIF detection of SQHN-1 series 

SQHN-1, -1a, and -1b were analyzed by CE-LIF in the absence of protein to gain 

a better understanding of the fluorescence properties based upon the dye alone.  CE-LIF 
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conditions employed the separation buffer additives that were deemed optimal for the 

separation of the dye with various model proteins, as described in section 3.2.4 in this 

chapter.  As seen in Fig. 6a each dye is natively fluorescent, leading to a signal for each 

dye alone in the corresponding CE-LIF electropherogram.  For dye samples of the same 

concentration (7.00 x 10-6 M) and same injection volume, the largest peak was seen for 

 
Fig. 6:  (a) Electropherograms for each dye (7.00×10-6 M).  The blue trace represents SQHN-1 with the 
optimal separation buffer of 20 mM tris solution with 10 mM phytic acid (pH 7.3).  The red trace is for 
SQHN-1a with an optimal separation buffer of 15 mM borate solution (pH 9.0) and the green trace 
represents SQHN-1b with the optimal separation buffer of 25 mM borate solution, 10 mM phytic acid, 
10 mM KCl (pH 11.1).  Electropherograms offset for clarity.  (b) Calibration curves based on CE-LIF 
peak area as a function of dye concentration for each of SQHN-1, -1a, and -1b. Optimized parameters 
included a separation voltage of 15 kV and a pressure injection of 1.5 psi*sec. 
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SQHN-1a, followed by SQHN-1 and -1b.  A calibration curve was constructed for each 

dye, as shown in Fig. 6b.  Linearity was excellent (R2 > 0.99 in all cases).  The limit of 

detection (LOD) for each dye alone was calculated by using equation 3-6, where σ 

represents the standard deviation of the baseline and m is the slope of the calibration 

curve:  

3
 (3-6) 

The lowest LOD (8.81×10-13 M) was achieved for SQHN-1, closely followed by SQHN-

1a (LOD = 1.26×10-12 M).  The poorest sensitivity was achieved for SQHN-1b (LOD = 

1.03×10-11 M).  These results were unexpected when compared to the fluorescence 

emission responses obtained by luminescence spectroscopy for each dye (shown in Table 

2).  When the fluorescence of each dye alone was measured in its optimal buffer, SQHN-

1a displayed the greatest fluorescence emission (113.3 RFU) followed by SQHN-1b 

(31.40 RFU) and SQHN-1 (16.05 RFU).  However, limits of detection for dye alone were 

not determined using luminescence spectroscopy and so a direct comparison to LODs 

found by CE-LIF is not possible. Fluorescence spectra were simply looked at as a 

baseline to compare the fluorescence of the dye–protein complex, and thus to determine 

the optimal buffer system.    

  Whereas the above CE-LIF calibration studies for each of the three dyes 

employed the optimal separation buffer system for each, another study was conducted to 

allow for a comparison of the detection of each dye by CE-LIF using a common 

separation buffer (see Fig. 7a).  The separation buffer chosen for this experiment was 25 

mM borate solution with 10 mM phytic acid and 10 mM potassium chloride (KCl), 

adjusted to pH 11.1.  The electropherogram shown in Fig. 7a reveals that SQHN-1a is 
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still more sensitive than SQHN-1 and -1b despite the change in separation buffer 

conditions.  It is interesting to note that in an electropherogram for a sample mixture 

containing all three dyes, using the 25 mM borate solution (with 10 mM phytic acid and 

10 mM KCl; pH 11.1), SQHN-1 and -1a co-migrated whereas SQHN-1b was completely 

resolved and migrated prior to SQHN-1 and -1a (see Fig. 7b).  Peak identities were 

confirmed by spiking the mixed dye sample with each dye individually and observing the 

resulting change in signal. Since SQHN-1 and SQHN-1a had nearly identical pKa values, 

these dyes might be expected to adopt net charges that are similar to one another but 

different from SQHN-1b under the chosen separation buffer conditions, thus leading to 

 

Fig. 7:  (a) CE-LIF electropherogram of independent samples of SQHN-1(■), -1a (▲), and -1b (●) dyes 
(no protein added); dye concentration was 7.00×10-6 M).  Electropherograms are offset for clarity.  (b) 
CE-LIF electropherogram of a sample containing a mixture of all three dyes together ([SQHN-1]= 
[SQHN-1a]= 7.00×10-6 M, and [SQHN-1b]= 7.00×10-5 M).  Optimized conditions included a separation 
buffer of 25 mM borate solution with 10 mM phytic acid and 10 mM KCl (pH 11.1), a separation 
voltage of 15 kV, and a pressure injection of 1.5 psi*sec. 
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their co-migration. Due to the high concentration of SQHN-1b present in Fig. 7b, two 

(unresolved) peaks were observed for this pure dye sample.  This is most likely due to the 

formation of dye aggregates at high concentration of dye.  In order to assess which dye in 

this series may serve as the optimal protein label, pre-column and on-column labeling 

experiments were subsequently conducted to determine the extent of enhancement in 

fluorescence using CE-LIF.  

3.2.2. CE-LIF analysis of dye–protein mixtures 

For non-covalent protein labeling, pre-column and on-column labeling are the 

most commonly used labeling methods.  On-column labeling offers the advantage of 

reduced sample handling and has also been shown to enhance separation efficiencies and 

sensitivity.10,25,26  For these reasons, on-column, non-covalent protein labeling was 

initially explored with the SQHN-1 dye series.  On-column labeling involves the 

injection of unadulterated protein sample into a capillary filled with separation buffer in 

which the labeling agent has been dissolved.25  For all CE-LIF on-column labeling 

experiments described here, the separation buffer contained a fixed concentration 

(7.00×10-6 M) of a member of the SQHN-1 dye series.  In order to determine the 

sensitivity of the on-column labeling method a protein titration was initially performed 

for each dye.  In these studies the amount of dye in the separation buffer remained 

constant while the concentration of BSA in the injected sample was increased.  A linear 

increase in peak area for the labeling of BSA with SQHN-1 is seen in Fig. 8.  When 

SQHN-1 was used to label BSA (Fig. 8a) peak degradation can be seen at high 

concentrations of BSA, presumably due to competitive equilibria between dye–protein 

binding and protein-protein interactions.  Reduced concentrations of injected protein 
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Fig. 8: Electropherograms for on-column labeling of BSA with SQHN-1, -1a, and -1b.  Dye 
concentration (7.00×10-6 M) in the separation buffer was held constant.  BSA samples were diluted 
with MilliQ water to the desired concentration (as specified in the figure legends) and analyzed 
immediately.  Other optimized parameters included a separation voltage of 15 kV and a pressure 
injection of 1.5 psi*sec.  (a) BSA labeled with SQHN-1; separation buffer was 20 mM tris with 10 mM 
phytic acid (pH 7.3).  (b) BSA labeled with SQHN-1a; separation buffer was 15 mM borate (pH 9.0).  
(c) BSA labeled with SQHN-1b; separation buffer was 25 mM borate solution with 10 mM phytic acid 
and 10 mM KCl (pH 11.1).  Electropherograms are offset (and inset) for clarity. 
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should mitigate this problem.  Peak shape for SQHN-1a (Fig. 8b) remained consistent as 

protein sample concentration was increased.  However, when the protein concentration 

was increased for SQHN-1b (Fig. 8c) peak fronting was observed, which can be avoided 

by using a reduced amount of protein.  Similar LODs were found for BSA when using  

SQHN-1 and -1b as fluorescent labels (3.11×10-13 M and 1.61×10-13 M, respectively).  

SQHN-1a, however, provided a significantly lower LOD (3.77×10-15 M) than the other 

dyes in the series when used to label BSA. This trend differs from the trend in LODs 

determined by CE-LIF for each dye alone (that is, in the absence of protein; see Section 

3.2.1), but a correlation between free dye LODs and dye–protein LODs is not necessarily 

to be expected.  A lower LOD (more sensitive detection) for the dye–protein complex in 

the case of SQHN-1a is likely an indication of stronger dye–protein interactions, which is 

in agreement with the higher value of the stability constant (as determined previously for 

SQHN-1a with BSA; see Section 3.1.2).   

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

To determine the most effective method for protein labeling, pre-column labeling 

was employed and compared to prior results from on-column labeling.  Pre-column 

labeling involves the mixing of the label and protein together prior to its introduction into 

the capillary.  Fig. 9 shows a comparison of electropherograms for dye alone, pre-column 

labeling, and on-column labeling of BSA.  For pre-column labeling, a 1:1 ratio of 

dye:BSA (concentration of each, 7.00×10-6 M) was premixed prior to injection.  For on-

column labeling the same concentration of unadulterated BSA was directly injected onto 

the capillary, containing the dye in separation buffer.  In pre-column labeling, unbound 

dye and complex peak identities were confirmed by increasing the amount of BSA added 
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Fig. 9: A comparison of on-column labeling (green trace), pre-column labeling (orange trace), and dye 
alone (blue trace) for SQHN-1(■), -1a (▲), and -1b (●) with BSA.  The complex peak is indicated by 
the ◊ symbol.  Dye concentration (7.00×10-6 M) was held constant in all modes.  BSA was diluted with 
MilliQ water to the desired concentration and analyzed immediately.  Other optimized parameters 
included a separation voltage of 15 kV and a pressure injection of 1.5 psi*sec.  (a) CE-LIF 
electropherogram of BSA labeled with SQHN-1 using a 20 mM tris with 10 mM phytic acid (pH 7.3).  
(b) CE-LIF electropherogram of BSA labeled with SQHN-1a using a15 mM borate (pH 9.0).  (c) CE-
LIF electropherogram of BSA labeled with SQHN-1b using a 25 mM borate with 10 mM phytic acid 
and 10 mM KCl (pH 11.1).  Electropherograms are offset for clarity.
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while the dye concentration was held constant (see, for example, Fig. 10).  Only one peak 

is seen in on-column labeling experiments since any unbound dye would contribute to the 

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

everywhere in the separation buffer.  SQHN-1a showed just a 3-fold enhancement in the 

peak area of the dye–protein complex for on-column labeling (Fig 9b, green trace) 

compared to that found with pre-column labeling (Fig. 9b, orange trace), whereas SQHN-

1b (Fig. 9c) showed the greatest enhancement in peak area (a 77-fold increase).  All three 

dyes showed an enhancement in peak area for on-column labeling.  An 18-fold increase 

in the peak area for the dye–protein complex was observed for the on-column labeling of 

BSA with SQHN-1 compared to that achieved with pre-column labeling (Fig. 9a, green 

trace vs. orange trace).  The migration time of peaks for the dye–protein complex were 

slightly different, which could be due to a change in the properties of the capillary wall 

caused by the presence of the dye in the separation buffer resulting in a change in EOF. 

  

 

Fig. 10: Electropherograms of BSA labeled pre-column, using a 20 mM tris separation buffer 
containing 10 mM phytic acid (pH 7.3).  The concentration of SQHN-1 remained constant at 7.00×10-6 
M and the amount of BSA varied (as indicated in the figure legend).  Electropherogram are offset 
vertically and horizontally for clarity. Other separation conditions: 15 kV separation voltage and 
pressure injection of 1.5 psi*sec. 
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The migration time for the free uncomplexed dye peak seen in pre-column labeling (Fig. 

9, orange trace) is expected to coincide with the migration time of the dye alone peak 

(Fig. 9, blue trace) and indeed this is what is seen in the comparison of SQHN-1a (Fig. 

9b, ▲) and -1b (Fig. 9c, ●).  However, the migration time for the free (uncomplexed) dye 

peak was increased relative to the dye alone peak for SQHN-1 (Fig. 9a, ■).  This was 

unexpected and perhaps due to some inadvertent change in capillary conditions over 

time.    

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

column labeling methods was conducted, as reported in Table 5.  Calibration curves 

constructed from peak area versus injected protein concentration were constructed in 

order to compare LODs and the sensitivity between the two labeling methods.  The LODs 

for BSA labeled in pre-column mode with SQHN-1 and -1b are about an order of 

magnitude higher (worse) than those for on-column labeling.  The LOD for BSA labeled 

with SQHN-1a is only slightly improved for on-column labeling compared to pre-column 

labeling.  The increase in sensitivity seen for on-column labeling in all cases occurs

 

Table 5: Comparison of LOD and sensitivity for pre-column and on-column labeling of BSA with 
SQHN-1, -1a, -1b. 

 
LOD* (M)  
(LOQ†, M) 

Sensitivity (M-1) R2 

 Pre-column On-Column Pre-column On-Column Pre-column On-Column

SQHN-1 
3.11×10-13 

(3.00×10-6) 
1.86×10-14

(7.00×10-8) 2.38×10+11 1.48×10+13 0.993 0.999 

SQHN-1a 
4.46×10-15 

(5.60×10-8) 
3.77×10-15 

(4.67×10-9) 
 

4.91×10+13 3.94×10+13 0.997 0.990 

SQHN-1b 
1.61×10-13 

(3.00×10-7) 
4.97×10-14

(3.00×10-8) 
 

6.04×10+11 2.95×10+13 0.997 0.999 

*Theoretical LOD values were obtained from eq. 3-6. 
†LOQ values correspond to the lowest concentration of protein that yielded an experimentally measurable peak 
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because the protein analyte migrates through a buffer-filled capillary in which the 

labeling dye is dissolved.  An equilibrium between free and bound forms of protein is 

established in on-column experiments, and this equilibrium is driven towards the bound 

form according to Le Chatelier’s principle by the presence of excess dye in the separation 

buffer.10  On-column labeling led to an increase in sensitivity (relative to pre-column 

labeling) in all cases, and so it is the preferred labeling method for the SQHN-1 dye 

series. In particular, the greatest enhancement in sensitivity was seen when BSA was 

labeled on-column with SQHN-1b.  Another benefit to on-column labeling is the fact that 

sample pretreatment is eliminated, which reduces the risk of sample contamination or 

loss and can also reduce overall analysis time.  On-column labeling means that there is no 

dilution of the sample by the labeling reagent solution, as would be the case with pre-

column labeling.  Pre-column labeling may be beneficial and necessary if incubation is 

needed for a complex to form between the dye and protein (when reaction rates are slow).  

This was not needed for the dye–BSA complex but could be necessary in some instances 

depending upon the nature of the proteins or small molecule analytes being investigated.              

3.2.4.  Separations of protein mixtures 

To establish the feasibility of using the SQHN-1 series of dyes for protein 

analysis, it was necessary to consider a mixture of different proteins subjected to on-

column labeling and separation.  Three model proteins with different pIs and molecular 

weights, including BSA (pI=4.7; 66.5 kDa), β-lactoglobulin B (pI=5.1; 18.4 kDa), and 

transferrin (pI=5.9; 80 kDa) were labeled on-column with SQHN-1, -1a, and -1b for these 

studies.  Initially, each protein was labeled and analyzed independent of the others, to 

verify that all three dyes were able to label all three proteins, recognizing that they might 
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do so with various different sensitivities.  A larger pressure injection of 4 psi*sec (which 

causes an increase in the amount of sample injected onto the column) allowed for the 

detection of transferrin and β-lactoglobulin B, which interacted with the dyes to a lesser 

extent than BSA and so did not demonstrate pronounced fluorescence enhancements.  

Calibration curves of peak area versus injected protein concentration were constructed for 

all combinations of proteins with dyes to allow for an in-depth comparison of various 

analytical figures of merit for each protein labeled with SQHN-1, -1a, or -1b.  As seen in 

Table 6 when BSA is labeled on-column with SQHN-1, -1a, or -1b, similar LODs are 

observed (1.60×10-15 M, 1.71×10-15 M, and 2.34×10-15 M, respectively).  Migration times 

for each dye–protein complex differ due to the change in the separation buffer 

composition and pH for each on-column dye labeling system.  The range of linearity 

spans at least 2 orders of magnitude for each dye.  Table 7 compares the figures of merit 

when each dye is used to label β-lactoglobulin B.  The LODs for this protein complexed 

with each dye are very similar, with SQHN-1a offering a considerably lower LOD 

(7.51×10-14 M) compared to SQHN-1 (1.29×10-13 M) and SQHN-1b (1.67×10-13 M).  The

  

Table 6: Analytical figures of merit for the on-column labeling of BSA with SQHN-1, -1a, and -1b 
employing a separation buffer of 20 mM tris with 10 mM phytic acid (pH 7.3), 15 mM borate (pH 
9.0), or 25 mM borate with 10 mM phytic acid and 10 mM KCl (pH 11.1) for SQHN-1, -1a, and -1b, 
respectively. 

 Linear Range (M) LOQ (M)* LOD (M)† Sensitivity (M-1) R2 
Migration 
Time (min) 

SQHN-1 
7.00×10-8 -  
7.00×10-6 

7.00×10-8 1.60×10-15 8.38×10+13 0.9996 3.042 

SQHN-1a 
2.33×10-9 -  
1.16×10-6 

2.33×10-9 1.71×10-15 1.69×10+14 0.9995 1.880 

SQHN-1b 
4.67×10-9 -  
7.00×10-7 

4.67×10-9 2.34×10-15 6.77×10+13 0.9964 2.714 

*LOQ values correspond to the lowest concentration of protein that yielded an experimentally measurable peak 
area. 
†LOD values were obtained from eq. 3-6. 
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LODs for the labeling of transferrin are listed in Table 8.  SQHN-1 and -1a both offered 

very similar detection limits for transferrin (2.46×10-13 M and 3.66×10-13 M, 

respectively).  The detection limit for transferrin with SQHN-1b was an order of 

magnitude lower (2.97×10-14 M).  In each case the dyes provided the lowest limits of 

detection for BSA compared to transferrin and β-lactoglobulin B.  There was no singular 

dye that yielded consistently greater sensitivities for all proteins in CE-LIF experiments 

with on-column labeling.  For example, the lowest LOD for β-lactoglobulin B in the 

protein mixture was obtained when SQHN-1a was employed for on-column labeling, 

whereas the lowest LOD for transferrin was obtained when SQHN-1b was used. The fact 

that different dyes were identified as optimal for different proteins in the sample mixture 

is not surprising given the many competing factors that influence dye–protein 

Table 7: Analytical figures of merit for the on-column labeling of β-lactoglobulin B with SQHN-1, 
-1a, and -1b employing a separation buffer of 20 mM tris with 10 mM phytic acid (pH 7.3), 15 mM 
borate (pH 9.0), or 25 mM borate with 10 mM phytic acid and 10 mM KCl (pH11.1) for SQHN-1, -1a, 
and -1b, respectively. 

 Linear Range (M) LOQ (M) LOD (M) Sensitivity (M-1) R2 
Migration 
Time (min)

SQHN-1 
5.00×10-7 - 
1.69×10-4 

5.00×10-7 1.29×10-13 1.66×10+12 0.9996 3.186 

SQHN-1a 
8.00×10-7 - 
1.69×10-5 

8.00×10-7 7.51×10-14 2.03×10+12 0.9938 1.191 

SQHN-1b 
7.00×10-7 -  
1.69×10-4 

7.00×10-7 1.67×10-13 6.99×10+11 0.9998 2.342 

 
Table 8: Analytical figures of merit for the on-column labeling of transferrin with SQHN-1, -1a, and -
1b employing a separation buffer of 20 mM tris with 10 mM phytic acid (pH 7.3), 15 mM borate (pH 
9.0), or 25 mM borate with 10 mM phytic acid and 10 mM KCl (pH 11.1) for SQHN-1, -1a, and -1b, 
respectively. 

 Linear Range (M) LOQ (M) LOD (M) Sensitivity (M-1) R2 
Migration 
Time (min)

SQHN-1 
1.54×10-6 -   
7.69×10-6  

1.54×10-6 2.46×10-13 4.47×10+11 0.9902 2.341 

SQHN-1a 
7.69×10-6 -  
1.54×10-5  

7.69×10-6 3.66×10-13 3.37×10+11 0.9980 1.081 

SQHN-1b 
1.54×10-7 - 
7.69×10-6  

1.54×10-7 2.97×10-14 4.13×10+12 0.9978 1.883 
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interactions, including separation buffer pH, dye pKa values, and protein pI values, along 

with competing equilibria (e.g. protein-protein interactions, and dye aggregation or 

adsorption to the capillary wall). At the pH of each of the separation buffers employed for 

these CE-LIF studies, all three dyes would be expected to be negatively charged, but their 

different net charges, along with differences in net charges on the proteins, would lead to 

different extents of electrostatic interactions in conjunction with different hydrophobic 

interactions and/or hydrogen bonding.  All of these factors play a role in the protein 

labeling seen here.  Despite the relatively small variability in affinities (and sensitivities) 

for each of the dyes towards the model proteins studied here, the ability of SQHN-1, -1a, 

and -1b to bind to all three proteins affirmed their potential use as universal protein 

probes.   

It remained to be demonstrated that the set of three model proteins could not only 

be labeled by the SQHN-1 dye series, but also resolved from one another when labeled. 

The ability to efficiently separate all three proteins in a mixture further validated the use 

of these dyes as universal probes.  A separation of all three proteins in a single mixture 

was carried out with on-column labeling with the SQHN-1 dye series as shown in Fig. 

11.  For this series of experiments the separation voltage was reduced to 9 kV when a 30 

cm capillary was used.  This decrease in voltage allowed for the resolution of BSA and β-

lactoglobulin B.  Transferrin was always the first peak to elute (with the fastest migration 

time) regardless of which label was applied, and this protein was always baseline 

resolved from the other proteins.  Keeping in mind that the optimal separation buffer for  

SQHN-1 was at a pH of 7.4, when SQHN-1 was used to label the mixture (Fig. 11a, blue 

trace) the order of migration was transferrin (tm= 4.35 min), BSA (tm= 5.61 min), and        
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β-lactoglobulin B (tm= 6.35 min).  Peak identities were confirmed by spiking the mixed 

protein sample with individual, purified proteins.  SQHN-1 has the strongest binding with 

BSA and therefore a lower concentration of BSA (3.08×10-7 M) relative to transferrin 

(3.08×10-5 M) and β-lactoglobulin B (3.08×10-5 M) was present in the sample mixture in 

order to detect all three proteins.   

 Resolution (Rs) is one way to measure the effectiveness of a separation and is 

defined as the degree of separation of two adjacent analyte peaks.  A resolution of 1.5 is 

 

Fig. 11: Electropherograms of a mixture of transferrin (◊), β-lactoglobulin B (■), and BSA (●) labeled 
on-column with 7.69×10-6 M SQHN-1, -1a, or -1b. Optimized parameters included a separation voltage 
of 9 kV and a pressure injection of 4 psi*sec. (a) BSA (3.08×10-7 M), transferrin (3.08×10-5 M), and β-
lactoglobulin B (3.08×10-5 M) labeled with SQHN-1.  (b) BSA (4.04×10-8 M), transferrin (7.68×10-6 
M), and β-lactoglobulin B (5.73×10-6 M) labeled with SQHN-1a. (c) BSA (3.37×10-8 M), transferrin 
(7.69×10-6 M), and β-lactoglobulin B (3.37×10-6 M) labeled with SQHN-1b. 
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necessary for complete separation (baseline resolution) and values less than 1.0 represent 

poorer seperations.26  As stated previously, the SQHN-1 labeled transferrin (◊) was 

baseline resolved from BSA (●) in Fig. 11(a), with a resolution factor of 2.0, while the  

BSA peak (●) and β-lactoglobulin B peak (■) had a resolution factor of 0.92 in this same 

SQHN-1 on-column labeling experiment (Fig. 11(a)).  Resolution was calculated 

according to equation 3-7, where t represents the migration time (of each of the two 

adjacent peaks, subscripted 1 and 2) and w is the base width of the peak: 

2
 (3-7) 

  To evaluate the efficiency of the separation, the number of theoretical plates (N) 

was calculated for each peak according to equation 3-8: 

4
 (3-8) 

where all variables are as previously defined.  Peak efficiencies for the three proteins in 

the mixture, labeled on-column with SQHN-1, were uniformly low (ranging from just 

3,100 - 11,000 theoretical plates per meter).  Separation efficiency is a measure of the 

relative peak broadening (w) that has occurred while the analyte passes through the 

capillary (in time tm).  An increase in migration time will lead to an increase in peak 

width.26  Reduced efficiencies within this system could have occurred due to the presence 

of phytic acid in the separation buffer.  Phytic acid would result in an increase in ionic 

strength of the separation buffer, which, in turn, will cause a decrease in EOF and 

therefore an increase in migration time.  However, separation buffer additives were 

necessary in order to achieve resolution between the labeled proteins in this work and so 

a compromise between resolution and efficiency (number of theoretical plates) was 

necessary.         
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The protein separation achieved with SQHN-1a as the on-column labeling reagent 

is shown in Fig. 11b (red trace).  This separation had a substantial decrease in migration 

time for each peak relative to the separation employing SQHN-1 as the on-column 

labeling reagent.  The order of migration was transferrin (tm= 1.73 min), followed by β-

lactoglobulin B (tm= 1.94 min), and lastly BSA (tm= 2.08 min).  The migration order of 

BSA and β-lactoglobulin B labeled with SQHN-1a was reversed relative to the order 

observed with the SQHN-1 labeling reagent.  Peak identities were once again confirmed 

by spiking the mixed protein sample with individual, purified proteins.  The reversal of 

elution can be attributed to the effect of the presence of a different dye in the separation 

buffer and to the change in separation buffer pH.  The optimal separation buffer pH for 

SQHN-1a (pH 9.0) differed from that of SQHN-1 (pH 7.3).  Both of these separation 

buffers, however, had a pH above the pI of each protein (pI (BSA) = 4.7; pI (β-

lactoglobulin B) = 5.1; pI (transferrin) = 5.9), and thus the proteins would be expected to 

be negatively charged under these two sets of experimental conditions.  The pH values of 

these two separation buffers (used with SQHN-1a and SQHN-1 dyes) are also above the 

pKa2 values of both dyes, thus causing SQHN-1 and SQHN-1a to be negatively charged.   

On-column labeling by SQHN-1 in a separation buffer at a pH of 7.3 likely yields a 

dyeBSA complex with a lesser net-negative charge than the dyeBSA complex formed 

on-column with SQHN-1a in a separation buffer at pH 9.0 (since BSA has a net charge of 

-14 at a pH of 7.3, but it has a net charge of -49 at a pH of 9.0, according to the protein 

calculator v.3.427.  The protein separation achieved with on-column labeling by SQHN-1 

is also expected to involve a less negatively charged dyeβ-lactoglobulin B complex (β-

lactoglobulin B has a net charge of -7.5 at a pH of 7.327) relative to the comparable 
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dyeβ-lactoglobulin B complex in the separation conducted with SQHN-1a (since β-

lactoglobulin B has a net charge of -15 at a pH of 9.027).  That is, there was not a 

significant difference in net negative charge between BSA and β-lactoglobulin B for the 

separation done with SQHN-1 at pH 7.3.  However, there was a more significant 

difference in charge between these two proteins in a separation buffer pH of 9.0, which 

was employed for the separation with SQHN-1a as the on-column label.  This may have 

contributed to the reversal of migration order for BSA and β-lactoglobulin B in CE 

experiments conducted with SQHN-1 vs. SQHN-1a as the labeling reagent.  The 

difference in net charge on these two proteins increases to almost 2 orders of magnitude 

when the pH of the separation buffer is 11 (as employed with on-column labeling reagent 

SQHN-1b) as opposed to pH 9.0 (as employed with on-column labeling reagent SQHN-

1a).  This more dramatic difference in net protein charges may be responsible for the 

increase seen in the resolution between the two dyeprotein complexes (dyeBSA and 

dyeβ-lactoglobulin B) in electropherograms employing SQHN-1b compared to SQHN-

1a or SQHN-1.   

SQHN-1a also had the strongest binding with BSA and therefore a lower 

concentration of BSA (4.04×10-8 M) relative to transferrin (7.68×10-6 M) and β-

lactoglobulin B (5.73×10-6 M) was present in the sample mixture in order to detect all 

three proteins in a single run.  On-column labeling with SQHN-1a led to a resolution 

factor between transferrin (◊) and β-lactoglobulin B (■) of 1.1 and a resolution between 

β-lactoglobulin B and BSA (●) of 0.78 (see Fig. 11b).  Additionally, peak efficiencies for 

the three proteins in the mixture, labeled on-column with SQHN-1a, were uniformly low 

(ranging from just 2,600 – 9,000 theoretical plates per meter).  As stated previously, a 
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resolution factor below 1.0 represents a poor separation.  One explanation for this is that 

proteins may have been experiencing some adsorption to the capillary wall under the 

separation buffer conditions employed with SQHN-1a labeling, thus causing additional 

band broadening.   

  When SQHN-1b was used for on-column labeling of the protein mixture the order 

of migration was the same as when SQHN-1a was used (Fig. 11c, green trace).  

Transferrin (tm= 3.59 min) migrated prior to β-lactoglobulin B (tm= 4.30 min), followed 

by BSA (tm= 4.67 min).  The complete separation was conducted in under 5 min, which 

was essentially twice as long as the time required for the protein separation with SQHN-

1a as the on-column labeling reagent, but still faster (by about 2 min) than the separation 

conducted with SQHN-1 (total time: ~7 min).  This change in total separation time can be 

largely attributed to the different ionic strength of the separation buffer containing 

SQHN-1b relative to the separation buffers containing SQHN-1a or SQHN-1.  Peak 

efficiencies for the three proteins in the mixture, labeled on-column with SQHN-1b, were 

uniformly low (ranging from just 2,600 – 4,900 theoretical plates per meter), as observed 

for on-column labeling with the other SQHN dyes.  The resolution between transferrin 

(◊) and β-lactoglobulin B (■) was 1.4 and the resolution between β-lactoglobulin B (■) 

and BSA (●) was 0.68 in the CE-LIF experiment employing on-column labeling with 

SQHN-1b (Fig. 11c).  These resolution values closely mimic those achieved with SQHN-

1a, and although they did not represent complete baseline resolution, they were sufficient 

to allow for identification and quantitation of each individual protein component.  One 

limitation of labeling of these proteins with the SQHN-1 dye series is that the 

concentration of β-lactoglobulin B had to be in excess compared to the concentration of 
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BSA.  In addition, each dye had a different optimal concentration ratio of β-lactoglobulin 

B:BSA in order to achieve adequate resolution between the two dye:protein complexes.  

Therefore, each protein in the mixture had a limited concentration range that was suitable 

for labeling.        

As discussed above, the main factors contributing to the observed differences in 

migration time for the various dye–protein complexes are the composition and pH of the 

optimal separation buffer used with each dye.  The optimal separation buffer for SQHN-

1a was 15 mM borate solution (pH 9.0).  For SQHN-1b, a 25 mM borate solution with 10 

mM phytic acid and 10 mM KCl (pH 11.1) was used.  In this case, phytic acid and KCl 

were employed as separation buffer additives to aid in the separation of all three 

complexes from one another.  Increasing the ionic strength of the separation buffer will 

cause the EOF to decrease, thereby allowing for more time for the separation to take 

place along the column.  Additionally, the phytic acid and KCl separation buffer 

additives can reduce analyte adsorption to the capillary wall and can reduce analyte-

analyte interactions that could otherwise degrade the separation. 

Another way to improve separations by enhancing resolution is to increase the 

total capillary length.   An increase in capillary length will increase migration time and 

should thus allow for an increase in resolution between analytes, but this can sometimes 

occur at the cost of reduced peak efficiencies and increased overall analysis times.  The 

effect of capillary length (30 cm vs. 50 cm) on protein determination by CE-LIF with on-

column labeling was studied for each dye (see Table 9).  Before a mixture of all three 

model proteins was analyzed, each protein was determined separately to allow for a direct 

quantitative comparison based on capillary length.  Aside from changing the capillary 
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length from 30 cm to 50 cm, all other instrumental parameters remained the same, 

including a dye concentration of 7.00×10-6 M; a separation voltage of 15 kV; and a 4 

psi*sec pressure injection.  Migration times for all peaks on the 50 cm capillary increased 

relative to those on the 30 cm capillary, as expected. In most instances, LODs were 

unchanged or were increased (worsened) slightly for the dye–protein complexes when 

using the 50 cm capillary compared to the 30 cm capillary.  Reduced sensitivity can occur 

due to band broadening since the sample plug has more time to diffuse while migrating 

along a greater distance for the longer capillary and thus a decrease in sensitivity is 

Table 9: A study of the effect of capillary length on various analytical figures of merit for the on-
column labeling of model proteins BSA, transferrin, and β-lactoglobulin B with SQHN-1, -1a, or -
1b. 

 Total Length LOD (M) R2 tm 

SQHN-1 

 
BSA 

50 cm 4.82×10-16 0.9990 11.438 

30 cm 1.60×10-15 0.9996 3.042 

Transferrin 
50 cm 1.94×10-12 0.9958 8.443 

30 cm 2.46×10-13 0.9902 2.341 

β-lactoglobulin B 
50 cm 1.19×10-13 0.9928 12.509 

30 cm 1.29×10-13 0.9996 3.186 

SQHN-1a  

BSA 
50 cm 6.35×10-15 0.9949 4.140 

30 cm 1.71×10-15 0.9995 1.880 

Transferrin 
50 cm 2.33×10-12 0.9983 3.360 

30 cm 3.66×10-13 0.9980 1.081 

β-lactoglobulin B 
50 cm 2.18×10-13 0.9973 3.670 

30 cm 7.51×10-14 0.9938 1.191 

SQHN-1b 

BSA 
50 cm 7.17×10-15 0.9987 8.913 

30 cm 2.34×10-15 0.9964 2.714 

Transferrin 
50 cm 7.012×10-12 0.9973 6.745 

30 cm 2.97×10-14 0.9978 1.883 

 
β-lactoglobulin B 

50 cm 1.41×10-13 0.9988 7.830 

30 cm 1.67×10-13 0.9998 2.342 
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expected.  However, this small decrease in sensitivity may represent an acceptable trade-

off if the increase in capillary length simultaneously enhances resolution between peaks.  

 Next, a mixture of BSA, transferrin, and β-lactoglobulin B was separated using 

the longer 50 cm capillary.  The migration times of all three protein complexes increased 

when a 50 cm capillary was used (Fig. 12, blue trace) compared to a 30 cm capillary (Fig. 

12, red trace), but the order of migration stayed the same.  Using the longer capillary 

allowed for the resolution of BSA and β-lactoglobulin B to improve slightly.  Resolution 

factors are compared in Table 10.  The separation between BSA and β-lactoglobulin B 

improved for on-column labeling with both SQHN-1a and -1b on the longer capillary.  

However, for SQHN-1, the resolution between BSA and β-lactoglobulin B did not 

improve even with the longer capillary.   

  Changing the separation voltage, just like changing the total capillary length, will 

impact overall migration times and thus can be used to affect resolution.  The separation 

voltage was increased from 9 kV to 15 kV on the longer 50 cm capillary to decrease 

migration time (Fig. 12, green traces), although it was recognized that this might nullify  

any gains in resolution earned by increasing the capillary length in the first place.  The 

resolution factor improved only slightly (from 1.1 to 1.3) when a lower voltage (9 kV) 

was used when BSA and β-lactoglobulin B were labeled with SQHN-1.  For this reason, 

subsequent experiments involving on-column labeling with SQHN-1 were conducted on 

the 50 cm capillary using the higher separation voltage of 15 kV based upon the 

improvement (reduction) in total run time (from 17 min to 10 min).   

Calibration curves were obtained for each protein in the three-protein mixture 

separated on the 50 cm capillary with an applied voltage of 15 kV.  Calibration curve 
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Fig. 12: A comparison of the protein separation conducted on a 30 cm capillary (9 kV separation 
voltage, red trace) vs a 50 cm capillary (9 kV, blue trace; and 15 kV, green trace). On-column labeling of 
transferrin (◊), β-lactoglobulin B (■), and BSA (●) was conducted with (a) 7.69×10-6 M SQHN-1, (b) 
SQHN-1a, or (c) SQHN-1b.A pressure injection of 4 psi*sec was employed in all cases. Protein 
concentrations in the samples were as follows: (a) BSA (3.08×10-7 M), transferrin (3.08×10-5 M), and β-
lactoglobulin B (3.08×10-5 M) ;(b) BSA (4.04×10-8 M), transferrin (7.68×10-6 M), and β-lactoglobulin B 
(5.73×10-6 M); and (c) BSA (3.37×10-8 M), transferrin (7.69×10-6 M), and β-lactoglobulin B (3.37×10-6 
M). 
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data corresponds to peak areas obtained for increasing concentrations of each protein in 

the mixture while maintaining a fixed concentration of dye in the separation buffer.  A 

linear increase was seen for peak area vs. protein concentration and linear regression was 

applied to obtain equations of the lines of best fit.     

  Percentage recoveries could then be calculated by comparing the experimentally 

determined peak area for a protein of known concentration in a mixture to the expected 

peak area (determined based on the line of best fit from the calibration curve).  These 

recovery studies were conducted on the 50 cm capillary only since better resolution was 

seen between BSA and β-lactoglobulin B on this capillary, which allowed for greater 

accuracy in determining peak areas.  Percent recoveries for each protein in the mixture 

are summarized in Table 11 along with peak efficiencies (expressed as the number of 

theoretical plates per meter).  Percent recovery is one way to measure the accuracy of a 

method.  High percentages (near 100%) are necessary for method validation.  The percent 

recovery for the labeling of various proteins in a mixture using dyes in the SQHN-1 

series ranged from 98.5% to 132%.  Recoveries of proteins by methods employing 

SQHN-1 and SQHN-1a dyes were better than for SQHN-1b.  Previously it was shown 

that the background fluorescence (or native fluorescence) of the SQHN-1b dye in its 

Table 10:  A comparison of resolution factors for proteins in a mixture, separated on a 30 cm and 50 cm 
capillary.  Separations conditions were as described in Fig. 12. 

 
 

Rs 
Transferrin and 

BSA 

Rs 
Transferrin and      
β-lactoglobulin B 

Rs 
β-lactoglobulin B and BSA 

Total Length SQHN-1 SQHN-1a SQHN-1b SQHN-1 SQHN-1a SQHN-1b 

50 cm1 2.3 2.2 2.1 1.1 1.2 1.1 

30 cm2 2.0 1.1 1.4 0.92 0.78 0.68 
1 Separation on the 50 cm capillary was performed with a separation voltage of 15 kV. 
2 Separation on the 30 cm capillary was performed with a separation voltage of 9 kV. 
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optimal buffer was the highest of all three dyes (recall Table 2), and this may have led to 

elevated percent recoveries.  This also confirms that the proteins are not getting adsorbed 

to the capillary wall or the complex is being dissociated during the separation.   

3.3   Conclusions 

Dyes SQHN-1a and SQHN-1b showed optimal fluorescence with BSA in borate 

buffer (pH 9), whereas SQHN-1 with BSA showed optimal fluorescence in tris buffer 

(pH 7).   Additionally, the stoichiometries of non-covalent complexes were found to be 

the same (1:1) for dyes SQHN-1a and -1b, and different (3:2) for dye SQHN-1 with BSA.  

The variations in stoichiometry and optimal buffer pH indicate the importance of a 

combination of electrostatic, hydrophobic, and H-bonding interactions between dye and 

protein, and suggest the suitability of these dyes as candidates for on-column or pre-

column protein labeling strategies under basic and neutral solution conditions, for 

subsequent protein analysis by CE-LIF. 

Dyes SQHN-1, -1a, and -1b demonstrated that on-column labeling is a more 

sensitive method than pre-column labeling.  A protein separation was achieved using 

SQHN-1, -1a, or -1b for on-column labeling of a mixture of BSA, transferrin, and β-

Table 11:  The percent recoveries and number of theoretical plates calculated for the separation of a 
mixture of proteins with on-column labeling by SQHN-1 series dyes conducted with a 50 cm 
capillary.  

 % Recovery Plates per meter 

 SQHN-1 SQHN-1a SQHN-1b SQHN-1 SQHN-1a SQHN-1b 

Transferrin 98.5 97.8 102 2,086 16,880 5,142 

BSA 101 106 117 1,995 3,038 4,688 

β-lactoglobulin B 100 101 132 11,050 9,803 3,188 
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lactoglobulin, which suggests that all three dyes bind to a variety of proteins and so could 

find applications for the analysis of more complex biological samples. 
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CHAPTER IV 

SYNTHESIS, CHARACTERIZATION, AND APPLICATION OF SQID-1 
DYE FOR PROTEIN ANALYSIS BY CE-LIF 

 

 Fluorescent labeling of proteins offers many advantages and has been used 

extensively in clinical and analytical applications.  One advantage is that labeling allows 

otherwise non-fluorescent analytes to be detected by LIF schemes, which enhances their 

limits of detection relative to absorbance detection by several orders of magnitude.1,2  

Coupling LIF detection schemes to CE separation methods allows not only for greater 

sensitivity but also greater selectivity.  The ideal fluorescent probe for protein labeling 

and analysis is one that is devoid of its own fluorescence in the absence of protein, has 

high binding affinity for proteins, and shows enhanced fluorescence after binding with 

proteins.3  By understanding the nature of non-covalent interactions between the dye and 

target, it is possible to develop more efficient analytical methods for detection as well as 

more sensitive probes.   

 Squarylium dyes have been shown to be ideal protein probes for CE-LIF based 

assays.3–5  Squarylium dyes were first synthesized in the 1960s and have a zwitterionic 

structure, which consists of an oxocyclobutenolate core with aromatic or heterocyclic 

components at both ends of the molecule.6  Traditional symmetric squarylium dyes are 

synthesized by the condensation of squaric acid (3,4-dihydroxy-1,2-dioxocyclobut-3-ene) 

with two aromatic or heterocyclic compounds.  In order to increase the versatility of these 

dyes and to improve their photophysical properties, asymmetric squarylium dyes are of 

great interest now.  Asymmetric dyes are synthesized from a squaric acid core substituted 

with an aromatic or a heterocyclic component followed by the condensation with another 
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(different) component.7  These dyes exhibit a sharp absorption band with high extinction 

coefficients in solution in the red or NIR region (600 – 750 nm) and are resistant to 

photodegradation.8  For these reasons squarylium dyes have found applications as 

photoconductors in copying devices9, organic solar cells9, optical recording media10, and 

as optical sensors for metal determination11.    

 The key to better fluorescent dye design is to introduce heterocyclic components 

possessing large pi-conjugation systems with strong electron donating properties.12  This 

allows for dyes to have long excitation and emission wavelengths, which further allows 

inexpensive diode lasers to be used for their excitation.  Another benefit to longer 

wavelengths is that interferences can be reduced by shifting the optical detection away 

from the region where native proteins absorb, and also away from the region of possible 

auto-fluorescence of biological matrices.13  Thus, this work describes the synthesis of a 

novel asymmetric squarylium dye, SQID-1, and its use as a potential protein probe in CE-

LIF assays.  SQID-1 was designed in order to increase its water solubility and stability 

compared to the lower stability of the SQHN-1 dye series in aqueous solutions.        

4.1. Synthesis of SQID-1 

 A novel asymmetric squarylium dye, SQID-1 was synthesized (Scheme 1) from 

precursors 1 and 2 that were prepared according to the literature.14  Compound 1 (0.102 

g, 0.328 mmol) and 2 (0.139 g, 0.387 mmol) were dissolved in 5 mL of butanol/benzene 

(4/1, v/v).  Two drops of quinolone were added to the solution and then heated to 100 ºC 

and refluxed for 5 hours.  After the reaction, the solvent was removed on a rotary 

evaporator.  The resulting compound was dissolved in tetrahydrofuran (THF) and 

purified by column chromatography (silicon dioxide (SiO2), eluent: chloroform/methanol 
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(CHCl3/CH3OH), 10:1, v/v).  The solvent was removed and the compound was further 

purified by crystallization from CHCl3 and hexane to give compound 3 as a blue solid 

(0.063 g, 0.12 mmol, 37%).  1H-NMR (CdCl3, 400 MHz): δ (ppm): 8.10 (d, J=9.8, 1H), 

8.04 (s, 1H), 7.42-7.31 (m, 2H), 7.21 (t, J=7.6, 1H), 7.06 (d, J=9.6, 1H), 6.97 (d, J=10, 

1H), 4.13-3.99 (m, 4H), 1.85-1.79 (m, 14H), 1.54-1.42 (m, 2H), 1.39 (t, J=8.7, 3H), 0.96 

(t, J-8.3, 3H). 

 

4.2. Results and discussion: spectroscopic studies 

 Non-covalent labeling can occur by a variety of physical mechanisms, including 

hydrophobic interactions, electrostatic interactions, and hydrogen bonding between the 

dye and protein targets.  The exact nature and combination of these interactions can be 

difficult to determine, but evidence of interaction is provided by a change in the emission 

(wavelength and/or intensity) of the dye–protein complex relative to that of the free, 

uncomplexed dye, and can be easily monitored by fluorimetric studies.4,5  

4.2.1. Spectral properties of SQID-1 

 The absorbance spectrum of SQID-1 in MeOH showed a broad peak or plateau 

from 580 – 650 nm (Fig. 1, blue trace).  Under these solution conditions it is assumed that 

the dye would exist predominantly in its monomeric form.  A blue shift in the wavelength 

range of maximum absorbance was seen when SQID-1 was in aqueous solution.  This 

 

Scheme 1:  Synthesis of SQID-1 

(3) SQID-1(1) (2)
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suggests that the dye forms water-soluble aggregates, as was seen for members of the 

SQHN-1 dye series (Ch. 3), and by other researchers.13,15,16  In both neutral and basic pH 

buffers, a blue shift of 10 nm in the absorbance plateau was seen (570 – 650 nm; Fig. 1, 

green and pink traces) relative to methanolic solution.  In acidic conditions (Fig. 1, red 

trace) the absorbance spectra was broadened from 530 – 700 nm.  Two types of 

aggregates – referred to as J and H – are possible and are described in detail in Ch. 3, 

Section 3.1.1.  Fukuda and Nakahara17 reported that squarylium dyes showed a strong 

absorbance band from 630 – 640 nm in chloroform with a blue shift for H-aggregates and 

a red shift for J-aggregates.  This would suggest that in the present study, SQID-1 is most 

likely forming H-aggregates in aqueous solution, in the absence of protein. 

 

Fig. 1: Absorbance spectra of SQID-1 (3.50×10-5 M) in MeOH (blue trace); 25 mM citrate buffer, pH 
3.1 (red trace); 20 mM tris buffer, pH 7.2 (green trace); and 25 mM borate buffer, pH 10.1 (pink 
trace). 
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 The relatively small shift in the wavelength range of maximum absorbance of 

SQID-1 in aqueous solution differed from the behavior observed for other squarylium 

dyes under the same conditions (see Ch. 3, for example), in as much as the SQHN-1 

series of dyes showed a greater shift in absorbance maximum under aqueous conditions.  

This might suggest that the formation of SQID-1 dye aggregates is not as favorable a 

process as the formation of SQHN dye aggregates.  However, further evidence of SQID-1 

dye aggregates was provided by the results of fluorescence emission studies. 

 Fluorescence emission of SQID-1 alone in MeOH (excit = 610 nm / emis = 645 

nm) was about six times greater than in citrate (pH 3.13), tris (pH 7.23), or borate (pH 

10.1) buffer solutions, as shown in Table 1.  Tatikolov et al.16  suggested that this is due 

to the deactivation of the fluorescence state in polar solvents, which involves

Table 1: Spectral properties for SQID-1, with and without added BSA under various solution conditions.  
The wavelength of maximum absorbance for each dye–protein complex was used as the excitation 
wavelength in fluorescence emission studies.  Dye and protein concentrations were both 3.00×10-5 M for 
absorbance and 3.00×10-7 M for fluorescence measurements.  

Solvent/Buffer λmax ABS (nm) λmax EMIS (nm) 
Max. Emis. 

(RFU) 

Factor of 
Fluorescence 
Enhancement 

 
Dye 

Alone 

1:1 
with 
BSA 

Dye 
Alone 

1:1 
with 
BSA 

Dye 
Alone 

1:1 
with 
BSA 

 

Methanol 610 ND 645 ND 231.4 ND ND 

25 mM Citrate 
(pH 3.1) 

625 625 652 652 31.54 65.78 2.09 

20 mM Tris 

(pH 7.2) 
610 620 641 652 39.02 157.69 4.04 

25 mM Borate 
(pH 10.1) 

610 620 640 653 51.56 445.36 8.64 
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intramolecular charge transfer in the excited state and twisting around free bonds.  The 

low fluorescence of SQID-1 in aqueous conditions allowed it to be used as a fluorescent 

label for protein determination (since the dye itself presents little background interference 

under these conditions), as discussed in the next section.   

4.2.2.  SQID-1–protein interactions 

 BSA was labeled with SQID-1 in a variety of buffers and analyzed by absorbance 

and fluorescence spectroscopy to assess the dye’s suitability as a non-covalent protein 

label.  Buffer conditions leading to optimal absorbance and emission responses were then 

applied to CE-LIF method development.  Initially, the absorbance and fluorescence 

spectra of the dye alone and the dye mixed with BSA protein were recorded using acidic 

(citrate), neutral (tris), and basic (borate) buffer systems.  For example, the absorbance 

spectra of SQID-1 alone (Fig. 2a, blue trace), BSA alone (Fig. 2a, red trace), and the dye–

protein complex (Fig. 2a, green trace) in borate buffer are shown in Fig. 2a. A shift in 

λabs,max upon the addition of BSA is indicative of a non-covalent complex being formed.   

 In addition to a shift in wavelength, an increase in absorbance or fluorescence 

intensity can also be indicative of a complex being formed.  When BSA was added to 

SQID-1 in a 1:1 ratio, the wavelength of maximum absorbance was red-shifted (by 10 

nm) in tris (neutral) and borate (basic) aqueous buffers, as seen in Table 1.  No shift in 

absorbance wavelength was observed when the dye–protein mixture was prepared in 

citrate buffer, which could indicate that no complex was formed or that there is only a 

very weak affinity of the dye towards the protein under acidic buffer conditions.  

Variations in the extent of shifts are indicative of differing strengths of dye–protein 

interactions under different solution conditions.   
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 A slight red-shift in λemis,max upon the addition of BSA to SQID-1 under neutral 

(+11 nm) and basic (+13 nm) aqueous conditions was also observed (refer to Table 1).  

No shift in the wavelength of maximum emission of SQID-1 occurred upon the addition 

of BSA in citrate buffer.  From an analytical standpoint, a larger shift in wavelength is 

desired since the wavelength for the complex is then further separated from that of the 

dye alone, reducing any possible spectral interferences.  This will ultimately improve 

fluorescence sensitivity.   

 Determining the optimal buffer (in terms of analytical response) for each dye also 

required a study of the emission intensity of the dye–protein complex in order to discover 

 

Fig. 2: Absorbance and fluorescence spectra of SQID-1 alone and in a 1:1 complex with BSA in 25 mM 
borate buffer, pH 10.1.  (a) 3.50×10-5 M for all analytes (b) 3.50×10-7 M for all analytes. 
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which buffer would provide the greatest sensitivity for the determination of the complex.  

All three buffer systems gave rise to an increase in fluorescence emission intensity upon 

the addition of BSA to SQID-1, which further verifies that a non-covalent complex is 

formed under aqueous conditions across a wide range of pH values.  A summary of the 

absorbance and emission properties of SQID-1 with and without added BSA are shown in 

Table 1.  The fluorescence intensity increased by a factor of 8.64 when the dye and 

protein were mixed in 25 mM borate buffer (pH 10.1), compared to emission 

enhancement factors of 2.09 and 4.04 under acidic and neutral conditions, respectively.  

This indicates that the interaction between SQID-1 and BSA is affected by the pH of the 

solution.  At a pH of 10.1 (in borate buffer) both the dye and protein are  predicted to be  

negatively charged, and so electrostatic repulsion would be expected to disfavor the 

formation of a dye–protein complex at this pH.  However, other interactions (i.e. 

hydrophobic interactions, hydrogen bonds, and Van der Waals forces) between dye and 

protein can exist to allow for the formation of a non-covalent dyeprotein complex4 (as 

seen in Fig. 2b).   

 The interaction of SQID-1 with BSA in various basic buffers was further 

explored.  Borate and sodium phosphate buffers were analyzed at various pH values to 

determine which buffer led to the greatest increase in fluorescence emission for SQID-1– 

BSA mixtures.  A summary of the emission data for each basic buffer system is shown in 

Table 2.  A sodium phosphate buffer at pH 9.29 gave the greatest increase in fluorescence 

(13-fold) and so this buffer system was subsequently used in the determination of BSA 

labeled with SQID-1.    
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  A protein titration (with constant dye concentration (9.00 x 10-8 M) and 

increasing protein concentration) was then conducted for the labeling of BSA with SQID-

1 under optimal buffer conditions (sodium phosphate, pH 9.29).  The resulting emission 

spectra are shown in Fig. 3a.  The concentration of added BSA was varied from a 1:0 

ratio (dye with no added protein) up to a 1:50 ratio (50-fold excess protein relative to the 

fixed concentration of dye).  Beyond this ratio it can be assumed that all the dye present 

will be  fully complexed by the added protein and so at that point (or before that point), 

the fluorescence emission should reach a plateau, with no further increase in emission 

even upon the addition of more protein.  A linear response in fluorescence intensity as a 

Table 2: Maximum fluorescence emissions measured at 653 nm (excitation at 620 nm) for BSA 
(3.50×10-7 M) labeled with SQID-1 (3.50×10-7 M). 

Solvent/Buffer Max. Emis. (RFU) 
Fluorescence 
Enhancement  

Factor  

 Dye Alone 1:1 with BSA  

25 mM Borate (pH 8.05) 54.49 299.6 5.50 

25 mM Borate (pH 9.04) 61.17 540.2 8.83 

25 mM Borate (pH 10.07) 51.56 445.4 8.64 

25 mM Borate (pH 11.08) 62.80 272.9 4.36 

25 mM Sodium Phosphate (pH 8.11) 50.53 457.9 9.06 

25 mM Sodium Phosphate  (pH 9.29) 45.32 593.3 13.1 

25 mM Sodium Phosphate  (pH 10.00) 57.51 572.3 9.95 

25 mM Sodium Phosphate  (pH 11.03) 191.6 381.7 1.99 
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function of BSA concentration was seen up to a protein concentration of 1.8×10-7 M, 

which is equivalent to a 1:2 dye:protein ratio.  The calibration curve (RFU vs. [BSA]) is 

shown in Fig. 3b.  From the calibration curve the line of best fit (R2 = 0.9929) for the 

linear region (up to a dye:protein ratio of 1:2) can be found for the dye–protein complex.  

Sensitivity can be defined as the slope of this line.  A steep slope means that it is easier to 

see subtle changes in the concentration of analyte since small changes in concentration 

will lead to large changes in signal (fluorescence emission in this case).  The sensitivity 

of SQID-1 for BSA in 25 mM sodium phosphate buffer (pH 9.29) was found to be 

 

Fig. 3:  (a) Fluorescence spectra of SQID-1 (9.00×10-8 M) titrated with increasing concentrations of 
BSA protein (dye:protein ratios as specified in the figure) in 25 mM sodium phosphate buffer (pH 
9.29).  (b) Calibration curve of the concentration of BSA vs. fluorescence intensity at 635 nm when 
excited at 620 nm. 

0

50

100

150

200

250

300

350

400

450

625 675 725

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 (

R
FU

)

Wavelength (nm)

1 : 50
1 : 25
1 : 10
1 : 5
1 : 2
1 : 1
1 : 0.5
1 : 0.1
1 : 0

y = 1E+09x + 7.0653
R² = 0.9929

0

50

100

150

200

250

300

350

400

450

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 (

65
3 

n
m

)

[BSA] M

(a)

(b)



94 
 

9.90×108 M-1 and the LOD for SQID-1-labeled BSA was 9.59×10-11 M.  This is 

comparable to the LODs found for BSA with the SQHN-1 dye series in Ch. 3, Section 

3.1.1 (1.07×10-10 M – 2.74×10-10 M).  

4.2.3. Stability constant for SQID-1BSA  

  The stability constant (Ks) for the non-covalent complex formed between BSA 

and SQID-1 was determined by performing a protein titration in 25 mM sodium 

phosphate buffer, pH 9.3 (Fig. 3a) and applying the double reciprocal plot method 

established by Patonay and coworkers.18  This method (which presumes a 1:1 

stoichiometry) and details regarding the determination of Ks are described in detail in Ch. 

3, Section 3.1.2.  A double reciprocal plot using data from Fig. 3b is shown in Fig. 4.  

The stability constant for the formation of a non-covalent complex between SQID-1 and 

BSA under basic aqueous solution conditions was found to be 8.50×106 M-1.  This 

constant indicates that the SQID-1BSA complex is comparable in strength to the BSA 

complexes formed with members of the SQHN-1 series of dyes (Ch. 3, Section 3.1.2).  

 

 

Fig. 4: The double reciprocal plot for the determination of Ks for SQID-1BSA. 
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4.2.4. Dye–protein stoichiometry 

 To determine the predominant stoichiometry of the dye–protein complex, the 

method of continuous variation (Job’s method) was employed, as described in Ch. 3, 

Section 3.1.3.  In this method, the total molar concentration of dye plus protein combined 

was held constant (at 6.00×10-7 M) but the mole fraction of SQID-1 was varied.  A Job’s 

plot of signal (fluorescence emission) as a function of the mole fraction of dye was 

constructed (Fig. 5).  Two straight lines were observed in the plot and the mole ratio 

corresponding to their intersection point reflects the stoichiometry of the dye–protein 

complex.  It can be seen that when the amount of protein was greater than that of the dye 

an increase in signal was seen.  As soon as more dye than protein was present in the 

solution, a decrease in signal was observed.  Thus, it was found that the predominant 

stoichiometry of the non-covalent SQID-1BSA complex formed in a 25 mM sodium

 

 

Fig. 5: Predominant stoichiometry of SQID-1BSA determined via Job’s method.  A total molar 
concentration (dye+protein) of 6.00×10-7 M in 25 mM sodium phosphate buffer (pH 9.3) was used.  
Other optimized parameters included λex of 620 nm and λem of 653 nm. 
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phosphate buffer (pH 9.3) was 1:1.  This result further verifies the method used to 

determine the stability constant in Section 4.2.3.      

4.2.5. pKa studies 

In order to understand the potential impact of the structure of SQID-1 on its 

interaction with protein targets, the relative acidity of the dye was examined.  Absorbance 

measurements can be used to determine the pKa of weak acids,19 as described in some 

detail in Ch. 3, Section 3.1.4.  Briefly, a plot of absorbance of the dye as a function of 

solution pH was constructed (as seen in Fig. 6), and the inflection point(s) on this curve 

occur at pH value(s) equivalent to the pKa value(s) of the dye, according to the 

Henderson-Hasselbach equation.  Two inflection points in the plot of absorbance (at 633 

nm) vs. pH (Fig. 6) were identified for a 5.00×10-6 M solution of SQID-1 prepared in 25 

mM borate (pH 1.46 – 12.01), adjusted by the dropwise addition of 0.1 HCl, 1.0 M HCl, 

0.1 M NaOH, or 1.0 M NaOH, and thus two pKa values could be determined: pKa1 = 

0.97and pKa2 = 4.0.  The first pKa (= 0.97) is believed to correspond to the acid 

dissociation (deprotonation) of the central squaraine ring.  The second pKa (=4.0) is 

believed to represent the deprotonation of the carboxylic acid group.  These values 

closely correspond with the  literature20,21.  Since the optimal buffer for the labeling of 

BSA with SQID-1 was found to be an aqueous solution of 25 mM sodium phosphate at a 

pH of 9.3, which is well above the second pKa value for the dye, it can be assumed that 

SQID-1 would have a net charge of -1 at this pH. Likewise, the BSA protein (pI = 4.7) 

would bear a net negative charge under the solution conditions found to be optimal for 

fluorescence enhancement.  This means that electrostatic interactions would be 

unfavorable under 
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these conditions, and so a combination of hydrogen bonding and hydrophobic 

interactions must contribute to the formation of the dye–protein complex.       

4.3. Results and discussion: CE-LIF   

4.3.1. CE-LIF analysis of SQID-1 

 In order to better assess the utility of SQID-1 as a protein label, CE-LIF analysis 

was initially conducted on dye-only samples.  All CE-LIF experiments employed the 

optimal buffer (25 mM sodium phosphate, pH 9.3) found previously (Section 4.2).   

Electropherograms of SQID-1 samples of increasing concentration are shown in Fig. 7a.  

The average migration time (tm) of the dye peak occurred at 1.74 min.  Unexpectedly, 

there was a steady increase in migration time throughout this series of CE-LIF 

experiments.  However, migration time for each of the three replicates recorded at each 

concentration had an RSD of  0.9% (Fig. 7a, inset).  The shift in migration time seen 

with increasing sample concentration, may, therefore, be attributed to increased 

 

Fig. 6: The determination of pKa from a plot of absorbance vs. pH of SQID-1 (5.00×10-6 M) in 25 
mM borate buffer. Curve fitting and inflection points were determined by application of the software 
KaleidaGraph (Synergy Software).  
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aggregation effects or increased dye-wall interactions at higher dye concentrations.  A 

calibration curve of peak area vs. dye concentration was constructed, which yielded a 

linear response (R2= 0.9931) over the SQID-1 concentration range 1.82×10-5 M – 

7.20×10-7 M.  The limit of detection (LOD) for dye alone was calculated to be 4.11×10-14 

M by using equation 4-1:  

 3
 

(4-1) 

 

Fig. 7: (a) Electropherograms of SQID-1 samples of increasing concentration (as indicated in the 
figure), offset vertically for clarity.  A set of three replicates for [SQID-1]= 4.56×10-5 M is shown in 
the inset to demonstrate run-to-run reproducibility for a given dye concentration. (b) Calibration curve 
of peak area as a function of SQID-1 concentration.  Optimized conditions included a 25 mM sodium 
phosphate separation buffer (pH 9.1), separation voltage of 15 kV, and a pressure injection of 1.5 
psi*sec. 
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where σ represents the standard deviation of the baseline and m is the slope of the 

calibration curve (Fig. 7b).  The LOD for SQID-1 alone was an order of magnitude lower 

(better) than LODs found for the SQHN-1 dye series (1.03×10-11 M – 8.81×10-13 M) in 

Ch. 3, Section 3.2.1.  For comparison, SQHN-1a displayed the greatest fluorescence 

emission (113.3 RFU), followed by SQID-1 (45.32 RFU), SQHN-1b (31.40 RFU), and 

SQHN-1 (16.05 RFU) in luminescence spectroscopy studies, which would suggest that 

lower LODs should be achievable for SQHN-1a relative to SQID-1. Since the LOD for 

SQID-1 was lower than that for SQHN-1a by CE-LIF, it is possible that SQID-1 suffered 

from less wall adsorption or less photobleaching effects in CE-LIF, making it “more” 

detectable under these analytical conditions.   

4.3.2.  CE-LIF of BSA labeled with SQID-1 

 For the formation of fluorescent, non-covalent, protein–dye complexes, pre-

column and on-column labeling schemes are most commonly employed.  On-column 

labeling offers the advantage of reduced sample handling and has been shown to enhance 

separation efficiencies and sensitivities.4,22,23  For this reason we pursued on-column, 

non-covalent protein labeling to begin these studies.  On-column labeling involves the 

injection of unadulterated protein sample onto a capillary filled with separation buffer 

into which the labeling agent has been dissolved.22  The amount of SQID-1 (9.91×10-6 

M) used in the separation buffer remained constant throughout all on-column 

experiments.  Fig. 8a shows a series of electropherograms where the amount of BSA 

injected onto the capillary was increased.  The average migration time for the dye–protein 

complex peak was 3.22 min.  Only one peak (corresponding to the dye–protein complex) 

was observed since any unbound dye would contribute to the baseline fluorescence signal 
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and would not, therefore, generate a separate peak.4  The dip in the baseline (near 2.7 

min) of electropherograms of BSA labeled on-column with SQID-1 serves as a marker of 

electroosmotic flow, and is attributed to a deficiency of dye in the separation buffer at 

that point (where dye has been “removed” from the buffer and is now tied-up in the 

formation of a dye–protein complex, which elutes later).  A linear response (R2= 0.9992) 

in SQID-1BSA complex peak area is observed when the concentration of BSA is 

decreased from 6.00×10-6 M to 3.69×10-7 M (see Fig. 8b).  From the calibration curve the 

LOD of BSA (determined by CE-LIF with on-column labeling with SQID-1) was found 

to be 1.01×10-14 M.  This value closely corresponds to those found in Ch. 3, Section 3.2.3 

when SQHN-1 and -1a (1.86×10-14 M and 4.97×10-14 M) were used to label BSA. 

   

 

Fig. 8: (a) Electropherograms from on-column labeling of BSA samples of increasing concentration (as 
indicated in the figure) with SQID-1 (9.91×10-6 M), offset vertically for clarity. (b) Calibration curve 
for on-column labeling of BSA with SQID-1: a plot of peak area vs. BSA concentration.  CE-LIF 
conditions included: 25 mM sodium phosphate (pH 9.1) separation buffer; 10 kV separation voltage; 
and 1.5 psi*sec pressure injections. 
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 Pre-column labeling was also explored to see which method was more sensitive 

for the labeling and determination of BSA by CE-LIF.  In pre-column labeling SQID-1 is 

mixed with protein prior to injection.  Two peaks are observed in the resulting 

electropherogram (Fig. 9): one representing the unbound dye (■), which migrates at 2.77 

min, and the other representing the dye–protein complex (◊), which migrates at 3.11 min.  

Peaks were identified by holding the dye concentration constant at 9.91×10-6 M while 

increasing the amount of protein in the sample (Fig. 9).  The complex peak appeared at a 

slightly shorter migration time (3.11 min vs. 3.22 min) when pre-column labeling was 

employed compared to on-column labeling.  This is due to the presence of dye in the 

separation buffer in on-column experiments, which increases the ionic strength of the 

buffer, thus decreasing the electroosmotic flow and increasing the migration time relative 

to pre-column labeling.  Table 3 compares various analytical figures of merit for the pre- 

column and on-column labeling of BSA with SQID-1.  When on-column labeling was 

 

Fig. 9: Electropherograms obtained by pre-column labeling of BSA with SQID-1.  The amount of 
BSA was increased (as indicated in the figure) while the amount of SQID-1 (9.91×10-6 M) remained 
constant in each sample.  CE-LIF conditions included: 25 mM sodium phosphate (pH 9.1) separation 
buffer; 10 kV separation voltage; and 1.5 psi*sec pressure injection. The free (unbound) dye peak is 
represented by ■ and the SQID-1BSA complex peak is represented by ◊. 
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employed both the sensitivity and the limit of detection were improved, as expected.4  

This was also shown in Fig. 10 where identical protein samples were determined by CE-

LIF employing pre-column and on-column labeling with SQID-1.  The peak area of the 

dye–protein complex (indicated by ◊) was increased 19-fold in the on-column labeling 

experiment (Fig. 10, green trace) relative to the pre-column labeling experiment (Fig. 10, 

Table 3: A comparison of figures of merit for the determination of BSA by CE-LIF with pre-column 
and on-column labeling by SQID-1. 

 Linear Range (M) LOD (M) Sensitivity (M-1) R2 tm (min) 

Pre-column 3.69×10-7 - 5.16×10-6 1.42×10-14 3.39×10+12 0.9922 3.11 

On-column 3.69×10-7 - 6.00×10-6 7.76×10-15 2.04×10+13 0.9992 3.22 

 

Fig. 10:  Electropherograms comparing the pre-column labeling (blue trace) and on-column labeling 
(inset: green trace) of BSA (1.48×10-6 M) with SQID-1 (9.91×10-6 M), along with an 
electropherogram of SQID-1 alone (orange trace).  The unbound dye peak (■) migrates prior to the 
dye–protein complex peak (◊). Optimized conditions include: a separation buffer of 25 mM sodium 
phosphate (pH 9.1), a separation voltage of 10 kV, and a pressure injection of 1.5 psi*sec. 
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blue trace).  This increase in peak area for on-column labeling was also seen with the 

SQHN-1 dyes in Ch. 3, section 3.2.3 and most closely matched the increase (18-fold) that 

was seen with SQHN-1 on-column vs. pre-column.  Due to the increase in sensitivity and 

the fact that sample pretreatment is eliminated with on-column labeling, only this method 

was employed for subsequent experiments.          

4.3.3. Separation of proteins in a mixture.  

 A mixture of three model proteins with different isoelectric points (pI values) and 

different molecular weights, including BSA (pI=4.7; 66.5 kDa), β-lactoglobulin B 

(pI=5.1; 18.4 kDa), and transferrin (pI=5.9; 80 kDa), was chosen to test the feasibility of 

using SQID-1 as an on-column label for the determination of proteins in complex 

mixtures by CE-LIF.  Prior to analysis of the mixture, samples of each individual protein 

were subjected to CE-LIF with on-column labeling by SQID-1 in order to compare 

individual sensitivities and limits of detection.  A larger pressure injection (4 psi*sec)  

which allowed more sample to be injected onto the capillary) was needed in order to 

analyze β-lactoglobulin B and transferrin since their sensitivities were not as great as the 

sensitivity obtained for BSA (Section 4.3.2, and Table 3).  Also, a larger separation 

voltage was used (15 kV) for these experiments, since resolution proved not to be an 

issue and so shorter total analysis times could be achieved with a higher applied voltage.  

Table 4 compares various analytical figures of merit pertaining to each of the separate 

model proteins determined by CE-LIF with on-column labeling with SQID-1.  The 

lowest LOD was achieved for BSA (1.13×10-15 M), followed by β-lactoglobulin B 

(1.72×10-13 M) and transferrin (3.02×10-12 M).  These LODs correspond closely to those 

found in Ch. 3, Section 3.2.4 when the SQHN-1 dye series were used as protein labels for 
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BSA and β-lactoglobulin B.  The LOD’s for BSA for the SQHN-1 dye series ranged from 

1.60×10-15 M – 2.34×10-15 M, and for β-lactoglobulin B they were 1.20×10-13 M – 

7.51×10-14 M.  However, SQID-1 yielded a higher (worse) LOD for transferrin (3.02×10-

12 M) than did the SQHN-1 dye series (2.46×10-13 M – 2.97×10-14 M), showing different 

affinities of these dyes towards different proteins.  Despite differences in sensitivities, the 

ability of SQID-1 to bind to all three proteins displays its potential use as a universal 

probe.   

 Next, all three proteins were mixed together prior to injection and were analyzed 

by CE-LIF with on-column labeling with SQID-1.  Peak identities were confirmed by 

spiking the mixed protein sample with individual, purified proteins. As seen in Fig. 11 

transferrin (◊) migrates prior to β-lactoglobulin B (■), followed by BSA (●).  SQID-1 has 

the strongest binding with BSA and therefore a lower concentration of BSA (1.50×10-7 

M) relative to transferrin (3.79×10-5 M) and β-lactoglobulin B (1.70×10-6 M) was present 

in the sample mixture in order to detect all three proteins in a single run.   

 Subsequent runs were conducted in which the concentrations of all three proteins 

were increased in order to be able to determine peak areas as a function of concentration. 

Calibration curves were thus constructed, and a linear response in peak area was seen for 

Table 4:  Analytical figures of merit for the CE-LIF determination of BSA, β-lactoglobulin B, and 
transferrin with on-column labeling with SQID-1 (1.49×10-6 M). 

 Linear Range (M) LOD (M) 
Sensitivity  

(M-1) 
R2 tm (min) 

BSA 3.00×10-8 - 3.00×10-6 1.13×10-15 7.79×10+13 0.9914 2.023 

β-lactoglobulin B 4.00×10-7 - 3.40×10-6 1.72×10-13 1.21×10+12 0.9967 1.895 

Transferrin 5.00×10-6 - 3.79×10-5 3.02×10-12 2.81×10+10 0.9922 1.593 
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each protein in the mixture.  Percent recoveries, the number of theoretical plates, and 

resolution (Rs) were calculated for the separation in order to assess the efficiency and 

accuracy of the method, as shown in Table 5.  Resolution is one way to measure the 

effectiveness of a separation and is defined as the extent of separation between two 

adjacent analyte peaks.  A resolution of 1.5 is referred to as “baseline resolution,” which 

is necessary for complete separation of analytes.  Resolution values of less than 1.0  

 

Fig. 11:  Electropherogram of a mixture of transferrin (◊), β-lactoglobulin B (■), and BSA (●), labeled 
on-column with SQID-1 (9.91×10-6 M).  Optimized parameters included a separation buffer of 25 mM 
sodium phosphate (pH 9.1), a separation voltage of 15 kV, and a pressure injection of 4 psi*sec. 
[Transferrin]= 3.79×10-5 M, [β-lactoglobulin B]= 1.70×10-6 M, and [BSA]= 1.50×10-7 M. 
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Table 5: Percent recovery, theoretical plates, and resolution factors calculated for the CE-LIF separation 
of transferrin, β-lactoglobulin B, and BSA, labeled on-column with SQID-1 (1.49×10-6 M). 

 
% Recovery 

Plates per 
meter 

Rs 
Transferrin and 

 β-Lactoglobulin B

Rs 
β-Lactoglobulin B 

and BSA 

Transferrin 95.9 3,830 2.09 1.17 

β-Lactoglobulin B 101 18,350 
 

BSA 103 12,360 
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represent poorer separations24 although analyte quantitation based on peak area or height 

can still be achieved (albeit with less accuracy in some cases).  All three proteins were 

satisfactorily resolved from one another by the CE-LIF method developed with on-

column labeling with SQID-1 (since Rs > 1.0 in all cases).  The resolution of this 

separation was greatly enhanced compared to that seen with the SQHN-1 dye series in 

Ch. 3, Fig. 11, in which BSA and β-lactoglobulin B were not fully resolved.  

 Another way to evaluate the efficiency of a separation is to calculate the number 

of theoretical plates (N) for each peak.  Peak efficiencies for the three proteins in the 

mixture, labeled on-column with SQID-1, were uniformly low (ranging from just 3,830 

to 18,350 theoretical plates per meter), and are comparable to those found in Ch. 3, 

Section 3.2.4 for protein labeling with the SQHN-1 dye series (2,600 – 11,000 plates/m).  

Low efficiencies could occur from band broadening due to longitudinal diffusion or from 

the adsorption of the protein to the capillary wall or from analyte-analyte interactions.   

Percent recoveries were also determined for each protein in these experiments as a way to 

assess the accuracy of the method.   

 Percent recoveries near to 100% are deemed necessary for method validation.  

The percent recovery for proteins in a mixture determined by CE-LIF with on-column 

labeling with SQID-1 ranged from 95.9% to 103% which demonstrates the accuracy of 

this method.  Similar percent recoveries were found for proteins labeled with SQHN-1 

and -1a (Ch. 3, Table 11), which ranged from 97.8% to 106%.   

 The separation was also conducted on a longer capillary (50 cm vs. 30 cm) to 

determine what effect, if any, this would have on the method.  A longer capillary will 

typically result in increased resolution (by providing a longer distance along which the 
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analytes can migrate, resulting in increased migration times but sometimes also decreased 

sensitivities).  As seen in Fig. 12 migration times of each dye–protein complex increased 

due to the increase in capillary length.  Overall, the sensitivity for each peak also 

decreased (relative to sensitivities achieved using a 30 cm capillary), as expected.  There 

was a 2-fold decrease in the peak area of transferrin, a 1.5-fold decrease in β-

lactoglobulin B, and a 3.3-fold decrease in BSA.  This decrease in sensitivity in addition 

to increased overall analysis time led us to the conclusion that the separation is optimal 

when conducted on a 30 cm capillary (unlike the method developed with the SQHN-1 

dyes in which a 50 cm capillary was necessary to improve resolution between the dye–

BSA and dye–β-lactoglobulin B complexes).       

 

 

 

Fig. 12: Electropherogram of the separation of transferrin (◊), β-lactoglobulin B (■), and BSA (●) 
labeled on-column with SQID-1 (9.91×10-6 M), conducted on a 50 cm capillary.  Optimized 
parameters included: a separation buffer of 25 mM sodium phosphate (pH 9.1), a separation voltage 
of 15 kV, and a pressure injection of 4 psi*sec. [Transferrin]= 3.79×10-5 M, [β-lactoglobulin B]= 
1.70×10-6 M, and [BSA]= 1.50×10-7 M. 
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4.4. Conclusions 

 A novel squarylium dye, SQID-1, was synthesized according to scheme 1 with a 

yield of 37%.  The spectral properties of the dye were determined under a variety of 

conditions in order to establish the optimal conditions for non-covalent labeling and 

analysis of proteins by CE-LIF employing the new SQID-1 dye for on-column labeling.  

On-column labeling of BSA with SQID-1 led to an 18-fold enhancement for the dye–

protein complex compared to pre-column labeling.  Additionally, SQID-1 was 

successfully applied to the determination of a mixture of three model proteins (BSA, 

transferrin, and -lactoglobulin B) by CE-LIF with on-column labeling.   Near baseline 

resolution (Rs > 1.17) for the separation was achieved in under 4.5 min with percent 

recoveries greater than 95.9%.  This demonstrates the potential of SQID-1 as a non-

covalent label for a wide range of proteins in complex mixtures, as was seen with the 

SQHN-1 dye series in Ch. 3.  SQID-1 displays very similar labeling properties compared 

to the SQHN-1 dye series; however, buffer additives were not needed with SQID-1 in 

order to achieve complete separation of a protein mixture on a 30 cm capillary and thus, 

SQID-1 may represent a better choice for protein labeling in future experiments.  The 

SQID-1 dye structure could also be modified to enhance protein labeling.  For example, 

the placement of the carboxylic acid group or the addition of multiple carboxylic acid 

groups could be explored to enhance hydrogen bonding interactions or electrostatic 

interactions with proteins or other analytes. 
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 Morphine is an opioid prescribed for therapeutic pain management, although it is 

also used illicitly.  Morphine is predominately metabolized to morphine-3-beta-D-

glucuronide (M3G) and morphine-6-beta-D-glucuronide (M6G) via phase II metabolism, 

which involves conjugation with uridine diphosphoglucuronic acid.1,2  Structures are 

shown in Fig. 1.  The isolation and characterization of drug metabolites is essential to 

understanding the pharmacological effects induced by the parent drug for individual 

patients.  For example, the main metabolite of morphine, M3G, has no opioid action 

whereas M6G, which is produced in smaller amounts, is 200 times more potent than 

morphine and also possesses analgesic properties.3,4  Therefore, the separation and 

structural characterization of metabolites is very important to the process of drug analysis 

and monitoring.2    

 Drug metabolites are often studied by high performance liquid chromatography 

(HPLC); however, since phase II metabolites are generally acidic, thermally unstable, and 

very polar, they are difficult to analyze.  Capillary electrophoresis (CE) is becoming an 

increasingly attractive separation technique for these metabolites due to its ability to 

separate charged compounds with high efficiency, small sample size, fast analysis times, 

and low solvent consumption.4,5  The most widely used detector for CE is UV-VIS 

absorbance; however, this detection method provides limited sensitivity due to the short 

optical path length provided by the capillary itself.6  Although CE with laser-induced 

fluorescence detection (CE-LIF) offers greater sensitivity than CE-UV, it often 

necessitates additional sample work-up in order to render the analytes fluorescent.  The 

coupling of CE with mass spectrometry (MS) provides improved sensitivity (without the 
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need for sample derivatization), as required to detect often low levels of drug metabolites.  

Furthermore, CE-MS can determine both the exact mass of analytes and structural 

information including the possibility to identify and determine co-migrating species in 

overlapping peaks through the use of specific MS-MS transitions.7,8  Therefore, even 

though M3G and M6G are isobars of one another, complete resolution and quantification 

should be achievable using CE-ESI-QTOF-MS.   

The coupling of CE to MS is most commonly done through the use of 

electrospray ionization (ESI).5,9,10  ESI is described in more detail in Ch. 1 (page 17). 

Briefly, the ESI interface is especially suitable in this instance because it facilitates 

 

Fig. 1: Structures of morphine, M3G, and M6G, represented at physiological pH.  
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analyte transfer (with high ionization efficiency) from the capillary to the mass 

spectrometer with minimal additional make-up flow despite the very low flow rates 

characteristic of CE. A typical sheathflow system, consisting of a concentric stainless 

steel tube surrounding the outlet of the separation capillary, through which make-up 

solvent and nebulizing gas can flow, has been shown previously (Ch. 1, Fig. 6). An 

additional requirement for the coupling of CE to MS is the provision of electrical 

grounding for the CE separation voltage without compromising analyte ionization or ESI 

spray stability, which the sheathflow interface can provide.  Since CE provides fast and 

efficient separations that often yield very small peak widths, the mass spectrometer must 

be able to produce a sufficient number of data points across the peak width.  A time-of-

flight (TOF) mass analyzer can be used to achieve this due to its high data acquisition 

rate, providing spectra on the order of milliseconds.  Time-of-flight (TOF) offers 

numerous other advantages, including higher mass accuracy, larger upper mass-to-charge 

limit, lower detection limits, faster scan rates, and relatively lower cost compared to other 

high mass accuracy mass analyzers and is further described in Ch. 1 (page 18).8  

  Typically, the background electrolyte (BGE) employed for CE separations 

coupled to ESI-TOF-MS detection is volatile and of relatively low ionic strength.11  Some 

of the most widely used BGEs for CE-MS are acetic acid, formic acid, and their 

ammonium salts.  Unfortunately, CE separation efficiency and resolution may not be 

optimal when using volatile BGEs, which can result in peak broadening during the 

electrophoretic separation process.12  While the use of nonvolatile BGEs may improve 

CE separation, it may adversely affect MS detection because of signal suppression due to 

salt deposits on the electrospray needle and/or decreased response due to ion-pairing with 
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the analyte.7,9  

Whereas Oliveira et al.13 recently described an HPLC method for the 

determination of morphine, M3G, and M6G in a single 35-min run necessitating a multi-

step sample extraction and purification procedure, we sought to develop a CE-based 

method to provide optimal resolution and quantitation of these analytes in lesser time and 

with lesser sample preparation, without sacrificing sensitivity.  As such, we first 

undertook a study of the effect of BGE volatility on CE separation efficiency with UV-

Vis absorbance detection of analytes.  Prior work by Gottardo et al.12 explored the use of 

nonvolatile BGEs for the analysis of drugs, finding that ammonium phosphate BGE 

provided good separation of MDA, MDMA, methadone, morphine, codeine, 6-MAM, 

and cocaine by CE compared to the more volatile ammonium formate BGE.  In our 

present work, optimized separation conditions for morphine, M3G, and M6G were 

translated to a CE-ESI-QTOF-MS system, with no significant reduction in detection 

sensitivity for urine samples despite the choice of a nonvolatile BGE to favor separation 

efficiency.  The simultaneous determination of morphine and its isobaric metabolites 

M3G and M6G by the CE-ESI-QTOF-MS method developed in this chapter represents 

the first such report able to selectively quantify the levels of parent drug and both major 

metabolites in a single CE run.  These results were validated by comparison to total 

morphine levels in patient urine samples determined by HPLC-MS.  

5.1. Results and discussion 

5.1.1.  The effect of BGE composition on the separation of morphine and its metabolites 
by CE- UV 
 

The effects of volatile and nonvolatile BGE composition on separation efficiency, 

analysis time, and detection sensitivity were compared in order to find an optimal BGE 
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for subsequent application to CE-ESI-QTOF-MS analysis of samples containing 

morphine and its metabolites.  Sample mixtures containing morphine, M3G, and M6G 

standards were analyzed by CE-UV employing two different volatile BGEs (25 mM 

ammonium acetate and 25 mM ammonium formate, both adjusted to pH 9.5) and two 

different nonvolatile BGEs (25 mM ammonium borate and 25 mM ammonium 

phosphate, both adjusted to pH 9.5).  The resulting electropherograms are seen in Fig. 2.  

All BGEs gave baseline resolution of morphine, M3G, and M6G at the same BGE 

concentration (25 mM) and pH (9.5) employed for this study.  At this pH, the morphine, 

M3G, and M6G are expected to be negatively charged, as confirmed by their migration 

after the system peak (which is seen as a negative ‘dip’ in most recorded

 

 

Fig. 2: A comparison of the effects of volatile (acetate and formate) vs. nonvolatile (borate and 
phosphate) BGEs (25 mM; pH 9.5) on the separation of a standard sample containing 40 g/mL each of 
morphine (), M3G (), and M6G () by CE with UV absorbance detection (214 nm). Sample 
injection was for 10 s at 50 mbar; separation voltage was 30 kV.  Electropherograms are offset 
vertically (+3 ma.u.) and horizontally (+2.5 min) for clarity.
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electropherograms, indicating the rate of electroosmotic flow under these conditions).  

The pKa values for morphine are 7.9 and 9.9 for the amino- and phenolic moieties,  

respectively, while the pKa values for the glucuronide metabolites are 2.9 and 7.9 for the 

carboxyl- and amino moieties, respectively.3  Analyte peak identities were verified by 

spiking samples with each standard, one at a time.  Although all four BGEs in this study 

appear suitable for the analysis of morphine and its two major metabolites by CE-UV, the 

peak efficiencies were higher and migration times shorter in ammonium formate 

compared to ammonium acetate (a comparison of volatile BGEs), and in ammonium 

borate compared to ammonium phosphate (a comparison of nonvolatile BGEs).  As such, 

further studies to determine the effects of pH and concentration of ammonium formate 

and ammonium borate were conducted, as described presently.   

The concentration of the BGE can affect various aspects of a CE-based 

separation.  Increasing the BGE concentration (and thereby the ionic strength of the 

BGE) results in a decreased rate of electroosmotic flow, and therefore, longer migration 

times.  This effect was apparent when ammonium borate and ammonium formate 

concentrations ranging from 15 – 100 mM were employed for the CE-UV analysis of the 

mixture of morphine, M3G, and M6G standards (Fig. 3a & 3b).  Increased BGE 

concentrations also lead to higher current flow for separations conducted at a fixed 

applied electric field strength, as in these experiments (for which the separation voltage 

was held constant at 30 kV).  For example, the average current during separations 

conducted in 15 mM ammonium borate was 11.2 μA, while it was 22.6 μA in 100 mM 

ammonium borate.  Elevated currents during CE separations result in increased joule 

heating, which can reduce separation efficiency, although this impact can be minimized 
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through the use of capillary temperature regulation, as provided for by most commercial 

CE instruments.  Increased BGE concentrations may serve to reduce analyte adsorption 

to the charged inner wall of the capillary (by providing additional counter ions to 

effectively shield adsorption sites), which can improve peak efficiencies. Based on the 

results in Fig. 3, a BGE concentration of 25 mM formate or borate was determined to 

give sufficiently high efficiencies while maintaining relatively short run times.  

The pH of the BGE can impact not only the rate of electroosmotic flow (due to 

the effect of pH on ionization of capillary wall sites) but also the electrophoretic mobility 

of analytes and potential interactions between the analytes and capillary wall sites (due to 

the effect of pH on ionization of the analyte molecules themselves).  Electropherograms 

for a mixture of morphine and morphine metabolite standards obtained using 25 mM 

BGE solutions at three different pHs are shown in Fig. 4.  Baseline resolution of the three 

analyte peaks was achieved at pH 9.5 in both ammonium borate and ammonium formate 

BGEs.  A detailed pH study further revealed that baseline resolution could be achieved 

only in the pH range from 8.7 – 10.3 (see Fig. 5).  At a BGE pH below 8.7, the two 

 

Fig. 3: Optimization of BGE concentration for the separation of standards containing 40 g/mL each of 
morphine (), M3G (), and M6G (): (a) ammonium borate BGE (pH 9.50), and (b) ammonium 
formate BGE (pH 9.5). All other conditions as in Fig. 2.  Electropherograms are offset vertically (+5 
ma.u.) and horizontally (A. +2 min; B. +2.5 min) for clarity. 
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Fig. 4: The effect of pH on the separation of standards containing 40 g/mL each of morphine, M3G, 
and M6G in (a) 25 mM ammonium borate at pH 4.70 (bottom trace, solid line: all standards co-elute in 
peak “a”); pH 7.13 (middle trace, dash-dot line: morphine “b” is resolved from co-eluting M3G and 
M6G in peak “c”), and pH 9.50 (top trace, dashed line: standards are resolved as morphine “d,” M3G 
“e,” and M6G “f”); and in (b) 25 mM ammonium formate at pH 4.70 (bottom trace, solid line: 
morphine “g” is resolved from co-eluting M3G and M6G in peak “h”); pH 7.13 (middle trace, dash-dot 
line: morphine “i” is resolved from co-eluting M3G and M6G in peak “j”), and pH 9.50 (top trace, 
dashed line: standards are resolved as morphine “k,” M3G “l,” and M6G “m”).  All other conditions as 
in Fig. 2. Electropherograms are offset vertically (+5 ma.u.) and horizontally (+2 min) for clarity.
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Fig. 5:  A detailed study of the effect of incremental changes in BGE pH (from 8.7 – 10.3) on the 
separation of standards containing 40 g/mL each of (in order of migration): morphine, M3G, and 
M6G, in 25 mM ammonium phosphate BGE. Separation voltage: 30 kV; sample injection for 10 s at 
50 mbar. Electropherograms are offset vertically (+25 ma.u.) for clarity. 
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glucuronide metabolites M3G and M6G were found to co-migrate in both the 25 mM 

borate and 25 mM formate BGE systems, whereas at a BGE pH above 10.3, the peaks for 

morphine and M3G co-migrated.  

 Having thus established the optimal BGE conditions (25 mM ammonium formate 

or ammonium borate, pH 9.5) for the separation of a mixture of morphine, M3G, and 

M6G, limits of detection (LOD) and other figures of merit for the optimized CE-UV 

method were established (see Table 1).  Limits of detection for morphine, M3G, and 

M6G (calculated as 3σ/m, where σ is the standard deviation in the baseline and m is the 

slope of the calibration curve; that is, the sensitivity) were lower overall for assays 

conducted with the ammonium formate BGE, although correlation coefficients (R2) 

obtained for calibration curves for all three analytes in both BGE systems were uniformly 

high ( ≥ 0.995).  Furthermore, separation efficiencies, judged according to the number of 

theoretical plates for each analyte peak, were higher for the assays conducted with the 

ammonium formate BGE.  Although both the ammonium formate and ammonium borate 

BGE systems provided satisfactory results, the figures of merit for CE-UV studies (Table 

1) would indicate the preferred use 25 mM ammonium formate BGE (pH 9.5) for the 

analysis of a mixture of morphine, M3G, and M6G. Subsequent transposition of these 

conditions to the CE-ESI-QTOF-MS platform, however, indicated improved analytical 

performance by the ammonium borate system for the analysis of urine samples (vide 

infra).  

5.1.2.   The effect of BGE composition on the determination of morphine and its 
metabolites by CE-ESI-QTOF-MS 
 

The BGE employed for a CE-based separation plays additional roles in the 

electrospray and ion detection processes in a hyphenated CE-ESI-QTOF-MS system.  As 
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such, the transposition of BGE conditions found to be suitable for CE separations with 

inline UV/Vis absorbance detection may require further optimization for ESI-TOF-MS 

detection.  The volatile (25 mM ammonium formate, pH 9.5) and nonvolatile (25 mM 

ammonium borate, pH 9.5) BGE systems that were shown to provide more than adequate 

resolution and detection sensitivity by CE-UV for a mixture of morphine, M3G, and 

M6G standards prepared in BGE (vide supra), were applied to the analysis of morphine 

and its metabolites by CE-ESI-QTOF-MS.  The resulting total ion chromatograms (Fig. 

6) likewise revealed adequate sensitivity and resolution of the three opioid standards.  

Complete resolution of a mixture of morphine, M3G, and M6G standards prepared in 

BGE, for either the ammonium borate or ammonium formate BGE previously optimized 

in our CE-UV studies, was achieved in less than seven minutes.  Although it is common 

practice to employ low pH, high volatility BGEs for CE-MS studies (to facilitate 

protonation of analytes and to aid in the electrospray process), these studies reveal that 

analysts have considerable leeway in the selection of BGE systems such that the 

Table 1: Comparison of analytical figures of merit for CE-UV analysis of morphine, M3G, and M6G 
standards using ammonium borate vs. ammonium formate BGEs at pH 9.51. 

 LOD (µg/mL)  
Calibration Curve 

Correlation Coefficient, 
R2 

 
Number of Theoretical 

Plates, N 

 
ammonium 

borate 
ammonium 

formate 
 

ammonium 
borate 

ammonium 
formate 

 
ammonium 

borate 
ammonium 

formate 

Morphine 1.95 0.77  0.999 0.997  5,510 8,152 

M3G 2.41 1.16  0.998 0.991  8,444 13,775 

M6G 2.59 1.01  0.995 0.998  9,862 12,381 
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electrophoretic separation needs can be met first, followed by considerations or 

modifications necessary for sensitive detection.  

 This is especially true when samples in complex matrices (e.g. human urine) are 

to be analyzed.  For example, Fig. 7 shows the extracted ion chromatograms obtained by 

CE-ESI-QTOF-MS for mixtures of morphine, M3G, and M6G standards prepared in a 

certified drug-free normal human urine matrix prior to dilution with 25 mM ammonium 

borate BGE (pH 9.5).  Under these conditions, and using a 25 mM ammonium borate 

 

Fig. 6: A comparison of volatile and nonvolatile BGEs for the separation of standard samples 
containing 50 µg/mL each of morphine (), M3G (), and M6G () by CE-ESI-QTOF-MS: total 
ion chromatograms (TIC) for (a) 25 mM ammonium formate BGE (pH 9.5), and (b) 25 mM 
ammonium borate BGE (pH 9.5). Sample injection was for 10 s at 50 mbar; separation voltage was 
20 kV; ESI-QTOF-MS parameters as specified in Ch. 2 (page 35-36). 
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BGE, baseline resolution was obtained between M3G and M6G (see Fig. 7b), which thus 

enabled quantitation of individual metabolites rather than providing only for the 

determination of total morphine content.  However, when 25 mM ammonium formate 

was used for dilution of the urine-based opioid standards and as BGE, the intensity of the 

morphine signal decreased 6-fold relative to morphine in ammonium borate, and the 

M3G and M6G metabolites were not detectable (data not shown).  In general, borate 

buffer is known to be a good buffer for biological samples.  An unidentified peak 

(appearing at 4.84 min in Fig. 7a, for example) was observed in the EIC output (m/z = 

286.14) for morphine with both formate and borate BGEs, and was traced to an 

 

Fig. 7: CE-ESI-QTOF-MS analysis of a mixture of morphine, M3G, and M6G standards prepared in a 
normal human urine matrix, diluted 10-fold with 25 mM ammonium borate BGE (pH 9.5), to a final 
concentration of 50,000 ng/mL in each analyte:  (a) extracted ion chromatogram (EIC) at m/z 286.144 
(morphine, tm= 5.630 min), and (b) EIC at m/z 462.176, (M3G, tm= 5.986 min, and M6G, tm= 6.614 
min). All other experimental conditions as specified in Fig. 6b.
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unidentified component of the normal human urine matrix.  All other peak identities were 

confirmed by spiking the sample with the appropriate standard prior to analysis.  Despite 

the lower volatility of the borate BGE, greater sensitivity was achieved in CE-ESI-

QTOF-MS studies with this BGE.  This is contrary to the relative sensitivities for opioid 

standards achieved with borate and formate BGEs in our CE-UV assays, for which borate 

yielded the lesser sensitivity.      

 A comparison of figures of merit (including limits of detection) obtained by CE-

UV to those obtained by CE-ESI-QTOF-MS for opioid standards prepared in BGE alone 

or in a human urine matrix diluted with BGE is shown in Table 2.  The optimized CE- 

ESI-QTOF-MS method employing formate BGE provided lower limits of detection and 

higher separation efficiencies (numbers of theoretical plates) for morphine, M3G, and 

M6G than did the optimized CE-UV method.  However, CE-ESI-QTOF-MS limits of 

detection for opioid standards prepared in the urine matrix were higher (with slightly 

reduced numbers of theoretical plates) than for opioid standards prepared in BGE only.  

Despite the slightly reduced performance of the optimized CE-ESI-QTOF-MS method

 

Table 2: A comparison of analytical figures of merit obtained by CE-UV vs CE-ESI-QTOF-MS for 
opioid standards prepared in BGE or in a normal human urine matrix. 

 LOD (µg/mL) R2 
Number of Theoretical 

Plates 

 CE-UV 
CE-ESI-
QTOF-

MS 

CE-ESI-
QTOF-

MS* 
CE-UV

CE-ESI-
QTOF-

MS 

CE-ESI-
QTOF-
MS* 

CE-UV 
CE-ESI-
QTOF-

MS 

CE-ESI-
QTOF-

MS* 

Morphine 1.95 0.10 1.0 0.9992 0.9987 0.9999 5,510 13,124 5,766 

M3G 2.41 0.10 2.5 0.9988 0.9982 0.9998 8,444 26,175 16,139 

M6G 2.59 0.10 2.5 0.9953 0.9992 0.9999 9,862 18,020 18,414 

*Standards prepared in a normal human urine matrix followed by a 10 fold dilution with 25 mM 
ammonium borate BGE.  
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for standards in urine, these studies validated the suitability of the method for 

determining morphine content in patient urine samples (vide infra).  

5.1.3.  Analysis of morphine and its metabolites in patient urine samples 

Twelve patient urine samples that had previously tested positive for morphine by 

modifications to an established LC-MS protocol14 were re-analyzed by the optimized 

method developed for CE-ESI-QTOF-MS herein.  Fig. 8 shows extracted ion 

chromatograms obtained for one patient sample, with signals corresponding to morphine 

(m/z= 286.1400), the internal standard morphine-D3 (m/z= 289.1400), and metabolites 

M3G and M6G (resolved; m/z= 462.1700).  Analytes were quantified based upon a 6-

point calibration curve with standards ranging from 100 to 50,000 ng/mL per analyte.  

Each standard mixture also contained the internal standard, morphine-D3.  MassHunter 

Quantitative Analysis software was employed to construct calibration curves (as the

 

 

Fig. 8: CE-ESI-QTOF-MS analysis of patient urine sample #1 (of 12 samples), prepared by 10-fold 
dilution with BGE (25 mM ammonium borate, pH 9.50) and the addition of morphine-D3 internal 
standard (to a final concentration of 5 µg/mL): (a) extracted ion chromatogram (EIC) at m/z 
286.144 (morphine, tm= 5.720 min), (b) EIC at m/z 289.14, (morphine-D3 internal standard, tm= 
5.709 min), and (c) EIC at m/z 462.17, (M3G, tm = 6.421 min, and M6G, tm= 6.849 min). All other 
experimental conditions as specified in Fig. 6b. 
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response factor (that is, the ratio of analyte peak area to internal standard peak area) vs. 

analyte concentration) used to interpolate patient sample signals in terms of unknown 

analyte concentrations.  Total morphine concentration in the collection of patient samples 

(n=12) was found to range from 10,287 –56,498 ng/mL (see Table 3).  A paired-t test   

(tcalculated = 0.276) revealed no statistically significant difference in total morphine 

concentrations determined by CE-ESI-QTOF-MS and HPLC-MS methods at the 99% 

confidence level. Whereas the previously employed LC-MS method relied on the 

hydrolysis of samples to allow for the determination of total morphine concentration per 

sample (inclusive of morphine plus metabolites M3G and M6G, which were not 

resolved) the CE-ESI-QTOF-MS method developed herein was able to determine total 

morphine content as well as individual morphine, M3G, and M6G contributions to this 

total (see Table 3).  For the 12 patient samples analyzed by the optimized CE-ESI-QTOF-

MS method described herein, the average ratio of M3G to M6G per sample was found to 

be 5:1.  These findings are in agreement with the known metabolic pathways of 

morphine, which can lead to urinary recovery of an intravenous dose of morphine in 

humans as 55% M3G, 10% M6G, and 8% unaltered morphine.15  CE-ESI-QTOF-MS 

thus provides a sufficiently sensitive method to detect and distinguish between the major 

glucuronide metabolites of morphine rather than simply a measure of the total morphine 

content in patient urine samples. 

5.2. Conclusions 

The sensitive determination of morphine in urine samples is important for 

monitoring pain medication compliance and for identifying illicit drug use.  Glucuronide 

metabolites of morphine M3G and M6G are isobaric compounds that are biosynthesized 
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Table 3: The concentration of morphine, M3G, and M6G found by CE-ESI-QTOF-MS which were 
summed to find total morphine content found in 12 patient samples by CE-ESI-QTOF-MS.  Total 
morphine content found by CE-ESI-QTOF-MS was then compared with that found with LC-MS. 

  
Morphine Content by               

CE-ESI-QTOF-MS (ng/mL) 
 Total Morphine (ng/mL)  

Patient 
Number 

 Morphine M3G M6G  
CE-ESI-

QTOF-MS 
LC-MS  

Percentage 
Difference

1  
10,920 ± 

382 
 

28,929 ± 
1,670 

7,189 ± 
224 

 47,030 ± 1,730 49,853  (-) 5.83 

2  
891.0 ± 

109 
 

18,270 ±   
572 

3,780 ± 
456 

 22,940 ± 739 20,227  12.6 

3  
3,430 ± 

305 
 

24,100 ±   
630 

4,262 ± 
267 

 31,790 ± 749 33,658  (-) 5.71 

4  
2,497 ± 

318 
 

23,743 ±    
299 

4,543 ± 
282 

 30,780 ± 520 31,849  (-) 3.40 

5  
5,032 ± 

312 
 

23,850 ± 
1,520 

4,615 ± 
168 

 33,500 ± 1,560 31,826  5.12 

6  
5,204 ± 

170 
 

14,370 ±   
400 

2,794 ± 
93.6 

 22,390 ± 445 24,659  (-) 9.66 

7  
1,184 ± 

222 
 

28,100 ±   
658 

5,671 ± 
183 

 34,960 ± 718 34,899  0.17 

8  
10,880 ± 

125 
 

22,270 ±   
782 

5,176 ± 
340 

 38,320 ± 862 37,703  1.62 

9  
2,137 ±  

167 
 

46,070 ± 
2,370 

8,295 ± 
391 

 56,500 ± 2,410 46,825  18.7 

10  Neg  
8,467 ±     

432 
1,820 ± 

98.8 
 10,290 ± 443 11,798  (-) 3.70 

11  
1,385 ±  

373 
 

17,670 ±   
498 

3,528 ± 
239 

 22,580 ± 667 24,873  (-) 9.65 

12  
2,535 ± 

170 
 

6,600 ±     
244 

1,428 ± 
75.3 

 10,560 ± 307 10,195  3.54 
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to different extents relative to one another.  The ability to quantify these metabolites 

individually (as opposed to total morphine content alone), as offered by the CE-ESI-

QTOF-MS method developed herein, thus represents an advancement in drug testing 

protocols. Although limits of quantitation for morphine by CE-ESI-QTOF-MS are not 

sufficient to supplant the widespread use of rapid and high sensitivity LC-MS 

methodologies, the enhanced selectivity of the CE-based method may find greater utility 

in pharmacokinetic and metabolic studies.  

Method development for CE-UV was transposable to CE-ESI-QTOF-MS, 

although optimization of BGE systems was required in each case.  For the former (CE-

UV), a BGE composed of 25 mM ammonium formate (pH 9.5) provided the lowest limits 

of detection, while a BGE of 25 mM ammonium borate (pH 9.5) yielded greater 

sensitivities for CE-ESI-QTOF-MS studies.  Despite the common practice of using 

volatile, low pH BGEs for CE-MS methods, this work has demonstrated the utility of a 

basic, nonvolatile BGE for highly efficient and highly selective determinations of 

morphine and its metabolites by CE-ESI-QTOF-MS.  
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CHAPTER VI 

CONCLUSIONS 

Capillary electrophoresis (CE) has been shown to be a valuable tool for the 

efficient and sensitive separation of a variety of analytes.  Adding to its versatility, CE 

can be coupled to a variety of detection methods depending upon the properties of the 

analytes, assay requirements pertaining to selectivity and sensitivity, and the analyst’s 

preferences.  In this work, CE was coupled to LIF and MS detection systems for the 

analysis of proteins and drug/drug metabolites, respectively.  The advantages, challenges, 

and future opportunities revealed by these applied studies are recapped here.   

 CE-LIF was used both as a tool to investigate the non-covalent interactions 

between fluorescent squarylium dyes and model protein analytes, and as a tool to 

effectively separate mixtures of dye-labeled proteins.  The SQHN-1 dye series includes 

three unique fluorescent probes, each having a single pendant carboxylic acid group 

tethered by increasing hydrocarbon chain length to a common asymmetric squarylium 

dye core.  These dyes were engineered with the goal to study the role of the hydrocarbon 

chain length on dye solubility, stability, and non-covalent interactions with target 

analytes.  All three dyes had excitation and emission maxima in the high 500-to low 600- 

nm range in aqueous solutions, and all demonstrated a comparable red-shift (ranging 

from 24 to 40 nm for absorbance and 3 to 14 nm for fluorescence) upon the addition of 

protein (Ch. 3, Table 1).  Fluorescence emissions of all SQHN dyes were found to be 

enhanced and stabilized to various extents upon complexation with bovine serum 

albumin (BSA) in aqueous solution (Ch. 3, Table 2).  To explore the effect of 

electrostatic interactions on dye—protein binding, complex formation was studied in a 



132 
 

variety of buffer systems over a range of pH values.  Dyes SQHN-1a and SQHN-1b 

showed optimal fluorescence with BSA in borate buffer (pH 9.0 and 11.0, respectively), 

whereas SQHN-1 showed optimal fluorescence with BSA in tris buffer (pH 7.0).  The 

stoichiometries of non-covalent protein complexes formed with the SQHN dyes were not 

uniform.  The dyes SQHN-1a and -1b formed 1:1 complexes with BSA (in 25 mM borate 

buffer at a pH of 9.0 or 11.0, respectively), while SQHN-1 formed a 3:2 complex with 

BSA (in 20 mM tris buffer at a pH of 7.0), as shown in Ch. 3, Fig. 5.   

The variations in stoichiometry and optimal buffer pH indicate the importance of 

electrostatic interactions between dye and protein, and suggest the suitability of these 

dyes as candidates for on-column or pre-column protein labeling strategies under basic 

and neutral aqueous solution conditions, for subsequent protein analysis by CE-LIF.  

However, electrostatic interactions are not exclusively responsible for dyeprotein 

complex formation.  Hydrophobic interactions and hydrogen bonding, for example, are 

believed to play an important role in non-covalent complex formation, as evidenced by 

the non-covalent interactions between proteins with SQHN-1a and -1b.  Since the optimal 

separation buffers were at a pH of 9.0 or 11.0 (for SQHN-1a and -1b, respectively), both 

the dyes and protein are predicted to be negatively charged at these pH values, and so 

electrostatic repulsion would not favor interactions under these conditions.  Evidence of 

the importance other attractive forces is shown by the stability constants for each dye.  

SQHN-1a formed the most stable non-covalent complex with BSA (Ks = 7.50×107 M-1) 

followed by SQHN-1b (Ks= 5.33×106 M-1) and SQHN-1 (Ks=3.11×106 M-1).  The 

variation of the stability constants also confirms that the length of the carbon chain 

affects their affinities towards protein targets, as shown in Ch. 3, section 3.1.2. 
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Armed with a better understanding of the nature of squarylium dyeprotein 

interactions, this work endeavored to subsequently apply CE-LIF as a tool for the 

determination of proteins in a mixture.  Due to their fast reaction times with proteins and 

their low background fluorescence, the SQHN squarylium dyes were employed in both 

pre-column and on-column labeling schemes.  A comparison of these schemes revealed 

that on-column labeling was the more sensitive labeling method for all three SQHN dyes 

with BSA protein.  Specifically, limits of detection for BSA ranging from 4.97×10-14 M 

to 3.77×10-15 M were found by a CE-LIF assay employing on-column labeling with the 

SQHN dyes, compared to limits of detection from 3.11×10-13 M to 4.46×10-15 M by the 

same CE-LIF method but with pre-column labeling (Ch. 3, Table 4).  Complete 

resolution of a mixture of proteins containing BSA, transferrin, and β-lactoglobulin, 

labeled on-column with SQHN-1, -1a, or -1b dyes, was achieved by a CE-LIF method 

developed herein (Ch. 3, Fig. 11).  Optimized protein separation conditions included a 

separation buffer of 20 mM tris with 10 mM phytic acid (pH 7.3) for SQHN-1.  The 

optimal separation buffers for SQHN-1a and -1b were a 15 mM borate solution (pH 9.0) 

and a 25 mM borate solution with 10 mM phytic acid and 10 mM KCl (pH 11.1), 

respectively.  This optimized methodology for protein labeling with squarylium dyes in 

the SQHN family and CE-LIF separation is anticipated to be suitable for any number of 

other protein targets in biological, clinical, or environmental samples, thus expanding the 

potential impact of this work. 

The synthesis of a brand new asymmetric squarylium dye, SQID-1 (Ch. 1, Fig. 7), 

was undertaken with a 37% percent yield.  This dye was subsequently characterized by 

spectroscopic means and by CE-LIF to determine its potential utility as a fluorescent 
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label for protein analytes.  SQID-1 displayed excitation and emission maxima in aqueous 

conditions in the low- to mid-600 nm range, and demonstrated a red shift (up to 10 nm 

for absorbance and up to 13 nm for fluorescence experiments) upon the addition of 

protein (Ch. 4, Table 1).  The fluorescence emission of SQID-1was enhanced and 

stabilized upon complexation with BSA in aqueous solutions.  These results are very 

similar to those found with the SQHN dye series.  A sodium phosphate buffer (pH 9.29) 

was found to be optimal for the labeling of BSA with SQID-1, since it gave the greatest 

increase in fluorescence (13-fold) relative to the free dye alone (Ch. 4, Table 2).  The 

stoichiometry of the non-covalent SQID-1BSA complex in this same optimized buffer 

system was found to be 1:1, with a binding constant of 8.50×106 M-1 (Ch. 4, Figs. 4 and 

5).  This binding constant for BSA with SQID-1 is very similar to those of SQHN-1 and -

1b, and about an order of magnitude lower (weaker) than that of SQHN-1. Since the 

binding affinities of SQID-1 and two of the SQHN dyes towards BSA were similar, this 

suggests that the length of the hydrocarbon chain used to tether a single pendant 

carboxylic acid group to the cores of the SQHN-1 dye series members appears to have 

played only a minor role in dye interactions with proteins (since this structural feature is 

absent from SQID-1).  Based upon binding affinities alone, SQHN-1a may be the 

preferred dye for protein labeling, although factors other than dyeprotein binding 

constants must be considered.   

As with the SQHN-1 dyes, SQID-1 was successfully employed as an on-column 

label in CE-LIF for the analysis of a mixture of three proteins (BSA, transferrin, and β-

lactoglobulin B) with an optimal separation buffer of 25 mM sodium phosphate ( pH 9.1).  

The separation was achieved in under 4.5 min with complete baseline resolution and 
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equivalent or better peak efficiencies than were seen with the SQHN dye series (Ch. 4, 

Fig. 10).  SQID-1 could be considered ideal as a universal dye for protein labeling in CE-

LIF studies compared to the SQHN-1 dye, since a simpler separation buffer (with no 

separation buffer additives) was used and a complete separation (Rs > 1) of all three 

proteins (BSA, transferrin, and β-lactoglobulin B) was achieved in less time (under 4.5 

min while using a 30 cm capillary) for the assays employing SQID-1.   

Having thus established CE-LIF separation methods with non-covalent, on-

column or pre-column labeling modes for model proteins such as BSA, transferrin, and β-

lactoglobulin B, future method development and application to a wider range of proteins 

could be realized with SQID-1 or SQHN-1a.  The characterization of dye properties and 

their affinities toward proteins, as described herein, will not only provide the necessary 

foundation for the development new quantitative assays, but also, for the design and 

synthesis of new dyes with properties tailored to specific applications.  For example, the 

development of dyes with a reactive moiety such as boronic acid can allow for more 

selective labeling reactions with saccharides and glycoproteins, and so these dyes could 

be pursued as selective labels for specific drug targets and their metabolites, to augment 

the more “universal” labeling character of the dyes studied herein.  These future studies 

should involve not only separations method development but also binding constant 

determination for the dye-analyte complexes by employing spectroscopic and CE-LIF 

analyses.  Structural changes to the dyes that are found to yield enhanced binding 

affinities and more selective interactions with desired targets could be pursued via 

synthetic routes.  
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Although the determination of model protein analytes by CE-LIF required the 

optimization of labeling strategies involving squarylium dyes (as described in Ch. 3 and 

4), the use of MS for drug detection following CE separation was free from labeling 

requirements. By coupling CE with quadrupole time-of-flight mass spectrometry (QTOF-

MS), it was possible to achieve the sensitivity required to detect opioids in urine, along 

with the selectivity required to differentiate between isobaric metabolites. Established 

liquid chromatography methods provide similar sensitivity but have not been used to 

speciate the morphine analytes and so the new CE-ESI-QTOF-MS method described 

herein represents a significant analytical advance.  Ch. 5 describes the method 

development for the CE front end to separate morphine from its two glucuronide 

metabolites (M3G and M6G) with UV absorbance detection.  The optimal CE separation 

buffer was found (25 mM ammonium formate or 25 mM ammonium borate; pH 9.5) and 

provided baseline resolution for all three analytes.  Peak identities were verified by 

spiking samples with each standard, one at a time.  The LODs for morphine, M3G, and 

M6G found by CE with absorbance detection were 1.95, 2.41, and 2.59 µg/mL, 

respectively (Ch. 5, Table 1).  The main disadvantage of using absorbance as a detection 

mode in CE is the relative lack of sensitivity caused by the small internal diameter of the 

capillary (and hence, the short optical path length).  Therefore, to increase sensitivity and 

make peak identification more straightforward, these conditions were transposed and 

modified in the process of developing a new CE-ESI-QTOF-MS method for opioids.  

Greater sensitivities for CE-ESI-QTOF-MS studies were found using a 25 mM 

ammonium borate (pH 9.5) BGE despite the common practice of using volatile, low pH 

BGEs for CE-MS methods.  The use of nonvolatile BGEs improves CE separation, but 
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may adversely affect MS detection because of signal suppression due to salt deposits on 

the electrospray needle and/or decreased response due to ion-pairing with the analyte.  

However, these studies revealed that analysts have considerable leeway in the selection 

of BGE systems such that the electrophoretic separation needs can be met first, followed 

by subsequent considerations or modifications necessary for sensitive detection by MS.  

With this knowledge, a variety of different classes of drug analytes, which were 

previously hard to analyze by CE or LC-MS, could now be analyzed and identified by 

CE-MS using non-volatile BGEs.   

Patient urine samples that were previously analyzed by LC-MS and found to 

contain morphine were also analyzed via the newly developed CE-ESI-QTOF-MS 

method.  The LC-MS method determined only total morphine concentration (since 

samples were subjected to hydrolysis prior to analysis), and so no additional information 

could be obtained about the quantities of individual metabolites. Such individual 

speciation can be valuable when trying to better understand the pharmacokinetics of a 

particular drug. Since the M6G metabolite is 200-times more biologically active than the 

M3G metabolite of morphine, it is important to be able to quantify these different species 

in patient samples. Whereas the established LC-MS method provides excellent limits of 

detection for total morphine with rapid analysis times, the new CE-ESI-QTOF-MS 

method offers comparable limits of detection with the advantages of simplified sample 

preparation (dilution only with BGE), small sample volumes, no production of organic 

solvent waste, and sample speciation information. There was no statistically significant 

difference between the LC-MS and CE-ESI-QTOF-MS determinations of total morphine 

concentration based on findings for a collection of 12 patient samples, and so analysts 
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may choose to adopt either method with equal reliability based on quantitation alone.  

The other advantages offered by the CE-ESI-QTOF-MS  method may not prove 

sufficient to replace the well entrenched use of LC-MS methodologies for opioid testing 

of clinical samples for monitoring pain management therapies and for forensic purposes, 

but it is evident that CE-ESI-QTOF-MS opens up new avenues for screening for less 

commonly encountered drug and drug metabolites in patient samples.   

This methodology may offer increased selectivity if conducted in tandem with a 

selective LIF detection scheme in the future.  Glucuronide metabolites of drugs may be 

reactive towards boronic acid- functionalized squarylium dyes, for example, making them 

suitable for analysis by CE-LIF (akin to the protein labeling strategies documented 

earlier).  These dye-labeled metabolites would be identified by LIF detection, so that any 

potential interferences from isobars could be eliminated, prior to elution to an ESI-

QTOF-MS system. Coupling LIF detection with MS detection could prove advantageous 

when very complex sample matrices or unknown metabolites may otherwise prevent 

efficient MS detection alone.  
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