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6×His-EGFP  Six-histidine-tagged enhanced green fluorescent protein 

AC   Alternating current 

ACN   Acetonitrile 

A/D   Analog-to-digital converter 

ADP   Adenosine 5’-diphosphate 

AL   Antennal lobe 

Ala   Alanine 

Arg   Arginine 

Asp   Aspartic acid 

ATP   Adenosine 5’-triphosphate 

Bis-SorbPC  1,2-bis[10-(2’,4’-hexadieoyloxy)decanoyl]-sn-glycero-2- 

phosphocholine 

BGE   Background electrolyte 

BLM   Black lipid membrane  

BMA   Butyl methacrylate 

BSA   Bovine serum albumin 

C4D   Capacitively coupled contactless conductivity detection 

CA   Cellulose acetate 

CE   Capillary electrophoresis 

CEC   Capillary electrochromatography 

CF   5(6)-carboxyfluorescein 
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CFSE   5-carboxyfluorescein-bis-(5-carboxymethoxy-2-nitrobenzyl) ether,  

β-alaninecarboxamide, succinimidyl ester 

CHES   2-(N-cyclohexylamino)ethane sulfonic acid 

Cit   Citrulline 

CLC   Capillary liquid chromatography 

CPDS   3-cyanopropyldimethylchlorosilane 

Cyto C   Cytochrome c 

CZE   Capillary zone electrophoresis 

DA   3-hydroxytyramine, dopamine 

DAP   2,2-dimethoxy-2-phenylacetophenone 

DAQ   Data aquisition 

DC   Direct current 

DLPC   1,2-dilauroyl-sn-glycero-3-phosphocholine 

DMF   Dimethylformamide 

DMSO   Dimethyl sulfoxide 

DOPC   1,2-dioleoyl-sn-glycero-3-phosphocholine 

ED   Electrochemical detection 

EGDMA  Ethylene glycol dimethacrylate 

EOF   Electroosmotic flow 

FQ   5-furoylquinoline-3-carboxaldehyde 

GABA   γ-amino-n-butyric acid 

Glu   Glutamic acid 

Gly   Glycine 

GMA   Glycidyl methacrylate 
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GPCR   G-Protein coupled receptors 

GSH   Glutathione 

GTP   Guanosine 5’-triphosphate 

His   Histidine 

HPB   Hybrid phospholipid bilayer 

HPLC   High performance liquid chromatography 

HT   Hadamard transform 

HTCE   Hadamard transform capillary electrophoresis 

IAM   Immobilized artificial membranes 

i.d.   Inner diameter 

ILC   Immobilized liposome chromatography 

Ile   Isoleucine 

IMS   Ion mobility spectrometry 

IP6   Phytic acid 

IPs   Inositol phosphates 

LC   Liquid chromatography 

LED   Light emitting diode 

LED-IF  Light emitting diode – induced fluorescence 

LIA   Lock-in amplifier 

LIF   Laser induced fluorescence 

LINF   Laser induced native fluorescence 

LN   Local interneurons 

LOD   Limit of detection 

Lys   Lysine 
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MEKC   Micellar electrokinetic chromatography 

MeOH   Methanol 

MES   2-(N-morpholino)ethanesulfonic acid 

MOPS   3-(N-morpholino)propanesulfonic acid 

MPA   Mercaptopropionic acid 

MS   Mass spectrometry 

NDA   Naphthalene-2,3-dicarboxaldehyde 

NO   Nitric oxide 

NT   Neurotransmitter 

OA   Octopamine 

o.d.   Outer diameter 

ODS   n-octyldimethylchlorosilane 

OPA   o-phthalaldehyde 

OR   Olfactory receptor 

OT   Open tubular 

PBS   Phosphate buffered saline 

PLB   Phospholipid bilayers 

PN   Projection neuron 

POG   Photolytic optical gating 

PSLB   Planar supported lipid bilayer 

Rho B   Rhodamine B  

RNAse   Ribonuclease 

RSD   Relative standard deviation 

SAMSA-Fl  5-((2-(and-3)-S-acetylmercaptosuccinoyl)aminofluorescein 
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SDS   Sodium dodecyl sulfate 

SFE   Surface free energy 

S/N   Signal-to-noise ratio 

SOP   Standard operating procedure 

SUV   Small unilamellar vesicles 

TFA   Trifluoroacetic acid 

TIPS   Triisopropylsilane 

TMP   Transmembrane protein 

UV   Ultraviolet 

UV-LED  Ultraviolet – light emitting diode 

Val   Valine 
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ABSTRACT 

Neurological and neuroendocrine disorders result from signaling dysregulation at 

the molecular, cellular, and multi-cellular levels.  This dissertation presents the 

development of separation methods, using capillary zone electrophoresis (CZE) and 

capillary liquid chromatography (CLC), for detecting and quantifying small molecules, 

peptides, and proteins involved in cellular signaling.    

CZE is a rapid separation technique, making it ideal for monitoring cellular 

dynamics with high temporal resolution.  An ultraviolet – light emitting diode was used 

for photolytic optical gating of caged fluorophore-labeled biogenic amines, common 

functional groups in neurotransmitters.  Additionally, a novel caged fluorophore with 

faster reaction kinetics than commercially available dyes was used to label reduced thiols 

and primary amines in the presence of o-phthalaldehyde.  Together this light source and 

novel caged dye illustrate the utility of these methods for monitoring chemical dynamics 

during continuous sampling. 

Many cellular second messengers, including inositol phosphates, are known to 

exist within the cell, but their dynamics and intermolecular interactions are poorly 

understood since they lack chromophores or electroactive functional groups making 

direct detection difficult.  Utilizing CZE with capacitive coupled contactless conductivity 

detection (C4D), biological phosphates were separated and detected based on their high 

anionic charge, suggesting the utility of C4D in label-free detection of biological 

molecules.   
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The techniques described above require higher sensitivity to monitor 

physiologically relevant analyte concentrations; therefore, Hadamard transform capillary 

electrophoresis (HTCE) was used as a multiplexing method in which multiple separations 

were performed simultaneously.  HTCE resulted in increased sensitivity by decreasing 

the random background noise, while only minimally increasing the analysis time.   

Peptides and proteins propagate signals within or between cells; yet, they are 

difficult to separate and detect by CZE since their highly charged surfaces result in non-

specific adsorption to the capillary wall.  To minimize these interactions, stable hybrid 

phospholipid bilayers were prepared as capillary coatings for CZE separations of cationic 

proteins.   

Additionally, stabilized phospholipid bilayer coatings were formed on silica 

particles through redox polymerization of synthetic, polymerizable lipids.  These bilayers 

were stable after exposure to surfactant, organic solvents, and after storage for one 

month, suggesting their value as lipid chromatography stationary phases for future 

incorporation of transmembrane proteins to analyze binding interactions with small 

molecules. 
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CHAPTER 1. INTRODUCTION 

1.1 Capillary electrophoresis 

1.1.1 History and introduction 

Capillary zone electrophoresis (CZE) has seen significant development since its 

first use in 1958 in which Hjerten performed a separation using a fluid filled quartz tube 

(1 – 3 mm diameter) without other support media.
1
  For this experiment, the separation 

tube was rotated around its longitudinal axis while submerged in a cooling medium to 

minimize convective effects associated with the applied voltage.  In subsequent work, 

Hjerten described the necessity of tubes with smaller inner diameters to minimize thermal 

effects during separation.
2
  In 1974, Virtanen showed a separation of alkali cations by 

CZE using small inner diameter (200 – 500 µm) Pyrex tubing and a potentiometric 

detector.
3
  This work described the mechanisms of Joule heat and electroosmotic flow 

(EOF) within the capillary.  Additional developments in CZE were published in the 

1970s,
4,5

 but the significance of CZE as a separation method became apparent after 

Jorgenson and Lukacs published their seminal work showing high efficiencies for 

separations in capillaries with inner diameters less than 100 µm.
6,7

  Those works 

illustrated the advantages of CZE including the use of small sample volumes, rapid 

analysis time, and high mass sensitivity when coupled with an appropriate detector. 

Since the 1980s, CZE has become a prominent method for studying many 

environmental and biological samples.  CZE has been used for analyzing inorganic ions,
8-

11
 small molecules, e.g. neurotransmitters and amino acids,

10,12-16
 lipids,

17
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carbohydrates,
8,10,18

 nucleic acids,
8
 peptides and proteins,

19-22
  and the components of 

individual cells.
23,24

  More recently, CZE has been coupled to sampling mechanisms 

allowing for the analysis of dynamic processes such as neurotransmitter release from 

living organisms.
25-28

  CZE has also proven useful in proteomics where it has been used 

in two-dimensional separations for analyzing the protein content within a sample
29,30

 or 

the presence of post-translational modifications.
31 

1.1.2 Theory 

1.1.2.1 Movement of ions in an electric field 

A charged particle in an electric field will experience a force (Fe) proportional to 

the charge of the ion (zi), the charge of an electron in Coulombs (e), and the magnitude 

of the electric field (E).
32

 

         (1.1) 

After an initial, instantaneous acceleration, ions will rapidly reach terminal velocity 

where Fe is equal and opposite to the drag force associated with the environment (Fd) as 

illustrated in Figure 1.1.
32-34

 

        (1.2) 

 



43 
 

 

Figure 1.1: Balance of electrical and frictional forces acting upon an ion of charge +ze 

under an applied electrical field (E).  

 

For a spherical ion under laminar flow, Fd is defined as: 

            (1.3) 

where ri and vi are the hydrodynamic radius and velocity of the ion, respectively, and η is 

the solution viscosity.  Combining Eq. 1.1, 1.2, and 1.3 yields an expression illustrating 

that an ion’s terminal velocity is related to the applied electric field and the ion’s 

electrophoretic mobility (µep), a constant proportional to the charge-to-size ratio of the 

ion.
32,33

 

    (
   

     
)  (1.4) 

    
   

     
 (1.5) 

1.1.2.2 Electroosmotic flow 

In capillary electrophoresis, EOF results when a potential is applied to a system 

containing a charged surface in contact with a mobile fluid (Figure 1.2).
32,33

  The silanol 

groups on the capillary wall have pKa values ranging from 2-9;
35

 therefore, above pH 2 a 

number of silanols are deprotonated yielding a negatively charged surface and forming an 

electrical double layer at the solid/fluid interface.
32-34

  The electrical double layer consists 



44 
 

of the Stern layer, composed of immobile cations, and the diffuse double layer, a region 

of mobile ions with a higher proportion of cations than anions.
32

  When a potential is 

applied across the length of the capillary, the hydrated, mobile cations in the diffuse 

double layer migrate toward the cathode and the aqueous fluid is “pumped” in the same 

direction due to frictional forces associated with the solution viscosity. 

 

Figure 1.2: Representation of electrical double layer and potential gradient throughout 

capillary.  Adapted from reference.
36

 

 

The charge of the capillary surface has a significant effect on the EOF.  The 

negative potential of the capillary wall (Ψ0) decreases linearly through the Stern layer and 

exponentially through the diffuse double layer until it reaches zero in the bulk solution.
36
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The potential at the interface between the Stern and diffuse double layers is the zeta 

potential (ζ).
32

  The velocity of the EOF is related to the solvent dielectric constant (ε0), 

the zeta potential of the capillary, and the applied electrical field (E).
32-34,37

 

     (
   

   
)   (1.6) 

     
   

   
 (1.7) 

µeof describes the electroosmotic mobility in the capillary and is dependent on 

temperature and solution conditions (pH and buffer concentration) which affect η and ζ, 

respectively.
32-34

 

 EOF yields a flat flow profile minimizing band broadening within the column.  

The solution velocity increases from zero at the shear plane to the maximum velocity at 

the interface between the diffuse double layer and bulk solution (Figure 1.2); thus, all the 

bulk solution migrates at the same rate.  The flat flow profile differs from the parabolic 

profile generated under laminar flow, leading to less band broadening and higher 

theoretical efficiencies in systems with EOF compared to pressure-driven flow.
32-34,37

   

Figure 1.3 shows images of laminar and electroosmotic flow profiles in 

capillaries.  In laminar flow, sheer forces cause fluid near the capillary wall to migrate at 

a lower velocity than fluid in the center of the capillary.  Thus, analytes in the center and 

at the edge of the capillary migrate at different rates increasing band broadening.  On the 

other hand, with electroosmotic flow, a flat flow profile is observed with analytes in the 

center and edge of the capillary migrating at the same speed. 
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A 

 

B 

 

Figure 1.3: Observation of laminar and electroosmotic flow in capillaries.  (A) Pressure-

driven flow in a 100 µm i.d. capillary illustrated using a caged fluorescent dextran.  (B) 

Electroosmotic flow in a 75 µm i.d. fused silica capillary illustrated using a caged 

rhodamine dye.   For both figures, the frames are numbered in milliseconds after the 

uncaging event.  Reprinted with permission.
38

  Copyright 1998 American Chemical 

Society. 
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1.1.2.3 Capillary zone electrophoresis 

In CZE a potential field is applied across a fluid filled capillary to drive separation 

of ions.  For each ion, the apparent mobility (µtotal) is the vector sum of the 

electrophoretic (µep) and electroosmotic (µeof) mobilities. 

                 (1.8) 

The apparent velocity (vtotal) of each ion is similarly defined.
32,34,37

 

                 (        )  (1.9) 

Upon application of an electric field, µep for cations and anions are toward the cathode 

and anode, respectively, while µeof generates bulk flow toward the cathode (Figure 1.4).  

Cations migrate with the highest velocity since µep and µeof are in the same direction.  

Anions migrate toward the cathode if µeof is greater than µep, but with longer migration 

times than cations (Figure 1.4).  Both cations and anions are separated based on their 

charge-to-size ratios, a property of µep; however, neutral molecules migrate with µeof and 

are not separated in CZE since they lack charge and thus have no µep. 



48 
 

  

Figure 1.4: Diagram of capillary zone electrophoresis separation and electropherogram.  

Adapted from reference.
36

 

 

1.1.2.4 Efficiency 

Separation efficiency (N) describes the separation quality by quantifying band 

broadening.  N is dependent upon the effective capillary length (l) and the variance of the 

analyte concentration profile (σ2) according to the following equation.
33,39

 

  
  

  
 

 

 
  (1.10) 

N can also be defined in terms of theoretical plate height (H), a constant that relates band 

broadening to the distance an analyte migrates in a column.
37,40

 

   
  

 
 (1.11) 
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In many separations, H resulting from the column is predicted using the van Deemter 

equation, where u is the flow rate through the column and A, B, and C are constants. 

    (
 

 
)     (1.12) 

A, B, and C describe band broadening associated with multiple flow paths in a packed 

column, longitudinal diffusion, and mass transfer of an analyte between the stationary 

and mobile phases, respectively.
40

  In CZE, the column is not packed and the separation 

is based on the charge-to-size ratio of ions rather than differences in analyte partitioning 

between stationary and mobile phases; thus, H simplifies to the following equation and 

band broadening is theoretically limited by longitudinal diffusion. 

  (
 

 
) (1.13) 

  Diffusional band broadening is described by the Einstein equation with the migration 

time and diffusion coefficient of the analyte represented by t and D, respectively.
33,34,37,39

 

  
      (1.14) 

This equation shows that analytes with long migration times have greater longitudinal 

diffusion and associated band broadening during a separation.  An analyte’s migration 

time is dependent upon its apparent electrophoretic mobility (µtotal), the effective and 

total column length (l and L, respectively), and the separation potential (V).
34,37

 

  
  

       
 (1.15) 
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Combing Eq. 1.10, 1.14, and 1.15 results in the following expression for N. 

  
       

  
 (1.16) 

This equation shows that the separation efficiency is proportional to the applied 

voltage; thus, efficiency should increase with increasing potential if diffusion is the only 

source of band broadening.
34,37  

N can also be calculated directly from an electropherogram.  When Gaussian peak 

profiles are obtained, the following equation is utilized where t is the migration time of 

the analyte and w1/2 is the width of the peak at half maximum.
33,39

 

      (
 

    
)
 

 (1.17) 

N calculated from an electropherogram is often less than the theoretical value determined 

by Eq. 1.16 due to other sources of band broadening resulting from instrumental 

parameters or non-ideal interactions during separation.   

1.1.2.5 Resolution 

Resolution (R) describes the separation of analytes based on differential 

migration times (t) and dispersion (σ) during a separation.
37

 

  
     

 (     )
   (1.18) 

In CZE, resolution can be defined in terms of N and the apparent (µ1 and µ2) and average 

( ̅) electrophoretic mobilites of each analyte.
33,37
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√ (

     

 ̅
) (1.19) 

This equation is divided into components for efficiency and selectivity.  R can be 

increased by changing instrumental parameters, such as V and T, which affect N, or by 

modifying the analyte mobilites by altering the separation pH.  Changing either 

instrumental or analyte parameters increases the resolution, though greater increases 

result from modifying analyte separation.
37

 

1.1.2.6 Dispersion 

Whereas the van Deemter equation defined traditional column based broadening, 

other sources are also involved.  The total variance can be approximated as the sum of all 

variances associated with the instrument and separation. 

    
    

      
    

    
    

  (1.20) 

  
 ,     

 ,   
 ,   

 , and    
  represent the variance associated with diffusion, injection, Joule 

heating, electromigration, and sorption, respectively.
33,34,37,39

 

1.1.2.6.1 Injection 

 In CE, analyte is loaded onto the capillary using electrokinetic or hydrodynamic 

injections.  (Details on how these injections are performed can be found in Section 

1.1.3.1.)  For an electrokinetic injection, a potential field is applied across the capillary 

causing analyte ions to migrate into the capillary based on their electrophoretic mobilities 

and the electroosmotic flow.  Since EOF drives material into the capillary, the initial 
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sample plug forms a rectangular profile with a variance based on the injection length (l) 

(Eq. 1.21).
33,37,39

 

    
  

  

  
 (1.21) 

Injection variance can be minimized by reducing the length of the sample zone.
33,37

 

Hydrodynamic injections involve the application of pressure resulting in shear 

forces and laminar flow.  For hydrodynamic injections, the variance is approximated 

based on Taylor dispersion and is dependent on the length (L) and radius (r) of the 

capillary, pressure difference (ΔP), injection time (t), and diffusion coefficient of the 

solutes (D) (Eq. 1.22). 

    
  

      

         
 (1.22) 

In reality the leading edge of the sample plug shows Taylor dispersion; yet, when the 

capillary is moved into the buffer vial and a potential is applied to drive separation, the 

end of the sample plug has a flat flow profile.  Thus, the variance for a hydrodynamic 

injection is an overestimation of the injection variance.
37

 

1.1.2.6.2 Joule heating 

 When current is passed through a system, Joule heat is generated.  The current (I) 

in a capillary is a function of the applied voltage (V) and dependent on the electrolyte 

conductivity (κ) and the capillary cross section (S).
39

 

   ( )         (1.23) 
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When there is significant Joule heat in the capillary, radial temperature gradients develop, 

resulting in higher temperatures at the center of the capillary and lower temperatures at 

the edges where heat is exchanged with the surrounding environment (Figure 1.5).  A 

temperature change of 1 °C results in a 2 – 3 % change in solution viscosity, yielding a 2 

– 3 % change in analyte mobility associated with the change in EOF (Eq. 1.7).  Thus, a 

radial temperature gradient within the capillary alters the flat flow profile and increases 

the band broadening of the separation.
33,39

  Though Eq. 1.16 indicates that N increases 

with increasing separation potential, in real separations there is an upper limit to the 

voltage than can be applied before N decreases due to Joule heating.
33

 

 

Figure 1.5: Temperature gradients within a capillary.  Adapted from reference.
33
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The variance associated with Joule heating is defined by the thermal diffusion 

coefficient (DT).
37,39

 

  
        (1.24) 

The diffusion coefficient can be described by the following equation where δ is the 

relative increase in analyte mobility per temperature increase by 1 K, r is the radius of the 

separation capillary, D is the diffusion coefficient of the solute, and λT is the thermal 

conductivity of the background electrolyte. 

   
          

     

       
  (1.25) 

This equation shows that heat generation is strongly dependent on the capillary radius.  

Thus, the minimum capillary inner diameter should be used to minimize Joule heating 

and band broadening.
33,39

  Additionally, this equation shows that Joule heat is dependent 

on the conductivity of the buffer, which is related to both the concentration and the sum 

of the effective mobilities of the buffer ions.  To minimize Joule heating it is common to 

use buffers that contain large ions with low charge.
33,37

 

1.1.2.6.3 Electromigration 

 Analyte migration is affected when the conductivity of the analyte zone differs 

from the buffer.  These conductivity differences cause analytes to experience different 

field strengths as they migrate between zones, resulting in electromigration dispersion.  

When analyte ions diffuse from a high conductivity sample zone into the leading, lower 

conductivity buffer zone, they experience higher resistance and higher voltage (with a 
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constant current); thus, the analytes accelerate away from the sample zone.  On the other 

hand, when analytes diffuse into the trailing zone, which also has lower conductivity and 

higher resistance, the analytes accelerate back into the sample zone.  These effects result 

in a sample zone represented by a fronting peak (Figure 1.6).  Conversely, a sample zone 

with lower conductivity than the buffer yields a tailing peak for the opposite reasons.  

Gaussian peaks are observed only when the conductivities of the buffer and sample zones 

are equal.  To minimize electromigration dispersion, samples are generally diluted into 

the background electrolyte (BGE) at concentrations 100 times less than that of the 

BGE.
33,37

 

 

Figure 1.6: Effect of electromigration on the separation of cations.  Electric fields are 

represented by the + and - signs above each diagram.  Adapted from reference.
33
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1.1.2.6.4 Sorption 

 Sorption of analytes onto the capillary wall leads to band broadening, peak tailing, 

or complete analyte adsorption preventing detection.  Sorption is caused by hydrogen 

bonding, electrostatic, or hydrophobic interactions.
3,41

  Proteins are particularly prone to 

sorption since they contain multiple cationic sites that can interact with the negatively 

charged silica surface.
41

  Variance associated with sorption is contingent on the 

mechanism of interaction and the speed at which the analyte adsorbs and desorbs from 

the surface according to the following equation.
33

 

  
  

       

(    ) 
(
    

  
 

 

  
) (1.26) 

Sorbtion is dependent on the solute diffusion coefficient (D), effective capillary length 

(l) and radius (r), dissociation constant (Kd), and capacity factor (k’), a value describing 

the extent of interaction between an analyte and stationary phase.
33,37

  The capacity factor 

is calculated according to the following equation where tR and t0 are the migration times 

for retained and unretained solutes, respectively. 

   
     

  
 (1.27) 

 Plate height was defined in Eq. 1.12 and shown to be dependent on longitudinal 

diffusion in CZE separations.  When sorption affects variance, plate height is defined by 

diffusion (B) and mass transfer (C), with mass transfer describing the interaction of the 

analyte with the capillary surface.
37
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    (1.28) 

Lower flow rates (u) minimize the effect of sorption on plate height, though this 

parameter must be optimized since low flow rates increase longitudinal diffusion. 

 Experimentally, sorption can be minimized by increasing the buffer concentration 

or decreasing the pH.  Increasing the buffer concentration decreases the effective surface 

charge on the capillary, resulting in fewer sites for adsorption; yet, the EOF decreases and 

the total current increases which can promote Joule heating.  Sorption can be eliminated 

or minimized by working at extreme pH values.  The surface silanes have pKa values 

ranging from 2-9; thus, at low pH few of the silanes are deprotonated resulting in a 

neutral surface and fewer sites for interaction.  This method also reduces the EOF and 

may not be applicable for separations requiring biologically relevant pH.
33

 

 Surface coatings have also been used to minimize sorption.  These coatings alter 

the capillary surface charge minimizing interactions, though they often reduce, eliminate, 

or reverse the EOF depending upon their chemical structures.  Coatings fall into two 

general categories: dynamic, which are physically adsorbed to the capillary wall, and 

static, which are covalently bound to the capillary surface.  Dynamic coatings are formed 

by rinsing the capillary with a solution containing additives, including small molecules, 

surfactants, or polymers.
41,42

  The additives are often added to the running buffer 

allowing for regeneration of the coating if it starts to degrade during separation.
35

  

Dynamic coatings are stable and easily regenerated, but the analytes can interact with the 

coating material in the running buffer, affecting the separation.
35,41

  Furthermore, the 
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presence of coating materials in the BGE prevents these methods from being coupled to 

various post-capillary methods, including mass spectrometry and certain enzyme assays.  

Static coatings are formed by covalently binding coating material to the capillary surface.  

These coatings do not require regeneration, but can be time consuming to generate and 

difficult to form with high reproducibility when multiple steps are required.  

Additionally, surface silanols are often reacted with silane-containing reagents resulting 

in siloxanes, functional groups that are unstable in alkaline conditions, limiting the 

lifetime of the coatings and the pH range used for separations.
35

  Regardless of these 

challenges, capillary coatings have been developed to minimize interactions between the 

capillary and analytes increasing the separation efficiency. 

1.1.2.7 Selectivity and modes of CE 

In CZE, neutral species cannot be separated since the uncharged analytes lack 

electrophoretic mobilities and migrate with the EOF.  Various CE methods have been 

developed which allow the separation of neutral analytes. 

1.1.2.7.1 Micellar electrokinetic chromatography 

 In micellar electrokinetic chromatography (MEKC), separation occurs due to 

differences in analyte partitioning between the BGE and a pseudostationary phase.
33,37,39

  

The most commonly used pseudostationary phases are formed from surfactants which 

self-assemble into micelles in aqueous environments when their concentration exceeds 

the critical micelle concentration (CMC).
33,34,37,39

  Surfactants are amphiphilic molecules 

containing hydrophobic tails and hydrophilic head groups that can be polar, cationic, 



59 
 

anionic, or zwitterionic.
34,37,39

  The CMC, number of molecules per micelle, and micelle 

geometry are properties of each surfactant.  Sodium dodecyl sulfate (SDS) is the most 

common surfactant for MEKC (8 mM CMC).
39

   The micelles are anionic and have an 

associated electrophoretic mobility toward the anode.  However, since the EOF is larger 

than the electrophoretic mobility of the micelles, they migrate toward the detector at a 

velocity less than that of the EOF.
33,34,39

  If a neutral analyte is polar and has no 

interaction with the micelles, it migrates with the EOF and is detected at time t0.  If a 

neutral analyte is highly hydrophobic and completely contained within the micelles, it 

migrates at the velocity of the micelles and is detected at a later time (tMC).  More often, a 

neutral analyte will migrate at an intermediate velocity due to partitioning between the 

micelles and aqueous phase being detected at tR (Figure 1.7).
33,34,37,39

  Since the micelles 

migrate under the applied electric field, a separation window between t0 and tMC exists 

during which the separation must occur.
34,37,39
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Figure 1.7: Diagram of micellar electrokinetic chromatography separation and 

electropherogram. 

 

 The capacity factor (k’) describes the molar ratio of analyte in the micellar and 

aqueous phases based on the partition coefficient (K) of the analyte and volume of each 

phase (micellar, VMC and aqueous, VAQ).  The capacity factor can also be calculated using 

the migration times of the EOF (t0), micelles (tMC), and analyte (tR).
33,34,37,39

 

   
     

  (  
  

   
)
  

   

   
 (1.29) 

This equation differs from Eq. 1.27, which also defines capacity factor.  In an MEKC 

separation the analytes interact with a migrating pseudostationary phase.  If the micelles 
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were not moving in the capillary, tMC would approach infinity and Eq. 1.29 would reduce 

to Eq. 1.27. 

The migration time of the analyte is dependent upon the partition coefficient and 

defined with the following equation.
34,39

 

   
    

  
  

   
  

   (1.30) 

 Resolution in MEKC is dependent on the separation efficiency, selectivity, and 

capacity factor.  The capacity factor can be increased by increasing the surfactant 

concentration, increasing the number of micelles; yet, the current must be monitored to 

minimize Joule heating.  The resolution can also be increased by increasing the window 

between the EOF and micelle migration times.  This is done by selecting BGEs with a 

moderate EOF and micelles with high electrophoretic mobilities.  Finally, the selectivity 

can be altered by changing the properties of the micelles (size, charge, geometry, chain 

length) or the aqueous phase by altering the buffer pH or concentration, or through the 

use of additives such as organic solvents, cyclodextrans, ion-pairing reagents, or metal 

ions.
33

 

1.1.2.7.2 Capillary electrochromatography 

 Capillary electrochromatography (CEC) combines the separation potential of high 

performance liquid chromatography (HPLC) with the fluid “pumping” of EOF.  Thus, 

neutral molecules are separated based on partitioning between the mobile and stationary 

phases,
34,37

 whereas charged analytes are separated according to the applied potential and 
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partitioning interactions.
43-45

  As in HPLC, stationary phases for reverse-, normal-phase, 

and chiral separations can be coated on the capillary inner surface or prepared on 

particles to form open tubular or packed capillary columns, respectively.
34,37,43

 

In CEC, plate height is defined according to Eq. 1.12, where band broadening is 

related to the multiple flow paths through a packed column (A), longitudinal diffusion 

(B), and mass transfer (C).  A is dependent on the particle diameter (dp) and a constant 

describing the quality of the packed bed (λ).
37,45

 

       (1.31) 

C describes mass transfer to and from the stationary phase (Cs) and in the mobile phase 

(Cm).  Mass transfer is related to the capacity factor based on a function specific to each 

type of separation (f(k’) and f’(k’)), the diffusion coefficient of the analyte in the 

stationary and mobile phases (Ds and Dm, respectively), the particle diameter (dp), and 

the thickness of the stationary phase liquid film (df).
45,46

 

        
 (  )  

 

  
 

  (  )  
 

  
 (1.32) 

Both the A and C terms of the van Deemter equation are dependent on particle size; thus, 

plate height is reduced when using small particles.  With pressure-based flow, the linear 

velocity (u) of the mobile phase is related to the particle diameter (dp), column length 

(L), solution viscosity (η), pressure drop across the column (ΔP), and a pressure 

resistance factor for the packed column (Φ).
47
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 (1.33) 

This relationship shows that with smaller particles, higher pressures are needed to 

maintain the same linear flow rate in a capillary.  Thus, liquid chromatography 

separations have been limited by the need for very high pressures when performing 

separations in long columns packed with small particles.
47

  On the other hand, EOF is 

independent of particle size, as shown by Eq. 1.7.   Thus, CEC promises high separation 

efficiency due to the plug-like flow profile and the independence of EOF on particle 

diameter, allowing the use of small particles (dp < 1 µm), and causing the variance 

associated with the A and C terms in the van Deemter equation to be reduced so that the 

primary source of band broadening is longitudinal diffusion.
44,45,47

 

Much of the CEC literature has examined packed capillary columns.  These 

columns generally contain a packed bed, maintained by frits, with on-column detection 

occurring after the outlet frit, minimizing scattering from particles during optical 

detection and reducing background noise.  Capillary frits must have the mechanical 

stability needed to pack particles into the column under high pressure, permeability to 

allow solvent flow, and a homogenous electrical double layer to minimize current 

breakdown under an applied electric field.
44

  Electrical double layers are present not only 

on the capillary surface, but throughout the frits and on the packed particles in CEC.
43

  

When the zeta potential on these surfaces differ, there are resulting changes in the EOF 

and alterations in the fluid velocity resulting in bubble formation and current 

breakdown.
37

  To minimize instances of current breakdown, various experimental 
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parameters have been studied, including decreasing buffer concentration to minimize 

Joule heating, decreasing frit length to minimize changes in the electrical double layer 

throughout the capillary, and covalently binding the stationary phase to the frits.
37,45

  

Additionally, many separations have been performed using a modified EOF with pressure 

applied at the capillary inlet or at both the inlet and outlet.  These experiments minimize 

bubble formation and current breakdown, though they alter the fluid flow throughout the 

capillary, causing it to deviate from plug-like, which in turn can increase band 

broadening during separation.
37,44,45,47

 

1.1.3 Instrumentation 

Capillary electrophoresis (CE) describes a family of separation methods in which 

a potential field is applied across a capillary to separate analytes. A basic instrument is 

shown in Figure 1.8.  The capillary is positioned with the inlet and outlet submerged in 

two buffer vials, each of which contains an electrode.  The high voltage electrode and 

associated buffer vial are placed in an interlock box to minimize arcing to the user during 

separation.  A detector is situated along the capillary length to detect separated analytes.  

The sections below discuss the instrumental aspects associated with injection and 

detection in CE. 
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Figure 1.8: Schematic of capillary electrophoresis instrument. 
 

1.1.3.1 Injection methods 

 Sample injections in CE must be reproducible to perform quantitative analyses.  

Additionally, injection volumes should be small to achieve high separation efficiency.
34,39

  

In general, injections should be less than 1 – 2 % of the capillary length to prevent sample 

overloading, which results in decreased resolution and distorted peak shapes due to 

conductivity mismatches between the sample and BGE zones.
39

  Injections can be 

divided into two primary methods, offline and online, with online injections being more 

compatible for analyzing dynamic processes within chemical or biological systems. 

1.1.3.1.1 Offline injections 

 Offline injections require that the capillary be moved between a sample vial for 

injection and a buffer vial for separation.  For a hydrodynamic injection, sample is 

injected by applying pressure to the sample vial at the capillary inlet or vacuum to the 
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buffer vial at the capillary exit.  Additionally, sample can be siphoned into the capillary 

by raising the sample vial to a position higher than the outlet end of the capillary.  For a 

hydrodynamic injection, the volume of injected material (V) is defined based on the 

capillary diameter (d) and length (L), sample viscosity (η), injection time (t), and 

pressure difference (ΔP) during injection.
34,48

 

  
      

     
 (1.34) 

For a siphoning injection, the pressure change is calculated according to the sample 

density (ρ), the difference in height between the ends of the capillary (Δh), and the 

gravitational constant (g).
37,48

 

        (1.35) 

Hydrodynamic injections cause material to enter the capillary based on a difference in 

pressure; thus, the injected material accurately represents the concentration of analytes in 

the sample.
34,37,39

  However, the flow profile is parabolic, affecting sample band 

broadening, particularly in capillaries with large inner diameters.
37

 

 Electrokinetic injections are offline injections in which a potential is applied 

across the capillary when it is in the sample vial.  After injection, the potential is stopped 

and the capillary is moved to the buffer vial to perform separation.  The molar quantity 

(Q) of material entering the capillary during an electrokinetic injection is dependent on 

the capillary volume (V), radius (r), and length (L), the sample concentration (C) and 

mobility (µep), the electrophoretic mobility (µeof), and injection time (t).34,48
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(        )      

 
 (1.36) 

Analytes migrate into the capillary based on their electrophoretic mobilities leading to a 

sampling bias.  Cations with high electrophoretic mobilities are preferentially loaded into 

the capillary and present at higher concentrations than in the sample and anions are 

present at lower concentrations.
34,37,39

 

1.1.3.1.2 Online injections 

 Offline injections result in reproducible quantities of injected material, but they 

are slow since the capillary must be moved between a sample and buffer vial for each 

injection and separation.  Various online injection methods have been developed to 

perform fast, reproducible injections. 

 Flow gating injections were initially developed by Lemmo and Jorgenson to 

perform two-dimensional separations by coupling the outlet of a micro-HPLC column to 

the inlet of a capillary for CZE.
49

  More recently, flow gating has been used to couple 

sample streams collected from biological systems, such as microdialysis probes, to 

capillaries for separation.
50-57

  A schematic of a flow gate is shown in Figure 1.9A.  The 

sample and separation capillaries are positioned across from each other with a transverse 

flow passing between them.  When the transverse flow is running, sample exiting the 

sample capillary is pushed toward a grounded waste vial.  When the transverse flow is 

stopped, sample exiting the sample capillary accumulates between the two capillaries and 

some of the material is electrokinetically injected into the separation capillary due to the 

applied electrical field at the capillary outlet.  When the transverse flow is resumed, the 
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accumulated sample is pushed to waste and the sample in the separation capillary is 

separated before detection at a downstream position (Figure 1.9B).  This method has been 

used to monitor various chemical dynamics, but quantitative analyses require the use of 

long injection times (> 250 ms) so that slight deviations in the transverse flow due to 

switching the valve do not affect the injected volume.
27,58

 

 

Figure 1.9: Online injection in CZE using a flow gate interface.  (A) Schematic of flow 

gating interface.  Adapted from reference.
59

  (B) Diagram of an online injection using a 

flow gate interface.  Adapted from reference.
60

 

 

 Optical gating methods utilize the shortest injection durations and result in the 

highest separation efficiencies.
58,61-65

  Optical injections require samples containing 

fluorophores and utilize fluorescence detection.  Two forms of optical injections exist; 

photobleaching and photolytic optical gating (POG).  For a photobleaching injection, 
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fluorescent sample continuously passes through a high-power laser beam which 

photodegrades the fluorophore.  An injection is performed using a shutter which blocks 

the laser for a period of time allowing a plug of fluorescent material to enter the 

separation region of the capillary.  The material is then separated and the fluorescence is 

detected downstream (Figure 1.10).  Though this method has been used to perform 

reproducible injections of fluorophore-labeled analytes, it is limited since many 

fluorophores due not undergo complete photobleaching leading to high background 

signals.
61,62

  Enhances in sensitivity have been achieved using fluorogenic probes, such as 

o-phthalaldehyde rather than fluorescein dyes.
63,64

   

POG is an alternative method which achieves higher sensitivity.
58,65

  POG utilizes 

fluorophores which have reduced quantum yields due to covalently attached caging 

groups.  Upon exposure to ultraviolet (UV) light, the caging groups are released from the 

fluorophores increasing their fluorescence.  This type of injection uses instrumentation 

similar to that of photobleaching optical injections, except a UV beam of light is 

shuttered under normal conditions causing caged-fluorophore to enter the separation 

distance and preventing the detection of sample.  When the shutter is opened, the UV 

light is focused onto the capillary, the caged groups are released, and a plug of 

fluorescent material is injected into the separation distance.  This plug is separated and 

detected downstream.  This injection method results in higher sensitivity than 

photobleaching due to the lower fluorescent background associated with caged-

fluorophores. 
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Figure 1.10: Schematic of optically-gated injection interface. 
 

1.1.3.2 Detection methods 

 Detection in CE is complicated by the dimensions and curvature of the capillary 

as well as the small volumes and associated low molar quantities of analyte.
34,37,39

  In 

spite of these difficulties, various detection methods have been adapted from HPLC or 

developed for use in CE with the most common methods relying on optical or 

electrochemical detection of analytes.
37,39

  Table 1.1 summarizes the LODs for common 

detection methods in CE.   
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Table 1.1: LODs for common CE detectors 

Method Concentration detection limit (molar) 

UV-Vis Absorption 10
-5 

- 10
-8

 

LIF 10
-9 

- 10
-13

 

Refractive Index 10
-5

 - 10
-7

 

Conductivity 10
-5 

- 10
-7

 

Mass Spectrometry 10
-8

 - 10
-9

 

Indirect 10 - 100 x less than direct method 

 

1.1.3.2.1 Absorption detection 

Absorption detection monitors interactions between light and analytes which 

contain chromophores.  In CE, detection is primarily performed on-column to prevent 

dead volumes and turbulence associated with transferring the sample stream to a detector 

cell, which can increase band broadening and decrease resolution through mixing of 

sample zones.  Traditional absorbance measurements monitor absorption of a 

chromophore in relation to the concentration and molar absorptivity of an analyte as well 

as the path length occupied by the sample according to Beer’s law.  In a capillary, the 

small inner diameter (50-100 µm) reduces the path length and the circular structure 

causes the path length to vary throughout the region where absorption is being measured; 

requiring the analytes to be present at high concentrations to be detected.  Additionally, 

the fused silica of the capillary can lead to scattering and refraction of light that does not 

interact with analytes in the capillary; it is therefore necessary to tightly focus the input 

light.  Since many common light sources are incoherent, ball lenses or fiber optics are 

often used to focus the light into the capillary.
34,37,39,66,67
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1.1.3.2.2 Laser-induced fluorescence (LIF) detection 

 Fluorescence is the most common high sensitivity detection method for CE.  The 

high sensitivity associated with fluorescence detection results from (1) the collection of 

fluorescence emission at a 90 ° angle from excitation, minimizing scattering from the 

capillary surface, and (2) the Stoke’s shift between the excitation and emission 

wavelengths of the fluorophore allowing filters to be used to detect only emitted photons, 

further reducing the background.
39

  Fluorescence is dependent on the molar absorptivity, 

quantum yield, and photostability of a fluorophore.
37

  Further, fluorescence is a 

reoccurring phenomenon; a single fluorophore can fluoresce repeatedly resulting in 

increased signal. 

 Fluorescence detectors require an excitation source, a detection cell, collection 

optics, and a photodetector.  The most common excitation sources are lasers, which have 

high power densities, good stability, and emit coherent light that can be focused to a spot 

the size of the sample stream in the inner diameter of the capillary.
34,37,39

  Recently, light 

emitting diodes (LEDs) have been used as light sources due to their low cost and the 

ability to select particular wavelengths for exciting fluorophores.
68-72

  Fluorescence 

detection can be performed on- or post-column, though care must be taken to minimize 

zone broadening in post-column methods.  The most common post-column method uses a 

sheath-flow cuvette which is attached to the outlet of the separation capillary.  The 

solution stream exiting the capillary is surrounded by a sheath fluid pumped by laminar 

flow.  If detection occurs near the beginning of the sheath flow, the analyte zones will not 

have sufficient time to broaden and the resulting fluorescence background will be lower 
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than on-column methods which are affected by light scattering from the capillary wall.  

Thus, post-column detection using a sheath flow cuvette results in high sensitivity 

detection.
37,73,74

 

1.1.3.2.3 Capacitively coupled contactless conductivity detection 

Capacitively coupled contactless conductivity detection (C4D) has seen increased 

use due to a novel axial design simultaneously introduced by Fracassi da Silva et. al.
75

 

and Zemann et. al.
76

 in 1998.  The design utilized two cylindrical electrodes placed 

longitudinally along the capillary length; preventing restrictions on the capillary inner 

diameter (Figure 1.11A).
77,78

  To couple signal into the electrolyte within the capillary, a 

high frequency AC potential is applied to one electrode.  After propagating through the 

region between electrodes, the signal is capacitively coupled out of the electrolyte and the 

current is measured at the pick-up electrode.  The distance between the two electrodes 

represents the detection volume.
77,79,80

  When capacitance through the air between 

electrodes is minimized by the presence of a ground plate or faraday cage, the detector 

can be represented by the reduced circuit presented in Figure 1.11B.
77-79
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Figure 1.11: Diagram of axial C4D (A) and schematic of reduced detector circuit (B). 
 

Detection is dependent upon a difference in conductivity between the analyte and 

buffer ions.  The conductivity (k) of the BGE can be defined as 

   λ     
  λ     

  (1.37) 

where λ represents the molar conductivity of the BGE cations (E+) and anions (E-) and c 

is the concentration of each.  The superscript B represents the concentration of each ion in 

the BGE.  In a sample zone (represented by the superscript S), the analyte ion 

concentration is high, and the buffer ion concentrations change to maintain 

electroneutrality.  For an analyte anion (A-), the conductivity (k) of the sample plug can 

be defined as 

   λ     
  λ     

  λ     
  (1.38) 

The concentration of buffer co-ions (the buffer ion with the same charge as the analyte) 

decreases in the sample plug and the concentration of the buffer counter-ions increases.   
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  (1.39) 

   
     

  (    )   
  (1.40) 

In these equations, kA is the transfer ratio which describes the number of equivalents of 

buffer co-ions replaced by one equivalent of analyte ions.
77,78,81

  kA is defined by the 

Kohlrausch regulating function, which states that the value of the sum of all the ion 

concentrations divided by their electrophoretic mobilities is a constant.
78

  Since 

λ      (1.41) 

where F is the Faraday constant and µ is the electrophoretic mobility of the ion, then kA 

can be defined by 

   
   (       )

   (       )
 (1.42) 

The conductivity of the sample zone is 

   λ  [   
  (    )   

 ]  λ  [   
       

 ]  λ     
  (1.43) 

and the signal is the difference in conductivity between the BGE and sample zones. 

Δk           
 [λ  (    )  λ     λ  ]  (1.44) 

Thus, the measured signal is related to the concentration and conductivity of the analyte 

ions, the conductivity of buffer co-ions and counter-ions, and the transfer ratio.  The 

largest signals are measured when the analyte ions have a large difference in conductivity 

compared to the BGE ions.
77,78,81,82

  Yet, in most CE separations, the buffer is selected to 



76 
 

have a conductivity similar to the analytes of interest, minimizing peak asymmetry from 

electromigration dispersion and resulting in higher resolution and efficiency.
78,81,82

  Thus, 

sensitivity must be optimized against efficiency in separations utilizing C4D. 

1.1.3.2.4 Indirect detection 

 Indirect detection methods utilize buffers with optically active components or 

electrochemical additives that are displaced by the presence of analytes.
34,39,83

  For 

example, when using indirect optical detection methods, a BGE is selected that contains a 

co-ion which absorbs light or has a high quantum yield.  In the sample zone, analyte ions 

displace BGE co-ions based on the Kohlrausch regulating function, resulting in a 

decrease in absorbance or fluorescence and detection of the analytes.
34,39,84

  The limit of 

detection (LOD) for an analyte is dependent upon the concentration of absorbing species 

within the buffer, the ability of the detector to monitor small changes in a large baseline 

signal, and the transfer ratio describing how much probe is displaced by analyte.
39,83

  In 

indirect absorbance detection, the BGE absorbance is often at the upper limit of the 

detector linearity, minimizing baseline instability associated with low concentrations of 

the absorbing species.
39,83

  Yet, as compared to direct detection where analytes have 

concentrations 100 times lower than the BGE co-ion to minimize electromigration 

dispersion; in indirect detection, the analytes have concentrations similar to that of the 

BGE co-ion to ensure that changes in the optical properties of the analyte plug are 

measured.  This can result in electromigration dispersion for the analytes of interest; 

therefore, it is common to select BGE co-ions with similar electrophoretic mobilities as 

the analytes of interest when using indirect detection.
39
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1.1.4 Signal-to-noise enhancement in CE 

CE analyses are often limited due to difficulties associated with detecting the 

small mole quantities present in the capillary.  Recent years have seen development of 

various multiplexing methods to increase detection sensitivity. 

1.1.4.1 Signal averaging 

Traditional signal averaging results in an enhancement of the signal-to-noise ratio 

(S/N) proportional to the square root of the number of measurements used in averaging.   

 

 
              √  (1.45) 

Yet, averaging multiple electropherograms can be difficult due to drifts in analyte 

migration times.  Additionally, greater S/N enhancements are achieved with more runs, 

resulting in injection of larger quantities of sample and increasing the total analysis 

time.
85

  Because of these difficulties, signal averaging has also been performed during a 

single separation using multiple detectors placed along the capillary length.
85-87

  At each 

detector, the analytes exhibit different amounts of band broadening and the resolution of 

the analytes changes since different analytes migrate with differing velocities.  However, 

if these factors are taken into consideration, the signals can be averaged resulting in a 

single electropherogram with enhanced S/N.  If the detectors used in this analysis are shot 

noise limited, the S/N enhancement will be proportional to the square root of the number 

of detectors used to monitor the separation.
85

 



78 
 

1.1.4.2 Hadamard transform 

Hadamard transform (HT) is a matrix-based multiplexing method in which 

multiple measurements are performed simultaneously resulting in reduction of random 

noise and increased sensitivity.  HT has been used extensively in spectroscopy to achieve 

greater accuracy by simultaneously monitoring the interaction of multiple wavelengths of 

light with a sample.
88-90

  HT has also been applied to various separation methods, 

including CE,
91,92

 mass spectrometry (MS),
93-95

 and ion mobility spectrometry (IMS).
96,97

  

HT has seen considerable use with CE since the method can be applied with minimal 

instrument modification. 

Hadamard transform is based on the theory of weigh design, which states that the 

weight of an object can be more precisely determined if objects are weighed 

simultaneously rather than individually.  For weigh design to increase the precision of the 

measurement the error must be random and independent of the total weight of the objects.  

When this occurs, the average (E) of the error (e) approaches zero. 

 { }    (1.46) 

Furthermore, the square of the error is represented by the variance. 

 {  }     
(1.47) 

 If four objects are weighed individually on a balance, the observed weight (η) 

will be equal to the actual weight (ψ) plus some amount of error (e).  Thus, the weights 

of the four objects can be represented by the following series of equations. 
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  (1.48) 

The difference between the observed weight and actual weight equals the error; the 

average of which approaches zero if it is random. 

         (1.49) 

 {     }   { }    (1.50) 

This shows that a more precise value for the weight of an object can be determined by 

measuring the object multiple times and averaging the values from each individual 

measurement. 

 {  }     (1.51) 

When measuring multiple objects individually, the square of the error is represented by 

the variance. 

 {(     )
 }   {  }      (1.52) 

 Alternatively, the precision of the measurement can be increased by measuring 

multiple objects simultaneously.  For instance, when using a spring balance, an object can 

either be included on the balance or not present.  The four objects can then be measured 

in groups where the observed weight (η) is the sum of the actual weights of multiple 

objects (ψ) and the error associated with the measurement (e). 
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 (1.53) 

When this series of equations is solved, the weight of each object can be determined with 

greater precision, since the random error from each measurement is spread across 

multiple objects.  The variance is reduced by a factor proportional to the number of 

measurements preformed.
88

 

Hadamard matrices are n x n matrices of +1 and -1 with distinctive properties that 

allow them to be used in multiplexing.  In particular, the product of a Hadamard matrix 

(Hn) and the transpose of the matrix (HnT) results in the identity matrix (In) multiplied by 

a scalar (n).
92,98

 

    
      (1.54) 

This property allows the convoluted data collected during multiplexing to be 

deconvoluted based on the transpose of the matrix.  In separation methods, samples can 

either be injected or not injected for separation and downstream detection.  An S-matrix 

is formed by removing the first row and column of the Hadamard matrix and replacing 

the +1’s with 0 and the -1’s with +1.
92

  The S-matrix encodes the injection sequence; for 

each +1, sample is injected into the capillary, whereas for each 0, buffer is injected into 

the capillary.  The multiple injections, which are offset in time, result in a convoluted 

signal which is collected by a single point detector, such as a PMT.  The collected signal 

represents the summation of overlapping peaks in the electropherogram, the baseline 
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signal, and the noise in the system.  Mathematically, the convoluted data [E] is the matrix 

product of a single injection [X] and the S-matrix used for pseudorandom injections [S]. 

[ ]  [ ][ ] (1.55) 

Since the S-matrix is derived from a normalized Hadamard matrix it maintains the same 

symmetry properties and multiplying the convoluted data by the inverse S matrix [S]-1 

results in regeneration of the single injection matrix with lowered noise and greater 

sensitivity.
91,92

 

[ ]  [ ]  [ ] (1.56) 

When this method is used the random noise is decreased by a factor of 

(   )

      (1.57) 

where n is the length of the matrix used for injection.
91,92,98

 

1.2 Capillary liquid chromatography 

1.2.1 History and introduction 

In comparison to CE, liquid chromatography (LC) is a more established 

separation method.  Chromatography was first introduced by Tswett in the early 

twentieth century for separating chlorophyll extracts using a column packed with solid 

adsorbent materials, including silica, alumina, or charcoal, with petroleum spirits as the 

solvent system.
99

  In this early work, Tswett showed that molecules could be separated 

based on their differing interactions between two phases, one which was held stationary 
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and one which moved through the column.
100

  Analytes that have more interaction with 

the mobile phase elute from the column more rapidly than analytes that have greater 

interaction with the stationary phase.  Since chromatography was introduced it has seen 

significant theoretical development as well as utilization of novel separation platforms 

and additional mobile and stationary phases.
99

  Currently, chromatography is used for 

separations in environmental, forensic, agricultural, and pharmaceutical analyses.
99,100

 

1.2.2 Theory 

 Separation in LC is a result of different interactions between the mobile and 

stationary phases for each analyte.  For this reason, it is necessary that each analyte 

interacts with the stationary phase.
99,101

  In an LC separation there are analyte-analyte, 

analyte-mobile phase, analyte-stationary phase, and mobile phase-stationary phase 

interactions.
100

  The extent of interaction between the analyte and the stationary phase is 

defined by the capacity factor (k’) in Eq. 1.27.
99,100

  A large capacity factor signifies that 

an analyte has a strong interaction with the stationary phase, is highly retained on the 

column, and results in long analysis times.  The capacity factor and migration time of an 

analyte can be altered by changing the mobile phase, which modifies analyte-mobile 

phase interactions.
100

 

 For analytes to be separated, they must experience different amounts of 

interaction with the stationary and mobile phases.  The selectivity (α) of a separation 

describes the difference in retention of two analytes and can be calculated using either the 
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capacity factors for both analytes or the migration times of each analyte (t1 and t2) and 

an unretained solute (t0).
99,100

 

  
     

     
 

  
 

  
   (1.58) 

When α approaches unity (1), the analytes elute at the same time and are not separated.  

Changing the mobile phase can alter the interactions between each analyte and the 

stationary and mobile phases, thus increasing the selectivity.
100,101

 

Similar to CE, separation efficiency (N) describes the separation quality by 

quantifying the variance associated with the separation column and external components 

of the instrument.  In LC, efficiency is dependent upon the column length and plate 

height according to Eq. 1.10.
99,100

  Plate height is defined by the van Deemter equation 

(Eq. 1.12) where A, B, and C describe the variance associated with multiple paths through 

a packed column (Eq. 1.31), longitudinal diffusion (Eq. 1.14), and mass transfer of 

analytes between the stationary and mobile phases (Eq. 1.32).  From these equations, it is 

apparent that both the A and C terms of the van Deemter equation are dependent upon the 

particle size; thus, using smaller particles results in smaller plate heights (H) and larger 

separation efficiencies (Figure 1.12).
100
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Figure 1.12:  Theoretical van Deemter plots for columns packed with 10 µm, 5 µm, 3 

µm, and 1.7 µm particles.  Reprinted with permission.
102

  Copyright 2006 Elsevier. 

 

Decreasing particle diameter while maintaining column length requires high 

pressures to generate optimum flow rates (Eq. 1.33).
103,104

  LC separations have moved 

toward using smaller particles in shorter columns, allowing the use of traditional HPLC 

pumps (pressures less than 400 bar) with faster elution times.  However, these columns 

yield reduced separation efficiency (Table 1.2).
104

  Furthermore, the enhanced pressure 

required for pumping solvent through long columns packed with small diameter particles 

generates heat due to the solution viscosity and associated frictional forces, resulting in 

radial temperature gradients and increased band broadening.  To increase heat dissipation 

capillary columns with diameters less than 500 µm are used rather than traditional 

columns with mm diameters.
103,104

  Until recently, the high pressure requirements and 

need for small inner diameter capillaries have limited the use of columns packed with 

particles having diameters less than 2 µm.
104
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Table 1.2: Trends in particle size, column length, and separation performance in HPLC. 

Reprinted with permission.
104

  Copyright 2010 Annual Review of Analytical Chemistry. 

Packing material 

Column  

length (cm) 

Pressure  

(bar) 

Void time  

(min) 

Column efficiency  

(plates) 

10 µm, porous,  

irregular 25 16 2.5 7,000 

5 µm, porous 25 66 2.5 20,000 

3 µm, porous 10 122 0.6 13,000 

2 µm, porous 5 206 0.2 10,000 

1.5 µm, nonporous 3 263 0.1 8,000 

 

 Separation efficiency in LC is dependent not only on the efficiency of the column, 

but also on the variance associated with injection, detection, and the tubing connecting 

different parts of the instrument.
99,100

  Efficiency can be calculated from a chromatogram 

using Eq. 1.17.
99

 

 Resolution describes the separation of analytes and is dependent upon the 

capacity factor of the later eluting analyte (k’), selectivity (α), and efficiency (N) of the 

column.
99-101

 

  
 

 

   

 
√ 

  

    
 (1.59) 

This equation shows that the easiest way to alter the resolution of analytes is by changing 

the capacity factor or selectivity of the column since resolution increases with the square 

root of efficiency.  Figure 1.13 shows how altering these parameters affects the resolution 

of two analytes in an LC separation.
100
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Figure 1.13:  Changing the separation efficiency, capacity factor, or selectivity, alters the 

resolution of analytes in LC separations.  Adapted from reference.
100

 

 

1.2.3 Instrumentation and columns 

In comparison to traditional HPLC, capillary liquid chromatography (CLC) is 

complicated by the small column volumes and the increased pressure requirements of the 

instrument.
103-105

  All of the instrumental components and tubing must be stable under the 

high pressures.  A CLC instrument includes a fluid pump, injection valve, separation 

column, detector, tubing to connect the different components of the instrument, and a 

data acquisition interface.
100

 

 Capillary columns are not commercially available, thus they must be prepared 

before use.  These columns are generally formed in fused silica capillaries, which have 
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small inner diameters allowing for appropriate heat dissipation, high tensile strength to 

support the high separation pressures, and are UV transparent permitting optical 

detection.  Commercially available capillaries are coated with polyimide to provide 

flexibility and minimize the brittleness of the fused silica.
104

 

 Capillary columns are generally prepared by coating particles with a stationary 

phase and packing the particles into a column.  Packed columns can be prepared with 

nonporous or porous particles.  Nonporous particles exhibit more monodisperse size 

distributions resulting in decreased plate height and increased separation efficiency.  

However, porous particles have a larger surface area allowing more stationary phase to be 

incorporated in the column and increasing the column capacity.
104

  Recently, monolithic 

columns have been generated by forming a porous polymer within the column.
104,106-109

  

These columns can be prepared with various pore sizes, though each column must be 

prepared separately and then coated with stationary phase, decreasing column to column 

reproducibility.
104

 

A packed bed in a capillary column is retained by frits, which must be permeable 

to fluid flow and have mechanical stability under the pressures required for separation.
104

  

Frits can be formed by tapping silica particles into a capillary and sintering with an 

electric arc causing the particles to fuse to each other and the capillary wall.
103,104,110

  

Sintered frits have been used for separations at high pressures (1400 bar or 20,000 psi), 

though sintering removes the polyimide capillary coating increasing the capillary 

fragility.
103-105,110-113

  Additionally, sintered frits have low reproducibility and variable 
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permeability.
110,111,113,114

  Frits can also be formed by polymerization of potassium 

silicate and formamide.
104,110,115

  These frits are formed at lower temperatures, 

maintaining the polyimide coating; yet, they have lower mechanical stability and cannot 

be used at the high pressures used for sintered silica frits.
104

  Frits have also been formed 

using polymerization of sol-gels.
108,110,112,114,116,117

  For sol-gels, polymerization can be 

initiated by a catalyst, heat, or light.
113

  Catalyst and heat initiated polymers result in frit 

formation at the capillary tips.  Photoinitiated polymerization allows frit formation in the 

center of the capillary, though the polyimide coating must be removed, increasing the 

fragility of the column.
114

 

 After frit formation, capillary columns are packed using particle slurries.  The 

particles are first dispersed in a solvent which minimizes aggregation.
103-105

  Then high 

pressure is applied to the column pushing the slurry into the capillary.  The particles will 

pack against the frit forming a packed bed and excess solvent will be pushed through the 

frit.  The time required to pack a column is dependent on the particle concentration in the 

slurry, the column length, and the solvent viscosity.
104

  After packing, the pressure is 

released slowly to ensure that the packed bed is stable.
103

  Packing is performed at 

pressures greater than those used for separation to ensure defects in the packed bed do not 

form during separation. 

Open tubular (OT) columns are prepared by coating the stationary phase directly 

onto the capillary wall.  OT columns are formed in small diameter capillaries (less than 5 

µm inner diameters) allowing the analytes to interact with the stationary phase.  These 
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small inner diameters have less surface area, which minimizes the amount of stationary 

phase present in the column.  Additionally, the small inner diameters place restrictions on 

the detectors which can be used.
104

 

1.2.4 Transmembrane protein-functionalized stationary phases 

 There are various modes of retention in LC, including adsorption, partition, size 

exclusion, affinity, and ion exchange.
99,100

  Recently there has been a focus on developing 

affinity columns incorporating transmembrane proteins (TMPs).  TMPs propagate signals 

from the extracellular to intracellular environment with alterations in TMP activity 

affecting global cellular function.  Thus, it is necessary to identify physiological and 

pharmacological regulators for elucidation and management of abnormal disease states. 

Current cell-based assays for screening novel pharmaceuticals suffer from 

irreproducibility and are difficult to interpret due to the complexity associated with signal 

transduction. Separation platforms provide the needed combination of throughput, 

specificity, reproducibility, and selectivity to allow qualitative and quantitative screening 

of combinatorial libraries, elucidation of biochemical pathways and binding interactions, 

and identification of pharmaceutical targets. 

1.2.4.1 Immobilized cell membranes 

Cell membranes have been immobilized as stationary phases to study binding and 

transport of molecules with TMPs. The glucose transporter, GLUT1, from red blood cells 

was prepared in intact cell membranes and incorporated into stationary phases to study 

the transport of D-glucose across a lipid bilayer. Studies in the presence of L-glucose or 
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channel modifiers showed that the channel transported glucose stereoselectively after 

immobilization within columns, though the columns lost 40 % of their binding activity 

over a month, indicating limited long term stability.
118

 Additionally, cell membranes are 

complex due to the presence of multiple membrane proteins on the surface; greater 

selectivity could be achieved by using synthetic lipid platforms for incorporating TMPs 

into stationary phases. 

1.2.4.2 Immobilized liposome chromatography 

Immobilized liposome chromatography (ILC) incorporates liposomes into 

stationary phase supports such as agarose or acrylamide gels by steric, hydrophobic, 

covalent, or avidin-biotin interactions (Figure 1.14).
119,120

  Liposomes can be 

immobilized via steric methods, including dialysis or freeze-thawing. In dialysis, a 

mixture of phospholipids, surfactant, and gel particles are dialyzed.  As the surfactant 

concentration decreases, liposomes form, with large liposomes becoming entrapped 

within gel pores.
120

  In freeze-thawing, a concentrated liposome solution is added to dry 

gel and left to swell.  During cycles of freezing and thawing, the liposome size increases, 

causing the structures to become immobilized within the pores of the gel support.  To 

generate stationary phases using hydrophobic interactions, hydrophobic ligands are 

covalently bound to gel supports and packed into columns.  Liposomes are retained on 

the column when the hydrophobic ligands integrate into the bilayers, interacting with 

hydrophobic tails in the lamellar region.  Covalent immobilization utilizes a linker-

modified support which is reacted with the phospholipid head groups of liposomes.  Gels 
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can also be modified with avidin or streptavidin, allowing immobilization of biotin-

functionalized liposomes.
119
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A 

 

B 

 

 

Figure 1.14: Immobilized liposome columns can be formed by various methods.  (A) 

Diagram of ILC column formed by steric immobilization in which large liposomes 

become entrapped within the pores of the support gel.  (B) Diagram of ILC column 

formed by hydrophobic interactions in which the gel support is modified with 

hydrophobic ligands that penetrate into the lipid bilayer interacting with the hydrophobic 

tails of the lipids and leading to immobilization.  ILC columns can also be formed from 

covalent or avidin-biotin interactions between the lipid head groups and modified gel 

supports (diagrams not shown).  Reprinted with permission.
121

  Copyright 1991 Elsevier. 
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The method used for forming ILC stationary phases depends upon the needs of 

the separation.  For instance, steric immobilization results in multilamellar structures; 

whereas hydrophobic, covalent, and avidin-biotin immobilization prepare liposomes 

before incorporation into stationary phases, allowing their size, structure, and lamellarity 

to be controlled during formation.  Avidin-biotin immobilization results in the smallest 

loss of liposome due to the specific binding interaction.  Hydrophobic and steric 

immobilization by freeze-thawing yield high phospholipid densities, though steric 

immobilization by dialysis results in low phospholipid density.
119

  Hydrophobic 

immobilization yields a more hydrophobic column since the support is modified with 

hydrophobic ligands and not all of them capture liposomes.
120

  Steric immobilization is 

the only method that does not utilize ligands to incorporate liposomes; therefore there are 

fewer types of interactions between the analytes and stationary phase support.
119

  In 

general, ILC stationary phases suffer from poor stability, though column stability is 

dependent upon the phospholipid mixture forming the liposomes, the mobile phase (pH, 

ionic strength, presence of organic solvents or detergents), and separation parameters, 

such as temperature.
119,120

  Additionally, analytes such as hydrophobic molecules or 

proteins can cause deformation of the bilayer upon interaction, leading to phospholipid 

loss.
119

 

1.2.4.3 Immobilized artificial membranes 

Immobilized artificial membranes (IAMs) provide an alternative to ILC stationary 

phases in which a monolayer of phospholipids or phospholipid derivatives is covalently 

attached to an amine modified silica particle through an amide bond at the terminus of the 



94 
 

lipid tail (Figure 1.15).
122

  The surface area of phospholipids in natural membranes is 67 

– 77 Å
2
 molecule

-1
 and that of IAMs has been found to be 66 – 105 Å

2
 molecule

-1
;
119

 

therefore, IAMs have lipid densities similar to biomembranes.  After reaction of 

phospholipids with the amine modified silica surface, the unreacted amine groups are 

capped to reduce the basicity of the surface, stabilizing the IAMs and minimizing 

interactions between analytes and the positively charged support.
119,122

  IAMs are more 

stable than ILC stationary phases,
122

 yet they contain a monolayer of phospholipid 

without an internal aqueous compartment.
119

  Thus, they mimic the surface of plasma 

membranes, allowing analytes to interact with the hydrophilic head groups via ion-

pairing and hydrogen bonding as well as by forming hydrophobic interactions with the 

lipid tails, though separations cannot exploit the internal aqueous compartment present in 

ILC stationary phases.
119

  IAMs are better membrane mimics than traditional reversed 

phase chromatographic stationary phases, particularly for studying partitioning of small 

molecules into lipid bilayers.
122
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Figure 1.15: Structures of phosphatidylcholine immobilized artificial membranes.  IAMs 

are formed by covalent attachment of lipids or lipid-derivatives to an amine-modified 

silica support.  IAMs can be formed with ester (A) or ether (B) bonds between the 

hydrocarbon chains and the glycerol backbone, or they can be formed from structures in 

which the glycerol backbone is removed (C).  After covalent attachment of the lipids or 

lipid-derivatives to the silica surface, excess amines are capped using hydrocarbon chains 

to minimize the basicity of the surface and limit nonspecific interactions.  Adapted from 

reference.
123

 

 

TMPs, including nicotinic acetylcholine receptors (ion channels)
124

 and opioid 

receptors (G-protein coupled receptors, GPCRs),
125

 have been immobilized in IAMs.  

These stationary phases are formed from solubilized cellular membrane components, thus 

mixtures of TMPs are present in the stationary phases.
126

  Studies with IAM-TMP 

columns have shown that relative drug binding affinities can be determined for 
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overexpressed TMPs.
124,125

  Yet, opioid receptor binding constants calculated from 

quantitative affinity chromatography did not match in vivo values.  This may be due to 

the altered conformation of the proteins in stationary supported monolayer membrane 

structures, as opposed to traditional lipid bilayers.
125

 

1.2.4.4 Polymerized lipid bilayers 

Proteoliposomes and cell membrane stationary phases show promise in 

monitoring small molecules and their interactions with TMPs.  Unfortunately, suspended 

cell membranes contain multiple TMPs limiting their selectivity, ILC stationary phases 

have limited stability,
119,120

 and IAMs do not contain a true bilayer, limiting their utility 

in supporting TMPs and the fluidity needed for conformational changes upon 

activation.
125

  Previous studies have increased phospholipid bilayer stability by 

incorporating cholesterol.  Yet, studies of GLUT1 in cellular membranes show that even 

these structures have limited stability under conditions with varying pH, ionic strength, 

osmolarity, and organic additives.
118

 

Lipid bilayers can be stabilized using polymerization, by incorporating small 

molecule monomers, which partition into the lamellar region of the bilayer were they are 

polymerized forming a polymer scaffold,
127

 or through the use of synthetic, 

polymerizable lipids (Figure 1.16).
128-130

  A synthetic ephedrine receptor, 

resorcin[4]arene, was incorporated into black lipid membranes (BLMs) formed from L-α-

phosphatidylcholine, dipalmitoyl and dipalmitoyl phosphatidic acid and polymerized 

with a mixture of methacrylic acid, ethylene glycol dimethacrylate, and the 
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thermoinitiator, 2,2’-azobis-(2-methylpropionitrile).
127

  Current was measured through 

the BLM when the receptor was exposed to ephedrine.  In comparison to synthetic 

receptors, the major challenges with incorporating TMPs into polymerized lipids are 

enhancing bilayer stability while maintaining the fluidity needed for protein function.  

Shenoy et. al. suspended α-hemolysin ion channels in BLMs of polymerized 1-

palmitoyl,2-10,12-tricosadiynoyl-sn-glycero-3-phosphoethanolamine and showed 

maintained activity of the ion channel after polymerization.
129

  Heitz et. al. used mixtures 

of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (a non-polymerizable lipid) and bis-

dienoylphosphatidylcholine18,18 (a polymerizable lipid) to form bilayers with enhanced 

stability compared to non-polymerized structures, but increased fluidity due to the 

inclusion of non-polymerizable lipids allowing measurement of ion flux through 

alamethicin ion channels.
130

  Rhodopsin, a GPCR, was incorporated into planar supported 

lipid bilayers of 100% 1,2-bis[10-(2’,4’-hexadienoyloxy)decanoyl]-sn-glycero-3-

phosphocholine, a polymerizable lipid.  After polymerization, conformational changes of 

the proteins were observed upon exposure to yellow light, showing maintained GPCR 

activity in bilayers composed of only polymerizable phospholipids.
131

  These results 

suggest that polymerized bilayers can be prepared and used for studying TMP activation 

and activity.  These polymerized bilayer structures have enhanced stability compared to 

traditional lipid bilayers, such as those in ILC, and contain a full bilayer, making them 

more compatible with TMP incorporation than IAMs.  Thus, polymerized lipid bilayers 

may provide the needed combination of stability and fluidity to study binding to TMPs in 

liquid chromatography. 
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A 

 

B 

 

Figure 1.16: Lipid bilayer stabilization by polymerization. (A) Stabilization can occur by 

partitioning monomers, such as ethylene glycol dimethacrylate, into the lamellar region 

of the bilayer, polymerizing, and forming a polymer scaffold onto which the lipids are 

patterned. (B) Stabilization can also occur by incorporating polymerizable functional 

groups into the head or tail of the phospholipid structure leading to a polymer formed 

from the lipids. Adapted from reference.
132

 

 

1.2.5 Dissertation Outline 

Though CZE has been used for various cellular analyses, there are many potential 

applications that require the development of novel methods and instrumentation.  For 

example, monitoring behavioral responses resulting from changes in neurotransmitter 

(NT) concentrations in the extracellular space requires high temporal resolution, high 

sensitivity, and continuous sampling. CZE-LIF detection coupled with POG yields a 
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separation platform allowing simultaneous detection of multiple NTs. POG yields high 

separation efficiencies and nM detection limits, though previous methods have seen 

limited use due to utilization of multiple laser lines for POG and detection. We have 

explored a UV-LED array for POG injections of primary amines labeled with a caged 

fluorescein (Chapter 2).  Additionally, there are few commercially available caged 

fluorophores for use in labeling NTs for subsequent POG-CZE-LIF and many of the 

commercial caged dyes require long times for complete reaction, preventing their use in 

temporally resolved measurements. We have developed and utilized a novel thiol-

containing fluorescein (5(6)-(S(methyl-2-amidoethanethiol)fluorescein) for rapid labeling 

of primary amines using o-phthaldehyde (OPA) as a bifunctional crosslinker. A caged 

form of the fluorescein thiol was also studied for POG with an UV-LED followed by 

CZE-LIF (Chapter 3). 

Many cellular second messengers lack chromophores or electroactive functional 

groups; thus, studying and understanding their cellular functions in signaling has been 

difficult.  We have optimized and investigated the use of C4D for detecting and 

quantifying small molecules, including inorganic cations, biological phosphates, and 

amino acids without labeling (Chapter 4). 

Many CE methods have poor sensitivity due to the limitations of detecting 

analytes in the small capillary dimensions.  To overcome this, a multiplexing method was 

coupled to the analyses to achieve greater sensitivity.  Hadamard transform capillary 

electrophoresis (HTCE) is a matrix-based multiplexing method in which multiple, 
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pseudorandom injections are performed based on a cyclic, simplex matrix (S-matrix) 

resulting in S/N enhancements proportional to the size of the matrices used for injection.  

This method was applied to POG analyses with an UV-LED (Chapter 2) and CZE-C4D 

(Chapter 4). 

Cellular peptides and proteins are difficult to separate and detect in CE since 

highly charged analytes can form electrostatic and hydrophobic interactions with the 

capillary surface leading to decreased separation efficiency and detection sensitivity.  

One way to minimize these problematic interactions is by forming phospholipid bilayers 

on the capillary surface; yet, these coatings are unstable for extended periods of time and 

require regular regeneration, increasing the total time needed to perform the separations.  

We examined the stability and reproducibility of a hybrid bilayer coating formed by 

covalent linkage of a silane containing a hydrophobic functional group to the capillary 

surface followed by vesicle fusion to form a hybrid bilayer (Chapter 5). 

 Using a synthetic, polymerizable lipid (1,2-bis[10-(2’,4’-

hexadieoyloxy)decanoyl]-sn-glycero-2-phosphocholine) we have prepared highly 

stabilized phospholipid bilayer coatings on silica particles.  These coatings are stable 

against surfactant and organic solvents, insults which degrade ILC columns and natural 

bilayers.  Additionally, these particles contain a full bilayer, making them more 

compatible for incorporating and studying transmembrane proteins.  A packed capillary 

column was prepared containing particles coated with stabilized bilayers for use in frontal 

chromatographic analyses of lipophilic small molecules (Chapter 6). 
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CHAPTER 2. ONLINE PHOTOLYTIC OPTICAL GATING OF CAGED 

FLUOROPHORES IN CAPILLARY ZONE ELECTROPHORESIS UTILIZING 

AN ULTRAVIOLET-LIGHT EMITTING DIODE 

 

2.1 INTRODUCTION 

Physiological function is regulated by neurotransmission where alterations in the 

storage, release, transport, or reuptake of neurotransmitters leads to various conditions, 

including depression and addiction.
133

  To understand the chemical origins of disease, it 

is necessary to monitor the identity and concentration of neurotransmitters released 

during normal signaling events.  Yet, quantifying neurotransmitters within an organism is 

difficult because signaling events are rapid, with cellular and pharmacokinetic responses 

occurring on second to minute timescales, neurotransmitters are released or present in 

low concentrations (pM – mM), and sampling from an organism necessitates that only 

small volumes be removed to avoid disruption of homeostasis.
134

  Capillary zone 

electrophoresis with laser induced fluorescence detection (CZE-LIF) is often used for 

neurotransmitter release studies due to the small sample consumption, rapid separations, 

and high sensitivity.
135-137

 

Direct, online sampling yields the highest temporal resolution of neurotransmitter 

dynamics for separation based analyses.
137,138

  Microdialysis probes have been coupled to 

separation capillaries by flow gating,
135,137-140

 segmented flow,
141-143

 and optical 

gating.
65,144-148

  Of these approaches, optical gating facilitates the shortest injection 

lengths, fastest separations, and yields the highest separation efficiency.
65,144-148

  Flow 
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gating is limited to longer injections (250 ms or longer) where irregularities in switching 

the valve have less pronounced effects on the amount of material introduced into the 

separation capillary.
136,144

  Segmented flow minimizes diffusion as samples migrate from 

the microdialysis probe to the capillary; however, to accurately quantify multiple 

analytes, it is necessary to remove the aqueous droplets from the oil in which they are 

immersed, requiring complex microchip designs with multiple differentially modified 

channels.
141-143

  Optical gating facilitates online injections with subsequent LIF detection 

of fluorophore-labeled samples.
65,144-148

  For photobleaching optical injections, a 

continuous laser beam is focused into the capillary to photobleach the sample.  Transient 

blockage of the beam allows plugs of fluorescent material to be injected over the 

photobleached background.
145-148

  In most cases, photobleaching is less than 90 % 

effective,
145

 yielding increased noise, and a consequent decrease in sensitivity.
145,146

  

Photolytic optical gating (POG) circumvents these issues by utilizing caged fluorophores 

that exhibit markedly decreased fluorescence quantum yields prior to photolysis.  

Samples are injected upon transient exposure to ultraviolet (UV) radiation, via photolytic 

uncaging of the fluorophore to generate highly fluorescent sample plugs.
65,144

  POG 

offers increased sensitivity compared to photobleaching by providing lower background 

signal and reduced noise.
65,144

  Previously, our group reported the use of a multi-line laser 

for online photolytic injection and subsequent LIF detection of amino acids labeled with 

caged fluorescein succinimidyl ester.
144

  Limits of detection (LODs) for labeled amino 

acids were approximately 1 nM, showing 2 – 3 orders of magnitude enhanced sensitivity 

compared to photobleaching-derived  injections of fluorescein or NBD utilizing the same 
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optical geometry.
145,149

  Though this method is highly sensitive, it is complicated since 

uncaging the fluorophore necessitates the use of UV radiation and optimum detection 

utilizes visible radiation.
65,144

 

Recently, high power light emitting diodes (LEDs) that span the UV and visible 

spectra have become viable alternative light sources for many spectroscopic methods.
150

  

LEDs have higher stability when compared to conventional fluorescence lamps,
151-153

 

lower power consumption and longer lifetimes than lasers,
151

 and are available in a wide 

spectral range with narrow bandpass.
150

  Visible and UV-LEDs have been used for LED-

induced fluorescence (LED-IF) detection in CE separations of biomolecules.
70-72,151,152

    

The studies in which LEDs were used showed comparable sensitivity to LIF detection 

with ca. 10 nM LOD for o-phthalic dicarboxaldehyde and beta-mercaptoethanol labeled 

amino acids using a 365 nm LED,
70

 ca. 20 nM LOD for native fluorescence detection of 

conalbumin with a 280 nm LED,
152

 and ca. 20 nM LOD for naphthalene-2,3-

dicarboxaldehyde and cyanide-labeled amino acids using a 425 nm LED.
71

   Additionally, 

UV-LEDs have been used for photolytic activation of caged dyes within cells to perform 

imaging studies
154

 and for photolytic generation of concentration gradients in ion 

exchange chromatography,
155

 though, to our knowledge there are no previous reports of 

LED- photolytic injection for separation. 

Here we demonstrate the first use of an UV-LED array for online photolytic 

injection of caged fluorophores in CZE.  Further, we coupled UV-LED POG to 
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Hadamard transform capillary electrophoresis (HTCE)
65,156-161

 to demonstrate increased 

sensitivity with minimal instrumental modification. 
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2.2 EXPERIMENTAL 

2.2.1 Materials and reagents 

5-carboxyfluorescein-bis-(5-carboxymethoxy-2-nitrobenzyl) ether, β-alanine-

carboxamide, succinimidyl ester (caged fluorescein succinimidyl ester, CFSE) was 

purchased from Invitrogen (Carlsbad, CA).  Boric acid was purchased from Spectrum 

(Gardena, CA).  D-alanine (Ala), D,L-arginine (Arg), L-valine (Val), L-glutamic acid 

(Glu), and γ-amino-n-butyric acid (GABA) were purchased from Sigma (St. Louis, MO).  

L-citrulline (Cit) was purchased from Alfa Aesar (Ward Hill, MA).  Glycine (Gly) was 

purchased from Mallinckrodt chemicals (St. Louis, MO).  L-isoleucine (Ile) and sodium 

dodecyl sulfate (SDS) were purchased from Fisher (Pittsburgh, PA).  Methanol (MeOH) 

was purchased from EMD (Billerica, MA).  All other chemicals were obtained from 

VWR (Radnor, PA) and used as received.  Water was obtained from a Barnstead 

EasyPure UV/UF purification system.  Buffers were filtered using membranes with 0.2 

µm pores and degassed by bubbling with He before use. 

2.2.2 Sample preparation 

CFSE was dissolved in DMSO to generate a 2 mM stock solution.  Amino acids 

were labeled individually offline at 100 µM by reaction with CFSE at a mole ratio of 1.00 

amine: 2.00 CFSE, 1.00 amine: 1.50 CFSE, or 1.00 amine: 1.25 CFSE in 20 mM borate 

buffer, pH 10 and a reaction volume of 100 µL.  Reactions were performed for 3 h at 

room temperature in the dark and diluted with running buffer before POG and separation. 
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Some of the samples were photobleached before online photolytic injection to 

remove background fluorescence from uncaged or partially uncaged CFSE.  After 

labeling, the amino acids were diluted in a test tube to 3.9 µM in 0.5 mL of 20 mM borate 

buffer, pH 8.3.  The test tube was positioned in front of the 496 nm line of an Ar
+
 laser at 

25 mW for 15 min and shaken every 5 min to mix the sample.  After photobleaching the 

samples were further diluted in running buffer before POG and separation. 

2.2.3 Instrumentation 

2.2.3.1 Initial UV-LED focusing for POG 

A single UV-LED (total power = 100 mW, λmax = 365 nm, Δλ1/2 = 8 nm, Model 

NCCU033, Nichia America Corporation, Southfield, MI, USA) was mounted on an 

aluminum cooling plate.  UV-LED emission was collected using a fused-silica plano-

convex lens (ƒ = 75 mm, Melles Griot, Irvine, CA) and focused with two additional 

biconvex lenses (ƒ1 = 35 mm and ƒ2 = 25 mm, Melles Griot) to focus the light into the 

capillary.  The power of the UV-LED at the capillary was measured to be 2 mW within a 

0.5 mm square focal point using a Model 1815-C power meter (Newport Corporation, 

Irvine, CA).  Optical gating was controlled by a circuit which turned the UV-LED on and 

off by responding to a TTL signal written into the LabVIEW (National Instruments, 

Austin, TX) program used for data collection (Figure 2.1).  The single UV-LED was 

eventually replaced with a higher powered UV-LED array. 
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B 

 

 

Figure 2.1: Initial focusing diagram for POG with a single UV-LED or UV-LED array 

(A) and circuit used to turn UV-LED on / off based on TTL signal (B). 

 

2.2.3.2 Modified UV-LED array focusing for POG 

 An UV-LED array consisting of four UV-LEDs (total power = 900 mW, λmax = 

365 nm, Δλ1/2 = 9 nm, Model NC4U133(T), Nichia America Corporation, Southfield, MI, 

USA) in a two by two matrix was mounted on an aluminum cooling plate (Figure 2.2C).  

UV-LED emission was passed through an iris and collected using a fused-silica plano-

convex lens (ƒ = 75 mm, Melles Griot, Irvine, CA).  A LS3 mechanical shutter with 
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VMM-T1 controller (Uniblitz LS3, Vincent Associates, Rochester, NY) was positioned 

in the beam of collected light.  An additional fused-silica planoconvex lens (ƒ = 100 mm) 

(Melles Griot) was used to focus the light into the capillary.  Optical gating was 

controlled by the shutter which responded to a TTL signal written into the LabVIEW 

(National Instruments, Austin, TX) program used for data collection.  A diagram is 

presented in Figure 2.2. 
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A 

  

B 

 

C 

 

Figure 2.2: Modified focusing diagram for POG with UV-LED array (A), circuit used to 

power UV-LED array (B), and image of the 2 × 2 matrix of UV-LEDs mounted on an 

aluminum cooling plate (C). LEDs are circled in red.  Image was collected on an iPhone 

using 100 % magnification. 
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2.2.3.3 Final UV-LED array focusing for POG 

An UV-LED array consisting of four UV-LEDs (total power = 900 mW, λmax = 

365 nm, Δλ1/2 = 9 nm, Model NC4U133(T), Nichia America Corporation, Southfield, MI, 

USA) in a two by two matrix was mounted on an aluminum cooling plate (Figure 2.2C).  

UV-LED emission was collected using a fused-silica plano-convex lens (ƒ = 100 mm, 

Melles Griot, Irvine, CA) and focused with an additional plano-convex lens (ƒ = 100 

mm).  A LS3 mechanical shutter with VMM-T1 controller (Uniblitz LS3, Vincent 

Associates, Rochester, NY) was positioned at the focal point of the second lens.  Two 

additional fused-silica lenses, a planoconvex (ƒ = 75 mm) and biconvex (ƒ = 35 mm) 

(Melles Griot) were used to focus the light into the capillary.  The power of the UV-LED 

array at the capillary was measured to be 400 µW using a Model 1815-C power meter 

(Newport Corporation, Irvine, CA).  Optical gating was controlled by the shutter which 

responded to a TTL signal written into the LabVIEW (National Instruments, Austin, TX) 

program used for data collection (Figure 2.3). 

2.2.3.4 Detection 

For detection of uncaged CFSE (λmax, Abs = 494 nm), the 488 nm or 496 nm line of 

an Ar
+
 laser (Innova 70C series, Coherent, Santa Clara, CA), was focused into the center 

of the separation capillary using a biconvex lens (f = 25 mm)  (Melles Griot).  The beam 

power at the capillary was 28 mW.  The fluorescence signal was collected using a 

microscope objective (20×, 0.4 N.A., Melles Griot) before passing through a spatial filter, 

a band pass filter (D525 / 25 M, Chroma Technology, Rockingham, VT), and a 488 ± 12 

nm holographic notch filter (HNF-488.0 – 1.0, Kaiser Optical Systems, Ann Arbor, MI,). 
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Fluorescence was detected by a photomultiplier tube (H957, Hamamatsu Photonics, 

Bridgewater, NJ), then amplified and filtered by a current amplifier (Model 428, 

Keithley, Cleveland, OH), and collected by an A/D converter (NI USB-6221, National 

Instruments) using in-house software written in LabVIEW.  Electric fields were applied 

using a 30 kV power supply (CZE-1000, Spellman High Voltage Corporation, 

Hauppauge, NY).  An instrument diagram is presented in Figure 2.3. 
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A 

 

B 

  

Figure 2.3: Diagram of UV-LED POG instrument with final UV-LED array focusing 

(A).   Images of beam profile before the beam passes through the shutter (B).  Images 

were taken at an angle using an iPhone with 100 % magnification.  Four distinct regions 

of light were visible in the beam path due to the presence of four LEDs. 

 

2.2.4 Separations  

Capillaries (25 or 50 μm i.d.; 360 μm o.d.; Polymicro Technologies, Phoenix, AZ) 

were cut to 45 cm total length with a separation distance of 24 cm.  Before use, 

capillaries were washed with consecutive rinses of 0.1 M HCl, H2O, 0.1 M NaOH, H2O, 
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and running buffer for 5 min each.  Sample constantly flowed through the capillary inlet 

due to the applied field and electroosmotic flow (EOF) within the capillary; thus, sample 

injections refer to photolytic conversion of sample. 

CZE and MEKC separations were performed.  CZE separations were performed 

in 20 mM borate buffer at either pH 8.3 or 9.3.  MEKC separations were performed in 20 

mM borate buffer with 45 mM SDS pH 8.3 with or without 10 % MeOH (v/v). 

CFSE was used as a migration time marker in the electropherograms. 

2.2.5 Hadamard transform 

Pseudorandom injection sequences based on simplex matrices (S-matrices)
65,156-

158,162
 were constructed using an in-house Java program implementing the maximal length 

shift-register method.
163

  The algorithm was modified slightly so that each first element 

was an injection to facilitate proper alignment of the injection sequences with the 

collected data.  Injection sequences were constructed by duplicating the first row of the 

S-matrix and removing the last element in the sequence to generate a 2n-1 element 

injection sequence, where n represents the number of matrix elements.
158

  Matrices of 

1023 or 2047 elements with 50 % duty cycles were used for injection.  For every “1” 

element in the S-matrix, the shutter was opened, focusing the UV light onto the capillary, 

cleaving the caging groups from the fluorophores, and resulting in the injection of 

fluorescent compounds.  For every “0” element, the shutter remained closed, resulting in 

a non-injection, or injection of caged dye that was not fluorescent.  Following injection 

and separation, the detector monitored summed signal associated with the multiple 
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injections and the different electrophoretic mobility of each compound.  The convoluted, 

raw data was transformed to represent a single injection electropherogram by multiplying 

the (n)
th

 to (2n-1)
th

 data points by the inverse S-matrix.
157,158

  HTCE results in a 

theoretical S/N enhancement related to the size of the matrix used for analysis (n).
156-

159,164
 

S/N enhancement = (n + 1) / 2n
1/2

 (2.1) 

Deconvolution of the raw data to acquire an electropherogram with enhanced S/N 

was performed by multiplying the convoluted, raw data by the inverse S-matrix.
158-160

  

For matrix multiplication, the matrices must contain the same number of elements in at 

least one dimension; thus, HTCE experiments are generally performed using the same 

data collection and injection rates.  For the experiments performed in this work, 

oversampling was used to collect multiple data points during each injection length, which 

was necessary for synchronizing collection with the first injection.  All of the data points 

collected (500 Hz) within the time of each injection (10 Hz) were binned and then 

deconvoluted with the inverse S-matrix.  All single injection electropherograms were 

manipulated in the same way for direct comparison. 

2.2.6 Data filtering 

Low frequency baseline drifts were subtracted using a LabVIEW program written 

in-house implementing a median filter with a 600 point window size.
165

  A median filter 

was also used to remove occasional high frequency system interference peaks from the 

electropherograms using a window size of 3.
165
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2.2.7 Calculations 

LODs (S/N = 3) were calculated based on calibration plots (R
2
 > 0.99) generated 

using 300 nM, 450 nM, 600 nM, and 900 nM solutions for each amine with 500 ms 

injection lengths.  The background noise was directly proportional to the CFSE 

concentration within the capillary (Table 2.3); therefore, runs were performed with a 

constant concentration of 1.1 µM CFSE.  A small linear dynamic range was used since 

the lowest concentration approached the LOD of the amines and higher concentrations of 

amine could not be used while maintaining the same labeling ratio and without increasing 

the CFSE concentration. 

S/N values were calculated by dividing the peak heights by the standard deviation 

of a 20 s segment of baseline where no peaks were present. 
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2.3 RESULTS AND DISCUSSION 

2.3.1 Analysis of a UV-LED for online photolytic injection 

CZE separations are useful for monitoring dynamic processes since they are rapid 

and result in high separation efficiencies.  Yet, to monitor these dynamic processes, 

injection into the capillary must be performed rapidly, preventing the use of traditional 

hydrodynamic and electrokinetic injections.  Here we show the use of an online method 

for rapid injection of analytes utilizing an LED as an injection source. 

Initially, a single, 100 mW UV-LED was focused onto the capillary for POG 

using the focusing diagram presented in Figure 2.1.  Figure 2.4A shows two 

electropherograms representing CZE-LIF separations of CFSE after POG with the UV-

LED turned on and off.  These electropherograms show that injections only occur when 

the material is exposed to UV irradiation releasing the caging groups from the 

fluorophore, and increasing the quantum yield of the dye.  Yet, with this focusing, there 

are multiple peaks present in the electropherogram after POG. To better resolve the 

peaks, MEKC separations were performed with POG injection and LIF detection (Figure 

2.4B).  In the presence of SDS micelles and 10 % MeOH, more peaks were observed in 

the electropherogram, showing that MEKC resolves more peaks than CZE.  Yet, when a 

mixture of CFSE-labeled amino acids (Gly, Ala, Ile, and Val) was injected by POG, 

separated by MEKC, and detected by LIF the peaks were not well resolved from the other 

labeled amino acids or the CFSE dye peaks (Figure 2.4B).  Additionally, the resolution 

was not increased by changing the MeOH concentration or after decreasing the field 
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strength for the separation (data not shown).  The addition of organic solvents to the 

MEKC buffer alters the partition coefficients of the analytes between the aqueous and 

micellar phases,
166,167

 though the organic concentration is limited to less than 30 % of the 

BGE to minimize affecting the micelle structures.
167

  Additionally, adding increasing 

concentrations of organic solvent decreases the EOF in the capillary by decreasing the 

viscosity and dielectric constants of the BGE.
167

  These affects decrease the capacity 

factor of the analytes, potentially improving their resolution.
166

  Decreasing the field 

strength of the separation provides slower migration through the capillary and thus more 

time for the analytes to partition between the two phases resulting in greater selectivity 

and better resolution of the analytes.  Since neither of these methods increased the 

resolution of the peaks, it was assumed that the power of the LED might not be 

completely uncaging the sample in the injection window, resulting in fully uncaged and 

singly uncaged molecules, both of which were detected. 
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A 

 

B 

 

Figure 2.4: POG of CFSE using the first focusing method with a single UV-LED.  (A) 

Single UV-LED POG injection of 200 nM CFSE with UV-LED on (top) and off (bottom) 

followed by CZE-LIF.  Electropherograms are offset for clarity.  E = 400 V cm
-1

; 25 µm 

i.d. capillary; injection time = 1 s; 20 mM borate buffer, pH 9.3; detection λex = 488 nm. 

(B) Single UV-LED POG injection of 200 nM CFSE (bottom) and CFSE-labeled mixture 

of Val, Ile, Ala, and Gly (top) with each amino acid at 100 nM followed by MEKC with 

LIF detection. Electropherograms are offset for clarity.  E = 333 V cm
-1

; 50 µm i.d. 

capillary; injection time = 1 s; 20 mM borate buffer with 45 mM SDS and 10 % MeOH 

(v/v), pH 8.3; detection λex = 488 nm; amines labeled at a mole ratio of 2 CFSE: 1 amino 

acid. 
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 The single (100 mW) UV-LED was replaced with a higher powered (900 mW) 

array of UV-LEDs (focusing was still using that shown in Figure 2.1).  Figure 2.5 shows 

an electropherogram after POG with the higher powered UV-LED followed by MEKC-

LIF.  The higher powered LED array resulted in multiple peaks with higher intensities 

than those from the separation with the lower powered UV-LED (Figure 2.4B), showing 

that with higher power more material is uncaged, thus the photolytic conversion of the 

dye is more efficient. 

The focal spot for the UV-LED array was examined since the electropherogram 

illustrated multiple peaks after an uncaging event (Figure 2.5).  The focal spot of the UV-

LED array illuminated a larger region than the single LED due to the larger area occupied 

by the array.  Furthermore, the focal point had a circular region of lower intensity light 

with four smaller, brighter spots within it positioned in a 2 × 2 matrix (an image of this 

focusing pattern was not collected).  The irradiation of a large region of the capillary, in 

addition to the EOF, which moved material through the injection window during each 

injection, resulted in long sample plugs within the capillary which is not ideal in 

generating high efficiency separations. 
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Figure 2.5: POG of CFSE using the first focusing method with the high powered UV-

LED array followed by MEKC-LIF.  E = 200 V cm
-1

; 50 µm i.d. capillary; injection time 

= 1 s; 20 mM borate buffer with 45 mM SDS, pH 8.3; detection λex = 488 nm.  

 

 Because a large region of the injection window was illuminated during each 

injection using the initial focusing method with the UV-LED array, the light was 

refocused using a modified focusing method (Figure 2.2).  The goal of refocusing was to 

minimize the size of the focal spot at the capillary.  Because the initial focusing with the 

higher powered UV-LED array resulted in high fluorescence intensities after uncaging 

CFSE, some loss of intensity from the UV-LED array was considered acceptable.  For 

this reason, the light emitted from the central region of the UV-LED array was selected 

using an iris which passed the light to a plano convex lens.  Also, it was assumed that an 

injection which utilized a shutter to control the focusing of light onto the capillary would 

be more reproducible that turning the UV-LED on and off for each injection.   When 

using a shutter, the LED would be powered for the duration of the experiment, thus the 

light intensity was expected to be constant for each injection.  Whereas to turn the LED 

on and off for each injection, a 5 V signal was applied to a transistor circuit, yet there 
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may have been a change in the power of light emitted from the UV-LED over the first 

few miliseconds causing there to be a difference in the light intensity during the duration 

of the injection.  Thus, a shutter was added in the beam path of the UV-LED for more 

reproducible injections.  Using this focusing method, samples of CFSE were injected by 

POG followed by MEKC and LIF detection.  Figure 2.6 shows two representative 

injections.  The 1s injection shows that only a small amount of material was efficiently 

uncaged during the injection.  More material was uncaged with a longer injection, yet this 

injection length is unacceptable for online POG since one of the major sources of band 

broadening in online injections is the length of the injection. 

 

Figure 2.6: POG of CFSE using the second focusing method with the high powered UV-

LED array followed by MEKC-LIF.  Injections were for 1 s (bottom) or 5 s (top).  

Electropherograms are offset for clarity.  E = 189 V cm
-1

; capillary LT = 47.5 cm, 

separation distance = 26.2 cm, 25 µm i.d. capillary; 20 mM borate buffer with 45 mM 

SDS, pH 8.3; detection λex = 488 nm. 
 

The light from the UV-LED array was refocused following the final focusing 

diagram (Figure 2.3) to minimize the size of the focal point, but also to collect more light 
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for more efficient uncaging.  Figure 2.7A shows CZE-LIF electropherograms resulting 

from POG injections of 500 nM CFSE in the presence and absence of UV-LED 

irradiation.  Sample peaks were observed only when the UV-LED array was focused into 

the capillary.  Based on these single injection electropherograms, the LOD for CFSE was 

15 ± 6 nM, approximately 100 times higher than the LOD from our previous work using 

the 350-365 nm UV lines of an Ar
+
 laser.  This difference in sensitivity is due to the 

approximate 100 fold difference in radiant power between the UV-laser lines and UV-

LED. Photolytic injection efficiency is directly proportional to the radiant power of the 

injection beam, thus the lower power UV-LED array likely yields a smaller sample 

injection volume and a consequent decrease in the mass of sample injected.
65

  Though the 

sensitivity is lower, this key result clearly demonstrates that an UV-LED array can 

generate sufficient power to perform POG injections in CZE-LIF.  Furthermore, LEDs 

offer many advantages over traditional laser sources for POG in that they are smaller, 

making them more portable and ideal for microchip or minimized instrumentation, 

consume less power, have longer lifetimes, can be purchased for a variety of 

wavelengths, and are generally cheaper.
168

 

To explore the precision obtained using an UV-LED array, a series of multiple 

injections were performed and analyzed within the same separation.  Figure 2.7B shows a 

representative example of the resulting electropherogram with 20 consecutive POG 

injections of CFSE using the UV-LED array.  The relative standard deviation (RSD) for 

peak height was 3.4 % (Figure 2.7C), suggesting that there were small variations in the 

amount of material that was uncaged during each injection.  When the UV laser was used 
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for POG of caged fluorescein, peak height reproducibility was 1.3 % RSD.
144

  This 

variation may be due to differences in intensity as well as the higher power stability and 

better beam profile of Ar
+
 lasers relative to LEDs.  With a higher powered light source, 

small fluctuations in the output power would have a lesser overall effect on the total 

power reaching the capillary, whereas with a lower powered light source the same 

fluctuation would result in a higher percentage change in the power reaching the capillary 

for injection.  Though the UV-LED array resulted in lower reproducibility for multiple 

consecutive injections, the overall RSD is still under 4 %, suggesting the feasibility for 

quantitative studies using this injection light source. 
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Figure 2.7: Analysis of 500 nM CFSE by POG with an UV-LED array.  (A) Single UV-

LED POG injection of CFSE with shutter open (top) and closed (bottom).  

Electropherograms are offset for clarity.  (B) Twenty consecutive UV-LED POG 

injections of CFSE.  (C) Peak height (solid squares) and migration time (open squares) 

were plotted for each POG injection in part B.  The dashed lines represent the mean ± 

standard deviation of the peak height for all 20 injections.  Data points represent 

parameters for the peak observed at 142 s.  Peak height and migration time had 3.4 % and 

0.030 % RSD, respectively. E = 333 V cm
-1

; 25 µm i.d. capillary; injection time = 500 

ms; 20 mM borate buffer, pH 8.3; detection λex = 496 nm.  Reprinted with permission.
169

  

Copyright 2012 Wiley. 
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We next explored the efficiency of the separation as a function of injection time.  

Band broadening due to injection is a primary source of peak broadening observed in 

separations employing optical injections.
146,147

  The uniformity of the injection beam as 

well as the beam profile would be expected to contribute to this parameter, factors that 

vary significantly between collimated lasers and the UV-LED array geometry employed 

here.  The total band broadening can be defined as: 

σ
2

Tot = σ
2

Inj + σ
2

Det + σ
2

LD + σ
2

X  (2.2) 

where σ
2

Inj, σ
2

Det,and  σ
2

LD define the contributions to the total variance as a function of 

injection, detection, and linear diffusion, respectively and σ
2

X represents the contribution 

from all other sources, including Joule heating.
146,170,171

  Injection is a substantial source 

of variance in CZE separations due to the need to precisely inject small volumes of 

sample onto the low volume capillary.  Figure 2.8 describes the effects of injection on the 

separation efficiency as well as the overall variance.  When the separation efficiency for 

the CFSE peak was plotted versus injection time (tinj), a linear trend was observed (Figure 

2.8A).  Further investigation of this phenomenon showed that the decrease in efficiency 

was attributed to increased band broadening due to injection (Figure 2.8B). 

Band broadening in optical injections employing lasers was investigated 

extensively by Moore and Jorgenson.
146

  We explored the contributions to band 

broadening in a similar manner.  In this case, a plot of σ
2

Tot versus t
2

inj provides a linear 

plot where the y-intercept (0.13 s
2
) represents all the sources of variance except σ

2
Inj and 

the slope represents the contribution from σ
2

Inj.
146

  The variance due to injection is a 
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function of the injection profile, described by a constant K, and the injection volume 

according to the following equation:
146,170-172

 

σ
2

Inj = V
2

inj / K
2
  (2.3) 

At fixed flow rates, Vinj is directly proportional to tinj, thus when σ
2

Tot is plotted versus 

t
2

inj the resultant slope describes the injection profile, K (Figure 2.8B).
146

  Based on 

Sternberg’s theory, the injection profile ranges from exponential (K = 1) to plug like (K = 

3.5) to Gaussian (K = 6).
172

  Prior work with online laser injection (spot size ca. 5 µm) 

has found K to be approximately 3.5-4.0,
146

 whereas the injection observed here yielded 

K of approximately 2.5, approximating plug-like injection with some exponential 

characteristics.  In this work, all injections were controlled by a shutter which opened to 

illuminate the capillary.  Assuming that the opening / closing of the shutter is 

instantaneous, the injection is expected to be plug-like (K = 3.5).  Yet, in this system, the 

UV light can only be focused into a square spot of approximately 1 mm, affecting both 

beam quality and intensity at the focal point.  To reduce scatter, the capillary is generally 

positioned at an angle of 20 ° to the incident light.
173

  Thus, approximately 1 mm of 

capillary length is illuminated by the LED upon each injection.  Furthermore, the focused 

spot is the combined intensity of four UV-LEDs in a two by two matrix.  Thus, the 

intensity in the vertical and horizontal directions is likely to vary across the focused spot.  

These variations in illumination likely result in the observed deviations from plug-like 

injection (K = 2.5). 
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A 

 

B 

 

Figure 2.8: Evaluation of peak efficiency and variance.  (A) Peak efficiency as a function 

of injection length.  Data points represent the average efficiency for multiple injections of 

a CFSE sample using different POG lengths (n = 3).  (B) Peak variance as a function of 

the squared injection length.  Circles represent the experimentally measured σ
2

Tot for 

multiple injections of a CFSE sample using different POG lengths (n = 3).  Dashed line 

represents σ
2

Tot excluding σ
2

Inj.  Reprinted with permission.
169

  Copyright 2012 Wiley. 
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The total variance associated with all other terms was estimated to be 0.13 s
2
 

(Figure 2.8B).  These values are summarized in Table 2.1.  The variance from the 

detector is a combination of the variance associated with the detection spot size, the 

amplifier electronics, and the collection rate.
146

  The variance from the detector window 

width (spot size) can be calculated from Sternberg’s equation:
146,172

 

σ
2

Det = (window width)
2 

/ 12   (2.4) 

The spot size is approximated based on the Gaussian distribution of light within a laser 

beam. Though the LED used here is non-Gaussian, we have utilized this approximation 

for simplicity. 

Window width = 4λF / πD (2.5) 

where λ is the detection wavelength (496 nm), F is the focal length of the lens which 

focuses light onto the capillary (25 µm), and D is the diameter of the beam at the lens 

(2.5 mm).
146

  With these equations, as well as the velocity of CFSE during the separation, 

the variance due to the detector spot size was calculated as 9.64 x 10
-7

 s
2
.   The variance 

from the detection amplifier was calculated to be 1.88 x 10
-4

 s
2
 based on the rise time (30 

ms) of the current amplifier.  Finally, the variance from the data collection rate (500 Hz) 

was calculated to be 1.01 x 10
-7

 s
2
.  The total detector variance was 1.89 x 10

-4 
s

2
 with the 

majority of the detection variance coming from the amplifier.  Thus, the total variance 

from the detector represents less than 0.1 % of the total separation variance.  Band 

broadening due to σ
2

LD was estimated to be 0.034 s
2
 using previously determined values 

for the diffusion coefficient of fluorescein.
146

  Interestingly, this value accounts for 
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approximately 25% of the total non-injection-related variance.  In prior examples of 

optically-gated CZE, σ
2

LD accounted for ca. 80 % of non-injection-related variance.  The 

discrepancy likely results from the capillary i.d., which is limited by the beam profile of 

the UV-LED.  The 25 µm i.d. capillaries used here yield 500-15000 fold increase in 

variance due to Joule heating compared to 5 – 10 µm i.d. capillaries used for laser-

derived optical injections.
146,147

 

Table 2.1: Calculation of System Variances. 

  Variance (s
2
) 

σ
2

Det (spot size) 9.64 x 10
-7

 

σ
2

Det (amplifier) 1.88 x 10
-4

 

σ
2

Det (collection rate) 1.01 x 10
-7

 

σ
2

Det (Total) 1.89 x 10
-4

 

σ
2

LD 3.44 x 10
-2

 

σ
2

X 9.34 x 10
-2

 

 

2.3.2 POG-CZE-LIF of CFSE-labeled biogenic amines 

To evaluate the capabilities of UV-LED POG for analysis of biogenic amines, we 

explored amino acids in the nitric oxide synthase pathway.  Nitric oxide (NO) is a small 

gaseous molecule that acts as a neurotransmitter in the central nervous system and 

modulates pain perception, feeding and sleeping behaviors, and thermoregulation.
174

  Arg 

is the biogenic amine substrate for neuronal-  and endothelial nitric oxide synthase, 

enzymes that oxidize the guanidinium group of Arg to form NO and Cit.
174,175

  Samples 

of 450 nM Arg and Cit were labeled offline with CFSE and analyzed by CZE-LIF with 

UV-LED POG.  Both CFSE-labeled biogenic amines were detected, though the 



130 
 

predominant peak (142 s) in the electropherogram corresponded to excess CFSE (Figure 

2.9A).  Investigation of peak height reproducibility, an indicator of injection 

reproducibility, for 20 consecutive online injections of the amine mixture yielded RSD 

values of 7.0 % and 6.5 % for Arg and Cit, respectively, while the migration times 

yielded values of < 0.4 % for each compound (Figure 2.9B).  These results demonstrate 

that an UV-LED array can be used for reproducible, online photolytic injection of CFSE-

labeled amines, which suggests the feasibility of this approach for analyzing biological 

samples, including neurochemical analytes. 
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Figure 2.9: Separation and reproducibility of CFSE-labeled amino acids.  (A) 

Representative electropherogram of single POG injection of 450 nM Arg and Cit labeled 

with CFSE.  Inset identifies labeled amino acids.  (B) The peak height (solid squares and 

circles for Arg and Cit, respectively) and migration time (open squares and circles for 

Arg and Cit, respectively) were plotted for each of 20 consecutive POG injections in a 

single run.  E = 333 V cm
-1

; 25 µm i.d. capillary; injection time = 750 ms; 20 mM borate 

buffer, pH 8.3; detection λex = 496 nm; amino acids labeled at a mole ratio of 1.00 amino 

acid: 1.25 CFSE.  Reprinted with permission.
169

  Copyright 2012 Wiley. 

 
 

A 

B 

20 40 60 80 100 120 140 160 180

1.4

1.6

1.8

2.0

2.2

2.4

2.6
In

te
n
s
it
y

Time (s)

CFSE

110 120 130 140 150 160
1.35

1.40

1.45

1.50

In
te

n
s
it
y

Time (s)

Arg Cit

0 5 10 15 20
0.00

0.02

0.04

0.06

0.08

0.10

H
e

ig
h

t 
(V

)

Run

110

115

120

125

130

135

140
M

ig
ra

ti
o

n
 T

im
e

 (
s
)



132 
 

Using the UV-LED array as a light source, LODs were calculated to be 270 ± 30 

nM for Arg and 250 ± 30 nM for Cit, significantly higher than the ca. 1 nM LODs 

reported for CFSE-labeled amino acids using POG with a UV laser.
144

  This difference in 

sensitivity is a result of lower intensity at the focal point for the UV-LED array compared 

to the laser, and the consequent decrease in injection efficiency.  At the capillary, the UV-

LED array was measured to be 125 times less intense than the UV-laser lines of the Ar
+
 

laser.  Importantly, the sensitivity of the visible wavelength LIF detector was equivalent 

to UV-laser POG, thus differences in sensitivity are correlated to the photolytic injection 

volume. When the LODs for the UV-LED are normalized for the difference in intensity, 

the sensitivity compared to UV-laser POG is within a factor of 3, with the slight increase 

due to increased background noise resulting from higher CFSE concentrations employed 

here.  Additionally, the current UV-LED array geometry yields four distinct regions of 

light that were visible at the focal point of the beam (Figure 2.3B). The net injection 

efficiency using the UV-LED array may be increased in future iterations by improving 

the collection geometry of UV-LED emission and the subsequent focal intensity, or by 

improving the LED beam quality to more closely match that of a collimated laser. 

2.3.3 Utilization of UV-LED POG for HTCE 

A variety of multiplexing techniques have been developed for S/N enhancement 

in CZE.
65,157,158,176-179

  HTCE is a mathematical multiplexing technique which decreases 

the random noise within a system by increasing signal throughput utilizing a 

pseudorandom injection sequence based on Hadamard matrices.
65,156-158

  In HTCE, 

consecutive injections are performed before the analytes from the previous injection are 
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detected, distributing the random error, or noise associated with the detector, over 

multiple electropherograms.  Following deconvolution of the raw data, the noise is 

decreased, while the analysis time is only minimally affected.
156

  For accurate S/N 

enhancement in HTCE, the injections must be highly reproducible or the S-matrix will 

lose fidelity resulting in a diminished S/N enhancement.  Figures 2.7C and 2.9B showed 

that peak heights and migration times were reproducible for 20 consecutive injections of 

CFSE, CFSE-labeled Arg, and CFSE-labeled Cit, suggesting the feasibility of utilizing 

the UV-LED array for HTCE injections. 

Figure 2.10 demonstrates the S/N enhancement observed using the UV-LED array 

for POG-HTCE.  Injection of a single sample plug of 200 nM CFSE yields a S/N ratio of 

5.8 (Figure 2.10A).  Figure 2.10B shows the convoluted electropherogram resulting from 

consecutive injection of CFSE using an S-matrix encoding 2047 elements.  

Deconvolution of the electropherogram shown in Figure 2.10B, yields a CFSE peak with 

S/N = 90 (Figure 2.10C). 
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Figure 2.10: HTCE analysis of 200 nM CFSE using UV-LED array POG.  (A) Single 

injection of 200 nM CFSE.  (B) Convoluted raw electropherogram collected using a 2047 

element S-matrix. (C) Deconvoluted electropherogram collected using a 2047 element S-

matrix.  E = 333 V cm
-1

; 25 µm i.d. capillary; injection time = 100 ms, 20 mM borate 

buffer, pH 8.3; detection λex = 496 nm.  Reprinted with permission.
169
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S/N enhancement in HTCE is related to the S-matrix length by Eq. 2.1.
65,156,159

  

Longer matrices facilitate greater signal throughput thereby distributing the noise over a 

larger number of samples.  For CFSE, S/N enhancements of 12.0 ± 1.3 and 17.0 ± 1.4 

were observed with matrices of 1023 and 2047 elements, respectively (Table 2.2).  With 

longer matrices, the S/N enhancement would be expected to increase further, 

unfortunately as the matrix length is increased, longer analysis times and larger sample 

volumes are required to perform HTCE,
159

 introducing a practical upper limit on the 

matrix size, particularly in dynamic studies where analyte concentrations vary over time. 

Table 2.2: S/N Enhancement for CFSE with HTCE.  Reprinted with permission.
169

  

Copyright 2012 Wiley. 

Matrix 

Size 

S/N Enhancement 

with UV-LED 

S/N Enhancement 

with UV Laser
180

 

Theoretical S/N 

Enhancement 

1023 12.0 ± 1.3 12.7 ± 0.6 16 

2047 17.0 ± 1.4 17.3 ± 0.9 22.6 

 

The S/N enhancements presented here are consistent with those calculated for 

HTCE using UV-laser lines for POG.  Previously, S/N enhancements of 12.7 and 17.3 

were reported for matrices with 1023 and 2047 elements, respectively.
181

  These results 

provide additional evidence that the UV-LED array is suitable for POG injections since 

variations in the light source would have resulted in altered injection volumes and a 

reduced S/N enhancement would have been observed.  Interestingly, HTCE performed 

using both UV-laser lines and the UV-LED array resulted in S/N enhancements of 75 % 

of the theoretical values.  The noise reduction in HTCE is based on the assumptions that 

the noise is random and independent of previous measurements.  When utilizing LIF 
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detection, shot noise is not completely random, but is dependent on the sample 

concentration since the noise is proportional to the number of independent events and the 

number of events at the PMT increases with increasing concentration.  Thus, the 75 % 

enhancement observed for HTCE may arise from reduction of the random portion of the 

noise, suggesting that HTCE is shot noise limited.
181

 

 A mixture of CFSE-labeled amino acids was analyzed by HTCE to show that the 

associated S/N enhancement could allow for identifying labeled analytes which were less 

than the LOD of the instrument.  Figure 2.11 shows two sets of electropherograms 

representing the HTCE analysis of labeled amino acids.  For each experiment, GABA, 

Gly, and Arg were each present at 300 nM in the CFSE-labeled mixture; therefore, the 

concentration of CFSE was 1.8 µM due to the 2.0: 1.0 labeling ratio used for each amino 

acid.  Each set of electropherograms shows a single injection electropherogram in which 

the only apparent peak is for CFSE (top electropherogram in both Figures 2.11A and 

2.11B).  The difference in the two sets of data is in the transformed electropherograms 

after performing HTCE with a 2047 element matrix.  Figure 2.11A shows that there was 

a decrease in the noise after HTCE allowing the peaks for CFSE-labeled GABA and 

CFSE-Gly to be identified in the electropherogram.  Figure 2.11B does not appear to 

show a significant noise reduction.  Thus, the CFSE-labeled amino acids could not be 

discriminated from the background noise.  In general, the S/N enhancement was not 

reproducible for CFSE-labeled amino acids. 
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A 

 

B 

 

Figure 2.11: Irreproducibility of HTCE for CFSE-labeled amino acids. (A) and (B) 

represent transformations of CFSE-labled amino acids (300 nM Arg, Gly, and GABA) 

run with a 2047 element matrix.  Electropherograms are offset for clarity.  

Electropherograms in (A) and (B) were collected on the same day, but show different 

levels of noise reduction.  E = 333 V cm
-1

; 25 µm i.d. capillary; injection time = 100 ms; 

20 mM borate buffer, pH 8.3; detection λex = 496 nm; amino acids labeled at a mole ratio 

of 2 CFSE: 1 amino acid. 
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 HTCE reduces random noise within a separation; yet, it does not reduce shot 

noise.  In the previous separations, CFSE was present at a very high concentration (1.8 

µM).  Though the dye is caged, there was a significant increase in the average baseline 

signal when running these mixtures of CFSE-labeled amino acids compared to running 

CFSE alone.  This indicates that CFSE is not completely caged and the background 

fluorescence is dependent on the CFSE concentration.  The higher baseline signal also 

indicates that the shot noise in these runs would be higher than in the CFSE only runs.  

To test whether the shot noise could be decreased, allowing for reproducible S/N 

enhancements by HTCE, a series of experiments were performed in which the amino 

acids were labeled with CFSE at various mole ratios.  Table 2.3 shows the average 

baseline signal and the average noise associated with each labeling ratio.  It can be seen 

that with decreasing molar ratio, the baseline signal decreased as did the noise associated 

with the signal.  Yet, when these lower labeling ratios were used to run HTCE, the S/N 

enhancements were still not reproducible (data not shown). 

Table 2.3: Average baseline signal and noise from different labeling ratios. 

Labeling Ratio Average Baseline Signal Noise N 

2.0 CFSE: 1.0 Amino acids 1.35 ± 0.04 0.00677 2 

1.5 CFSE: 1.0 Amino acids 0.971 ± 0.005 0.00496 4 

1.25 CFSE: 1.00 Amino acids 0.926 ± 0.005 0.00457 3 

 

 Because changing the labeling ratio did not result in more reproducible S/N 

enhancements with HTCE, the CFSE-labeled amino acids were photobleached by 

exposure to 496 nm light from the Ar
+
 laser before POG to further reduce shot noise.  

Ideally, photobleaching should reduce the fluorescence intensity from the background 
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uncaged-CFSE, while at the same time having no effect on the caged CFSE since the 

uncaging process requires UV irradiation.  Table 2.4 shows an analysis of the noise from 

single injections, HTCE analyses with a 2047 element matrix, and the overall noise 

reduction for both photobleached and unaltered samples.  The data in the table shows that 

the photobleaching resulted in increased baseline signal and noise for single injections; 

thus, the 496 nm light uncaged some of the CFSE.  Yet, there was a more reproducible 

noise reduction after the sample was photobleached.  Unfortunately, when this 

experiment was repeated on a different day using the same photobleaching method, the 

S/N enhancement was not reproducible. 

Table 2.4: Average baseline signal and noise after photobleaching. 

 

Not Photobleached Photobleached 

Single Injection Baseline Signal 1.12 ± 0.04 1.79 ± 0.14 

Single Injection Noise 0.0035 ± 0.0003 0.0054 ± 0.0006 

Noise after HT 0.00083 ± 0.00025 0.00051 ± 0.00001 

Noise Reduction 4.5 ± 1.2 10.7 ± 1.2 

N 4 3 

 

 In many of the experiments looking at the S/N enhancement after HTCE for 

CFSE-labeled amino acids, there were high frequency, transient peaks in the single 

injections and the raw data collected before transformation.  Transformation of the raw 

data used the n
th

 to (2n-1)
th

 data points; thus, not all of the raw data was used for 

transformation.  Yet, in many of the raw data electrophoerograms, the high frequency 

“spikes” resided in the region used for deconvolution.  To test whether these “spikes” 

contributed to the irreproducibility of the S/N enhancement in HTCE, the raw data files 

were modified to remove the spikes, then transformed, and the resulting S/N 
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enhancement before and after modification of the raw data was compared.  Figure 2.12A 

shows the raw data collected after running a 2047 element matrix.  The “spike” at 350 s is 

within the n
th

 to (2n-1)
th

 data points used for transformation.  Figure 2.12B shows the raw 

data after replacing the 74 points from the “spike” with the average intensity of the 

neighboring 74 points (37 points before and 37 points after the “spike” were used to 

calculate the average intensity).  Figure 2.12C shows the raw data after replacing the 74 

points in the “spike” with 37 intensity values before the “spike” and 37 intensity values 

after the “spike”.  Before modifying the data, there was a S/N enhancement of 1.47 

between the single injection and transformed files.  After modifying with either the 

average intensity values (as in Figure 2.12B) or the true intensity values before and after 

the “spike” (as in Figure 2.12C), there was a S/N enhancement of 1.82.  Thus, the 

presence of the “spike” was not preventing the theoretical enhancement from being 

achieved.  This is likely due to the matrix multiplication that occurs during 

deconvolution.  To deconvolute the data, the binned, raw data points from the n
th

 to (2n-

1)
th

 data points were extracted to form a matrix of 1 × n (where n is the matrix length) 

and multiplied by the inverse S-matrix, a square n × n matrix.  To generate each data 

point in the transformed electropherogram, the values from every column of the raw data 

are multiplied by the values in every row of a single column of the n × n matrix and then 

summed.  Thus, the high intensity values from the “spikes” in the raw data are multiplied 

by values within each column of the inverse S-matrix and summed into the data, thus the 

high intensity values are spread throughout the entirety of the transformed 

electropherogram. 
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A 

 

B 

 

C 

 

Figure 2.12: HTCE of raw data containing spikes and after replacement of spikes. (A) 

Raw data.  (B) Raw data altered with average intensity. (C) Raw data altered with data 

points around spike. 
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 At this point we have not been able to achieve reproducible S/N enhancements of 

CFSE-labeled amino acids with HTCE.  If the UV-LED array could be focused to collect 

more light to improve the uncaging efficiency, it should be possible to run lower 

concentrations of analytes.  This in turn would reduce the shot noise, hopefully leading to 

more reproducible S/N enhancements. 
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2.4 CONCLUSIONS 

An UV-LED array was demonstrated for POG injection of caged fluorescent 

samples.  When corrected for the differences in light intensity, the UV-LED array 

provided comparable sensitivity to UV laser lines.  Peak width variance was found to 

model similarly to previous examples of optical gating CZE, though the injection plug 

shape was pseudo-plug like, likely due to the beam profile and power stability of the UV-

LED array.  When combined with HTCE, the sensitivity of the analysis was increased by 

as much as 17 fold, with equivalent enhancements to POG performed using UV laser 

lines, showing that an UV-LED provides sufficient power and stability for multiplexing.  

With the current focusing, we were unable to achieve reproducible S/N enhancement for 

CFSE-labeled amino acids.  Using a light source which provides greater injection 

efficiency, such as a single, high powered UV-LED rather than an array, may allow lower 

sample concentrations to be analyzed further reducing the shot noise and yielding 

reproducible S/N enhancement.  This injection scheme, in combination with an LED for 

detection, could provide a low-cost, high sensitivity, portable device for a range of 

dynamic analyses. 
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CHAPTER 3. THIOL-FUNCTIONALIZED FLUORESCEINS FOR RAPID 

LABELING AND ONLINE PHOTOLYTIC OPTICAL GATING IN CAPILLARY 

ZONE ELECTROPHORESIS 

3.1 INTRODUCTION 

 Understanding biological systems requires measuring chemical content and 

molecular dynamics in vivo.  Most biological molecules, including biogenic amines such 

as γ-amino butyric acid and glutamate, lack the requisite optical and electrochemical 

properties for direct detection.  Various probes have been developed for derivatizing 

biological molecules allowing detection by monitoring the properties of the probe, e.g. 

fluorescence, absorbance, or electroactivity.
182-184

  Fluorescent probes with high quantum 

yields result in high sensitivity detection and have been used to label and detect 

molecules by imaging, separations, and sensors for localization or quantitation.  In 

addition, caged fluorophores have facilitated multiple analyses of biological and dynamic 

processes including fluid dynamics
155,185,186

 and cellular localization and 

trafficking.
154,187-190

 

 Fluorescent probes primarily target primary amines and free thiols.  

Isothiocyanates and succinimidyl esters are the most common commercially available 

functional groups for labeling primary amines (Figure 3.1).  Yet, thioureas degrade after 

formation
191

 and both isothiocyanates and succinimidyl esters are hydrolyzed above pH 

9, a reaction which competes with amine derivatization.
182,184,192

  Furthermore, these 

functional groups require several hours for complete reaction preventing their use in 
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temporal measurements.
184,192,193

  Similarly, maleimides and iodoacetamines are common 

thiol reactive probes that form stable thioethers (Figure 3.1).  However, maleimides are 

hydrolyzed above pH 8 and the reaction products undergo the same reactions forming 

isomeric mixtures following labeling.
191

  Furthermore, maleimides and iodoacetamides 

undergo cross reactions with other functional groups at high pH, decreasing the amount 

of dye available for labeling thiols.
191

  Functionalizing a fluorescent dye with a reduced 

thiol expands the utility of a probe since thiols are involved in many covalent reactions 

and the probes could be used for labeling multiple functional groups.  However, thiols 

can be difficult to work with since reduced thiols are unstable and form disulfide bonds. 
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Figure 3.1: Common labeling reactions for primary amines and reduced thiols. 

 

We recently demonstrated the use of o-phthaldialdehye (OPA) as a bifunctional 

crosslinker between a primary amine and a thiol containing dye, 5-((2-(and-3)-S-

acetylmercaptosuccinoyl)aminofluorescein (SAMSA-Fl) for rapid derivatization (10 s) of 
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amino acids.
194

  Upon reaction an isoindole product resulted; yet the photophysical 

properties of the product were governed by the characteristics of the fluorescein-

containing dye, allowing for capillary zone electrophoresis (CZE) with laser induced 

fluorescence (LIF) detection using visible excitation and emission wavelengths.  

Unfortunately, the resulting electropherograms showed multiple dye peaks after 

deprotection of the SAMSA-Fl thiol due to multiple contaminants in the dye.
194

  The lack 

of other commercially available thiol-containing dyes limits the use of this derivatization 

method.  Additionally, there are no commercially available caged thiol-containing 

fluorophores, preventing implementation of this labeling reaction in photolytic optical 

gating (POG) for CZE-LIF and limiting high speed analysis of chemical dynamics of 

biological relevance. 

 Novel thiol-containing fluorescein and caged fluorescein dyes were synthesized 

for rapid labeling of primary amines in the presence of OPA or through direct reaction 

with thiols.  Here we show the utility of the novel dyes for labeling biological primary 

amines and thiols for CZE-LIF as well as the potential for utilizing the caged fluorescein 

thiol dye in POG-CZE-LIF. 
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3.2 EXPERIMENTAL 

3.2.1 Materials and reagents 

5(6)-(S-((4-methoxyphenyl)diphenyl)methyl-2-amidoethanethiol fluorescein 

(protected fluorescein thiol, 1) and caged protected fluorescein thiol (2) were synthesized 

by Dr. David L. Roberts according to previous protocols.
195

  5-((2-(and-3)-S-

acetylmercaptosuccinoyl)aminofluorescein (SAMSA-Fl) was purchased from Invitrogen 

(Carlsbad, CA).  Boric acid was purchased from Spectrum (Gardena, CA).  D,L-arginine 

(Arg), L-glutamic acid (Glu), γ-amino-n-butyric acid (GABA), 5(6)-carboxyfluorescein 

(CF), triisopropylsilane (TIPS), and o-phthaldialdehyde (OPA) were purchased from 

Sigma (St. Louis, MO).  Methanol (MeOH), acetonitrile (ACN), and dimethylformamide 

(DMF) were purchased from EMD (Billerica, MA).  Trifluoroacetic acid (TFA) was 

purchased from EM Science (Gibbstown, NJ).  Glutathione (GSH) was acquired from the 

Ghosh lab. All other chemicals were obtained from VWR (Radnor, PA) and used as 

received.  Water was obtained from a Barnstead EasyPure UV/UF purification system.  

Buffers were filtered using membranes with 0.2 µm pores and degassed by bubbling with 

He before use. 

3.2.2 Sample preparation 

All samples were prepared under UV-free, yellow light. 

3.2.2.1 Thiol deprotection 

SAMSA-Fl (1.5 mg) was dissolved in 100 µL 0.1 M NaOH and incubated at 

room temperature for 30 min.  Following reaction, 22 µL 20 mM borate buffer, pH 10 
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were added and the concentration was determined by UV-Vis absorbance at 495 nm (ε = 

80,000 cm
-1

M
-1

) (Model 440 CCD Array UV-Vis Spectrophotometer; Spectral 

Instruments, Inc., Tucson, AZ).  Deprotected SAMSA-Fl was diluted to 20 nM in 20 mM 

borate buffer, pH 9.3 and spiked with CF at a final concentration of 3 nM prior to CZE-

LIF. 

Protected fluorescein thiol (1) or caged, protected fluorescein thiol (2) (5.0 mg) 

was dissolved in TFA (0.5 mL) with 25 molar excess TIPS (30 μL) and the reaction was 

stirred at room temperature for 1 h.  Following reaction, the product was dried by rotary 

evaporation and kept under vacuum for an additional hour before being dissolved in 0.60 

mL DMF and added to 1.00 mL 20 mM borate buffer, pH 10.0. The product mixture was 

vortexed, centrifuged briefly, and the supernatant was filtered through a 30 kDa MWCO 

spin column (Microsep™ centrifugal device, Pall Life Sciences, Port Washington, NY) 

before determining the dye concentration in the resulting filtrate (typically 1-10 mM) by 

UV-Vis absorbance at 494 nm (ε = 78000 cm
-1

M
-1

 ) for fluorescein thiol (3) or 464 nm (ε 

= 27000 cm
-1

M
-1

) for caged fluorescein thiol (4). Figure 3.2 shows the structures, 

abbreviations, and reaction conditions for deprotecting 1 or 2 to form 3 or 4, respectively. 
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Figure 3.2: Schematic of deprotection and uncaging reactions. 

 

3.2.2.2 Labeling primary amines 

 To label primary amines, OPA, 3 or 4, and amino acids were combined in a mole 

ratio of 15:3:1.  Daily, OPA was dissolved in 100 μL MeOH and diluted to 1.00 mL with 

20 mM borate buffer, pH 10.0 to prepare a 75 mM stock solution.  For reaction, 35 μL 75 

mM OPA and 18 μL of an amino acid mixture (with each amino acid at 10 mM) were 

added to 2.00 mL degassed 20 mM borate buffer, pH 10.0.   A volume of 3 or 4 was then 

spiked into the solution, mixed, and incubated 1 min.  Samples were diluted to 20 nM 3 

or 200 nM 4 with cold 20 mM borate buffer, pH 9.3 and stored in the dark at 4 °C prior to 
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CZE-LIF.  For all samples, CF was added as an internal standard at a final concentration 

of 3 nM. 

3.2.2.3 Labeling thiols 

 All thiol labeling reactions used a mole ratio of 1:1 thiol: 3.  For example, 395 μL 

of 3.8 mM 3 were added to 750 μL 2.0 mM GSH and the total volume increased to 1.5 

mL with 20 mM borate buffer, pH 10.0.   The mixture was vortexed briefly, and a 0.75 

mL aliquot was bubbled with wet O2 for 20 min in the dark.  Samples were diluted to 20 

nM 3 in 20 mM borate buffer, pH 9.3 and stored in the dark at 4 °C prior to CZE-LIF.  

For all samples, CF was added as an internal standard at a final concentration of 3 nM. 

3.2.2.4 Offline activation of caged fluorophores 

 After labeling primary amines with 4 and OPA, samples were exposed to UV 

light to release the caging groups on the dye producing 3*, which should have the same 

structure as 3.  After derivatization, the reaction mixture was diluted to 10 µM 4,  

transferred to a cuvette, and UV irradiated for 4 min with a mercury arc lamp (100 W, 

Newport model 6281 with Newport 69907 power supply operated at 100 W) with an IR-

water and UV bandpass filters (Edmund U-330).  Before CZE-LIF, samples were diluted 

to 200 nM 3* and CF was added at a final concentration of 3 nM. 

3.2.3 Instrumentation and separation 

3.2.3.1 CZE-LIF instrumentation 

 An air-cooled single-line Ar
+
 laser (Model 177-612 Series Laser Systems, 

Spectra-Physics, Mountain View, CA; 100 mW total power) was operated at 50 mW.  
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The detection beam (488 nm) was focused into the center of the separation capillary 

using a plano-convex lens (f = 100 mm, Melles Griot, Irvine, CA, USA).  Sample was 

hydrodynamically injected into the separation capillary by raising the capillary inlet to 21 

cm above the outlet for 5 s.  The fluorescence signal was collected using a microscope 

objective (10×, 0.25 N.A., Newport, Irvine, CA, USA) before passage through a spatial 

filter and a band pass filter (D525 / 25 M, Chroma Technology, Rockingham, VT, USA). 

The signal was then detected by a photomultiplier tube (H957, Hamamatsu Photonics, 

Bridgewater, NJ, USA), current from which was amplified by a current amplifier (Model 

SR570, Stanford Research System, Sunnyvale, CA, USA), and collected by an A/D 

converter (PCI-MIO-16E-4, National Instruments, Austin, TX, USA) using in-house 

software written in LabView (National Instruments).  Electric fields were applied using a 

30 kV power supply (CZE-1000, Spellman High Voltage Corporation, Hauppauge, NY, 

USA).  Samples were analyzed using 20 mM borate buffer, pH 9.3 and a 42 cm long, 25 

μm i.d. capillary (Innova Quartz, Phoenix, AZ) with detection at 32 cm and a field 

strength of 400 V cm
-1

.  Before use, capillaries were washed with 0.1 M NaOH, H2O, and 

running buffer for 5 min each.  Capillaries were reconditioned every 6 runs by 

consecutive rinses of 0.1 M HCl, H2O, 0.1 M NaOH, H2O, and running buffer. 

3.2.3.2 Online sample injection for photolytic gating 

 A UV light-emitting diode (UV-LED) (100 mW, λmax = 365 nm, Δλ = 8 nm, 

Model NCCU033, Nichia America Corporation, Southfield, Mi, USA) was mounted on 

an aluminum cooling device (Nichia America Corporation).  The UV-LED emission was 

collected using a fused-silica plano-convex lens (ƒ = 75 mm, Melles Griot, Irvine, CA, 
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USA) and focused into the sample capillary (LT 45 cm, separation distance 24 cm, 50 µm 

i.d.) with two fused-silica biconvex lenses (ƒ1 = 35 mm, ƒ2 = 25 mm, Melles Griot, 

Irvine, CA).  The power of the UV-LED at the capillary was measured to be 2 mW 

within a 0.5 mm square focal point using a Model 1815-C power meter (Newport 

Corporation, Irvine, CA, USA).  The optical gaiting was controlled with a circuit that 

responded to a TTL signal written into the LabView program used for data collection.  

Samples were analyzed by injection and separation at a constant field strength of 333 V 

cm
-1

.  Detection was performed using the LIF instrument described above. 
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Figure 3.3: Instrument diagram for online-photolytic injection of caged fluorescein thiol. 

 

3.2.4 HPLC separation of protected fluorescein thiol isomers 

A 1.00 mL aliquot of 10 mg mL
-1

 1 in MeOH was separated on a C18 column 

(Shimadzu Chromegabond WR C18, 5 μm, 250 mm by 23 mm) using a 25 mL min
-1

 

gradient (Shimadzu CBM-20A controller and LC-8A pumps) of water with 0.01% (v/v) 

TFA and ACN.  The mobile phase was held for 11 min at 50 % ACN, increased linearly 

over the next 9 min to 77 % ACN, and followed by a 95 % ACN wash.  The components 

were detected at 254 nm (Shimadzu SPD-20A), collected, and dried by rotary 

evaporation.  The two major peaks in the chromatogram were identified by 
1
H 

NMR.
195,196
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3.3 RESULTS AND DISCUSSION 

3.3.1 CZE-LIF of fluorescein thiol-derivatized primary amines 

 A thiol-containing fluorescein dye was synthesized for use as a derivatizing agent 

for multiple functional groups, including primary amines and free thiols.  Initially, 3 was 

utilized to label primary amines in a reaction with OPA (Figure 3.4).  OPA acts as a 

bifunctional crosslinker holding the primary amine and the fluorescein together through 

formation of an isoindole, allowing the amine to be detected based on the fluorescence 

associated with fluorescein. 

 

 

Figure 3.4: Reaction of OPA with 3 and a primary amine to form an isoindole with 

fluorescent excitation and emission corresponding to that of fluorescein. 

 

 To test the utility of 3 in labeling primary amines in the presence of OPA, a 

mixture of amino acids was labeled, separated, and detected by CZE-LIF.  Figure 3.5 
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shows the separation of 1 in the absence (i) and presence (ii) of OPA and amino acids.  

Both electropherograms show two peaks at 145 and 148 s representing the 5- and 6-

isomers of 1 which were present in the carboxyfluorescein synthetic precursor and 

propagated to the product.  The two electropherograms of 1 show the same peaks in the 

presence and absence of OPA and amino acids which is expected since a reduced thiol is 

not present in the reaction mixture preventing the formation of an isoindole.  On the other 

hand, when 1 was deprotected to form 3 (Figure 3.5, iii) the peak profile changed with 

the major peak migrating past the detector at approximately 183 s. This peak represented 

the mixture of isomers and appeared as either two unresolved peaks or a peak with a 

shoulder.  CZE separates compounds based on the charge-to-size ratio of the analytes.  

Since the two isomers were not as well separated after deprotection, it suggests that the 

isomeric position of the protecting group significantly changes the hydrodynamic radius 

of the dye.  When OPA was added to 3 there were no changes in the electropherogram 

(Figure 3.5, iv); yet, when both OPA and amino acids were added to 3, additional peaks 

were observed associated with the derivatized primary amines (Figure 3.5, v).  As 

anticipated, labeling occurred when OPA, primary amines, and a reduced thiol were 

present to form an isoindole.  For each labeled amino acid there were two peaks present 

in the electropherogram; 3-labeled Arg appeared at 157 and 160 s, labeled GABA 

migrated at 188 and 194 s, and labeled Glu was detected at 215 s and as a shoulder on the 

CF peak at 228 s.  The multiple peaks were attributed to the isomers of the dye, which 

once again had significant differences in their three dimensional structures, allowing their 

separation under the applied field.  When 1 was separated (Figure 3.5, i), the first peak 
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had a lower intensity than the second peak; however, after labeling amino acids, the first 

peak was more intense than the second peak (Figure 3.5, v).  OPA reaction products have 

been thoroughly studied and their stability is highly dependent on the structure of the 

thiol.
197

  The change in peak intensities may be because one isomer forms a more stable 

reaction product.  However, the electropherograms show that primary amines can be 

labeled using 3 and OPA as a bifunctional crosslinker.  The reaction mixtures, which 

were separated in Figure 3.5, were allowed to proceed for 1 min before dilution and 

analysis by CZE-LIF; thus, this reaction proceeds more rapidly than those of 

isothiocyanates and succinimidyl esters allowing it to be used to monitor dynamic 

processes.  Furthermore, due to the presence of fluorescein, the derivatized products have 

high quantum yields and can be detected with visible excitation and emission 

wavelengths, showing the potential for this dye in other applications, such as imaging. 
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Figure 3.5: Separation and labeling of amino acids using thiol-containing dyes in the 

presence of OPA.  Electropherograms of 5 nM 1 (i); 5 nM 1, OPA, and a mixture of Arg, 

GABA, and Glu (ii); 20 nM 3 (iii); 20 nM 3 and OPA (iv); and 20 nM 3, OPA, and 

amino acid mixture (v).  Electropherograms offset for clarity.  E = 400 V cm
-1

; 25 µm i.d. 

capillary; injection time = 5 s; 20 mM borate buffer, pH 9.3. 

 

 The synthesized dyes, 1 and 3, were compared to the only commercially available 

thiol-containing fluorescein dye, SAMSA-Fl.  Figure 3.6 shows electropherograms of 

SAMSA-Fl before (i) and after (ii) deprotection of the thiol.  After deprotection, multiple 

peaks were observed with the two major peaks at 261 and 264 s corresponding to 

different isomers of the dye.
194

  Additional fluorescent biproducts after deprotection can 

be problematic since they are detected and obscure regions of the electropherogram, 

which may interfere with detection or quantitation of labeled analytes.  For SAMSA-Fl, 

many fluorescent impurity peaks were present after deprotection which migrated 

throughout the entire separation region.  In comparison, few impurity peaks were 

observed after deprotection of 1 to form 3, and these were clustered between 203 and 213 

s, interfering with a smaller region of the electropherogram (Figure 3.5, iii).  Thus, 3 is an 
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improvement over the commercially-available thiol-functionalized dye for derivatizing, 

separating, and detecting labeled analytes. 

 

Figure 3.6: Electropherograms of 5 nM protected-SAMSA-Fl (i) and 20 nM deprotected-

SAMSA-Fl (ii).  Electropherograms offset for clarity.  E = 400 V cm
-1

; 25 µm i.d. 

capillary; injection time = 5 s; 20 mM borate buffer, pH 9.3. 

 

3.3.2 CZE-LIF of fluorescein thiol-labeled thiols 

 Since disulfide bonds spontaneously form under oxidizing conditions, 3 was used 

to label reduced thiols.  Figure 3.7 shows electropherograms after derivatization of GSH 

and CZE-LIF.  GSH is a biological thiol-containing tripeptide that is responsible for 

maintaining the oxidative state within cells.
198

  Figure 3.7 shows electropherograms of 

GSH only (i), 3 only (ii), and equimolar amounts of GSH and 3 (iii).  GSH is not 

fluorescent before labeling therefore no peaks were present when it was run alone.  

However, when stoichiometric amounts of 3 and GSH were combined, two additional 

peaks appeared in the electropherogram at 177 and 180 s.  As when labeling the amino 

acids with OPA and 3, the two peaks corresponded to the 5- and 6-isomers of 3.  To 
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ensure labeling went to completion, the mixture of 3 and GSH was bubbled with O2 and 

the reaction mixture was analyzed by CZE-LIF (Figure 3.7, iv).  The resulting 3-labeled 

GSH peaks did not show an increase in peak height compared to the GSH labeled without 

O2, suggesting that the buffer contained enough dissolved O2 to promote disulfide bond 

formation.  This experiment promoted formation of disulfide bonds, thus it was 

anticipated that a 3 dimer would be produced; yet, additional peaks were not observed 

after bubbling with O2.  This is likely because a 3 dimer formed by a disulfide bond 

would bring the xanthene rings of the two fluorophores into close proximity resulting in 

self quenching and a greater than 90 % reduction in the quantum yield.
199

  This disulfide 

labeling method is promising since it can be performed at high pH where maleimides and 

iodoacetamides undergo hydrolysis and cross reaction with other functional groups, 

including primary amines, decreasing their concentration and limiting the amount 

available for derivatizing thiols. 
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Figure 3.7: Electropherograms showing 3-labeled GSH by disulfide bond formation.  

Representative electropherograms of 20 nM GSH (i); 20 nM 3 (ii); mixture of 20 nM 3 

and GSH (iii); and mixture of 20 nM 3 and GSH bubbled with O2 for 20 min (iv).  

Electropherograms offset for clarity.  E = 400 V cm
-1

; 25 µm i.d. capillary; injection time 

= 5 s; 20 mM borate buffer, pH 9.3. 

 

3.3.3 Analysis of caged fluorescein thiol for POG 

 The caged fluorescein thiol was also tested by CZE-LIF with offline uncaging to 

determine the utility of the dye for POG.  Figure 3.8A shows electropherograms of 4 only 

(i), 4 with OPA (ii), and 4 with OPA and amino acids (iii).  In each electropherogram the 

only peaks that are present are associated with the CF marker and a small amount of 

noise.  Figure 3.8B shows the same samples after they were uncaged offline using a 

mercury arc lamp.  Once again, the samples represent 3* only (i), 3* with OPA (ii), and 

3* with OPA and amino acids (iii) where 3* should have the same chemical structure and 

properties as 3.  These electropherograms show similar trends as in Figure 3.5 with the 

only peaks being those for 3* and impurities until all components of the reaction mixture 

are added.  Once again, after labeling, each amino acid is represented by two peaks due to 

the presence of isomers of 3.  Though the peak profiles for 3 and 3* are similar when 
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running alone or with OPA and amino acids, it should be noted that the migration times 

for 3* and the impurities are faster, being detected at 149 s and 186 – 208 s, respectively.  

The migration times for 3*-labeled Arg were 140 and 144 s whereas for GABA they 

were 177 and 185 s; thus, these peaks also show faster migration through the capillary.  

On the other hand, Glu had similar migration times to those seen in Figure 3.5 at 218 s 

and as a shoulder on CF at 229 s.  Eq. 1.15 shows that the migration of an analyte is 

dependent upon the applied voltage, total and effective capillary lengths, and the apparent 

electrophoretic mobility of the analyte.  For the analysis of amino acids labeled with 3 

(Figure 3.5) and 3* (Figure 3.8), the total and effective lengths of the capillaries were the 

same.  Additionally, after uncaging, 3 and 3* should have the same electrophoretic 

mobilities since they have the same structures.  Thus, the difference in migration times 

may be associated with different electrical fields applied across the capillary.  For each 

experiment, the same electrical field was set in the LabVIEW program; yet, for a while 

we were questioning the stability of the high voltage power supply.  This may have 

resulted in a potential field which varied in time being applied across the capillary during 

separation of 3*-labeled amino acids.  Since CF was used as a migration time marker, the 

migration time of the other analytes were shifted, allowing the migration time for CF to 

align to 228 s.  Analytes with similar electrophoretic mobilities to CF (such as 3*-labeled 

Glu) would be expected to have more similar migration times in each capillary (Figure 

3.5 and Figure 3.8), whereas analytes with different electrophoretic mobilities (such as 

3*-labled Arg) would exhibit larger differences in the migration times between Figure 3.5 

and Figure 3.8.  Even though the migration times are different for labeled Arg and 
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GABA, the data in Figure 3.8 shows the utility of 4 as a caged fluorophore, in that the 

dye and labeled analytes have minimal fluorescence until uncaged by exposure to UV 

light.  Furthermore, the caged dye is still able to form an isoindole using the free thiol to 

derivatize amine-containing analytes. 
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A 

 

B 

 

Figure 3.8: The presence of caging groups on the dye prevents detection of labeled 

compounds by CZE-LIF, though detection can be monitored after exposure to UV 

irradiation.  (A) Electropherograms representing 200 nM 4 (i), 200 nM 4 with OPA (ii), 

and 200 nM 4 with OPA and a mixture of Arg, GABA, and Glu (iii).  (B) 

Electropherograms showing the same samples as in (A) after offline exposure to UV light 

for 4 min.  Samples represent 200 nM 3* (i), 200 nM 3* with OPA (ii), and 200 nM 3* 

with OPA and amino acid mixture.  Electropherograms offset for clarity.  E = 400 V cm
-

1
; 25 µm i.d. capillary; injection time = 5 s; 20 mM borate buffer, pH 9.3.  
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 Labeling mixtures of amino acids with the caged dye and observing an increase in 

fluorescence intensity upon exposure to UV light through offline uncaging indicated that 

the caged fluorescein thiol could be used for POG.  Thus, 2 was photolytically injected 

into a capillary using an UV-LED, separated by CZE, and the uncaged material was 

detected by LIF.  Figure 3.9 shows an electropherogram of the two separated isomers of 

1* after POG with the UV-LED.  The two isomer peaks are not fully resolved due to the 

shorter separation distance between the injection and detection windows and because of 

the broader injection plug associated with the size of the UV-LED focal point at the 

capillary and the duration of the injection.  Yet, the electropherograms were reproducible 

for multiple POG injections, with peak heights and migration times having RSDs of 3.4 - 

4.5 % and less than 0.6 %, respectively.  The reproducibility and photolytic properties of 

this dye makes it suitable for POG-CZE-LIF.  Furthermore, the ability to rapidly label 

multiple functional groups suggests the utility of the dye in monitoring various biological 

analytes and their cellular dynamics. 
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A 

 

B 

 

Figure 3.9: Analysis of 200 nM 2 by POG with a UV-LED.  (A) Separation of isomers 

of 2 by CZE with online POG injection and LIF detection.  (B) Peak height and migration 

time reproducibility for six consecutive POG injections of 2.  Values in parentheses are 

the average and % RSD for peak height and migration time for each peak.  E = 333 V cm
-

1
; 50 µm i.d. capillary; separation distance = 24 cm; 1 s online injections; 20 mM borate 

buffer, pH 9.3. 
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3.3.4 HPLC separation and assignment of protected fluorescein thiol isomers 

 The 5- and 6-isomers of 1 were separated by HPLC using a C18 column.  The 

separation conditions which utilized high concentrations of organic solvent were selected 

to ensure the hydrophobic dye did not precipitate during sample preparation or 

separation.  A small amount of TFA in the aqueous mobile phase was necessary for 

efficient separation of the isomers since the acidic solution drove the equilibrium of each 

isomer to a single, fully protonated form.  Furthermore, this small amount of TFA did not 

promote sulfur deprotection when the solvent was removed by rotary evaporation as 

evidenced by the migration times of the separated isomers during CZE-LIF (Figure 3.11). 

 

Figure 3.10: HPLC separation of isomers of 1.  A 1.00 mL aliquot of 10 mg mL
-1

 1 in 

MeOH was separated on a C18 column using a 25 mL min
-1

 gradient of water with 0.01 

% (v/v) TFA and ACN.  The absorbance at 254 nm was used to monitor the separation, 

and the two major peaks were identified by 
1
H NMR as the 6-isomer (19.3 min) and 5-

isomer (20.4 min), respectively. 

 

 After HPLC separation of the isomers of 1, the separated fractions were analyzed 

by CZE-LIF to correlate the isomers associated with each peak.  Figure 3.11 shows the 
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CZE-LIF separation of 1 before separation (i), the fraction of 1 which eluted from the 

HPLC column at 19.3 min (ii), and the fraction that eluted at 20.4 min (iii).  As seen 

before, 1 results in two peaks with migration times of 148 and 151 s, respectively.  The 

electropherogram in Figure 3.11, ii shows a lower intensity peak at 148 s and a higher 

intensity peak at 151 s suggesting that in this early HPLC separation, the first collected 

fraction contained primarily one isomer, though some of the second isomer was also 

collected.  On the other hand, the electropherogram in Figure 3.11, iii shows that only a 

single isomer was collected in the second fraction.  Though this early separation and 

collection of isomers of 1 resulted in incomplete separation since some of both isomers 

were collected in the first fraction, the two isomers could be identified.  The peaks at 148 

and 151 s represented the 5- and 6-isomers of 1, respectively.  This result verifies that the 

two isomers are being separated during CZE where the separation mechanism is based on 

the charge-to-size ratio, indicating that the hydrodynamic radii of the two isomers are 

significantly different.  The differences in hydrodynamic radii may be due to the ability 

of the methoxytrityl containing side chain to fold back and interact with the conjugated 

ring systems in the fluorescein moiety. 
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Figure 3.11: Identification of migration order of HPLC fractions of 1 by CZE-LIF.  (A) 

Electropherograms of 1 (i), HPLC fraction that eluted at 19.3 min (ii), and HPLC fraction 

that eluted at 20.4 min (iii). Electropherograms offset for clarity.  E = 400 V cm
-1

; 25 µm 

i.d. capillary; injection time = 5 s; 20 mM borate buffer, pH 9.3. 

 

3.3.5 Derivatization of primary amines and thiols with a single isomer of the 

fluorescein thiol dye 

After HPLC separation of the isomers of 1, primary amine and thiol-containing 

samples were labeled with an individual isomer of the dye and separated by CZE-LIF.  

Since 5-1 migrated earlier when separated by CZE-LIF (Figure 3.11), it was hypothesized 

that the earlier migrating peak of each labeled compound represented the conjugate 

formed from the 5-3 fluorophore.  This hypothesis was tested by separating the mixture 

of 1 isomers, collecting the fraction corresponding to 5-1, deprotecting the single isomer, 

and labeling the same samples of primary amines or free thiols which were previously 

analyzed.  Figure 3.12A shows a separation of 5-3 (i) and a separation of amino acids 

after labeling with 5-3 and OPA (ii).  The electropherogram shows a single peak 

associated with each labeled analyte and the migration times of each correspond to the 
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faster migrating peak when compared to the electropherograms using the mixture of 3 

isomers (Figure 3.5).  Additionally, the shoulder on CF, associated with one of the 3-

labeled isomers of Glu is no longer present in this electropherogram.  Similarly, Figure 

3.12B shows that after labeling GSH with 5-3 a single analyte peak results which also 

appears to have the earlier migration time when compared to Figure 3.7.  This indicates 

that single isomers of 3 can be used to rapidly label and accurately quantify primary 

amines and reduced thiols; thus, illustrating the utility of this caged probe for online 

labeling followed by POG-CZE-LIF to monitor biologically significant analytes, such as 

biogenic amines.  
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A 

 

B 

 

Figure 3.12: Amine and thiol labeling with a single isomer of 3.  (A) Electropherograms 

representing 20 nM 5-3 (i) and 20 nM 5-3 with OPA and a mixture of Arg, GABA, and 

Glu.  (B) Electropherograms representing 20 nM 5-3 (i) and 20 nM 5-3 with GSH.  

Electropherograms offset for clarity.  E = 400 V cm
-1

; 25 µm i.d. capillary; injection time 

= 5 s; 20 mM borate buffer, pH 9.3. 
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3.4 CONCLUSIONS 

 This work shows the utility of a novel thiol containing dye for labeling primary 

amines and free thiols.  After deprotection, 3 shows fewer impurity peaks than the 

commercially available thiol-containing fluorophore, SAMSA-Fl, obscuring a smaller 

portion of the electropherogram and allowing quantitative analysis of more labeled 

species.  3 was used to label primary amines in the presence of OPA as well as reduced 

thiols, illustrating the utility of the dye in labeling various functional groups for analysis 

of multiple biomolecules.  The labeling reactions for primary amines were completed 

within 1 min, showing the rapid kinetics of the reaction and suggesting the value of 3 in 

monitoring chemical dynamics in biological systems.  Additionally, this work shows the 

first use of a caged thiol-containing fluorophore which functioned effectively as the thiol 

in the OPA labeling scheme, demonstrated the required photolytic properties, and was 

used in POG-CZE-LIF. 
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CHAPTER 4. CAPACITIVE COUPLED CONTACTLESS CONDUCTIVITY 

DETECTION FOR ANALYSIS OF BIOLOGICAL ANALYTES 

 

4.1 INTRODUCTION 

 Capacitive coupled contactless conductivity detection (C4D) has seen increased 

use in CE and microchip separations over the past 15 years due to the development of an 

axial configuration allowing detection in capillaries and channels with small 

diameters.
75,76

  Conventional CE detection methods include absorption and laser induced 

fluorescence (LIF) due to their prevalence in commercial instruments.
77,81,200,201

  

Absorption detection has limited sensitivity for optically active compounds because of 

the short path length through the capillary.
160,164,202

  LIF has been used for high 

sensitivity analyses, though analytes are generally labeled with fluorescent probes prior to 

detection.  Labeling can be time consuming and affect analyte separation and limit the 

number of detected compounds, since most fluorophores react with specific functional 

groups, such as primary amines or thiols.
82,182,183,203

  Indirect methods can be used to 

detect molecules that are not optically active, but have limited sensitivity and result in 

poor separation efficiency when the analytes and absorbing species have different 

conductivities.
77,81

  C4D detects changes in the conductivity of analyte plugs compared to 

the background electrolyte; thus, C4D is a general detection method that can be used for 

label-free analyses of ions.
77,78,80,81,200,201
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C4D shows advantages over other electrochemical detection methods, including 

traditional conductivity detection.  In C4D the electrodes are not in contact with the 

background electrolyte (BGE), preventing electrode fouling
77,78,203

 and decoupling the 

potential fields for separation and detection, minimizing interference.
77,78,81

  Traditional 

conductivity detection requires precise electrode alignment, whereas with C4D the 

electrodes are easily positioned around the capillary exterior.
75,78,203

  C4D is a bulk 

detection method monitoring signal throughout the capillary inner diameter, rather than at 

the electrode surface, such as in Faradaic methods, including potentiometry and 

amperometry, resulting in less interference effects.
201

 

Since the development of C4D in 1998, this detection method has proven useful 

in monitoring various charged analytes in CZE and MEKC, including inorganic 

ions,
77,78,80,200,204,205

 carbohydrates, DNA, peptides and proteins, amino acids, organic 

mercury compounds, herbicides, pharmaceuticals, and catacholomines.
78,80,206,207

  C4D 

has been used for studying biological analytes since labeling is not required.  

Additionally, C4D has become an important detector for monitoring inorganic ions since 

they lack chromophores, preventing their detection by direct optical methods.
75,76

  As an 

alternative, various studies have utilized indirect absorption detection in which ions are 

dissolved in buffers containing highly absorbing additives.
208,209

  As sample plugs 

migrate through the detector there is a decrease in absorption since the inorganic ions 

displace electrolyte and additive ions to maintain electroneutrality.
208

  Indirect detection 

methods suffer from reduced sensitivity due to high background signal and greater 

noise
76,81,200

  and are difficult to optimize since multiple buffer conditions must be 
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determined, including conductivity, co-ion charge, maximum absorbance wavelength, 

molar absorptivity, and concentration of BGE and additives.
76,200

 

CE separations utilize aqueous buffers to maintain the pH at both electrodes 

throughout separation.  C4Ds monitor changes in solution conductivity as sample ions 

displace buffer ions during migration through the capillary.  It is common for these 

detectors to measure changes in conductivity associated with µM analyte concentrations 

against a background electrolyte concentration in the mM range; thus, C4D detection is 

often limited by the small analytical signals residing on a high background.  Various 

methods have been developed to increase the sensitivity of C4D.  Tanyanyiwa et. al. 

developed a voltage amplifier to increase the Vpp which is applied to the input electrode 

and coupled into the capillary, resulting in greater sensitivity due to the smaller 

contribution of amplifier system noise compared to the measured signal.
200,203

  Lock-in-

amplifiers have also been used to increase sensitivity by monitoring the signal associated 

with a single frequency, minimizing noise from other frequencies.
210,211

 

 Our goal was to develop a C4D with increased sensitivity and minimal instrument 

modification to monitor concentrations of biologically relevant ions. We optimized a 

C4D and applied a multiplexing method, Hadamard Transform, to achieve S/N 

enhancement using a flow gate and solenoid valve to perform reproducible, online, 

pseudorandom sample injections. 
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4.2 EXPERIMENTAL 

4.2.1 Materials and reagents 

Boric acid was purchased from Spectrum (Gardena, CA).  Adenosine 5’-

triphosphate disodium salt (ATP), adenosine 5’- diphosphate sodium salt (ADP), phytic 

acid (mass spectrometry showed that the structure contained four phosphate groups (IP4) 

rather than six (IP6)), D,L-arginine (Arg), 2-(N-cyclohexylamino)ethane sulfonic acid 

(CHES), 2-(N-morpholino)ethanesulfonic acid (MES), 3-(N-morpholino)propanesulfonic 

acid (MOPS), HEPES, and cellulose acetate (CA) were purchased from Sigma (St. Louis, 

MO).  Calcium chloride dihydrate, L-lysine (Lys), and L-histidine (His) were purchased 

from Fisher (Pittsburgh, PA).  Acetone, sodium phosphate monobasic, and sodium 

chloride (NaCl) were purchased from EMD (Billerica, MA).  Acetic acid was purchased 

from EM Science (Gibbstown, NJ).  Sodium citrate and potassium chloride were 

purchased from JT Baker (Center Valley, PA).  Guanosine 5’-triphosphate sodium salt 

hydrate (GTP) was acquired from the Montfort lab.  All other chemicals were obtained 

from VWR (Radnor, PA) and used as received.  Water was obtained from a Barnstead 

EasyPure UV/UF purification system.  Buffers were filtered using membranes with 0.2 

µm pores and degassed by bubbling with He before use. 

4.2.2  Sample preparation 

 Cations of chloride salts were dissolved in BGE or nanopure water at 100 mM 

concentrations.  Solutions were further diluted to prepare cation samples or mixtures.  
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Samples of biological phosphates were prepared fresh daily in nanopure water.  Amino 

acids were prepared in BGE. 

 All samples and buffers were prepared in volumetric glassware that was rinsed 

multiple times with nanopure water before use to remove Na
+
 contamination.  All buffers 

and samples were stored in plastic bottles or tubes to minimize leaching of Na
+
. 

4.2.3 Instrumentation and separation 

A C4D was built on a printed circuit board with cylindrical electrodes formed 

from stainless steel needles based on previous designs by Fracassi da Silva and do 

Lago.
75

  A schematic of the circuit is shown in Figure 4.1 with all three operational 

amplifiers being AD825. 

 

Figure 4.1: Schematic of C4D.  An input AC voltage was applied to one electrode, 

coupled into the electrolyte within the capillary, and the current was monitored at the 

second electrode.  The measured current was converted to a voltage, rectified, and filtered 

before passing to a DAQ board and computer. 
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 The separation capillary (Polymicro Technologies, Phoenix, AZ) was inserted 

through two 5 mm cylindrical electrodes and the ends were submerged in buffer vials.  A 

function generator (Jupiter 2010, Tenma, Springbaro, Ohio) was used to apply an AC 

signal to the actuator electrode allowing the signal to capacitively couple across the 

capillary wall and into the electrolyte solution.  The current generated in the gap between 

electrodes was measured by the pick-up electrode, converted to a voltage, rectified, and 

filtered before passing to an oscilloscope (Model # 72-6820, Tenma, Springbaro, Ohio) 

which monitored the DC output of the C4D and the AC input from the function 

generator.  The DC output was passed from the oscilloscope to an A/D converter (NI 

USB-6221, National Instruments, Austin, TX) using in-house software written in 

LabView.  Electric fields were applied using a 30 kV power supply (CZE-1000, 

Spellman High Voltage Corporation, Hauppauge, NY). 

4.2.3.1 Modification of detector 

 Each of the modifications in this section was performed individually to determine 

if the changes resulted in enhanced detector sensitivity. 

4.2.3.1.1 Voltage amplifier circuit 

A voltage amplifier circuit was built to increase the AC signal amplitude applied 

to the actuator electrode (Figure 4.2).  The output from a function generator was passed 

through the voltage amplifier before being applied to the actuator electrode.  A second 

output from the voltage amplifier, which showed a 10× reduction in voltage, was 

monitored using an oscilloscope. 
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Figure 4.2: Voltage amplifier circuit.  The amplitude of the input AC voltage was 

amplified before being applied to the input electrode.  The amplitude was monitored with 

an oscilloscope using the divide-by-10 output. 

 

4.2.3.1.2 C4D with lock-in-amplifier 

 The C4D output with a lock-in-amplifier was compared to the C4D circuit with 

rectifiers and filters (Figure 4.1).  The AC voltage from a function generator was the 

reference signal while the AC voltage collected after the first stage of the C4D (current to 

voltage converter) was the input signal.  The LIA reference signal was limited to a 

maximum input frequency of 100 kHz. 

4.2.3.1.3 C4D with bandpass filter 

The detector was altered to include a 200 kHz bandpass filter.  With this 

modification we applied an AC signal to the actuator electrode and monitored the signal 
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at the pick-up electrode at a higher harmonic.  The altered circuit schematic is shown in 

Figure 4.3. 

 

Figure 4.3: Schematic of C4D with 200 kHz bandpass filter.  An input AC voltage was 

applied to one electrode, coupled into the electrolyte within the capillary, and the current 

was monitored at the second electrode.  The measured current was converted to a voltage, 

filtered with a 4
th

 order bandpass filter centered at 191 kHz, rectified, and further filtered 

before passing to a DAQ board and computer. 

 

4.2.3.2 Online injection with a flow gate 

 Online injections were performed using a flow gate fabricated from a plexiglass 

block containing two perpendicular channels.
60,70,138

  Two capillaries, a sample and 

separation capillary, were positioned in the flow gate and held in place by sliding each 
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through a piece of teflon tubing and securing with PEEK ferrules and nuts.  The outlet of 

the separation capillary was passed through the C4D electrodes and placed in a buffer 

vial with a high voltage electrode.  A field was constantly applied across the separation 

capillary.  The inlet to the sample capillary was attached to a syringe pump (Model PHD 

2000 Infusion, Harvard Apparatus, Holliston, MA) which constantly pushed sample into 

the flow gate.  Buffer cross-flow through the perpendicular channel between capillaries 

was controlled using a three-port solenoid valve (Model LHDA0531115H, Lee, Essex, 

CT; or Model 407C3412050N, ASCO, Florham Park, NJ).  Buffer was pushed by a 

syringe pump (Sage Model M361, Orion Research, Beverly, MA) through the normally-

open port of the valve and connected to the flow gate with the waste draining into a 

grounded vial.  The normally-closed port of the valve was connected to tubing which 

drained to waste. When an injection was performed, the valve was actuated, causing 

buffer to be redirected through the normally-closed port and to waste, allowing sample to 

accumulate between the capillaries, and resulting in an electrokinetic injection of 

material.  After injection, buffer was redirected through the flow gate pushing the 

accumulated and flowing sample to waste.  The buffer also completed the electrical 

circuit across the separation capillary and provided BGE behind the injected plug.  Figure 

4.4 shows the instrument diagram for online injections using the flow gate followed by 

CZE-C4D as well as the circuit used to trigger the solenoid valve for injection. 

 Injections which were not performed online with the flow gate were done by 

siphoning sample into the capillary. 
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A 

 

B 

 

Figure 4.4: Instrument diagram for CZE-C4D with online injections using a flow gate 

(A). Injections in the flow gate were controlled by a three port solenoid valve which was 

triggered by a TTL signal according to the circuit in (B).  The applied voltage varied 

based on the valve.  For the Lee or ASCO valve either a 5 V or 12 V DC potential was 

applied, respectively. 
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4.2.3.3 Capillary preparation 

For offline analysis of inorganic cations, capillaries (50, 75, or 100 μm i.d.; 365 

μm o.d.; Polymicro Technologies, Phoenix, AZ) were cut to 50 cm total length with a 

separation distance of 39 cm.  Before use, capillaries were washed with consecutive 

rinses of 0.1 M HCl, H2O, 0.1 M NaOH, H2O, and running buffer for 5 min each. 

Biological phosphates were separated offline in cellulose acetate (CA) coated 

capillaries prepared daily (75 µm i.d., 365 µm o.d.).  Fresh solutions of CA were 

prepared daily by dissolving 22 mg CA in 2.5 mL acetone (HPLC-grade).  After rinsing 

the capillary with HPLC-grade acetone, the CA solution was flushed through the 

capillary at 0.07 mL min
-1

 for 15 min.  The capillary was dried for 30 min following the 

procedure in Braun’s dissertation.
181

  Briefly, a 20 mL scintillation vial was capped with 

a rubber septum.  The CA-washed capillary was slid through the hole of a 21G needle 

which was used to push the capillary through the septum, allowing the capillary to enter 

the vial.  Upon removing the needle, the capillary was securely held in the septum.  A 

second needle was attached to a He line and pushed through the septum.  The vial was 

purged with He for 30 min, using pressure to push the remaining acetone out of the 

capillary, and drying the surface.  After drying, the capillary was cut to 50 cm total 

length, removing potential clogs from each end.  Capillaries were flushed with running 

buffer for 30 min at 0.07 mL min
-1

 before CZE-C4D. 

For online analysis with the flow gate, two capillaries were cut for each 

experiment, a sample capillary (100 µm i.d., 365 µm o.d.) and a separation capillary (25, 
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50, or 75 µm i.d., 365 µm o.d.).  Using a Dremmel tool, one end of each capillary was 

ground to a cone. The ground ends were briefly sonicated in 0.1 M NaOH before washing 

the capillaries.
60

  The separation capillary was washed using the same procedure as the 

separation capillaries used for offline experiments.  The sample capillary was washed 

with consecutive rinses of 0.1 M HCl, H2O, and running buffer for 10 min each.  Before 

use, the capillaries were aligned in the flow gate under a microscope.  The grid on a 

hemacytometer and the capillary inner diameters were used to approximate the distance 

between the capillaries as 50 µm. 

4.2.4 Hadamard transform 

Hadamard transform experiments were performed in a method similar to that 

presented in Chapter 2 with the following alterations: S-matrices of 511, 1023, or 2047 

elements with 50 % duty cycles were used for injection.  For every “1” element in the S-

matrix, the buffer flow was diverted to the normally-closed port of the solenoid valve, 

allowing for an electrokinetic injection of sample into the separation capillary.  For every 

“0” element, the buffer flow was maintained through the normally-open port of the 

solenoid valve, resulting in a non-injection, or injection of buffer into the separation 

capillary.  Following injection and separation, the detector monitored summed signal 

associated with the multiple injections and the different electrophoretic mobility of each 

ion.  An oversampling method was used during deconvolution in which all of the data 

points (100 Hz) collected within the time of each injection (2 Hz) were binned, then the 

(n)
th

 to (2n-1)
th

 data points were multiplied by the inverse S-matrix.
156-158

  All single 

injection electropherograms were binned in the same way for direct comparison. 
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4.2.5 Data filtering 

Low frequency baseline drifts were subtracted using a LabVIEW program written 

in-house implementing a median filter with a 30 point window size.
165

 

4.2.6 Conductivity measurements 

 Buffer conductivities were initially measured by pushing each BGE through a 

capillary (50 or 75 µm i.d., 365 µm o.d.) positioned in the C4D using a syringe pump 

(Sage Model M361).  An input AC signal (12 Vpp at 500 kHz or 20 Vpp at 750 kHz) was 

applied to the C4D and the DC voltage output was set to zero with nanopure water 

flowing through the capillary.  The DC voltage output was then measured for various 

BGEs flowing through the capillary in the C4D.  The DC output signal was coupled to an 

oscilloscope (Model # 72-6820, Tenma), passed to an A/D converter (NI USB-6221, 

National Instruments), and recorded using a LabVIEW program.   

 Conductivity was also measured using the ZetaSizer Nano ZS (Malvern, 

Worcestershire, United Kingdom).  A standard operating procedure (SOP) was developed 

using the auto method to calculate zeta potentials.  For this auto method, the first step 

involved measuring the solution conductivity to determine which program to run and 

what voltage to apply in calculating zeta potentials.  The SOP did not use the auto laser 

attenuation parameter since the lack of particles in the solution resulted in cancelation of 

the run before conductivity was measured. 
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4.2.7 Calculations 

 Limits of detection (LODs, cm) were calculated based on calibration curves of 

peak height versus concentration. 

    
(      )

 
  (4.1) 

Where Sm is the minimum distinguishable signal,     is the average baseline signal, and 

m is the slope of the calibration plot. Sm is defined by the following equation. 

            (4.2) 

Where k is a constant equal to three, and sbl is the noise in the baseline.  The two 

equations can be combined, to form the following reduced equation. 

   
(    )

 
 (4.3) 

Therefore, the LOD is dependent upon the noise in the baseline signal and the slope of 

the calibration plot.  For each LOD calculation, the error was determined by propagating 

the variance from the slope and baseline noise.
46

 

 Statistical analyses were performed to determine whether various instrument or 

experimental modifications resulted in enhanced sensitivity of the detector.  First, an F 

value was calculated to determine if two LODs had the same variance. 

   
  
 

  
   (4.4) 
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In this equation s1 and s2 represent the variance of each LOD.  The variances were 

considered different if Fcalculated > Ftable at the 95 % confidence interval.  The degrees of 

freedom were based on the number of electropherograms used to generate the calibration 

plot since each calibration plot was made using a minimum of three sample 

concentrations with peak height measured at least three times at each concentration.  

Additionally, the baseline noise was calculated in each electropherogram and averaged to 

determine the noise (sbl).  If the variances between the two calculated LODs were the 

same (Fcalculated < Ftable), Student’s t-test was used to determine if the LODs were 

statistically different. 

             |
      

       
| √

    

      
 (4.5) 

         √
  
 (    )   

 (    )

       
  (4.6) 

Where   and n are the average LOD and number of measurements for LOD 1 and 2.  

Spooled is the combined standard deviation from both populations calculated from the 

propagated error (s) associated with each LOD.  If the variances between the two LODs 

were different (Fcalculated > Ftable), then Welch’s t-test was used to determine if the two 

LODs were statistically different. 
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Where  , s, and n represent the mean, standard deviation, and number of measurements 

for LOD 1 and 2.  When using Welch’s t-test the degrees of freedom were calculated 

according to: 
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   (4.8) 

For all t-tests, the significance was determined at the 95% confidence interval.
40

 

Baseline noise was calculated as the standard deviation of the baseline where no 

peaks were present.  S/N values were calculated by dividing peak heights by the noise. 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Optimizing CZE-C4D Separations 

4.3.1.1 Selection of BGE 

 In CE, buffers are used to maintain the pH during separation since high potential 

fields can result in reduction and oxidation of water, leading to changes in pH at the 

cathode and anode if sufficient buffer capacity is not present.  Buffers, by definition, are 

solutions made up of weak acids and their conjugate bases; therefore, buffers contain 

ions.  In C4D the conductivity of a solution is measured in the detection volume between 

electrodes
77,79,80

 and is dependent on the concentration and molar conductivity of each 

ion.
76,182,200

  The presence of ions in the BGE results in a measureable response from the 

detector.
201

  Variations in the BGE due to changes in OH
-
 and H3O

+
 can result in 

increased baseline noise, thus the buffer must have sufficient capacity to minimize pH 

changes.
78

  BGEs with high conductivity result in less stable baselines, increasing noise 

and decreasing detector sensitivity;
200,204

 therefore, buffer capacity and concentration 

must be optimized for CE separations with C4D. 

The conductivity of various electrolytes was measured by flowing buffers through 

a capillary positioned in the C4D using a syringe pump (Figure 4.5).  Buffers were 

prepared at 10 mM to ensure that they had appropriate capacity.  In Figure 4.5A, the 

conductivities of six buffers and nanopure water were measured.  CHES buffer exhibited 

the lowest conductivity and was thus used for optimization of the C4D, which initially 

involved separating inorganic cations.  Highly negatively charged analytes, such as 
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biological phosphates, have large electrophoretic mobilities toward the anode.  Since the 

electroosmotic mobility is toward the cathode, these analytes either have long migration 

times or cannot be detected.  To separate these analytes it is common to utilize static 

capillary surface modifications that minimize the EOF and reverse the polarity across the 

capillary.  Figure 4.5B shows the conductivity of various low pH buffers, which were 

required since the capillary coating was only stable between pH 2.0 – 7.5.
41

  The data 

show that 10 mM acetic acid with 2 mM His, pH 3.9 had the lowest conductivity.  MES / 

His buffers are commonly used in C4D analysis of cations, but acetic acid / His buffers 

have resulted in better resolution of cations due to the reduced EOF at a lower pH and 

have longer storage stability.
78

  Separations of inorganic cations and biological 

phosphates were therefore performed using either 10 mM CHES buffer, pH 8.6 or 10 mM 

acetate buffer with 2 mM His, pH 4.0. 
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A 

 

B 

 

Figure 4.5: Normalized buffer conductivities. (A) Normalized conductivity of (i) 

nanopure water; (ii) 10 mM CHES buffer, pH 8.6; (iii) 10 mM MES with 10 mM His, pH 

5.7; (iv) 10 mM borate buffer, pH 8.6; (v) 10 mM HEPES buffer, pH 7.4; (vi) 10 mM 

MOPS buffer, pH 7.4; and (vii) 10 mM phosphate buffer, pH 7.4.  Conductivity was 

measured through a 50 µm i.d. capillary positioned in the C4D with an input AC signal of 

12 Vpp at 500 kHz.  (B) Normalized conductivity of (i) nanopure water; (ii) 10 mM acetic 

acid with 2 mM His, pH 3.9; (iii) 10 mM MES with 10 mM His, pH 5.7; and (iv) 10 mM 

citrate buffer, pH 5.0.  Conductivity was measured through a 75 µm i.d. capillary 

positioned in the C4D with an input AC signal of 20 Vpp at 750 kHz.  Conductivities for 

both A and B were measured using a 0.1 mL min
-1

 flow rate. 
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4.3.1.2 Capillary optimization 

 The presence of the polyimide coating and effect of the capillary inner diameter 

were studied to determine the conditions that yielded the greatest sensitivity.  The AC 

signals, including the voltage applied to the actuator electrode and the current collected at 

the pick-up electrode, are capacitively coupled through the space between the electrolyte 

and electrodes including the fused silica capillary, the polyimide coating, and air.  LODs 

for K
+
 ions were calculated to be 29 ± 10 µM and 26 ± 9 µM in capillaries with and 

without polyimide coating, respectively.  These results show that there is not a significant 

difference in the detector sensitivity with the coating present or absent from the capillary.  

The three materials which separate the electrode from electrolyte can be modeled as 

capacitors in series
212

 with the reciprocal of the equivalent capacitance (Ceq) equal to the 

sum of the reciprocals of each capacitance (CAir, CPolyimide, and CSilica) as in Eq. 4.9. 

 

   
 

 

    
 

 

          
 

 

       
 (4.9) 

The main differences between each material are their dielectric constants and the 

thickness of each layer.  Since the electrode diameter is selected to minimize the space 

around the capillary outer diameter, the majority of the space is occupied by silica, with 

only small layers of polyimide and air.
76,78,212

  By removing the polyimide coating, the 

space occupied by air around the capillary is increased; but, the majority of the space is 

still filled with silica.  Therefore there is not a significant change in the capacitive 

coupling of the AC signal into the electrolyte within the capillary.  For future 

experiments the coating was retained on the capillary to provide flexibility and stability. 



193 
 

 C4D measures solution conductivity in the detection volume between electrodes, 

rather than at the electrode surface.
79

  The maximum current in the detection cell is 

proportional to the square of the capillary inner diameter since larger diameters result in 

more ions within the volume and greater signal intensity.
203,211

  Calibration curves were 

developed for K
+
 in capillaries with three different inner diameters using two excitation 

frequencies to see how changing the volume affected sensitivity (Table 4.1).  At both 

excitation frequencies the sensitivity increased with increasing capillary inner diameter.  

In CE, Joule heating is minimized in capillaries with smaller inner diameters since the 

larger surface area-to-volume ratio allows more heat to dissipate out of the capillary.  

Conductivity is dependent on temperature; therefore, Joule heating can result in low 

frequency baseline drifts or fluctuations in the C4D signal decreasing sensitivity.
78

  

Because of the negative affect of Joule heating in capillaries with larger diameters and the 

small difference in sensitivity between 75 and 100 µm i.d. capillaries at 750 kHz, 75 µm 

i.d. capillaries were used for optimizing the C4D and offline separations. 

Table 4.1: C4D sensitivity comparison for capillaries with different inner diameters. 

Table lists K
+
 LODs (µM).  Conditions: E = 400 V cm

-1
; 10 mM CHES buffer, pH 8.5; 

C4D excitation amplitude = 20 Vpp; samples dissolved in H2O. 

  Excitation Frequency 

Capillary i.d. 500 kHz 750 kHz 

50 µm 23.1 ± 2.6 56.0 ± 9.9 

75 µm 15.3 ± 4.7 6.6 ± 1.7 

100 µm 4.5 ± 1.1 3.6 ± 1.3 
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4.3.1.3 Effect of ground plate between electrodes 

 The C4D was also optimized to increase detector sensitivity.  Figure 4.6 shows 

detection of 750 µM K
+
 in the presence (top) and absence (bottom) of a ground plate 

between electrodes.  The sensitivity increased when the ground plate was present since 

the plate effectively minimized capacitive discharge through the air between 

electrodes.
77-79

  For both systems, with or without the ground plate, a high enough 

frequency must be used to ensure the signal is coupled across the fused silica and into the 

capillary.
78,79

  When a ground plate is positioned between the electrodes, a large range of 

frequencies above this minimum frequency can be used to couple signal into the 

capillary, with similar current at all frequencies under ideal conditions.
200

  When the 

ground plate is not present, the AC voltage capacitively couples to the pick-up electrode 

through air at high frequencies.
78,79

  Thus, there are a limited range of frequencies which 

are above the minimum value and less than those which result in increased noise due to 

capacitive coupling through air.  For all experiments, the two electrodes were separated 

by a ground plate to minimize stray capacitance (Figure 4.1); however, the ground plate 

was later replaced by a Faraday cage surrounding only the actuator electrode. 
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Figure 4.6: Effect of ground plate between actuator and pick-up electrodes. 

Electropherograms show detection of 750 µM K
+
.  E = 400 V cm

-1
; 75 µm i.d. capillary; 

injection time = 10 s; 10 mM CHES buffer, pH 8.6; C4D excitation amplitude and 

frequency = 20 Vpp at 500 kHz; K
+
 samples dissolved in nanopure water. 

 

4.3.1.4 Optimization of input amplitude and frequency 

 For an ideal C4D the signal and current above a particular threshold frequency 

should be constant when a ground plate is present between electrodes.
77-79

  Unfortunately, 

multiple reports showed this is not the case due to the operational amplifiers used in the 

circuitry.
75,212

  Op-amps have are limited by the gain bandwidth product;
75

 therefore, the 

highest frequency which can be used decreases as the peak-to-peak amplitude 

increases.
203

  Also, some op-amps have shown peak gaining in which the gain is larger 

than it should be based on the resistor in the feedback loop as the applied frequency 

approaches the bandwidth limit.
200

  We tested the frequency dependence of the S/N ratio 

of K
+
 and Ca

2+
 using an input signal with a 20 Vpp amplitude and various frequencies to 

determine if there was an optimum excitation for our analyses (Table 4.2).  The data 

show that for K
+
, the LODs are statistically the same at 50 or 67 kHz, compared to 750 
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kHz; whereas at 100 or 200 kHz, the LODs are slightly higher than at the other excitation 

frequencies.  It is unknown why the LODs for K
+
 were statistically higher using 

excitation frequencies of 100 and 200 kHz, and lower at 50, 67, and 750 kHz.  For Ca
2+

, 

excitation at 750 kHz resulted in a statistically lower LOD and greater sensitivity than at 

the other excitation frequencies.  This data suggests that the signal is capacitively coupled 

into the electrolyte at frequencies equal to or above 50 kHz.  However, since the greatest 

sensitivity was achieved for Ca
2+

 at 750 kHz, this frequency was used for most future 

experiments. 

Table 4.2: Sensitivity comparison for K
+
 and Ca

2+
 with varying excitation frequencies.  

Conditions: E = 400 V cm
-1

; 75 µm i.d. capillary; 10 mM acetic acid with 2 mM His, pH 

3.9; C4D excitation amplitude = 20 Vpp; samples dissolved in H2O. 

Excitation Frequency (kHz) K
+
 LOD (µM) Ca

2+
 LOD (µM) 

50 6.5 ± 1.5 8.8 ± 1.4 

67 8.0 ± 1.8 8.1 ± 1.9 

100 13.5 ± 2.4 13.7 ± 2.6 

200 11.0 ± 1.7 12.9 ± 1.6 

750 7.0 ± 1.4 6.3 ± 1.3 

 

Initially, the C4D sensitivity was compared using two signal amplitudes, 12 Vpp 

and 20 Vpp, both of which could be generated from the function generator.  Figure 4.7 

shows increased signal associated with analysis at the higher amplitude.  K
+
 had a S/N of 

181 or 213 with input amplitudes of 12 Vpp or 20 Vpp, respectively.  The increased 

sensitivity resulted from the increased output signal without a significant change in 

electronic noise when using a larger peak-to-peak amplitude and was used for future 

experiments.
77
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Figure 4.7: Effect of input AC signal amplitude on C4D sensitivity.  Electropherograms 

show detection of 1 mM K
+
 with input amplitudes of 12 Vpp or 20 Vpp.  The average S/N 

for K
+
 at 12 Vpp and 20 Vpp was 181 and 213, respectively.  E = 400 V cm

-1
; 75 µm i.d. 

capillary; injection time = 10 s; 10 mM CHES buffer, pH 8.6; C4D excitation frequency 

= 500 kHz; K
+
 samples dissolved in BGE. 

 

Tanyanyiwa et. al. showed that the C4D sensitivity could be increased by using an 

AC signal with a larger amplitude.
200,203

 Likewise, we wanted to compare the effect of 

using a higher input amplitude (Figure 4.2) on the sensitivity of our detector.  Figure 4.8 

shows two plots examining the S/N for K
+
 and Ca

2+ 
ions using various input amplitudes 

at excitation frequencies of 100 kHz (Figure 4.8A) or 750 kHz (Figure 4.8B).  Figure 

4.8A shows that as the amplitude of the signal was increased from 20 Vpp to 60 Vpp, the 

S/N increased for both cations.  The increase in input amplitude resulted in an increase in 

the sensitivity of the detector.
82

  As the amplitude was further increased from 60 Vpp to 

100 Vpp, the S/N did not show a significant change.  On the other hand, Figure 4.8B 

shows that at 750 kHz, the S/N increased when the amplitude was increased from 20 Vpp 

to 40 Vpp.  Though, the S/N decreased if the amplitude was increased to 60 Vpp.  With a 

20 Vpp signal at 750 kHz, the LODs for both cations were similar to those calculated with 
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an excitation frequency of 100 kHz at 60 Vpp and 100 Vpp.  The detector sensitivity is 

dependent on the combination of input amplitude and frequency due to the bandwidth of 

the operational amplifiers.
77,203

  At 750 kHz, the LODs for the cations were within the 

error of the measurement when using 20 Vpp or 40 Vpp amplitudes suggesting that at this 

frequency the maximum current was entering the electrolyte and the maximum signal 

was being measured with both amplitudes.  Thus, most subsequent experiments used 

input signals with 20 Vpp amplitudes at 750 kHz.  If a different operational amplifier with 

greater bandwidth was used in the C4D, it may be possible to achieve S/N enhancements 

using higher input amplitudes at 750 kHz. 
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A 

 

B 

 

Figure 4.8: Comparison of S/N for K
+
 and Ca

2+
 using various input voltage amplitudes 

with excitation frequencies of 100 kHz (A) or 750 kHz (B).  E = 400 V cm
-1

; 75 µm i.d. 

capillary; injection time = 5 s; 10 mM acetic acid with 2 mM His, pH 3.9; cations 

dissolved in BGE with each cation at 50 µM. 
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4.3.1.5 C4D circuit modifications 

 In the C4D shown in Figure 4.1 the current measured at the pick-up electrode was 

converted to a voltage and then rectified before being passed through a low pass filter.  

Since the signal was rectified before filtering, the signal at multiple frequencies was 

present in the DC output of the C4D resulting in higher noise.
211

  With a LIA, a single 

frequency is selected and measured since the output AC current is converted to a voltage 

and then referenced to the input AC signal, resulting in noise reduction and enhanced 

sensitivity.
79,211

  To test the effect of a LIA on our C4D, the output of the first stage of the 

detector (after the current to voltage converter) was coupled into a LIA.  The input signal 

was compared to the reference signal, 20 Vpp with 100 kHz frequency.  The LIA used for 

these experiments was limited to a maximum frequency of 100 kHz for the reference 

signal.  Table 4.3 shows the LODs for K
+
 and Ca

2+
 using the initial C4D with rectifier 

and filters as well as for the C4D coupled to a LIA.  These data show that with an 

excitation frequency of 100 kHz, Ca
2+

 had the same LOD using either C4D 

configuration, with the rectifiers and filters or the LIA.  K
+
 showed a statistically lower 

LOD at 100 kHz when using the LIA as opposed to the C4D with rectifier and filters.  

Both cations were detected with greater sensitivity when 750 kHz was applied rather than 

100 kHz.  Thus, higher signal was achieved using a higher input frequency, which was 

incompatible with the LIA.  For future experiments the C4D with rectifier and filters was 

used with the 750 kHz excitation frequency.  
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Table 4.3: Comparison of C4D sensitivity using a LIA.  Conditions: E = 400 V cm
-1

; 75 

µm i.d. capillary; 10 mM acetic acid with 2 mM His, pH 3.9; C4D excitation amplitude = 

20 Vpp; samples dissolved in BGE. 

 

Excitation Frequency K
+
  LOD (µM) Ca

2+
 LOD (µM) 

C4D with 

rectifier & filters 

750 KHz 5.6 ± 2.0 3.4 ± 1.2 

100 KHz 9.7 ± 2.3 7.5 ± 1.8 

C4D with LIA 100 KHz 8.1 ± 1.7 7.1 ± 1.4 

 

 In recent years, work in electrochemistry has enhanced sensitivity and selectivity 

by monitoring Faradaic current at harmonic frequencies of an applied sinusoidal signal.  

This work showed that with large amplitude sine waves the current measured from redox 

processes was nonlinear and present at odd and even harmonic frequencies of the input 

sine wave.  Additionally, the background capacitance was primarily present in odd 

harmonics of the input frequency, though the majority was in the fundamental frequency 

of the applied sine wave.
213-215

  Using sinusoidal voltammetry, sugars and 

neurotransmitters were detected with high sensitivity and good selectivity based on the 

appearance of signal at particular harmonic frequencies for specific analytes.
213,214

 

Based on this electrochemical method we investigated whether greater sensitivity 

could be achieved by monitoring C4D signal at a harmonic frequency of the input AC 

signal.  To test this, a bandpass filter was added to the C4D circuit (Figure 4.3) after the 

first stage (current to voltage converter) of the detector.  Figure 4.9 shows 

electropherograms collected using the C4D with a bandpass filter centered at 191 KHz.  

When an input signal with a matching frequency was applied, the signal and noise passed 

through the band pass filter and were present in the DC output.  When a frequency of 96 

KHz was applied, the signal was filtered by the bandpass filter and no peaks were present 
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for the analytes, showing that (1) the signal was not propagated to higher harmonics or 

(2) more gain was needed to observe signal.  Furthermore, the baseline rms noise was 

5.07 ± 0.40 × 10
-4

 V and 4.13 ± 0.08 × 10
-4

 V with input excitation frequencies of 191 

and 96 KHz, respectively.  Because the noise is similar using both excitation frequencies 

it appears that the recorded noise is due to components that are the same in both systems, 

such as the electronics after the bandpass filter.   

 

Figure 4.9: Separation of 175 µM K
+
 and Ca

2+
 using the C4D with bandpass filter.  The 

average noise with an input excitation frequency of 191 kHz or 96 kHz was 5.07 ± 0.40 × 

10
-4

 V or 4.13 ± 0.08 × 10
-4

 V, respectively.  E = 400 V cm
-1

; 75 µm i.d. capillary; 

injection time = 5 s; 10 mM acetic acid with 2 mM His, pH 3.9; C4D excitation 

amplitude = 20 Vpp; cations dissolved in nanopure water. 

 

Based on these optimization experiments, initial separations of inorganic cations 

and biological phosphates were performed in 75 µm i.d. capillaries (with the polyimide 

coating retained) using the C4D depicted in Figure 4.1 with an excitation amplitude and 

frequency of 20 Vpp and 750 KHz, respectively. 
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4.3.2 Separations with C4D 

4.3.2.1 Inorganic cation separations 

After optimizing the detector and separation parameters, a mixture of cations was 

separated by CZE-C4D.  Figure 4.10 shows the separation of K
+
, Ca

2+
, and Na

+
 with each 

ion at 15 µM.  The peaks showed baseline resolution and good efficiency, even when 

using conductivity detection which often lowers efficiency to maximize sensitivity by 

selecting buffer and analytes with large conductivity differences.
76

  The two negative 

peaks at 180 and 230 s have been seen in the literature when analytes were dissolved in 

water and injected by hydrodynamic methods, such as siphoning, as was the case for 

these experiments.
79,206,216

  The peak at 230 s represents the plug of water injected with 

the cations and shows the velocity of the EOF in the capillary, while the peak at 180 s is 

of unknown origin.
79,216

  LODs for the cations were calculated based on calibration 

curves and found to be 4.2 ± 0.9 µM, 4.1 ± 0.8 µM, and 9.3 ± 1.5 µM for K
+
, Ca

2+
, and 

Na
+
, respectively.  These values are within an order of magnitude of the 1 – 2 µM 

detection limits published by Fracassi da Silva and do Lago, showing that the detector 

design and optimization resulted in comparable sensitivity to the initial C4D design.
75

  

The migration order of inorganic cations is dependent on the charge-to-size ratio of the 

hydrated ions rather than the true ionic radii, which is why the migration order is K
+
, 

Ca
2+

, and then Na
+
 (Figure 4.10).  
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Figure 4.10: CZE-C4D separation of 15 µM K
+
, Ca

2+
, and Na

+
.  LODs of 4.2 ± 0.9 µM, 

4.1 ± 0.8 µM, and 9.3 ± 1.5 µM were calculated for K
+
, Ca

2+
, and Na

+
, respectively.  E = 

400 V cm
-1

; 75 µm i.d. capillary; injection time = 10 s; 10 mM acetic acid with 2 mM 

His, pH 3.9; C4D excitation amplitude and frequency = 20 Vpp at 750 kHz; cations 

dissolved in nanopure water. 

 

4.3.2.2 Biological phosphate separations 

 After determining that the C4D matched the sensitivity of other detectors in the 

literature, samples of biologically relevant compounds were analyzed.  Inositol 

phosphates (IPs) are cellular second messengers with a carbohydrate structure containing 

between one and six phosphate groups.
217,218

  These molecules lack chromophores and 

are not electroactive,
208,219,220

 making them difficult to detect and preventing extensive 

study of their functions in various cellular pathways.
209,218

  Phytic acid, or inositol 

hexakisphosphate (IP6) contains six phosphate groups, which have pKa values ranging 

from 1.1 to 12.0;
221

 therefore, over the majority of the pH scale inositol phosphates are 

charged.  Figure 4.11 shows separation of a mixture of IP4 and ATP using various buffer 

concentrations.  The electropherograms show that as the buffer concentration increased 
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the signal intensity decreased and the efficiency increased.  This has been seen in other 

studies using C4D.
204,205,216

  The increased efficiency resulted from reduced 

electromigration dispersion of the analytes as the buffer concentration was increased, 

indicating that the analyte and buffer conductivities were becoming more similar.  C4D 

monitors the difference in conductivity between analytes and the BGE; thus, the 

decreased sensitivity was a result of the analyte conductivity becoming more similar to 

that of the BGE.  These data show that using the lowest BGE concentration yields the 

highest sensitivity, though higher efficiency is achieved with more concentrated BGEs. 

 

Figure 4.11: Separation of biological phosphates in buffers with different conductivities.  

Electropherograms show separation of 125 µM IP4 and 125 µM ATP in three different 

buffers: (i) 10 mM acetic acid with 2 mM His, pH 3.9, (ii) 15 mM acetic acid with 3 mM 

His, pH 3.9, and (iii) 20 mM acetic acid with 4 mM His, pH 3.9.  E = 400 V cm
-1

; 75 µm 

i.d. capillary coated with cellulose acetate; injection time = 10 s; C4D excitation 

amplitude and frequency = 20 Vpp at 750 kHz; samples dissolved in nanopure water. 

 

 After optimizing the buffer concentration for detection sensitivity, mixtures of 

biological phosphates were analyzed by CZE-C4D in CA coated capillaries.  CA is a 
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neutral polymer used to reduce the EOF in the capillary, allowing for detection of highly 

negatively charged analytes when the electric field is reversed.
41

  Figure 4.12 shows 

separations of IP4, GTP, ATP, and ADP.  In both electropherograms the peaks are 

resolved, though some peaks have lower efficiency due to the mismatching conductivities 

between BGE and analytes.  ATP, the only analyte present in both electropherograms, 

had different migration times, likely due to differences in the CA coating which resulted 

in variations in EOF reduction.  The LODs for the biological phosphates were calculated 

to be 8.7 ± 1.4 µM, 14.4 ± 2.4 µM, 19.4 ± 3.3 µM, and 516 ± 100 µM for IP4, GTP, ATP, 

and ADP, respectively.  The difference in LOD between ATP and ADP likely results 

from a change in molar conductivity due to the decrease in charge corresponding to the 

loss of a phosphate group (Eq. 1.41).  The LOD calculated for IP4 is similar to an LOD of 

9.2 µM calculated using an indirect absorption method monitoring 214 nm with 0.5 mM 

1-naphthol-3,6-disulfonic acid as the absorbing species.
208

  These data suggest that the 

C4D sensitivity is comparable to indirect detection methods.  Unfortunately, inositol 

phosphates have biological concentrations between 0.5 and 20 µM.  Thus, with the C4D 

we are not able to detect the entire physiologically relevant concentration range.  To 

achieve a S/N enhancement of an order of magnitude we have coupled HTCE with C4D 

to increase sensitivity. 
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Figure 4.12: Separations of biological phosphates in cellulose acetate coated capillaries. 

(A) Separation of IP4, GTP, and ATP.  (B) Separation of ATP and ADP.  Based on 

calibration curves, LODs were calculated to be 8.7 ± 1.4 µM, 14.4 ± 2.4 µM, 19.4 ± 3.3 

µM, and 516 ± 100 µM for IP4, GTP, ATP, and ADP, respectively.  For both separations 

E = - 400 V cm
-1

; 75 µm i.d. capillary coated with CA; injection time = 10 s; 10 mM 

acetic acid with 2 mM His, pH 3.9; C4D excitation amplitude and frequency = 20 Vpp at 

750 kHz; samples dissolved in nanopure water. 
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4.3.3 Online Injections with flow gate 

4.3.3.1 Optimization of online injections 

 To perform HTCE with the C4D, reproducible sample injections must be made 

into the separation capillary based on a pseudorandom injection sequence.
156,158,202,222

  

We analyzed various peak parameters (height, area, reproducibility) and noise associated 

with using a flow gate and solenoid valve for online injections followed by CZE-C4D.  

Injections in the flow gate are dependent upon the sample and buffer flow rates, the 

distance between the sample and separation capillaries, the potential applied across the 

separation capillary, and the injection time.
60,138

  The data in Figure 4.13 shows that the 

peak area (A) and height (B) increased as the sample flow rate increased.  When buffer 

flow was diverted to waste, more material accumulated between the capillaries when 

using a faster sample flow rate, resulting in more analyte present during electrokinetic 

injection.  The data also showed that a slower cross flow rate resulted in larger peak areas 

and heights for each cation.  After sample accumulated between the capillaries during an 

injection, the valve switched back to the normal-open position causing buffer to flow 

through the flow gate and pushing the accumulated sample to waste.  When the buffer 

flow rate was high the sample was pushed to waste more rapidly; therefore, the sample 

was present between the capillaries for a shorter period of time limiting the amount that 

could be injected.  For all combinations of sample and buffer flow rates, the peak heights 

had less than 5 % RSD with 1 s injections, showing that reproducible injections were 

performed under all conditions.  This suggests that the flow gate provides sufficient 

reproducibility to be coupled to HTCE. 
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Figure 4.13: Comparison of peak area (A) and height (B) for 25 µM K
+
 and Ca

2+
 ions 

injected with the flow gate using various buffer and sample flow rates.  E = - 540 V cm
-1

; 

75 µm i.d. capillary; injection with ASCO valve for 1 s; 10 mM acetic acid with 2 mM 

His, pH 3.9; C4D excitation amplitude and frequency = 20 Vpp at 750 kHz; samples 

dissolved in BGE. 
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To further characterize the flow gate, peak area (Figure 4.14A) and height (Figure 

4.14B) were quantified for separations of K
+
 and Ca

2+
 using varying injection lengths.  

For each injection, the valve was switched to the normally-closed position causing buffer 

flow to be diverted to waste and allowing sample to accumulate in the region between 

capillaries.  Since a constant potential was applied to the outlet of the separation 

capillary, some of the accumulated material was electrokinetically injected.  With the 

longest injection time, the longest electrokinetic injections occurred, resulting in 

injections of the most material.  However, the peak area and height were not linearly 

correlated with the injection duration.   
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Figure 4.14: Comparison of peak area (A) and height (B) for online injections of varying 

lengths using the flow gate.  The peak area and height are for separations of 25 µM K
+
 

and Ca
2+

.  E = - 540 V cm
-1

; 75 µm i.d. capillary; injection with ASCO valve using 1 µL 

min
-1

 sample flow rate and 0.2 mL min
-1

 buffer flow rate; 10 mM acetic acid with 2 mM 

His, pH 3.9; C4D excitation amplitude and frequency = 20 Vpp at 750 kHz; samples 

dissolved in BGE. 
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The injections in HTCE must be reproducible to ensure that the raw data 

correlates with the pseudorandom injection sequence and the inverse S-matrix used for 

deconvolution.  If the injections are not reproducible, the S/N enhancement will be less 

than that predicted by Eq. 2.1.  Two different solenoid valves were tested with the flow 

gate to determine if one yielded more reproducible injections.  Table 4.4 shows the % 

RSD for peak height and area for each cation using either a Lee or ASCO solenoid valve.  

This data illustrates that both valves yielded reproducible injections (with less than 5.5 % 

RSD for peak height and area) when the injections were 500 ms or longer.  Both valves 

were less reproducible (% RSDs greater than 10) when performing 100 ms injections.  

However, the Lee valve showed greater reproducibility (9.5 – 15 % RSD) than the ASCO 

valve (16 – 27 % RSD)  for 100 ms injections.   

Table 4.4: Reproducibility (% RSD) of Lee and ASCO valves using different online 

injection durations.  Conditions: E = - 540 V cm
-1

; 75 µm i.d. capillary; 1 µL min
-1

 

sample flow rate and 0.2 mL min
-1

 buffer flow rate; 10 mM acetic acid with 2 mM His, 

pH 3.9; C4D excitation amplitude and frequency = 20 Vpp at 750 kHz; samples dissolved 

in BGE. 

  ASCO Valve Lee Valve 

  Height (V) Area (Vs) Height (V) Area (Vs) 

Injection time K
+
 Ca

2+
 K

+
 Ca

2+
 K

+
 Ca

2+
 K

+
 Ca

2+
 

100 ms 17 22 16 27 11 9.5 11 15 

500 ms 2.7 2.5 4.7 3.7 4.0 3.2 5.4 3.6 

1 s 1.7 1.8 2.2 2.0 2.0 1.6 2.6 2.4 

 

Table 4.5 shows the peak area, height, and % RSD based on peak height for 

online injections of 25 µM K
+
 and Ca

2+
 using the flow gate followed by CZE-C4D.  

These injections were for 100 ms using sample flow rates of 1 µL min
-1

 and buffer flow 

rates of 0.2 mL min
-1

 (Lee valve) or 0.3 mL min
-1

 (ASCO valve).  The peak heights and 
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areas vary between the Lee and ASCO valves because of differences in buffer flow rate 

as well as different spacing between the sample and separation capillaries in the flow gate 

since the valves were used on different days.  The data shows that for these short 

injections the Lee valve is more reproducible with 11.3 % and 9.54 % RSD for K
+
 and 

Ca
2+

 peak height compared to 17.0 % and 16.3 % RSD for K
+
 and Ca

2+
 height with the 

ASCO valve.  With short injection times the peak heights were small and present on a 

fluctuating baseline.  The raw data files were median filtered using a 30 point window 

and analyzed after filtering to determine if part of the error in peak height was based on 

marking the peaks during data analysis.  The data in Table 4.5 show that before (raw 

data) and after median filtering the peak heights and areas were similar; furthermore, the 

RSD is not changed before and after filtering.  This suggests that the variation is due to 

the amount of material entering the separation capillary rather than being artificially 

added during data analysis. 

Table 4.5: Comparison of Lee and ASCO valves for online injection with the flow gating 

interface.  Conditions: E = - 540 V cm
-1

; 75 µm i.d. capillary; 1 µL min
-1

 sample flow 

rate and 0.2 mL min
-1

 buffer flow rate; 10 mM acetic acid with 2 mM His, pH 3.9; C4D 

excitation amplitude and frequency = 20 Vpp at 750 kHz; samples dissolved in BGE. 

  

Height (V) 

% RSD 

(Height) Area (Vs) 

Valve 

 

K
+
 Ca

2+
 K

+
 Ca

2+
 K

+
 Ca

2+
 

Lee 
Raw Data 0.00224 0.00160 11.3 9.54 0.000603 0.000464 

Median  

Filtered 0.00223 0.00165 9.43 8.71 0.000582 0.000509 

ASCO 
Raw Data 0.00803 0.00724 17.0 16.3 0.002605 0.003080 

Median  

Filtered 0.00809 0.00709 17.3 16.5 0.002662 0.002985 
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 Further experiments with the flow gate followed by CZE-C4D showed significant 

baseline fluctuations.  Thus, we analyzed the noise to determine the source and 

subsequently minimize it.  First, 10 mM acetic acid with 2 mM His was run and a noise 

power spectrum was generated (data not shown).  The spectrum showed noise at 

frequencies less than 0.05 Hz, though the noise was reduced at higher frequencies.  Next, 

the noise was examined offline in capillaries with varying inner diameters (Figure 

4.15A).  These electropherograms show significant differences in the noise between 75 

µm i.d. capillaries (iii) and capillaries with smaller inner diameters, such as 50 (ii) or 25 

(i) µm  i.d. capillaries. The rms noise was calculated to be 5.41 × 10
-4

, 8.90 × 10
-4

,
 
and 

1.86 × 10
-3

 V for 25, 50, and 75 µm i.d. capillaries.  The difference in noise is likely due 

to Joule heating which occurs in capillaries with larger inner diameters.
78

  Since the 

conductivity of a solution is dependent upon temperature, variations in temperature 

throughout the capillary can result in baseline drift or fluctuation.
204

  When the capillary 

inner diameter was decreased the heat generated from applying 540 V cm
-1

 was better 

dissipated across the larger surface area-to-volume ratio.  With higher conductivity 

buffers it is also necessary to decrease the capillary inner diameter to minimize the effects 

of Joule heating associated with the greater ionic strength of the buffer.
78

  An 

insignificant change in noise was observed in a 25 µm i.d. capillary as the separation 

potential was changed from 405 to 540 to 650 V cm
-1

 (Figure 4.15B).  The rms noise in 

each capillary was 5.74 × 10
-4

, 5.41 × 10
-4

, and 3.73 × 10
-4

 V at 405, 540, and 650 V cm
-

1
, respectively.  In a 50 µm i.d. capillary the rms noise was higher at 7.83 × 10

-4
, 8.90 × 

10
-4

, and 6.55 × 10
-4

 V at 405, 540, and 650 V cm
-1

, respectively.  Finally, the highest 
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noise was measured in a 75 µm i.d. capillary.  At 405, 540, and 650 V cm
-1

 the rms noise 

was 1.87 × 10
-3

, 1.86 × 10
-3

, and 2.94 × 10
-3 

V, respectively. This illustrates that with 

smaller capillary inner diameters (25 and 50 µm i.d.s), larger potential fields could be 

used without significant Joule heating and an associated increase in the noise within the 

capillary.  However, using capillaries with smaller inner diameters results in decreased 

signal due to the reduced current in the detector; thus, the capillary i.d. should be 

optimized to maximize the S/N (Table 4.1).   
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Figure 4.15: Baseline noise in C4D using different separation parameters.  (A) Noise 

detected by C4D in 25 µm i.d. (i), 50 µm i.d. (ii), and 75 µm i.d. (iii) capillaries.  The 

noise was calculated to be 5.41 × 10
-4

, 8.90 × 10
-4

,
 
and 1.86 × 10

-3
 V for 25, 50, and 75 

µm i.d. capillaries. E = 540 V cm
-1

.  (B) Noise detected by the C4D in a 25 µm i.d. 

capillary using various separation potentials.  The noise was calculated to be 3.73 × 10
-4

, 

5.41 × 10
-4

, and 5.74 × 10
-4 

V at 650, 540, or 405 V cm
-1

, respectively.  Parameters for 

both (A) and (B): 10 mM acetic acid with 2 mM His, pH 3.9; C4D excitation amplitude 

and frequency = 20 Vpp at 750 kHz. 
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 Various experiments were performed with the flow gate to analyze the noise 

contribution when using two syringe pumps (Table 4.6).  The noise from the C4D was 

initially measured without flow in either capillary (0 kV applied potential and 0 µL min
-1

 

sample flow) and without buffer cross-flow (0 mL min
-1

 buffer flow).  The rms noise 

associated with the C4D was calculated to be 5.30 x 10
-4

 V.  Next, flow was initiated in 

the sample capillary by applying a flow rate of 1.0 or 0.1 µL min
-1

 while preventing flow 

in the separation capillary or buffer cross-flow.  Using either sample flow rate, the noise 

from the DC output of the C4D was approximately the same as without flow in any part 

of the system.  Next, buffer cross-flow was initiated at 0.2 or 0.4 mL min
-1

 without flow 

in the separation or sample capillaries.  Once again, the noise was not significantly 

changed compared to what the detector monitored without flow in any portion of the 

instrument.  Finally, flow was initiated in the sample capillary, in the buffer cross-flow, 

and in the separation capillary.  With flow throughout the entire system, there was still 

not a significant change in the noise recorded in the C4D output.  Thus, the syringe 

pumps used to apply the buffer cross-flow and sample through the flow gate due not 

increase the noise of the DC output of the C4D. 
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Table 4.6: Noise comparison with flow gate and capillaries.  Conditions: Lee valve, 10 

mM acetic acid with 2 mM His, pH 3.9; C4D excitation amplitude and frequency = 20 

Vpp at 750 kHz. 

Separation 

(kV, 50 µm i.d.) 

Sample Flow 

(µL min
-1

, 100 µm i.d.) 

Buffer Flow 

(mL min
-1

) 

RMS 

Noise (V) 

0 0.0 0.0 5.30E-04 

0 0.1 0.0 4.11E-04 

0 1.0 0.0 4.98E-04 

0 0.0 0.2 4.23E-04 

0 0.0 0.4 6.14E-04 

15 1.0 0.4 5.42E-04 

20 1.0 0.4 4.80E-04 

24 1.0 0.4 5.21E-04 

 

4.3.4 Hadamard Transform with C4D 

 After examining the reproducibility of flow gated injections followed by CZE-

C4D and minimizing the baseline noise, we used a multiplexing method, Hadamard 

transform to perform multiple semicontinuous pseudorandom injections based on an S-

matrix.
156-158

  The collected data can be deconvoluted using the inverse S-matrix resulting 

in a reduction of the random noise and an increase in the sensitivity of the analysis based 

on the matrix length.
96,156-158,223

 

 Initially, we ran a mixture of Lys and Arg by HTCE using a 2047 element matrix 

in 10 mM acetic acid with 2 mM His, pH 3.9.  Table 4.7 shows the S/N enhancement for 

each amino acid using the flow gate to control injections followed by CZE-C4D.  S/N 

enhancements of 3 and 5 were observed for Lys and Arg, respectively.  Comparing the 

single injection and deconvoluted electropherograms, there was a factor of three noise 

reduction.  Thus, the S/N enhancement observed for Lys was associated with the 

reduction in noise, though the S/N enhancement for Arg was greater since the peak height 
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increased in the deconvolulted electropherograms.  Theoretically, a 2047 element matrix 

should result in a S/N enhancement of 22.
156-158

  With photolytic optical gating and LIF 

detection, S/N enhancements of approximately 75 % of the theoretical value were 

observed;
181,223

 whereas using the flow gate with CZE-C4D only 20 % of the theoretical 

enhancement was achieved.  Since the S/N enhancement is lower than the expected value 

for this matrix length, it is likely that there is error in the experiment which is not random 

and not removed by the transform
93,96,97

 since in HTCE only random, signal-independent 

noise is reduced. 
93,222

 

Table 4.7: HTCE analysis of Arg and Lys in 10 mM acetic acid with 2 mM His.  

Conditions: E = - 540 V cm
-1

; 50 µm i.d. separation capillary; 100 ms injection with Lee 

valve using 500 nL min
-1

 sample flow rate and 0.2 mL min
-1

 buffer flow rate; 10 mM 

acetic acid with 2 mM His, pH 3.9; C4D excitation amplitude and frequency = 20 Vpp at 

500 kHz; samples dissolved in BGE. 

  Single Injection 2047 Matrix 

  

  

Height 

(V) 

Noise 

(V) 

S/N 

 

Height 

(V) 

Noise 

(V) 

S/N 

 

Noise 

Reduction 

S/N 

Enhancement 

Lys 0.0254 0.00549 4.63 0.0331 0.00230 14.4 2.4 ± 0.7 3.1 ± 1.4 

Arg 0.0200 0.00549 3.65 0.0453 0.00230 19.7 2.4 ± 0.7 5.4 ± 2.6 

 

 Previous work with HTCE showed that S/N enhancement could not be achieved 

when sample stacking occurred within the capillary.
202

  In sample stacking, analytes are 

prepared in lower conductivity solvents, such as water rather than BGE.
216

  After 

hydrodynamic injection, the analyte ions experience different electric fields as they 

migrate through regions in the capillary with different conductivities.  In a plug of lower 

conductivity, the electric field is higher causing the ions to migrate with greater velocities 

until they reach the BGE, a region with higher conductivity.  Upon reaching the BGE, the 

potential field decreases resulting in a decrease in the velocity of the ions, causing them 
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to concentrate at this barrier and increasing the efficiency and sensitivity of the 

separation.
77,81,82,224

 

With HTCE, multiple injections into a single capillary are performed based on a 

pseudorandom matrix.  If sample stacking were used, there would be plugs of varying 

lengths within the capillary with different conductivities and associated potential fields.  

The analytes would not migrate through the plugs with a constant velocity, but with 

varying velocities depending upon the plug conductivity.  This would cause ions from 

different injections to reach the detector with varying migration times, preventing the 

appropriate deconvolution of the data.
202

  Thus, it is necessary that the samples have the 

same conductivity as the buffers.  In C4D, a low BGE concentration was used to 

minimize background noise.  Table 4.8 shows the conductivity of 10 mM acetic acid with 

2 mM His buffer with and without dissolved analytes.  When multiple amino acids at 200 

µM or inorganic cations at 100 µM were added to the buffer the conductivity changed 

significantly.  For the HTCE data presented in Table 4.7, the samples had a 32.4 % higher 

conductivity than the BGE.  The reduced S/N enhancement with HTCE may be due to the 

difference in conductivity between the analyte and buffer plugs.  When the buffer 

concentration was increased by a factor of 10, the buffer conductivity increased by a 

similar factor, but the conductivity when amino acids were added was within 5 % of the 

buffer.  Using the higher conductivity buffer, HTCE was performed to determine if 

matching the conductivities resulted in a S/N enhancement approaching the theoretical 

value. 
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Table 4.8: Sample and buffer conductivities. 

Buffer Additives 

Conductivity 

(mS cm
-1

) 

RSD 

(%) 

Change 

(%) 

Nanopure H2O --- 0.008 ± 0.012 148 --- 

10 mM acetic acid 

+ 2 mM His 

--- 0.155 ± 0.001 0.372 --- 

200 µM 

amino acids 0.206 ± 0.001 0.281 32.4 

25 µM cations 0.162 ± 0.001 0.357 4.08 

100 µM cations 0.195 ± 0.001 0.296 25.8 

100 mM acetic acid 

+ 20 mM His 

--- 1.217 ± 0.006 0.475 --- 

200 µM 

amino acids 1.157 ± 0.006 0.499 -4.93 

25 µM cations 1.140 ± 0.010 0.877 -6.30 

100 µM cations 1.157 ± 0.006 0.499 -4.93 

 

 Figure 4.16 shows electropherograms of 200 µM Lys and Arg via single injection 

(top) and deconvolution of HTCE data with a 511 matrix (bottom).  This data shows a 

reduction in the baseline noise resulting in S/N enhancement of the analyte peaks after 

HTCE.  Additionally, in the single injection electropherograms, only Lys was 

reproducibly detected since Arg was present below the detection limit of the analyte.  

After deconvolution, both analytes were reproducibly detected. 
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Figure 4.16: Single injection (top) and transformed (bottom) electropherograms of 200 

µM Lys and Arg.  After HTCE with a 511 matrix there was a noise reduction of 6.3 ± 1.3 

and a S/N enhancement of 7.8 ± 1.8.  This is approximately 55 % of the theoretical 

enhancement of 11.3.  (The peak height for Lys and noise are presented in Table 4.9.)  E 

= - 649 V cm
-1

; 25 µm i.d. separation capillary; 500 ms injection with Lee valve using 

500 nL min
-1

 sample flow rate and 0.2 mL min
-1

 buffer flow rate; 100 mM acetic acid 

with 20 mM His, pH 3.9; C4D excitation amplitude and frequency = 20 Vpp at 500 kHz; 

samples dissolved in BGE. 

 

 Table 4.9 examines the S/N enhancement for Lys collected by single injection or 

deconvoluted after HTCE with a 511 matrix.  Only Lys was analyzed since a peak for 

Arg was not consistently observed in the single injection electropherograms.  The peak 

height for Lys was 0.140 ± 0.009 and 0.177 ± 0.010 V for single injections and 

deconvoluted electropherograms, respectively.  For both sets of data, the peak height 

showed good reproducibility with RSDs less than or equal to 6.5 %.  On the other hand, 

the noise calculated by taking a weighted average of the baseline everywhere where 

peaks were not present, showed greater variance, with single injections resulting in an 

RSD near 20 % and deconvoluted data with an RSD of 10 %.  Overall, Lys showed a S/N 

enhancement of 7.8 ± 1.8 and a noise reduction of 6.2 ± 1.3.  The S/N enhancement was 
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higher since the peak height increased in the deconvoluted data files.  However, this 

enhancement is only 69% of theoretical and the noise reduction is only 55 % of the 

theoretical value which can be achieved with a 511 matrix.  Yet, the S/N enhancement 

was greater when the buffer and sample conductivities were within 5 % of each other, 

compared to when the conductivities varied by 32 % (Table 4.7). 

Table 4.9: S/N Enhancement of Lys with HTCE, flow gate, and C4D in higher 

conductivity buffer.  Conditions: E = - 649 V cm
-1

; 25 µm i.d. separation capillary; 500 

ms injection with Lee valve using 500 nL min
-1

 sample flow rate and 0.2 mL min
-1

 buffer 

flow rate; 100 mM acetic acid with 20 mM His, pH 3.9; C4D excitation amplitude and 

frequency = 20 Vpp at 500 kHz; samples dissolved in BGE. 

 

Single Injection 511 Matrix 

  

 

Height 

(V) 

Noise 

(V) 

Height 

(V) 

Noise 

(V) 

Noise 

Reduction 

S/N 

Enhancement 

 

0.1451 0.0303 0.1880 0.0037 

  

 

0.1294 0.0247 0.1751 0.0039 

  

 

0.1452 0.0209 0.1688 0.0045 

  Average 0.1399 0.0253 0.1773 0.0041 6.25 7.81 

Std Dev 0.0091 0.0047 0.0098 0.0004 1.33 1.79 

% RSD 6.49 18.67 5.53 10.17 

   

 Table 4.8 showed that when analytes were present in the 100 mM acetate buffer 

with 20 mM His, the conductivity changed by approximately 5 %.  HTCE was performed 

using only buffer to determine if the 5 % difference in conductivity due to the presence of 

analytes prevented the noise reduction from reaching the theoretical value.  Table 4.10 

shows the noise reduction when running 100 mM acetic acid with 20 mM His as both the 

BGE and sample.  For both matrices the noise reduction was significantly lower than the 

theoretical value.  For a 511 element matrix, the noise reduction was approximately 63 % 

of the theoretical.  This is similar to the noise reduction observed in Table 4.9, suggesting 
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that the conductivity difference is not effecting the noise reduction, rather, HTCE 

analysis is reducing the random error in both cases and the discrepancy in noise reduction 

is due to non-random sources of noise.
93,96,97

   

Table 4.10: Noise reduction by HTCE in 100 mM acetic acid with 20 mM His.  

Conditions: E = - 649 V cm
-1

; 25 µm i.d. separation capillary; 500 ms injection with Lee 

valve using 500 nL min
-1

 sample flow rate and 0.2 mL min
-1

 buffer flow rate; 100 mM 

acetic acid with 20 mM His, pH 3.9; C4D excitation amplitude and frequency = 20 Vpp at 

500 kHz. 

Matrix 

Size 

Single Injection 

Noise (V) 

Matrix 

Noise (V) Reduction Theoretical % Theoretical 

511 0.0246 0.00349 7.04 ± 0.95 11.3 62.3 

1023 0.0294 0.00344 8.5 ± 201 16 53.5 

 

Compared to the HTCE methods using optical injection and detection, this 

method utilizes a flow gate for injection and C4D for detection, either of which could 

result in increased non-random error reducing the S/N enhancement.  Based on Table 4.6, 

the noise detected by the C4D does not change with buffer cross-flow or sample flow, 

suggesting that the flow gate is not adding noise to the collected data.  Furthermore, Gao 

et. al. showed S/N enhancements of approximately 80 % of the theoretical value with 

HTCE using a modified flow gate for 1 s injections with UV absorption detection.  In the 

modified flow gate, two solenoid valves were used to control the flow of buffer and 

sample.  For each injection, a valve triggered flow through the sample capillary and 

buffer flow was stopped.  When injections were not performed, sample flow was stopped 

and buffer flow was initiated.
222

  Further experiments will compare the S/N enhancement 

that can be achieved using our flow gating interface with indirect UV detection to 

determine if the non-random error is due to the C4D. 
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 When HTCE was coupled to CZE-C4D using a flow gate and solenoid valve there 

was a S/N enhancement due to noise reduction, even though the value was less than that 

predicted by theory.  With longer matrices greater S/N enhancement is expected, 

allowing for the detection of physiological concentrations of IPs.  Though with longer 

matrices, the analysis time increases, placing an upper limit on the matrix length that can 

be used, particularly when the analyte concentration changes over time.  
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4.4 CONCLUSIONS 

 We have developed and optimized a C4D for monitoring ions in capillary zone 

electrophoresis.  The greatest sensitivity resulted when an input AC signal of 750 kHz 

with 20 Vpp amplitude was capacitively coupled into the electrolyte with a ground plate 

separating the electrodes.  The detector sensitivity was greatest using the above input 

signal and was not increased by coupling the C4D to a LIA or by using a voltage 

amplifier circuit to increase the peak-to-peak amplitude.  The greatest signals were 

achieved using capillaries with large inner diameters, but the increased Joule heating 

resulted in excess noise and a reduction in sensitivity; thus, the capillary inner diameter 

should be selected to optimize these two competing factors.  LODs for inorganic cations 

and biological phosphates were found to be between 5-20 µM, showing comparable 

sensitivity to indirect detection methods using absorbance.  To increase the sensitivity of 

the instrument, we coupled HTCE to CZE-C4D using a flow gate and solenoid valve.  

Using the Lee valve and flow gate reproducible injections were performed with no 

change in the noise collected by the C4D.  Using HTCE, S/N enhancements of 6× were 

achieved with a 511 element matrix.  This value is significantly lower than the theoretical 

enhancement due to a non-random source of error, likely from the C4D.  Yet, 

multiplexing with HTCE still resulted in enhanced sensitivity.  With longer matrices, we 

expect greater S/N enhancement resulting in greater sensitivity and allowing detection of 

physiologically relevant concentrations of inositol phosphates and other biologically 

relevant molecules. 
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CHAPTER 5: HYBRID PHOSPHOLIPID BILAYER COATINGS FOR 

SEPARATIONS OF CATIONIC PROTEINS BY CAPILLARY ZONE 

ELECTROPHORESIS 

 

5.1 INTRODUCTION 

Capillary zone electrophoresis (CZE) is frequently used to study biological 

analytes due to the small sample volume requirements and rapid, high efficiency 

separations.  Yet, charged analytes, including proteins, readily adsorb to the capillary 

surface via electrostatic and hydrophobic interactions,
41,225

 thereby decreasing efficiency 

and detection sensitivity, as well as reducing the migration time reproducibility by 

altering the zeta potential and electroosmotic mobility (µeof). 

 Many methods have been developed to minimize non-specific adsorption, 

including the use of buffers with high or low pH or high ionic strength.  When buffer pH 

is greater than the pI of a protein, the protein exhibits a net negative charge.  At high pH, 

the negative charge of silica repels the protein, minimizing electrostatic interactions and 

decreasing adsorption.
226

  At low pH, fewer silanols are deprotonated, reducing the net 

charge on the capillary wall and decreasing electrostatic interactions.
227

  Though these 

methods have been used, some proteins are unstable at high or low pH; thus, these 

approaches are not applicable for all protein separations.
226

  High ionic strength buffers 

reduce adsorption since the high ion concentration allows buffer ions to competitively 
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adsorb to the capillary surface;
3,226,228

 yet, the high ion content increases Joule heating, 

decreasing separation efficiency.       

Non-specific adsorption can also be minimized by coating the capillary 

surface.
35,41

  Capillary coatings are separated into two classes: permanent coatings that 

are covalently bound to the surface, and dynamic coatings that are in equilibrium with 

free molecules in solution.
35,41,229

  Dynamic coatings are attractive since they are rapidly 

generated at low cost using small molecules, polymers, or surfactants;
9,35,41

 however, 

dynamic coatings necessitate inclusion of the coating material in the running buffer, 

which may alter the separation via interaction between analytes and coating 

material.
9,35,41,230

  Additionally, inclusion of surfactants in the running buffer complicates 

coupling of CZE to post-column analyses, such as mass spectrometry.
9,21,231

 

Phospholipid bilayers (PLBs) form semi-permanent capillary coatings in which 

excess lipid is washed from the capillary prior to separation.
9,21,231

  PLB coatings shield 

the charged capillary surface, leading to reduced µeof and high protein recoveries.
21,230,231

  

PLBs prepared using different phospholipids exhibit varying stabilities as semi-

permanent coatings and typically require regeneration between separations, increasing the 

total analysis time and complexity of the separation process.
21,231

  Bilayer stability can be 

increased via inclusion of cholesterol 
232,233

 or through polymerization of synthetic, 

polymerizable lipids 
229,234-236

 or monomers partitioned into the lamellar region of the 

bilayer.
237,238

  Incorporating cholesterol at 30 mol % in PLB coatings increased stability 

when separations were performed above the phase transition temperature of the lipid, 
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though the utility of these coatings for minimizing protein adsorption was not 

examined.
233

  Polymerized PLB coatings were used for protein separations and shown to 

be stable after drying and rehydration, though the coating was formed from synthetic 

lipids that are not commercially available, minimizing widespread use.
229,234

 

Hybrid phospholipid bilayers (HPBs) provide an alternative to PLBs.  In HPBs, 

moderately to very hydrophobic monomers are affixed to a substrate by adsorption or 

through covalent bonding.  A monolayer of phospholipids self-assembles on this layer in 

a tails-down geometry due to hydrophobic interactions and van der Waals forces between 

the hydrophobic tails of the lipids and the hydrophobic monolayer on the surface.
239

  

HPBs formed from phospholipids and alkane thiols yield enhanced stability after 

exposure to air.
240

  Additionally, the presence of zwitterionic phospholipids in HPBs 

reduces non-specific protein adsorption.
241

  The reduction in non-specific adsorption, 

coupled with increased stability presents a potentially useful combination for utilizing 

HPBs as capillary coatings, though to the best of our knowledge, HPBs have not been 

investigated for this application.  Here, we explored the utility of HPBs for preparing 

stable, semi-permanent coatings for CZE separation of proteins.  The coatings were 

characterized with respect to surface energy, stability, reproducibility, and separation 

performance.   
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5.2 EXPERIMENTAL 

5.2.1 Materials and reagents 

1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) and 1,2-dioleoyl-sn-glycero-

3-phosphocholine (DOPC) were purchased from Avanti Polar Lipids (Alabaster, AL).  3-

cyanopropyldimethylchlorosilane (CPDS) was purchased from TCI America (Portland, 

OR) or Alfa Aesar (Ward Hill, MA).  n-octyldimethylchlorosilane (ODS) was purchased 

from Gelest (Morrisville, PA).  MOPS, bovine serum albumin (BSA), and rhodamine B 

(Rho B) were purchased from Sigma (St. Louis, MO).  Ribonuclease (RNAse) was 

purchased from MP Biomedicals (Solon, OH).  Cytochrome c (equine heart, Cyto C) was 

purchased from EMD (Billerica, MA).  FM1-43 was purchased from Invitrogen (Eugene, 

OR).  Six-histidine-tagged enhanced green fluorescent protein (6×His-EGFP) was 

purified by Ni
2+ 

- NTA metal affinity chromatography from transfected E. coli.  All other 

chemicals were purchased from Fisher (Pittsburgh, PA) and used as received.  Water was 

obtained from a Barnstead EasyPure UV/UF purification system.  Buffers were filtered 

using membranes with 0.2 µm pores and degassed by bubbling with He before use. 

5.2.2 Nanoparticles synthesis 

Silica nanoparticles were synthesized according to a previously published 

protocol.
242

  Briefly, ethanol (23.5 mL) and ammonia (1.5 mL) were mixed in a round 

bottom flask and stirred under Ar.  Tetraethyl orthosilicate (2 mL) was combined with 

ethanol (3 mL) and rapidly added to the round bottom flask.  The reaction was stirred at 

room temperature for 1 h, sonicated for 10 min, and the particles were separated by 
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centrifugation (8000 rpm, 30 min).  Particles were washed with ethanol and H2O before 

suspension in H2O.  The mean particle diameter was 86 ± 3 nm (Z-Average). 

5.2.3 Surface modification 

CZE capillaries (50 µm i.d.; 360 µm o.d.; Polymicro Technologies., Phoenix, AZ) 

were 35 cm in length and detection windows were prepared 20 cm from the capillary 

inlet.  Contact angle capillaries (100 µm i.d.; 360 µm o.d.) were 18 cm total length.  

Capillaries were washed by consecutive rinses of 1.0 M HNO3, H2O, and acetone before 

drying for 30 min with He.  A description of the drying method can be found in Chapter 4 

(4.2.3.3).  Dry capillaries were filled with 2 % silane (v/v) in dry solvent and sealed. The 

reaction proceeded at room temperature for 20 – 24 h.  CPDS or ODS were dissolved in 

dry acetonitrile or toluene, respectively.  After modification, capillaries were washed with 

consecutive rinses of acetonitrile (CPDS) or toluene (ODS), ethanol, and H2O for 5 min 

each.  CZE capillaries were rinsed with background electrolyte (BGE, 20 mM MOPS, pH 

7.4) prior to separations. 

Glass coverslips (22 × 22 mm, VWR, Radnor, PA) were cleaned with piranha 

(5:2 (v/v) H2SO4: H2O2) for 30 min and rinsed thoroughly with H2O.  Substrates were 

washed with 1.0 M HNO3, H2O, and acetone, then dried with Ar and baked at 70 °C for 

15 min.  Coverslips were transferred to solutions of 2 % silane (v/v) in dry solvent, 

placed on a plate shaker (70 rpm, Model 3600 ADV Orbital Shaker, VWR), and reacted 

for 6 – 8 h at room temperature.  Coverslips and capillaries were modified with the same 

silanes and solvents.  After reaction, substrates were sonicated in acetonitrile (CPDS) or 
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toluene (ODS), and rinsed with ethanol and H2O before blowing dry.  Surface 

modification was performed under atmospheric conditions and was successful when the 

relative humidity was less than 20 %. 

Silica nanoparticles were centrifuged (8000 rpm, 10 min) and the supernatant was 

removed.  Particles were incubated in 1.0 M HNO3 at 80 °C for 30 min and then washed 

with H2O and acetone before drying by evaporation under Ar and baking at 70 °C for 30 

min.  The dried particles were suspended in 2 % silane (v/v) in dry solvent, placed on a 

plate shaker (350 rpm), and reacted for 12 h at room temperature. Particles were modified 

using the same silanes and solvents as capillaries and glass coverslips.  After 

modification, particles were washed in acetonitrile (CPDS) or toluene (ODS), ethanol, 

and H2O before storing in 20 mM acetate buffer, pH 4.0.  

5.2.4 Hybrid phospholipid bilayer formation 

Chloroform was removed from phospholipids by evaporation under Ar followed 

by overnight vacuum drying (Free Zone 6, Labconco, Kansas City, MO).  Dried lipids 

were suspended at 1 mg mL
-1

 in H2O and sonicated using either a cup horn (Model W-

380, Heat Systems-Ultrasonics, Inc., Newtown, CT) or bath (Aquasonic Model 75T, 

VWR, Radnor, PA) sonicator to form small unilamellar vesicles (SUVs).  Using the 

cuphorn sonicator, lipids were sonicated at 60 % output power at 25 °C for 30 min.  With 

the bath sonicator, lipids were sonicated for 10 min followed by a 10 min period of rest at 

room temperature.  This cycle was repeated until the solution was clear, approximately 3 
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– 4 cycles.  To ensure SUV formation, lipids prepared with the bath sonicator were 

extruded 21 times through membranes with 0.05 µm pores (Whatman, St. Louis, MO).   

HPBs in capillaries were prepared by vesicle fusion.  CPDS- or ODS-modified 

capillaries were washed with H2O for 5 min, the SUV solution for 1 h, and BGE for 10 

min before usage.  All washes were performed at 5 µL min
-1

 using a syringe pump (PHD 

2000, Harvard Apparatus, Holliston, MA). 

HPBs on nanoparticles were formed by combining SUVs and particles at a 

surface area ratio of 6 lipid: 1 silica.  The mixture was sonicated for 5 min and allowed to 

rest at room temperature for 1 h to promote vesicle fusion.  The lipid-coated particles 

were washed with H2O to remove excess lipid before suspension in H2O.  Zeta potentials 

were measured immediately after particles were coated with lipids. 

 

Figure 5.1: Structures of DOPC and DLPC. 
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5.2.5 Bare Capillaries 

For contact angle measurements, bare capillaries were washed with 1 M HNO3 

and rinsed with water before use.  For CZE, bare capillaries were washed with 

consecutive rinses of 0.1 M NaOH, H2O, and running buffer before separations.  

5.2.6 Contact angle measurements and surface free energies 

Water contact angles on planar substrates were measured immediately after 

surface modification using the sessile droplet method.  H2O (2 µL) was manually 

deposited on each substrate using a micropipette.  Images were acquired with a Pulnix 

TM-7CN video camera (JAI Inc., San Jose, CA) and contact angles were measured using 

a Kruss model DSA 10 Mk2 drop shape analysis system (Palo Alto, CA).  For each 

surface modification, the mean contact angle was calculated from four measurements 

made at different locations on each of three substrates.  Surface free energies (SFEs, γs) 

were calculated for planar substrates using the Fowkes method (Eq. 5.1),
243,244

 where Θ, 

Φ, and γl are the contact angle, a correction factor that can be approximated as unity,
245

 

and the surface energy of water, 72.8 mJ m
-2

 at 21.5 °C,
244

 respectively. 

       √    ⁄    (5.1) 

Contact angles were also calculated in 100 µm i.d. capillaries.  Bare, CPDS-, and 

ODS-modified capillaries were dried and then positioned vertically.  The lower ends of 

the capillaries were immersed in H2O, which was drawn into the capillary until it reached 

an equilibrium position.  The distance the water traveled was measured and images of the 

air-water interface were recorded through a 10× stereoscope objective using a 3
rd
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generation Apple iPod H.264 video camera (Cupertino, CA).  Contact angles were 

measured from printed images using a protractor.  SFEs (γ) for capillaries were calculated 

using the water rise height at its equilibrium position (h), contact angle of the surface (Θ), 

capillary radius (r), gravitational constant (g), and density of water (ρ) according to Eq. 

5.2.
246

 

  
    

     
 (5.2) 

5.2.7 Separations and capillary storage 

µeof of bare, silane-modified (CPDS and ODS), and HPB-coated capillaries was 

measured with a neutral marker using Eq. 5.3 where L, l, V, and tm are the total capillary 

length, effective capillary length, applied voltage, and migration time of a neutral analyte, 

respectively.  

     
  

   
 (5.3) 

Mesityl oxide, the neutral marker, was diluted to 1 mM in BGE and injected 

hydrodynamically at 5 cm for 5 s.  Separation and detection were performed using a lab-

built instrument with ultraviolet absorbance detection (Model 500 Detector, ChromTech, 

Apple Valley, MN) at 254 nm.  Signal from the detector was collected using an A/D 

converter (NI USB-6221, National Instruments) and software written in LabVIEW 

(National Instruments, Austin, TX).  Low frequency baseline drifts in electropherograms 

were subtracted using a LabVIEW program written in-house that implemented a median 

filter with a 600 point window size.
165

  Electric fields (571 V cm
-1

) were applied using a 
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30 kV power supply (CZE-1000, Spellman High Voltage Corporation, Hauppauge, NY).  

For all CZE separations, surface coatings were generated before positioning the capillary 

in the instrument.  CZE was performed without regeneration of the coating between 

separations, though buffer was replaced in each vial after 30 min of cumulative applied 

high voltage. 

Protein separations were performed using the same instrument with detection at 

214 nm and 0.002 AUFS.  BSA was prepared daily at 1 mg mL
-1

 or 0.5mg mL
-1

 in H2O 

for separations in HPB-coated or bare capillaries, respectively.  Protein mixtures 

containing 0.5 mg mL
-1

 Cyto C, 0.25 mg mL
-1

 RNAse, and 490 nM Rho B were prepared 

daily in 20 mM MOPS, pH 7.4.  Peak efficiency was calculated with the Foley-Dorsey 

equation (Eq. 5.4) where tR, W0.1, A, and B are the migration time, peak width at 10 % of 

the peak height, width from the front of the peak to tR, and width from tR to the back of 

the peak 
247

. 

  
    (      ⁄ ) 

     (  ⁄ ) 
 (5.4) 

Modified capillaries were stored in 20 mM acetate buffer, pH 4.0 to minimize 

degradation of the covalent modification.  HPB-coated capillaries were washed with 

methanol after CZE to remove lipids before storage.  
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Table 5.1: Protein properties. 

Protein MW (Da) pI 

Cytochrome C 12300 10-10.5 

Ribonuclease 13700 9.6 

BSA 66430 5.3
a 

a. This pI is for fatty acid depleted BSA.  Endogenous BSA has a pI of 

approximately 4.7.   

 

5.2.8 Capillary Imaging 

FM1-43 was introduced into 50 µm i.d. capillaries, allowed to intercalate into the 

lipid bilayer, and excess dye was rinsed away before analysis.  Fluorescent images were 

acquired on a Nikon Eclipse TE300 Quantum inverted microscope using a 4× / 0.13 N.A. 

objective.  Fluorescent images were obtained using the following filter combinations: 

rhodamine (λex = 540 / 25 nm; λem = 620 / 60 nm) and fluorescein (λex = 480 / 30 nm; λem 

= 535 / 40 nm).  Images were collected using a Quantix 57 back-illuminated CCD camera 

(Roper Scientific, Tucson, AZ) operated by MetaVue imaging software (Universal 

Imaging, Downingtown, PA).  

5.2.9 Non-specific adsorption 

DOPC bilayers were prepared by rinsing capillaries with 0.1 M NaOH and H2O 

before introducing a solution of SUVs.  SUVs were allowed to fuse for 30 min at room 

temperature followed by rinsing with phosphate buffered saline (PBS) to remove excess 

lipid.  All capillaries were incubated for 30 min with a 100 µM solution of 6×His-EGFP 

before rinsing with PBS and imaging.  
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5.2.10 Characterization of nanoparticle size and zeta potentials 

Particle size and zeta potentials were measured using a Malvern Zetasizer Nano-

ZS (Worcestershire, United Kingdom) with disposable cells (DTS1061).  Particles (stored 

in 20 mM acetate buffer, pH 4.0) were diluted 1:100 (v/v) into 13 mM phosphate buffer 

with 5 mM KCl, pH 7.0.  Before analysis, particles were equilibrated in the instrument at 

25 °C for 120 s.  Particle size was measured using dynamic light scattering with a 

backscattering angle of 173 °.  Zeta potentials were calculated using the Smoluchowski 

model.  The values represented in Table 5.4 are for n = 3 × 6, with six measurements 

performed on each of three batches of particles that were modified or coated 

independently. 

5.2.11 Data presentation and statistical evaluation 

All data is presented as the mean ± standard deviation (graphically represented by 

error bars). In all cases, a minimum of 3 replicate measurements was obtained.  Statistical 

comparison of data was performed using the Student's t-test at the 95 % confidence 

interval. 
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5.3 RESULTS AND DISCUSSION 

The general process for in situ preparation of HPBs within enclosed, fused silica 

capillaries is outlined in Figure 5.2.  Briefly, fused silica capillaries were modified with 

CPDS or ODS to provide a nominally hydrophobic surface upon which lipid fusion could 

occur. Fusion of lipids to hydrophilic surfaces yields planar supported PLB coatings, 

whereas fusion to hydrophobic surfaces generates a lipid monolayer assembled in a tails-

down orientation.  To better explore the formation and utility of HPB capillary coatings, 

HPBs were prepared using two surface modifiers and two different lipids.   

 

Figure 5.2: Scheme illustrating formation of HPB coatings.  Bare silica (A) is modified 

to generate a covalently-bound, hydrophobic monolayer (B) onto which lipids can self-

assemble resulting in a HPB (C). 
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5.3.1 HPB formation and characterization 

Hydrophobicity of the modified silica surfaces was assessed using the SFE values 

determined by water contact angles on planar glass supports or within fused silica 

capillaries.  SFEs for bare, CPDS-, and ODS-modified planar substrates were quantified 

to provide a baseline for in-capillary measurements.  Images of droplets on planar 

surfaces, contact angles and calculated SFE values for bare, CPDS- and ODS-modified 

coverslips are presented in Figure 5.3 and Table 5.2.  The reduced SFE for CPDS- and 

ODS-modified planar substrates compared to bare planar substrates supports the 

increased hydrophobicity associated with the presence of organic modifiers on the 

surfaces.  The reduced SFE for ODS-modification compared to CPDS-modification 

likely results from poorer wettability of the long hydrocarbon chain.   

While planar substrates provide a good first approximation, the surface of 

coverslips may present some differences compared to curved fused silica capillaries.  

Thus, SFEs for silane-modified capillaries were measured and compared to the planar 

supports (Figure 5.3 and Table 5.2).  Though the absolute values of these measurements 

differ from the planar supports, the underlying trend is the same, demonstrating increased 

hydrophobicity upon modification with CPDS and ODS.  Unfortunately, SFEs for HPBs 

and PLBs cannot be directly measured due to the disassembly of lipid membranes at the 

air-water interface. Thus, alternate methods were required to assess the resultant coatings. 
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Figure 5.3: Contact angles were measured for bare (A, D), CPDS-modified (B, E), and 

ODS-modified (C, F) planar substrates (A, B, C) and in 100 µm i.d. capillaries (D, E, F).  

The average contact angles for each substrate are presented in Table 5.2.   

 

Table 5.2: Contact angles and SFEs for planar supports and capillaries 

  Planar glass coverslips Capillaries (100 µm i.d.) 

Surface 

Contact  

angle (°) 

Surface energy  

(mJ m
-2

) 

Contact  

angle (°) 

Height  

(cm) 

Surface energy  

(mJ m
-2

) 

Bare < 10
a 

71.7
a 

41 ± 1 9.0 ± 0.5 17 ± 1 

CPDS- 

modified 72 ± 2 31 ± 3 70 ± 2 7.0 ± 0.5 6.0 ± 0.3 

ODS- 

modified 97 ± 3 14 ± 2 90 ± 1 1.0 ± 0.2 0.2 ± 0.1 

a. The Kruss analysis system cannot accurately quantify water contact angles less 

than 10 °.  Therefore, the contact angle of bare slides was reported as less than 10 

° and the SFE was approximated and presented without a standard deviation.  

 

Electroosmotic mobility can be used to indirectly monitor chemical changes on 

the capillary surface.  Table 5.3 lists the average µeof for bare, modified, and HPB-coated 

capillaries (n = 4 or more capillaries for each coating).  These values are reduced by 20 – 

40 % compared to µeof in bare capillaries.  During capillary modification, CPDS and ODS 

react with surface silanols, decreasing the number of free silanols and thus, the negative 

surface charge and µeof.  Both modifications result in µeof reductions, indicating that the 
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surfaces have been functionalized. Interestingly, though ODS-modification yields more 

hydrophobic surfaces than CPDS-modification (Table 5.2), higher µeof was observed in 

ODS-modified capillaries.  At low surface densities, including the initial time during 

surface modification, alkyl chains are predicted to be bent and reside parallel to silica 

surfaces.
248

  Longer alkyl chains (such as the n-octyl-chain) can cover more surface 

silanols than shorter chains (the propyl chain of CPDS), preventing additional reactions 

of silanes at neighboring sites and resulting in lower surface coverage and an associated 

higher µeof as observed in these measurements.  

Table 5.3: µeof of bare, modified, and coated capillaries 

  Capillaries (50 µm i.d.) 

Surface 

µeof  

(10
-4 

cm
2
 V

-1
s

-1
) 

RSD 

(%) 

N
a 

 

µeof Reduction  

(%) 

Bare 6.0 ± 0.2 3.48 40   

CPDS-modified 3.6 ± 0.2 6.34 140 40 

CPDS/DOPC 1.3 ± 0.2 11.6 48 78 

CPDS/DLPC 1.9 ± 0.2 11.1 44 68 

ODS-modified 4.8 ± 0.4 8.42 100 20 

ODS/DOPC 1.4 ± 0.2 15.4 38 77 

ODS/DLPC 1.7 ± 0.2 9.2 41 71 

a. The total N value represents a minimum of 3 separations from a minimum of 4 

different capillaries. 

 

 Capillary modifications with CPDS were prepared using two methods.  The first 

was described in the methods section and involved filling cleaned capillaries with 2 % 

silane in solvent, sealing the capillary ends, and allowing the reaction to proceed for 20 – 

24 h.  The second method used gravity flow to pass the 2% silane solution through 

cleaned capillaries overnight.  Figure 5.4 shows the mean µeof (n = 10) for four capillaries 

prepared by either the gravity flow or sealed capillary method.  This data shows that both 
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methods resulted in similar µeof, indicating that both methods generate similar capillary 

surfaces.  However, for consistency, µeof analyses and protein separations used the sealed 

capillary method for surface modifications.  

 

Figure 5.4: Comparison of methods for forming CPDS-modified capillaries.  Each bar 

represents the mean µeof (n = 10) of a single CPDS-modified capillary.  E = 571 V cm
-1

; 

50 µm i.d. capillary; injection time = 5 s; 20 mM MOPS, pH 7.4; detection λ = 254 nm.   

 

Though the µeof for CPDS- and ODS-modified capillaries suggest that the 

surfaces have been chemically altered, the true test is whether these surfaces can be used 

to form HPBs. HPBs were prepared by fusing DLPC or DOPC vesicles with CPDS- or 

ODS-modified capillaries.  The µeof values for CPDS/DOPC, CPDS/DLPC, ODS/DOPC, 

and ODS/DLPC capillaries are show in Table 5.3.  In all HPB-coated capillaries, µeof was 

reduced compared to CPDS- or ODS-modified capillaries, indicating that a lipid 

monolayer had formed and shielded the capillary surface.  Additionally, HPB coatings 

represent µeof reductions of 78 % (CPDS/DOPC), 68 % (CPDS/DLPC), 77 % 

(ODS/DOPC), and 71 % (ODS/DLPC) compared to bare capillaries.   
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Direct measurement of zeta-potentials for silica nanoparticles demonstrated 

similar trends with respect to surface coatings (Table 5.4).  Nanoparticles were used as a 

second model system for analyzing silica surfaces after silane-modification and HPB-

coating.  Silica particles, formed by condensation, are likely to have chemically different 

surfaces than fused silica capillaries; however, similar trends were observed when zeta 

potential measurements of nanoparticles were compared to the µeof of capillaries.  For 

both substrates, bare surfaces yielded the most negative surfaces and modification with 

CPDS or ODS decreased the number of surface silanols, resulting in less negative zeta 

potentials and decreased µeof for particles and capillaries, respectively.  The zeta 

potentials for CPDS- and ODS-modified particles were not statistically different from 

each other, likely due to the large RSDs for each type of modified particle; however, 

CPDS- and ODS-modification of particles resulted in zeta potential reductions of 25 – 29 

%, which is consistent with the 20 – 40 % µeof reduction observed after modification of 

capillary surfaces.  HPBs on particles resulted in zeta potential reductions of 89 % 

(CPDS/DOPC) and 93 % (ODS/DOPC).  These values are greater than the µeof reductions 

observed in CPDS/DOPC (78%) and ODS/DOPC (77%) coated capillaries.  The 

differences in zeta potential and µeof reductions may be due to differences in lipid packing 

in HPBs prepared on nanoparticles, which have a larger curvature than 50 µm i.d. 

capillaries.  However, similar to capillary measurements, the zeta potential reductions 

illustrate that the charge on the surface is shielded after HPB formation.   
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Table 5.4: Zeta potentials of bare, silane-modified, and HPB-coated silica nanoparticles 

Surface 

Zeta Potential 

(mV) 

RSD 

(%) 

Zeta Potential  

Reduction (%) 

Bare -20 ± 2 12 --- 

DOPC-bilayer -4.6 ± 2.8 60 77 

CPDS-modified -15 ± 5 30 25 

CPDS/DOPC -2.2 ± 1.1 51 89 

ODS-modified -14 ± 5 36 29 

ODS/DOPC -1.3 ± 0.5 35 93 

 

Additionally, the fluorescence intensity of bare, CPDS-modified, and 

CPDS/DOPC capillaries was measured and normalized after staining with a membrane 

indicator, FM1-43 (Figure 5.5).  CPDS/DOPC-coated capillaries yielded the highest 

fluorescence intensity, indicating a high lipid density on the capillary surface.  Bare 

capillaries had the lowest fluorescence intensity due to the absence of lipids.  CPDS-

modified capillaries exhibited approximately 20 % of the fluorescence intensity of the 

CPDS/DOPC capillaries, suggesting that FM1-43 may interact with the cyanopropyl-

monolayer, though the intensity was significantly lower than that of HPB-coated 

capillaries.  Prior studies with FM1-43 have shown high levels of fluorescence when 

PLB-coated capillaries were prepared.
229
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Figure 5.5: Fluorescent images of bare (A), CPDS-modified (B), and CPDS/DOPC-

coated (C) capillaries after incubation with FM1-43.  (D) Plot illustrating normalized 

fluorescence intensities for A – C (n = 3 × 3; 3 measurements from 3 capillaries).    

 

Combined, these data support the formation of HPB coatings in fused silica 

separation capillaries that have been modified with either CPDS or ODS followed by 

lipid fusion.  Capillaries coated with PLBs of DOPC or DLPC yielded lower µeof, 1.0 × 

10
-4 

cm
2
 V

-1
s

-1
 
231

 or 0.22 × 10
-4

 cm
2
 V

-1
s

-1
 ,

21
 respectively, compared to HPB-coated 

capillaries.  The PLB coatings represented µeof  reductions of approximately 80 % 

(DOPC) and 95 % (DLPC) compared to bare capillaries (4.6 × 10
-4

 cm
2
 V

-1
s

-1
).

231
  These 

A 

B 

C 

D 
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data show that HPB and PLB coatings formed with DOPC result in similar reductions of 

µeof; however, HPB coatings prepared with DLPC exhibit less µeof suppression compared 

to PLBs formed with the same lipid.  Since DLPC has fully saturated carbon tails, the 

difference in µeof reduction may be due to different packing densities of DLPC lipids in 

PLBs and HPBs, resulting in differential shielding of the charged capillary surface. 

5.3.2 Coating stability and reproducibility 

A primary drawback of semi-permanent PLB coatings is the limited and varying 

stability.  Capillaries coated with DLPC bilayers were stable for 105 min of applied 

voltage;
21

 however, DOPC bilayers started to degrade immediately upon application of an 

electrical field as evidenced by the increasing µeof.
231

  Since, HPBs formed on planar 

substrates exhibit enhanced stability compared to PLBs,
240

 we tested the stability of HPB 

capillary coatings by monitoring µeof over 100 min of applied high voltage without 

coating regeneration within the same capillary.  RSDs of mesityl oxide tm were 1.6 % (n 

= 55) and 2.6 % (n = 20) for CPDS-modified and CPDS/DOPC-coated capillaries, 

respectively (Table 5.5).  Within 100 min of run time, the µeof reduction in CPDS/DOPC-

coated capillaries decreased by 4 %, compared to bare capillaries, whereas in DOPC PLB 

coated capillaries the µeof reduction decreased by 15 % 
231

 illustrating enhanced stability 

of HPBs compared to PLB coatings. 
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Table 5.5: Stability of HPB coatings over 100 min of cumulative applied high voltage in 

a single capillary 

  µeof (10
-4

 cm
2
 V

-1
s

-1
) RSD (%) N 

CPDS-modified 3.82 ± 0.06 1.6 55 

CPDS/DOPC 1.48 ± 0.04 2.6 20 

 

To validate that the reduced µeof and increased stability resulted from the HPB, 

the reproducibility of each capillary modification was evaluated as a function of µeof.  In 

Figure 5.6, mean µeof is plotted for the first 10 runs in capillaries prepared with the 

indicated surface modification (n = 3 or more capillaries for each coating condition).  

Similar to Table 5.3, bare capillaries (diamonds) had the highest µeof, while CPDS- 

(Figure 5.6A) and ODS-modified (Figure 5.6B) capillaries (squares) showed µeof 

reductions.  Finally, HPB coatings prepared using either of two common lipids, DLPC 

(triangle) or DOPC (circles), yielded the lowest µeof and thus the highest shielding of 

capillary surface charges.  The stable µeof values demonstrate the increased stability of the 

HPB coatings for at least 10 runs (approximately 1 hour of applied high voltage for HPB 

capillaries) without regeneration.   
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Figure 5.6: Stability and reproducibility of HPB coatings.  Coating reproducibility for 

CPDS- (A) and ODS-modified (B) capillaries in the presence and absence of the HPB.  

Each plot shows the mean µeof of 10 consecutive runs in bare (diamonds), CPDS or ODS-

modified (squares), DLPC HPB (triangles), and DOPC HPB (circles) capillaries (n = 3 or 

more capillaries).  Coatings were not regenerated between separations.  
 

5.3.3 Protein separations 

Non-specific adsorption to bare capillaries presents a number of challenges that 

are often overcome using PLB coatings, though at the expense of coating stability.  BSA 

is known to adsorb to various silica surfaces; therefore, separations of this protein were 

performed in bare and CPDS/DLPC-coated capillaries (Figure 5.7).  The resulting 

electropherograms show that BSA was detected using both capillaries, though the 

migration time was later in the HPB-coated capillary due to the reduced µeof.  Previously, 

cationic proteins were not detected when CZE was performed in bare capillaries due to 

analyte adsorption to the capillary surface; however, BSA is anionic at pH 7.4, the pH of 

the BGE.  Thus, adsorption may be minimized because BSA and the bare capillary wall 

A B 
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are both anionic, preventing electrostatic interactions and limiting non-specific 

adsorption.      

 

Figure 5.7: Separations of BSA in bare (i) and CPDS/DLPC coated capillaries (ii).  BSA 

was analyzed at 0.5 mg mL
-1

 or 1 mg mL
-1

 in the bare and HPB capillaries, respectively.  

Electropherograms offset for clarity.  E = 571 V cm
-1

; 50 µm i.d. capillary; injection time 

= 5 s; 20 mM MOPS, pH 7.4; detection λ = 214 nm.   

 

Mixtures of cationic proteins were therefore analyzed to validate the overall 

functional utility of HPB coatings.  Figure 5.8 shows three electropherograms for each 

HPB coating without regeneration between separations.  All HPB coatings yielded peaks 

corresponding to Cyto C, RNAse, and Rho B, a neutral marker, compared to bare 

capillaries, where only Rho B was detected.  The protein peaks for all HPB-coated 

capillaries exhibited varying degrees of peak asymmetry, perhaps due to interactions 

between the analytes and possible domains of poor coating, e.g. near the ends of the 

capillary where lipid coatings may be destroyed upon exposure to air or drying.  
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However, in spite of this, both proteins were readily detected using all four HPB 

coatings, compared to no detection in bare capillaries.  

Multiple separations yielded similar migration times for each analyte, though 

some variation in peak width was observed, particularly for RNAse in CPDS/DLPC 

capillaries (48 % RSD in peak width, n = 5) (Figure 5.8B).  The coating stability was 

indirectly analyzed by monitoring the ratios of protein peak area to Rho B peak area.  For 

Cyto C, the peak area ratio resulted in RSDs of 3.9 % (CPDS/DOPC), 12 % 

(CPDS/DLPC), 18 % (ODS/DOPC), and 10 % (ODS/DLPC); whereas, for RNAse the 

peak area ratios yielded RSDs of 7.5 % (CPDS/DOPC), 3. 7 % (CPDS/DLPC), 5.4 % 

(ODS/DOPC), and 2.8 % (ODS/DLPC).  The higher reproducibility observed for RNAse 

likely results from reduced peak asymmetry and more accurate peak detection during data 

analysis.  The reproducible peak area ratios for RNAse indicate that a consistent amount 

of protein was detected in multiple separations without coating regeneration, again 

illustrating the coating stability.  
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Figure 5.8: Protein separations and adsorption in HPB coated capillaries.  

Electropherograms showing multiple separations of Cyto C, RNAse, and Rho B in 

capillaries with HPBs formed from CPDS/DOPC (A), CPDS/DLPC (B), ODS/DOPC 

(C), and ODS/DLPC (D).  (E) Protein separations in bare silica (i), ODS-modified (ii), 

and CPDS-modified (iii) capillaries show only a single peak for Rho B.  (F) Protein 

separations in bare silica (i), CPDS-modified (ii), and CPDS/DOPC (iii) capillaries are 

shown for direct comparison.  Coatings were not regenerated between protein 

separations.  Electropherograms filtered with a 600 point median filter and offset for 

clarity.  E = 571 V cm
-1

; 50 µm i.d. capillary; injection time = 5 s; 20 mM MOPS, pH 

7.4; detection λ = 214 nm.   

 

For comparison, Figure 5.8E shows a single electropherogram for the protein 

mixture in a bare (i), ODS-modified (ii), and CPDS-modified (iii) capillary.  The only 

peak detected in each electropherogram represents Rho B.  The µeof for CPDS- and ODS-

modified capillaries suggest that only a fraction of the silanols are reacted after surface 

modification (Table 5.3); therefore, it is possible that protein adsorption is occurring in 

bare and silane-modified capillaries.  This conclusion is supported by fluorescence 

imaging studies with 6×His-EGFP, a highly fluorescent protein (Figure 5.9).  6×His-

EGPF was incubated in bare, CPDS-modified, DOPC PLB-coated, and CPDS/DOPC-

coated capillaries.  After rinsing the capillaries, intense fluorescence was observed in bare 

and CPDS-modified capillaries, indicating non-specific adsorption of the protein to the 

capillary surfaces.  However, the fluorescence intensity was diminished by more than 90 

% with a DOPC bilayer or CPDS/DOPC coating, demonstrating that DOPC bilayers and 

CPDS/DOPC-coated capillaries decrease non-specific adsorption to a similar extent in 

regions of good coating uniformity.  Hydrated phosphorylcholine headgroups are 

inherently resistant to non-specific protein adsorption,
229,249

 a property that is retained in 
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both PLB and HPB capillary coatings, likely due to similar arrangements of lipid 

headgroups within the coating. 

 

 

Figure 5.9: Non-specific protein adsorption in bare (A), CPDS-modified (B), DOPC-

bilayer coated (C), and CPDS/DOPC-coated (D) capillaries.  (E) Plot illustrating 

normalized fluorescence intensities for A – D (n = 3 × 3; 3 measurements from 3 

capillaries). 

 

0

0.2

0.4

0.6

0.8

1

1.2

A B C D

N
o

r
m

a
li

z
e
d

 I
n

te
n

si
ty

Capillary

A 

D 

C 

B 

E 



255 
 

In some of the electropherograms in Figure 5.8, there was an additional peak 

before Rho B.  Figure 5.10 shows electropherograms after injecting phosphate buffer, pH 

7.4 or MOPS buffer, pH 7.4 into a bare capillary and performing a separation in the same 

buffer.  The electropherograms show that in the MOPS buffer there is a peak present.  

Though the buffer was photobleached by exposure to a 100 W Hg Arc Lamp for 30 min 

before use, the peak indicates that there was still an optically active component in the 

MOPS buffer.  The migration time for this peak varies compared to the HPB-coated 

capillaries in Figure 5.8 because bare capillaries were used for these separations. 

 

Figure 5.10: Analysis of extra peaks in electropherograms.  Electropherograms after 

injection of phosphate buffer, pH 7.4 (i) or MOPS buffer, pH 7.4 (ii).  E = 571 V cm
-1

; 50 

µm i.d. capillary; injection time = 5 s; BGE was the same as the injected buffer; detection 

λ = 214 nm 

 

Calculated electrophoretic mobilities (µep) for each protein and µeof for each 

coating were determined within the same separation and are presented in Table 5.6.  The 

µep of Cyto C and RNAse ranged from 1.8 – 2.2 × 10
-4

 cm
2
 V

-1
s

-1
 and 0.97 – 0.99 × 10

-4
 

cm
2
 V

-1
s

-1
, respectively, in the HPB-coated capillaries.  µep for RNAse was more precise 
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than that of Cyto C, likely due to differences in peak asymmetry.  Additionally, tm 

reproducibility for both proteins and Rho B are presented in Table 5.6 (n = 5) where RSD 

values ranging from 0.2 to 1.6 % were obtained for each HPB coating, without coating 

regeneration.  In comparison, tm reproducibility for DLPC PLB coatings with regular 

coating regeneration yielded comparable RSD values for Cyto C and RNAse of 0.3 % 

and 0.4 % RSD, respectively.
21

   

HPB coating performance was further evaluated as a function of separation 

efficiency (Table 5.6).  The efficiency of Rho B was 147,000 - 271,000 plates m
-1

 in HPB 

capillaries.  Thus, a neutral analyte with little interaction with the surface yielded high 

separation efficiencies with all of the coatings.  Cyto C, which showed peak-tailing in all 

four HPB coatings, yielded efficiencies between 520 and 1800 plates m
-1

, while RNAse 

had efficiencies between 33,500 and 109,000 plates m
-1

.  The highest efficiencies for 

RNAse were measured in CPDS/DOPC capillaries, which also showed the highest 

migration time reproducibility.  The large standard deviation associated with the 

efficiency of RNAse in CPDS/DLPC capillaries resulted from variation in RNAse peak 

width between multiple separations (Figure 5.8B).  When proteins were separated using a 

coated capillary with a DLPC bilayer, efficiencies of 1,000,000 plates m
-1

 (Cyto C) and 

780,000 (RNAse) plates m
-1

 were calculated.
21

  The CPDS/DOPC coating yielded 

RNAse peaks with efficiencies on the same order of magnitude with very high migration 

time reproducibility.  Thus, the lower separation efficiencies associated with HPB 

coatings may be compensated by the increased coating stability.
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Table 5.6: Quantitative characterization of protein separations in HPB capillaries 

  Electrophoretic Parameters 
Capillary Coating 

cyano/DOPC cyano/DLPC octyl/DOPC octyl/DLPC 

Rho B 

Migration time (s), (% RSD) 309 (0.72) 198 (1.6) 321 (0.79) 190 (0.84) 

µeof (10
-4

 cm
2
 V

-1
s

-1
) 1.14 ± 0.01 1.78 ± 0.03 1.09 ± 0.01 1.86 ± 0.02 

Efficiency (plates m
-1

) 203,000 ± 16,000 271,000 ± 22,000 147,000 ± 5,000 267,000 ± 34,000 

Cyto C 

Migration time (s), (% RSD) 106 (0.44) 97.9 (1.6) 109 (1.2) 88.8 (1.1) 

µep (10
-4

 cm
2
 V

-1
s

-1
) 2.17 ± 0.01 1.81 ± 0.05 2.11 ± 0.04 2.11 ± 0.05 

Efficiency (plates m
-1

) 830 ± 140 710 ± 300 520 ± 150 1,800 ± 400 

RNAse 

Migration time (s), (% RSD) 166 (0.58) 128 (1.2) 170 (0.24) 124 (0.45) 

µep (10
-4

 cm
2
 V

-1
s

-1
) 0.99 ± 0.01 0.97 ± 0.01 0.97 ± 0.01 0.99 ± 0.01 

Efficiency (plates m
-1

) 109,000 ± 34,000 46,300 ± 36,400 33,500 ± 13,300 72,600 ± 8,100 
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5.4 CONCLUSIONS 

HPBs formed with either CPDS- or ODS-modified surfaces and either of two 

lipids resulted in stable coatings for CZE separations.  Covalent modification of the 

capillary surface decreased the SFE, allowing lipids to self-assemble to form a coating 

that exhibited similar reduction to non-specific adsorption compared to PLB coatings, yet 

with markedly higher stability.  Separation of cationic proteins in HPB-coated capillaries 

facilitated reproducible migration and detection of both Cyto C and RNAse, which were 

not detected in bare capillaries.  HPBs prepared using CPDS/DOPC coatings generated 

the most reproducible separations with the highest peak efficiencies for RNAse and Rho 

B.   
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CHAPTER 6: HIGHLY STABILIZED PHOSPHOLIPID BILAYERS AS NOVEL 

STATIONARY PHASES FOR CAPILLARY LIQUID CHROMATOGRAPHY 

 

6.1 INTRODUCTION 

 Transmembrane proteins (TMP) transduce extracellular signals into intracellular 

function.  Alterations in TMP activity result in various debilitating conditions, including 

diabetes and depression.  Commercial pharmaceuticals that interact with TMPs have 

structures that reside in similar regions of chemical space and target primarily one class 

of TMPs, G-protein coupled receptors (GPCRs).  Cellular assays, used for screening drug 

candidates, suffer from irreproducibility and are complicated by the various pathways 

that can be activated during signal transduction.  Thus, there is a clear need to develop 

synthetic assays with high throughput, stability, and reproducibility.  Ideally, these assays 

will allow the structure, function, binding kinetics, and thermodynamics of TMPs to be 

studied.  However, understanding these biochemical properties and interactions requires 

that the proteins maintain their native conformations; thus, lipids or surfactants in the 

form of micelles, bicelles, liposomes, or planar supported lipid bilayers (PSLBs) are 

necessary to provide an amphipathic environment.
250-252

   

 Lipid-containing stationary phases have been utilized in chromatography for 

studying partitioning and binding interactions.  In immobilized liposome chromatography 

(ILC), liposomes are retained on a support matrix through steric, hydrophobic, covalent, 

or avidin-biotin interactions.
119,120

  ILC has been used to study small molecule 
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partitioning through lipid membranes
253,254

 and interactions between peptides and 

phospholipids.
255

  Additionally, cellular membranes have been immobilized in columns 

to investigate the transport of molecules across the membrane through transport 

proteins.
118

  However, both ILCs and immobilized cellular membranes have limited long 

term stability, causing the stationary phases to degrade over time.
119,120

 

 Immobilized artificial membranes (IAMs) are alternative chromatographic 

stationary phases.  IAMs are bilayer mimics, in which a single leaflet of the bilayer is 

covalently attached to a silica support via the lipid tails, leaving the phospholipid head 

groups exposed to the mobile phase.
122

  IAMs have also been used to study partitioning 

and interactions between small molecules and lipid bilayers.
122,256,257

  Additionally, the 

nicotinic acetylcholine receptor (a ligand gated ion channel)
124

 and the µ and κ opioid 

receptors (GPCRS)
125

 were separately immobilized in IAMs and packed into columns.  

Using frontal chromatography, dissociation constants for TMPs were calculated against a 

series of small molecules.  These experiments showed similar trends to binding constants 

calculated using cell-based assays, yet there were quantitative differences, likely because 

of the altered conformations of the proteins due to interactions with the silica support and 

the truncated lipid membrane.
125

  

 Planar supported lipid bilayers (PSLBs) have been used to study TMP activity.  

Using electrochemistry, bacteriorhodopsin was shown to have similar photoactivation in 

PSLBs and bacterial membranes.
258

  Additionally, fluorescence measurements showed 

the maintained enzymatic activity of acetylcholinesterase in PSLBs formed from 
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dipalmitoyl phosphatidylcholine, dipalmitoyl phosphatidylethanolamine, and 

cholesterol.
258

  Since PSLBs are formed by non-covalent interactions, they are inherently 

unstable and degrade upon exposure to surfactants or organics.
131,235,236,259,260

  PSLBs 

prepared by polymerizing bis-SorbPC have exhibited stability against surfactants, 

organics, and exposure to high vacuum.
235,236,259

  Additionally, rhodopsin has been 

incorporated into polymerized (poly) bis-SorbPC membranes with maintained 

activity.
131,260

  Finally, poly (bis-SorbPC) membranes have been utilized in capillary zone 

electrophoresis as stable surface coatings for reducing the electroosmotic flow and 

minimizing non-specific adsorption of proteins.
229,234

 

 Here we demonstrate formation of stabilized lipid bilayers on silica particles 

using bis-SorbPC for the future incorporation of TMPs.  Further, we have prepared 

packed capillary columns with these particles and examined the utility of this stationary 

phase for studying small molecule interactions with lipid bilayers using capillary liquid 

chromatography. 
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6.2 EXPERIMENTAL 

6.2.1  Materials and reagents 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from Avanti 

Polar Lipids (Alabaster, AL).  3 µm silica particles (10 % in water) were purchased from 

Polysciences, Inc. (Warrington, PA).  FM1-43 was purchased from Invitrogen (Eugene, 

OR).  Ethylene glycol dimethacrylate (EGDMA) and glycidyl methacrylate (GMA) were 

purchased from Alfa Aesar (Ward Hill, MA).  NaCl, acetonitrile, and methanol (MeOH) 

were purchased from EMD (Billerica, MA).  Na2HPO4 and KH2PO4 were purchased from 

EM Science (Gibbstown, NJ).  (NH4)2S2O8 was purchased from Mallinckrodt (St. Louis, 

MO).  KCl was purchased from J.T. Baker (Center Valley, PA).  All other chemicals 

were purchased from Sigma Aldrich (St. Louis, MO).  Water was obtained from a 

Barnstead EasyPure UV/UF purification system.  Buffers were filtered using membranes 

with 0.2 µm pores before use. 

1,2-bis[10-(2’,4’-hexadieoyloxy)decanoyl]-sn-glycero-2-phosphocholine (bis-

SorbPC) was synthesized according to previous protocols (Figure 6.1).
261

  Before use, a 

0.5 mL aliquot of 18 mg mL
-1

 bis-SorbPC in 7:3 (v/v) MeOH: H2O was purified on a C18 

column (Shimadzu Chromegabond WR C18, 5 µm, 250 mm by 23 mm) using a 10 mL 

min
-1

 gradient (Shimadzu BCM-20A controller and LC-8A pumps) of H2O and MeOH.  

The MeOH volume in the mobile phase was increased from 50 – 70 % in the first minute, 

increased from 70 – 85 % over the next 20 min, increased from 85 – 100 % over the next 

40 min, and held at 100 % for 5 min.  The column was then flushed with 5 % MeOH and 
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70 % MeOH.  All changes in the gradient were linear.  The bis-SorbPC fraction was 

collected (elution time = 40 min), dried under vacuum, and washed 3 times with 

chloroform before dissolving in 500 µL chloroform.  The concentration of bis-SorbPC 

was determined by UV absorbance at 258 nm (ε = 47100 M
-1

 cm
-1

 in MeOH) (Model 

440CCD Array UV-Vis Spectrophotometer; Spectral Instruments, Inc., Tucson, AZ).  

Purified bis-SorbPC was stored at -80 °C.  Sorbyl functional groups are light sensitive; 

thus, purification and preparation of bis-SorbPC-coated particles were performed under 

UV-free, yellow light. 

 

Figure 6.1: Structure of bis-SorbPC. 

 

6.2.2 Preparation of lipid-coated particles 

Lipids (DOPC and bis-SorbPC) were dissolved in chloroform.  Solvents were 

evaporated under Ar and lipids were dried by vacuum overnight (FreeZone 6, Labconco, 

Kansas City, MO).  Lipid-coated particles were prepared by vesicle fusion.  Briefly, dried 

lipids were suspended in PBS buffer, pH 7.4, to a concentration of 1 mg mL
-1

.  Lipid 

solutions were sonicated at 40 % output power until clarity using a cup horn sonicator 

(Model W-380, Heat Systems-Ultrasonics, Inc., Newtown, CT) to produce small 

unilamellar vesicles (SUVs).  Silica particles (3.0 µm diameter) were added to the SUV 
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solution at a surface area ratio of 1 silica: 6 lipid.  The mixture was sonicated for 5 min 

and then allowed to rest for 30 min to promote vesicle fusion.  Vesicle formation and 

fusion onto silica were performed at 35 °C, above the transition temperature of both 

lipids.   

Bis-SorbPC-coated particles were polymerized by one of three methods.  Before 

all polymerizations, the lipid-silica solutions were degassed by bubbling N2 for 10 min.  

UV-polymerized particles were irradiated with a 100 W Hg Arc lamp with an IR-water 

filter and a 330 nm band pass filter for 30 min while stirring.  Redox polymerizations 

were carried out using two different methods.  Bis-SorbPC-coated particles were 

polymerized in the presence of 65 mM K2S2O8 and 22 mM NaHSO3 for 3 h at 35 °C or at 

a mole ratio of 1 lipid: 300 (NH4)2S2O8: 300 NaHSO3 for 1 h at 35 °C.   

After preparation (DOPC-coated particles) or polymerization (bis-SorbPC-coated 

particles) each set of particles was washed by 6 cycles of centrifugation, removal of 

supernatant, and suspension in fresh PBS buffer.  

6.2.3  Stability Studies 

Aliquots of particles were treated on days 1, 2, 15, and 30 with triton X-100 or 

acetonitrile to monitor the stability of the lipid bilayer.  Particles were aliquoted into 

individual tubes, centrifuged, and suspended in fresh PBS buffer, pH 7.4, at 1.81 x 10
7
 

particles per 100 µL.  Particles were treated with 25 µL of 50 mM triton X-100 at room 

temperature for 15 min or with 50 % acetonitrile (v/v) and sonicated for 15 min.  After 

incubation, particles were rinsed by 4 consecutive cycles of centrifugation, removal of 
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supernatant and suspension in fresh PBS buffer to a final concentration of 1.81 x 10
8
 

particles mL
-1

.  Particles were stained with 57 nM FM1-43 and incubated 15 min before 

imaging.   

6.2.4 Imaging 

FM1-43 was added to a particle slurry and allowed to intercalate into the lipid 

bilayer before imaging.  Fluorescent images were acquired on a Nikon Eclipse TE300 

Quantum inverted microscope using a 40× / 1.30 N.A. oil objective.  Fluorescent images 

were obtained using rhodamine filters: λex = 540 / 25 nm; λem = 620 / 60 nm.  Images 

were collected using a Quantix 57 back-illuminated CCD camera (Roper Scientific, 

Tucson, AZ) operated by MetaVue imaging software (Universal Imaging, Downingtown, 

PA).  Images were analyzed using Image J software.  Data is presented as the mean ± 

standard deviation (graphically represented as error bars) for n = 3 × 100, with the 

intensity of 100 particles quantified for each of three batches of particles that were 

prepared separately. 

6.2.5  Flow cytometry 

Flow cytometric analysis was performed using a FACScan flow cytometer (BD 

Biosciences, San Jose, CA) equipped with an air-cooled 15 mW Ar
+
 laser tuned to 488 

nm.  The emission fluorescence of FM1-43 was detected and recorded through a 582 / 42 

nm bandpass filter in the FL2 channel.  Data files consisting of approximately 50,000 

events gated on forward scatter (FSC) versus side scatter (SSC) were acquired and 

analyzed using CellQuest PRO software (BD Biosciences).  Appropriate electronic 
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compensation was adjusted by acquiring particle populations with and without FM1-43.  

Data is presented as the average ± standard deviation (graphically represented as error 

bars) for n = 3 × 50,000, with 50,000 gated events quantified for each of three batches of 

particles that were coated independently. 

6.2.6  Zeta potential measurements 

Zeta potentials were measured using a Malvern Zetasizer Nano-ZS 

(Worcestershire, United Kingdom) with disposable cells (DTS1060C).  Particles were 

diluted to 1.0 × 10
7
 particles per 2.5 mL of PBS buffer, pH 7.4.  Particles were 

equilibrated in the instrument at 25 °C for 60 s before analysis.  Three measurements 

were made for each sample with a 60 s delay between them.  Zeta potentials were 

calculated using the Smoluchowski model.  Data is presented as the average ± standard 

deviation (graphically represented as error bars) for n = 3 × 3, with three measurements 

performed on each of three batches of particles that were coated separately. 

6.2.7 Frit formation and capillary packing 

Frit formation was modified from previously published protocols for forming 

monolithic capillary columns.
109,114,168

  Briefly, capillaries (100 µm i.d.; 360 µm o.d.; 

Polymicro Technologies, Phoenix, AZ) were cut to 24 cm with two 3 mm-windows, 

separated by 6 cm, burned in the polyimide coating.  Capillaries were washed by 

consecutive rinses of 1 M NaOH, 0.1 M HCl, H2O, and acetone for 5 – 10 min each and 

then dried with He for 20 min.  A description of the drying method can be found in 

Chapter 4 (4.2.3.3).  Capillaries were filled with a 50 % (v/v) solution of 3-
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(trimethoxysilyl)propyl methacrylate in acetone and the ends were sealed.  Capillaries 

were incubated at 60 °C for 20 h, then rinsed with methanol for 10 min, dried with He for 

10 min, and left to dry in atmosphere for 24 h before further use.   

 Three sol-gels were tested for forming photopolymerized frits.  Daily, 

methacrylates (butyl methacrylate (BMA), GMA, and EGDMA) were run on alumina 

columns to remove inhibitors.  Sol-gel solutions were prepared by mixing (A) 96 µL 

BMA, 64 µL EGDMA, 240 µL 1-decanol, and 5.0 mg 2,2-dimethoxy-2-

phenylacetophenone (DAP); (B) 96 µL BMA, 64 µL EGDMA, 80 µL cyclohexanol, 160 

µL 1-decanol, and 5.0 mg DAP; or (C) 60 µL GMA, 60 µL EGDMA, 95 µL 

cyclohexanol, 185 µL 1-decanol, and 2.5 mg DAP. Sol-gel solutions were sonicated 

briefly and degassed with N2 for 5 min before use. Methacrylate-modified capillaries 

were filled with the sol-gel mixture and the capillary ends were sealed.  Foil masks with 1 

mm windows were aligned with one of the windows burned in the polyimide coating of 

the capillary.  The masked capillaries were placed in front of a 100 W Hg Arc lamp with 

an IR-water filter and 330 nm band pass filter for 30 min.  After polymerization, the 

capillaries were washed with methanol for 20 min, dried with He for 20 min, and left to 

dry overnight.  All capillary surface modification and frit formation protocols were 

performed under UV-free, yellow light.   

 Capillaries were packed against the photopolymerized sol-gel frit using slurry 

packing.
262-264

  Particles were slurried in 10× diluted PBS and packed into capillaries at 

400 psi N2 until a 6 cm packed bed was formed.  After packing, the N2 tank was turned 
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off and the pressure was allowed to slowly decrease by bleeding out of the capillary over 

the next 1 h.   
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6.3 RESULTS AND DISCUSSION 

6.3.1 Stability of polymerized bis-SorbPC-coated silica particles 

To accurately study ligand binding to TMPs, the proteins must reside in their 

native conformation, requiring that TMPs be suspended in phospholipid bilayers.  

Previously, SUVs of bis-SorbPC were fused with planar silica substrates
235,236

 or 

capillary surfaces
229,234

 to form supported phospholipid bilayers.  Fusing bis-SorbPC 

SUVs with silica microparticles is likely to result in formation of the same bilayer 

structure.  Natural phospholipid bilayers are unstable when exposed to common 

separation conditions, including organic solvents, air bubbles, and shear 

forces;
131,235,236,259,260

 thus, the stability of polymerized bis-SorbPC coatings was 

examined.   

Figure 6.2 shows images of silica and lipid-coated silica particles after staining 

with a lipid indicator, FM1-43.  Previous studies with FM1-43 have shown high levels of 

fluorescence after incorporation of the dye into lipid membranes.
229

  Silica (non-coated 

particles), DOPC-coated particles, and poly (bis-SorbPC)-coated particles exhibited low 

fluorescence background without FM1-43.  After incubation with FM1-43, the 

fluorescence intensity of DOPC and poly (bis-SorbPC)-coated particles increased, 

indicating the presence of lipid membranes on the surfaces of these particles.  To test the 

stability of the lipid bilayer coating, particles were exposed to surfactant (triton X-100) or 

a high concentration of organic solvent (50 % (v/v) acetonitrile), washed, and then 

stained with FM1-43.   The fluorescence intensity of DOPC-coated particles decreased 
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significantly after exposure to surfactant or organics, suggesting that the lipid bilayers 

were degraded.  However, when poly (bis-SorbPC)-coated particles were exposed to 

either insult, the fluorescence intensity was maintained after staining with FM1-43, 

indicating the enhanced bilayer stability after polymerization of the lipids. 
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Figure 6.2: Fluorescent images of silica and lipid-coated particles after incubation with 

FM1-43.  The stability of the lipid bilayer coatings were studied after exposure to 

surfactant (triton X-100) or organic solvent (ACN).   

 

 Aggregates of particles were observed after UV polymerization, but not when bis-

SorbPC was polymerized using either redox method (Figure 6.2).  Previous work by Ross 

et. al. showed that when PSLBs were formed from bis-SorbPC and polymerized by UV 

or redox methods, the resulting polymer structures differed.
236

  In general, redox 

polymerization yielded a greater degree of crosslinking between the two leaflets of the 



272 
 

bilayer and a longer polymer network (degree of polymerization, Xn = 40 – 600).
236

  

When UV polymerized particles are exposed to surfactants or organics, the lower 

crosslinking density of the polymer (Xn = 3 – 10)
236

 is not sufficient to prevent 

energetically favorable interactions between the surfactant or organic and lipids of the 

bilayer, causing the outer leaflet of the bilayer to flake away from the polymer.  Loss of 

the outer leaflet results in exposure of the hydrophobic tails of the remaining monolayer; 

thus, the UV polymerized particles may aggregate to minimize hydrophobic interactions 

with the aqueous environment (Figure 6.3).   

 

Figure 6.3: Schematic depiction illustrating why particles aggregate after UV 

polymerization (A), but not after redox polymerization (B). 

 

 A highly crosslinked polymer results when K2S2O8 and NaHSO3 are used as the 

redox couple to polymerize bis-SorbPC (Xn = 40 – 600).
235,236

  The initiation reactions 

between S2O8
2-

 and HSO3
-
 are shown below (Scheme 6.1).

265
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   (6.1) 

   
           

       

    
  (pKa 1.9) is produced as a byproduct of initiation, resulting in an acidic solution.  

When bis-SorbPC lipids undergo redox-initiated polymerization, the decrease in pH does 

not affect the lipid structure or the resulting polymer; however, if TMPs are incorporated 

into bis-SorbPC membranes before redox polymerization, the resulting decrease in pH 

may alter the native protein conformation.  Ratnayaka et. al. found that substituting 

(NH4)2S2O8 for K2S2O8 in the redox reaction, yielded a neutral pH solution (unpublished 

data).  Though the mechanistic differences between the redox reactions were not 

described, redox polymerization using (NH4)2S2O8 should provide solution conditions 

that are more compatible for future incorporation of TMPs.  For this reason, redox 

polymerizations were performed using both redox couples to compare the stability of the 

resulting polymerized lipid bilayers. 

Flow cytometry was used to study large groups of particles since the scattering of 

each particle could be correlated with the fluorescence associated with FM1-43 and the 

presence of a lipid bilayer coating.  Figure 6.4 shows the average fluorescence intensity 

of silica, DOPC-coated, and poly (bis-SorbPC)-coated particles in the presence and 

absence of FM1-43 and after treatment with surfactants or organics.  This data correlates 

well with the images presented in Figure 6.2.  Silica particles had low fluorescence under 

all conditions since lipids were not present on the surface of the particles.  DOPC-coated 

particles had increased fluorescence when stained with FM1-43 due to the presence of 
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lipid membranes; however, the bilayer coatings were unstable after exposure to 

surfactants or organics as evidenced by the decreased fluorescence intensity.  When bis-

SorbPC was polymerized using the UV or either redox method (with K2S2O8 or 

(NH4)2S2O8 and NaHSO3), the presence of the bilayer coating resulted in increased 

fluorescence when stained with FM1-43.  Additionally, the fluorescence was maintained 

after exposure to surfactants or organics, illustrating enhanced stability of the bilayer 

coating after polymerization.    

 

Figure 6.4: Fluorescence intensities of silica and lipid-coated particles before and after 

staining with FM1-43 as measured by flow cytometry.  UV, potassium persulfate, and 

ammonium persulfate refer to the method or chemicals used for polymerization of bis-

SorbPC.  Particles were also exposed to surfactants (triton X-100) or organic solvents 

(ACN), washed, and stained with FM1-43 to determine the stability of the bilayer. 
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In addition to examining the stability of the bilayer coatings against common 

insults, the long term stability was analyzed by imaging and flow cytometry.  Particles 

were imaged on the day of preparation, and again on days 15 and 30.  Between 

experiments, particles were dispersed in PBS buffer, pH 7.4, and stored at 4 °C.  The data 

in Figure 6.5A shows that the poly (bis-SorbPC)-coated particles exhibited similar 

fluorescence intensities over the 30 day period, suggesting that the membranes were 

maintained throughout this time frame.  The polymerized bilayer coatings were also 

stable to surfactants and organics over this duration, indicating that storage does not 

affect the stability of the bilayer coating.  For the DOPC-coated particles, the 

fluorescence intensity was quantified only on the first day.  Images of DOPC-coated 

particles were collected on day 15, but few particles were fluorescent, indicating the 

bilayer coatings degraded during storage.  Figure 6.5B shows a summary of the flow 

cytometry data for silica and poly (bis-SorbPC)-coated particles over 30 days.  Again, the 

maintained fluorescence intensities after staining with FM1-43 illustrate that the poly 

(bis-SorbPC) bilayer coatings were stable.  The long term stability of poly (bis-SorbPC)-

coated particles suggests that columns packed with these particles could be stored for a 

period of time without degradation of the stationary phase or the need to regenerate the 

column.  Additionally, the enhanced stability of poly (bis-SorbPC)-coated particles when 

exposed to organics or surfactants and after one month of storage suggests that columns 

prepared with poly (bis-SorbPC) stationary phases should have greater stability than ILC 

columns, while maintaining a true lipid bilayer.    
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A 

 

B 

 

Figure 6.5:  Long-term stability of lipid bilayer coatings on silica particles measured by 

fluorescence microscopy (A) or flow cytometry (B) using FM1-43 as a membrane stain.  
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 Coated particles were also characterized via zeta potential during various stages 

of preparation and after exposure to surfactants or organics.  Figure 6.6 shows a summary 

of the measured zeta potentials.  Bare silica particles exhibited negative zeta potentials at 

pH 7.4 due to deprotonated silanols.  After coating with DOPC or unpolymerized bis-

SorbPC, more positive zeta potentials were measured, likely due to the presence of a 

pristine lipid bilayer that shielded the charge of the underlying silica support.  After 

exposing DOPC-coated particles to surfactants or organics, the zeta potentials became 

more negative, indicating that the DOPC membranes had degraded and the silanols on the 

particle surface were exposed.  Zeta potentials for UV or redox polymerized (bis-

SorbPC)-coated particles were similar to bare silica; however, the fluorescent images and 

intensities (Figure 6.2 and 6.5A) and flow cytometry fluorescence intensities (Figure 6.4 

and 6.5B) suggest that lipid bilayers were present on these particles after polymerization.  

Mugandiramlage et. al. described the porosity of poly (bis-SorbPC) bilayers and 

quantified the pore size.
266

  The more negative zeta potential observed after UV or redox 

polymerization of (bis-SorbPC)-coated particles is likely due to defects in the bilayer that 

develop during polymerization, which decrease the shielding capacity of the bilayer 

coating and result in zeta potentials that more closely resemble bare silica than pristine 

lipid bilayers.  Additionally, the zeta potentials appeared to be consistent over the 30 day 

time interval.  
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Figure 6.6: Zeta potentials for 3 µm bare silica and lipid-coated particles before and after 

exposure to surfactants (triton X-100) or organic solvents (ACN) in a 30 day time period. 

 

 The imaging and flow cytometry studies presented above show that poly (bis-

SorbPC) membranes exhibit enhanced stability compared to non-polymerized lipid 

bilayers (DOPC).  However, UV polymerization generates a polymer with a lower 

crosslinking density, causing the bilayer coating to degrade after exposure to various 

insults, including surfactants or organics.  When bis-SorbPC is polymerized using either 

of two redox couples, the resulting polymers appear stable after exposure to organics or 

surfactants and after long term storage.  Since redox polymerization using (NH4)2S2O8 

generates solution conditions that are more compatible for future incorporation of TMPs, 

future experiments will utilize redox polymerization with (NH4)2S2O8 and NaHSO3 for 

stabilizing bis-SorbPC. 
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6.3.2 Preparation of packed capillary columns 

Retaining frits are used to maintain packed particles in columns.  A variety of 

commercial frits exist for traditional LC columns with mm dimensions; however, to 

minimize dead volume and peak dispersion, frits are generally prepared within capillary 

columns.
267

  Sintered silica frits are generated by applying heat or low-voltage resistive 

heating across a column filled with silica particles causing the silica particles to fuse at 

the points where they come into contact, resulting in formation of a porous frit.  Though 

sintered silica frits are difficult to form with reproducible permeability, they have high 

mechanical stability.
267,268

  For the first attempt at frit preparation, 5 µm bare silica 

particles were tapped into the end of a capillary column and passed through a Bunsen 

burner.  These attempts were unsuccessful since the flame pulled the particles out of the 

tip of the capillary before sintering occured. 

Monolithic capillary columns using sol-gels with photoinitiated polymerization 

were explored for frit formation.
109,114,168

  Frits were prepared using three sol-gel 

mixtures which utilized the same crosslinker (EGDMA) and photoinitiator (DAP), but 

had different monomers and solvents.  Table 6.1 lists the combinations of monomers, 

crosslinkers, and solvents used to form each sol-gel.  Using all three mixtures, frits were 

successfully created after 15 – 45 min of exposure to UV light.  Additionally, frits formed 

from all three sol-gels were stable at 400 psi for at least 45 min, showing that all three 

frits exhibited the mechanical stability needed to pack capillary columns.  
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Table 6.1: Sol-gel mixtures used for frit formation 

Monomer Crosslinker Solvent / Porogen Pore size (µm)
109

 

BMA EGDMA 1-Decanol 2.2
 

BMA EGDMA 1-Decanol & Cyclohexanol 0.7 

GMA EGDMA 1-Decanol & Cyclohexanol --- 

 

 Slurry packing requires that the stationary phase-coated particles be dispersed in a 

solvent that minimizes particle interactions, preventing particle aggregation and clogging 

of the capillary during packing.  Packed columns are generally prepared using organic 

solvents with low viscosity, reducing back pressure during packing.
269

  Figure 6.7 

illustrates images of poly (bis-SorbPC)-coated particles slurried in various organic 

solvents or PBS.  From these images it is apparent that the particles aggregate strongly in 

acetone and acetonitrile, though the particles appear dispersed when slurried in EtOH, 

MeOH, or PBS. 

 

Figure 6.7: Particle aggregation in various solvents.  Particles were imaged under white 

light.  

 

 Initial packing attempts used bare silica particles slurried in MeOH.  After 

application of pressure (400 psi N2), particles did not migrate into the capillary columns 

and pack against the frits.  Additionally, multiple columns were clogged by particle 

aggregates that were visible after capillaries were removed from the pressure bomb.  To 
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minimize particle-particle interactions and clogging during packing, the slurry solvent 

was changed to a 50 % mixture of water and MeOH, which allowed particles to be 

packed into capillary columns.  Packed particle beds were also successfully generated 

when 100 % water or 10× diluted PBS were used as the slurry solvents.  Eventually 

TMPs will be suspended in these stabilized, lipid bilayer-coated particles to monitor 

interactions between TMPs and small molecules.  If TMPs are present in the bilayer 

coating before packing, a high percentage of organic solvent may result in alterations of 

the native protein conformation; thus, diluted PBS buffer was selected as the most 

appropriate solvent for packing since it is compatible for future experiments with TMPs 

incorporated into the stationary phase.  Additionally, bare silica particles were used for 

these packing experiments; however, poly (bis-SorbPC)-coated particles were also 

successfully packed when slurried in 10× diluted PBS buffer. 

 Frits with high mechanical stability were formed using all three sol-gel mixtures 

(Table 6.1); yet, differences in the permeability and packed bed stability were observed 

when packing was performed using columns with different frits.  For instance, in 

columns with frits prepared from BMA, EGDMA, cyclohexanol, and 1-decanol, packed 

beds with lengths greater than 5 cm could not be prepared, even if the pressure (400 psi 

N2) was maintained for an extended period of time.  Frits formed from this mixture were 

characterized by Lee et. al. and the average pore size was reported as 0.7 µm.
109

  Packing 

a longer bed of particles may require an increase in the applied pressure since the small 

pores are likely to resist fluid flow.  When columns with frits formed from BMA, 

EGDMA, and 1-decanol were packed, beds of 6 cm or longer were generated at 400 psi 
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N2.  The larger pore size (2.2 µm) likely minimizes flow resistance, allowing longer 

packed beds to be prepared at this packing pressure.
109

  After packing, the N2 pressure 

was turned off and excess pressure was allowed to bleed out of the packing bomb through 

the capillary to ensure that the packed bed was completely compacted and stable.
270

  

Packed capillaries with BMA, EGDMA, and 1-decanol frits did not appear stable after 

the pressure was reduced for 1 h.  In one column the entire packed bed shifted away from 

the frit and in a second column the end of the packed bed appeared to have a different 

particle density than the region near the frit.  When capillaries with frits formed from 

GMA, EGDMA, 1-decanol, and cyclohexanol were packed, beds of 6 cm or longer were 

prepared and they appeared stable after reducing the pressure.  An image of a frit formed 

from GMA, EGDMA, 1-decanol, and cyclohexanol is compared to a bare capillary in 

Figure 6.8.  Due to the differences in length and stability of the packed beds, all future frit 

formation will utilize GMA, EGDMA, 1-decanol, and cyclohexanol.   

 

Figure 6.8: Images of capillaries with (A) and without (B) a frit.  Frits were prepared by 

photoinitiated polymerization of GMA, EGDMA, 1-decanol, cyclohexanol, and DAP.  

Images were collected at 5× magnification.   
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6.4 CONCLUSIONS 

Poly (bis-SorbPC)-coated particles were prepared and compared to DOPC-coated 

particles.  Using fluorescence microscopy and flow cytometry, poly (bis-SorbPC) 

bilayers were seen to be stable against organics and surfactants and during long term 

storage, conditions that degraded DOPC bilayers.  After polymerization and exposure to 

surfactants and organics, UV polymerized particles were observed to aggregate, likely 

due to a lower crosslinking density in the bis-SorbPC polymer compared to redox 

polymerization methods.  Frits with the necessary mechanical stability were successfully 

formed using photoinitiated sol-gels after capillary surface modification.  Frits formed 

from GMA, EGDMA, 1-decanol, and cyclohexanol had sufficient porosity to prepare 

packed beds of 6 cm or longer and yielded stable capillary columns upon removal from 

the pressure bomb.  Currently, the packing protocols are being transferred to poly (bis-

SorbPC)-coated particles so that frontal chromatographic analyses of salicylic acid or 

actetylsalicylic acid can be compared in columns packed with bare silica or poly (bis-

SorbPC)-coated particles to determine if poly (bis-SorbPC) acts as a lipid bilayer mimic 

for studying interactions between small molecules and lipid membranes.   
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CHAPTER 7: SUMMARY AND FUTURE DIRECTIONS 

7.1 SUMMARY 

Cellular signaling results in propagation of information between distal tissues, 

neighboring cells, and within an individual cell, allowing organisms to respond to internal 

and external stimuli.  In the nervous and neuroendocrine systems, cellular signaling is 

often initiated by binding of molecules to receptors in the plasma membrane.  Upon 

binding, transmembrane receptors undergo conformational changes which initiate 

signaling cascades in the cell.  Understanding signaling pathways is necessary for 

developing new treatments for various diseases.  The research presented here illustrates 

the development of novel methods and instrumentation using capillary zone 

electrophoresis (CZE) and capillary liquid chromatography (CLC) for analyzing small 

molecules and proteins to analyze cellular signaling (Figure 7.1). 
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Figure 7.1: Summary of projects presented in this dissertation and their relationship to 

cellular signaling.  

 

7.1.1  Photolytic optical gating and laser-inducted fluorescence detection of 

primary amines labeled with caged fluorophores 

 Behavioral responses result from changes in neurotransmitter (NT) concentrations 

in the extracellular space between neurons within seconds of the presentation of stimuli.  

Monitoring these events requires high temporal resolution, high sensitivity, and 

continuous sampling.  CZE-LIF detection coupled with POG yields a separation platform 

allowing simultaneous detection of multiple NTs.  Multiple online injection methods 

have been developed for CZE, yet POG allows for the shortest injection durations with 

the highest separation efficiencies.  POG injections occur when low background caged 

fluorophores are activated by UV light, causing an increase in the quantum yield of the 
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fluorophore.  POG has resulted in nM detection limits, though previous methods were 

limited due to utilization of UV laser lines for POG.  An UV-LED array (365 nm) was 

used for POG of caged fluorescein succinimidyl ester – labeled primary amines, common 

functional groups in NTs, followed by CZE-LIF with nM limits of detection.  This work 

demonstrated the first application of a UV-LED for POG-CZE-LIF.  

Currently, there are few commercially available caged fluorophores for use in 

labeling NTs for subsequent POG-CZE-LIF. Furthermore, the caged fluorescein 

succinimidyl ester used previously required 3 h for complete reaction with primary 

amines, preventing its use in temporal measurements.  A novel thiol-containing 

fluorescein (5(6)-(S(methyl-2-amidoethanethiol)fluorescein) was synthesized by David 

L. Roberts for rapid labeling of primary amines. o-phthalaldehyde acts as a bifunctional 

crosslinker between a primary amine and the fluorescein thiol, resulting in rapid 

formation of an isoindole while maintaining the fluorescent excitation and emission of 

fluorescein.  The fluorescein thiol was used to label mixtures of biogenic amines or 

reduced thiols followed by separation and detection via CZE-LIF.  Furthermore, a caged 

form of the fluorescein thiol was injected by POG with an UV-LED followed by CZE-

LIF.  This work illustrates the utility of this novel caged fluorophore for labeling primary 

amines and reduced thiols while providing higher temporal resolution of NT dynamics 

through faster labeling kinetics than commercially available dyes.  
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7.1.2 Capacitive coupled contactless conductivity detection of cellular second 

messengers 

 Inositol phosphates (IPs) are a class of sugars containing between one and six 

phosphate groups which propagate cellular signals, but are difficult to detect since they 

lack chromophores or electroactive functional groups.  However, at physiological pH, 

these compounds are highly charged due to the phosphate functional groups.  Using CZE-

C4D, a protocol for separating biological phosphates, including guanosine triphosphate, 

adenosine triphosphate, adenosine diphosphate, and inositol phosphates (IP4), was 

developed with µM limits of detection for these analytes.  This work shows the utility of 

C4D in detecting highly charged analytes which have previously been difficult to 

monitor. 

7.1.3 Multiplexing with Hadamard Transform capillary electrophoresis 

 The methods described above have limited sensitivity preventing their use in 

monitoring physiologically relevant concentrations of biological analytes.  When using 

an UV-LED array for POG, the intensity of UV light reaching the capillary was 

approximately 100 fold lower than when using UV-laser lines.  Since uncaging efficiency 

is dependent on light intensity, the lower intensity resulted in decreased amounts of 

uncaged material.  Furthermore, with C4D, analyte signals were measured on top of high 

background noise associated with the ionic content of the buffers used to maintain pH 

and electroosmotic flow in CZE; resulting in lower sensitivity compared to LIF.  For 

these reasons, a multiplexing method, Hadamard transform capillary electrophoresis 

(HTCE), was applied to these separations.  In HTCE, multiple, pseudorandom injections 
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are performed based on a cyclic, simplex matrix. The data collected by the detector 

represents the summed signals from multiple separations which are displaced in time.  

Deconvoluting the data yields a S/N enhancement proportional to the length of the matrix 

used for injection.  With HTCE, a 17-fold S/N enhancement was achieved using a 2047 

element matrix for POG-CZE-LIF with the UV-LED array.  The HTCE method was also 

applied to CZE-C4D separations, though enhancements less than the theoretical values 

were observed.  However, HTCE allows for enhanced sensitivity without instrument 

modification and only minimally increases the analysis time.  

7.1.4  Hybrid phospholipid bilayers as stable capillary coatings for protein 

separations 

Protein separations in CZE suffer from non-specific adsorption of analytes to the 

capillary surface.  Semi-permanent PLBs have been used to minimize adsorption, but 

must be regenerated regularly to ensure reproducibility.  HPBs are an alternative semi-

permanent coating formed by covalently modifying a support with a hydrophobic 

monolayer onto which a self-assembled lipid monolayer is deposited.  HPBs were 

formed, characterized, and used as capillary coatings for CZE protein separations.  HPB 

coatings resulted in EOF reductions associated with shielding of the silica surface and 

exhibited enhanced stability without coating regeneration.  Additionally, HPB columns 

were used for reproducible separations of cationic proteins. 



289 
 

7.1.5 Stabilized lipid bilayer stationary phases for incorporation of 

transmembrane proteins 

 Changes in transmembrane protein (TMP) activity can result in disease states. To 

find new, selective drug candidates, methods must be generated that present homogenous 

populations of TMPs in native conformations. A synthetic, separations-based platform for 

drug screening assays was developed by preparing stabilized phospholipid bilayer 

coatings on silica particles formed by redox polymerization of bis-SorbPC, a synthetic, 

polymerizable lipid. Using FM1-43, a lipid bilayer intercalating dye, and fluorescence 

microscopy or flow cytometry, these bilayers were observed to be stable when exposed to 

surfactant, organic solvents, and after storage for one month; suggesting their long-term 

utility as stationary phases in packed columns. Capillary columns packed with these 

stabilized, lipid-coated particles were prepared for frontal chromatography of salicylic 

acid, a molecule known to interact with lipids. These studies will show the stability of the 

polymerized bilayers under the sheer forces associated with laminar flow. This work 

provides the basis for future studies that will incorporate TMPs into the stabilized lipid 

bilayers. 
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7.2 FUTURE DIRECTIONS 

7.2.1 Enhanced sensitivity for POG with an UV-LED 

 When an UV-LED array was used for POG of caged fluorophores, the LODs of 

the caged compounds were approximately 100× greater than previous experiments in 

which UV-laser lines were used for POG.  This difference in sensitivity was attributed to 

the intensity differences of the light sources which resulted in different efficiencies for 

photolytic activation of the caged dyes.  To increase sensitivity, the UV-LED array 

should be replaced with a single, high-powered UV-LED that would provide a more 

consistent beam profile at the focal point of the capillary rather than having varying 

intensities in the horizontal and vertical dimensions due to the two-by-two matrix of 

LEDs.  Additionally, a high powered, single UV-LED may allow for low sample 

concentrations to be analyzed by HTCE.  A high powered, consistent beam should result 

in higher uncaging efficiencies, allowing lower sample concentrations to be analyzed, 

reducing the shot noise of the system, and yielding reproducible S/N enhancements. 

7.2.2  Development of a portable POG instrument for microchip separations 

LEDs are small light sources that have lower power consumption and longer 

lifetimes than lasers.  Additionally, LEDs are available in a wide spectral range with 

narrow bandpass.  These characteristics make LEDs ideal as light sources for portable 

and miniaturized instrumentation.  The work in Chapter 2 illustrated that an UV-LED 

array could be successfully used for POG of caged material.  Previous work in the 

literature illustrates that LEDs can be used as light sources for LED-induced fluorescence 
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detection.
68,69,72,271,272

  Thus, an instrument could be developed which used LEDs for both 

POG and detection, though the LED for POG should be a single, high powered UV-LED 

for the reasons discussed above.  This instrument would require much lower power 

consumption than lasers, making it ideal for portable instruments.  Additionally, the small 

size of LEDs makes this combination appropriate for microchip applications.        

7.2.3 HTCE - C4D 

 When HTCE was performed using a flow gate and C4D, the S/N enhancements 

were less than those predicted based on the length of the matrices used for injection.  The 

discrepancy in the S/N enhancement was assumed to be due to a non-random source of 

noise that was present when using the flow gate and C4D.  Yet, after analysis of the rms 

collected by the C4D after flowing buffer through the sample capillary and cross-flow 

channel, the non-random noise did not appear to be due to the presence of the flow gate.  

It is therefore likely that the non-random noise is associated with the C4D and may be 

due to the large sample volume which is monitored between the two electrodes of the 

C4D, as compared to optical detectors which monitor sample in a smaller volume.  To 

test this hypothesis, the S/N enhancement achieved with HTCE-C4D should be compared 

to a similar separation and detection method, such as HTCE with indirect absorption 

detection.  Histidine absorbs UV light, thus the same buffer and samples can be used for 

both methods, ensuring that analyte migration and electromigration dispersion are the 

same in both cases.  This method would allow the determination of whether the C4D 

itself limits the S/N enhancement that can be achieved with HTCE.   
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 Though the flow gate does not appear to be the source of non-random noise which 

is preventing S/N enhancement by HTCE, a microchip device with C4D could be 

prepared as an alternative separations platform.  A microfluidic device should allow for 

precise electrokinetic injections of material into the separation channel without the use of 

a flow gate.  However, to appropriately implement HTCE on this device, the electric 

fields which control injection may need to be shielded from data collected by the C4D to 

ensure excess noise is not added to the raw data before deconvolution.   

7.2.4  Polymerized phospholipid bilayers for minimizing protein adsorption in 

protein separations 

 HPBs were prepared on CPDS or ODS modified capillaries using one of two non-

polymerizable lipids, DLPC or DOPC.  These semi-permanent coatings showed enhanced 

stability compared to PLB coatings; however, the lipid monolayers were degraded by 

exposure to organics.  Previously, PLB coatings were formed after polymerization of bis-

SorbPC.
229,234

  These coatings showed enhanced stability compared to traditional PLB 

coatings, but lower efficiencies were observed for proteins separated in poly (bis-

SorbPC)-coated columns.
229

  The lower efficiencies may be associated with defects that 

form in the bilayers after polymerization, which minimize the shielding capacity of the 

bilayer and may allow non-specific adsorption to occur.
266

  A stable column with higher 

efficiency may result by modifying the capillary surface with a polymerizable monolayer, 

such as 3-(trimethoxysilyl)propyl methacrylate, onto which bis-SorbPC could self-

assemble.  The methacrylate groups may result in a more hydrophilic surface than CPDS 

or ODS modifications, though the hydrocarbon chain may provide sufficient 
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hydrophobicity to cause a lipid monolayer to self-assemble.  Different electrophoretic 

mobilities were observed when DLPC was used to form HPB-coated capillaries 

compared to PLB-coated capillaries.  These differences were attributed to differences in 

lipid packing in a bilayer and on a hydrophobic monolayer.  If bis-SorbPC was prepared 

as a monolayer in an HPB and then polymerized to a methacrylate-modified surface, a 

higher density of phosphocholine head groups might result, minimizing non-specific 

adsorption while maintaining the enhanced stability associated with polymerization of the 

bilayer.  

7.2.5  Preparation of tethered, lipid-containing stationary phases for liquid 

chromatography 

 Chapter 6 described the preparation of lipid bilayer coated silica particles for 

packing into capillary columns and use in frontal chromatography.  To achieve higher 

phospholipid densities within packed columns it may be beneficial to prepare stabilized 

bis-SorbPC vesicles and tether these structures to silica particles or monolithic stationary 

phases.  In ILC, biotin-functionalized vesicles are highly retained on avidin or 

streptavidin-functionalized supports.  Similar retention mechanisms may allow vesicles to 

be retained on modified silica particles or in monolithic columns.  Additionally, 

monolithic columns may provide a convenient alternative to forming frits and packing 

columns.   
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7.2.6  Incorporation of TMPs in lipid-containing stationary phases 

 Many TMPs require fluid membranes for maintained activity.  After 

polymerization, the membrane fluidity of poly (bis-SorbPC) is decreased.  Mansfield et. 

al. prepared patterned lipid bilayers of bis-SorbPC by forming a PLB on the capillary 

surface and using a mask and photoinitiated polymerization to polymerize sections of the 

PLB within the capillary.  The lipid that was not polymerized was then washed out of the 

capillary and could be replaced by fusion of SUVs formed from non-polymerizable 

lipids.  A similar approach may work for incorporation of TMPs into OT columns with 

patterned regions of bis-SorbPC.  After patterning, a solution of SUVs containing TMPs 

could be flushed through the column and incorporated at the regions were bis-SorbPC 

was not present.  Additionally, the presence of the bis-SorbPC patterning prevented the 

non-polymerizable lipids from migrating out of the columns.
273

  Thus, using patterned 

polymerized bilayers, TMP containing stationary phases could be generated and 

maintained within the columns.   
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APPENDIX A: FLUOROGENIC LABELING OF BIOGENIC AMINES FOR 

QUANTITATION BY CAPILLARY ELECTROPHORESIS 

 

A.1 INTRODUCTION 

Neurotransmitters (NTs) are chemical signals that propagate information between 

neurons.  When a presynaptic cell is depolarized, an influx of Ca
2+

 occurs, resulting in 

fusion of synaptic vesicles with the plasma membrane and release of their contents into 

the synaptic cleft.  The released NTs diffuse through the synaptic cleft and bind to 

receptors on neighboring cells initiating changes in the conductance of ion channels and 

propagating electrochemical signals.  NTs can cause either excitatory or inhibitory 

responses depending on the identity and direction of ion flux into or out of the cell.  

Furthermore, after NTs bind to receptors they are degraded or taken into the cell to 

minimize continued propagation of the signal.  Thus, alterations in the release, transfer, 

or reuptake of NTs results in abnormal physiological conditions, including depression 

and addiction.
133

 

To better understand neuronal signaling, we are developing methods to identify 

and quantify NTs within Manduca sexta, the tobacco moth.  The moth is chosen as a 

model organism since it uses many of the same neurotransmitters as humans and displays 

a variety of behaviors, including those associated with feeding and mating.  Through 

these studies we hope to gain a better understanding of the role that the chemical identity 

and ratio of neurotransmitters released in the brain play in an organism’s behavior. 
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 Of particular interest is understanding signaling within the antennal lobe (AL), the 

primary olfactory processing center in the insect brain.  Insect antenna are covered with 

olfactory neurons that express one or two types of transmembrane protein olfactory 

receptors (OR).  Neurons expressing the same ORs project to a single glomerulus, a site 

within the AL containing a cluster of synapses where multiple signals are processed.  

From each glomerulus, projection neurons (PNs) connect to higher centers of the brain 

associated with learning and behavior.  Multiple glomeruli are connected by local 

interneurons (LNs), which coordinate synchronous stimulation and enhance differential 

stimulation by augmenting signal from one glomerulus while silencing signals from 

others.
274-277

 

Serotonin (5-hydroxytryptamine, 5-HT) is an important neuromodulator in M. 

sexta.
278

  5-HT has been linked with neural plasticity changes associated with learning 

and memory,
276

 correlated with circadian rhythms and behaviors,
276,278

 and increases in 

the olfactory response to pheromones.
279

  On a molecular level, 5-HT increases the 

excitability of PNs and LNs within the AL by reducing the conductivity of two types of 

K
+
 channels.

276,278
  For these studies 5-HT is expected to be present within the samples, 

thus, it is necessary to utilize methods that allow the simultaneous detection and 

quantitation of 5-HT in addition to other common NTs and biogenic amines (Figure A.1). 
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 Figure A.1: Biogenic amine structures. 

 

NT quantification is challenging because (a) behavioral changes resulting from 

neurotransmission occur on the time scale of seconds to minutes, (b) neurotransmitters 

are released in small quantities and diluted by the large volumes surrounding cells, and 

(c) when sampling from a living organism it is necessary that only small volumes be 

removed so that the analyses do not interfere with homeostatis.
134

  Many studies have 

used electrochemical techniques with high temporal and spatial resolution to quantify 

released serotonin and dopamine in tissues and organisms; yet, the dynamics of only one 

or two NTs was monitored.
280-283

  Separation methods have been developed to 

simultaneously quantify multiple NTs within insects and mammals with the earliest 
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attempts using high performance liquid chromatography (HPLC) with electrochemical 

detection (ED).  These methods produced valuable information, but required large sample 

volumes and, similar to the electrochemical methods, only detected NTs that were 

electroactive, like 5-HT.
284-287

  In recent years, capillary electrophoresis (CE) has become 

more prominent in neurochemical studies since the technique uses small sample volumes, 

results in rapid separations, and is sensitive to low sample concentrations when coupled 

with ED or laser-induced fluorescence (LIF) detection.  Neurochemical studies with CE 

have examined NT storage within insect brains.
14-16,288,289

  Additionally, CE has been 

utilized to couple microdialysis sampling from rat brains directly to separation 

minimizing difficulties associated with handling and manipulating small sample 

volumes.
52,53,134,162,290-292

  Using various CE methods, 5-HT has been detected by ED 
14-

16,288,289
, laser induced native fluorescence (LINF) 

293,294
, and LIF after chemical 

derivatization.
290,291,295

 

Here we examined multiple fluorogenic reagents for labeling serotonin and other 

biogenic amines followed by separation and detection with CZE-LIF or micellar 

electrokinetic chromatography (MEKC) with LIF.  We have optimized the reaction and 

separation conditions to simultaneously quantify multiple NTs and examined the 

temporal resolution which can be achieved using each method. 
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A.2 EXPERIMENTAL 

A.2.1 Materials and reagents 

5-Furoylquinoline-3-carboxaldehyde (FQ) was purchased from Invitrogen 

(Carlsbad, CA).  Chromeo-P503 was purchased from Active Motif (Carlsbad, CA).  

Boric acid was purchased from Spectrum (Gardena, CA).  L-glutamic acid (Glu), L-

aspartic acid (Asp), γ-amino-n-butyric acid (GABA), 5-hydroxytryptamine (serotonin, 5-

HT), 3-hydroxytyramine (dopamine, DA), bovine serum albumin (BSA), naphthalene-

2,3-dicarboxaldehyde (NDA), potassium cyanide (KCN), mercaptopropionic acid 

(MPA), and 5(6)-carboxyfluorescein (CF) were purchased from Sigma (St. Louis, MO).  

Glycine (Gly) was purchased from Mallinckrodt chemicals (St. Louis, MO).  Sodium 

dodecyl sulfate (SDS) was purchased from Fisher (Pittsburgh, PA).  Methanol (MeOH), 

acetone, and dimethylformamide (DMF) were purchased from EMD (Billerica, MA).  

Octopamine (OA) was acquired from the Nighorn lab.  All other chemicals were obtained 

from VWR (Radnor, PA) and used as received.  Water was obtained from a Barnstead 

EasyPure UV/UF purification system.  Buffers were filtered using membranes with 0.2 

µm pores and degassed by bubbling with He before use. 

A.2.2 Sample preparation 

A.2.2.1 FQ derivatization 

 FQ (10 mg) was dissolved in MeOH (4 mL) yielding a 10 mM stock solution that 

was aliquoted into small tubes (20 µL per tube) and stored at -20 °C until use.  Before 
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labeling, a tube of FQ was removed from the freezer and dried under a stream of N2.  

Reactions were performed at a mole ratio of 1 primary amine: 5 CN
-
: 10 FQ.  Stock 

solutions of KCN and primary amines were made in 20 mM borate buffer, pH 9.5.  For 

each reaction, 4 µL 25 mM KCN and 2 µL of a 10 mM primary amine sample were 

added to the dry FQ, mixed, and incubated at 65 °C in the dark for 16 min.  Samples were 

diluted in running buffer prior to CZE-LIF or MEKC-LIF. 

A.2.2.2 Chromeo-P503 derivatization 

 Chromeo-P503 (1 mg) was dissolved in 0.1 mL DMF resulting in a 25.4 mM 

stock solution that was stored at 4 °C.  Daily, P503 was diluted to 1 mM in MeOH.  

Labeling small molecules occurred at a mole ratio of 2 P503: 1 primary amine.  Small 

molecules were labeled by combining 5 µL 500 µM biogenic amine sample, 5 µL 1 mM 

P503, and 15 µL 20 mM borate buffer, pH 9.5.  To label proteins, 5 µL 10 mg mL
-1

 

protein was combined with 5 µL 1 mM P503 and 15 µL 20 mM borate buffer, pH 9.5.  

All reactions occurred at 38 °C for 30 min in the dark followed by dilution before 

analyzing by fluorescence spectroscopy or CZE-LIF. 

A.2.2.3 NDA derivatization 

 NDA (2 mg) was dissolved in MeOH generating a 5 mM stock solution that was 

stored at 4 °C.  Labeling occurred at a mole ratio of 1 primary amine: 30 NDA: 300 CN
-
 

or MPA.  The stock solutions for KCN, MPA, and primary amines were prepared in 20 

mM borate buffer, pH 9.5.  For labeling, 12.5 µL 40 mM KCN or MPA, 1.7 µL 10 mM 

biogenic amine sample, and 10 µL 5 mM NDA were combined and the volume was 
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increased to 1.0 mL with 20 mM borate buffer, pH 9.5.  The reaction was allowed to 

proceed at room temperature in the dark for 25 min (or for the times indicated in the 

discussion) before dilution and analysis by fluorescence spectroscopy, CZE-LIF, or 

MEKC-LIF. 

A.2.3 Fluorescence spectroscopy 

Fluorescence excitation and emission spectra were collected for Chromeo-P503 

and NDA labeled primary amines using a 1.00 cm pathlength quartz cuvet (NSG 

Precision Cells Type 23ES; Farmingdale, NY) and a PTI QuantaMaster™ 

spectrofluorometer (Lawrenceville, NJ) with excitation and emission slits set to 1 or 2 nm 

bandpass. 

A.2.4 Capillary electrophoresis 

A.2.4.1 Instrumentation 

 FQ and Chromeo-P503 derivatized samples were detected using an air-cooled 

single-line Ar
+
 laser (Model 177-612 Series Laser Systems, Spectra-Physics, Mountain 

View, CA; 100 mW total power) operated at 50 mW.  The detection beam (488 nm) was 

focused into the center of the separation capillary using a plano-convex lens (f = 100 mm, 

Melles Griot, Irvine, CA, USA).  Sample was hydrodynamically injected into the 

separation capillary by raising the capillary inlet to 21 cm above the outlet for 5 s.  The 

fluorescence signal was collected using a microscope objective (10×, 0.25 N.A., 

Newport, Irvine, CA, USA) before passage through a spatial filter and a long pass filter 
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(LP 600, Chroma Technology, Rockingham, VT, USA). The signal was then detected by 

a photomultiplier tube (H957, Hamamatsu Photonics, Bridgewater, NJ, USA), current 

from which was amplified using a current amplifier (Model SR570, Stanford Research 

System, Sunnyvale, CA, USA), and collected by an A/D converter (PCI-MIO-16E-4, 

National Instruments, Austin, TX, USA) using in-house software written in LabView 

(National Instruments).  Electric fields were applied using a 30 kV power supply (CZE-

1000, Spellman High Voltage Corporation, Hauppauge, NY, USA). 

 NDA labeled samples were detected using  the 488 or 457 nm line of an Ar
+
 laser 

(Innova 70C series, Coherent, Santa Clara, CA), which was focused into the center of the 

separation capillary using a biconvex lens (f = 25 mm)  (Melles Griot).  The fluorescence 

signal was collected using a microscope objective (20×, 0.4 N.A., Melles Griot) before 

passing through a spatial filter and a band pass filter (D525 / 25 M, Chroma Technology, 

Rockingham, VT) for 488 nm excitation or a long pass filter (480 LP) for 457 nm 

excitation. Fluorescence was detected by a photomultiplier tube (H957, Hamamatsu 

Photonics, Bridgewater, NJ), amplified and filtered by a current amplifier (Model 428, 

Keithley, Cleveland, OH), and collected by an A/D converter (NI USB-6221, National 

Instruments) using in-house software written in LabVIEW.  Electric fields were applied 

using a 30 kV power supply (CZE-1000, Spellman High Voltage Corporation, 

Hauppauge, NY). 
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A.2.4.2 Separations 

CZE separations were performed in 20 mM borate buffer at either pH 8.3 or 9.2.  

MEKC separations were performed in 20 mM borate buffer with 25, 45, or 60 mM SDS, 

pH 8.3 or 9.0, with or without 5 % organic modifier (v/v). 

A.2.4.3Capillary preparation 

Before use, capillaries (25 or 50 μm i.d.; 360 μm o.d.; Polymicro Technologies, 

Phoenix, AZ) were washed with consecutive rinses of 0.1 M HCl, H2O, 0.1 M NaOH, 

H2O, and running buffer for 5 min each. 

A.2.5 Data filtering 

A median filter was used to remove occasional high frequency system 

interference peaks from the electropherograms using a window size of 10. 
165
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A.3  RESULTS AND DISCUSSION 

 Some NTs, including GABA and Glu, contain neither chromorphores nor 

electroactive groups; therefore, derivatization is necessary for detection.  When 

performing separations which are coupled to push-pull or microdialysis sampling, the 

label must react rapidly with the analytes of interest to maintain high temporal resolution 

and excess label cannot interfere with analyte detection.  For these reasons, fluorogenic 

labels which have increased quantum yields after covalent reaction with analytes and 

faster reaction times than fluorescent probes were used for labeling the primary amine 

functionality of biogenic amines. 

A.3.1 Biogenic amine derivatization with FQ 

Initial studies utilized FQ and CN
-
 to derivatize primary amines yielding 

fluorescent products with λex = 488 nm and λem = 590 nm.  The labeling reaction is 

presented in Figure A.2. 

 

Figure A.2: Derivatization of primary amines with FQ and cyanide. 

 

 Under physiological conditions 5-HT is positively charged due to the protonated 

primary amine (pKa = 9.97),
296

 but following labeling with FQ and CN
-
 a neutral product 



305 
 

results.  Neutral FQ-labeled products are also observed for DA and OA; thus, MEKC was 

used to separate these labeled analytes.  Figure A.3 shows three MEKC separations of 

FQ-labeled DA (50 nM) and 5-HT (250 nM) with potential fields of 476 V cm
-1

 (i), 357 

V cm
-1

 (ii), and 238 V cm
-1

 (iii).  Decreasing the potential field proportionally decreases 

the velocity of the electroosmotic flow (EOF), resulting in more time for the analytes to 

partition between the aqueous and micellar phases before detection and increasing the 

resolution of the analyte peaks.  At 476 V cm
-1

, a single peak was observed (tmig = 163 s), 

signifying that the analytes were not separated.  When the potential was decreased to 357 

V cm
-1

, a peak with a shoulder was detected (tmig = 243 s) indicating that the decreased 

EOF provided more time for the analytes to partition, resulting in increased resolution.  

When the field strength was further decreased to 238 V cm
-1

, the two analytes were still 

represented by a single peak with a shoulder (tmig = 381 s), though this peak was broader 

than that observed at 357 V cm
-1

.  Thus, with the lowest potential field, the decreased 

EOF provides more time for the analytes to interact with the micellar phase, but this 

beneficial interaction is minimized by the increased longitudinal diffusion of the analytes 

and minimal increases in resolution are obtained. 
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Figure A.3: MEKC separations of FQ-labeled DA (50 nM) and 5-HT (250 nM) with 

different potential fields: 476 V cm
-1

 (i), 357 V cm
-1

 (ii), and 238 V cm
-1

 (iii).  

Electropherograms are offset for clarity.  50 µm i.d. capillary; injection time = 5 s; 20 

mM borate buffer with 25 mM SDS, pH 8.3; detection λex = 488 nm. 

 

 FQ-derivatized 5-HT and DA were separated using a potential field of 205 V cm
-1

 

and an MEKC buffer containing 60 mM SDS (Figure A.4).  The resolution of the two 

peaks under these conditions was 1.5 ± 0.2 illustrating baseline resolution.  Yet, with this 

low potential field and high concentration of SDS, the migration times of the analytes 

were around 800 s.  This separation time is on the order of many HPLC methods which 

have been coupled to microdialysis sampling, though for many HPLC separations, the 

time is required both for collecting a sample volume large enough to be detected and to 

provide sufficient time to resolve the analytes.
134

  Thus, this MEKC method would not 

provide the necessary temporal resolution for monitoring NT dynamics in systems which 

couple sampling directly to separation. 
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Figure A.4: MEKC separation and assignment of FQ-labeled analyte peaks.  

Electropherograms represent 250 nM DA (i), 250 nM 5-HT (ii), and a mixture of 100 nM 

DA and 100 nM 5-HT.  Electropherograms are offset for clarity.  E = 205 V cm
-1

, 50 µm 

i.d. capillary; injection time = 5 s; 20 mM borate buffer with 60 mM SDS, pH 9; 

detection λex = 488 nm. 

 

 MEKC separations were also performed using 45 mM SDS and organic additives 

to increase the partition coefficient of the analytes between the aqueous and micellar 

phases.  Figure A.5 shows separations of FQ-labeled DA (100 nM) and 5-HT (100 nM) 

with either 5 % MeOH or acetone added to the MEKC buffer.  The resolution between 

the labeled analytes was 1.23 ± 0.05 or 2.2 ± 0.3 with the addition of 5 % MeOH or 

acetone, respectively.  Unfortunately, with the added acetone the migration times were 

greater than 15 minutes, limiting the utility of this approach in making temporally 

resolved measurements from M. sexta.  Thus, FQ derivatization resulted in neutral 

products which can be resolved by MEKC, though the long separation times prevents 

these methods from being coupled to online sampling. 
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Figure A.5: MEKC separation of FQ-labeled DA (100 nM) and 5-HT (100 nM) with 

organic modifiers in the running buffer.  Electropherograms are offset for clarity.  E = 

205 V cm
-1

, 50 µm i.d. capillary; injection time = 5 s; 20 mM borate buffer with 45 mM 

SDS with 5 % organic modifier (v/v), pH 8.3; detection λex = 488 nm. 

 

A.3.2 Derivatization with Chromeo-P503 

 Chromeo-P503 is a dye which exhibits significant blue shifts in absorbance and 

an increased quantum yield after conjugation to a primary amine (Figure A.6).  This dye 

was utilized since a cationic charge is maintained after labeling, making it ideal for 

separating derivatized 5-HT from DA or OA since separation could be based on the 

charge-to-size ratio of the analytes rather than on partitioning. 
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Figure A.6: Derivatization of primary amines with Chromeo-P503. 

 

 Chromeo-P503 was previously used for labeling peptides 
31

 and proteins.
297-301

  

Thus, fluorescence emission spectra were first collected for P503-labeled BSA and Gly, a 

model protein and small molecule, respectively.  The fluorescence emission spectra are 

presented in Figure A.7 (λex = 503 nm).  After reaction of BSA with P503, a maximum 

fluorescence emission was observed at 610 nm (Figure A.7A).  Additionally, the 

fluorescence intensity of the labeled protein was significantly higher than a sample of 

P503 which was reacted under the same conditions, but without a primary amine present 

in the reaction mixture.  Taken together, these emission spectra indicate that the protein 

was labeled with P503.  On the other hand, Figure A.7B shows that after reacting Gly 

with P503 the resulting conjugate had low fluorescence emission intensity which was 

similar to that for the dye reacted under the same conditions but without a primary amine 

(λex = 503 nm).  This data suggests that P503 either did not derivatize the primary amine 

of Gly or the environment surrounding the dye-Gly conjugate differed from that for the 

dye-BSA conjugate leading to different fluorescence intensities.  Since biogenic amines 
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within organisms are in aqueous solvents, collected samples are labeled, separated, and 

detected using aqueous buffers; thus, extensive studies were not undertaken to determine 

if altering the solvent system increased the fluorescence intensity associated with the dye-

Gly conjugate. 
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A 

 

B 

 

Figure A.7: Fluorescence spectra of P503-labeled analytes.  Black spectra represent the 

fluorescence emission of labeled-BSA (A) or Gly (B).  Grey spectra (A and B) represent 

fluorescence emission of Chromeo-P503 after incubating the dye under the reaction 

conditions.  Chromeo-P503 was present at 250 nM when collecting all spectra.  For all 

spectra λex = 503 nm with 1 nm slit widths for both excitation and emission. 
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 To verify that Chromeo-P503 was not useful for labeling small molecules, 

samples of BSA and 5-HT were labeled and subjected to CZE-LIF.  Figure A.8 shows 

separations of P503-labeled BSA (A) and 5-HT (B).  Both electropherograms are plotted 

in comparison to P503 reacted under the same conditions but without a primary amine 

present in the reaction mixture.  After labeling 5-HT, no additional peaks were observed 

in the electropherogram.  However, the P503-derivatized BSA sample had an additional 

peak in the electropherogram, indicating that the protein was labeled and detected by LIF.  

Chromeo-P503 labels the primary amine in the R-group of lysine.  FQ and other 

fluorogenic dyes which label the same functional group in proteins neutralize the charge 

of the R-group resulting in a protein sample with a distribution of charges and sizes due 

to the different number of labels covalently bound to each protein within the sample.  

This distribution results in a broader peak during CZE separation and decreases the 

efficiency.  Chromeo-P503 is therefore an ideal dye for derivatizing protein samples 

since it maintains the charge of the primary amine functionality after labeling, resulting in 

higher efficiency separations.  This data shows that Chromeo-P503 is useful for labeling 

and detecting proteins; yet, it is not practical for  labeling small molecules since the 

resulting fluorescence cannot be detected by fluorescence spectroscopy or LIF when 

coupled to CZE. 
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A 

 

B 

 

Figure A.8: CZE-LIF of Chromeo-P503 labeled primary amines.  (A) Electropherograms 

of (i) 250 nM P503 and (ii) P503-labeled BSA (250 nM).  (B) Electropherograms of (i) 1 

µM P503 and (ii) P503-labeled 5-HT (1 µM).  For both (A) and (B) electropherograms 

are offset for clarity.  E = 476 V cm
-1

, 25 µm i.d. capillary; injection time = 5 s; 20 mM 

borate buffer, pH 8.3; detection λex = 488 nm. 
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A.3.3 Derivatization with NDA 

  NDA labeling requires the presence of an amine and a nucleophile to form the 

derivatization product.  NDA and CN
-
 have been used for offline and online 

derivatization of biogenic amines collected from microdialysis probes before injection 

and separation by CE.
162,292,302-305

  Yet, the product of the reaction is neutral if the amine-

containing molecule does not have other charged functional groups.  Since MEKC 

separations of FQ-labeled analytes required high concentrations of SDS or organic 

modifiers and long separation times, NDA labeling reactions were performed using 

MPA.  MPA contains a thiol and a carboxylic acid which are the nucleophile in the 

derivatization and a charged functional group in the reaction product, respectively (Figure 

A.9). 

 

Figure A.9: Derivatization of primary amines with NDA and MPA. 

 

Fluorescence spectra of biogenic amines labeled with NDA / MPA were collected 

to establish the optimum excitation and emission wavelengths for LIF detection of 

labeled analytes.  Figure A.10 shows fluorescence spectra of NDA / MPA-labeled GABA 
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(A) and Gly (B).  These spectra show that the dye conjugates can be excited at 488 nm, 

though the maximum excitation is approximately 440 nm.  Furthermore, the fluorescence 

spectra show that there is a difference in the fluorescence associated with the two labeled 

amino acids.  Using the same experimental conditions, the fluorescence intensity of 

labeled Gly was higher than that of labeled GABA. 
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A 

 

B 

 

Figure A.10: Fluorescence spectra of NDA and MPA labeled GABA (A) and Gly (B).  

Black spectra represent the excitation (solid) and emission (dashed) spectra after NDA-

labeling of the amino acid (167 µM).  Grey lines represent the excitation and emission 

spectra for a blank sample containing all reaction components except the primary amine.  

For each excitation scan, λem = 520 nm; for each emission scan, λex = 440 nm; 2 nm slit 

widths for both excitation and emission. 
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The spectra in Figure A.10 were collected after a 25 min reaction.  Another set of 

spectra were collected using shorter reaction times (30 s, 7 min, and 13 min) to determine 

when the fluorescence reached a maximum.  This experiment showed that the highest 

fluorescence resulted with the shortest reaction time and the intensity decreased as the 

reaction time increased.  Figure A.11 illustrates a separation of 5-HT and DA after 

derivatization with NDA / MPA for 30 s.  The electropherogram shows that the peaks are 

well resolved using CZE as the separation mechanism.  This was anticipated since the 

analytes were separated based on differences in their charge-to-size ratios rather than on 

partitioning between micellar and aqueous phases.  Though the samples could be 

separated and detected by CZE-LIF, the concentrations of the detected analytes were high 

(2 µM), suggesting that (1) the excitation wavelength was not optimized, (2) the dye-

conjugate is degrading during separation, decreasing the quantity of material that can be 

detected, or (3) the dye-conjugate has a low quantum yield or long fluorescence lifetime. 
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Figure A.11: CZE-LIF of 5-HT (2 µM) and DA (2 µM) labeled with NDA and MPA.  E 

= 444 V cm
-1

, 25 µm i.d. capillary; injection time = 5 s; 20 mM borate buffer, pH 8.2; 

detection λex = 488 nm. 

 

Biogenic amines were labeled with NDA and CN
-
 to compare the resulting 

fluorescence intensity and reaction product stability to that associated with NDA / MPA-

labeled analytes.  The labeling reaction using CN
-
 as the nucleophile is shown in Figure 

A.12. 

 

Figure A.12: Derivatization of primary amines with NDA and cyanide. 

 

 First, fluorescence spectra were collected for an NDA / CN
-
-labeled amino acid to 

determine the optimum excitation wavelength for LIF detection.  Ye et. al. demonstrated 



319 
 

that proteins and peptides labeled with NDA / CN
-
 could be detected by LIF with 488 nm 

excitation.
306

  However, Siri et. al. showed that amino acids labeled with the same 

derivatization components were not excited at 488 nm.
307

  Figure A.13 shows excitation 

and emission spectra for NDA / CN
-
-derivatized GABA.  These spectra indicate that the 

labeled amino acid has a strong excitation at 457 nm, though it is not excited at 488 nm.  

Additionally, the labeled amino acid had fluorescence intensities two orders of magnitude 

greater than when labeled using MPA as the nucleophile.  This suggests that that there is 

a difference in the fluorescence properties for the reaction products when using different 

nucleophiles. 
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Figure A.13: Fluorescence spectra of an NDA and CN
-
 derivatized biogenic amine.  

Black spectra represent the excitation (solid) and emission (dashed) spectra of NDA-

labeled GABA (250 nM).  Grey lines represent the excitation and emission spectra for a 

blank sample containing all reaction components except GABA, the primary amine.  For 

each excitation scan, λem = 520 nm; for each emission scan, λex = 440 nm; 1 nm slit 

widths for both excitation and emission. 

 

 After collecting fluorescence spectra, mixtures of biogenic amines were labeled 

with NDA / CN
-
 followed by separation and detection by MEKC-LIF.  As with FQ-

labeling, the positive charge associated with the primary amine functionality in 5-HT is 

removed after derivatization; thus, MEKC is necessary to separate NDA / CN
-
-labeled 5-

HT and OA.  Figure A.14 shows electropherograms of derivatized GABA, 5-HT, OA, 

and a mixture of biogenic amines.  Each electropherogram contains a peak for CF, which 

was added as a marker.  Labeled OA and 5-HT had similar migration times when run 

individually, though they migrated as a single peak when a mixture was injected.  This 

indicates that using these separation conditions, the compounds cannot be resolved.  

Attempts to further increase the resolution of the two analytes by increasing the 

surfactant concentration or adding organic solvents were not made since experiments 
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with FQ showed that these changes resulted in longer migration times and a reduction in 

the temporal resolution that can be achieved when coupling sampling directly to 

separations. 

 

Figure A.14: MEKC – LIF of biogenic amines labeled with NDA and CN.  

Electropherograms represent 3 nM CF (i), 500 nM 5-HT (ii), 500 nM OA (iii), and a 

mixture with 500 nM GABA, OA, and 5-HT (iv).  Electropherograms are offset for 

clarity.  E = 333 V cm
-1

, 25 µm i.d. capillary; injection time = 5 s; 20 mM borate buffer 

with 45 mM SDS, pH 8.3; detection λex = 457 nm. 

 

 Examining the electropherograms for NDA-labeled biogenic amines, the reactions 

which utilized CN
-
 appeared to result in conjugates with higher fluorescence intensity 

than when derivatized with MPA.  Yet, a fair comparison could not be made since 

detection of the NDA / CN
-
-labeled analytes utilized excitation at 457 nm, whereas NDA 

/ MPA-derivatized compounds were excited at 488 nm.  To compare the fluorescence 

intensity and optimum reaction length for each nucleophile, amino acids were labeled for 

varying lengths of time, diluted, and analyzed by CZE-LIF with 457 nm excitation.  

Figure A.15 shows the resulting peak heights after offline labeling with CN
-
 (A) or MPA 

(B) for 0.5, 2, 10, or 15 min.  When using CN
-
, the peak height for each amino acid 
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increased with increasing labeling time.  This suggests that more of the dye-conjugated 

product is formed during the 15 min labeling time.  Additionally, since the peak height 

for each labeled amino acid increased throughout the 15 min interval, labeling appears to 

be occurring more rapidly than degradation and the reaction product can be considered 

stable within this time frame.  This conclusion was supported by a study by Manica et. al. 

which reported that NDA and CN
-
 could be used to label amino acids for up to 60 min 

without degradation of the reaction products.
308

  On the other hand, when labeling with 

MPA, the magnitude of the peak heights was significantly lower than when using CN
-
, 

though the same separation and detection conditions were used for both analyses.  Thus, 

labeling with NDA / MPA results in higher LODs compared to when CN
-
 is used as the 

nucleophile.  Characterization of a similar fluorogenic dye, o-phthalaldehyde, has shown 

that altering the thiol in the labeling reaction can change both the stability and quantum 

yield of the isoindole product.
197

  Furthermore, the peak height for GABA was at a 

maximum after 30 s of labeling and decreased with longer reaction times.  The peak 

heights for Glu and Asp increased during the first 10 min of reaction, but decreased with 

longer labeling times.  This data demonstrates that the optimum labeling conditions are 

different for different biogenic amines.  Additionally, the reaction products do not appear 

to be stable for more than 10 min.  The work by Manica et. al. also examined the stability 

of amino acids labeled with NDA and a different thiol, β-mercaptoethanol.  They 

observed that the fluorescent reaction product degraded with pseudo-first order kinetics 

and had a 2 min half-life.  They suggested that the stability differences in the reaction 

products were due to the thiol being a better leaving group than CN
-
.
308

  Similarly, MPA 
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may act as a better leaving group than CN
-
, decreasing the reaction product stability.  In 

conclusion, these experiments show that labeling with MPA results in a charged product 

increasing the speed and resolution of separating labeled analytes; however, the products 

have lower quantum yields and limited stability, minimizing the utility of this method in 

detecting biological concentrations of these analytes. 
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A 

 

B 

 

Figure A.15: Comparison of reaction product stability using NDA with CN (A) or MPA 

(B).  Peak height was calculated from 3 CZE-LIF electropherograms showing the 

separation of a mixture of amino acids (1 µM) following labeling.  For each run a fresh 

sample was labeled. 
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A.4  CONCLUSIONS AND FUTURE DIRECTIONS 

 This work shows that biogenic amines, including 5-HT, can be labeled using 

various fluorogenic dyes, separated with MEKC or CZE, and detected by LIF; yet, none 

of the methods presented here are ideal for directly coupling sampling of NTs from M. 

sexta to derivatization and separation.  FQ and NDA / CN
-
 were successfully used to 

label 5-HT, DA, and OA.  Using high concentrations of SDS or organic modifiers in 

micellar buffers, FQ-labeled 5-HT and DA were resolved.  Unfortunately, the separations 

were long, taking more than 10 min, preventing them from being coupled directly to 

sampling methods where high temporal resolution is necessary to observe signaling 

dynamics within an organism.  To achieve resolution of labeled analytes with shorter 

separation times, fluorogenic labels which maintained a charge on the analytes after 

derivatization were utilized.  Chromeo-P503 was effective for labeling proteins, though 

labeled small molecules were not detected by LIF.  Additionally, NDA / MPA 

derivatization resulted in charged analytes after reaction, allowing the compounds to be 

resolved by CZE.  However, the labeled analytes had low fluorescence intensities and 

poor stability, limiting detection of biogenic amines sampled from M. sexta where the 

physiological concentrations are likely to be less than the sensitivity of the method.  Yet, 

these experiments show that charged biogenic amines can be well resolved using CZE.  

Thus, in future studies it would be ideal to perform separations of unlabeled analytes 

followed by post column labeling and detection.  Detection would require derivatization 

with fluorogenic reagents that had rapid reaction kinetics, such as o-phthalaldehyde 

(OPA) with β-mercaptoethanol (BME) or NDA and CN
-
,
 
to ensure that the compounds 
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exiting the column were labeled before detection.  Post column labeling has previously 

been achieved for CE separations using a sheath flow cuvette.  Additionally, post column 

detection generally results in higher sensitivity than on capillary detection due to the 

reduced scatter.  Thus, post column labeling could result in high resolution separations 

and enhanced sensitivity. 
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APPENDIX B: PUBLICATIONS 

A version of Chapter 2 has been published as: E.S. Gallagher, T.J. Comi, K.L. Braun, 

and C.A. Aspinwall, “Online photolytic optical gating of caged fluorophores in capillary 

zone electrophoresis utilizing an ultraviolet light-emitting diode”, Electrophoresis 2012, 

33, 2903-2910.   

A version of Chapter 3 is in preparation for publication as: D.L. Roberts, E.S. Gallagher, 

S.N. Kok, K.L. Gotto, S. Hapuarachchi, B.Z. Olenyuk, and C.A. Aspinwall, “Synthesis 

and utilization of caged thiol-functionalized fluorescein for rapid coupling and analysis of 

amines and thiols.” 

A version of Chapter 5 has been submitted for publication to Electrophoresis as: E.S. 

Gallagher, S.M. Adem, L.K. Bright, I.A.C. Calderon, E. Mansfield, and C.A. Aspinwall, 

“Hybrid Phospholipid Bilayer Coatings for Separations of Cationic Proteins in Capillary 

Zone Electrophoresis.” 

A version of Chapter 6 is in preparation for publication as: E.S. Gallagher, E. Mansfield, 

S.M. Adem, and C.A. Aspinwall, “Highly-Stabilized Phospholipid Bilayers as Novel 

Stationary Phases for Capillary Liquid Chromatography.” 
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