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ABSTRACT

Capillary electrophoresis (CE) is a separation technique based on the differential 

migration of charged species in an electric field. The separation o f proteins is not always 

possible since they tend to adsorb onto the capillary surface. Herein, cationic surfactants 

are employed to improve cationic protein separations in a simple and inexpensive way.

Surfactants such as didodecyldimethylammonium bromide (DDAB) adsorb onto 

fused silica capillaries to form semi-permanent bilayer coatings. However, initially such 

coatings had to be regenerated between runs to maintain efficiency and reproducibility. 

My studies demonstrate that reducing the capillary diameter and the volume o f buffer 

flushed through the capillary enhance the coating stability. Chemical factors such as 

ionic strength and nature o f the buffer anion, which decrease the critical micelle 

concentration (cmc) o f the surfactant, improve the coating stability. The stability of the 

surfactant coating can also be increased with increasing the hydrophobicity of the 

surfactant monomers (i.e., increasing chain length and decreasing cmc). Over 60 

successive separations were performed on a dimethyldioctadecylammonium bromide 

(2 Ci8DAB) coated capillary over a 12-day period, without any regeneration o f the 

coating. The separation efficiencies for four model cationic proteins ranged from 1.2-1.4 

million plates/m for the dimethylditetradecylammonium bromide (2 C 14DAB) coating to 

0.3-0.4 million plates/m for the 2CisDAB coating.

The enhanced stability of the surfactant coatings made possible their use to 

separate proteins at preparative scale levels using wide bore capillaries. At protein 

concentrations greater than 1 g/L, electromigration dispersion became the dominant 

source of band broadening, and the peak shape distorted to triangular fronting. Matching
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o f the mobility o f the buffer co-ion to that o f the analyte resulted in dramatic 

improvements in the peak shapes at preparative scales. The maximum sample loading 

capacity o f 160 picomoles o f each protein was achieved in a single run with a 100  pm- 

2 C 14DAB coated capillary.

Finally, off-line coupling o f preparative CE with the microwave-assisted acid 

hydrolysis (MAAH) for protein characterization was described. The protein separations 

and characterization were performed within an hour. Furthermore, the amino acid 

sequence o f the protein can be read directly from one spectrum. The peptide sequence 

coverage achieved by CE/MAAH was 95%.
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X Distance

z Charge on the solute ion

a Degree o f ionization o f weak acid

P Slope of straight line

5 Thickness of the stagnant mobile phase

5, Sub-layer thickness in the stagnant mobile phase

A h Height difference

AP Pressure difference applied across the capillary

Av Apparent migration velocity difference

T Injection time
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rj Solution viscosity

a  Standard deviation

cr2 Variance

fi Electrophoretic mobility

Ho Absolute mobility at the infinite dilution

Hz Effective electrophoretic mobilities o f the buffer co-ion

fiapp Apparent electrophoretic mobility

/ib Effective electrophoretic mobilities o f the buffer counter-ion

He Effective electrophoretic mobility

fiEOF Electroosmotic flow mobility

Hobs.corr Corrected observed mobility

p s Effective electrophoretic mobilities o f the sample

S  Thickness o f stagnant layer o f water under stirred conditions

Si Sub-layer in the stagnant layer

V|/0 Surface potential

\j/d Potential at the outer Helmholtz plane

k  Electrical conductivity

k ~x Thickness of the electric double layer

s  Dielectric constant o f the solvent

ex Molar absorptivity

X Wavelength

XM Molecular conductivity at infinite dilution

£ Zeta potential

p  Density

T Surface excess
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CHAPTER ONE: Introduction

Capillary electrophoresis (CE) is an efficient analytical technique that can 

achieve extremely rapid and well resolved separations. The other advantageous 

characteristics including simplicity, high separation efficiency, small sample 

consumption and automation, make CE very popular in many research areas including 

biological, pharmaceutical, environmental and industrial analyses. The successful 

contribution o f CE to the Human Genome Project illustrates the powerful capabilities of 

this technique [1]. Since it was an invaluable and powerful separation tool for the 

genome, it is predicted that CE could make a similar impact on the determination o f the 

proteome- the map o f the proteins encoded by the genome. For proteomic applications, 

large scale separation procedures are recommended to isolate and collect enough sample 

components for further studies including identification and characterization o f the 

proteins. However, separation o f proteins using CE is not always possible, and in some 

cases proteins fail to elute from the capillary. The primary objective o f this thesis is to 

develop methods for protein separations by CE using simple and inexpensive coating 

technology to isolate and collect pure proteins for identification and characterization.

1.1 History

Electrophoresis is the migration of charged molecules in solutions under the 

influence o f an electric field. Although the basic concepts of electrophoresis had been 

recognized for a long time, the moving boundary method developed by Tiselius had made 

feasible analysis o f complex mixtures such blood plasma [2]. The electrophoresis 

experiments were performed in free solution in a quartz U-tube, and the analytes were
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detected by UV-absorbance. In 1948, Tiselius was awarded by the Nobel Prize for the 

developing of this method. However, the separation o f proteins was not possible due to 

thermal convection within the solution. Thus, supporting mediums such as filter paper or 

gels were employed to reduce the convective mixing [3, 4], In the 1970s, isoelectric 

focusing (IEF) followed by electrophoresis o f proteins in a gel slab containing sodium 

dodecyl sulphate (SDS) was introduced [5]. The SDS imparts a constant charge-to-mass 

ratio onto the proteins, and then the gel separates the proteins based on their sizes. Two- 

dimensional gel electrophoresis (2D-gel) is now one of the most important techniques for 

proteomic applications.

In 1967, Hjerten described an apparatus for free zone electrophoresis using high 

electric fields and capillaries of 300 pm inner diameter [6 ]. The thermal convection 

effects were reduced by rotating the separation compartment about its longitudinal axis. 

Although this technique was novel and powerful, it failed to become a routine method 

due to its complexity. It was the pioneering work o f Jorgenson and Lukacs in 1981 that 

demonstrated the significant potential o f free solution electrophoreses in narrow 

capillaries (75 pm i.d.) [7]. This technique of capillary electrophoresis (CE) became 

very popular due to its ease o f automation and the commercial availability of high-quality 

narrow-bore capillary. Interest further increased after commercial CE instrumentations 

appeared on the market in 1989. Since then, CE continues to impact the separations o f a 

wide variety o f molecules including large biomolecules. In addition to providing 

extremely high separation efficiencies, CE offers substantial advantages over 

conventional gel slab electrophoretic techniques such as reproducibility, quantitative 

capabilities, and ease-of-automation. Furthermore, using narrow capillaries allows high
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electric fields to be used. This shortens the separation time from hours for classical 

electrophoresis to minutes for capillary electrophoresis.

1.2 Principles of Capillary Electrophoresis

1 .2.1  Instrum entation

A schematic diagram of the major components o f a CE system is shown in Figure 

1.1. The basic set-up of the system consists of: a narrow capillary extended between two 

buffer reservoirs to support the separating buffer; a high voltage source to provide an 

external electric field gradient across the capillary; and a detector to monitor the 

separated species from sample mixture. Typically, the capillaries are made of fused silica

D ata processing

High Voltage 
Power 

(1-30 kV)

Sample Buffer Buffer

Figure 1.1 Schematic diagram of a capillary electrophoresis system.
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with inner diameters o f 10-100 pm and lengths 20-100 cm. The fused silica capillaries 

are externally coated with polyimide allowing them to be flexible. The most significant 

advantage o f utilizing narrow capillaries is their effective dissipation of heat generated by 

the electrical resistance of the electrolyte within the capillary. The direct current (DC) 

power supply should provide voltages up to 30 kV across two electrodes, usually made 

up of platinum, inserted in the two distinct buffer reservoirs. Higher voltages (e.g., 40 

kV) causes dielectric breakdown o f the fused silica resulting in arc to the bench or 

student [8 ].

To perform a good separation, the capillary should be filled with separating buffer 

before sample injection. The sample injection is simply performed by replacing the inlet 

buffer reservoir with a sample vial. There are two injection techniques currently used in 

CE. The first is the hydrodynamic mode where the sample is injected by applying 

pressure or vacuum at one end of the capillary. The number of moles of the sample 

injected can be computed using Poiseuille’s law multiplied by the sample concentration 

(Cs,o):

APk  r 4r
amount = -------------C s0 (1.1)

8 r]Lt

where AP  is pressure difference applied across the capillary, r is inner radius, r is 

injection time, T) is solution viscosity, and L, is capillary total length. All experiments in 

this thesis used hydrodynamic injection.

The other mode is electrokinetic injection. Once the sample vial is in place, 

sample is introduced into the capillary by applying a voltage for a fixed period of time. 

The amount o f sample loaded depends on the electrokinetic phenomena, in particular
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electroosmotic mobility (juEOf) and solute’s electrophoretic mobility (ue) (Section 1.2.2 

and 1.2.3). The amount o f the sample loaded can be computed using:

, ( M e o f  + M e ) x  r 2 v *  „ „amount = ---------------------------Cs0 (1-2)
A

where V is applied voltage, and the other terms are defined as for eq. 1.1.

After sample injection, the capillary ends should be well immersed in the buffer 

reservoirs prior to the application of the electric field. Also, the buffer in the two 

reservoirs should be at the same level to avoid siphoning (Section 1.4.5) [9]. Upon the 

application o f electrical voltage across a capillary, electroosmotic flow is generated inside 

the fused silica capillary and sweeps the separated analytes to the detector side. The 

separation mechanism in CE is based on a molecule’s electrophoretic mobility (Sections

1.2.2 and 1.2.3). Optical detection is typically performed on-column through a window 

created by removing (burning) the external polyimide coating from a segment of capillary 

a few centimeters before the outlet o f the capillary. Most of the studies in this thesis use 

on-column UV detection for the protein separations. Mass spectrometric detection is 

performed on the material at the outlet of the capillary either on-line using electrospray 

ionization (ESI) mass spectrometry or off-line using matrix-assisted laser desorption/ 

ionization (MALDI) mass spectrometry. In Chapter Five, off-line detection using 

MALDI will be employed for protein identification and characterization.

1.2.2 Electroosmotic Flow

Electroosmosis is the flow of liquid induced by an applied external electric field 

in the vicinity o f a charged surface. It is usually explained using the Stem-Gouy- 

Chapman model of the electrical double layer at a charged interface. The surface of
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fused silica, the most frequently used capillary in capillary zone electrophoresis (CZE), 

possesses about ~5 silanols/nm2 of weakly acidic silanol (-SiOH) groups (average pKa 

~5.3) [10]. At pH above 3, some of the silanol groups are dissociated leaving an excess 

o f negative charge on the capillary wall. To maintain charge balance, excess cations 

from the buffer solution are attracted to the immediate proximity o f the capillary wall. 

Simultaneously, the co-ions in the vicinity o f the solid surface are repelled away from the 

capillary surface due to electrostatic repulsion. This nonhomogeneous spatial distribution 

o f charge is known as the electrical double layer and is shown in Figure 1.2 for a 

negative charged surface.

Distance from Capillary W all

QQ.

^ ° Q  IHR Plane of shearOHP

Stern
layer

Diffuse Double Layer Bulk
Solution

O  Solvent molecule

©  Nonsolvated cation

+AD Solvated cation

—a D Solvated anion

Figure 1.2 Schematic diagram of the electric double layer and the potential profile as a 
function o f distance from the capillary wall. Diagram is drawn for a negatively charged 
surface, such as the CE capillary, according to Gouy-Chapman-Stem Model.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7

According to the Stem-Gouy-Chapman model [11, 12], the double layer is 

divided into an immobilized compact layer and a mobile diffuse layer (Figure 1.2). The 

part of the compact layer adjacent to the surface contains strongly oriented solvent 

molecules and non-solvated cations that are strongly bound to the solid surface by 

electrostatic and other cohesive forces. The plane defined by the centers of the non- 

solvated cations is called the inner Helmholtz plane (IHP). In the compact layer, another 

plane known as the outer Helmholtz plane (OHP) is located just after the IHP and is 

defined by the centers o f the immobilized solvated counter ions that are electrostatically 

adsorbed to the solid surface. The area between the wall and the OHP is referred to as 

the Stern layer. The plane o f  shear is formed at the outer edge o f the compact layer, i.e., 

at or slightly beyond the OHP or Stem layer. The counter-ions in the immobilized Stem 

layer do not fully neutralize the surface charge. The excess negative charge at the plane 

o f shear is compensated by the excess positive charge in the diffuse layer that extends 

from the OHP to the bulk solution. The ions in the diffuse part o f double layer are 

mobilized because o f the thermal agitation.

Within the Stem layer, the negative potential at the surface (i|/0) drops linearly to 

\j/d at the OHP due to the strongly adsorbed non solvated and solvated cations, as 

depicted by the solid curve in Figure 1.2. Beyond the OHP, the potential decays 

exponentially within the diffuse layer until it reaches zero in the bulk solution. The 

corresponding potential at the plane of shear is referred to as zeta (Q potential. The 

thickness o f the diffuse region of the double layer ( k ~1 in m) is given by:

F  V 2000/
(1.3)
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where F  is the Faraday constant (96485 coulombs/mole), e is the dielectric constant of 

the solvent, R is the gas constant, T  is the absolute temperature, and I  is the ionic strength 

o f the solution. In aqueous solution (s=  78.49) at 25°C, the values of /r_l range from 4.3 

nm at 1= 0.005 M to 0.96 nm a t /=  0.1 M [11],

Upon application the electric field across the capillary, the excess positive 

charged species in the diffused double layer are drawn to the negative electrode and drag 

the bulk solution along with them. This produces a flow referred to as the electroosmotic 

flow  (EOF). The mobility o f the electroosmotic flow (j i EOf )  is expressed by the 

Helmholtz-Smoluchowski equation:

(1-4)E TJ

where the vE0F is the velocity o f the electroosmotic flow, and E  is the electric field 

strength. As shown in Figure 1.3, the velocity of the EOF increases radially from zero at

Q © O © Q
O

© O
0  ^  S O 

® e  ®

§ © 0 ® @ G ^ © ® 0® 
0  ©

MEO F t *  °  ®
' ~ o  

© o  ©

© © t r tb  “ffi m

Figure 1.3 Schematic diagram of the flat profile o f the electroosmotic flow.
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the immobilized Stem layer to its maximum velocity at the boundary between the double 

layer and the bulk solution. Since the thickness of the diffuse part o f the double layer is 

negligible compared to the capillary inner diameter, the liquid within the tube is 

considered to move as a plug with a uniform velocity distribution across the capillary 

diameter.

Based on eq. 1.4, the EOF is directly dependent on the C, potential which is related 

to surface charge and the thickness of the double layer. These, in the case o f fused silica, 

are highly affected by the buffer pH, the ionic strength and the nature o f the ions in the 

double layer [10, 13-15]. Temperature has an indirect effect on the EOF via the 

viscosity. For instance, the electroosmotic mobility is calculated to increase by 2-3% per 

°C in the range 20-100 °C [16]. In general, the electroosmotic mobility is only dependent 

on the surface charge density of the capillary and the buffer conditions and not on the 

capillary dimensions such as the length and the inner diameter o f the capillary, as long as 

the inner diameter is significantly greater than seven times the thickness o f the double 

layer [17].

1.2.3 Electrophoretic Mobility

Under the influence of the external electric field, charged analytes migrate in the 

direction of that field. The difference in the migration rate of the analyte species is the 

basis of the separation mechanism by electrophoresis. Electrophoretic mobility (ji) is 

defined as the ratio o f the migration velocity (v) of analyte over the applied electric field 

(E). That is,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

The electrophoretic mobility for a certain ionic species in a given medium is a 

constant material property o f that ion. This mobility is a function of the electric force 

that the ion experienced (Fg) and its frictional retarding force (Fg) through the medium it 

migrates. In a uniform electric field, the driving electric force o f an ion is given by:

F e = qE  (1.6)

where q is the net charge o f the ion. As the ion migrates through the solvent, it is 

subjected to a dragging frictional force which is proportional to its velocity. From Stokes 

law, the friction coefficient (/) opposing movement of a small spherical particle in a 

medium of viscosity ( rj) is related to the Stokes’ radius of the ion (rs), that is the radius of 

the solvated spherical ion (the sum of the crystallographic ion radius and the solvent shell 

surrounding the ion) as it migrates through the solution. Therefore,

F f = - f v  = - 6  nqrsv (1.7)

Under infinite dilution condition, it is assumed that there are no electrostatic 

interactions among the ions. When the steady state is attained during electrophoresis 

process, the retarding and driving electric forces are balanced, and the ion migrates at a 

constant velocity. Thus,

qE -  6xr]rsv (1.8)

Rearrange the above equation:

— = — (1. 9) 
E 6xrjrs

This proportionality yields the equation that describes the electrophoretic mobility in 

terms of physical parameters, i.e.,

= ( 1.10)
6nq rs
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This is the most commonly used expression in CE, and it is known as the Hiickel 

equation. The separation mechanism in CZE is based on the differences in the 

electrophoretic mobility o f ionic species. This can arise from the difference in the net 

charge on the ionic species and/or the differences in the frictional properties, i.e., the size 

or shape, as inferred from eq. 1.10. In addition, the electrophoretic mobility is 

independent on the electric field gradient and capillary dimensions. However, the 

temperature, ionic strength and buffer pH have critical effects on the ion mobility [18].

1.2.3.1 Absolute Electrophoretic Mobility

The absolute electrophoretic mobility is the mobility o f a fully charged species in 

a solution with zero ionic strength (at infinite dilution). It is a characteristic constant that 

depends on the intrinsic properties o f  the ionic species (charge and size) and the solvent. 

Accordingly, the solvent impact on absolute mobility is apparently due to its viscosity. 

The temperature has an indirect effect on the mobility via viscosity. Increasing the 

temperature reduces the viscosity and thus enhances the analyte electrophoretic mobility 

[18].

It is possible to correlate the molecular conductivity (A.M) and the absolute 

mobility at the infinite dilution (p0) [12] by:

where F  is the Faraday constant. It is very beneficial to estimate the ion mobility using 

molecular conductivity data in the literature [19], as a starting step for theoretical 

calculations and stimulations o f ion migration. Experimentally, the absolute mobility can 

be determined by using conductivity [20, 21] and capillary electrophoresis [22]. In 

capillary electrophoresis, for example, the absolute mobility can be determined by
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measuring the mobility for full solute charge at different ionic strength and extrapolated 

the mobility to zero ionic strength, which gives the mobility at the infinite dilutions [23].

1.2.3.2 Effective Electrophoretic Mobility

The Hiickel equation provides a useful description of the solvent effects on the 

ion mobilities at infinite dilution, i.e., absolute mobility. However, in practice CZE is 

always performed at finite ionic strengths and thus the analyte mobility is referred to as 

the effective electrophoretic mobility (jue). The effective mobility o f charged ionic 

species can be calculated from the migration time of the analyte (/M) and the migration 

time of electroosmotic flow ( tEOF) using the following equation:

1 1

V tE O F  J

( 1. 12)

where Ld and L, are the capillary length to detector and total length respectively, and V is 

the applied voltage.

In an electrolyte solution, the effective charge o f the solute is less than the net 

charge as a result o f the screening influence o f the counter-ions in the solution [24, 25]. 

As the reference ion moves under the influence o f the electric field gradient, its ionic 

atmosphere lags behind the reference ion, resulting in a deformation of the ionic 

atmosphere to an egg shape. As a consequence, a relaxation effect is created due to the 

columbic interactions between the reference ion and its lagging ionic atmosphere. In 

addition, the ionic atmosphere introduces an electrophoretic effect resulting from the 

movement of the ionic atmosphere in response to the applied electric field. Both the 

relaxation and electrophoretic effects retard the motion o f the reference ion, and these 

effects become more pronounced at high ionic strength. The contribution of the effects
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of the ionic atmosphere on ion mobility o f a fully ionized solute ion is described by Pitts’ 

equation for ionic strengths up to 0.1 M [23]:

V7
Mt = M o ~ A z  ( U 3 )

(1 + 2.4V /)

where A is a constant, z  is the charge on the solute ion, cB is the buffer concentration, and 

/  is the ionic strength o f the buffer given by:

7 = 4 1 ^  <u 4 >
*  k

The pH also has a significant effect on the effective electrophoretic mobility for 

systems with weak acid or base functionalities. Under the condition pKa-2< pH< pKa+2, 

for example, the buffer pH has a great impact on the degree of dissociation of a weak acid

and thus on the effective charge of its ionic species. The equilibrium between the ionized

and neutral component of weak acid is rapid. Therefore, the solute behaves as a single 

partially ionized entity [26]. The influence o f the pH on the effective mobilities for a 

monovalent weak acid (PL4) is described by [25]:

- = i +-10^ ~ ^ r ^ -  ( 1 1 5 )

where a  is the degree o f ionization of the weak acid and n A- is the effective mobility of

the fully ionized solute (A '). As a result of the sensitivity of the effective mobilities of 

weak electrolytes with the buffer pH, varying the buffer pH can alter the selectivity 

between weak electrolytes solutes with different pKa.

Due to its amphoteric nature, the magnitude and the direction of the effective 

electrophoretic mobility o f a protein depends mainly on the medium pH [27]. The pH at 

which a protein possesses no net electric charge is known as its isoelectric point (p/). At
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this pH (buffer pH equivalent to the p/), no effective electrophoretic mobility of the 

protein is attained. However, when the buffer pH is slightly higher than the pI, the 

protein’s overall charge is negative as a result o f the deprotonation o f some of its basic 

functional groups. Under these conditions, its effective electrophoretic mobility is 

towards the anode. The electrophoretic mobility o f the protein increases with increasing 

buffer pH until full deprotonation o f all the basic functional groups occurs. On the other 

hand, when the buffer pH is slightly lower than the p/, the overall charged state o f the 

protein is positive due to the partial protonation of its acidic functional groups. As the 

buffer pH decreases further, the protein’s effective electrophoretic mobility increases 

until full protonation o f the acidic functional groups takes place. The electrophoretic 

mobility of protein at low pH is directed towards the cathode. Protein separations in CZE 

will be discussed in depth in Section 1.5.

1.2.3.3 Apparent Mobility

The observed migration o f ionic species in CZE is a combination o f the effective 

electrophoretic velocity o f species and the bulk electroosmotic velocity o f the electrolyte 

buffer. The apparent mobility of the charged solute species is calculated by:

u  (1.16)^  V P  y  V )

where L j and L, are the capillary length to detector and total length respectively, tM is the 

migration time o f the ionic species, and V is the applied voltage. The apparent mobility is 

also a function o f both the effective mobility o f the ionic species and the electroosmotic 

flow:

M a p p = M EO F + Me  ( L1?)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



15

Since the neutral species experience no mobility under the influence o f the 

electric field, their apparent mobility is equivalent to the EOF, and no separation between 

different neutral species occurs. As shown in Figure 1.4, the effective mobility of the

Detector

Migration time

Figure 1.4 Schematic diagram showing a capillary zone electrophoresis separation (top 
diagram) and the resulting electropherogram at the detector.
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cations and the electroosmotic flow have the same direction (co-EOF), and so the 

mobilities of cations are enhanced by the EOF. Thus, the peaks for cations appear before 

the EOF peak. In contrast, the anions migrate against the EOF (counter-EOF). As long 

as the magnitude o f the effective mobility o f the anion is less than the EOF (which is 

commonly true), the anions will be swept towards the detector by the EOF and their 

peaks appear after the EOF peak. However, if the effective mobility of an anion is faster 

than that of the EOF, no peak will be detected in the direction o f the EOF [28].

1.3 Detection

The minute amount o f sample injected into CZE makes the criteria for the 

detection system more challenging. The criteria that must be considered when choosing a 

detector for analysis include sensitivity, selectivity, linear range and cost. More 

importantly, the response o f the detection system should be reproducible and 

proportionally related to either the amount or the concentration o f the analytes. A wide 

variety of detection modes have been employed in CZE with varying degrees of success. 

Common detection modes include: absorbance; fluorescence [29]; electrochemical [30]; 

and mass spectrometric detection. In general, on-line UV absorbance is the most 

common detection method even though its sensitivity is low relative to other detection 

modes utilized for CZE. Mass spectrometric techniques have been given much attention 

in the recent years, in particular for biological analysis. In this thesis, my emphasis is 

centered on both on-line UV-absorbance (direct mode) and off-line mass spectrometric 

detection due to their importance in proteomic applications.
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1.3.1 On-line UV Absorbance

UV absorbance detector is the most popular mode utilized to monitor the CZE 

separations due to its simplicity, robustness, easy to handle, and lack o f chemical 

modification required for detection. The large majority o f compounds absorb in the UV 

region in their native state. Furthermore, the analyte maintains its original identity after 

detection (nondestructive detection mode), and thus UV absorption can be used in 

conjunction with other analytical tools.

In the direct mode, the UV detector measures the analyte absorbance at a single 

wavelength. The light source is typically a deuterium lamp (190-600 nm). The UV cut

off for fused silica is about 170 nm [31]. Thus, the capillary itself acts as the cuvette. In 

the Beckman MDQ used in my work, the desired wavelength is selected by a filter. After 

the light passes through the transparent capillary window, the transmitted light is 

collected by photodiode detector to convert the photocurrent to voltage which in turn is 

converted to absorbance unit after amplification [32].

When the analyte absorbs light, it is promoted to an excited electronic state. As a 

consequence, the intensity o f the transmitted light reaching the detector decreases. 

According to the Beer-Lambert’s law, the amount of light absorbed by the analyte is 

proportional to its concentration (C),

log(P0 /P )  = A = £i bC  (1.18)

where P0 is the intensity of the radiation incident on the analyte, P  is the intensity of 

radiation transmitted by the analyte, A is the analyte absorbance, sk is the molar 

absorptivity at the selected wavelength, and b is the optical path length. Since the 

capillary is cylindrical, the average optical path length is less than the inner diameter of
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the capillary. As a result of short the optical path length, the detection limit is relatively 

high in the range o f 10‘6-10'7 M with a linear dynamic range o f three to four decades [33, 

34]. Several approaches have been developed to enhance the detection sensitivity and 

decrease the detection limit such as utilizing a bubble cell [35], Z-type or U-type flow 

cell [34, 36], or multi-reflection cell [37]. However, these approaches are not very 

practical in the CE, since they trade off sensitivity with extra band broadening or add 

more complexity to the detection methods.

1.3.2 Mass Spectrometric Detection

Mass spectrometry has the greatest potential among the detectors employed to 

CZE, since it can determine the molecular mass and structural information of the analyte. 

There are several types of MS detectors, among them ion trap, quadrupoles, time-of- 

flight (TOF), and Fourier transform ion cyclotron resonance. CZE can be coupled to any 

o f the MS detectors either on-line such as electrospray ionization (ESI) [38] or off-line 

such as matrix-assisted laser desorption/ionization (MALDI) [39],

1.3.2.1 ESI

The electrospray ionization is a soft ionization process based on converting the 

analyte ions in solution into ions in the gas phase using a high electric field [40]. ESI is 

very effective in ionizing large biomolecules, such as proteins, because a solvent-aided 

transfer of analyte ions to the gas phase assists the formation o f multi-charged analyte 

ions. Three common types of interfaces have been constructed for coupling CE with 

ESI-MS. These include coaxial liquid sheath-flow [41], sheathless [42] and liquid- 

junction interfaces [43]. The coaxial liquid flow has the advantage o f simple and 

reproducible construction over the other interfaces. However, the external liquid flow
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dilutes the analyte, reducing the sensitivity of the system. The sheathless and the liquid- 

j unction interfaces are more sensitive. However, the construction o f these interfaces is 

difficult to perform. The detection limit for the CE-ESI-MS was ranging from 100 [41] 

to 0.5 femtomoles [44] for proteins, depending on the type of the interface.

1.3.2.2 MALDI

Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry is a soft 

ionization process introduced for the analysis o f nonvolatile biomolecules such as 

proteins. A schematic diagram o f the MALDI is presented in Figure 1.5. It employs the 

energy from a laser to ionize biopolymers from a dry mixture o f the analyte and matrix 

[45]. The key to successful MALDI analysis is the proper combination of matrix 

material and laser wavelength. The matrix is usually a small organic molecule that 

absorbs at the wavelength o f the laser. The roles o f the matrix are: to entrap analyte into 

the matrix-analyte co-crystal; to isolate the analyte molecules so that they do not 

aggregate; to absorb energy from the laser beam and then readily evaporate into the gas 

phase; and to aid the analyte ionization process [46]. When the laser pulse strikes the 

dried well-mixed matrix-analyte mixture, the energy is mainly absorbed by the matrix 

molecules and rapidly converts the mixture into a plume o f vaporized materials [47].

The exact mechanism by which the ionization process for proteins happens is still 

under debate, but the most plausible mechanism involves gas phase proton transfer from 

the matrix to the analyte [48,49]. Generally, when proteins mixed with the matrix 

material, two major signals in the mass spectra, corresponding to singly and doubly 

protonated protein molecules, are produced, i.e., [M+H]+ and [M+2H]2+ [50]. However, 

if  buffer cations such as sodium or potassium are presented in the sample mixture,
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proteins might appear as mixed ion species ([M+H]+, [M+Na]+, or [M+K]+). As MALDI 

depends on pulsed laser radiation for ionization, the most common mass analyzer coupled 

with MALDI is time-of-flight (TOF) mass spectrometers [51].

Coupling of CE to MALDI-MS is usually performed off-line by fraction 

collection. The collected analyte is mixed with the MALDI matrix and deposited on the

»  Analyte 

o Matrix

Target
plate

Target laser
plate

r°„o
00

— DetectorField Free Region

Figure 1.5 Schematic diagram illustrating the matrix-assisted laser desorption/ 
ionization (MALDI) process with time-of-flight (TOF) mass analyzer.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

target plate prior to MS detection. Several features make MALDI suitable for biological 

sample separation by CE including simplicity of spectra, tolerance to a variety of 

separation conditions, and compatibility with inexpensive TOF mass spectrometers. The 

absolute sensitivity o f analysis are in the low femtomole range [52]. Off-line MALDI- 

MS detection is used in Chapter Five of this thesis.

1.4 Band Broadening in CE

In CE, like all other separation techniques, the separation resolution of two 

components is based on the difference o f the migration velocity of the analyte species 

relative to the broadening effects. Separation resolution (Rs) between two adjacent peaks 

is defined as [31, 53]:

ft _ 2(̂ M2~̂ Ml) ^
w, + w2

where tM is the migration time, and w is the base line width of the peak. If the peak is

Gaussian, the w is equal to 4 standard deviation ( a )  o f the peak, and thus [31, 53],

R s =  ( 1 2 0 )
2(<r, +<t2)

The subscripts 1 and 2 refer to the two adjacent peaks.

The separation efficiency, expressed in number o f theoretical plates (N ), is an 

important parameter to describe the separation performance and is given by:

N  -  — O- 21)
a tol

where Ld is the capillary length to the detector, and a]ot is the total variance o f the analyte

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



22

peak. The resolution is also related to the square root o f the theoretical plate number. In 

terms o f apparent electrophoretic velocity, the resolution equation is given by:

where Av is the apparent migration velocity difference between the two analytes, and vave 

is their average migration velocity [54], Therefore, it is important that the dispersion 

phenomena be minimized to enhance the separation efficiency as well as the resolution. 

These dispersion factors include extra-column effects, longitudinal diffusion, thermal 

effects, electromigration dispersion, hydrodynamic effects, and adsorption of the analyte 

to the capillary wall.

In analogy to chromatographic methods, the peak height model can be utilized to 

estimate the contributions of the above dispersive factors to the peak broadening by 

computing the plate height associated with each factor. The plate height (H) is related to 

the theoretical plate number and is defined as the variance (a fot) of the peak per unit 

distance along the zone displacement distance, i.e., capillary length to the detector (Ld),

The total variance represents all the individual variances generated from the 

dispersion factors that occur during the separation process. If each dispersion factor is 

assumed to act independently, the variances from each factor can be summed together to 

compute the total peak variance:

where a? is the variance generated from the extra-column effect, longitudinal diffusion,

( 1.22 )

(1.23)

(1.24)
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thermal, electromigration, hydrodynamic and adsorption, respectively. Since the 

variance is directly proportional to the plate height (eq. 1.23), the contribution of the 

dispersion factors can also be expressed in terms of plate heights:

H  = H ex+ H D+ H T + H EMD+H H + H Ad (1.25)

1.4.1 Extra-column Band Broadening

Extra-column band broadening (Hex) includes time-independent broadening 

factors due to injection and on-line detection. The injection and detection are considered 

to have the major contribution to the total plate height [55]. Therefore,

(1-26)

where Hinj is the plate height contribution to the injection plug length, and H<jet is the 

variance due to detection volume.

1.4.1.1 Injection

In CZE, the injection of sample plug into the capillary is performed either by 

applying pressure or voltage (Section 1.2.1). The shape and the length of the injection 

plug length have significant contribution to the overall peak broadening. For a 

rectangular plug length, the plate height contribution generated due to injection is given 

by:

/ / . .  (1.27)
mj 12 Ld

where linj  is the injection plug length. However, the plate height expression due to 

injection will be different for non-rectangular injection profiles [56]. Upon applying 

pressure injection, for instance, a parabolic profile at the front o f the injection plug would 

be inserted as a result of the laminar flow. This would add an extra broadening to the
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solute zone [57], However, consideration of this refinement to the injector band 

broadening is not necessary in the present discussion.

A reasonable approximation for the maximum permissible injection length (as 

defined by a 10% increase in the overall plate height [58]) is given by:

= V2-4 b 'm (1-28)

where tM is the migration time, and D  is the diffusion coefficient of the analyte [59]. As 

inferred from the above equation, the injection plug length is significantly affected by 

analyte properties such as size and mobility. Thus, the injection plug length for fast 

migrating analytes should be smaller than the large slow migrating analytes to keep the 

injection broadening not pronounced. In practice, eq. 1.28 corresponds to the 

recommendation that the injection plug length should not exceed 1 to 2% of the total 

capillary length depending whether fast or slow migrating analytes are analyzed [60, 61].

1.4.1.2 Detection

Using on-line UV-detection, the detection window is determined by the length of 

the slit along the column (/<&,). The plate height contribution resulting from on-column 

detection with a rectangular slit aperture is:

/
( 1 2 9 )

Broadening due to detection can be reduced by decreasing the silt aperture, but this may 

reduce the radiant power (P0) reaching the detector and thus increasing the detector noise 

[33]. A reasonable approximation for the maximum permissible detection window (as 

defined by a 10% increase in plate height) is [59]:

- - J ^ D l „ (1.30)
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Experimentally, the on-line UV-detection silt aperture length in the range o f 0.1 to 1 mm 

is commonly utilized [34],

Another source o f broadening that is related to the detector is detection rise time 

(the time required for the detector output to increase from 10 to 90%). Since the 

separation in CZE is rapid, the detector rise time should be minimal in order to guarantee 

a sufficiently quick response to not broaden the peaks. Additionally, the data sampling 

rate (data acquisition) should be sufficient to have actual representative o f the peak. In 

the Beckman MDQ used in this work, the detector rise time is dictated by the data 

sampling rate selected (P/ACE System MDQ Software Reference Manual, page 2-129). 

For instance, if  the data sample rate of 4 Hz is chosen, the detector rise time is 0.7 sec, 

whereas at sampling rate o f 32 Hz, the detector rise time would be 0.08 sec.

1.4.2 Longitudinal Diffusion

Diffusion is the movement o f the analyte molecules under the influence o f a 

concentration gradient. When a sample is injected into a capillary, analyte molecules 

start to diffuse away from the center o f the sample zone where the analyte concentration 

is the highest. With time, the concentration profile as a function o f distance becomes 

Gaussian. The Einstein equation (eq. 1.31) relates the variance caused by the molecular 

diffusion with the time allowed for the diffusion to occur (solute migration time, tM, in the 

case o f CZE),

a l = 2 D t M (1.31)

where D is the diffusion coefficient of the analyte. Consequently, the plate height due to 

longitudinal diffusion (HD) is:
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2 Dt
H d = ~ t JL  0-32)

Ld

The plate height is only dependent on the migration time, and thus it depends on 

the apparent migration velocity (vapp) of sample zone in the capillary [62], By 

substituting the migration time from eq. 1.16 into 1.32 yields:

H d = 2D ± = 2^ = W  ( 133 )
u V u  E v• a p p  ‘ aPP aPP

In the absence of Joule heating (Section 1.4.3), increasing the applied electric field 

increases the apparent migration velocity o f the analyte, which reflects a decrease in the 

contribution o f longitudinal diffusion broadening factor [7].

1.4.3 Thermal Effects

The major limitation of increasing the electric field to speed up the analysis time 

and reduce the diffusional broadening is thermal or Joule heating broadening. Upon 

application the electric field across the capillary, heat is generated due to the passage of 

the current through the buffer within the capillary. As a consequence, the overall 

temperature o f the buffer increases. However, heat loss through the capillary wall to the 

surrounding creates a radial temperature gradient within the capillary. It was assumed 

that the temperature profile is parabolic if  the buffer resistivity within the capillary is 

independent temperature [63].

The temperature difference between the center of the capillary and its wall is 

increased by the amount o f electric current generated within the capillary, i.e., increases 

with the electric field strength or the capillary inner diameter. Since the electrophoretic 

mobility increases with temperature (Section 1.2.3), the mobility of the analyte molecules
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at the center o f the capillary is faster than that of analyte molecules near the walls. The 

plate height contribution o f Joule heating broadening to the total peak broadening (Hr) is 

[64]:

E Ar 6K 2B 2 

r 2 4 D ( S k J 2 - E 2kt2B ) 2 V°pp

where D  is the diffusion coefficient, B  is a constant, r is the capillary radius, E  is the 

electric field strength, k  is the electrical conductivity of the background electrolyte 

solution, kb is the thermal conductivity o f the solvent, Tw is the temperature o f the 

capillary inner wall, and vapp is the analyte apparent velocity. The plate height 

contribution is strongly dependent on the capillary diameter, as shown in eq. 1.34. In 

addition, the electric field strength and the buffer conductivity significantly affect the 

plate height generated by Joule heating.

Experimentally, Joule heating is monitored by measuring the current across the 

capillary as the applied voltage is increased, i.e., generating an Ohm’s plot. A linear 

relationship between the observed current and the applied voltage indicates that Joule 

heating broadening is not significant. However, at high voltage a positive deviation from 

linearity occurs. This disproportionate increase in current with voltage indicates that the 

temperature excessively increased in the capillary and the broadening contribution due to 

thermal dispersion will be significant [65].

To minimize the plate height originating from Joule heating, the apply voltage 

should be in the linear portion o f the Ohm’s plot. Using buffers with low conductivity 

such as borate, Tris, and Bis-tris buffer, or reducing the concentration of the buffers with 

high conductivities will extend the linear portion o f Ohm’s plot, and thus higher voltages 

can be applied. However, care must be taken for decreasing the buffer concentration
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since one could obtain highly triangular peaks due to electromigration dispersion (Section 

1.4.4) [66], More importantly, decreasing the capillary inner diameter causes a dramatic 

decrease in temperature difference between the capillary center and its wall (sixth order 

dependence on radius in eq. 1.34). With narrow capillary, the surface-to-volume ratio is 

large resulting in efficient heat dissipation and thus decreases the broadening due to Joule 

heating. In practice, capillaries with inner diameter in the range o f 25 to 100 pm are most 

frequently employed in CE.

1.4.4 Electro migration Dispersion

Under ideal conditions, symmetrical-shaped peaks are obtained where the 

broadening is mainly dominated by the longitudinal diffusion. Such symmetrical peaks 

are observed when the sample-to-buffer concentration ratio is below 10‘2 [67]. However, 

at high sample-to-buffer concentration ratio peaks often exhibit significant tailing or 

fronting with a typical triangular-shaped. Such triangular peaks indicate that the 

broadening is dominated by electromigration dispersion [68].

Electromigration dispersion results from changes in the local electric field 

strength in the analyte zone compared to the normal buffer [60]. The concentration 

profile of the analyte zone is strongly affected by the difference in the electrophoretic 

mobility between the analyte and the buffer co-ion. This mobility difference causes the 

local electric field strength in side the analyte zone to vary. Thus, analyte ions migrate at 

different velocities, and band broadening results.

When the analyte has an effective mobility higher than that of the buffer co-ion, 

the fast analyte ions outrun the buffer co-ions and exit the leading boundary of the 

original analyte zone into the buffer. When the analyte ions cross the boundary, the
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concentration profile o f the analyte becomes distorted with the concentration at the rear 

boundary being higher than that at the leading boundary. As a consequence, the electric 

field strength becomes low at high analyte concentration. Thus, the velocity of the 

analyte in the migration direction decreases at higher analyte concentration, whereas it 

speeds up at the regions with low analyte concentration. This results in the formation of 

sharp rear side and diffuse leading side in the analyte zone. Therefore, a fronting 

triangular peak is produced in the detector, as shown in Figure 1.6a. In contrast, the 

electric field gradient increases with analyte concentration when the analyte mobility is
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Figure 1.6 Schematic diagrams illustrating the concentration profile o f the analyte zone 
and the expected peak shape at the detector as a function of mobility difference between 
the analyte and the buffer co-ion.
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slower than that o f the buffer co-ion. This results in an increase in the analyte apparent 

velocity in the migration direction with concentration. Thus, a sharp side is formed at the 

front of the analyte zone, producing a tailing triangular peak at the detector (Figure 1.6b). 

No electromigration dispersion occurs if  the mobilities o f the analyte and the buffer co

ion are equivalent [67],

The plate height due to electromigration dispersion (H£MD) is [69, 70]:

jj. _ 2£ / injC Sj0|&EMD| ^  ^
-“ emd — n  U - 3 6 )

9cbvw

where E  is the electric field, lmj is the analyte injection length, Cs,o is the initial analyte 

concentration, cB is the buffer concentration, vapp is the apparent velocity o f the analyte 

within the capillary, and kEMD is the electromigration dispersion factor. The value of kEMD 

can be calculated from the electrophoretic mobilities o f the buffer constituents and the 

analyte ions. For non-protolyzing analyte (S+), kEMD is given by [67, 71]:

l. _  (/4 ~//s) / 1
EMD I  \  ( 1 . 3 6 )

("A, + H>)Ms

where ^ a, jub and /is are the mobilities of the buffer co-ion, the buffer counter ion and the 

sample, respectively. The ArEMD is constant for a sample zone in the electrophoretic buffer 

during the separation process. In case o f protolyzing analyte, the increase in analyte 

concentration also causes a change in the pH in the analyte zone affecting the migration 

rate by the change in the effective mobility o f the analyte in the sample zone. Thus, kEMD 

for protolyzing analyte is dependent on the local conductivity as well as the relative 

changes o f the effective mobility as a result o f the pH change [69]. As shown in eq. 1.35, 

the broadening contribution from electromigration dispersion can be minimized by 

decreasing the sample-to-buffer concentration ratio. This can be performed by increasing
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the buffer concentration or diluting the sample under investigation. The first approach is 

limited by Joule heating as the increased buffer concentration will increase the current 

generated within the capillary. The second approach is not very practical since it exerts 

more demands on the sensitivity o f the detection system. The best approach to minimize 

the electromigration dispersion is to keep the kEMD value as low as possible. This can be 

done by choosing a buffer with a co-ion effective mobility as close as possible to the 

mobility of the analyte [72]. Matching of the effective mobility of the buffer co-ion to 

that of the analyte results in dramatic reduction in the plate height and near symmetrical 

peak can be produced. This is illustrated in Chapter Four, where resolution and 

efficiency in preparative protein separations are strongly affected by the choice o f buffer 

co-ion.

1.4.5 Siphoning

The presence o f hydrodynamic flow during the separation process can result in a 

devastating loss in separation efficiency. The hydrodynamic flow, also known as 

siphoning, is generated due to the difference in the buffer level in the vials at the inlet and 

outlet ends of the capillary. The velocity profile of siphoning flow, as all pressure driven 

flow, is characterized by its parabolic nature [9]. Since the siphoning flow occurs during 

the separation process, it might be added to or subtracted from the apparent velocity of 

the solute. The plate height contribution o f the siphoning {Hh) is [73]:

r 2v2
H h = -----------*-------  (1.37)

24D(vapp ± v H)

where r is the radius inner diameter, D  is the diffusion coefficient of the solute molecules, 

vapp is the apparent velocity o f the solute molecules in the absence o f siphoning flow, and
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vH is the cross-sectional average of the hydrodynamic velocity. Assuming that the height 

difference between buffer levels in the separating vials (AA) is constant, therefore,

v „ = ^ l  (1.38)
8 T]Lt

where p  is the density of the buffer, g  is the gravitational acceleration, 7) is the viscosity 

of the medium, and Lt is the total capillary length.

To avoid broadening due to siphoning, the driving force for hydrodynamic flow in 

the capillary should be eliminated. This can be performed by balancing the level of the 

buffer in the separating vials as well as employing narrow capillaries for separation. With 

very wide bore capillaries (> 100 pm i.d.), any small difference in the buffer height in the 

vials will cause a severe band broadening as inferred from eqs. 1.37 and 1.38. Similarly, 

it is apparent from these equations that siphoning will be more significant in microfluidic 

systems where Lt is smaller than in my work (where Lt is > 30 cm).

1.4.6 Solute/Wall Interaction

Since the separation mechanism in CZE depends on the difference in the 

migration velocity o f the solute in the separating buffer, the capillary wall should not 

contribute to the electrophoretic separation. However, the solute molecules may interact 

electrostatically with ionized silanol groups on the wall. Besides, hydrophobic, hydrogen 

bonding and van der Waals forces may contribute to the adsorption mechanism [74], 

Regardless, the solute adsorption onto the capillary wall may have a significant influence 

on the overall band broadening since it introduces chromatographic retention to the 

electrophoretic separation [75]. Solute adsorption has been noted to be more significant
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for large molecular weight compounds, such as proteins, because they have many charges 

as well as hydrophobic moieties [76].

The extent o f the wall adsorption could be described quantitatively using the 

retention factor (£ ’)• Jorgenson and co-workers predicted that k ’ values as small as 0.05

can increase the plate height o f protein peak up to 20-fold [77]. The A:’ can be determined

by running the CE system under chromatographic condition (apply pressure instead of 

voltage) for the solute and neutral marker separately, where:

£ ' = ^ — ^  (1.39)
tm

where tr is the retention time of the solute molecule, and tm is the dead time as defined by 

elution o f the neutral marker [77]. In a liquid-solid separation system, the k ’ value is 

related to the distribution coefficient (K) of the solute between solid stationary phase and 

the bulk solvent. In an open tube, the expression relating k ’ and K  is:

rk'
*  = - y  (1.40)

where r is the capillary inner radius. The parameter K  is also related to the adsorption 

and desorption rate constant ka and kd, respectively [78],

K = ^ ~  (1.41)
kd

Slow adsorption/desorption kinetics will considerably distort the peak shape and 

increases the plate height contribution to the overall broadening. As the desorption 

process requires time, a portion o f the solute zone will lag behind resulting in the 

formation of tailing peak. When the adsorption of the solute molecules to the supporting 

wall is very strong, i.e, extreme slow desorption kinetics, solutes may completely stick to
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the capillary wall and never elute from the capillary. Assuming the adsorption isotherm 

is linear and that the adsorption is controlled by the rate o f solute diffusion to the 

capillary wall surface, the plate height contribution from wall adsorption is [79]:

H  - [  i 4K
Ad ~ [ D ( r  + 2K) + (r + 2K)kd

where D  is the solute diffusion coefficient, and vapp is the apparent velocity o f the solute 

molecules.

Based on eq. 1.42, reducing the solute apparent velocity by decreasing the applied 

electric field strength would reduce the plate height due to adsorption. However, this 

approach will increase the analysis time and broadening due to longitudinal diffusion 

becomes significant. The best approach to minimize the broadening due to adsorption 

can be accomplished by deactivation o f the inner surface of the capillary to suppress the 

adsorption. Many strategies have been employed to reduce the solute-wall interactions, 

especially for proteins. These include increasing the buffer ionic strength, operating the 

separation at extreme pH, and finally modifying the inner wall surface by permanent or 

dynamic coatings. Sections 1.5 and 1.6 provide more discussion regarding protein 

separations and wall coatings.

1.5 Protein Separations in CZE

Proteins represent a large and complex group o f biomolecules. They consist of a 

chain o f amino acids joined together by peptide bonds. Physical properties such as size, 

shape, hydrophobicity and isoelectric point (p/) for a particular protein are determined, to 

a large extent, by the number, the nature and the sequence of the amino acid residues. In 

addition, proteins have both negative and positive functional groups. Because it has
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amphoteric characteristics, the charge state o f the protein depends on the medium pH

[80]. The net charge o f a protein is zero as the medium pH is equivalent to its p/. The 

overall protein charge is negative if  the medium pH is higher than its p7, whereas if the 

pH is less the p7, the overall charge o f the protein species is positive.

Traditionally, two dimensions gel electrophoresis (2D-gel) is frequently employed 

for protein separation due to its high resolving power. Although it is very popular for 

protein separations, 2D-gel electrophoresis is time-consuming, labor-intensive, difficult- 

to-automate, and has low reproducibility [81]. Capillary electrophoresis has many 

beneficial characteristics including fast, high resolution, high efficiency, and ease-of- 

automation that make it an attractive alternative to 2D-gel electrophoresis for protein 

separations. However, protein separations in CZE with untreated fused silica are not 

always possible at physiological pH. For protein bearing a net negative charge, the 

columbic repulsion could prevent interaction between the protein and the negatively 

charge wall surface and thus prevent adsorption. At physiological pH, for example, 

recoveries up to 90% can be achieved for proteins with low p7 values such as pepsin (pi 

o f 3.2) [80]. In contrast, positively charged proteins electrostatically interact with the 

negatively-charged fused silica surface. This leads to band broadening with severe peak 

tailing if slow reversible adsorption kinetics are dominant. Further, irreversible 

adsorption leads to diminished recovery, and even total loss o f the protein onto the silica 

surface is a possibility [76]. The protein adsorption also causes a change in the zeta 

potential at the surface of the capillary wall which reflects a change in the EOF. The 

alteration o f the EOF velocity changes the migration time of protein and thus reduce the 

separation reproducibility [80, 82],
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Generally, high concentration buffers minimize protein adsorption. The buffer 

cations compete with the proteins for the cation-exchange (silanols) sites on the silica 

surface. Less hydrated cations are most effective in preventing protein adsorption. For 

example, K+ was more effective to minimize protein adsorption than Li+ ions [77]. 

However, this approach is limited by Joule heating broadening.

Another approach to minimize protein adsorption onto the silica surface is to use 

extreme buffer pH. When the operating pH was < 2, the EOF, and hence the surface 

charge, is drastically reduced as a result of progressive protonation of the silanols on the 

capillary wall [83]. Although protein separations can perform well in buffers with low 

pH, this method suffers from high conductivity resulting from the contribution of large 

ion concentration o f the extremely high mobility hydronium ion. This may lead to 

deteriorate of protein separations due to Joule heating. Other disadvantage of utilizing 

acidic buffers is the limited selectivity due to the narrow pH range, as the proteins are 

fully ionized at low pH. Thus, separation of closely related proteins may not be possible 

under acidic conditions. Alternatively, using buffers with extremely high pH is fairly 

successful for protein separations [84]. At very high pH, almost all proteins will be 

anionic and repelled from the capillary wall. For effective elimination of protein 

adsorption it is recommended that the buffer pH be at least two pH units above the 

highest protein p/  [85]. Unfortunately, application o f this method is limited by chemical 

instability o f the proteins and degradation o f capillary inner surface. Also, protein 

separations at extreme high pH suffer from limited selectivity due to the narrow pH range 

as the proteins are fully ionized.
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1.6 Capillary Wall Coatings

The most effective way to avoid protein adsorption onto the capillary surface is to 

alter or shield the surface charge of the capillary using a coating. In addition, it is also 

possible, by applying coating technology, to manipulate the EOF to optimize the 

separation efficiency, the speed o f analysis and the resolution. Ideally, a wall coating 

should exhibit advantageous characteristics including high efficiency (theoretically, 

approaching 1-2 million plates/m), high recovery (approaching 100%), and good 

migration time reproducibility from run to run (ideally less than 1%) [8 6 ]. More 

importantly, the coating procedure should be easy to apply, inexpensive, and exhibit good 

stability over a wide range o f buffer conditions [87]. Characterization of the properties of 

the coating is commonly assessed by the stability of the EOF as well as separation 

performance of basic proteins, in particular a-chymotrypsinogen A, ribonuclease A, 

cytochrome c, and lysozyme, due to their high tendency to adsorb to the capillary wall 

[8 6 ], Generally, coatings are classified into three major categories: covalently bonded 

coatings; non-covalently bonded polymer coatings; and adsorbed surfactant coatings.

1.6.1 Covalently Bonded Coatings

Covalently bonded coatings are usually achieved by attaching the polymer to the 

silica wall by covalent bonds. These coatings are generated by derivatized the capillary 

wall with a bifunctional silane reagent, to produce an intermediate layer between the 

capillary wall and the polymer. The silane reagent serves as an anchor, in which one 

group reacts with the silica surface forming a siloxane bond (Si-O-Si) and the other with 

the coating monomers [8 8 ]. Due to the instability of siloxane bonds under alkaline 

conditions, the Si-O-Si can be replaced by Si-C linkage using Grignard chemistry. The
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Si-C linkage shows good stability in the pH range of 2.7 to 9.5 [89]. In the final stage, 

the coating monomers are polymerized to form the top layer o f the coating. The top layer 

of the coating should have strong hydrophilic nature to reduce protein-coating 

interactions. It is also possible to further cross-link the top layer o f the coating to 

increase the stability o f the coatings [90].

Neutral hydrophilic polymer coatings such as polyacrylamide [8 8 ], poly(vinyl 

pyrrolidone) [83] and poly(ethylene glycol) [91, 92] are extensively employed to separate 

protein mixtures. These coatings suppress the EOF and reduce protein adsorption. The 

suppression of the EOF is attributed to the shielding of the silanol groups and the increase 

in the viscosity near the capillary wall. The absence of the charge in these coatings 

eliminates the electrostatic interactions between the proteins and the capillary wall, and 

near symmetric peaks may be obtained [93, 94],

Permanent coated capillaries can provide efficiencies greater than one million 

plates/m for basic proteins [90,93]. However, this strategy suffers from several 

disadvantages including: labor-intensive and lengthy derivatization procedures that 

significantly increase capillary cost; limited pH range over which separations can be 

performed due to the fragility of the siloxane bond; and possibly limited capillary life. 

Furthermore, the preparation o f the coating comprises several chemical steps which are 

difficult to control. Therefore, reproducibility from capillary to capillary may be an issue 

[82, 95].

1.6.2 Adsorbed Polymer Coatings

Adsorbed polymer coatings are an alternative method employed to overcome the 

major drawbacks o f covalently bonded coatings. Its beneficial advantages over the
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covalently bonded polymers are the simplicity o f coating formation and the possibility of 

coating regeneration. Adsorbed polymer coatings are simply prepared by rinsing the 

capillary with buffer containing a polymer. The coating is formed as the polymer 

physically adsorbs to the capillary wall. The adsorbed polymer shields or alters the 

charged groups o f the silica wall. These adsorbed coatings may be non-ionic or cationic 

polymers.

1.6.2.1 Non-ionic Polymer Coatings

Highly hydrophilic coatings such as poly(vinyl alcohol) are very effective for 

protein separations, and efficiencies of more than 1 million plates/m can be achieved

[96]. Despite their effectiveness for protein separations, the stability o f these polymers is 

limited to acidic buffer conditions, and the coating can be easily removed from the 

surface if the polymer is not present in the buffer. The presence o f the polymer in the 

separating buffer would cause serious interferences with detection scheme, particularly 

mass spectrometry. Less hydrophilic polymer such as poly(ethylene oxide) shows better 

stability than poly(vinyl alcohol) in the absence of polymer in the buffer [82]. To 

increase the effectiveness o f the poly(ethylene oxide) coating for protein separations, the 

capillary should be pretreated by 1 M HC1 before flushing with acidified polymer 

solution followed by rinsing with the normal buffer. The coating, however, is unstable at 

alkaline pH (pH > 8.0), and might be slowly degraded during the course of long runs due 

to electrolysis of the buffer (> 50 min when the cathodic buffer vial contains 0.5 mL)

[97].

1.6.2.2 Cationic Polymer

Cationic polymers such as polybrene [98], polyarginine [99] and polyethylene-
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imine [1 00] have been widely used as non covalent coatings for protein separations.

These polymers have high tendency to adsorb to the negatively charged silica surface by 

electrostatic interactions. Upon adsorption, they introduce positive charges onto the 

surface and thus reverse the EOF. Cationic polymer coatings are particularly appropriate 

for separation o f proteins at pH less than their p/. Under these conditions, the proteins 

possess positive charges and thus are repelled from the coating surface. As a dynamic 

coating, polyarginine polymer is very efficient for the separation of basic proteins with 

plate numbers in excess of 1 million plates/m [99],

The strong binding o f the polymer to the silica surface can keep the coating intact 

to the wall even after the polymer is removed from the buffer. Thus, adsorbed polymers 

can form semi-permanent or static wall coatings [76]. Separation efficiencies o f 0.3 to 

0.5 million plates/m were achieved for several cationic proteins using polyethyleneimine, 

as a static wall coating [100]. The absence o f the polymer from the buffer avoids any 

possible interaction between the polymer and the proteins, and may enhance the signal- 

to-noise ratio [98]. However, the separation efficiency achieved by these coatings is 

significantly low compared to the theoretical predicted efficiency of 1-2 million plates/m

[8 6 ]. Besides, the electroosmotic flow deteriorated during the run due to the bleeding of 

the polymer from the surface. For instance, the EOF of polyethyleneimine coated 

capillary decreased by 10% over 25 runs performed after coating the capillary [101]. 

Thus, recoating the capillary is required before each run to maintain reasonable migration 

time reproducibility. However, this extra recoating step (at least 15 min [101]) prior each 

protein separation is time consuming and impractical.
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1.6.3 Adsorbed Surfactant Coating

Surfactants are becoming increasingly popular over both covalently and non- 

covalently polymer coatings due to their simplicity o f application, versatility, and low 

cost. Surfactants, also known as surface-active agents, have a general structure of a 

hydrophilic (polar or ionic) headgroup and a hydrophobic moiety, generally one or more 

hydrocarbon chains. Based on the nature o f the headgroup, the surfactants are classified 

as nonionic, zwitterionic, anionic and cationic surfactants. At a specific concentration, 

known as the critical micelle concentration (cmc), the surfactant monomers start to 

aggregate to minimize the interaction of the hydrophobic tails with water. In other 

words, the cmc is the concentration of surfactant monomer in equilibrium with micelles 

in the bulk solution. The value of the cmc depends mainly on the nature o f the surfactant. 

In addition, buffer conditions such as ionic strength and the nature o f the buffer counter

ion may influence the cmc value, especially for ionic surfactants. In this thesis, my 

discussion will be focused on cationic surfactants, in particular surfactants with 

quaternary ammonium headgroups.

At a concentration above the cmc, the surfactant monomers spontaneously 

aggregate into a wide variety of morphologies. The geometry of the aggregation 

structure is strongly dependent on the shape of the surfactant monomers. According to 

the theory o f self-assembly o f surfactant, the secondary structure of the surfactant 

aggregation can be predicted from the value o f the packing parameter p  given by [102]:

P  = f ~  (1-43)

where vc is the volume of the hydrocarbon region, lc is the optimal hydrocarbon chain
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length related to its maximum extended length, and a* is the electrostatic cross-sectional 

area of the headgroup.

In general, single chained cationic surfactants, such as tetradecyltrimethyl- 

ammonium (TTAB) and cetyltrimethylammonium bromide (CTAB), have a packing 

factor o f less than 0.33 in pure water. Due to the large cross sectional area o f the 

headgroup o f single chained surfactant, these molecules possess a conical shape. Thus, 

spherical micelles are favored. The packing factor can be increased by decreasing the 

electrostatic repulsion between the adjacent headgroups. For example, the addition of 

salts increases the packing factor for CTAB to 0.50 [103], resulting in the formation of 

cylindrical (rod-like) micelles. Similarly, addition of SDS to CTAB reduces the 

electrostatic repulsion between adjacent CTAB sufficiently to generate bilayer structures

[104],

Alternatively, the packing factor o f a surfactant can be increased by increasing the 

volume of the hydrocarbon region (vc) while maintaining the length o f the hydrocarbon 

tail (lc). This is most easily accomplished by using surfactants possessing multiple 

hydrocarbon tails. The presence o f two alkyl chains makes these surfactants cylindrical 

in geometry. The packing factor for double chained surfactants is in the range o f 0.5-1. 

Double-chained cationic surfactants with alkyl chains longer than eight carbon atoms 

form bilayer (vesicle) structures in aqueous solutions [105, 106] and are favored to form 

bilayers on surfaces. The length o f the alkyl chain has less effect on the aggregation 

morphology, as both the volume (vc) and the length (lc) o f the hydrocarbon chain increase 

proportionally, and thus the packing parameters remains constant. For instance, didecyl- 

dimethylammonium bromide (2CioDAB), didodecyldimethylammonium bromide
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(DDAB), dimethylditetradecylammonium bromide (2 C 14DAB), and dihexadecyldi- 

methylammonium bromide (2CigDAB), all have packing factors o f -0.62 [107]. Thus, 

all of these double-chained surfactants are expected to form bilayers.

Triple chained cationic surfactants possess a hydrophobic moiety consisting of 

three hydrocarbon chains. This enlarges the packing parameter to about 1 which is at the 

transition point between bilayer (vesicle, 0.5 <p < 1) formation and inverted structures 

{p > 1). For instance, Kunitake et al. observed well-developed bilayer structures for 

trihexadecylmethylammonium bromide ( 3 C i 6M A B ) ,  but did not see any bilayers with 

tridodecylmethylammonium bromide ( 3 C 1 2 M A B )  [105].

Traditionally, single chain surfactants have been utilized as dynamic wall coatings 

for protein separations [108]. In dynamic coatings, the surfactant is added to the 

electrophoretic buffer to maintain the coating intact to the surface. Upon rinsing the 

capillary with a CTAB solution, the monomers and micelles, which have high affinity to 

the silica surface, adsorbed onto the surface as a hemi-micelle layer and thus shield the 

bulk solution from the negative silanol groups [109]. Atomic force microscopy (AFM) 

imaging confirmed that CTAB adsorbed on the silica surface as spherical micelles spaced 

uniformly onto the silica surface, as shown in Figure 1.7 [110]. The cationic surfactant 

coating generates a reverse charge on the silica surface and thus reverses the direction of 

the EOF as well as prevents the adsorption of cationic proteins. Efficiency of cationic 

protein separated by CTAB dynamic coatings are relatively low, less than 0.35 million 

plates/m [108]. They attributed the lower efficiency to the interaction between the CTAB 

and the proteins. Besides, the presence o f surfactant in the buffer makes CE incompatible 

with detection schemes such as mass spectrometry due to the drastic ion suppression of
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sample ionization, and sensitivity limitation caused by the bulk flow o f charged reagent 

into the mass spectrometer ion source [111 ].

Previous studies in our group demonstrated that DDAB formed semi-permanent 

wall coatings. The stability o f these coatings was attributed to the formation of the 

bilayer coatings onto the silica surface, as confirmed by AFM imaging (Figure 1.8) [110]. 

Bilayers prepared from DDAB are sufficiently stable that the surfactant need not be in the 

separation buffer. These coatings are very effective for protein separations, achieving 

efficiencies in excess o f 0.56 million plates/m and recoveries greater than 92% [87],

Figure 1.7 Diagram showing the formation of micelle aggregates o f CTAB in the 
solution and on the surface. AFM image (150 nm * 150 nm) o f 0.5 mM CTAB in 10 
mM phosphate buffer at pH 7.0 on fused silica (with permission reference [110]).

CTAB micelles

hemi-micelle layer 50 nm
AFM image
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However, the efficiency and recoveries were highly reduced by performing replicate 

protein separations on the same coating. The deterioration of the separation performance 

using bilayer coatings is due to the gradual degradation of the DDAB during the 

separation as the running buffer passes through the capillary. For instance, the EOF 

decreased by 3% after 75 min under continuous electrophoretic conditions [110]. The 

bleeding o f the bilayer may cause serious interference with detection, particularly with 

electrospray ionization mass spectrometry.

Vesicle

DDAB

Bilayer
* . 50 nmAFM image

Figure 1.8 Diagram showing the formation o f vesicle aggregates o f DDAB in the 
solution and the bilayer formation on the surface. AFM image (150 nm x 150 nm) o f 0.1 
mM DDAB in 10 mM phosphate buffer at pH 7.0 on fused silica (with permission, 
reference [110 ]).
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1.7 Thesis Overview

The aim of this thesis is to develop a stable, efficient, inexpensive and robust 

capillary coating system to prevent protein adsorption onto the fused silica capillary wall. 

Surfactant coatings are attractive in preventing protein adsorption because o f their 

simplicity, versatility and low cost. In Chapter Two, I investigate the factors which 

govern the stability of the semi-permanent coating formed by aggregations o f double

chained surfactants on the capillary wall. Didodecyldimethylammonium bromide 

(DDAB) is used in this study. A simple means to enhance the stability of this semi

permanent coating is illustrated in Chapter Three. Long double chained cationic 

surfactants as well as triple chained cationic surfactant are employed to increase the 

stability of semi-permanent coatings. The high stability o f these surfactant coatings 

enables preparative protein separations to be performed in wide bore capillaries (Chapter 

Four). Finally, Chapter Five describes a manual fraction collection for isolation of 

picomole quantities of pure protein using a commercial CE instrument for microwave 

assisted acid hydrolysis (MAAH) for protein characterization. MALDI-TOF MS are 

used to determine the purity o f the isolated fractions.
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CHAPTER TWO: Factors Affecting the Temporal Stability of 

Semi-permanent Bilayer Coatings in Capillary Electrophoresis 

Prepared using Double Chained Surfactants

2.1 Introduction

Capillary electrophoresis (CE) is a powerful analytical technique for large 

biopolymers, as illustrated by CE’s sequencing of the Human Genome [1]. Due to its 

beneficial features including high separation efficiency, high resolution, rapid separation 

time and ease o f automation, it is envisioned that CE could make a similar impact on the 

determination of the proteome. However, the separation o f proteins is complicated by 

their tendency to adsorb onto the negatively charged surface o f the capillary. As 

discussed in Section 1.5, protein adsorption can lead to significant band broadening, poor 

migration time reproducibility [2] and low sample recovery [3], There are a number of 

approaches for shielding or altering the surface charge of the capillaries, and thereby 

reducing protein interaction with the capillary wall. These include: the use of extreme 

pH [2,4]; high ionic strength [5]; and zwitterionic additives [6 ]. However, the most 

common approach has been to coat the capillary wall [7]. Wall coatings are classified 

into [8 ]: covalently bonded/cross-linked polymers [9-12]; adsorbed cationic or nonionic 

polymers [13,14], [15]; and adsorbed surfactants (dynamic coatings) [16-21]. These 

approaches were discussed in details in Section 1.6.

Dynamic coatings are attractive relative to the other wall modification approaches

* Aversion o f this chapter has been published. Yassine, M. M., Lucy, C.A., Analytical 
Chemistry 2004, 76, 2983-2990.
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due to their simplicity, versatility and low cost. As shown in Section 1.6.3, double chain 

cationic surfactants, such as didodecyldimethylammonium bromide (DDAB), have a 

packing factor (p) o f ~0.62 and form bilayer wall coatings [17, 22], These bilayer 

coatings are stable even after the surfactant has been removed from the run buffer. Thus, 

DDAB coatings are referred to as semi-permanent coatings, where surfactant need not be 

present in the run buffer and the coating is refreshed between each electrophoretic run.

The bilayer coatings, particularly DDAB, are very effective in the separation of 

cationic proteins, achieving efficiencies ranging from 0.56 to 0.75 million plates/m and 

recoveries o f more than 92% in less than 8 minutes [22]. Successive measurements of a 

neutral marker (mesityl oxide), to assess the stability o f the bilayer coating without 

refreshing the coating between the runs, showed that the electroosmotic flow (EOF) 

gradually decreased by 3% over 75 minutes. The drift in the EOF associated with DDAB 

coatings indicates that there is gradual loss o f surfactant from the bilayer. This may 

cause serious interference with detection, particularly with electrospray ionization mass 

spectrometry (ESI-MS) [23-25]. Thus, an understanding of the desorption mechanism of 

the surfactant is essential to minimize the bleed of surfactant from the capillary and to 

maintain high migration time reproducibility.

This Chapter investigates the effect o f chemical and physical factors on the 

stability o f DDAB coatings. A model describing the degradation process o f the DDAB 

bilayer has been proposed based on EOF measurements. Significant improvements in the 

coating stability can be achieved by altering experimental conditions, such that high 

migration time reproducibilities are achieved for protein separations even without 

regenerating the capillary between runs.
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2.2 Experimental Section

2.2.1 Apparatus

All capillary electrophoresis experiments were performed on a Beckman-Coulter 

P/ACE™MDQ instrument (Fullerton, CA, USA). The system was equipped with a UV 

absorbance detector. Detection was achieved by direct mode (Section 1.3.1) at 254 nm 

for stability studies and 214 nm for protein separations. Data acquisition (4 Hz) and 

control were performed using P/ACE station software (Version 2.3; Beckman) for 

Windows 95 on a 300-MHz IBM personal computer. Untreated fused-silica capillaries 

(Polymicro Technologies, Phoenix, AZ, USA) with a total length of 30 cm (20 cm to the 

detector), an inner diameter of 50 pm, and an outer diameter of 360 pm were used unless 

otherwise noted. The capillary was thermostatted at 25 °C.

2.2.2 Chemicals

Nanopure 18-MQ ultra-pure water (Bamstead, Dubuque, IO, USA) was used to 

prepare all solutions. Generally, phosphate buffers were prepared from reagent grade 

orthophosphoric acid (BDH, Darmstadt, Germany) and adjusted to the desired pH with 

reagent grade sodium hydroxide (BDH). For the pH studies, the phosphate buffers were 

prepared from sodium dihydrogen phosphate salt (BDH), and the pH was adjusted using 

orthophosphoric acid. Acetate buffers were prepared using glacial acetic acid (BDH) and 

sodium acetate or sodium hydroxide (BDH). The cationic surfactant didodecyldimethyl- 

ammonium bromide (DDAB) was used as received from Aldrich (Milwaukee, WI, USA) 

and dissolved in the desired buffer. A solution of 1 mM mesityl oxide (Aldrich) 

dissolved in water was used as the neutral EOF marker. Previous studies have indicated 

that mesityl oxide is an appropriate EOF marker for buffers containing low
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concentrations o f surfactant [19]. A mixture of 0.1 mg/mL of protein lysozyme (chicken 

egg white), ribonuclease A (bovine pancreas), a-chymotrypsinogen A (bovine pancreas) 

and cytochrome c (bovine heart) were used as received from Sigma (St. Louis, MO,

USA) and dissolved in water.

2.2.3 EOF Measurements

To avoid hysteresis effects, fresh capillaries were used with each new buffer 

system. New capillaries were rinsed with 1 M NaOH under high pressure at 138 kPa (20 

psi) for 10 min, and then with distilled water at high pressure (138 kPa) for 2 min. After 

the preconditioning steps, the capillary was rinsed at 138 kPa for 10 min with 0.1 mM 

DDAB-containing solution to coat the capillary. For capillaries with i.d. other than 50 

pm, the rinsing times (trines) were adjusted according to Poiseuille’s equation:

8 yL,v
* rinse 4 a  r» '  'n r  A P

where tj is solution viscosity, Lt is capillary total length, v is the volume o f liquid flushed 

through the capillary, r is inner radius, and AP  is pressure difference applied across the 

capillary.

The neutral marker, mesityl oxide (1 mM in water) was injected into the capillary 

using hydrodynamic injection at 3.4 kPa (0.5 psi) for 3 s unless otherwise noted. The 

electroosmotic flow (juEOf) was calculated using:

M eo f  =  ~ 77 (2 -2)
*e o f “

where Lt and Ld are the total length of the capillary (30 cm) and the capillary length to the 

detector (20 cm) respectively, tE0F is the migration time of the neutral marker (mesityl 

oxide) in s, and V is the applied voltage in volts.
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2.2.4 Coating Stability

The stability o f the DDAB coatings was indirectly evaluated by monitoring the 

EOF as a function of time. The stability studies were performed in two manners. In the 

first method, hydrodynamic rinsing, the coated capillary was flushed with running buffer 

at a constant pressure o f 138 kPa for an initial period of 0.5 min. The EOF was then 

determined, as in eq. 2.2. Next, the capillary was regenerated by rinsing with 1 M NaOH 

at high pressure (138 kPa) for 3 min, followed by 0.1 mM DDAB solution for 3 min at 

138 kPa. The capillary was then flushed (138 kPa) with running buffer for a longer 

period o f time, and the EOF was determined once more. This regeneration/elution 

procedure was repeated for flush times up to 60 min (corresponding to 415 capillary 

volumes). The stability o f the coating (i.e., EOF) was reported versus the number of 

capillary volumes o f run buffer flushed through the capillary.

The second method, electro-kinetic rinsing, is also known as the successive 

injection method [22]. After coating the capillary with DDAB solution as described in 

the hydrodynamic rinsing, the excess DDAB solution were removed by flushing the 

capillary with running buffer for 1.5 min at 13.8 kPa (2 psi), which corresponds to one 

capillary volume. Consecutive EOF determinations were then performed by injection of 

mesityl oxide and application of the voltage. The capillary was not rinsed with NaOH or 

DDAB between consecutive EOF determinations. The buffer reservoirs were changed 

every 12 successive runs to ensure that the buffer pH remained constant [26]. The 

stability o f the coating (i.e., EOF) was reported versus the total time that the voltage was 

applied.
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2.2.5 cmc Determination

To determine the critical micelle concentration (cmc), the surface tension o f a 

series o f buffer solutions containing increasing concentrations o f DDAB (from 0.0001 to 

0.1 mM) were measured using a Fisher Surface Tensiometer (Model 20, Fisher Scientific, 

Pittsburgh, PA, USA) at room temperature (25 °C). An example illustrating the changes 

o f the surface tension versus increasing concentration o f DDAB (mM) is shown in Figure 

2.1. The cmc values were taken as the inflection point in a plot of surface tension versus

4 5 1

40*

35*

30*

25*

-2.50 -2.25 -2.00 -1.75 -1.50 -1.25 -1.00 -0.75
log (c, mM)

Figure 2.1 Surface tension as a function o f DDAB concentration in sodium acetate 
buffer.
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the log o f the surfactant concentration, i.e., at 0.014 mM in sodium acetate buffer at an 

ionic strength o f 9 mM and pH 4.0 (Figure 2.1).

2.2.6 Protein Separations

For protein separations, a fresh capillary of length 30 cm (20 cm to the detector) 

and 25 pm inner diameter (360 pm outer diameter) was used. The capillary was flushed 

under high-pressure at 138 kPa with 1 M NaOH for 20 min, followed by rinsing with 

water for 5 min at 138 kPa. The coating procedure for the capillary consisted of a 20 min 

rinse with 0.1 mM DDAB in the running buffer, followed by a 1 min rinse (138 kPa) with 

the electrophoretic buffer to remove the excess surfactant monomers from the capillary.

A protein mixture o f 0.1 mg/mL was injected using 6.9 kPa (1 psi) for 5 s. The applied 

voltage was -3  kV (for 50 mM phosphate buffer at pH 5.0) and -2  kV (for 50 mM 

acetate buffer at pH 5.0). Detection for proteins was performed using the direct UV- 

mode at 214 nm.

The migration time reproducibility was calculated by performing 10 successive 

injections without recoating the capillary with the surfactant solution. Efficiencies were 

computed by the P/ACE Station software using the peak width at half-height method. In 

this method the efficiency (N, theoretical plates) is determined from the migration time of 

the analyte under consideration (/M) and its peak width at half-height (wm) according to:

N  = 5.54 x ' t  ^

V Wl / 2  J
(2.3)

The magnitude o f the migration time and the peak width at half-height should have the 

same units, either o f time or length.
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2.3 Results and Discussion

As discussed in Section 1.2.2, the electroosmotic flow mobility ( juEOf)  is reflective 

o f the zeta potential (Q at the surface o f the capillary, as described by the Smoluchowski 

equation:

MEOf = - —  (2-4)
n

where e  is the dielectric constant o f the eluent, and T] is the viscosity o f the eluent. Thus, 

monitoring the stability o f the electroosmotic flow mobility over time allows one to infer 

the stability o f a capillary coating. This approach has been used to monitor the stability 

o f cationic polymer coatings [14], mixed surfactant coatings [10, 16], phospholipids 

liposomes [27, 28] and DDAB coatings [22, 29].

Two variants o f the EOF stability technique were used in this study. The first is 

electro-kinetic rinsing, and is the procedure that has been used in previous studies [10,

14,16, 22, 27,28]. In the electro-kinetic rinsing procedure, the capillary is first rinsed 

(10 min at 138 kPa) with DDAB-containing buffer followed by a second rinse (1.5 min at 

13.8 kPa) with the separation buffer (no surfactant). This second rinse is used to flush 

out non-adsorbed surfactant from the capillary. The time required to flush the entire 

length o f capillary was determined by measuring the time required for an injection of 

mesityl oxide to be pushed to the detector (1.0 min) and then allowing for the 10-cm 

length o f capillary after the detector. A series o f injections o f mesityl oxide are then 

made to monitor the change in EOF with time. The triangles (▲) in Figure 2.2 display 

the resultant reversed EOF (from cathode to anode) as a function of time for such an 

experiment.
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The alternate means o f determining the stability o f the coatings is to use 

hydrodynamic rinsing. In this procedure, the capillary is again first rinsed with DDAB- 

containing buffer for 10 min at 138 kPa. Then, the capillary is rinsed with the separation 

buffer (no surfactant) for a fixed period of time. Mesityl oxide is injected and the EOF is 

determined. The capillary is then regenerated with NaOH, recoated with DDAB- 

containing buffer and then subjected to a longer rinse with surfactant-free separation 

buffer before determination o f the EOF. The rhombus shape data (0) in Figure 2.2 

displays the EOF observed using 12.4 kPa (1.8 psi) for these hydrodynamic rinses. This 

pressure yields the same flow rate as initially generated using -9  kV in the electro-kinetic 

rinsing experiment.

The initial rates o f decay (linear decrease in EOF over the first 3 minutes) is 

statistically equivalent for the electro-kinetic at -9  kV (-4.0 x 10'5 (cm2/Vs)/min) and 

hydrodynamic rinsing at 12.4 kPa ( -  (4.8 ± 0.9) x 10‘5 (cm2/Vs)/min). However, by even 

10 min of rinsing it is apparent that the rate o f decay under electro-kinetic rinsing is 

slower than for hydrodynamic rinsing, as shown in Figure 2.2. This difference is 

believed to be due to the decrease in the capillary flow under electro-kinetic rinsing 

caused by the decrease in the EOF as the DDAB coating degrades. This change in flow 

rate, as the DDAB coating degrades, makes it difficult to model the degradation behavior 

using electro-kinetic rinsing. Therefore, the experiments below use hydrodynamic 

rinsing, unless specifically noted otherwise. The use o f hydrodynamic rinsing enables 

better control over the linear velocity o f flow over the course o f the experiment, a 

variable that will be shown to be important below. Also, much greater linear velocities
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Figure 2.2 Effect o f hydrodynamic and electro-kinetic rinsing on EOF of DDAB coated 
capillaries. Rinses using 12.4 kPa (0); 34.5 kPa (x); 69.0 kPa (□); 138 kPa (♦ ); and -9  
kV ( A). Experim ental conditions: applied voltage during EOF measurement, -9  kV; 
capillary, 30 cm x 50 pm i.d. (20 cm to detector); buffer, 10 mM sodium acetate at pH 
4.0; neutral marker, 1 mM mesityl oxide; X, 254 nm; and temperature, 25 °C. The 
capillary was rinsed with 0.1 mM DDAB-containing solution for 10 min at 138 kPa.
After each run the capillary was regenerated by rinsing with 1 M NaOH then recoated 
again with DDAB solution. Curves are the fit of the data to equation 2.12. Note: with 
DDAB coating, the EOF is directed from anode to cathode and thus CZE is run in reverse 
mode.
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can be achieved using applied pressure than voltage, which reduces the overall 

experiment time.

2.3.1 Kinetic Model

There have only been a limited number of studies of the kinetics o f surfactant 

interactions with solids such as silica [30-33], and most o f these focus dominantly on the 

adsorption step. The only previous study o f desorption of a cationic surfactant from 

silica simply used initial rates to characterize the kinetics [30], In this chapter, the kinetic 

models developed by Tiberg et al. are used to characterize the behavior o f DDAB 

desorbing from the fused silica capillary [33]. Tiberg et al. assumed that under stirred 

conditions there was a stagnant layer o f water of thickness 8  adjacent to the silica surface. 

Transport o f surfactant within the stagnant layer is solely via diffusion of monomers 

and/or micelles. Beyond the stagnant film, the bulk solution undergoes rapid convective 

mixing. Thus, adsorption o f surfactant to the surface involves a diffusive step followed 

by a chemical kinetic step involving interaction between the surfactant and the surface. 

Adsorption o f the surfactant on the surface proceeds until the surface aggregate is 

completely formed.

With respect to the desorption process, Tiberg et al. [33] identified two limiting 

cases. If  the desorption kinetics of the surfactant from the surface is fast (Figure 2.3a), 

there will be a local equilibrium between the surface aggregate and the solution 

immediately adjacent to it in the stagnant mobile phase (<5i). The concentration of the 

free monomer in this region is a constant equal to the critical surface aggregation 

concentration (csac). In other words, the csac is the concentration o f surfactant monomer 

in solution that is in equilibrium with the surfactant aggregate at the solid surface. Thus,
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the csac is analogous to the cmc discussed in Section 1.6.3. The bulk solution undergoes 

rapid convective mixing, and thus it is treated as an infinite sink, i.e., the concentration of 

surfactant in the bulk solution is zero (cb ~ 0). Under these conditions the surfactant 

monomers are transported by diffusion due to the difference in monomer concentration at 

<51 (c = csac) and at <5(c « 0) as shown in Figure 2.3a. According to Fick’s second law:

dc _ ^  d 2c 
dt dx

= (2.5)

where D  is the diffusion coefficient o f the surfactant monomer. Equation 2.5 predicts 

how the concentration o f the monomer varies with time (t) as well as with distance (x) 

from the surface within the stagnant layer. Assuming that the concentrations in the

dc
stagnant layer adjust quickly to steady-state values, i.e.,—  * 0 , then,

dt

d 2c
0 = (2.6)

dx

The solution o f eq. 2.6 is a straight line with equation: c = fix + cons tan t , where the 

slope/? is:

c (S )-c { S l) -(csac)
<5-<5, <5-<5,

The flux (J) o f the monomer in this stagnant region is given by:

- J  = D —  = DJ3 = D ~ icSac) (2.8)
dx 8 - 8 X

However, the desorption rate {dYldt, where T is the amount o f surfactant adsorbed, also 

known as the “surface excess”) is given by:

—  = - J  (2.9)
dt
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Figure 2.3 Schematic diagrams o f surfactant desorption process from silca surface. This 
scheme is based on the model proposed by Tiberg et al. [33]. The limiting cases are a. 
fast desorption kinetics; and b. slow desorption kinetic of the surfactant from the surface.
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Therefore,

^  = - - ^ — D (csa c )  (2.10)
dt o - o l

According to eq. 2.10, a diffusion-controlled rate-limiting step would result in a linear 

decrease in the surface excess (T) with time.

The alternate limiting case identified by Tiberg et al. [33] is that the desorption 

rate is controlled by the decomposition rate o f the adsorbed micelles, as shown in Figure 

2.3b. Assuming that the concentration of surfactant monomers in the bulk solution is 

zero (Cb « 0), the decomposition rate is:

where kd,mic is a rate constant characteristic o f the dissociation o f the micelles. This rate 

constant may differ somewhat from the corresponding value for micelles in the bulk 

solution due to interactions between the adsorbed micelles and the silica surface. 

Equation 2.11 predicts an exponential decrease in the surface excess with time.

Tiberg et al. [33] also observed that an asymptotic amount o f nonionic surfactant 

remained on the silica surface after the micellar decomposition (r«, ~ 0.1 pmol/m ). 

Similarly, a residual fraction of adsorbed surfactant has been observed for nonionic 

surfactants on a polystyrene surface [34] and for cetyltrimethylammonium bromide 

(CTAB) on a silica surface, where a considerable amount of CTAB was left on the 

surface after about 4.5 hours of rinsing with running water [35]. The presence o f a 

residual concentration of surfactant after extensive washes (Too > 0) will be an integral 

part of the data analysis discussed below (eq. 2.12).

In the kinetic studies o f Tiberg et al. [33], the thickness o f the stagnant layer was
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estimated to be 100 jam, and the concentration o f surfactant in the bulk solution is 

assumed to be zero (cb « 0). Under these conditions, they observed a linear decrease in 

surface excess (characteristic o f eq. 2.10) for the initial and major portion o f the 

desorption o f nonionic polyethylene glycol alkyl ether surfactants from silica, and an 

exponential decrease (eq. 2.11) for the latter portion o f the desorption. In our work, the 

capillary inner diameter is only 50 pm and the volume of the buffer inside the capillary is 

small (0.6 pL). Further, the free surfactant leaching from the bilayer during rinsing has 

to pass through the capillary. This results in accumulation of the free surfactant in the 

capillary bulk solution which would be significant due to the small capillary volume. 

Consequently, the concentration of the surfactant monomers in the capillary bulk solution 

would not be zero, as assumed by Tiberg et al. [33]. As a result, it is expected that 

transport of monomers across a stagnant layer will not be the factor limiting desorption 

kinetics in our work.

In the present work, the desorption o f the DDAB coating from the CE capillary is 

studied by monitoring the EOF mobility versus the rinse time, as show in Figure 2.2. The 

EOF is related to the zeta potential, which in turn is directly related to the surface charge 

density o f the bilayer assuming that the surface potential is less than 25 mV [36]. Thus, 

the EOF reflects the surface excess of surfactant [37]. The data was fit to a single

exponential decay with a non-zero asymptotic value (Prism version 4.00, GraphPad 

Software Inc, San Diego, CA):

I 1 e o f  = A i exP (~ k obst ) + A .  (2.12)

where kohs is the observed decay rate o f the EOF, Aj is a fit parameter, and A«, is the
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asymptotic value o f the EOF. Ai plus A*, should equal the EOF at time 0 (i.e., the EOF 

observed prior to flushing the DDAB-containing buffer from the capillary).

2.3.2 Effect of Rinse Pressure

Figure 2.2 shows the effect o f varying the pressure of the hydrodynamic rinses 

from 12.4 to 138 kPa (1.8 to 20 psi). The symbols represent the observed EOF, and the 

curves are the non-linear fit o f the data to eq. 2.12. In all cases, the correlation 

coefficient (R2) was greater than 0.98. The resultant fit parameters are listed in Table 2.1.

The decay rate (k0t,s) clearly shows a strong dependence on the applied pressure.

A plot of decay rate (k0bS) versus rinse pressure is linear (Figure 2.4), with a correlation 

coefficient (R2) o f 0.9998, and an intercept equals zero based on the 95% confidence 

limit. Alternatively, the decay behavior in Figure 2.2 can be plotted versus the number of 

capillary volumes o f surfactant-free buffer rinsed through the capillary, as shown in 

Figure 2.5. In volume units, the half lives for all the decays are statistically equivalent 

(5.8 capillary volumes), regardless o f the rinse pressure (Table 2.1). Thus, the dramatic 

degradation o f the DDAB bilayer upon increasing the rinse pressure is related to the 

increase in volume of running buffer flushed through the capillary, and not on the buffer 

rinsing time. This suggests that the equilibrium between the free surfactant in the 

capillary bulk solution and the bilayer has the major influence on the bilayer degradation. 

Due to the small capillary volume, the leached free DDAB monomers saturate the bulk 

solution, and an equilibrium between the bilayer and the solution is established. As a 

consequence, the desorption process would be stopped. However, the introduction of the 

run buffer into the capillary during rinsing removes the free DDAB which shifts the 

equilibrium to produce more free DDAB monomers. Further, increasing the buffer
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Table 2.1 Effect o f rinsing conditions on DDAB. Desorption modeled using First Order 

Chemical Kinetics (Equation 2.12).a

Rinsing
condition

kobs xlO"3 
m in 1

kobs x 10'3 
(cap. vol)'1

Ai x KT4 
(cm2/Vs)

A*, x 10*4 
( c m ^ s )

R2

12.4 kPa (1.8 psi) 72 ± 3 121 ± 6 8.9 ±0.1 2.1 ±0.1 0.998

34.5 kPa (5 psi) 195 + 9 113 ± 5 7.6 ±0.1 3.1 ±0.1 0.997

69.0 kPa (10 psi) 414 + 39 121 ± 11 8.8 ± 0.4 2.2 ±0.1 0.98

138 kPa (20 psi) 836 ±53 128 ± 8 9.7 ± 0.4 2.34 ± 0.07 0.992

-9 kV 37.4 ±0.9 7.92 ± 0.07 2.18 ±0.08 0.9996

a Experim ental cond itions: as in Figure 2.2.
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Figure 2.4 Effect of rinsing pressure on the decay rate constant (k0bs)• Experim ental 
conditions: as in Figure 2.2.
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Figure 2.5 Effect o f buffer volume that flow in the capillary during rinsing on the EOF.
Rinses using 12.4 kPa (0), 34.5 kPa (x), 69.0 kPa (□), and 138 kPa (♦ ). Curves are the 
fit of the data to eq. 2.12. Experim ental conditions: as in Figure 2.2.
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volume flushed through the capillary increases the amount of the free monomers that 

must leach from the bilayer to reestablish the equilibrium. Since the desorption process 

does not depends on the rinsing time, further experiments were performed using 138 kPa 

(20 psi) rinses to minimize the experiment time. Further, the decay rates are quoted in 

units o f reciprocal capillary volume (for the hydrodynamic rinsing) to eliminate any flow 

rate dependence, unless otherwise stated.

A strong residual reversed EOF is evident in Figure 2.2 for all the conditions 

explored. The magnitude of the residual reversed EOF is 2-3 x 10-4 cm2/Vs compared to 

an initial reversed EOF of about 11 x 10"4 cm2/Vs (i.e., Ai plus A*). As discussed above, 

the presence of residual adsorbed surfactant is consistent with previous studies of 

surfactant desorption [33-35]. In Figure 2.2 and Table 2.1, there is no correlation 

between the asymptotic values of the curves (A») and the rinse pressure. A detailed 

analysis o f the asymptotic behavior was not performed, as protein separations performed 

under such conditions displayed poor efficiencies and recoveries, as will be discussed in 

Section 2.3.9.

2.3.3 Effect of Capillary Diam eter

Figure 2.6 shows the effect of the capillary inner diameter on the DDAB coating 

stability. Capillaries with inner diameters (i.d.) o f 25, 50, 75 and 100 pm were used in 

this study. Due to the difference in the capillary i.d., these experiments were performed 

using electro-kinetic rinsing to keep the initial linear velocity constant. The first run at 

each capillary (time 0) was performed with the DDAB in the solution to ensure that 

equivalent bilayers were formed in the various capillaries. The curves in Figure 2.6 are
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Figure 2.6 Effect o f capillary inner diameter on reverse EOF of DDAB coated 
capillaries. The capillary inner diameters are 25 pm (A); 50 pm (0); 75 pm (■); and 100 
pm (x). The curves are the fit o f the data to equation 2.12. Experim ental conditions: 
applied voltage during EOF measurement, -9  kV; capillary length, 30 cm (20 cm to 
detector); buffer, 10 mM phosphate at pH 3.0; neutral marker, mesityl oxide; X, 254 nm; 
and temperature, 25 °C. The capillary was rinsed with 0.1 mM DDAB-containing 
solution for 5 min at 138 kPa. The first run at time zero is done with the DDAB buffer in 
the solution. Note: with DDAB coating, the EOF is directed from anode to cathode and 
thus CZE is run in reverse mode.
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Table 2.2 Effect o f capillary inner diameter on DDAB bilayer. Desorption modeled 

using First Order Chemical Kinetics (Equation 2.12).a

Capillary i.d. 
(pm)

kobs x 10'3 
(m in 1)

Ai x KT4 
(cm2/V s)

AooX lO-4 
(cm2/Vs)

R2

25 7.6 ± 1.4 4.0 ± 0.6 3.6 ± 0 .6 0.9989

50 14.2 ± 0.5 5.3 ±0.1 2.2 ±0.1 0.9999

75 22.8 ± 0.6 5.31 ±0.08 2.28 ± 0.09 0.9998

100 32.9 ±0.3 5.32 ± 0.02 2.28 ± 0.02 1.000

a Experim ental conditions: as in Figure 2.6.
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Figure 2.7 Effect o f capillary radius on the decay rate constant (k0bs). Experim ental 
conditions: as in Figure 2.6.
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the fit of the data to equation 2.12. The fit parameters, along with the correlation 

coefficient (R ) for each curve, are shown in Table 2.2.

Figure 2.7 and Table 2.2 show that the decay rate constant (kobs) increases 

dramatically with increasing inner diameter. A plot of decay rate constant as a function 

o f capillary radius is linear as shown in Figure 2.7, with a correlation coefficient (R2) of

0.992, and an intercept equals zero within the 95% confidence limit. Increasing the 

capillary inner diameter results in a linear increase in the volume-to-surface ratio. Thus, 

the more rapid decay in the coating stability with increased capillary diameter, as shown 

in Figure 2.6 and Figure 2.7, is indicative o f the greater volume o f solution that the 

DDAB bilayer must saturate as it desorbs. These results are consistent with those 

obtained in Section 2.3.2. In summary, capillary diameters should be kept narrow to 

maximize the bilayer stability.

2.3.4 Effect of Buffer Ionic Strength

High ionic strength buffers can be used to minimize protein adsorption. Green et 

al. demonstrated that increasing the buffer ionic strength to 1.0 M greatly reduced the 

protein adsorption [5], The buffer cations compete with the proteins for the cation- 

exchange (silanols) sites on the silica surface. In addition, the high buffer ionic strength 

reduces the electrostatic interactions among the charged species due to coulombic 

screening [38]. However, the DDAB surfactant bilayer shields the silanols and reverses 

the charge of the capillary surface.

The effect o f increasing the ionic strength o f a pH 3.0 sodium phosphate buffer on 

the decay of the reverse EOF has been studied. Figure 2.8 shows the variation of the 

EOF as a function o f capillary volumes in sodium phosphate buffer at different ionic
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Figure 2.8 Effect o f buffer ionic strength on the reversed EOF o f DDAB coated

capillaries at day 0. Buffer ionic strength of: 9 x 10‘3 M (♦ ); 22 x 10'3 M ( A); 44 x 
10'3 M (o); and 88 x 10‘3 M (x). The curves are the fit o f the data to equation 2.12. 
Experim ental conditions: applied voltage during EOF measurement, -9  kV; capillary,
30 cm x 50 pm i.d. (20 cm to detector); buffer, sodium phosphate at pH 3.0; neutral 
marker, 1 mM mesityl oxide; X, 254 nm; and temperature, 25 °C. The capillary was 
rinsed with 0.1 mM DDAB-containing solution for 10 min at 138 kPa. After each run the 
capillary was regenerated by rinsing with 1 M NaOH then recoated again with DDAB 
solution. Note: with DDAB coating, the EOF is directed from anode to cathode and thus 
CZE is run in reverse mode.
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Table 2.3 Effect o f ionic strength of sodium phosphate buffer at day 0 on DDAB bilayer. 

Desorption modeled using First Order Kinetics (Equation 2.12).“

Buffer ionic 
strength (M)

cmc
(mM)

kobs X 10 
(cap. voiy1

Ai x lO'4 
(cm W s)

A» x 10-4 
(cm2/Vs)

R2

9 x 10‘3 0.010 67 ± 7 9.3 ± 0.7 0.63 ±0.16 0.984

22 x 10'3 0.0037 27 ± 3 6.1 ±0.3 0.78 ±0.15 0.985

44 x 10‘3 0.0018 15 + 1 5.2 ±0.3 0.63 ±0.19 0.985

a Experim ental cond itions: as in Figure 2.8.

0.06

i

> 0.04

0*•C<5
0.02

0.00
2.5x10'3 5.0X103 7.5x10'3 lOxlO'30

cmc of DDAB (mM)

Figure 2.9 Effect o f cmc of DDAB on the decay rate constant (k0bs)• Experim ental 
conditions: as in Figure 2.8.
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strength (9 x 10'3, 22 x 10 3, 44 x 10'3, and 88 x 10'3 M). In the presence o f surfactant 

(rinse volume = 0), the reversed EOF displays the expected inverse dependence on the 

buffer ionic strength [39, 40]. As described above, removal o f surfactant from the 

capillary (rinse times > 0) results in degradation in the DDAB coatings, as reflected by a 

decrease in the magnitude of the EOF. The curves in Figure 2.8 are the fit o f the data to 

equation 2.12. The resultant fit parameters are shown in Table 2.3. The EOF at the 

highest ionic strength (88 x 10'3 M) was too stable to obtain a reasonable fit to equation 

2 . 12 .

Increasing the buffer ionic strength is known to reduce the cmc o f ionic 

surfactants by increasing the coulombic screening between the charged headgroup which 

allows a tighter headgroup packing [41]. Thus, it was hypothesized that the stability to 

the DDAB coatings may be related to the cmc o f the DDAB in solution. The cmc were 

determined as described in Section 2.2.5 and are listed in Table 2.3, along with the fit 

parameters from Figure 2.8. A plot o f the decay rate constant (k0bs) as a function o f cmc 

of DDAB in different ionic strengths (Figure 2.9) is linear with a correlation coefficient 

(R ) of 0.99997 and an intercept equals zero within the 95% confidence limit. Thus, the 

stability o f the bilayer coating can be highly enhanced by any means that reduces the cmc 

value of the surfactant in solution.

2.3.5 Effect of Buffer Counter-ion Nature

Figure 2.10 shows that the coating stability is greater in phosphate than in acetate 

buffer, consistent with the observations of Westerlund et al. [29]. In addition to the ionic 

strength, the adsorption o f the counter-ions onto surfactant headgroups also strongly 

affects the coulombic screening between the charged headgroups [41]. Increased
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coulombic screening allows tighter headgroup packing. Enhanced adsorption between 

counter-ions in the buffer and cationic surfactants is reflected by a decrease in the cmc 

[42, 43], Table 2.4 displays the cmc of DDAB in acetate and phosphate buffers of 

constant pH (4.0) and ionic strength (9 x 10'3 M), along with the fit parameters for the 

degradation of the coating in these buffers obtained from Figure 2.10.

Switching from phosphate to acetate resulted in an increase in the DDAB cmc 

from 0.010 to 0.014 mM. The magnitude of the reversed EOF also reflects the strength 

of interaction between anions and the adsorbed cationic surfactants [19]. The faster EOF 

in acetate than that in phosphate (10.0 ± 0.3 and 6.4 ± 0.2 cm2/Vs, respectively in Table 

2.4) is indicative o f the weaker interaction between acetate and DDAB than between 

phosphate and DDAB. Finally, the decay rate constant (k0bs) in Table 2.4 correlates with 

both the cmc and the magnitude of the reversed EOF. This indicates that the tendency of 

a buffer anion to adsorb to the DDA+ surfactant molecules will strongly affect the 

stability o f DDAB coatings.

2.3.6 Effect of Buffer pH

The effect o f buffer pH on the degradation o f the bilayer coating is also shown in 

Figure 2.10 and Table 2.4. The ionic strength for the tested buffers was maintained 

constant at 9 x 10'3 M. Changing the buffer pH has no effect on the charge of the 

quaternary ammonium headgroup. Also, the cmc o f DDAB should not be affected by the 

change o f pH, so long as the chemistry o f the counter ion does not change (i.e., H 2 P O 4 ') .  

This is reflected in the cmc values in Table 2.4. pH greater than 4.7 were not explored as 

they would contain increasing amounts o f HP0 4 2\  which would alter the cmc. Thus,
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Figure 2.10 Effect o f pH on EOF of DDAB coated capillaries. Sodium phosphate at pH 

2.5 (■), pH 3.0 (A),  pH 4.0 (♦ ), and pH 4.7 (x). Experim ental conditions: ionic
•l

strength o f buffers is constant at 9x10' M; applied voltage is -9  kV; capillary, 30 cm x 
50 pm i.d. (20 cm to detector); neutral marker, 1 mM mesityl oxide; X, 254 nm; and 
temperature, 25 °C. Note: with DDAB coating, the EOF is directed from anode to 
cathode and thus CZE is run in reverse mode.

Table 2.4 Effect o f buffer type and pH on DDAB bilayer. Desorption modeled using 

First Order Chemical Kinetics (Equation 2.12).a

Buffer
system

pH cmc
(mM)

hobs x 10"3 
(cap. vol)'1

Ai x n r 4
(cm2/Vs)

A* x 10-4 
(cm2/Vs)

R2

Acetate 4.0 0.014 29 ± 2 8.9 ± 0.2 1.1 ±0.2 0.991

Phosphate 2.5 83 ± 9 8.9 ± 0.5 0.32 ± 0.2 0.98

Phosphate 3.0 0.010 67 ± 7 9.3 ± 0.7 0.63 ±0.16 0.98

Phosphate 4.0 0.010 12+1 3.5 ±0.1 2.9 ± 0.2 0.993

Phosphate 4.7 9.4 ± 0.4 3.42 ± 0.06 3.05 ± 0.06 0.9994

"Experim ental conditions: as in Figure 2.10.
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under the pH range studied no changes to the DDAB solution aggregation behavior are 

expected or observed.

In contrast, as shown in Figure 2.10 and Table 2.4, elevating the pH dramatically 

enhances the stability o f the DDAB coatings on silica. Increasing the buffer pH enhances 

the negative charge of the capillary surface by further dissociating the silanol groups. 

Therefore, increasing the negative potential o f the silica surface would be expected to 

favor adsorption o f cationic surfactants onto the surface. For instance, using atomic force 

microscopy (AFM), Baryla et al. observed that the nearest neighbor distance for spherical 

CTAB aggregates onto silica decreased from 13.1 ± 0.4 to 8.3 ± 0.3 nm as the pH 

increased from 3.0 to 5.0 [17]. With DDAB surfactant, a continuous bilayer coating is 

formed, as observed by Baryla et al. [17]. Thus, the enhanced DDAB coating stability is 

believed to result from the enhanced electrostatic attraction between the DDA+ molecules 

and the silica surface.

2.3.7 Role of cmc

The significant role o f cmc in the bilayer desorption kinetics can be viewed in two 

ways. Firstly, desorption occurs when the bulk concentration o f surfactant is less than the 

cmc. Once the bulk solution reaches the cmc, the degradation process is terminated, and 

an equilibrium between the bilayer and the free surfactant monomers in the bulk solution 

is established. Thus, a decrease in the cmc enables equilibrium to be achieved more 

rapidly since fewer DDAB monomers are required to reach the cmc value in the bulk 

solution.

Alternatively, the cmc can be viewed in a thermodynamic manner as the 

reciprocal of the equilibrium constant for the micellarization process. In this view, a
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lower cmc simply reflects a more thermodynamically stable aggregate structure. 

Regardless, the stability of the DDAB coatings increases as the cmc decreases, either due 

to the nature of the counter ion or increased buffer ionic strength. Buffer pH has no 

effect on the cmc value o f the surfactant solution; however, the enhancement o f the 

bilayer stability is due to the increase in the electrostatic interaction between the 

surfactant monomers and the capillary surface as discussed in the Section 2.3.6.

2.3.8 Aging Time

Previously, Pagac et al. [30] reported that allowing CTAB to equilibrate with a 

silica surface (i.e., age) for 24 hours did not affect the desorption o f CTAB from the 

surface. In contrast, Liu et al. found that the desorption o f cetyltrimethylammonium 

chloride (CTAC) was strongly dependent on the exposure time o f CTAC solution to the 

substrate [44], Regardless, CTAB adsorbs onto silica as spherical micelles whereas 

DDAB forms a bilayer [17]. Thus, the effect o f aging the DDAB bilayer on the coating 

stability was explored.

As observed above, the behavior varied with buffer conditions. For a capillary 

equilibrated with 0.1 mM DDAB in 10 mM phosphate buffer pH 3.0, the observed 

desorption rate remained essentially constant (t/; « 10 capillary volumes) for 21 days of 

aging. However, the residual EOF (A«>) gradually increased from (0.63 ± 0.16) x 10'4 on 

day 0 to (2.2 ± 0.3) x 10"4 cm2/Vs at day 12, and then the EOF became essentially 

constant at (7.56 ± 0.06) x 10"4 cm2/Vs on day 15, as shown in Figure 2.11. Yet, on days 

18-21 the residual EOF returned to its initial values of (1-2) x 10"4 cm2/Vs (the dotted 

lines in Figure 2.11).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



83

10-

x

fa
O
fa
a(«s-V><u

150 20050 1000
Capillary Volume

Figure 2.11 Effect of aging time on EOF of DDAB coated capillaries in sodium 
phosphate buffer at ionic strength o f 9 x 10'3 M and pH 3.0. Day 0 (■); day 4(A);  day 6 
(▼); day 12 (♦); day 15 (□); day 16(x); day 18 (V) and day 21 (0). Experim ental 
conditions: applied voltage during EOF measurement, -9  kV; capillary, 30 cm x 50 pm
i.d. (20 cm to detector); neutral marker, 1 mM mesityl oxide; X, 254 nm; and temperature, 
25 °C. New capillary was precondition rinsed with 0.1 mM DDAB-containing solution 
for 10 min at 138 kPa in day 0. After each run the capillary was recoated again with 
DDAB solution. Between days the capillary was rinsed with DDAB solution and left 
overnight. Curves are the fit o f the data to equation 2.12. Note: with DDAB coating, the 
EOF is directed from anode to cathode and thus CZE is run in reverse mode.
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In contrast, in 100 mM phosphate buffer pH 3.0, the DDAB tends to form a very 

stable coating almost immediately upon rinsing (* in Figure 2.8). However, upon aging 

the capillary for 24 hours in 0.1 mM DDAB in 100 mM phosphate pH 3.0, the coating 

becomes essentially permanent with EOF values decreasing by less than 1% over 200 

capillary volumes o f rinsing, as shown in Figure 2.12. Therefore, the aging time effect 

on the stability o f the DDAB bilayer is significant and the coating becomes permanent at 

earlier aging times as the buffer concentration increases. In summary, aging of the 

capillary in DDAB solution did cause some improvements in the coating behavior, but 

the general trends were consistent with the behavior observed above using fresh 

capillaries.

2.3.9 Protein Separations

To examine the effectiveness o f the DDAB bilayer for protein separations, a 

mixture of four basic proteins (lyso2yme, ribonuclease A, a-chymotrypsinogen A, and 

cytochrome c) were used as test analytes, as recommended by Mazzeo and Krull [45]. 

Narrow (25 pm i.d.) capillaries were used to maximize the stability of the DDAB 

coatings. The capillaries were coated with 0.1 mM DDAB in buffer, and then rinsed with 

buffer void o f DDAB for 1 min at 138 kPa (1.5 capillary volumes). Figure 2.13a shows 

the separation of the four proteins in 5.0 mM acetate buffer pH 5.0. Under these buffer 

conditions, the DDAB coating would be expected to undergo significant degradation 

(k0bs = (85 ± 6) x 10'3 (cap. vol)'1 in a 50 pm i.d. capillary). The separation efficiency 

with this dilute acetate buffer (Figure 2.13a) was very poor (N < 125,000 plates/m), and 

only three of the four proteins eluted. The absence o f the a-chymotrypsinogen A peak, 

as well as the tailing of the other proteins, indicates that there is a strong interaction
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Figure 2.12 Effect o f aging time on the stability o f DDAB coated capillaries in sodium 
phosphate buffer at ionic strength o f 88 x 10'3 M and pH 3.0. Day 0 (x); and day 1 (•). 
Experim ental conditions: applied voltage during EOF measurement, -9  kV; capillary,
30 cm x  50 pm i.d. (20 cm to detector); neutral marker, 1 mM mesityl oxide; X, 254 nm; 
and temperature, 25 °C. New capillary was precondition rinsed with 0.1 mM DDAB- 
containing solution for 10 min at 138 kPa in day 0. After each run the capillary was 
recoated again with DDAB solution. Between days the capillary was rinsed with DDAB 
solution and left overnight. Note: with DDAB coating, the EOF is directed from anode to 
cathode and thus CZE is run in reverse mode.
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between the proteins and the capillary. Similarly, a strong interaction between the 

proteins and the wall coating was also observed in the residual asymptotic region of the 

degradation curve due to the presence o f less packed bilayer. Increasing the buffer 

concentration to 50 mM acetate improved the separations, as seen in Figure 2.13b. 

Efficiencies range from 0.75 to 1.05 million plates/m at -2  kV, which was the optimal 

voltage for the separation.

Alternately, switching the buffer from acetate to phosphate reduces the EOF 

(Section 2.3.5) resulting in the separation time increasing from 9 to 17 min, as shown in 

Figure 2.14a. Peak efficiencies were 0.67-0.76 million plates/m. The primary source of 

band broadening appears to be longitudinal diffusion. Increasing the electric field 

strength from 6.7 to 10.0 kV/m, enhances the peak efficiencies to 1.25 million plates/m 

(Figure 2.14b). The electric field strength was an optimum for the separation.

The reproducibility o f the migration time for 10 successive runs with no rinsing 

between the runs was used to measure the bilayer stability. At 25 mM pH 3.0 phosphate 

buffer, where the desorption rate (k0bs) was 27 x 10'3 (cap. vol)'1 in 50 pm capillary i.d. 

(Table 2.3), the run to run reproducibility o f the migration times was 2.2% RSD. 

However, during the course o f the injections the efficiencies gradually decreased from 

0.7 million to 0.26 million plates/m. This implies that the interaction between the 

analytes and the coating increased gradually as the bilayer decayed. Increasing the buffer 

concentration to 100 mM phosphate at pH 3.0 (where k0bs was unmeasurable), the 

migration time reproducibility was better than 0.5% RSD. The peak efficiencies were 

0.77-0.86 million plates/m with a reproducibility o f less than 4% RSD, except for the 

lysozyme peak which showed a gradual increase in efficiency from 0.20 million to 0.65
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Figure 2.13 Electropherograms o f four proteins in acetate buffer at different 
concentration: a. 5.0 mM; and b. 50 mM. Peaks are (1) a-chymotrypsinogen A, (2) 
ribonuclease A, (3) cytochrome c and (4) lysozyme. Experim ental conditions: 30 cm x 
25 pm i.d. capillary; -2  kV, hydrodynamic injection at 7 kPa for 5 s; buffer pH 5.0; A., 
214 nm; and temperature, 25 °C. The capillary was initially rinsed with 0.1 mM DDAB 
solution dissolved in the running buffer for 5 min at 138 kPa, followed by the running 
buffer for 1 min at 138 kPa.
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Figure 2.14 Electropherograms of four proteins in 50 mM phosphate buffer at different 
voltage: a. -2kV; and b. -3kV. Peaks are (1) a-chymotrypsinogen A, (2) ribonuclease A,
(3) cytochrome c and (4) lysozyme. Experim ental conditions: 30 cm x 25 pm i.d. 
capillary; hydrodynamic injection at 7 kPa for 5 s; buffer pH 5.0; X, 214 nm; temperature, 
25 °C. The capillary was initially rinsed with 0.1 mM DDAB solution dissolved in the 
running buffer for 5 min at 138 kPa, followed by the running buffer for 1 min at 138 kPa.
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million plates/m. This indicates that increasing the stability o f the DDAB coating 

reduces the degree o f interaction between the proteins and the capillary wall.

Alternatively, increasing the buffer pH of the 25 mM phosphate buffer from pH 3.0 

to 5.0 (which increases the coating stability) resulted in a migration time switch between 

cytochrome c and lysozyme. More importantly, the reproducibility o f the migration time 

improved from 2.2% at pH 3.0 to 0.64% RSD at pH 5.0. The efficiencies were also 

enhanced with values ranging between 0.83 and 0.93 million plates/m, with a 

reproducibility o f less than 7% RSD. The improvement in migration time reproducibility 

as well as the efficiencies was a result of increasing both the pH and ionic strength of the 

running buffer. In 50 mM sodium acetate buffer at pH 5.0, similar separations were 

achieved with a run-to-run migration time reproducibilities of 0.64-0.83% RSD. 

Efficiencies were between 0.75 and 1.05 million plates/m with a RSD of less than 6% 

over 10 successive runs. These results are very promising for performing protein 

separations using DDAB coated capillary with buffers necessary for electrospray 

ionization mass spectrometry detection.

2.4 Conclusions

The double chained cationic surfactant, DDAB, forms a dynamic coating that 

efficiently prevents protein adsorption onto the capillary wall. The coating is semi

permanent in nature, and the protein separation can be performed in a simple buffer 

system after removing the excess surfactant from the capillary. The temporal stability of 

the coating, and thus the efficiencies and reproducibility that are achieved, is improved 

by those factors that decrease the cmc of DDAB in the buffer. Those factors include
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increasing the ionic strength of the buffer and using a buffer that interacts more strongly 

with quaternary amines (e.g. phosphate rather than acetate). The coating stability is also 

enhanced by increasing the buffer pH, and decreasing the capillary diameter and the 

volume o f the electrophoretic buffer that flows within the capillary.
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CHAPTER THREE: Enhanced Stability Self-assembled 

Coatings for Protein Separations by Capillary Zone 

Electrophoresis through the use of Long Chained Surfactants

3.1 Introduction

The separation of basic (positively charged) proteins has proven to be particularly 

challenging in capillary zone electrophoresis due to adsorption of proteins onto the fused 

silica capillary [1]. Numerous approaches have been explored to minimize this 

adsorption, including the use of extreme pH [2, 3], high ionic strength [4] and 

zwitterionic additives [5]. However, the most common approach has been to coat the 

capillary wall [1]. Coatings can be broadly categorized as [6]: covalently linked 

polymeric coatings [7-10]; physically adsorbed polymer coatings [11-13]; or small 

molecule additives (adsorbed surfactants) [14-17]. Detailed discussion on the approaches 

that minimize protein adsorption is demonstrated in Sections 1.6.

In a recent review, Barron and co-workers stated that covalently bonded coatings 

are “the most prevalent, and perhaps the most effective, strategy for preventing 

biomolecule adsorption and improving resolution in the electrophoresis o f proteins”. 

However, adsorbed coatings offer the advantages o f the simplicity and a priori 

knowledge of the adsorbent properties [6]. Particularly attractive are “static” or “semi

permanent” adsorbed coatings where the adsorbed material need not be in the run buffer. 

Ideally, such a coating would be regenerable, i.e., could be totally removed from the

* Aversion o f this chapter has been published. Yassine, M. M., Lucy, C. A., Analytical 
Chemistry 2005, 77, 620-625
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capillary by a simple rinse with acid, base or organic solvent, and then replaced with a 

fresh layer o f adsorbent.

Previously, Melanson et al. have demonstrated that two tailed cationic surfactants 

such as didodecyldimethylammonium bromide (DDAB) form semi-permanent wall 

coating [18], as shown in Section 1.6.3. The stability of the DDAB coating results from 

the formation of a bilayer structure at the capillary surface [19]. These coating was very 

effective for protein separation where efficiencies up to 0.75 million plates/m and 

recoveries more than 92% can be achieved [18]. However, the capillary should be 

recoated before each run to maintain high separation efficiency and reasonable migration 

time reproducibility (Section 1.6.3).

In Chapter Two, I showed that the DDAB bilayers do gradually degrade as the 

running buffer passes though the capillary. The degradation curve for the DDAB bilayer 

was obtained by measuring the reverse EOF (jiE0F) as a function o f the volume of buffer 

(vcap, in dimensionless units o f capillary volumes) flushed through the capillary. The 

obtained degradation curve can be modeled by an exponential decay with non-zero 

asymptotic value:

M EOF =  A 1 eXP ( - k 0b s V c a p )  +  A oo (3-1)

where k0bS is the observed decay rate o f the EOF, Ai is a fit parameter, and A* is the 

asymptotic value o f the EOF. The rate of degradation is influenced by a number o f 

experimental factors such as the buffer type and concentration [20], Essentially, greatest 

stability is achieved under conditions that minimize the critical micelle concentration 

(cmc) o f the surfactant.
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In this chapter, the use of longer tailed surfactant analogous of DDAB is explored 

for the generation of “static adsorbed” or semi-permanent surfactant coatings for protein 

separations. These surfactants possess lower cmc than DDAB and thus are expected to 

form highly stable bilayer coatings even with volatile buffers such as ammonium acetate 

and ammonium formate.

3.2 Experimental Section

3.2.1 Apparatus

The apparatus utilized in this Chapter was as described in Section 2.2.1.

3.2.2 Chemicals

Nanopure 18-MQ ultra-pure water (Bamstead, Dubuque, IO, USA) was used to 

prepare all solutions. Ammonium formate buffers were prepared from ammonium 

formate salt (BDH, Darmstadt, Germany), and the pH was adjusted using formic acid 

(BDH). Acetate buffers were prepared using ammonium acetate (BDH), and glacial 

acetic acid (BDH) to adjust the pH. The cationic surfactants didodecyldimethyl- 

ammonium bromide (DDAB), dimethylditetradecylammonium bromide (2Ci4DAB), 

dihexadecyldimethylammonium bromide (2Ci6DAB), dimethyldioctadecylammonium 

bromide (2CisDAB) and tridodecylmethylammonium iodide (3 C 12MAI) were used as 

received from Aldrich (Milwaukee, WI, USA). Chemical structures o f these surfactants 

are shown in Figure 3.1 and their physico-chemical properties are listed in Table 3.1. 

HPLC-grade methanol (MeOH; Fisher, Fair Lawn, NJ, USA) was used to remove the 

bilayer coating from the capillary when needed. A solution o f 1 mM mesityl oxide 

(Aldrich) dissolved in water was used as the neutral EOF marker. The proteins lysozyme
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Dimethylditetradecylammonium 
bromide (2C14DAB)
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Dimethyldioctadecylammonium 
bromide (2C18DAB)

<C12H25 
C12H25 
Ci2H25

T ridodecylmethylammonium 
iodide (3C12MAI)

Figure 3.1 Chemical structures o f cationic surfactants used as coatings.

Table 3.1 Physico-chemical properties o f cationic surfactants used as coatings.

Surfactant
type

cmca 

(10-3 mM)

Packing 
param eter1* 

<P)

Chain melting 
tem perature (Tm) 

(°C)

DDA+Br 35 0.62 15.8 [21], 16 [22]

2Ci4DA+Br 1.6 0.62 29.3 [21], 31 [22]

2C,6DA+Br' 0.078 0.62 28.1 [21], 37 [23]

2Ci8DA+Br' 0.0037 0.62 44.9 [21], 45 [24]

3Ci2MA+ 0.93

a Determined based on equation 3.2 [25].
b Data are taken from reference 25. The values for 2CigDA+ and 3Ci2MA+ are 
determined based the formulas in the same reference.

Didodecyldimethylammonium 
bromide (DDAB)

Br
H3C \^ + ✓C16H33 

/  Xh 3c  c I6h 33

Dihexadecyldimethylammonium 
bromide (2C16DAB)
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(chicken egg white), ribonuclease A (bovine pancreas), a-chymotrypsinogen A (bovine 

pancreas), and cytochrome c (bovine heart) were used as received from Sigma (St. Louis, 

MO, USA), and dissolved in water at a concentration of 0.1 mg/mL of each protein.

3.2.3 Preparation of the Surfactant Solutions

DDAB solutions were prepared by adding the surfactant salt to the desired buffer 

and stirring for 30 min or until a clear solution was obtained. Double chained surfactants 

with longer hydrocarbon chains (2CmDAB, 2Ci6DAB, and 2Ci8DAB), and the triple 

chained surfactant 3 C 12MAI are only slightly soluble in water. Thus, we applied the 

sonicate/stir cycle method [26]. First, the buffer surfactant mixture was sonicated at 50 

°C (above the chain melting temperature o f 2Ci8DAB, as shown in Table 3.1) for 20 min. 

Then, the solution was allowed to rest for 10 min at room temperature with stirring. This 

sonicate/stir cycle was repeated two times, or until a clear solution was obtained. For 

instance, 2CmDAB and 2Ci6DAB surfactants required two and three cycles to dissolve 

into a clear solution, respectively. However, the surfactants 2Ci8DAB and 3 C 12MAI 

takes at least 6 cycles to form a clear solution.

The 3 C 12MAI was stored in the dark to prevent iodide photo-oxidation. Also, this 

surfactant solution had to be re-sonicated every week or before use to re-dissolve a 

precipitate that formed over time. With the double-chained surfactants, no change in the 

coating stability was observed for solutions stored for over two months.

3.2.4 EOF Measurements

To avoid hysteresis effects, fresh capillaries were used with each new buffer 

system. New capillaries were flushed with 1 M NaOH for 10 min under high pressure 

at 138 kPa (20 psi) and then with distilled water for 2 min at 138 kPa. The flushing times
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were adjusted according to Poiseuille’s equation for capillaries with i.d. other than 50 pm 

(Section 2.2.3). After the preconditioning steps, the capillary was coated by rinsing with 

0.1 mM surfactant-containing buffer for 10 min at 138 kPa. Finally, the capillary was 

rinsed with the running buffer for 1.5 min at 13.8 kPa (2 psi), corresponding to one 

capillary volume. The electroosmotic flow (juE0F) was measured by injection of 1 mM 

mesityl oxide (neutral marker) in water for 3 s at 3.4 kPa (0.5 psi), followed by applying 

a constant voltage of -9  kV.

3.2.5 Coating Stability

The stability o f the surfactant-based coatings was indirectly evaluated by 

monitoring the EOF as a function o f rinsing time. The stability studies were performed 

using hydrodynamic rinsing method, as described previously in Section 2.2.4. This 

method was repeated for rinsing times up to 60 min at 138 kPa (corresponding to 415 

capillary volumes). The stability o f the coating (i.e., EOF) was reported as a function of 

the number of capillary volumes o f run buffer flushed through the capillary.

3.2.6 Protein Separations

For protein separations, a fresh capillary of length 30 cm (20 cm to the detector) 

and 25 pm inner diameter (360 pm outer diameter) was used, unless otherwise stated.

The capillary was flushed under a high-pressure rinse (138 kPa) with 1 M NaOH for 20 

min, followed by rinsing with water for 5 min at 138 kPa. The coating procedure for the 

capillary consisted o f a 20 min rinse with 0.1 mM surfactant containing buffer, followed 

by a 1 min rinse (138 kPa) with the electrophoretic buffer to remove the excess surfactant 

monomers from the capillary. A protein mixture of 0.1 mg/mL was injected using 6.9 

kPa (1 psi) for 5 s. The data acquisition was performed using P/ACE station software
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(Version 2.3; Beckman) with rate set at 32 Hz for protein separations. Efficiencies were 

calculated based on the peak width at half-height method, as computed by the P/ACE 

Station software (Section 2.2.6). Within-day migration time, peak height and peak 

efficiency reproducibilities were determined for 10 successive injections without 

regenerating or refreshing the capillary with surfactant. The capillary was simply rinsed 

with the running buffer (no surfactant) at 138 kPa for 2 min between runs. The day-to- 

day migration time reproducibility was determined over 5 consecutive days without any 

regeneration or refreshing of the capillary. The capillary was stored in running buffer 

overnight.

3.3 Results and Discussion

The surfactant bilayer coatings generated herein are characterized by a number of 

quantitative measures, as recently advocated by Barron and co-workers [6]. Firstly, the 

EOF stability o f the “static adsorbed” or semi-permanent coating is assessed. That is, the 

coating is formed by rinsing the capillary with surfactant solution. Then, the unsorbed 

surfactant is flushed from the capillary with run buffer, and the coating stability is 

assessed using the hydrodynamic rinsing procedure developed in Chapter Two [20]. 

Where possible, degradation o f the EOF was fit to first-order kinetics (eq. 3.1).

Second, the coating performance was assessed based on protein separations of 

four basic proteins (a-chymotrypsinogen A, ribonuclease A, cytochrome c and lysozyme) 

recommended by Mazzeo and Krull as model analytes [27]. Protein adsorption can be 

conceptualized [6, 28] as involving the discrete steps of: 1) protein diffusion through 

solution to the vicinity of the surface; 2) protein reversibly adsorbing onto the surface; 

and 3) protein possibly undergoing irreversible adsorption onto the surface. Theoretical
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models and simulations have demonstrated that both mass transfer to the capillary wall 

(step 1) [29, 30], and slow adsorption/desorption kinetics (step 2) [29] o f proteins can 

result in significant peak broadening and possibly tailing. Thus, determination o f peak 

broadening is an important criterion for assessing the effectiveness o f a capillary coating. 

The degree o f irreversible adsorption of protein (step 3) can be assessed by measuring the 

protein recovery [31, 32]. Protein recoveries of 92-100% have been observed for DDAB 

coatings [18]. Alternatively, long term reproducibility o f capillary performance, 

including efficiency and migration time, is a more operational indicator of low 

irreversible protein adsorption.

3.3.1 Effect o f Buffer on EOF

In Chapter Two, I demonstrated that the nature o f the buffer counter-ion has a 

strong influence on the stability o f DDAB bilayer coating. Figure 3.2 shows the EOF 

degradation curves o f DDAB coating in ammonium acetate, ammonium formate and 

phosphate buffers as a function of the number of capillary volumes of run buffer flushed 

through the capillary. These degradation curves are all well fit by equation 3.1. The 

resultant fit parameters together with the correlation coefficients (R2) are listed in Table 

3.2.

The observed decay rate of the DDAB coating (k0bs) is greater for acetate buffer 

than with phosphate buffer, as shown previously in Chapter Two. The lower stability of 

the DDAB bilayer in acetate buffer has been attributed to the higher cmc of DDAB in 

acetate than phosphate buffers (cmc value of 0.014 vs. 0.010 mM, respectively). As 

shown in Figure 3.2 and Table 3.2, the DDAB coating is more stable in ammonium

3 3formate than ammonium acetate buffer (k0bs of (24 ± 2) x 10' vs. (30 + 2) x 10'
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Figure 3.2 Effect o f hydrodynamic rinsing on the EOF of DDAB coated capillaries in 
different buffers. Buffer used are: ammonium acetate at ionic strength o f 10 mM (0); 
ammonium formate at ionic strength o f 10 mM (▲); and sodium phosphate at ionic 
strength o f 9 mM ( V ) .  Experim ental conditions: rinsing pressure is at 138 kPa (20 psi); 
pH of all buffers is constant at 4.0; applied voltage during EOF measurement, -9  kV; 
capillary, 30 cm x 50 pm i.d. (20 cm to detector); 1 mM mesityl oxide; X, 254 nm; and 
temperature, 25 °C. Curves are the fit o f the data to equation 3.1. Note: with DDAB 
coating, the EOF is directed from anode to cathode, and thus CZE is run in reverse mode.

Table 3.2 Effect o f hydrodynamic rinsing on DDAB bilayer. Desorption modeled using

First Order Chemical Kinetics (Equation 3.1).“

Buffer
system

PH I
(mM)

kobs
(10'3 cap. v o l)1

A!
(HT4 cm2/Vs)

Aoo
(104cm2/Vs)

R2

Ammonium
formate

4.0 10 24 ± 2 6.7 ± 0.2 2 .510 .1 0.995

Ammonium
formate

3.0 10 33 ± 3 9.2 ± 0.4 0.6 10 .2 0.99

Ammonium
acetate

4.0 10 30 ± 2 8.7 ± 0.3 0 .6 1 0 .2 0.99

Sodium
acetate

4.0 9 29 ± 2 8.9 ± 0.2 1.110.2 0.991

Sodium
phosphate*

4.0 9 12 ± 1 3.510.1 2 .9 1 0 .2 0.993

“ Experim ental conditions: as in Figure 3.2.
* Data from previous work presented in Chapter Two.
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(cap. vol)'1). This relative stability is consistent with the cmc values for the 

corresponding dodecyltrimethylammonium salts in distilled water (30.5 mM for acetate 

and 27.9 mM for formate) [33].

Overall however, DDAB does not form a stable bilayer in either acetate or 

formate buffers. Also, free DDAB from the degrading bilayer could interfere with 

detection methods such electrospray ionization mass spectrometry (ESI-MS). The 

stability o f these bilayer coatings could be improved by increasing the ionic strength of 

the run buffer [20], but this approach is limited by Joule heating generated within the 

capillary (Section 1.4.3) and would cause ion suppression in ESI. The desire to make the 

surfactant bilayer coatings more compatible with ESI-MS was the incentive to find an 

alternate means o f increasing the stability of the bilayer coatings in volatile buffers, such 

as ammonium acetate and ammonium formate.

Finally, changing the buffer cation from sodium to ammonium did not change the 

stability o f the coatings in acetate buffer (Table 3.2). This is consistent with Atkin et 

al.' s observation that the co-ion (K+, Na+, and Li+) had minimal influence on the kinetics 

o f adsorption o f CTAB aggregates [34].

3.3.2 Effect o f Surfactant on EOF

As discussed in Section 1.6, double-chained cationic surfactants with alkyl chains 

longer than eight carbons form bilayer (vesicle) structures in aqueous solutions [25, 35], 

and are favored to form bilayers on surfaces. The packing factors (p) [36] o f the double 

chained surfactants used in this study are ~0.62 (Table 3.1). The length of the alkyl chain 

has no effect on the packing factors (p), as both the volume (vc) and the length (lc) of the
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hydrocarbon chain increase proportionally. Thus, all o f the double chained surfactants 

are expected to form bilayers onto silica surface [2 2 ].

To achieve greater bilayer stability, a lower cmc is required [20]. Rather than 

modifying the buffer conditions, the cmc can be lowered by increasing the 

hydrophobicity o f the surfactant tail either by increasing the length or number o f the 

hydrocarbon chains in the surfactant [25, 33, 36], For double chained surfactants the cmc 

can be estimated by [25]:

log (cmc, M) = 3.495 -  0.6625 (3.2)

where n is the number o f carbon atoms in each alkyl chain. Thus, the cmc is estimated to 

decrease by 2 1 -fold for every two methylenes added to each hydrocarbon chain o f the 

surfactant monomer. Based on the above equation, the calculated cmc values for 

2 C 14DAB to 2Ci8DAB range from 1.6 * 10' 6 to 3.7 * 10' 9 M, as shown in Table 3.1. 

Figure 3.3 illustrates the stability o f coatings formed with 2 C 14DAB, 2Ci6DAB and 

2Ci8DAB in 10 mM ammonium formate buffer. No significant degradation (< 3%) is 

observed for these longer chain surfactants over 415 capillary volumes (-245 pL) of 

continuous rinsing with the run buffer.

Another way to lower the cmc is to increase the number of alkyl chains on the 

surfactant monomers. This can be achieved by using 3CnMAI, a triple chained 

surfactant. According to the theory o f self-assembly of surfactant discussed in Chapter 

One, the calculated packing parameter (p) o f 3CnMA+ is 0.93 (Table 3.1). This suggests 

that 3Ci2MA+ could form a bilayer structure on the silica surface. Figure 3.3 shows that 

the reversed EOF for 3 Q 2MAI (0) is almost constant (< 3% change) during 415 capillary 

volumes (-245 pL) of continuous rinsing with run buffer. Thus, under the experimental
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Figure 3.3 Effect o f increasing the hydrocarbon chain length and the number of 
hydrocarbon chains o f the surfactant monomer on the stability o f the coatings. 
Surfactants used are: DDAB (■ ); 2 C 14DAB (x); 2Ci6DAB (▲); 2CigDAB (•); and 
3 C 12MAI (0). Experim ental conditions: ammonium formate buffer at ionic strength of 
10 mM and pH 4.0; applied voltage during EOF measurement, -9  kV; capillary, 30 cm x 

50 pm i.d. (20 cm to detector); neutral marker, 1 mM mesityl oxide; temperature, 25 °C; 
and X, 254 nm. The capillary was rinsed with 0.1 mM surfactant containing solution for 
10 min at 138 kPa. After each run the capillary was regenerated by rinsing with pure 
methanol and 1 M NaOH then recoated again with surfactant solution. Curve for DDAB 
is the fit o f the data to equation 3.1. Note: with cationic surfactant coatings, the EOF is 
directed from anode to cathode, and thus CZE is run in reverse mode.
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conditions used in Figure 3.3, the stability of the 3 Ci2MA+ coating is indistinguishable 

from that o f 2CmDAB, 2Ci6DAB and 2CigDAB.

A second study of coating stability was performed using a wider bore capillary. 

This allowed a greater buffer volume to be flushed through the capillary, and thereby 

provides a more severe test o f the coating stability [20], as shown in Section 2.3.2.

Figure 3.4 shows the EOF degradation curves o f the surfactant bilayer coatings as a 

function of the number of capillary volumes of run buffer flushed through the capillary in 

10 mM ammonium acetate buffer using 75 pm i.d capillary. Under these conditions, the 

reversed EOF for DDAB rapidly decays to its asymptotic value by 60 capillary volumes 

(-80 pL). In contrast, for the 2 C 14DAB coating the EOF decays by only 10% by 417 

capillary volumes (-550 pL). Both DDAB and 2CmDAB behavior were fitted to eq. 3.1 

with correlation coefficients (R ) better than 0.99, as shown in Table 3.3. Moreover, 

even under these severe rinse conditions the EOF observed for the 2CisDAB coating was 

constant (2 % random variation, with no evidence of drift) throughout the study, while the 

EOF of 3 C 12MAI coating was also constant up to 115 capillary volumes (-150 pL), but 

thereafter decreased by 5%. This indicates that the coating stability follows the order: 

2C18DAB > 3C,2MAI * 2Ci6DAB > 2Ci4DAB »  DDAB.

3.3.3 Effect of pH on EOF

Previously, it was observed in Section 2.3 that the stability o f DDAB coatings 

decreased as the buffer became more acidic [20]. This behavior is believed to result from 

the reduced electrostatic attraction between the surfactant headgroups and the silica 

surface. This is illustrated in Table 3.2 and Figure 3.5 where decreasing the pH of a 

formate buffer (10 mM constant ionic strength) from 4.0 to 3.0 causes k0bs to increase
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Figure 3.4 Effect o f increasing the capillary inner diameter on the stability of the 
surfactant bilayer coatings. Surfactant used are: DDAB (■ ); 2C[4DAB (x); 2CisDAB 
(•); and 3 C 12MAI (0). Experim ental conditions: ammonium acetate buffer at ionic 
strength o f 10 mM and pH 4.0; applied voltage is -9  kV; capillary, 30 cm x 75 pm i.d. 
(20 cm to detector); neutral marker, 1 mM mesityl oxide; X, 254 nm; and temperature, 25 
°C. The capillary was rinsed with 0.1 mM surfactant containing solution for 10 min at 
138 kPa. After each run the capillary was regenerated by rinsing with pure methanol and 
1 M NaOH then recoated again with surfactant solution. Curves for DDAB and 
2 C 14DAB are the fit o f the data to equation 3.1. Note: with cationic surfactant coating, 
the EOF is directed from anode to cathode, and thus CZE is run in reverse mode.

Table 3.3 Effect o f increasing the capillary inner diameter on the stability of the DDAB 

and 2C hDAB surfactant bilayer coatings. Desorption modeled using First Order

Chemical Kinetics (Equation 3.1).a

Surfactant kobs
(10'3 cap.vol)'1

A,
(10-4 cm2/Vs)

Aoo
(10'4cm2/Vs)

R2

DDAB 91 ± 11 11 ±1 0.4 ±0.1 0.991

2 C 14DAB 2.7 ±0.7 1.3 ±0.2 7.7 ± 0.2 0.994

a Experimental conditions as in Figure 3.4.
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from (24 ± 2) x 10' 3 to (33 ± 3) x 10"3 (cap. vol)'1. That is, at pH 3.0 there is a 90% 

decrease in the EOF for a DDAB coating over the first 100 capillary volumes o f buffer 

rinse (-60 pL). In contrast, with the 2 C 14DAB coating (Figure 3.5) the EOF decreased 

only 15% over 208 capillary volumes (-125 pL). Fitting the degradation curve of 

2 C 14DAB coating to eq. 3.1 (R2 = 0.998) yielded a k0bs of (3.1 ± 0.5) x 10' 3 (cap. vol)'1. 

That is, the 2 C 14DAB coating is about ten times more stable than the DDAB coating, in 

reasonable agreement with the 21-fold decrease predicted for the cmc. No EOF 

degradation was observed over 208 capillary volumes (-125 pL) o f pH 3.0 formate 

buffer for the 2Ci8DAB coatings, as shown in Figure 3.5.

3.3.4 Effect of Surfactant Concentration on EOF

Figure 3.6 shows the effect of the concentration o f 2 C 14DAB and 2CigDAB in the 

coating solution on the stability of the bilayer in 10 mM ionic strength formate buffer at 

pH 3.0. Based on the 95% confidence limit, decreasing the concentration o f 2 C 14DAB 

from 0.1 to 0.005 mM has no effect on the stability (i.e., k0bs) o f the bilayer coating as 

shown in Table 3.4. However, longer coating times (at least 20 min) had to be used with 

the dilute 2 C 14DAB solution to achieve a fully reversed EOF. Similarly, decreasing the 

concentration o f 2CigDAB solution from 0.1 mM (• )  to 0.005 mM (o) had no effect on 

the stability o f the bilayer coatings, as shown in Figure 3.6. However, the magnitude of 

the reversed EOF value increased from (5.8 ± 0.2) x 10-4 to (8.5 ± 0.2) x 10-4 cm2/Vs 

when the 2Ci8DAB solution concentration was decreased. The EOF of the 2Ci8DAB 

coated capillary with 0.005 mM surfactant concentration solution is comparable to the 

initial reversed EOF of 2 C 14DAB coating (8 .8  ± 0.8) x 10"4 cm2/Vs. Further, the rinse 

time necessary to achieve fully reversed EOF did not change with 2Ci8DAB
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Figure 3.5 Effect o f buffer pH on the stability o f the double chained surfactants at pH 
3.0 and pH 4.0. Surfactant used at pH 3.0: DDAB (□); 2 Q 4DAB (A); 2CigDAB (V), 
and at pH 4.0: DDAB (■) 2ChDAB (x); 2CigDAB (•). Experim ental conditions: 
ammonium formate buffer at ionic strength o f 10 mM; applied voltage during EOF 
measurement, -9  kV; capillary, 30 cm x 50 pm i.d. (20 cm to detector); neutral marker, 1 
mM mesityl oxide; X, 254 nm; and temperature, 25 °C. The capillary was rinsed with 0.1 
mM surfactant containing solution for 10 min at 138 kPa. After each run the capillary 
was regenerated by rinsing with pure methanol and 1 M NaOH then recoated again with 
surfactant solution. Curves are the fit o f the data to equation 3.1. Note: with cationic 
surfactant coating, the EOF is directed from anode to cathode, and thus CZE is run in 
reverse mode.
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Figure 3.6 Effect o f surfactant concentration on the stability o f the bilayer. Surfactant 
concentration of 0.1 mM: 2CmDAB ( x )  and 2CisDAB (•); and concentration of 0.005 
mM, 2ChDAB (+); and 2CigDAB (o). Experim ental conditions: ammonium formate 
buffer at ionic strength of 10 mM and pH 3.0; applied voltage, -9  kV; capillary, 30 cm x 
50 pm i.d. (20 cm to detector); neutral marker, 1 mM mesityl oxide; X, 254 nm; and 
temperature, 25 °C. The capillary was rinsed with 0.1 mM surfactant containing buffer 
for 10 min at 138 kPa. After each run the capillary was regenerated by rinsing with pure 
methanol and 1 M NaOH then recoated again with surfactant solution. Curves are the fit 
o f the data to equation 3.1. Note: with cationic surfactant coating, the EOF is directed 
from anode to cathode, and thus CZE is run in reverse mode.

Table 3.4 Effect o f 2 C 14DAB concentration on the stability o f the bilayer. Desorption 

modeled using First Order Chemical Kinetics (Equation 3.1).a

Surfactant Cone.
(mM)

kobs
(1 0 '3 cap. vol)"1

Aj
(10"4 cm2/Vs)

Aqo
(lO^cmVVs)

R2

2 C 14DAB 0.1 3.1 ±0.5 2.8 ±0.4 6.0 ± 0.4 0.998

2 C 14DAB 0.005 3.2 ±0.6 3.6 ±0.5 5.2 ±0.5 0.999

a Experim ental conditions: as in Figure 3.6.
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concentration. Regardless, since the coating stability does not depend on the surfactant 

concentration in the coating solution, 0.1 mM surfactant was used as the coating solution 

in all other experiments.

3.3.5 Protein Separations

Four basic proteins (a-chymotrypsinogen A, ribonuclease A, cytochrome c and 

lysozyme) were used as model analytes to evaluate the surfactant coatings [27]. Figure 

3.7 shows the separation o f these proteins in a 50 pm i.d. capillary using the 2 C 14DAB 

coating. At pH 3.0, the protein peak efficiencies are 0.5 to 0.7 million plates/m. At pH 

4.0, the cytochrome c and lysozyme almost elute together and the peaks are no longer 

resolved. Further increasing the pH to 4.5 resulted in a migration order switch between 

cytochrome c and lysozyme. Also the protein peak efficiencies improved to 1.0 million 

plates/m. Upon decreasing the capillary i.d. to 25 pm (to maximize the stability o f the 

wall coating) [20], comparable peak efficiencies were observed. However, if the protein 

sample was prepared in 1 /10  diluted-buffer, the efficiencies o f the protein peaks were 

enhanced to 1.2 to 1.4 million plates/m, as shown in Figure 3.8a, comparable to the 1-2 

million plates/m theoretically predicted [27]. This sample matrix effect suggests that 

there is some band broadening occurring due to the laminar flow generated by the 

mismatch o f conductivity between the pure water zone and background electrolyte [37], 

This band broadening compromises the peak sharpening achieved by sample stacking. 

Regardless, protein samples prepared in distilled water were used in all further 

experiments.

Using the triple-chained surfactant 3C 12MAI (Figure 3.8b) yields a slightly slower 

separation o f 2.3 min compared to a separation time of 2.0 min with 2 C 14DAB coating, as
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b. pH 4.0

c. pH 3.0

1.0 2.0 2.50.0 0.5 1.5
Time (min)

Figure 3.7 Electropherograms o f four cationic proteins using 2 C 14DAB coatings at 
different pH: a. pH 4.5; b. pH 4.0; and c. pH 3.0. Peaks: (1) a-chymotrypsinogen A,
(2) ribonuclease A, (3) cytochrome c and (4) lysozyme. Experim ental conditions: 30 
cm x 50 pm i.d. capillary; protein sample was dissolved in water; hydrodynamic injection 
at 2 kPa for 3 s; 50 mM ammonium formate buffer; voltage at -10  kV; X, 214 nm; and 
temperature, 25 °C. The capillary was initially rinsed with 0.1 mM 2 C(4DAB solution 
dissolved in the running buffer for 5 min at 138 kPa, followed by rinsing with the running 
buffer for 2 min at 13.8 kPa.
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Figure 3.8 Electropherograms of four cationic proteins using 2CmDAB and 3C12MAI. 
a. 2C14DAB coating, protein sample prepared in 1/10 dilute buffer; and b. 3Ci2MAI 
coating, protein sample prepared in distilled water. Peaks: (1) a-chymotrypsinogen A, 
(2) ribonuclease A, (3) cytochrome c and (4) lysozyme. Experimental conditions: 30 
cm x 25 |xm i.d. capillary; 50 mM ammonium formate buffer at pH 4.5; hydrodynamic 
injection at 7 kPa for 5 s; temperature, 25 °C; X, 214 nm; and voltage at -10 kV.

Table 3.5 Migration time of the cationic proteins separated using 2C14DAB, 2CigDAB, 

and 3Ci2MAI.a

Coatings |̂ EOF 
cm2/Vs

migration time (min)

tEOF a-chymotryp
sinogen A

ribonucleas A cytochrome c lysozyme

2C14DAB 6.7 x 10A 1.51 1.77 1.84 1.98 2.02

2C,8DAB 4.0 x 10-4 2.49 3.27 3.49 4.06 4.22

3C,2TAI 6.0  x 1C4 1.67 1.97 2.07 2.25 2.29

a Experimental conditions: as in Figure 3.8.
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shown in Table 3.5. This result is consistent with the lower reversed EOF with this 

surfactant. Efficiencies are ranging between 0.7 and 0.8 million plates/m for sample 

dissolved in distilled water. As shown in Table 3.5, the separation time of the same 

protein mixture using 2CigDAB coating was about 4.2 min, with efficiencies of only 

0.3-0.4 million plates/m. Peak tailing was not evident in any o f the electropherograms, 

indicating that the strong positive charge of the bilayer coating minimizes protein 

interaction with the capillary wall.

Figure 3.9 demonstrates the reproducibility and stability o f the 2CisDAB coating. 

Over 60 successive runs were performed over a 12-day period without ever regenerating 

or refreshing the capillary. The percent relative standard deviation (% RSD) for the 

migration time, peak height and efficiency reproducibilities for 10 successive runs per 

day are shown in Table 3.6. The migration time reproducibility was 0.11-0.84% RSD 

within-day and 2.3% RSD for between-day (n = 5 days). No general trends in the 

migration time (i.e., not decreasing or increasing) were evident over the 12-day period 

(Table 3.7). The peak height reproducibility within each day was ranging between 1.6 

and 4.4% RSD. The efficiency (N) reproducibility within-day was 3.0-8.7% RSD, with 

efficiencies varying randomly during the course of the experiment. The high degree of 

reproducibility suggests that little protein is irreversibly retained on the 2CisDAB, 

consistent with the high recoveries observed previously with DDAB coated capillaries 

[18,19]. A similar reproducibility and stability study was performed with the triple

chained surfactant 3 C 12MAI. Fifty successive runs were performed over a 5-day period 

without ever regenerating or refreshing the capillary. The % RSD for the migration time, 

peak height and efficiency reproducibilities for 10 successive runs per day are presented
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Figure 3.9 Electropherograms of four cationic proteins with 2Ci8DAB coated capillary 
for 12-day period. Peaks: (1) a-chymotrypsinogen A, (2) ribonuclease A, (3) cytochrome 
c and (4) lysozyme. Experim ental conditions: 30 cm x 25 pm i.d. capillary; injection at 
7 kPa for 5 s; 50 mM ammonium formate buffer at pH 4.5; voltage -5 kV; temperature,
25 °C; and X, 214 nm. The capillary was initially rinsed with 0.1 mM 2Ci8DAB solution 
dissolved in the running buffer for 5 min at 138 kPa, followed by rinsing with the running 
buffer for 2 min at 138 kPa. Between the runs the capillary was rinsed with the run 
buffer for 2 min at 138 kPa without recoating with the surfactant solution. The capillary 
was stored in the running buffer overnight.
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Table 3.6 Migration time reproducibility, peak height reproducibility, and efficiency 

reproducibility o f the cationic proteins separated using 2CisDAB coating over a 12-day 

period."

M igration time 
reproducibility 

% RSD

Peak height 
Reproducibility 

%  RSD

Efficiency 
reproducibility 

%  RSD

Day 0 0.64-0.84 3.4-4.4 4.0-4.8

Day 1 0.18-0.24 3.1-3.6 3.7-4.8

Day 2 0.20-0.34 2.3-3.2 3.8-7.9

Day 3 0.75-0.82 1.8-2.9 4.1-7.4

Day 4 0.08-0.11 1.6-3.2 3.6-7.0

Day 12* 0.18-0.35 2.1-2.4 3.0-7.3

" Experim ental conditions: as in Figure 3.9. Ten replicate injections were performec 
each day.
b After day 4 the coated capillary was stored for 7 days in the run buffer.

Table 3.7 Average migration time within the day for the cationic proteins separated 

using 2Ci8DAB coating over a 12-day period."

Average migration time (min)

a-chymotrypsinogen A ribonuclease A cytochrome c lysozyme

Day 0 6.50 7.04 8.22 8.55

Day 1 6.65 7.22 8.47 8.82

Day 2 6.58 7.13 8.34 8.68

Day 3 6.62 7.19 8.45 8.79

Day 4 6.35 6.88 8.00 8.33

Day 12* 6.54 7.09 8.32 8.66

"Experim ental conditions: as in Figure 3.9. Ten rep icate injections were performed
each day.
*After day 4 the coated capillary was stored for 7 days in the run buffer.
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in Table 3.8. The migration time reproducibility within-day was 0.13-0.61% RSD, and 

the peak height reproducibility 1.1-6.1% RSD. However, the migration time 

reproducibility between-day was 3.4% RSD and displayed a gradual increase in the 

migration times (Table 3.9). More importantly, the peak efficiencies decreased from 0.7- 

0.8 to 0.3-0.4 million plates/m over the 5-day period. The poorer migration time 

reproducibility and loss in efficiency indicates that the 3 C 12MAI coating gradually 

degraded over the 5-day period. This is consistent with the small difference in stability 

observed for the 3 C 12MAI coating versus the 2CisDAB coating in Figure 3.4.

The long-term stability o f the 2 C 14DAB coating was expected to be poor. 

Nonetheless, it was studied due to the high efficiencies achieved with this coating (Figure 

3.8). The migration time and peak height reproducibility observed for 14 successive runs 

on a 2 C 14DAB coated capillary without regeneration were 0.30-0.46 % and 3.4-3.6% 

RSD, respectively. The efficiencies reproducibility was ranging between 2.3 and 7.7% 

RSD, with the efficiencies decreasing significantly after 10 runs. Therefore, the capillary 

needs to be regenerated to resurrect performance. This is done by washing the capillary 

with pure methanol solution for 5 min followed by rinsing NaOH, water, buffer and then 

the surfactant solution.

3.4 Conclusions

Static adsorbed coatings were generated within fused silica capillaries by flushing 

the capillary with a 0.1 mM solution o f the double-chained cationic surfactants 2 Q 4DAB, 

2Ci6DAB and 2Ci8DAB as well as the triple-chained surfactant 3 C 12MAI. All of these 

coatings were semi-permanent, whereby the coating remained intact after the unadsorbed
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Table 3.8 Migration time reproducibility, peak height reproducibility, and efficiency 

reproducibility o f the cationic proteins separated using 3 C 12MAI coating over a 5-day 

period."

M igration time 
reproducibility 

%  RSD

Peak height 
Reproducibility 

%  RSD

Efficiency 
reproducibility 

%  RSD

Day 0 0.41-0.42 3.6-6.1 7.4-10.9

Day 1 0.25-0.26 2.0-3.7 2.2-4.8

Day 2 0.51-0.61 1.1-3.7 2.0-5.1

Day 3 0.31-0.32 1.9-3.1 3.6-6.1

Day 4 0.13-0.16 2.0-4.5 5.6-8.2

"Experim ental conditions: as in Figure 3.9. Ten replicate injections were performed 
each day.

Table 3.9 Average migration time within the day for the cationic proteins separated 

using 3 C 12MAI coating over a 5-day period."

Average migration time (min)

a-chymotrypsinogen A ribonuclease A cytochrome c lysozyme

Day 0 6.57 6.89 7.53 7.69

Day 1 6.70 7.03 7.72 7.88

Day 2 6.69 7.03 7.70 7.87

Day 3 6.82 7.18 7.90 8.06

Day 4 7.07 7.45 8 .2 2 8.41

" Experim ental conditions: as in Tigure 3.9. Ten replicate injections were performed
each day.
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surfactant was removed from the capillary. The stability o f the coating increased with 

decreasing the cmc via increasing the hydrophobicity o f the surfactant by increasing the 

length or number o f the hydrocarbon chains in the surfactant. For instance, the stability 

o f the long chain surfactants (2CigDAB) was very high over a 12-day period without any 

regeneration o f the coating. The migration time reproducibility o f 2Ci8DAB-coated 

capillary varied by less than 2.3% over 5-day period with no loss in efficiency.
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CHAPTER FOUR: Preparative Capillary Zone 

Electrophoresis using a Dynamic Coated Wide-bore Capillary

4.1 Introduction

Currently, two-dimensional gel electrophoresis is the method o f choice for 

preparative protein separations and analyses for proteomic applications [1]. However, 

this technique is time-consuming, labor-intensive, difficult-to-automate and has low 

reproducibility [2], More importantly, it is not possible to extract the whole protein from 

the gel in its native form, and in some cases the amount extracted is not sufficient for the 

subsequent protein identification and characterization studies [3]. In addition, the 

extracted sample must be cleaned to remove sodium dodecyl sulfate. Consequently, 

extensive efforts have been devoted to the development o f preparative non-gel-based 

techniques to facilitate protein isolation. One of the non-gel electrophoretic methods that 

has been used for preparative protein separations is capillary isoelectric focusing (CIEF) 

[4, 5]. Using 100 pm i.d. capillaries, loadings o f 0.3 pg o f each protein have been 

achieved [6 ]. However, the mobilization step in CIEF can distort the pH gradient created 

in the column during the focusing step resulting in poor reproducibility, longer analysis 

times and degradation of resolution between the focused zones [5]. Further, proteins with 

similar isoelectric points cannot be separated using CIEF (estimated resolution is 0.05 pH 

units [6 ]). For instance, bovine and horse cytochrome c differ by only three amino acid 

residues which results in their theoretical p/differing by only 0.07 [7].

* Aversion of this chapter has been published. Yassine, M. M., Lucy, C. A., 
Electrophoresis 2006, 27, 3066-3074.
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Capillary zone electrophoresis (CZE) is extensively used to separate a wide 

variety o f ionic species, ranging from amino acids to large biomolecules. Due to its 

beneficial features including fast, high resolution, high efficiency, automation, ease 

sample collection and minimal sample pre-cleaning required, CZE is potentially a good 

candidate as a preparative tool for proteomic applications. Furthermore, CZE separations 

are performed in free solution, and thus the proteins may be purified and isolated without 

altering their activity.

Previously, CZE was used for preparative separations of small molecules such as 

pharmaceutical compounds and peptides mixture [8-13]. For instance, Lee et al. 

employed CZE to separate synthetic peptides (Mr range from 555 to 2148 [13]) at large 

scales to prepare sample prior to mass spectrometric analysis. Their studies focused 

mainly on the effects o f capillary inner diameter (50 to 200 pm) and injected plug length 

on the separation performance at preparative scales. The 100-pm i.d. capillary was found 

to be the best choice, with an optimum loading limit o f 39-78 pmol o f each peptide [9]. 

Theoretically, sample loading could be significantly increased by utilizing wider 

capillaries (> 100 pm i.d.). However, the separations deteriorated with wider capillaries 

due to extensive broadening caused by Joule heating [14, 15] and siphoning [8], as 

previously discussed in Sections 1.4.3 and 1.4.5.

The possibility o f employing CZE for preparative purposes for protein separations 

has been discussed from a theoretical viewpoint by Poppe and coworkers [16]. However, 

prior efforts to perform preparative protein separations by CZE have been hampered by 

protein adsorption. The interaction between positively charged proteins and the 

negatively charged silica surface leads to significant band broadening, poor migration
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time reproducibility [17] and in severe cases irreversible adsorption o f protein onto the 

capillary surface such that the protein never elutes from the capillary [18]. A detailed 

discussion on protein separation is present in Section 1.5.

Coating of the capillary walls is the most effective approach to eliminate the 

electrostatic attraction between cationic proteins and the silica surface. As shown in 

Section 1.6.3, double chained cationic surfactants, such as didodecyldimethylammonium 

bromide (DDAB), form semi-permanent wall coatings [19-21]. However, the stability of 

the DDAB coating was influenced by a number o f experimental factors such that the 

coatings were unstable under some buffer conditions, as discussed in Chapter Two. As 

demonstrated in Chapter Three, a simple means to increase the stability of the surfactant 

bilayer was to use longer chained surfactants such as dimethylditetradecylammonium 

bromide (2CuDAB). For instance, the 2 C 14DAB coating showed no significant 

degradation over 415 capillary volumes (-245 pL) in a 50 pm i.d. capillary [22], In 

contrast, the DDAB coating rapidly degraded in less than 100 capillary volumes (-59 pL) 

under the same experimental conditions. Although 2CisDAB coating exhibit the highest 

stability among the surfactant used in the thesis, the separation time with this coating was 

more than 1.8 times larger than the separation time achieved by 2 C 14DAB coating, as 

shown in Chapter Three. Thus, the 2 C 14DAB coating is employed in this chapter to 

shorten the separation time.

This Chapter investigates the potential of wide bore surfactant coated capillaries 

for protein separations at preparative (picomole) scales using the 2 C 14DAB coating. The 

stability of 2 C 14DAB coatings with wide bore (100 pm i.d.) capillaries will be 

demonstrated. Further, as the 2 C 14DAB coatings eliminate adsorption on the capillary
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walls, the influences o f other broadening mechanisms that accompanied protein 

separations at large scales are also examined.

4.2 Experimental Section

4.2.1 Apparatus

The apparatus utilized in this Chapter was as described in Section 2.2.1.

Untreated fused-silica capillaries (Polymicro Technologies, Phoenix, AZ) with a total 

length o f 58 cm (48 cm to the detector), an inner diameter (i.d.) o f 100 pm and an outer 

diameter o f 363 pm were used, unless otherwise noted.

4.2.2 Chemicals

Nanopure 18-MQ ultra-pure water (Bamstead, Dubuque, 10, USA) was used to 

prepare all solutions. Potassium, sodium, lithium, tetraethylammonium (TEA), and 

tetrabutylammonium (TBA) phosphate buffers were prepared from phosphoric acid 

(BDH, Darmstadt, Germany), and the pH was adjusted using potassium, sodium, lithium 

(BDH), tetraethylammonium and tetrabutylammonium hydroxide (Aldrich, Milwaukee, 

WI, USA), respectively. Tris and Bis-tris phosphate buffers were prepared by titrating 

phosphoric acid with a 100 mM solution of ultra-pure tris(hydroxylmethyl)aminomethane 

(pKa = 8.1, Schwarz/Mann Biotech, Cleveland, OH) or bis(2-hydroxyethyl)iminotris 

(hydroxyl-methyl)methane (pKa = 6.5, Sigma, St. Louis, MO, USA) to pH 7.0, 

respectively. The ionic strength o f the buffers and the effective mobility o f the buffer co

ions were computed using PeakMaster 5.1 [23].

The cationic surfactant dimethylditetradecylammonium bromide (2 C 14DAB) was 

used as received from Aldrich. The surfactant solution was prepared using the sonicate/
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stir cycle method [24] at 50°C. This sonicate/stir cycle was repeated two times for 

2 C 14DAB surfactant. HPLC-grade methanol (MeOH; Fisher, Fair Lawn, NJ, USA) was 

used to remove the bilayer coating from the capillary after each run. Standard proteins 

bovine heart cytochrome c (b-cyt c, C3131, Mr = 12230.70 Da) and horse heart 

cytochrome c (h-cyt c, C7752, Mr = 12360.46 Da) were used as received from Sigma.

The theoretical p/predicted from their amino acid sequence are 9.52 and 9.59, 

respectively [7]. These proteins were dissolved in water at concentrations ranging from

0.05 to 50 g/L for each protein. Throughout this chapter, the protein concentrations are 

reported in g/L for each individual protein.

4.2.3 Coating Procedure

To avoid hysteresis effects, fresh capillaries were used with each new buffer 

system. New capillaries were flushed with 1 M NaOH for 5 min under high pressure at 

138 kPa (20 psi) and then with distilled water for 2 min at 138 kPa. The rinsing times 

were adjusted for capillaries with i.d. other than 100 pm. After the preconditioning steps, 

the capillary was rinsed at 138 kPa for 5 min with 0.1 mM surfactant-containing solution 

to coat the capillary. Finally, before sample injection and application o f the electric field, 

the capillary was flushed with the running buffer for 1.5 min at 20.7 kPa (3 psi), 

corresponding to about 2 capillary volumes o f buffer. After each separation, the capillary 

was rinsed with pure methanol for 3 min at 138 kPa to remove the surfactant coating 

from the capillary, followed by rinsing with 1 M NaOH for 3 min at 138 kPa and water 

for 2 min at 138 kPa. The capillary was then recoated with the surfactant solution, as 

described above. With wide bore capillaries, coating regeneration is critical before each 

run to guarantee optimum performance.
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4.2.4 Protein Separations

After coating the capillary, the protein sample was hydrodynamically injected into 

the capillary. Buffers based on phosphate at pH 7.0 were used in this study. This pH was 

found to be optimum for the separation o f the cytochrome c mixture [25]. The applied 

voltage was -10  kV, unless otherwise stated. Direct UV-absorbance detection (Section 

1.3.1) was performed at 214 nm for all buffers, except for Bis-tris phosphate where 254 

nm was used.

The number of moles of protein injected was calculated by multiplying the protein 

concentration by the volume injected (Section 1.1). The volume of the sample plug was 

estimated using the Poiseuille’s equation:

A P x r 4x

v «  = l ^ Z T  ( 4 a )

where v,„7 is the calculated injection volume (m3), AP is the pressure gradient across the 

capillary length (Nm'2), r is the capillary radius in m, r  is the time in seconds that the 

pressure is applied, Lt is the total capillary length in m, and rj is the viscosity o f the 

electrolyte (0.891 x 10' 3 Nsm ' 2 at 25 °C).

The peak asymmetry factor (B/A) was determined from the ratio o f the right half 

(B) over left half (A) o f the analyte peak at 10% of its maximum height, as illustrated in 

Figure 4.1. B/A equal to 1 corresponds to a symmetrical peak, less than 1 is a fronting 

peak (e.g. Figure 4.1), and greater than 1 is a tailing peak.

Resolution (Rs) of the sample components was calculated from its definition, as 

previously discussed in Section 1.4 (eq. 1.19). The migration time reproducibility for 

wide bore capillary was calculated by performing 3 successive injections without 

recoating the capillary with the surfactant solution. Efficiencies were computed by the
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Figure 4.1 Schematic diagram of a fronting peak showing parameters used to estimate 
the asymmetric factor (B/A). A+B is the peak width at one-tenth o f the maximum peak 
height.
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P/ACE Station software, using the peak width at half-height method (eq. 2.3, Section 

2 .2 .6).

4 .3  R e su lts  a n d  D isc u ss io n

4.3.1 Protein Separation under Trace Conditions

In theory, the efficiency (N) in CZE separations o f low concentrations o f protein 

should be limited only by longitudinal diffusion [26], according to:

U V
N  = (4.2)

2D

where fj.app is the apparent electrophoretic mobility o f the analyte under consideration, V 

is the applied voltage, and D  is the analyte’s diffusion coefficient. Thus, increasing the 

applied voltage will increase the separation efficiency. However, adsorption onto the 

capillary wall can severely broaden protein peaks, generate substantial tailing and even 

result in irreversible loss o f protein [27-29], as discussed in Section 1.4.5. There are a 

number o f approaches have been developed to eliminate protein adsorption (Section 1.6). 

Previously in Chapters Two and Three, it was demonstrated that bilayer coatings based 

on surfactants, such as DDAB [19-21] and 2 C 14DAB [22], yield high efficiency 

separations o f proteins under trace conditions. For instance, efficiencies in excess o f one 

million plates/m, have been reported for injections o f 0.1 g/L o f cationic proteins such as 

lysozyme, ribonuclease A, a-chymotrypsinogen and cytochrome c. Furthermore, protein 

recoveries from bilayer coated capillaries are essentially quantitative [2 0 , 2 2 ],

As shown in Figure 4.2 and Table 4.1, efficiencies of 0.80 million plates/m and 

peak asymmetry factors of 1.0  were achieved for short injections (~1% of the capillary 

length) o f 0.05 g/L h-cyt c on a 25 pm i.d. capillary. The high efficiency and absence of
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Figure 4.2 Effect o f capillary diameter on electropherograms of trace concentrations of 
b-cyt c and h-cyt c using 2 C 14DAB coated capillaries: a. 25 pm; and b. 100 pm. 
Experimental conditions: Capillary length 58 cm (48 cm to the detector); the injection 
plug length was kept constant at 6.2 mm; the analyte was dissolved in water at 0.05 g/L; 
50 mM lithium phosphate buffer at pH 7.0; voltage at -10  kV; and X, 214 nm. The 
injection condition and the rinsing times were adjusted for the different capillary 
dimensions.

Table 4.1 Peak efficiency and peak asymmetry factor of h-cyt c separated in 25, 50 and 

100 pm i.d. capillaries coated with 2 C 14DAB"

Capillary 
i.d am

Current
uA

Injection volume 
nL

Moles of analyte 
pmol

N
Plates/m

B/A

25 -4.5 3 0 .0 1 2 800 0 0 0 1.0

50 -18 12 0.049 700 000 0.97

100 -72 48 0.19 130 000 1.0

a Experimental conditions: as in Figure 4.2.
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the peak tailing indicates that adsorption has been effectively eliminated by the 2C mDAB 

coating. Also, excellent migration time reproducibility (< 0.5% RSD for 10 successive 

injections without coating regeneration, as shown in Chapter Three) is an additional 

operational indicator o f low irreversible protein adsorption. Hence, the 2CuDAB coating 

successfully minimizes the broadening due to analyte/wall interaction and so is used for 

all further studies herein.

Ultimately, wider bore (100 pm i.d.) capillaries will be used to maximize loading 

for the preparative protein separations. The main advantage o f increasing the capillary 

i.d. is to increase the sample loading by increasing the volume of the injection plug 

without changing the plug length. Switching the capillary i.d. from 25 to 100 pm 

increases the sample plug volume by 16-fold. However, the current generated inside the 

capillary also increases 16-fold. Indeed, as the capillary i.d. increases from 25 to 100 

pm, the peak efficiency under trace conditions (0.05 g/L o f h-cyt c) decreases from 0.8 

million to 0.13 million plates/m, as illustrated in Figure 4.2 and Table 4.1. Ohm’s law 

plots confirm that the Joule heating is effectively dissipated in the 25 pm i.d. capillary but 

is significant within the 100 pm i.d. capillary, as discussed in Section 1.4.3.

Adsorption onto the capillary wall is not significant, as indicated by the peak 

asymmetry factor being ~1 regardless of the capillary diameter (Table 4.1). Thus, the 

decrease in efficiencies in wide bore capillary is due to Joule heating [30-32]. 

Nonetheless, the h-cyt c and b-cyt c peaks were well resolved (Rs > 2.0), as shown in 

Figure 4.2. As will be demonstrated in Section 4.3.2, the band broadening under 

preparative conditions is dominated by factors other than Joule heating.
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Finally, another consequence of using wider capillaries is a reduction in the 

stability o f the bilayer coating (Sections 2.3.3 and 3.3.2). With surfactant-based coatings, 

the coating gradually degrades when the bulk concentration o f the surfactant is less than 

the cmc of the surfactant. Once the bulk solution is saturated with surfactant (bulk 

concentration equals the cmc), the degradation process stops. The cmc o f long chained 

surfactants, such as 2 C 14DAB, and the volume of 25 and 50 pm i.d. capillaries are 

sufficiently low that 2 C 14DAB coatings are stable for more than 10 successive without 

recoating the capillary (Section 3.3.5). However, wide bore capillaries substantially 

increase the volume of solution that must be saturated with surfactant and so the coating 

stability is diminished [19]. Migration times in the wide bore capillary were stable (1.0% 

RSD) for 3 successive runs without refreshing the coating between runs, but thereafter 

showed a gradual drift indicating that the coating was degrading. Thus, with the 100 pm

i.d. capillaries used herein, the capillary was regenerated before each run to ensure 

optimum performance.

4.3.2 Effect of Analyte Concentration under Preparative Conditions

Figure 4.3 shows the effect of increasing the protein concentration from 0.05 to 

10 g/L on the peak shape. The sample plug length was maintained constant at 6.2 mm 

(1.1% o f the total capillary length). At low concentrations (< 1 g/L) the peaks were close 

to Gaussian, with asymmetry factors between 1.1 and 0.9. However, at higher sample 

concentrations (> 1 g/L) the efficiency decreases significantly and the peaks become 

increasingly fronted, as shown in Figure 4.3 and Table 4.2. For instance, upon increasing 

the analyte concentration from 0.05 to 10 g/L, the efficiency decreased sharply from
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c  h-cyt c h-cyt c
b-cyt c
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Figure 4.3 Electropherograms o f b-cyt c and h-cyt c in 100 pm capillary i.d. using 
2 C 14DAB coatings at different sample concentrations. The concentration o f each protein 
are reported for each electropherogram in the figure. Experim ental conditions: 
capillary length 58 cm (48 cm to the detector); hydrodynamic injection at 3.4 kPa for 3 s; 
the analytes were dissolved in water; 50 mM lithium phosphate buffer at pH 7.0; voltage 
at -10  kV; and X, 214 nm. The capillary was initially rinsed with 0.1 mM 2 C 14DAB 
solution dissolved in the running buffer followed by rinsing with the running buffer.
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Table 4.2 Peak efficiency and peak asymmetry factor o f h-cyt c at different 

concentrations separated using 100 pm i.d. capillary coated with 2 Ci4DAB.a

Analyte Cone.
g/L

Analyte injected 
pmol

N
Plates/m

B/A

0.05 0.19 130 000 1.0

0.1 0.39 125 000 1.1

0.2 0.79 105 000 0.95

0.5 2.0 115 000 0.94

1 3.9 100 000 0.90

2 7.9 65 000 0.68

5 20 30 000 0.38

10 40 20 000 0.24

Experim ental conditions: as in Figure 4.2

130 000 to 20 000 plates/m, with the highest concentrations yielding essentially 

triangular fronting peaks, B/A = 0.24 (Table 4.2).

The triangular peak shape indicates that the broadening at higher analyte 

concentrations is dominated by electromigration dispersion [33, 34]. As discussed in 

Section 1.4.4, electromigration dispersion (EMD) results from differences in the local 

electric field strength in the analyte zone relative to that in the normal buffer [35]. EMD 

originates from the difference in the effective mobilities between the analyte and the 

buffer co-ion, and becomes more significant at higher sample concentrations [33]. When 

the mobility o f the analyte molecules is less than that o f the buffer co-ions, the electric 

field within the sample zone increases at higher analyte concentrations [34]. In our work, 

the effective mobility o f h-cyt c is +0.68 * 10‘4cm2/Vs, which is substantially less than
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that of lithium (+3.0 x 10'4 cm2/Vs). As a result, the velocity of the h-cyt c protein 

becomes faster in the region with higher protein concentration, and thus a sharp front side 

is formed in the migration direction. The reversed EOF sweeps the analyte zone to the 

detector side resulting in the fronting triangular peak.

Based on the discussion in Section 1.4.4, the plate height due to electromigration 

dispersion (H£MD) is proportional to the analyte injection length ( / j „ j ) ,  the sample-to-buffer 

concentration ratio, and the electromigration dispersion factor (kEMD), as described by eq. 

1.35. The electric field strength (E) has no effect on the electromigration dispersion as 

the electric field increases proportionally with the analyte apparent velocity (vapp), i.e.,

V~ f  = Mapp (4.3)

where /J.app is the analyte apparent mobility, and it is content at constant buffer conditions 

and temperature. Therefore,

T J  _  ^ ^ ^ i n j ^ s . o  |^"EM D I _  ^ / j n j C j o l ^ E M u l

EM D ~  ~  ( 4 - 4 )
9c b v w  9c b ^ w

where Cs>o is the initial analyte concentration, and cB is the buffer concentration. In 

addition, the injection plug length was kept constant at 6.2 mm (1.1% of the total 

capillary length) to avoid any extra broadening due to injection (Section 1.4.1.1).

In preparative separations, the sample concentration must be kept as high as 

possible. Thus, other means must be found to reduce the electromigration dispersion. 

Based on eq. 4.4, HEmd can be reduced by increasing the buffer concentration and/or 

reducing the mobility difference between the analyte and buffer co-ion. These factors 

will be explored in Sections 4.3.3 and 4.3.4.
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4.3.3 Effect of Buffer Concentration

As indicated by eq. 4.4, buffer concentration has a critical effect on the 

electromigration dispersion [10,33]. Figure 4.4 and Table 4.3 show the effect of 

increasing the concentration of lithium phosphate (pH 7.0) buffer for preparative (40 

pmol o f each protein) injections. At low buffer concentrations (10 mM), the protein 

peaks are very broad and strongly fronting, with asymmetry factors less than 0.1. Not 

surprisingly, the peaks were not well resolved (Rs< 0.75). Increasing the buffer 

concentration to 100 mM improves the efficiency o f h-cyt c to 30 000 plates/m and the 

asymmetry factor to 0.38. At a buffer concentration o f 150 mM, the peak shape was 

improved (B/A o f 0.5-0.6 ); however, the peak efficiency decreased to 22 000 plates/m 

due to Joule heating. Additionally, the reversed EOF displays the expected inverse 

dependence on the buffer ionic strength (Table 4.3), causing the separation times to 

increase [36].

As shown by eq. 4.4, the HEMD is directly related to the sample-to-buffer 

concentration ratio (Cs>o/cB). At low buffer concentration, the Cs,o/cB is high due to the 

large sample concentration needed for preparative purposes. As a result, electromigration 

dispersion is significant. Increasing the buffer concentration decreases the Cs,o/cB, which 

in turn lowers the H EMD, and thus more symmetrical peaks are produced. As shown in 

Figure 4.4 and Table 4.3, the enhancement in efficiency at a buffer concentration of 100 

mM is due to the reduction of the electromigration dispersion. However, increasing the 

buffer concentration increases the electric current within the capillary causing substantial 

Joule heating peak-broadening. In lithium phosphate buffer at 150 mM, for instance, the 

peak asymmetry factor was 0.5-0.6, but the peak efficiency was less than that observed at
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b-cyt c h^ cd. cR= 150 mM
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c. cB= 100 mM

b. cB= 50 mM

a. cB= 10 mM
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Figure 4.4 Effect o f buffer concentration on electropherograms o f b-cyt c and h-cyt c 
using a 2 C 14DAB coating. The buffer concentration is reported for each electrophero- 
gram in the figure. Experim ental conditions: 58 cm x 100 pm i.d. capillary (48 cm to 
the detector); protein sample was dissolved in water; sample concentration of 10 g/L of 
each protein; hydrodynamic injection at 3.4 kPa for 3 s (40 pmol of each protein); lithium 
phosphate buffer at pH 7.0; applied voltage at -10  kV; and X, 214 nm.
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Table 4.3 Effective mobility o f buffer co-ion, effective electrophoretic mobility, and 

peak asymmetry factor of b-cyt c and h-cyt c at different buffer concentrations separated 

by 100 pm i.d. capillary using 2 C 14DAB coating.0

Buffer
conc.

mM

b
Pco-ion
xlO4

cm2/Vs

P e o f

xlO4
cm2/Vs

b-cyt c h-cyt c

P
xlO4

cm2/Vs
N

Plates/m
B/A xlO4

cm2/Vs
N

Plates/m
B/A

10 3.5 3.7 1.1 2 500 <0 .1 0 1.2 5 000 <0 .1 0

50 3.0 2.7 0.57 15 000 0.23 0 .6 8 2 0  0 0 0 0.24

100 2.7 2.4 0.42 25 000 0.38 0.52 30 000 0.39

150 2.5 2.1 0.34 2 0  0 0 0 0.60 0.42 2 2  0 0 0 0.50

a Experim ental conditions: as in Figure 4.4.

b The effective mobility of the buffer co-ions were computed based on PeakMaster 5.1 
[23].

100 mM buffer (Figure 4.4 and Table 4.3). At high buffer concentration, the Joule 

heating and electromigration dispersion work antagonistically to each other.

4.3.4 Effect of Buffer co-ion

The effect of the nature of buffer co-ion was studied using a series of pH 7.0 

phosphate buffers with a total ionic strength o f 105 mM. The amount o f protein injected 

was fixed at 40 pmol for each protein. The shape o f the protein peaks was significantly 

affected by the buffer co-ion (Figure 4.5 and Table 4.4). With a high mobility co-ion as 

previously discussed, the electromigration dispersion originates from the difference in the 

effective mobility between the analyte and buffer co-ion. Reducing the mobility 

difference decreases the &EMD which in turn reduces the plate height, as shown in eq. 4.4.
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The value o f &EMD can be calculated from the electrophoretic mobilities o f the buffer 

constituents and the analyte ions according to [16, 37]:

7. J/'a-Z'sX/'b-Z's)
E M D  ~  I  \  r * - - 5 !

1 Ẑa +Z4.K

where /xa, jub and jus are the mobilities of the buffer co-ion, the buffer counter-ion and the 

sample, respectively. For all co-ions used in this study, except for Bis-tris+, the effective 

mobility of the analyte is lower than the mobility of the buffer co-ion (Table 4.5), and so 

fronting peaks are expected. Since the mobility o f the Bis-tris co-ion is less than the 

effective mobility o f the analyte, peak tailing was expected. Surprisingly, fronting peaks 

(B/A=0.85) were observed. Regardless, using a buffer co-ion whose mobility matches 

that of the proteins reduces the EMD, resulting in the improvement in the peak shape and 

efficiency in preparative separations. However, solely focusing on the mobility of the 

buffer co-ion is not sufficient, as the buffer co-ion can cause other adverse effects. For 

instance, the hydrophobic co-ion tetrabutylammonium (TBA+) has a lower mobility than 

Li+ (Table 4.4) and so should cause less electromigration dispersion. Indeed, the peak 

shapes were more symmetrical with TBA+ than Li+. However, use o f TBA+ also 

dramatically decreased efficiency (< 7 000 plates/m, Table 4.4) and reduced the stability 

o f the bilayer (migration time reproducibility was 20% RSD for 3 successive runs). In 

contrast, the stability o f the bilayer was higher with the hydrophilic Bis-tris+, with a 

migration time reproducibility of 1.0% RSD (n = 3).

4.3.5 Maximizing sample loading

An additional advantage o f using low mobility buffer ions is that they reduce the 

electric current and thus decrease Joule heating. For example, the current generated
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c. Bis-tris+ b-cyt c
I h-cyt c

0.02 AU

KJ

b. TBA+
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Time (min)

30

0.2 AU

a. K*

0.2 AU
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Figure 4.5 Effect o f buffer co-ion on electropherograms of b-cyt c and h-cyt c using 
2 C 14DAB coatings at different buffer co-ions. The type of the buffer co-ion is reported 
for each electropherogram in the figure. Experim ental conditions: 58 cm x 100 pm i.d. 
capillary (48 cm to the detector); protein sample was dissolved in water; sample 
concentration o f 10 g/L of each protein; hydrodynamic injection at 3.4 kPa for 3 s (40 
pmol); phosphate based buffer at ionic strength of 105 mM and pH 7.0; voltage at -10 
kV; and X, 214 nm for K+ and TBA+ but 254 nm for Bis-tris+ buffer co-ions.
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Table 4.4 Effective mobility o f buffer co-ion, effective electrophoretic mobility, and 

peak asymmetry factor o f b-cyt c and h-cyt c with different buffer co-ions separated by 

100 pm i.d. capillary using 2Ci4DAB coating.0

Buffer
co-ion

bPco-ion
xlO4

cm2/Vs

C urren t

(pA)

b-cyt c h-cyt c

V
xlO4

cm2/Vs
N

Plates/m
B/A

V
xlO4

cm2/Vs
N

Plates/m
B/A

K+ 6.3 -123 0.51 8 0 0 0 0 .1 0 0.65 11 0 0 0 0.11

Na+ 4.1 -92 0.53 12 0 0 0 0.17 0.65 16 0 0 0 0.18

Li+ 3.0 -72 0.57 15 000 0.23 0 .6 8 2 0  0 0 0 0.24

TEA+ 2.4 -67 0.50 7 500 0 .2 0 0.61 9 500 0.21

TBA+ 1.6 -58 0.46 5 500 0.28 0.60 7 000 0.34

Tris+ 1.9 -53 0.67 35 000 0.43 0.78 45 000 0.44

Bis-tris+ 0.48 -45 0.60 60 0 0 0 0.80 0.71 70 000 0.85

a Experim ental conditions: as in Figure 4.5.

6 The effective mobility o f the buffer co-ions were computed based on PeakMaster 5.1
[23],

inside the capillary with Bis-tris+ (—45 pA) was 3-fold lower than that with K+ (-123 

pA), as shown in Table 4.4. This permits the application of higher electric fields to speed 

up the separation. Besides, using buffers with low ion mobilities makes it possible to 

increase the buffer concentration to reduce the EMD. The peak asymmetry factor 

improved from 0.85 to 0.91 upon increasing the Bis-tris phosphate buffer concentration 

from 50 to 100 mM, as shown in Figure 4.7 and Table 4.5. More importantly, the 

resolution increased from 1.8  to 2 .0 , and thus more sample could be injected and still 

maintain reasonable resolution (Rs> 1.4). Elevating the sample concentration to 40 g/L 

(160 pmol o f each protein), the resolution was reduced from 2.0 to 1.4 (Figure 4.7 and
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b-cyt c h-cyt c

0.05 AU

d. CS)0= 40 g/L

c. Cs>0= 30 g/L

b. CSj0= 20 g/L

22 28 31 34 3725
Time (min)

Figure 4.6 Effect o f sample concentration on preparative CZE separations o f b-cyt c and 
h-cyt c using 2CuDAB coatings. The concentration of each protein was reported for 
each electropherogram in the figure. Experim ental conditions: 58 cm x 100 pm i.d. 
capillary (48 cm to the detector); applied voltage at -10  kV; protein sample was dissolved 
in water; hydrodynamic injection at 3.4 kPa for 3 s; 100 mM Bis-tris phosphate buffer at 
pH 7.0; and X, 254 nm.
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Table 4.5 Sample amount of each protein, resolution, and peak asymmetry factor of b- 

cyt c and h-cyt c separated by 100 pm i.d. capillary using 2ChDAB coating at different 

sample concentrations.0

Sample
conc.
(g/L)

Sample
injected
(pmol)

Resolution
b-cyt c h-cyt c

N
Plates/m

B/A N
Plates/m

B/A

10 40 2.0 75 000 0.88 86 000 0.91

20 80 1.8 50 000 0.84 54 000 0.86

30 120 1.6 30 000 0.76 36 000 0.81

40 160 1.4 24 000 0.67 30 000 0.71

50 200 1.2 15 000 0.60 20 000 0.64

a Experim ental conditions: as in Figure 4.6.

Table 4.5). At a sample loading o f 200 pmol (sample concentration of 50 g/L), the 

resolution decreased to 1.2, and cross contamination between the two proteins became 

significant. Therefore, under these conditions the maximum loading capacity of sample 

for a single run was 160 pmol for isolation of protein with high purity (> 99 %). This 

amount o f sample loading corresponded to 2.0 pg of each protein, about seven folds more 

than what was injected in preparative CIEF with 100 pm i.d. capillaries [6], and more 

than 30-fold compared to the mass o f peptides isolated by past preparative CZE methods

[9].

4.4 Conclusions

Capillary electrophoresis has successfully been used for protein separation at 

preparative scales. The problem of low protein recoveries in CE was solved by using 

surfactant-based coatings. Upon rinsing the capillary with 2C hDAB solution, the
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surfactant molecules formed a temporally stable bilayer coating which significantly 

minimized the interaction between the cationic proteins and the capillary wall and thus 

essentially eliminating protein adsorption. For preparative purposes, the sample loading 

was increased by utilizing a wide bore capillary (100 pm i.d.). A further increase in the 

sample loading was also achieved by increasing the sample concentration. However, this 

approach is accompanied by broadening due to electromigration dispersion (EMD). The 

buffer concentration and the choice o f the buffer co-ion have critical effects on the EMD. 

Matching the mobilities between the analyte and the buffer co-ion highly reduces the 

EMD, and near symmetric peak shapes are observed. Optimizing the experimental 

conditions such as capillary i.d., buffer concentration and buffer co-ions, it is possible to 

inject as high as 160 pmol of protein, 3250 fold more than what is normally injected in 50 

pm i.d. capillaries.
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CHAPTER FIVE: Off-line Coupling of Preparative Capillary 

Zone Electrophoresis with Microwave-assisted Acid Hydrolysis 

for Protein Characterization

5.1 Introduction

Two-dimensional gel electrophoresis (2D-gel) followed by mass spectrometric 

identification o f proteolytic digestions is currently the workhorse in proteomics [1-4]. 

However, 2D-gel electrophoresis is time-consuming, labor-intensive, difficult-to- 

automate and has low reproducibility [5]. Moreover, protein extraction from the gel is 

not straightforward and requires special methods, which further increase the analysis 

time. For instance, passive elution requires 4-8 hours to extract the protein from the gel

[6 ], while micro-electroelution requires at least 2 hours [7]. Additionally, all methods of 

protein extraction from 2D-gels suffer from sample loss [2]. More importantly, sodium 

dodecyl sulfate (SDS; ~2%) binds extensively to proteins, (approximately one SDS for 

every two amino acids [8-10]). Thus, it is not possible to extract the whole protein from 

the gel in its native form [11], and the extracted sample must be cleaned to remove or 

minimize the amount o f the SDS bound to the isolated protein. This sample cleaning step 

prior the MS analysis is critical to improve the MS signal as the presence o f the SDS (< 

0.05%) significantly degrades both signal-to-noise ratio and resolution [12-14], Finally, 

enzymatic digestion o f the protein requires at least 12 hours before the resultant peptide 

mixture can be analyzed by MS [15, 16].

Capillary zone electrophoresis (CZE) is potentially a good candidate for 

preparative operations in particularly for proteomic applications. Separations in CZE are
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performed in simple buffer solution. Thus, it is possible to purify and collect proteins 

from a mixture without altering their activity. However, isolation o f microscale amounts 

o f separated protein components in CZE is hampered by its small format. Typically, less 

than 100 femtomoles o f protein is injected onto a 50 pm i.d. capillary [17]. Multiple 

sequential fraction collection can be used to increase the amount o f collected analyte

[18]. However, this approach is time consuming and impractical.

The introduction o f matrix-assisted laser desorption/ionization mass spectrometry 

(MALDI-MS) [19, 20] has provided a powerful approach for the analysis o f small protein 

amounts and expanded the utility o f mass spectrometry to proteomic applications. For 

instance, mass determination for proteins by MALDI-MS requires less than 100 femto

moles. Coupling o f CE with MALDI-MS can be performed either by direct depositing 

the CE eluent onto the MALDI target [21, 22], or collecting CE fractions and then 

performing off-line MALDI-MS analysis [17, 23, 24], The detection limits reported for 

proteins with CE-MALDI-MS were 0.25 femtomoles by direct sample deposition and 1.2 

femtomoles by off-line fraction collection, respectively [17,21], Fraction collection 

approach is more advantageous since a portion o f the isolated fractions can be used for 

mass determination by MALDI, and the rest can be utilized for protein characterization.

Microwave-assisted acid hydrolysis (MAAH) is a simple and rapid method for 

generating a polypeptide ladder for peptide sequencing of a protein [25, 26], In MAAH/ 

MALDI, the protein is subjected to a brief (several minutes) acid hydrolysis with the 

assistance o f microwave irradiation. Subsequent mass analysis o f the resultant poly

peptide ladder enables that each amino acid can to be read out from only one spectrum. 

MAAH requires 10-50 pmol o f pure protein [27]. The detection sensitivity o f the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



151

MAAH/MALDI technique for small proteins (< 14000 Da) was less than one pmol [26]. 

Thus, given the loadings demonstrated for preparative CE in Chapter Four, the off-line 

coupling o f CE with MAAH/MALDI has the potential to separate and characterize 

protein in a short time. In addition, the whole procedure has no complicated steps and is 

easy to operate.

In this chapter, I investigate the collection and isolation of picomole quantities of 

pure protein using a commercial CE instrument and MAAH for protein characterization. 

MALDI/TOF MS was employed to test the purity o f the collected fraction.

5.2 Background

Previously in Chapter Four, I demonstrated that CE can be utilized for preparative 

protein separations in 100 pm i.d. capillaries. Semi-permanent double chained cationic 

surfactant coatings were applied to prevent protein adsorption onto the capillary wall [28- 

31]. The separation o f high concentrations of proteins necessitated increasing the buffer 

concentration and choosing a buffer co-ion that matched the protein mobility. Under 

optimal experimental conditions, sample loadings o f 40 and 160 pmol o f each protein 

with separation resolution (Rs) o f 1.4 was achieved using lithium and Bis-tris phosphate 

buffer, respectively.

In commercial CE instruments, two approaches can be applied to collect the 

analyte band from the capillary: hydrodynamic [32] and electro-kinetic fractionation [33]. 

In both techniques, the protein is injected and migrates under the application of an 

applied electric field, as in a typical CE separation. The voltage is terminated when the 

protein reaches the outlet of the capillary. In hydrodynamic fractionation, a low pressure
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is applied to collect the analyte band in a vial. A disadvantage o f this approach is that the 

separation resolution may significantly deteriorate as a result o f the laminar flow 

generated inside the capillary during collection. In electro-kinetic fractionation, the 

capillary outlet as well as the electrode must remain in contact with electrolyte solution in 

the collecting vial to maintain the electric field during fractionation. The analyte band is 

transported into the collection vial by electromigration of the analyte. As a result o f the 

uniform migration velocities generated by the applied voltage, the separation resolution 

between the sample components is maintained during fractionation [17, 34].

Both o f these techniques require the separation be interrupted before performing 

the fraction collection. Special instrumentation that enables fraction collection to be 

performed without interrupting the applied voltage has been described in the literature. 

For instance, use o f an on-column frit allows the electric contact to be maintained during 

collection [35]. Huang and Zare used such a system to avoid external dilution by buffer 

in the collecting vial. Alternatively, the electric contact can be maintained during 

isolation using coaxial sheath-flow, where a stream of fluid flows around the capillary 

outlet [36], The analyte exiting from the capillary were transported to the collection vial 

by the sheath liquid flow. Weinmann et al. used such a system for the CE-MALDI-MS 

analysis o f peptides and proteins. Recently, Kobayashi et al. [37] employed free flow 

zone electrophoresis in a 60-pL microchamber (6.5 mm x 35  mm x 30 pm) for collection 

and isolation o f pure fractions from a cytochrome c/myoglobin mixture. The free flow 

electrophoresis has the advantage o f continuous collection of analytes. However, the 

resolution was much lower than the corresponding CE separation [38]. Unfortunately, all 

o f these approaches require special alteration of the instrumentation.
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5.3 Experimental Section

5.3.1 Apparatus

A Beckman-Coulter P/ACE™ MDQ instrument (Fullerton, CA) equipped with a 

UV absorbance detector was used for all protein separations and fraction collection. 

Proteins were detected using direct UV-absorption (Section 1.3.1) at 214 nm, unless 

otherwise stated. Untreated fused-silica capillaries (Polymicro Technologies, Phoenix, 

AZ) with a total length of 58.0 cm (48.0 cm to the detector), an inner diameter (i.d.) of 

100 pm, and an outer diameter o f 363 pm were used for the preparative protein 

separations. The capillary was thermostatted at 25 °C. Data acquisition (4 Hz) and 

control were performed using P/ACE station software (Version 2.3; Beckman) on a 300- 

MHz IBM personal computer. 0.2 mL Polymerase chain reaction (PCR) tubes (Rose 

Scientific Ltd., Edmonton, AB, Canada) were used, after detached the caps, to collect 

protein fractions during electrokinetic fractionation.

Mass spectral measurements were performed on a Bruker Reflex III MALDI-TOF 

mass spectrometer equipped with a SCOUT 384 multiprobe inlet (Bremen/Leipzig, 

German). The instrument is equipped with a pulsed nitrogen laser at 337 nm. Delayed 

ion extraction was applied to improve the mass resolution of the linear time-of-flight 

mass spectrometry (TOF-MS). This mode introduces a delay time between ionization 

and extraction o f the ions from the ion source into the drift tube o f the analyzer is 

introduced. The time delay and extraction potential are tuned to minimize the arrival 

time distribution o f the ions at the detector (i.e., to enhance the MS resolution). The 

spectra were externally calibrated with bovine heart cytochrome c (b-cyt c, C3131,
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Mr = 12230.70 Da) as a mass standard. All data were processed with Igor Pro Software 

package (WaveMetrics, Lake Oswego, OR). Mass spectra shown in the all figures in this 

Chapter were normalized to the most intense signal in the displayed mass range.

5.3.2 Chemicals

Nanopure 18-MO ultra-pure water (Bamstead, Dubuque, 10) was used to prepare 

all solutions. Lithium phosphate buffer was prepared from phosphoric acid (BDH, 

Darmstadt, Germany), and the pH was adjusted using lithium hydroxide (BDH). Bis-tris 

phosphate buffer was prepared by titrating phosphoric acid with a 100 mM solution of 

ultra-pure tris(hydroxylmethyl)aminomethane bis(2 -hydroxyethyl)iminotris(hydroxyl- 

methyl)methane (Bis-tris; Sigma, St. Louis, MO, USA) to pH 7.0.

The cationic surfactants, dimethylditetradecylammonium bromide (2CmDAB) 

and dimethyldioctadecylammonium bromide (2CisDAB), were used as received from 

Aldrich (Milwaukee, WI, USA). The surfactant solutions were prepared using the 

sonicate/stir cycle method [39] at 50°C. This sonicate/stir cycle was repeated two times 

for the 2 C 14DAB surfactant and six times for 2 CigDAB surfactant to obtain clear 

solutions. HPLC-grade methanol (MeOH; Fisher, Fair Lawn, NJ, USA) was used to 

remove the bilayer coating from the capillary after each run. MALDI matrix, a-cyano- 4- 

hydroxycinnamic acid, (CHCA), was purchased from Aldrich. Reagents, acetone and 

acetonitrile (BDH), were used as received. Standard proteins, bovine heart cytochrome c 

(b-cyt c; C3131, Mr = 12230.70) and horse heart cytochrome c (h-cyt c; C7752, Mr = 

12360.46), were used as received from Sigma. These proteins were dissolved in water at 

10 g/L unless otherwise stated.
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5.3.3 Coating Procedure

The coating procedure for the preparative capillaries was as described in Section

4.2.3.

5.3.4 Protein Separations

After coating the capillary with 2 C 14DAB or 2CisDAB surfactant, the protein 

sample was hydrodynamically injected into the capillary using 3.4 kPa (0.5 psi) for 3 s. 

Lithium and Bis-tris phosphate at pH 7.0 were used in this study. The pH was found to 

be optimum for the separation of the cytochrome c mixture, as shown in Chapter Four. 

The applied voltage was -10  kV unless otherwise stated. Direct detection was performed 

at 214 nm for the lithium phosphate buffer and at 254 nm for the Bis-tris phosphate 

buffer. The number o f moles o f protein injected into the capillary was calculated by 

multiplying the protein concentration by the volume injected (Section 4.2.4). Resolution 

(Rs) of the sample components was determined from its definition, as previously 

discussed in Section 1.4 (eq. 1.19).

5.3.5 CE Fraction Collection

CE fraction collection of the desired protein band at the outlet o f the capillary was 

performed electro-kinetically into a 0.2-mL PCR tube containing 5 pL of dilute (0.01 

mM) separation buffer. The electrolyte buffer in the PCR tube is essential to complete 

the electrical circuit required for the electrophoretic migration o f an analyte during 

fraction collection [33]. The height o f the buffer in the PCR tube was about 2 mm (~5 

pL). To avoid siphoning during fractionation, the buffer o f the inlet vial is leveled with 

the collection PCR tube, as shown in Figure 5.1.
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The time within which the protein should be collected is calculated based on the 

window encompassing the leading and tailing edge of the peak at the UV detector. The 

time at which the protein band reaches the capillary outlet (ti,outiet) is calculated from the 

migration time corresponding to the leading edge o f the protein band as it passes through 

the detector window (t, detector), according to the following equation assuming that the 

mobility o f the analyte is constant during electrophoresis:

where L, is the total length o f the capillary (58.0 cm) and Ld is the capillary length to the 

detector (48.0 cm). The voltage ramp time was not taken into consideration, since its 

influence would be negligible given fraction collection started after 28 min.

At time tOutlet, the electric field was terminated, and the outlet buffer vial (Figure 

5.1a) was replaced by a PCR tube. At the same time, the inlet buffer vial was also 

replaced with another one-third filled vial, as shown in Figure 5.1b. The electric field 

was then resumed to collect and isolate the desired protein into the fractionation vial 

(PCR tube). The time required for electro-kinetic fraction collection (wco//ec„0„) is 

equivalent to the baseline width o f the peak at the capillary outlet (w^outiet), which in turn 

is computed from the peak baseline width recorded by the detector in time units 

(wb,detector) and corrected for voltage ramp time {tramp), thus:

After collecting the desired fraction, the PCR tube was removed and replaced by 

the electrophoretic buffer vial, and voltage was applied until the front edge of the next

outlet ^i, detector (5.1)

f
b,detectorWcollection (5.2)

V
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a. During separation

Electrode Capillary

15 mm

Inlet vail

ElectrodeCapillary
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Outlet vial

b . D u r in g  fr a c t io n  c o lle c t io n

Electrode Capillary

mm

Inlet vial

Capillary Electrode

2 m m f

Spring

PCR tube 
(fractionation vial)

Figure 5.1 Schematic diagram illustrate the position of the buffer level in the vials 
during a. separation; and b. fraction collection.
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protein band reached the capillary outlet. If needed, successive fraction collections can 

be performed by using a new PCR tube for each fraction.

5.3.6 Protein Digestion

The CE fraction was transferred to a non-siliconized Eppendorf centrifuge tube 

(0.6 mL) and mixed with same volume of 6 M HC1. The centrifuge tube was capped and 

placed in a 900 W output household microwave oven. Typically, the sample was 

subjected to microwave irradiation for 2 min [25, 26]. After digestion, the sample 

solution was dried down completely using a Speed Vac concentrator and was ready for 

MALDI-MS analysis.

5.3.7 Sample Preparation for MALDI-TOF MS Analysis

The two-layer method with CHCA was used in MALDI-TOF MS protein 

analysis. In this method, the first layer was prepared as a saturated solution of CHCA in 

25% methanol/acetone (v/v). About 0.8 pL of the first layer solution was deposited on 

the MALDI target and allowed to dry in air. The second layer was a saturated solution of 

CHCA in 50% acetonitrile/water (v/v). For the protein purity analysis, the solution of the 

second layer was mixed 1:1 with the protein fraction solution. About 0.4 pL o f the 

mixture solution was deposited on top o f the first layer and allowed to air-dry. For the 

peptide mapping analysis, the dried polypeptide mixture sample was re-dissolved in 0.4 

pL of second layer solution and was deposited on the first layer to air dry. On-probe 

washing was performed by adding a 1 pL droplet of water onto the dried sample spot at 

room-temperature. After a brief time (> 30 sec), the water droplet was removed by 

absorbing with a Kimwipe. This washing procedure was performed once on each sample 

spot.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



159

The MALDI samples and the protein digestion were prepared by Nan Guo from 

Dr. Liang Li’s group at the University o f Alberta.

5 .4  R e su lts  a n d  D isc u ss io n

CZE separations with wide bore 2C mDAB coated capillaries have been utilized 

for protein mixtures at the preparative scale, as illustrated in Chapter Four. When 

cationic surfactants are flushed through the capillary, they form a bilayer coating that 

reverses the charge on the capillary wall. As a consequence, cationic proteins do not 

adsorb onto the capillary but rather are repelled away from the positively charged 

capillary wall. However, achievement of high separation efficiency and resolution is 

dependant on careful attention to other possible sources o f broadening.

For instance, during separations with wide bore capillary (100 pm i.d.) the level 

o f buffer in the separation vials is an important parameter that affects the separation 

performance. As discussed in Section 1.4.5, when the buffer level in the inlet vial is 

higher or lower than the buffer level in the outlet vial, a pressure induced flow is 

generated inside the capillary. The parabolic profile o f this flow will broaden the flow 

separated protein bands and thus decrease the efficiency o f the separation. The buffer 

velocity at distance x from the centre axis o f the capillary (vx) can be calculated as

where AP  is the pressure difference, r is the internal capillary radius, r\ is the viscosity of 

the medium, and rx is the normalized radius variable (x/r) at distance x from the central 

axis of the capillary.
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The magnitude o f the induced pressure (AP) due to siphoning in aqueous 

electrolyte depends mainly on the level difference of the buffer in the vials and the 

capillary dimensions (inner radius and length), as shown in eqs. 1.37 and 1.38. Since the 

linear flow velocity at the center of the capillary is proportional to the square o f the 

capillary radius, the effect o f siphoning can be very significant when wide bore 

capillaries are utilized. Riekkola and coworkers noticed that the siphoning effect became 

significant with 100 pm i.d. capillaries if there was > 4 mm difference in the buffer level 

in the separation vials [40]. In our case, the protein separations are performed in 58.0 cm 

lengths o f 100 pm i.d. capillary with the buffer level in the outlet vial that is 13 mm lower 

than the inlet vial. Under these conditions, the apparent migration time o f the neutral 

marker becomes faster (16.9 versus 18.9 min for the separation with adjusted buffer vial) 

due to the hydrostatic flow generated inside the capillary. More importantly, the 

resolution is significantly decreased (from 1.4 to 0.7). The broadening due to siphoning 

can be eliminated by adjusting the buffer in the separating vials to the same level before 

the separation is performed. As will be discussed in Section 5.4.1, care must also be 

taken during the fraction collection steps to avoid similar siphoning broadening.

5.4.1 CE Fraction Collection

As shown in Chapter Four, the preparative scale separation was well resolved (Rs 

=1.4) in 100 mM lithium phosphate buffer. The sample loading (40 pmol o f each 

protein) was within the range required for peptide mapping by microwave assisted acid 

hydrolysis (MAAH, 10-50 pmol) [27], Thus, lithium phosphate buffer was employed for 

initial investigations o f preparative CE for MAAH/MS.
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Prior to performing fraction collection, the purity o f b-cyt c and h-cyt c were 

accessed using CE with a 2 C 14DAB coated capillary (Figure 5.2). In Figure 5.2a, three 

small peaks (migration times 21.2, 21.9, and 22.7 min) appear before the main b-cyt c 

peak at 24.1 min. Similarly, three small peaks (migration times 23.0, 23.9 and 24.7 min) 

appear before the h-cyt c (26.0 min), as shown in Figure 5.2b. Such small peaks 

accompanying the b-cyt c and h-cyt c peaks were previously observed in CE [17, 21, 23], 

but have not been characterized. The presence o f the small peaks in front o f the main 

protein peaks in the electropherograms (Figure 5.2) will introduce a potential problem for 

isolation and collection o f pure protein fractions.

Figure 5.3 shows the separation of a mixture o f b-cyt c and h-cyt c using 100 mM 

lithium phosphate at pH 7.0 with a 100 pm i.d. capillary coated with 2 C 14DAB. Once the 

protein has been separated and is positioned at the outlet o f the capillary, collection of the 

protein band can be performed either by pushing the band into a collection vial using 

pressure or an electric field. Hydrodynamic fractionation is simple and more straight

forward. However, pressure-induced laminar flow causes significant broadening.

Indeed, van Veelen et al. observed reduced peak resolution when they applied 3 kPa 

(0.44 psi) for fraction collection [32], Therefore, in this work I used electro-kinetic 

fraction collection to maintain the separation resolution during fractionation and isolate 

the fractions in a reasonable period of time.

In electro-kinetic fraction collection, the fractionation start time was determined 

by the appearance o f fronting edge of the desired protein band at the detector and 

accounting for the total-to-detector capillary length ratio, according to eq. 5.1. For 

instance, the b-cyt c peak is first detected at 23.8 min, and thus the fraction time was
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b -cyt c  b .  h _c y t c

0.1 AU

17 19 21 23 25 27 17 19 21 23 25 27
Time (min) Time (min)

Figure 5.2 Electropherograms o f a. b-cyt c; and b. h-cyt c using 2 C 14DAB coatings at 
100 mM lithium phosphate buffer. Experim ental conditions: 58.0 cm x 100 pm i.d. 
capillary (48.0 cm to the detector); applied voltage at -10  kV; individual protein was 
dissolved in water at concentration o f 10 g/L; hydrodynamic injection at 3.4 kPa for 3 s 
(40 pmol o f each protein); buffer pH, 7.0; temperature, 25 °C; and X, 214 nm.
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h-cyt c
b-cytc

0.1 AU

2820 22 24 26
Time (min)

Figure 5.3 Electropherogram o f b-cyt c and h-cyt c at -10  kV using 2ChDAB coatings 
at 100 mM lithium phosphate buffer. Experim ental conditions: 58.0 cm x 100 pm i.d. 
capillary (48.0 cm to the detector); protein sample was dissolved in water; sample 
concentration o f 10 g/L of each protein; hydrodynamic injection at 3.4 kPa for 3 s (40 
pmol o f each protein); buffer pH, 7.0; temperature, 25 °C; and X, 214 nm. Wb,\ (1.0 min) 
and Wb2 (0.90 min) are the baseline width for b-cyt c and h-cyt c peaks, respectively.
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started at 28.8 min (23.8 min x 58 0 cm/48.ocm), as shown in Figure 5.3. At 28.8 min, the 

electric field for the separation is terminated, and the outlet separation vial is replaced by 

the PCR tube (fractionation vial), as shown in Figure 5.1.

To make electro-kinetic fraction collection possible, the collection tube must 

contain electrolyte solution to complete the electric circuit [17, 33, 34,41]. Generally, 

the separation buffer has been used as the electrolyte solution in the collecting vial [33, 

41]. However, the presence o f metal co-ions suppresses the protein or peptide signal in 

MALDI-TOF MS, which is o f particular concern when analyzing low protein or peptide 

levels [17,42], Nevertheless, dilute electrophoretic buffer (0.01 mM) is used to 

minimize the signal suppression. Typically, 5 pL aliquot of 0.01 mM buffer was used for 

fraction collection. Use o f lower volumes of electrolyte solution (e.g. 3 pL) for fraction 

collection was not reliable due to periodic termination o f the electric voltage during 

fractionation.

The separation vials during preparative analysis should contain large buffer 

volumes to minimize pH change during separation. The buffer pH change in the buffer 

reservoirs becomes more significant during electrophoretic separations at high electric 

field, small buffer volumes and large capillary inner diameter [43]. It was demonstrated 

that a change as small as 0.03 pH unit in the electrophoretic buffer can significantly 

deteriorate the separation resolution [44], Therefore, the separation vials were filled to 

the top with the running buffer (~2 mL). Under these conditions, the length of the 

capillary immersed in the inlet and outlet buffer solutions were 15 mm (Figure 5.1a). 

However, when the PCR tube replaced the outlet vial for fractionation, only 2 mm of the 

capillary outlet was immersed into the electrolyte solution. Therefore, the buffer level
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difference between the inlet vial and the PCR tube would be 13 mm, and thus siphoning 

flow would occur inside the capillary. As a result, the separated protein bands deteriorate 

due to the parabolic flow profile as described by eq. 5.3. Furthermore, the timing for 

fractionation predicted by eqs. 5.1 and 5.2 would be imprecise due to the siphoning flow 

altering the velocity o f the analyte band within the capillary. Therefore, isolation of pure 

protein fractions would be difficult to perform.

To solve this problem, the inlet vial was replaced during fraction collection with 

another vial whose buffer level was adjusted to the same level as present in the collection 

tube. In other words, the buffer level in the inlet vial should be reduced such that the 

inlet capillary end is inserted only 2 mm under the surface, as shown in Figure 5.1b. 

Unfortunately, it is not possible to replace the inlet vial during automatic fractionation 

with the fraction collection program designed for the MDQ CE instrument. Therefore, 

manual fraction collection was applied to facilitate replacing the adjusted inlet vial.

The baseline width o f the peak at the capillary outlet (wb,outlet) o f the protein band 

is determined by multiplying the peak baseline width (wb,detector) by total-to-detector 

capillary length ratio.

^b,outlet ~  ^b,detector ( 5 - 4 )
L d

where Lt is the total capillary length and Ld  is the length o f the capillary to the detector. 

However, the applied voltage needs time to reach the desired set value. This voltage 

ramp time becomes significant during fractionation since the collection time is small 

(<1.4 min) [45]. The voltage ramp time in the MDQ CE instrument is 0.2 min. As the 

voltage increases linearly during the ramp time the corrected observed mobility {p.0bs,corr) 

of the charged species is given by:
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where Vprog is the voltage set by the instrument, tM is the migration time of the analyte, 

and tramp is the voltage ramp time. Thus, half the ramp time (0.1 min) should be added to 

each collection time to isolate most o f the desired protein band. Voltage de-ramping time 

was not taken into account since the PCR tube is immediately removed after the electric 

field is terminated.

After the collection time, the electric field is terminated and the collection tube is 

removed and replaced by the original outlet vial. The electric field is then resumed until 

the second fraction reaches the capillary outlet. The second fraction is then collected 

electro-kinetically into a new collection tube. The dashed lines in Figure 5.3 indicate the 

time intervals that were used to determine the actual fractions times (the actual start and 

stop times for fractionation were calculated based on eq. 5.2).

5.4.2 Determination of the Fractions Purity by MALDI-TOF MS

Fraction purity is an important measure of a fraction collection method’s ability to 

isolate separated sample components into discrete fractions. To test for fraction purity, 

both fraction collected tubes were analyzed with MALDI-TOF MS. The spectra are 

displayed in Figure 5.4. The [b-cyt c+H]+ peak, in the mass spectrum of the first fraction 

(Figure 5.4a), is equivalent to the mass o f protonated b-cyt c (12231.70 Da). Immediately 

to the right o f [b-cyt c+H]+, there is a small peak (relative intensity o f 15%) at the mass 

o f the protonated h-cyt c (12361.46 Da). This indicates that the b-cyt c fraction is 

contaminated by h-cyt c. Figure 5.4b shows that the h-cyt c fraction is pure, with only
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Figure 5.4 MALDI-TOF mass spectra o f the fractions collected from electrophoresis run 
in Figure 5.3: a. spectrum of the first fraction (collection time o f 1.3 min), b-cyt c; and b. 
spectrum of the second fraction (collection time o f 1.2 min), h-cyt c.
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peaks corresponding to single and multiple charged protonated h-cyt c. The potential 

cause of this contamination will be discussed in Section 5.4.3.

5.4.3 Sources of Contamination in the Bovine Protein Fraction

To determine the sources o f contamination in the b-cyt c peak, a sub-fractionation 

method was employed. In this method, a preparative separation o f a mixture of b-cyt c 

and h-cyt c was performed at -5  kV using a 100 pm i.d. capillary coated with 2 C 14DAB. 

The b-cyt c peak was sub-divided into 10 fractions, as shown in Figure 5.5. The 

fractionations were performed successively into separate collection vials, each containing 

5 pL o f 0.01 mM lithium phosphate buffer pH 7.0. The fractionation was started at the 

time the b-cyt c band was predicted to reach the outlet o f the capillary at 60.3 min and 

each fraction was 0.5 min wide.

After fraction collection, the fractions were analyzed by MALDI-TOF MS. The 

resultant spectra are presented in Figure 5.6. The spectra of the first two fractions (A and 

B) show no protonated b-cyt c. Possibly, the MALDI-TOF signal o f the small amount of 

protein present in the collection tube was suppressed by the lithium buffer co-ion [17,

46]. In fractions C to E, the amount o f protein gradually increases, as indicated by the 

improved S/N (> 3) within the MALDI spectra in Figure 5.6. Both b-cyt c and h-cyt c 

were identified in the spectra from C to E. Fractions F to I exhibit only peaks 

corresponding to b-cyt c, without any interferences from h-cyt c. Finally, fraction J 

shows no peak as this fraction is collected after the b-cyt c band exited the capillary.

Although the resolution between b-cyt c and h-cyt c peaks in this separation is 1.4 

(Figure 5.5), some h-cyt c contaminates the b-cyt c band. If the contamination of b-cyt c 

peak were due to chromatographic peak broadening, later fractions (F-J) would contain
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b-cyt c h-cyt c

AU
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Figure 5.5 Electropherogram of b-cyt c and h-cyt c at -5  kV using 2 C 14DAB coatings at 
100 mM lithium phosphate buffer. Experim ental conditions: 58.0 cm x 100 pm i.d. 
capillary (48.0 cm to the detector); protein sample was dissolved in water; sample 
concentration o f 10 g/L of each protein; hydrodynamic injection at 3.4 kPa for 3 s (40 
pmol o f each protein); buffer pH, 7.0; temperature, 25 °C; and X, 214 nm. Dashed lines 
are the projection o f the actual fractions time for b-cyt c peak (A-J) collected in separated 
PCR tubes. Each PCR tube contains 5 pL o f 0.01 mM lithium phosphate buffer. Actual 
collection time for each fraction was 0.5 min.
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Figure 5.6 MALDI-TOF mass spectra o f 10 fractions (A-J) for b-cyt c peak collected 
from electrophoresis run in Figure 5.5. The fractions were collected in separated PCR 
tubes each contains 5 pL o f 0.01 mM lithium phosphate buffer pH 7.0. Actual collection 
time for each fraction was 0.5 min.
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h-cyt c, whereas early fractions (C-E) would be purely b-cyt c. However, this is not what 

was observed. Rather fractions C to E (Figure 5.6) were the ones contaminated with 

h-cyt c. This suggests that the small peaks appearing before h-cyt c (23.9 and 24.7 min) 

in Figure 5.2b are h-cyt c which migrate slower than the majority o f the h-cyt c (26 min) 

and thus contaminate the b-cyt c band. Due to the presence of contamination in the b-cyt 

c fraction, only the h-cyt c fraction was employed for protein characterization by MAAH.

5.4.4 Microwave-assisted Acid Hydrolysis Analysis

The collected h-cyt c fraction was subjected to acid hydrolysis with the assistance 

of microwave irradiation, as described in Section 5.2.6. The resultant solution was 

analyzed directly by MALDI-MS, as per Section 5.2.7. The mass spectrum for the h-cyt 

c hydrolyzed fraction is shown in Figure 5.7. The peaks represent polypeptides produced 

from the acid hydrolysis. Each amino acid can be calculated by the mass difference 

between the consecutive peptides. The peptide sequence coverage for h-cyt c collected in 

Section 5.3.4 is 44%. The hydrolyzed polypeptides in the expanded spectra (Figure 5.7a 

and b) are found to be two series o f polypeptide ladders containing either N- or C- 

terminal amino acid of the protein. Predominantly, polypeptides within the mass range 

2500-6700 Da are identified with a continuous ladder from polypeptide 1-21 to 1-50 (N- 

terminal). In addition, a continuous ladder from polypeptide 67-104 to 76-104 (C- 

terminal) is also identified. However, no polypeptides could be identified at the higher 

mass range (above 6700 Da).

Due to the absence o f the polypeptide peaks in the high mass range, the peptide 

sequence coverage was only 44%. However, Zhong et al. [26] previously demonstrated 

that peptide sequence coverage of > 95% for pure proteins could be achieved using
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Figure 5.7 The mass spectra o f polypeptide ladders o f h-cyt c fraction collected from 
electrophoretic run in Figure 5.3. The expanded spectra (a and b) show the labeled peaks 
for the corresponding peptides from the N-terminal (solid lines and bold letters) and C- 
terminal (dotted lines and italic letters) o f the protein.
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MAAH/MALDI. This is considerably higher than the 44% achieved in Figure 5.7. The 

absence o f the high mass polypeptides might be due to surfactants leaching from the 

bilayer suppressing polypeptide detection. To determine if surfactant suppresses the 

MALDI signal, 1 x 10' 3 to 4 * 103 mM 2 C 14DAB was added to 0.2 g/L solutions of h-cyt 

c and analyzed by MALDI. These surfactant concentrations are near the cmc of 

2 C 14DAB [31], so should be comparable to the free surfactant concentration within the 

capillary. The results in Table 5.1 show that the mass resolution in the presence of 

surfactant is equivalent to that observed for protein dissolved in water, whereas the S/N 

was reduced by a factor o f 2. Such a reduction in S/N would not be expected to translate 

into a complete loss of the high molecular mass polypeptide fragments. In addition, it 

was previously demonstrated that the presence of sodium dodecyl sulfate surfactant (<

0.1%) had only a small effect on the acid hydrolysis of cytochrome c [26], Thus, 

2 C 14DAB leaching from the capillary does not seem to be the cause of the suppressed 

MALDI signal.

Alternately, the separation buffer collected along with the protein during the CE 

fraction collection might suppress the polypeptide signals and thereby reduce the peptide 

sequence coverage. When fractionation was performed in 100 mM lithium phosphate 

buffer, the resultant buffer concentration in the collection vial is 3-5 mM. To investigate 

whether the buffer collected within the vial may affect the MALDI signal, a brief series 

o f solutions o f 0.2 g/L h-cyt c were prepared in a variety o f buffers ranging in concentra

tion from 1-10 mM. Table 5.2 suggests that > 2 mM phosphate causes reduction in the 

S/N. Furthermore, the amount of the polypeptides in the hydrolyzed mixture is smaller 

than the protein amount in the collection vial. For instance, the amount o f an individual
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Table 5.1 Mass resolution and signal-to-noise ratio (S/N) for 0.2 g/L h-cyt c at different 

2CuDAB surfactant concentrations.0

Mass resolution S/N
a) water 939 1133

b) surfactant concentration

lx l0 'J mM 1086 504

2 x l0 'J mM 1069 723

4̂ X 0 1043 639

“Experimental conditions: MALDI sample preparation was as described in Section
5.3.7. The number o f laser shots was 100 for each sample spot; on-probe washing was 
performed only once on each sample spot.

Table 5.2 Mass resolution and signal-to-noise ratio (S/N) for 0.2 g/L h-cyt c at different 

concentrations o f lithium and Bis-tris phosphate buffers.0

Buffer Mass resolution S/N

a) lithium phosphate

1 mM 976 840

2 mM 865 807

5 mM 1025 422

10 mM 1025 422

b) Bis-tris phosphate

1 mM 872 1281

2 mM 958 1054

5 mM 1060 636

10 mM 1082 385

“Experimental conditions: MALDI sample preparation was as described in Section
5.3.7. The number o f laser shots was 100 for each sample spot; on-probe washing was 
performed only once on each sample spot.
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terminal peptide equals the amount o f the intact protein hydrolyzed, divided by the 

number o f peptide bonds broken in the protein [26]. Thus, the effect o f the buffer is 

expected to be significant on the hydrolyzed peptides produced from MAAH during 

MALDI analysis. Increasing the sample loading into the CE and/or reducing the 

separation buffer concentration should increase the peptide sequence coverage.

However, with lithium phosphate buffer electromigration dispersion limits the protein 

loading capacity (Chapter Four) and necessitates the use o f high buffer concentrations.

5.4.5 MAAH/MALDI with Bis-tris Phosphate Buffer

The amount o f protein loading in the CE can be increased by changing the 

running buffer. As discussed in Chapter Four, Bis-tris has a low ionic mobility (apparent 

mobility in 100 mM Bis-tris buffer and pH 7.0 is 0.36 * 10'4 cm2/Vs) that closely matches 

the effective mobility o f the proteins used in this study. This mobility match lowers 

electromigration dispersion allowing a greater amount o f protein to be loaded onto the 

capillary. In addition, Bis-tris phosphate buffer exhibits similar influence on the MALDI 

ion signals in comparison to lithium phosphate buffer, as shown in Table 5.2. At low 

Bis-tris phosphate buffer concentration < 2 mM, the mass resolution and the S/N were 

unaffected with values equivalent to that obtained for pure protein dissolved in water. 

However, at buffer concentration > 2 mM, the S/N is reduced with values comparable to 

what was obtained with the same concentration o f lithium phosphate buffer. Nonethe

less, switching the buffer co-ion from lithium to Bis-tris would increase the sample 

loading without introducing any further negative influence on the MALDI ion signals. 

Rather, the use o f Bis-tris may allow a decrease in the buffer concentration which would 

improve the MALDI resolution and S/N.
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Figure 5.8 Electropherograms of b-cyt c and h-cyt c at 100 mM Bis-tris phosphate 
buffer using two different coatings: a. 2 C 14DAB; and b. 2CisDAB. Experim ental 
conditions: 58.0 cm x  100 pm i.d. capillary (48.0 cm to the detector); applied voltage, 
-10  kV; protein sample was dissolved in water at concentration o f 40 g/L of each protein; 
hydrodynamic injection at 3.4 kPa for 3 s (160 pmol o f each protein); buffer pH, 7.0; 
temperature, 25 °C; and X, 214 nm.
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Figure 5.8a shows the separation o f the cytochrome c mixture at a concentration 

o f 40 g/L (160 pmol o f each protein) using 100 mM Bis-tris buffer using 2 C 14DAB 

coated capillary. The b-cyt c and h-cyt c are separated with a resolution o f 1.4. The 

isolation of the h-cyt c fraction was performed as described in Section 5.3.5. When the 

purity o f the collected fraction was tested with MALDI, only peaks corresponding to 

single and multiple charged protonated h-cyt c were observed. After the purity test, the 

h-cyt c fraction was subjected to MAAH/MALDI for protein characterization. Figure 

5.9a shows that most of the peaks corresponding to polypeptides in the mass range 2300- 

12400 Da were identified. The peptide sequence coverage at this sample loading was 

75% (N-terminal). Although the peptide sequence coverage is increased by increasing 

the sample loading to 160 pmol versus the 40 pmol in Section 5.4.4, the absence of 

peptide peaks at 1-1 to 1-14, 1-75, 1-81, 1-85, 1-95, 1-102, and 1-103, makes it difficult 

to read the amino acid sequence o f the entire protein directly from one spectrum.

As inferred from Table 5.2, the introduction o f the separation buffer into the 

collection vial during fractionation has indeed negatively influenced the MAAH/MALDI 

analysis. Therefore, decreasing the separation buffer concentration would reduce the 

amount o f the buffer introduced to the vial and thus minimize the MALDI signal 

suppression. However, the resolution between b-cyt c and h-cyt c in Figure 5.8a is only 

1.4. Decreasing the buffer concentration would increase the electromigration dispersion 

and thus decrease the separation resolution, making collection o f a pure protein fraction 

impossible.

As shown in Chapter Three (Table 3.5), the EOF with a 2CisDAB coating was 

lower than that with 2C 14DAB coating. As the separation of proteins in Figure 5.8a is
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Figure 5.9 Mass spectra o f polypeptide ladders of h-cyt c fractions collect from 
electrophoretic runs using two different coatings: a. 2CmDAB; and b. 2Ci8DAB. The 
fractions were collected from electrophoretic runs in Figure 5.8. The expanded spectra 
a.l-a.6 and b.l-b.6 show the labeled peaks for the corresponding peptides from the N- 
terminal o f the protein.
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performed in the counter-EOF mode, a lower EOF should yield a greater resolution, as 

illustrated by eq. 1.23. Therefore, the buffer concentration with a 2CisDAB coated 

capillary could be reduced without altering the sample loading.

5.4.6 Effect of 2CigDAB Surfactant on MAAH/MALDI

To examine the effect o f the 2CisDAB surfactant on the MAAH/MALDI, the 

protein analysis was performed under the same buffer conditions, as in Section 5.4.5. 

Figure 5.8b shows the separation of the cytochrome c mixture at a concentration o f 40 

g/L (160 pmol of each protein). Both b-cyt c and h-cyt c are separated in about 52 min. 

This longer migration time is expected for a counter-EOF separation where the EOF and 

analyte mobility are well matched [47]. The peaks of both b-cyt c and h-cyt c are more 

fronted (B/A = 0.18 and 0.21 respectively) with the 2CisDAB coating than that with the 

2 C 14DAB coating (B/A= 0.65 and 0.74 respectively). Equation 4.4 predicts that the 

electromigration dispersion would be greater with the 2CigDAB coating as a result of the 

slower apparent mobility o f the analytes (j.iapp). However, the separation resolution 

between b-cyt c and h-cyt c increased to 2.2 due to the slower electroosmotic flow 

obtained using the 2CigDAB coating.

The spectrum of the hydrolyzed resultant mixture of the h-cyt c fraction obtained 

by MAAH/MALDI with the 2CigDAB coating is shown in Figure 5.9.b. The sequence 

coverage achieved is 76% (N-terminal), comparable to what was obtained with 2C |4DAB 

coating at same sample loading (Section 5.4.5). This indicates that the surfactant coating 

has only a minor influence on the MAAH/MALDI method, consistent with the 

preliminary results in Section 5.4.4. This is also consistent with previous demonstration 

o f the tolerance o f the MAAH technique to common additives such as surfactants [26].
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5.4.7 Effect of Buffer Concentration on MAAH/MALDI

The advantage of utilizing the 2CigDAB coatings rather than the 2 C 14DAB 

coating is that the separation resolution o f the protein mixture is higher. This allows the 

buffer concentration to be decreased while still maintaining a reasonable separation 

resolution. Furthermore, a low buffer concentration allows the applied voltage to be 

increased, thereby reducing the analysis time. Figure 5.10 shows the separation of the 

protein mixture at a concentration o f 40 g/L (160 pmol o f each protein) in 25 mM Bis-tris 

phosphate buffer with the 2CisDAB coating at -20 kV (-10 kV was used in Figure 5.8). 

The separation resolution between b-cyt c and h-cyt c was 1.4. In addition, the separation 

time was decreased to 2 0  min due to the increased applied voltage.

Figure 5.11 shows the polypeptide mixture from the MAAH/MALDI of the h-cyt 

c fraction. As shown in the expanded spectra (Figure 5.1 la-g), all polypeptides with 

masses larger than 1200 Da from the N-terminal were detected as a continuous ladder. 

Seven additional C-terminal polypeptides within high mass range were also identified. 

The peptide sequence coverage for h-cyt c collected from CE separation with 25 mM Bis- 

tris phosphate buffer was 95% (combined N-terminal and C-terminal). This compares 

very favorably with the combined N- and C-terminal coverage achieved for neat protein 

solutions [25],

The enhancement o f the peptide sequence coverage using CE-MAAH/MALDI 

was mainly due to the decrease of the separation buffer concentration in the collection 

vial. During fractionation, a considerable amount o f the separation buffer was introduced 

into the collection vial and thus suppressed the polypeptide signals. This signal 

suppression reduced the peptide sequence coverage o f the protein at separation 100 mM
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Figure 5.10 Electropherogram of b-cyt c and h-cyt c at 25 mM Bis-tris phosphate buffer 
using 2Ci8DAB coatings. Experim ental conditions: 58.0 cm x 100 pm i.d. capillary 
(48.0 cm to the detector); applied voltage at -20  kV; protein sample was dissolved in 
water at concentration of 40 g/L o f each protein; hydrodynamic injection at 3.4 kPa for 
3 s (160 pmol of each protein); buffer pH, 7.0; temperature, 25 °C; and X, 254 nm.
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Figure 5.11 Mass spectrum of polypeptide ladder o f h-cyt c fraction collect from 
electrophoretic run in Figure 5.10. CE separation performed using 2Ci8DAB coated 
capillary in 25 mM Bis-tris phosphate buffer at pH 7.0. The expanded spectra a-g show 
the labeled peaks for the corresponding peptides from the N-terminal amino acid (solid 
lines and bold letters) and C-terminal (dotted lines and italic letters) o f the protein. Note: 
only the polypeptide peaks that are not identified from the N-terminal were labeled from 
the C-terminal in this Figure.
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Bis-tris phosphate buffer. Decreasing the separation buffer concentration 4-fold enabled 

more peptides to be detected which increased the sequence coverage from 76 to 89% (N- 

terminal). Further decreasing the concentration of the separation buffer to 10 mM 

reduced the separation resolution to 0.95 for a 40 g/L loading. Thus, isolation of pure 

protein fractions at high sample loading could not be performed with 10 mM Bis-tris 

buffer. Thus, isolation o f pure protein fractions at high sample loading could not be 

performed with Bis-tris buffer concentration less than 25 mM. Nonetheless, using CE 

separation with 25 mM Bis-tris phosphate buffer the polypeptides from 1-11 to 1-104 (N- 

terminal) were identified continuously from a single spectrum (Figure 5.1 la-g). In 

addition, seven more polypeptides from 3-104 to 9-104 (C-terminal) were also identified 

in the same spectrum (Figure 5.1 lg).

This peptide sequence coverage is very high compared to what can be achieved 

with other peptide mapping methods using MALDI/ TOF MS. For instance, peptide 

mapping after enzymatic digestion typically provides, at most, a sequence coverage of 

40-50% [16]. In addition, 2D-gel separations, and their associated subsequent extractions 

and cleaning are laborious and time-consuming [5-7]. Finally, enzymatic digestion of the 

isolated for protein prior to MS characterization requires at leatl2 hours [15, 16]. In 

contrast, the analysis time o f the entire CE-MAAH/MALDI process- including protein 

separations, collection and characterization- was less than one hour. This is at least 20 

times less than required for 2D-gel combined by mass spectrometric characterization of 

proteolytic digestion. In addition, CZE separations are performed in free buffer solution, 

and thus the proteins may be purified and isolated with no sample pre-cleaning.
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5.5 Conclusions

CZE has been demonstrated to be useful tool for preparative fraction collection of 

proteins. Parameters, such as voltage ramp time and the buffer level during fractionation, 

should be taken into consideration upon using wide bore capillary to improve the quality 

of the collected fractions. Pure horse cytochrome c fraction was collected and isolated 

from the preparative CE. Collection of pure bovine cytochrome c was hampered by 

contamination from horse cytochrome c.

Microwave-assisted acid hydrolysis (MAAH) provided a rapid method for 

characterization of pure proteins. Preparative CE has the ability to collect pure protein at 

the picomole scale. Off-line coupling fast CE separation with MAAH/ MALDI, protein 

mixture can be separated and characterized. The analysis including protein separations, 

fraction isolation and protein identification, could be performed within one hour, and the 

method is easy to operate with no complicated steps involved. Using buffer with a 

mobility matching that of the protein, the CE sample loading can be increased to 160 

pmol. Increasing the buffer concentration (100 mM) is necessary to reduce broadening 

due to electromigration dispersion at preparative scales. However, the introduction of the 

separation buffer into the collection vial during fractionation has a significant negative 

influence on MAAH/MALDI, and reduces the sequence coverage for the examined 

protein. Reducing the buffer concentration four-fold, the sequence coverage achieved by 

coupling CE with MAAH/MALDI at sample loading of 40 g/L was 95%.
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CHAPTER SIX: Summary and Future Work

6.1 Summary

This thesis has demonstrated the stability of the semi-permanent coating can be 

highly enhanced by altering the experimental conditions. Careful control o f physical and 

chemical factors enabled generation o f highly stable and efficient semi-permanent 

coatings for protein separations (Chapters Two and Three). Further, the high stability 

achieved by the semi-permanent coating was the basis of utilizing CZE for preparative 

operations for protein separations as well as collecting and isolating pure protein fractions 

in the picomole range for characterization with MAAH/MALDI method (Chapters Four 

and Five).

In Chapter Two, I showed that the didodecyldimethylammonium bromide 

(DDAB) surfactant coating degraded in a first order kinetic fashion as the electrophoretic 

buffer passes through the capillary. As the run buffer passes through the capillary, it 

removed the free surfactant from the bulk solution in the capillary. Thus, more surfactant 

molecules had to leach from the bilayer to reestablish the equilibrium between the bilayer 

and the bulk solution inside the capillary. This reduced the charge density on the 

capillary wall and as a consequence reduced the EOF. Decreasing the capillary inner 

diameter reduced the volumetric flow of the buffer through the capillary and thus 

minimized surfactant bleeding from the bilayer. Buffer pH had an indirect effect on the 

stability o f the DDAB coating. Enhancing the degree of ionization o f the silica surface, 

by elevating the buffer pH, increased the stability o f the coating. More important were 

the effect o f chemical factors such as buffer ionic strength and the nature of the counter-
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ion. These factors impacted on the coating stability through their influence on the 

surfactant critical micelle concentration (cmc). Increasing the buffer ionic strength 

decreased the cmc of the surfactant solution and thereby increased the stability of the 

DDAB coating.

A more direct means to increase the stability of the bilayer was to decrease the 

cmc of the surfactant by increasing the volume of the hydrocarbon region of the 

surfactant monomers (Chapter Three). This was done by either increasing the length of 

the hydrocarbon tail, i.e., long double chained surfactants, or increasing the number of 

hydrocarbon chains, i.e., triple chained surfactant. These coatings are simply performed 

by rinsing the capillary with the surfactant containing solution for a short time (< 5 min). 

The excess surfactants were removed by flushing the capillary with run buffer. The 

bilayer coatings formed by these surfactants were very stable and exhibited high 

separation efficiencies for cationic proteins. Using dimethylditetradecylammonium 

bromide (2 C 14DAB) coating in 50 mM ammonium formate buffer at pH 4.5, protein 

separations were achieved in about 2 min with efficiencies of 1.4 million plates/m. The 

stability o f the long chained surfactants, in particular dimethyldioctadecylammonium 

bromide (2CisDAB), was very high, with reproducibility less than 0.84% RSD within the 

day and less than 2.3% RSD from day-to-day (5 days), without the need to recoat the 

capillary between runs.

In Chapter Four, long chained surfactant coated wide-bore capillaries (100 pm

i.d.) were utilized for protein separations at the preparative scale. For preparative 

operation, wide bore capillaries (100 pm i.d.) were essential to increase the sample 

loading without increasing the sample plug length. Long chained surfactant coating was
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found to be stable in the wide bore capillary and thus significantly reduced the 

broadening due to adsorption. At low protein concentrations (< 1 g/L), symmetrical 

peaks were obtained indicating that protein adsorption was highly minimized. Further 

increase in the sample loading was accomplished by increasing the protein concentration. 

However, at high protein concentrations electromigration dispersion became the 

dominant source o f broadening and the peak shape distorted to triangular fronting. 

Electromigration dispersion was minimized by increasing the buffer concentration and 

thus decreased the sample-to-buffer concentration ratio. Yet, this approach was limited 

by Joule heating broadening. Matching o f the mobility o f the buffer co-ion to that of the 

protein resulted in dramatic improvements in the efficiency and peak shape. This 

mobility match significantly lowers the electromigration dispersion, allowing more 

proteins to be injected onto the capillary. Bis-tris co-ion has a low ionic mobility that 

matches the effective mobility of the proteins examined in Chapter Four. Using 100 mM 

Bis-tris phosphate buffer at pH 7.0 with a 100 pm i.d. capillary, the sample loading 

capacity in a single run was 2.0 pg o f each protein, 3250 fold more than what was 

normally injected into 50 pm i.d. capillaries.

Off-line coupling o f preparative CE with MAAH/MALDI for protein 

characterization was demonstrated in Chapter Five. This coupling, CE with MAAH/ 

MALDI, offers a simple and powerful method for protein separation and characterization 

in a short time. The analysis, including protein separation, fraction isolation and protein 

identification, was performed within an hour. Moreover, the method was easy to operate 

with no complicated steps involved. The timing of the fraction collection was controlled 

using manual electrokinetic fractionation. The buffer level in the inlet and collection vial
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was adjusted to avoid siphoning and improve the quality o f the fractions collected from 

wide bore capillary.

The choice of the buffer conditions was critical for both preparative CE and the 

MAAH/MALDI method. Utilizing high buffer concentration with co-ion mobility 

matching that o f the protein, the CE sample loading was increased to 160 picomoles of 

each protein. High buffer concentration was necessary to reduce broadening due to 

electromigration dispersion. However, at high buffer concentrations a considerable 

amount o f buffer was introduced into the collection vial during fractionation, which 

reduced the peptide sequence coverage obtained by MAAH due to MALDI signal 

suppression. The peptide sequence coverage achieved by MAAH/MALDI for protein 

fraction collected from preparative CE in 100 mM Bis-tris separation buffer was 76% (N- 

terminal) at a sample loading of 40 g/L of each protein. Reducing the separation buffer 

concentration to 25 mM, the peptide sequence coverage was increased to 89% (N- 

terminal) at the same sample loading.

In conclusion, modification o f the capillary surface is essential to prevent protein 

adsorption onto capillary surface and improve separation performance. Long chained 

surfactant coatings provide an efficient and economical method for protein separations in 

capillary electrophoresis. The coating procedure o f these surfactants is simple, 

reproducible and yields high coating stability under severe rinsing conditions in aqueous 

buffer. Furthermore, the high stability of these coatings in wide bore capillaries permits 

use of CE for preparative protein separations. Optimizing the experimental conditions, 

such as buffer concentration, and buffer co-ions, allows high protein concentrations to be 

injected into the capillary for protein characterization using MAAH/MALDI technique.
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6.2 Future Work

6.2.1 On-line ESI-MS

CE-ESI MS is a powerful analytical method allowing fast separation and 

detection. Commonly, covalently bonded coatings are a frequent choice for surface 

modification to prevent peptide and protein adsorption onto the silica surface [1]. 

Dynamic surfactant coatings are an attractive alternative for covalently bonding coatings 

because o f the simplicity o f coating formation. However, single chained surfactants are 

not compatible with ESI-MS [2], The presence of the free surfactant molecules in the 

running buffer suppresses the protein signal and thus decreases the sensitivity o f the ESI 

MS. In addition, adsorption o f the surfactant onto the counter-electrode (nozzle) 

decreases the sensitivity over time [3].

Double chained surfactant, DDAB, form a semi-permanent coating, where 

surfactant need not be present in the run buffer [4, 5]. However, the DDAB bilayers do 

gradually degrade as the running buffer passes though the capillary, as shown in Chapter 

Two. The free DDAB from the degrading bilayer could interfere with electrospray 

ionization mass spectrometry (ESI-MS). Although the stability o f these bilayer coatings 

could be improved by increasing the ionic strength o f the run buffer, this approach is 

limited by Joule heating generated within the capillary and would cause ion suppression 

in ESI.

As shown in Chapter Three, the long chained surfactants such as 2Ci4DAB and 

2C|gDAB as well as triple chained surfactant, 3C 12MAI, formed semi-permanent 

coatings. These surfactants produced high stability coatings in volatile buffers and 

exhibited high separation efficiencies for cationic proteins. Due to their high stability, it
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is expected that the surfactant coatings would be compatible with electrospray ionization 

(ESI). Further, utilizing the volatile buffers, such as ammonium formate and ammonium 

acetate, would be suitable for electrospray ionization process [6].

Coupling CE to MS via ESI would be valuable separation technique not only for 

proteins but also for peptide mixtures. Utilizing cationic surfactant-based coatings give 

the advantage o f altering the selectivity o f proteins and peptides by changing the 

separation buffer conditions. In addition, employing the CE-ESI-MS to analyze the 

resultant peptide mixtures from the microwave digestions would be beneficial to reduce 

suppression o f the peptide signals experienced by the nonvolatile buffers. Thus, it is 

expected that the separation o f the polypeptide mixture produced from MAAH by using 

surfactant coated capillaries with volatile buffer coupled to the ESI-MS, would improve 

the signal-to-noise ratio o f the polypeptide peaks. Furthermore, the mass range for 

detecting polypeptides with the MAAH/MALDI method is limited to 14000 Da. This 

limit is attributed to the problem associated with peptide detection and not to the 

hydrolysis process [7]. Thus, utilizing CE-ESI-MS would expand the applicability of the 

MAAH for large proteins (>14000 Da), and full peptide sequence coverage could be 

achieved.

6.2.2 EOF Control for Preparative CZE Applications

It is well known that the EOF can modify the separation resolution and speed of 

analysis time. The EOF is often desirable for fast separations since the flat flow profile 

does not hinder the separation efficiency. However, differences in the analyte mobility 

are accentuated when the EOF flows against the analyte mobility. For instance, high 

resolution separations are achieved when the magnitude o f the counter EOF is
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comparable to that of the analyte [8,9], Therefore, control of the EOF is important to 

optimize the separation resolution of closely migrating analyte components. In addition, 

by suppressing the EOF it is possible to separate the both cationic and anionic proteins.

Polyethylene glycol has been utilized as dynamic coating since it forms a neutral 

hydrophobic coating. Upon adsorption onto the silica surface, polyethylene glycol can 

effectively suppress the EOF as a result o f screening the silanols at the capillary surface

[10]. In addition, these coatings exhibited excellent resistance to protein adsorption [11, 

12], However, the adsorption o f polyethylene glycol held to the surface by weak 

interactions, such as van der Waals forces and hydrogen bonding [10]. Thus, the coating 

can be easily removed from the capillary surface in between the runs.

Recently, MacDonald et al. [13] demonstrated that a stable surface coating can be 

formed in 50 pm i.d. capillary by mixing 2CigDAB surfactant with polyoxyethylene 

stearate (Figure 6.1a). In the mixed 2CigDAB/polyoxyethylene 40 stearate coating, the 

cationic surfactants adsorbed to the silica surface via electrostatic interaction. However, 

polyoxyethylene 40 stearate headgroups extend from the top surface o f the bilayer into 

the solution and suppress the EOF by creating a hydrophilic surface. The EOF was found 

to be 10 times less than that observed for 2CigDAB coatings alone. The major advantage 

of this mixed surfactant/polymer coating is that both cationic and anionic proteins can be 

separated with excellent efficiency. In addition, the resolution separation between 

proteins was higher than that achieved with cationic surfactants alone.

For preparative purposes, a wide bore capillary is necessary to increase the 

sample loading o f proteins, as shown in Chapter Four. Since polyoxyethylene stearate 

has a single hydrophobic tail (Figure 6.1a), the stability o f the bilayer is expected to be
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highly reduced when a wide bore capillary is utilized, due to the high volumetric flow 

generated inside the capillary. Polyethylene glycol dialkyl ether, 2C„Em (Figure 6.1b), 

such as l,2-di-0-octadecyl-rac-glyceryl-3-(u)-dodecaethylene glycol), 2CigEi2, are double 

chained nonionic surfactants that aggregate in aqueous solution to form vesicle like 

structures [14, 15]. By mixing 2CigDAB with the nonionic surfactant 2C]gEi2, it is 

expected that the produced surfactant coating would be stable in the wide bore capillary, 

due to the high hydrophobic interaction between the two surfactants. Increasing the ratio 

o f the neutral surfactant to that o f 2 CjgEi2, the charge density o f the coating decreases,

a.

HOOC—  (CH2) j—  (OCH2CH2)— OH

b.

H(CH2)n—  o —  c h 2 

H(CH 2)— O— CH 

CH2— (OCH2CH2)— OCH3

Figure 6.1 General structure of a. polyoxyethylene stearate; and b. dialkyl poly
oxyethylene ether surfactant o f the 2CnEm family.
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and thus the EOF is also reduced. The advantage o f this approach is that proteins can be 

separated with high resolution, and thus closely migrating protein components can be 

isolated at preparative scales. More importantly, anionic proteins can also be separated 

by increasing the ratio of the neutral surfactant to suppress the EOF. Thus, the 

preparative CE applications can be extended to isolate and collect anionic proteins at 

preparative scale levels for characterization using MAAH method.
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