


PROGRESS IN PHARMACEUnCAI, AND BIOMEDICAL ANALYSIS 
Series Editors; CM. Riley & A.F. Fell 

VOLUME 2 

Pharmaceutical and 

Biomedical Applications 

of Capillary Electrophoresis 



Related Elsevier Titles of Interest 

BOOKS 

RILEY, LOUGH & WAINER: Pharmaceutical and Biomedical Applications of Liquid Chromatography 
RILEY & ROSANSKE: Development & Validation of Analytical Methods 
WONG & WHITESIDES: Enzymes in Synthetic Organic Chemistry 
PELLITIER: Alkaloids, Chemical & Biological Perspectives Volume 9 

Alkaloids, Chemical & Biological Perspectives Volume 10 

JOURNALS 

BIOCHEMICAL PHARMACOLOGY 
BIOORGANIC & MEDICINAL CHEMISTRY 
BIOORGANIC & MEDICINAL CHEMISTRY LETTERS 
JOURNAL OF PHARMACEUTICAL AND BIOMEDICAL ANALYSIS 
CARBOHYDRATE RESEARCH 
PHYTOCHEMISTRY 

Full details of all Elsevier Science publications/free specimen copy of any Elsevier Science 
journal are available on request from your nearest Elsevier Science office 



Pharmaceutical and 
Biomedical Applications 

of Capillary Electrophoresis 

Edited by 

SUSAN M.LUNTE 

University of Kansas, USA 

DONNA M.RADZIK 

Hoechst Marion Roussel, Inc., U.S.A. 

PERGAMON 



U.K. Elsevier Science Ltd, The Boulevard, Langford Lane, 
Kidlington, Oxford 0X5 1GB. U.K. 

U.S.A. Elsevier Science Inc., 660 White Plains Road, 
Tarrytown, New York 10591-5153, U.S.A. 

JAPAN Elsevier Science Japan, Tsunashima Building Annex, 
3-20-12 Yushima, Bunkyo-ku, Tokyo 113, Japan 

Copyright © 1996 Elsevier Science Ltd 

All Rights Reserved No part of this publication may be reproduced, stored in 
a retrieval system or transmitted in any form or by any means: electronic, 
electrostatic, magnetic tape, mechanical, photocopying, recording or otherwise, 
without permission in writing from the publisher. 

First Edition 1996 

Library of Congress Cataloging in Publication Data 

A catalogue record for this book is available from the Library of Congress 

British Library Cataloguing in Publication Data 

Pharmaceutical and biomedical applications of capillary electrophoresis. -
(Progress in pharmaceutical and biomedical analysis ; v. 2) 
1. Capillary electrophoresis 2. Pharmaceutical technology 
I. Lunte, Susan M. II. Radzik, Donna M. 
660.2'972 

ISBN 0 08 042014 1 

Printed and Bound in Great Britain by Biddies (Printers) Ltd, Guildford 



CONTENTS 

List of Contributors vii 

Introduction ix 

Part One: Separations 1 

1. Principles of Capillary Electro-
phoresis 3 
Susan M, Lunte and Donna M, Radzik 

2. Column Technologies for Capillary 
Electrophoresis 23 
John K. Towns and Fred E. Regnier 

3. Electrokinetic Chromatography 81 
Joseph P. Foley and Eric S. Ahuja 

Part Two: Detection 179 

4. Optical Detection Strategies in Capillary 
Electrophoresis 
Steven A, Soper 181 

5. Capillary Electrophoresis/Mass 
Spectrometry 
Richard D. Smith and Harold R, Udseth 229 

6. Electrochemical Detection for Capillary 
Electrophoresis 
Thomas J, O'Shea 211 

Part Three: Applications 307 

7. Sample Preparation for Capillary 
Electrophoresis 
David K Lloyd 309 

8. Capillary Electrophoresis in the Study of 
Amino Acids 
Paul L. Weber 327 



CONTENTS 

9. Capillary Electrophoresis of Proteins and 
Peptides 
Kathleen L. Kostel 345 

10. Separation of Nucleic Acids and Oligo-
nucleotides and Sequencing of DNA 
Fragments by Capillary Electrophoresis 
Ram P, Singhal and Jun Xian 387 

11. The Use of Capillary Electrophoresis in 
Pharmaceutical Development 
Sou Chan Chang, John J. Gigantino, 
Donna M. Radzik and Allen C 
Rychtman 425 

12. Capillary Electrophoresis-based Methods 
for in vivo Analysis: Single Cell Analysis 
and Microdialysis Sampling 
Barry L. Hogan 467 

Index 503 



LIST OF CONTRIBUTORS 

Ahuja, Eric S., Department of Chemistry, Villanova University, 
ViUanova, PA 19085 U.S A 

Chang, Sou Chan, Pharmaceutical and Analytical Development, 
Hoechst Marion Roussel, Inc., Somerville, NJ 08876 U.S A. 

Foley, Joseph P., Department of Chemistry, Villanova University, 
Villanova, PA 19085 U.S.A 

Gigantino, John J., Pharmaceutical and Analytical Development, 
Hoechst Marion Roussel, Inc., Somerville, NJ 08876 U.S.A. 

Hogan, Barry L., Department of Chemistry, St. Louis University, 
St. Louis, MO 63103, U.S.A 

Kostel, Kathleen L., Department of Pharmaceutical Chemistry, 
University of Kansas, Lawrence, KS 66047 U.S.A. 

Lloyd, David K., Department of Oncology, McGill University, 3655 
Drummond, Room 717, Montreal, Quebec, Canada, H3G 1Y6 

Lunte, Susan M., Center for Bioanalytical Research, University of 
Kansas, Lawrence, KS 66047, U.S.A. 

0*Shea, Thomas J., Searle Research and Development, 4901 Searle 
Parkway, Skokie, IL 60077 U.S.A. 

Radzik, Donna M., Pharmaceutical and Analytical Development, 
Hoechst Marion Roussel, Inc., Somerville, NJ 08876 U.S.A. 

Regnier, Fred E., Department of Chemistry, Purdue University, 
West Lafayette, Indiana 47907 U.S.A. 

Rychtman, Allen C , Pharmaceutical and Analj^ical Development, 
Hoechst Marion Roussel, Inc., Somerville, NJ 08876 U.S.A. 

Singhal, Ram P., Department of Chemistry, Wichita State 
University, Wichita, KS 67260-0051 U.S.A. 

Smith, Richard D., Chemical Methods and Separations Group, 
Chemical Sciences Department, Pacific Northwest Laboratory, 
Richland, WA 99352 U.S.A. 

Vl l 



viii LIST OF CONTRIBUTORS 

Soper, Steven A,, Department of Chemistry, Louisiana State 
University, Baton Rouge, Louisiana 70803 U.S.A. 

Towns, John K., Lilly Research Laboratories, Eli Lilly and 
Company, Indianapolis, Indiana 46285 U.S.A. 

Udseth, Harold R., Chemical Methods and Separations Group, 
Chemical Sciences Department, Pacific Northwest Laboratory, 
Richland, WA 99352 U.S.A. 

Weber, Paul L., Department of Chemistry, Briar Cliff College, Sioux 
City, lA 51104 U.S.A. 

Xian, Jun, Department of Chemistry, Wichita State University, 
Wichita, KS 67260-0051 U.S.A. 



INTRODUCTION 

In the pharmaceutical industry, it is well documented that timely 
analytical support which provides quality information is critical to 
success in research and development. It is also true that acceptance 
of any new analytical technique in the industrial environment can be 
a slow and painstaking process. For example, it took almost twenty 
years for liquid chromatography (LC) to gain its now almost universal 
acceptance in bioscience laboratories. The relatively rapid growth of 
capillary electrophoresis (CE) over the past ten years may be related 
to its resemblance to LC. CE shares many features with LC, includ-
ing the ability to separate and determine a broad range of molecules 
with a wide variety of sizes and chemical characteristics. In addition, 
many of the advances in automation and sample preparation that 
were developed for LC can easily be adapted for use with CE, 

However, while CE may have similarities to LC, it is clearly super-
ior for certain applications. Among the most easily recognized advan-
tages of CE are the small sample sizes needed and the fast analysis 
times and high separation efficiencies that can be achieved. The 
importance of the small volumes of mobile phase required for CE 
separations is frequently overlooked, but will become more apparent 
as environmental considerations for separation techniques increas-
ingly become an issue. 

Our original goal for this book was to present an evenhanded, com-
prehensive overview of the technique rather than just a "snapshot" of 
current understanding and research. However, this became an almost 
impossible task because CE was evolving so rapidly. Therefore, we 
have tried to supply the basic information needed to understand the 
working aspects of CE as well as examples of applications of CE that 
would be of interest to pharmaceutical and biomedical scientists. It is 
our hope that this book will provide the necessary foundation for a 
better understanding of the current and future developments in CE. 
As always, for a particular analytical problem, the best way to learn 
about the state of the art is to refer to the recent literature. 

This book. Volume 2 in the series Progress in Pharmaceutical and 
Biomedical Analysis, is divided into three major sections. The first 
part offers an overview of CE theory, beginning with a general infor-
mational chapter about the instrumentation and a brief discussion of 
the various separation modes. More detailed information on capillary 
modification and micellar electrokinetic chromatography is provided 
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in the next two chapters. Part 2 deals with detection, and includes 
chapters on optical, mass spectrometric and electrochemical detection 
methods. 

Part 3 of the book is dedicated to some of the more exciting appli-
cations of CE in pharmaceutical and biomedical analysis. The first 
chapter in this section concerns the issue of sample preparation for 
capillary electrophoresis, especially with regard to biological samples. 
The next three chapters consider some of the more conventional uses 
of CE—the isolation and determination of amino acids, peptides, pro-
teins and nucleic acids. Next, an informational chapter is provided on 
the use of CE in the pharmaceutical industry, with special emphasis 
on regulatory considerations. In particular, the issues of validation 
and technology transfer are addressed. Finally, there is a discussion 
of applications of CE for single cell analysis and for use in conjunction 
with microsampling techniques such as microdialysis. 

In all of the presentations in this book, we have attempted to take 
the "long view" of this technique. We feel that capillary electrophore-
sis is a method that will be remain a staple of the analytical labora-
tory. As members of the research and development community, we all 
have seen the introduction of "the next big technique." Many of these 
have actually led to changes in the way we acquire scientific informa-
tion on a daily basis (liquid chromatography, mass spectrometry, 
laser-induced fluorescence, etc.). However, others that have been 
introduced with much fanfare have subsequently proved to offer little 
advantage over current methodologies. CE will avoid being placed in 
this latter category due to its versatility and ease of use and because 
it is complementary to LC. 

As editors, there are many people we must thank for encourage-
ment and contributions in putting this text together. First, we salute 
the authors, who provided their input into the development of this 
project and who were so extremely patient during the editing and 
publication process. The publishing staff at Pergamon was very sup-
portive throughout; we would especially like to recognize David 
Claridge. Many friends and family members (several born during the 
writing process) provided support and inspiration. Finally, this book 
could not have been completed without the able assistance, coaching, 
motivating sarcasm and never-ending good will of Nancy Harmony, 
whom we can never thank enough. 

Susan M. Lunte 
Donna M. Radzik 

1996 
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CHAPTER 1 

Principles of Capillary Electrophoresis 

SUSAN M. LUNTE 
Center for Bioanalytical Research and 

Department of Pharmaceutical Chemistry 
The University of Kansas^ Lawrence, KS U.S.A. 

and 

DONNA M.RADZIK 
Pharmaceutical and Analytical Development 

Hoechst Marion Roussel, Inc. 
Somerville, NJ 08876 U.S.A. 

1 . Introduction 

Scientists from many different disciplines tend to demand new 
analytically valid separation and detection techniques on a regular 
basis. This seems to be especially true of the biomedical and pharma-
ceutical industries. Among the issues are cost, speed, efficiency sepa-
ration requirements, sample size, and even environmental factors. 
This need becomes more understandable if one considers currently 
available methods of separation. The available modes of chromatog-
raphy (gas, liquid and thin-layer, for example) and electrophoresis 
(slab gel) can provide only certain advantages for long-term success. 
Is there a need for new modes of separation? The response may 
seem obvious; however, in terms of the cost of research and develop-
ment, the answer may not be as easily understood. Field-flow frac-
tionation and super-critical fluid chromatography are techniques that, 
although useful, have not created industries as gas and liquid chro-
matography have done. Whether an analytical separation technique 
becomes a "routine" technique or remains a research and develop-
ment curiosity depends on many factors. For instance, what types of 
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molecules are we as scientists attempting to separate on a routine 
basis? Gas chromatography (GO satisfied the need for separations to 
evaluate the components of fossil fluids. GC methods could not be 
applied to nonvolatile analytes and, therefore, liquid chromatography 
(LC) was developed and has been used with much success for the past 
25 years. In the pharmaceutical industry, measurement of the levels 
of small organic molecules (especially from biological matrices) is 
important, as are techniques to evaluate the impurity profiles of 
these molecules. LC addressed many of these issues. In many ways, 
the needs of the separation scientist have not changed significantly 
for several decades. Today, separation technologies are needed for 
large molecules, optical isomers, and the contents of a single cell. 
Our research and development activities require in-depth studies of 
material that is available only in nanoliter-to-picoliter (or lower) quan-
tities, as well as the need to interface the separation system to a 
living animal. 

Since there will always be the desire to conduct better and faster 
separations using less and less material, there will always be a need 
to examine alternative separation strategies. Capillary electrophore-
sis in its various forms is quite likely to be at the forefront of research 
and development as we move into a new century. In reviewing the 
history of this technique, it is interesting to note that it follows a long 
line of analytically useful strategies in which the basic theory was 
known long before successful application to "real world" problems 
was achieved. It will not be surprising, therefore, if the various forms 
of CE and its future adaptations become as numerous and indispens-
able as the menu of chromatographic techniques currently available. 

1.1. A Brief History of Capillary Electrophoresis (CE) 

Electrophoretic separations in narrow diameter tubes were 
reported in the literature as early as 1950 (Haglund and Tiselius, 
1950). In the late 1960s, Hjerten (1967) described the separation of a 
large number of analytes using rotating gel-filled glass tubes of 3 mm 
i.d. In 1979, Mikkers and coworkers introduced the concept of the 
"wall effect" to minimize convention in tubes (Mikkers et al., 1979). 
Teflon tubes of 200 |Lim i.d. Were used for these electrophoretic 
separations. Efficiencies for a number of anions were reported, with 
the number of theoretical plates reported averaging 25,000. The 
major drawback of this method was poor detectability at low analyte 
concentrations due to the narrow pathlength of the detection window. 

Modern capillary electrophoresis was described by Jorgenson and 
Lukacs (1981). Jorgenson's group used fluorescence to detect several 
derivatized amino acids and peptides following separation by CE. The 
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electrophoretic separation employed a one meter glass capillary of 75 
|im i.d. This paper introduced the basic principles of CE separation 
and described the effect of electroosmotic flow on resolution. 

Since the publication of that paper, a multitude of reports on the 
theory and application of CE have appeared (e,g., Grossman and 
Colburn, 1992; Guzman, 1993; Kuhn and Hoffstetter-Kuhn, 1993; 
Weinberger, 1993; Monnig and Kennedy, 1994; Baker, 1995). Initi-
ally, the focus was on the development of more sensitive detectors. 
While ultraviolet detection can often provide sufficient sensitivity, this 
technique is dependent on the pathlength of the detection window 
and, therefore, CE detectors are less sensitive than those used in LC. 
The development of laser-based spectroscopic methods of detection 
(Yeung, 1993) and microelectrode-based amperometric detectors 
(Ewing et aL, 1994) has significantly improved both the sensitivity and 
selectivity of CE. Mass spectrometric detection might be the most 
significant advance in detection technology since it combines the high 
separation efficiencies obtainable with CE with the ability to generate 
structural information while using very small sample volumes 
(Olivares e^aZ., 1987). 

New modes of separation have been developed, including micellar 
electrokinetic chromatography (Terabe et aL, 1984), capillary gel 
electrophoresis (Cohen et aL, 1988) and isoelectric focusing (Kilar and 
Hjerten, 1989). Several investigators have also succeeded in modify-
ing capillary walls to reduce interactions of free silanol groups with 
large molecules such as proteins and peptides (Hjerten, 1985). 

Since the first commercial instrumentation became available in 
1989, CE has been widely applied in the pharmaceutical and biochem-
ical laboratories. This is understandable, since these workers require 
highly efficient separations for the limited amounts of sample they 
frequently have available. 

1.2. Advantages of Capillary Electrophoresis 

Most conventional electrophoresis is still performed using slab 
gels. This format is simple and inexpensive, and allows one to per-
form multiple analyses simultaneously by using several lanes on a 
single gel. While the presence of the gel is necessary to prevent band 
broadening due to Joule heating, it can also lead to undesirable 
secondary interactions with the analyte of interest. In most applica-
tions, the gel acts as a sieving medium; this tends to restrict the tech-
nique to separations based on molecular size. Small molecules are 
generally not well separated by slab gel methods. The field strengths 
that can be applied in this format are limited by Joule heating and, 
therefore, most separations will require several hours to complete. 
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Densimetric or radiometric detection is most often used, followed by 
staining. These methods can be time-consuming and are not gener-
ally amenable to automation. 

In capillary electrophoresis, the walls of the fused silica capillary 
permit efficient heat dissipation. Therefore, field strengths much 
higher than those used for slab gel electrophoresis can be employed. 
This results in faster and more efficient separations. Since convection 
due to heat is not generally a problem in CE, it is not necessary to 
employ gels (although they can be used for their sieving properties). 
This substantially widens the range of separation applications from 
very small (pharmaceuticals, anions and cations) to very large (glyco-
proteins, oligonucleotides) molecules. Column efficiencies of one mil-
lion theoretical plates have been reported (Guttman et aL, 1990). The 
time required for such separations has also been reduced signifi-
cantly; some separations on glass chips occurring in less than 1 s 
have been reported (Jacobson et al., 1994). 

Capillary electrophoresis is applicable in almost every laboratory 
where LC is used. It is complementary to reversed-phase LC since 
most separations are based on charge or size. In fact, many investi-
gators have begun to employ both LC and CE to verify peak purity or 
to look for highly charged degradation products. The simplicity of the 
CE system also lends itself to the development of new separation 
modes. A stationary phase is not required, and it is possible to 
improve the separation through the use of unique buffer additives 
that exhibit specific chemical or physical interactions with an analyte. 
In addition, because only very small amounts of run buffer are 
needed for CE separations, it is possible to use exotic solvents and 
reagents that could not normally be used as LC mobile phase 
modifiers (due to the large quantities generally required). Some 
elegant chiral separations have been achieved using CE with the 
addition of very expensive cyclodextrin derivatives to the run buffer. 
At the concentrations required to effect such separations, preparation 
of an analogous LC mobile phases would be far too costly. 

CE is also useful for those analyses where one is limited by the 
amount of sample available. The total volume of the separation capil-
lary is generally less than 2 |il and injection volumes are typically 1-
30 nl. Therefore, one can analyze a single 1 \i[ sample several times 
without an appreciable loss in sample volume. Single cells, which 
possess a total volume of only a few nanoliters, can also be analyzed 
using this technique (Kennedy ê  aL, 1989; see also Chapter 12). 
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2. Description of Instrumentation 

One of the reasons for the popularity of CE is that the necessary 
instrumentation is quite simple and easily assembled. A typical 
system is illustrated in Fig. lA. While commercial CE systems are 
available, the components are such that even the most financially 
strapped laboratory can purchase them and build a system that will 
be useful for many investigations. The separation and detection 
modes are somewhat analogous to those used for liquid chromatog-
raphy, which are familiar to many investigators. In addition, LC 
detectors and data systems can easily be modified or directly 
employed for CE analyses. In many laboratories, initial investigations 
using CE have been performed by appropriating available equipment 
from existing chromatography instrumentation and modifying it for 
use with CE. 

Capillary 

High Voltage 
Power Supply 

Plexiglas Box 
\ 

- B -

Buffer 
Reservoirs 

^rdy-i 

High Voltage 
Power Supply 

Plexiglas Box 

Detector 

Buffer Reservoirs 

Fig. 1. Typical systems for capillary electrophoresis. A, on-
column detection; B, off-column detection. 

The CE separation takes place in a buffer-filled fused silica 
capillary with an i.d. usually 25-100 jim, although separations with 
capillaries as small as 1 |Lim i.d. have been reported. The length of the 
capillary used depends on the particular separation desired; however, 
lengths between 20 and 100 cm are most typical. To perform the CE 
experiment, both ends of the capillary are immersed in a buffer reser-
voir and a potential difference, typically 20-30 kV, is appUed across 
the capillary using a high voltage power supply. 
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Detection can be accomplished either on-line (by measuring the 
analyte as it is moving through the capillary, Fig. lA) or off-column 
(by measuring the analyte after it has eluted from the separation 
capillary, Fig. IB). Spectrophotometric detection is the most com-
monly used method, and is generally accomplished on-column (Fig. 
lA). In this case, a small portion of the protective polyimide coating 
on the capillary is removed to expose the fused silica surface. The 
light can then be focused on this point and absorbance or fluores-
cence measured. If mass spectrometric or electrochemical detection 
methods are employed, off-column detection is utilized (Fig. IB). In 
this case, the detector is isolated from the electric field associated 
with the separation voltage by an electrical joint that will permit fluid 
flow, but will send the current to ground. 

A very simple CE system can be constructed using a high voltage 
power supply, a plexiglas safety box and a commercial UV detector 
for LC that has been modified for the small optical characteristic of 
CE. In most cases, injection takes place at the anodic buffer reservoir 
(high voltage end), which is contained within the plexiglas box to mini-
mize the possibility of electrical shock. In general, the cathodic buffer 
reservoir is connected to ground. Most commercial instruments also 
include temperature control, autosamplers, data acquisition systems 
and various injection modes. 

3. Description of Separation Mechanisms 

To maximize the separation mechanisms available using CE, it is 
necessary to understand the parameters that are most important in 
driving the separation. The two mechanisms with the greatest impact 
on separation are the electrophoretic mobility of the analyte and the 
electroosmotic flow generated in the fused silica capillary. 

3.1, Electrophoretic Mobility 

In an electrophoretic separation, two opposing forces act upon the 
analyte. Electrostatic force (Fe) pulls the ion toward the electrode of 
opposite charge. This force is proportional to the charge of the 
analyte (q) and the size of the electric field (E): 

Fe = qE (1) 

Opposing this electrostatic force are the frictional forces (Ff). The 
magnitude of the frictional force is dependent upon the radius (R) of 
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the ion, the viscosity of the run buffer (r|) and the velocity of the ion 
(v). 

Ff=67CTiRv (2) 

If one sets the frictional force equal to the electrostatic force, then 
the velocity of the ion is equal to: 

qE 
GTrriR 

(3) 

where q is the net charge of the analyte, E is the strength of the 
electric field, r| is the viscosity, and R is the Stokes' radius. Therefore, 
the velocity of an ion in the electric field is directly proportional to the 
charge and inversely proportional to the radius (or size) of the 
molecule. It must also be noted that the frictional drag will increase 
as the viscosity of the medium increases; therefore, the value of v will 
decrease if everything else is held constant. Lastly, it can be seen 
from Eq. 3 that the velocity is dependent upon the field strength 
applied across the fused silica capillary. Thus, v will increase with 
increasing voltage if all else remains constant. Experimentally, the 
velocity is determined by measuring the length of time for the ana-
lyte to flow past the detector following the application of a potential 
difference. It is calculated by dividing the length of capillary from its 
end to the point of detection (Ld) by the migration time of the analyte 
(tm). The resulting value has units of cm/s. 

v = ̂  (4) 

The electrophoretic mobility of an ion (|iep) is a constant for a par-
ticular ion in a given medium. It is defined as the steady-state 
velocity divided by the field strength (jiiep = v/E). The units for \Xep are 
cm^A^s. Experimentally, it is calculated using the following equation, 
where V is the applied voltage: 

" ' ^ (5) 

Based on the above discussion, it could be inferred that in CE com-
pounds are separated strictly on the basis of charge and size and that 
ions will always migrate to the electrode of opposite charge. How-
ever, another force, electroosmotic flow (EOF), also plays an impor-
tant role in the separation. 



10 SUSAN M. LUNTE and DONNA M. RADZIK 

3.2. Electroosmotic Flow 

EOF is generated in fused silica capillaries because of the 
presence of free silanol groups on the capillary wall. The negatively 
charged wall attracts the buffer cations and creates an electrical 
double layer adjacent to the fused silica surface. These hydrated 
cations will migrate toward the cathode, moving the solvent with 
them. The resulting EOF is quite strong and is usually of a larger 
absolute magnitude than the electrophoretic mobility of the analytes. 
Thus, there is a net migration of all analytes, regardless of charge, 
toward the cathode. The basic separation mechanism in CE is illus-
trated in Fig. 2. Since negatively charged analytes have an electro-
phoretic mobility that is opposite in charge to the EOF, these analytes 
exit last. Neutral compounds migrate at the same speed as the EOF 
and are not resolved. Cations, which possess an electrophoretic 
mobility of the same charge as the electroosmotic flow, elute first. 

Fused silica surface with fixed charges 
Stern layer of adsorbed ions 

! • 
i e 
1 © 
1® 

L 

® ® e 

' 0 
^ep,-

® • 

® 
® 
0 ® 

1 

o 
Cathode 

Anode 

© 

Diffuse layer of mobile ions 

Fig. 2. Mechanism of separation in capillary zone electrophoresis. 

Because of this electroosmotic flow, Eq. 5 is valid only when the 
electroosmotic flow has been reduced to zero (see below). This can be 
the case when using modified capillaries or low pH. Otherwise, the 
value calculated in Eq. 5 is the apparent electrophoretic mobility of 
the analyte (|iapp)- To calculate the actual electrophoretic mobility. 
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the electroosmotic flow must be subtracted from |Xapp. The value for 
the EOF is determined by injecting a neutral marker (that is not 
influenced by the electric field) and measuring its apparent mobility 
(iLieof). This is then subtracted from the jiapp calculated experimen-
tally. The final value gives the actual electrophoretic mobility (|iact) of 
the analyte. 

Î act = liapp - l̂ eof (6) 

The magnitude of the electroosmotic flow is dependent on the zeta 
potential of the electrical double layer at the capillary-liquid interface 
(^). It is also dependent on the dielectric constant of the background 
electrolyte (e), the field strength (E) and the viscosity of the run 
buffer (r|). The relationship of EOF to these parameters is given in 
Eq. 7: 

v.. =52 (7, 
T l 

EOF is beneficial in most cases because it permits fast, highly efficient 
separations while causing all analytes (regardless of charge) to flow 
past the detector. The magnitude of the EOF can be manipulated by 
changing the zeta potential, which is inversely related to the surface 
charge, the square root of electrolyte concentration, and the number 
of valence electrons. 

Since the surface charge of a fused silica capillary is pH-depen-
dent, EOF changes as a function of pH. The pi of the silanol group is 
approximately 1.5. Figure 3 shows a plot of the electroosmotic flow 
vs. pH for several different types of capillary material. It can be seen 
that at pH 2, the value of the EOF is approximately 10% of its value 
at pH 8. This will present a problem if a low pH is required for a 
separation, because it can lead to excessively long analysis times. 

The electroosmotic flow can also be decreased by increasing the 
concentration of the electrolyte, which changes the zeta potential. As 
indicated in Eq. 7, increasing the viscosity of the solvent will also 
reduce the EOF. This can be accomplished through the use the run 
buffer additives such as carboxymethyl cellulose. Conversely, the r| 
can be decreased (and, therefore, the Veof increased) by raising the 
temperature of the separation capillary. 

3.3. Separation Efficiency 

The flow profile in CE is a "plug" rather than the parabolic shape 
characteristic of the laminar flow present in LC. This is due to the 
fact that the EOF is constant throughout the length of the capillary. 
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u 
<n 

I 
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PYREX 

5 

PH 

Fig. 3. Effect of pH on electroosmotic flow. 
(Reproduced with permission from 
Lukacs and Jorgenson, 1985.) 

Therefore, in general, separation efficiencies attainable through CE 
are much higher than those obtained with LC. However, the actual 
efficiency obtained for each compound is dependent on several 
parameters. These include the electrophoretic mobility (|Liep), the 
diffusion coefficient (D) of the analyte, and the applied voltage (V). 
Experimentally, the number of theoretical plates (N) is defined as: 

N: 
2DLt 

(8) 

Based on this equation, it appears that the number of theoretical 
plates (N) should increase with increasing voltage. However, above a 
certain voltage, N usually decreases due to Joule heating in the 
capillary (see Fig. 4). 
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Fig. 4. Effect of applied voltage on separation 
efficiency. (Reproduced with permission 
from Jorgenson and Lukacs, 1981.) 

It is also implied in Eq. 8 that compounds with smaller diffusion 
coefficients (i.e., large molecules) will exhibit higher separation effici-
encies. Once again, this is not always the case, since many of these 
same molecules (for example, basic proteins) undergo undesirable 
electrostatic or hydrophobic interactions with the silanol groups on 
the fused silica. On the other hand, small molecules that have large 
diffusion coefficients and are not generally separated by conventional 
slab gel electrophoresis exhibit high separation efficiencies in CE due 
to their large electrophoretic mobilities. 

3.4. Joule Heating 

There are several factors that can cause zone broadening and 
reduce the apparent separation efficiency in CE; the most important 
of these is Joule heating. The amount of heat (AH) generated in a 
capillary is proportional to the conductivity of the buffer (K) and the 
square of the applied voltage (V), and is inversely proportional to the 
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square of the length of the capillary (L). These relationships are 
summarized in Eq. 9. 

A H = : : ^ (9) 

As the field strength for the separation is increased, so also is the 
amount of Joule heating. It is apparent from Eq. 9 that the conduc-
tivity of the buffer should be kept as low as possible to minimize this 
heating. Because of thermal convection, a high voltage separation 
performed in a very short capillary is more likely to experience a 
reduction in efficiency than is the same separation performed in a 
longer capillary. Thus, one must balance the speed that is required 
for a separation with the possible loss of efficiency caused by Joule 
heating. 

Efficient heat dissipation is essential in order to obtain high sepa-
ration efficiencies with CE. In larger diameter capillaries, a thermal 
gradient will be produced whereby the temperature in the center of 
the capillary is higher than that at the walls. This problem can be 
lessened by using a capillary with a smaller i.d., where there is a 
larger surface-to-volume ratio. The current passing through a capil-
lary is also directly proportional to the cross-sectional area of the 
capillary; therefore, the use of smaller diameter capillaries will mini-
mize the amount of Joule heating due to current. Typical capillaries 
used for CE separations range from 5 to 100 |Lim i.d. 

3.5. Additional Factors Contributing to Band Broadening 

Conductivity differences between the analyte zone and the run 
buffer in the separation capillary may lead to band broadening in CE. 
This can occur if a very concentrated plug of anal5rte is introduced. In 
this case, the analyte zone will generate its own electric field, causing 
dispersion of the zone as it moves through the capillary. 

Several physical factors can also influence band dispersion within 
a capillary. If the inlet and outlet ends of a capillary are not placed at 
the same level in the instrumentation, some siphoning through the 
capillary may occur. This will lead to broadening of the analyte zone, 
since some hydrodynamic flow will be introduced into the system. 
Larger pathlength flow cells, such as the Z cell, that are used for 
increased sensitivity with UV detection also decrease resolution by 
sampling the absorbance of a larger portion of the capillary. Lastly, 
off-column detection methods can lead to a decrease in efficiency if 
there is a large distance between the ground electrode and the 
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detector. The analyte zone is driven over the decoupler by the elec-
troosmotic flow. However, once over the decoupler, the magnitude of 
the flow is decreased gradually, which leads to zone dispersion. 

3.6. Resolution 

In order to increase resolution in CE, the difference in electro-
phoretic mobilities of two species must be maximized. Equation 10 
shows the expression for calculating resolution in CE. 

R3 - 0.177A^ 1;=—^^^-— (10) 

where p is the average electrophoretic mobility of species 1 and 2 
(jl = (|Lii + 1I2) / 2), N is the number of theoretical plates, A|LI = |Lii-|i2 is 
the difference between the individual mobilities of species 1 and 2, Dm 
is the diffusion coefficient, and jieof is the electroosmotic mobility. The 
most common way to improve resolution is to maximize the differ-
ence in electrophoretic mobilities of the two analytes. This is most 
frequently accomplished by changing the ionization state of the 
analyte through adjustment of the pH of the buffer. Alternatively, 
one can alter the mode of separation, for example, by adding surfac-
tants or using gels. Once this has been accomplished, the resolution 
can be further improved by increasing the voltage applied across the 
capillary. 

4. Injection Methods 

Injection in CE can be accomplished in several ways. Each of the 
methods has its own unique advantages and disadvantages. 

4.1. Electrokinetic Injection 

Electrokinetic injection is the simplest method of sample 
introduction. In this case, the anodic end of the capillary is removed 
from the run buffer and placed in the sample reservoir (while no 
voltage is applied). A voltage that is much lower than the run voltage 
is applied for a short period of time (5-60 s). During this period, ana-
lytes from the sample migrate slowly into the capillary. Since the 
field strength is low and the period of time for the injection is short, 
only a small amount of sample is introduced. This injection method is 
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based strictly on the electrophoretic mobility of the analytes. Since 
the analytes will have different electrophoretic mobilities depending 
on their size and charge, there will be an unequal representation of 
positive, neutral and negative ions. Because this can lead to errors in 
quantitation, internal standards are almost always necessary. The 
major advantage of this technique is that it is very simple to imple-
ment and requires no additional equipment beyond that described 
above for performing the basic CE experiment. It is the method of 
choice for introduction of sample in capillary gel electrophoresis 
because the other forms of injection can disturb the gels. 

In the electrokinetic injection mode, the electrophoretic mobility 
of the analyte must be known in order to calculate the actual amount 
injected. The quantity of material injected (A) is defined by the follow-
ing equation: 

(l̂ ep + ^ieof)^^^VCt 

Lt 
(11) 

where |Liep and jiieof are the electrophoretic and electroosmotic mobili-
ties of the analyte, respectively, r is the capillary radius. Vis the 
applied voltage, t is the length of time that the field strength is 
applied, C is the concentration of each solute and Lt is the total 
length of the capillary. 

4.2. Gravity Injection 

Gravity injection is another very simple method; it is accomplished 
by raising the anodic buffer end a defined distance above the cathodic 
buffer reservoir. Analyte is siphoned into the capillary at a constant 
rate. The volume of materials injected per unit time (Vt) is equal to 

pgAhd^ 
* 128r|L 

where p is the density of the solution, g is the force of gravity. Ah = hf 
- hi (hi is the initial height and hf is final height), d is the diameter of 
the capillary, L is the length of the capillary, and r| is the viscosity. In 
contrast to electrokinetic injection, positive, negative and neutral 
compounds are applied to the capillary with equal efficiency. 
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4.3. Vacuum or Pressure Injection 

This is probably the most reproducible method of injection, and 
injects positive, negative and neutral compounds with the same effici-
ency. A highly regulated pressure or vacuum is used to push or pull 
a plug of the analyte mixture into the fused silica capillary. An advan-
tage of this technique is that the same system can be used to quickly 
fill or rinse the capillary. The total volume injected on capillary is 
described by Eq. 13. 

N , = ^ ^ ^ (13) 
* 128r|L 

where AP is the drop in pressure across the capillary. 

4.4. Peak Stacking 

With both electrokinetic and hydrodynamic injection methods, it is 
possible to use a technique termed "peak stacking" to improve the 
limits of detection for a particular analyte. In peak stacking, the 
sample is dissolved in a solvent of much lower conductivity than that 
of the run buffer. When the sample is injected and the high voltage 
applied, a larger portion of the electric field is applied across the 
sample zone due to its larger resistance. Therefore, sample ions 
move toward the buffer/sample interface at a faster rate than the 
electroosmotic flow. This movement toward the interface continues 
until the conductivity of the two zones become equivalent, after which 
normal electrophoresis takes place. As ions move toward the 
interfacial boundary, they stack up. Typical improvements in LOD 
are 10-100-fold. Peak stacking is most effective if the pH of the run 
buffer is below 5. 

5. Modes of Separation 

5.1. Capillary Zone Electrophoresis (CZE) 

Capillary zone electrophoresis (CZE) or free zone electrophoresis 
is the simplest mode of CE separation. A voltage is applied across a 
fused silica capillary containing buffer and compounds are separated 
based on a combination of their electrophoretic mobility and the mag-
nitude of the electroosmotic flow. In CZE, molecules are separated 
based on their size and charge. For most analytes, the charge is 
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dependent on pH and, therefore, the separation can be manipulated 
by changes in pH. Amino acids and peptides are ideal candidates for 
separation by CZE. 

Protein separations can be accomplished by CZE, but special 
consideration must be made for basic proteins, which tend to adsorb 
to the wall of the fused silica capillary (see Chapters 2 and 9). This 
interaction can be minimized by running the separation at a low pH, 
where the silanol groups are no longer ionized. However, this can 
lead to very long analysis times and denaturation of the analyte. 
Alternatively, the separation can be run at a pH greater than the pi 
of the protein. In this case, both the protein and the fused silica 
surface are negatively charged and thus repel one another. 
Problems with this approach include fast electroosmotic flows that 
can make resolution of proteins with similar pi values difficult or 
impossible. Again, protein denaturation can also occur at this pH. 
Currently, the most common approach to protein separations is 
niodification of the wall of the fused silica capillary so that the silanol 
groups are no longer exposed. Several coated capillaries have been 
described in the literature and are examined in more detail in 
Chapter 2. 

5.2. Micellar Electrokinetic Chromatography (MEKC) 

CE is generally considered a separation technique for charged 
molecules. In order to separate neutral molecules by CE, a sec-
ondary mode of separation must also be employed. MEKC was intro-
duced by Terabe and coworkers (Terabe et al., 1984) and is described 
in much more detail by Foley and Ahuja in Chapter 3. In this form of 
CE, the run buffer contains a surfactant that acts in a manner similar 
to the stationary phase of a reversed-phase liquid chromatography 
column. The surfactant is introduced into the capillary at a concen-
tration above the critical micelle concentration (CMC). These charged 
micelles act as a stationary phase. Compounds that are hydrophobic 
spend more time in the negatively charged micelle and therefore 
elute last. Hydrophilic compounds, on the other hand, do not parti-
tion into the micelle and are therefore separated based only on their 
electrophoretic mobility. The retention time tr for an analyte by 
MEKC is described by: 

,^^Ka^_KL (14) 
1 + (-^)k' 

''mc 
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where to is the migration time of an "unretained" analyte, tmc is the 
migration time of the micelle and k' is the capacity factor of the 
analyte partitioning into the micelle. In order to achieve the best 
separation, one must maximize the difference between to and tmc, 
since that is the window of the separation. This method has been 
shown to work well with small hydrophobic drugs. 

Sodium dodecyl sulfate (SDS) and cetyltrimethylammonium 
bromide (CTAB) are the most common MEKC reagents. If SDS is 
used, the order of elution will be the reverse of that with CZE due to 
electrostatic repulsion between the SDS and anions present in the 
sample. Neutral molecules can be separated by MEKC based on 
their relative hydrophobicity. Cations are retained longest on the 
capillary due to the electrostatic attraction between the SDS micelle 
and the positively charged ion. However, if a class of compounds is 
very hydrophobic, they may all spend the entire time in the micelle 
and elute at tmc- Therefore, in order to separate very hydrophobic 
compounds, it is frequently necessary to add an organic modifier to 
the mobile phase (just as with LC). This decreases the amount of 
time that the analyte spends in the micelle and improves the 
selectivity. 

A similar mechanism of separation can be employed for the 
separation of chiral compounds. In this case, cyclodextrins, bile salts 
and metal additives are used to complex (or include) chiral molecules 
and thereby change their relative migration times. 

5.3. Capillary Gel Electrophoresis 

Capillary gel electrophoresis (CGE) is becoming an increasingly 
popular form of CE and is being explored by both the biotechnology 
industry and the human genome project. In capillary gel electro-
phoresis, the fused silica capillary is filled with a sieving media. Gels 
can either be chemically crosslinked into rigid polymers or can take 
the form of physically crosslinked gels. Polyacrylamide gels have 
become very popular for the separation of oligonucleotides and 
proteins. These compounds cannot be resolved by CZE because the 
charge/mass ratio does not change significantly as the oligonucleotide 
grows. In CGE, the gel is used only for sieving purpose and not for its 
anticonvective properties. Generally, however, very high field 
strengths (greater than 500 V/cm) cannot be employed because of 
Joule heating and bubble formation. The use of CGE for the separa-
tion of oligonucleotides is discussed in greater detail in Chapter 10. 
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5,4. Isoelectric Focusing 

Isoelectric focusing (lEF) is a popular electrophoretic technique 
because it is possible to separate proteins based on small differences 
in pi. It can also be used to determine the pi of an unknown protein. 
To carry out lEF in a capillary, the electroosmotic flow must be 
suppressed. This is accomplished by using modified capillaries or add-
ing carboxymethylcellulose to the run buffer. To perform lEF, a 
sample is dissolved in a carrier ampholyte and pumped into the capil-
lary. The two buffer reservoirs are then filled with an acid and a base 
and the electric field is applied. The analyte then moves to the pH-pI 
{i.e., it is neutral) and stops. After all the analytes have been focused, 
the bands are mobilized by changing the run buffer and are detected 
at the electrode of opposite charge (see Chapters 2 and 9). 

6. Summary 

Capillary electrophoresis is a simple technique with many possible 
analysis modes. In this book, we will focus on methods of separation 
and detection that are relevant to the areas of pharmaceutical and 
biomedical analysis. The field of CE has grown considerably over the 
past 15 years, and it is anticipated that this growth will persist in the 
future. In this volume, we have attempted to emphasize fundamen-
tals that will continue to be useful to workers as the field changes 
and advances. 
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CHAPTER 2 
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1. Introduction 

Capillary electrophoresis (CE) is a rapid, high-resolution analytical 
technique for the separation of a wide variety of charged and un-
charged species. Separations in electrophoresis are based on the 
differential migration rates of species through a solution or gel in the 
presence of an electric field. In contrast, separations in liquid 
chromatography (LC) are based on differential chemical interactions 
with a surface in all cases except size exclusion chromatography. The 
unique selectivity of CE and the need for additional high resolution 
separation modes have resulted in increased interest in this tech-
nique. Important applications of CE include the analysis of complex 
biological mixtures, for example, the separation and characterization 
of macromolecules. 

The use of CE is no longer limited to "experts." Commercial 
instruments, buffer formulations, and column technologies are widely 
available. With the emphasis switching from theory and instrument 
development to "real life" applications, attention is being directed 
toward the capillary itself. It is disconcerting that when using a 
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$40,000 commercial system, success or failure of the analysis can 
depend on a $10 piece effused silica tubing. 

The fused silica tubing does not always provide the necessary 
separation performance; modification of the capillary is often required. 
The wide acceptance of the technique and practical applications can 
be attributed in large part to advances in column technology. It is 
now possible to move beyond the analysis of amino acids and peptides 
to that of macromolecules. This, in turn, leads to the prospect that 
CE can provide the necessary resolving power for separations that 
are currently not possible using present techniques such as chroma-
tography and slab electrophoresis. Table 1 provides information on 
column modifications and applications employed for the various 
modes of capillary electrophoresis. 

Table 1. Column Modifications and Applications Employed in 
Capillary Electrophoresis Methodologies 

Methodology Application 
{Column Modification) 

Free-zone electrophoresis 
{Column coating) 

Neutral charged coating Proteins and carbohydrates 
Positive charged coating Positively charged compounds 

basic peptides and proteins 
Negative charged coating Negatively charged compounds 

acidic peptides and proteins 
Capillary gel electrophoresis Peptides and proteins 

{Gel filled) large oligonucleotides 
single and double stranded 

DNA fragments 
Capillary isoelectric focusing Peptides and proteins 

{Ampholyte filled I coating) 
Electroendoosmotic chromatography Organic compounds 

{Particle filled) 
Chiral capillary electrophoresis Chiral compounds 

{Chiral coating) 

This chapter focuses on advances in column technology for reduc-
ing solute adsorption, manipulating flow rate, and enhancing the 
efficiency and selectivity of CE. Special attention is given to the 
advantages and limitations of capillary electrophoresis for the separa-
tion of macromolecules. The tendency of some proteins to adsorb to 
the inner walls of fused silica capillaries and the problems associated 
with this are also discussed. 
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2. The Advantages of Electrophoresis in Capillaries 

Conventional slab-gel electrophoresis is a powerful approach for 
the separation and analysis of charged biopolymers. This form of 
electrophoresis, however, is rather labor-intensive and does not 
provide data in a format that lends itself readily to quantitation. The 
major limitation in slab-gel electrophoresis is Joule heating, which 
results from the ionic current generated between the electrodes. 
Joule heating can cause density gradients and subsequent tempera-
ture gradients that increase convective zone broadening and affect 
electrophoretic mobilities. A supporting medium such as a gel is an 
effective means of eliminating convection, thereby minimizing these 
sources of band broadening. Stabilizers increase the surface area 
available for solute adsorption and complicate gel preparation. Con-
ventional slab gel systems are not easily adapted to on-line sample 
application, detection, quantification and automated operation. 

An advantage of using capillary columns is that their large surface 
area-to-volume ratio allows heat to dissipate more efficiently than in 
slab-gels (Hjerten, 1983). Stabilizing gels are not necessary in capil-
lary electrophoresis. This permits the use of very high potential fields 
for fast, efficient separations. 

2.1 The Optimum Capillary Dimensions 

Tubes of small diameter are advantageous because they increase 
the rate of heat transfer per unit volume of buffer, reducing the mag-
nitude of temperature differences within the capillary. Temperature 
differences between the fluid in the center and at the wall are 
roughly proportional to the square of the i.d. of the column (Wieme, 
1975). This means that smaller tubes reduce temperature-induced 
zone spreading. A second advantage of smaller i.d. capillaries is that 
the drag of viscous fluid at the capillary wall (the "wall effect") dimin-
ishes bandspreading induced by convective flow. Lastly, analyte diffu-
sion across smaller i.d. tubes leads to diffusional averaging of solutes 
and narrowing of zones. 

Lukacs and Jorgenson (1985) found that a dramatic decrease in 
theoretical plates occurred when capillaries with diameters greater 
than approximately 80 ^m were employed; this could be attributed to 
insufficient heat dissipation as described above. Capillary length is 
also important in separation optimization. At a constant voltage (30 
kV), capillaries 100-cm long gave the maximum number of theoretical 
plates. Capillaries both longer and shorter had fewer theoretical 
plates. At a given applied voltage, shorter capillaries decrease the 
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surface area available to dissipate heat, resulting in temperature 
gradients and zone broadening. 

Selecting the optimum capillary diameter requires balancing detec-
tor sensitivity and heat dissipation. For optical detection methods, 
detection sensitivity is related to capillary diameter, i.e., pathlength. 
Problems with small i.d. capillaries include small injection volumes 
(typically 10 nl), optical distortion, and scatter due to the rounded 
capillary tubing. Square and rectangular borosilicate glass capillaries 
were examined and found to minimize optical distortion and light 
scattering while still providing efficient heat dissipation (Tsuda et al., 
1990). The corners of the capillaries apparently do not degrade the 
separation. Rectangular (i. d. ranging from 16 |im x 195 iim to 50 |im x 
1 mm) and square capillaries (50 iim x 50 |im) were shown to have 
separation efficiencies comparable to that of 50-|Lim i.d. cylindrical 
capillaries. These capillaries allow injection volumes to be increased 
without losing resolution. 

The use of UV detection, however, has severe limitations for high-
sensitivity analysis due to the short pathlength afforded by the 
capillary. Extending the optical pathlength offers a means of enhanc-
ing sensitivity without significant hardware modifications or chemical 
derivatization. Detection across the long cross-sectional axis of the 
rectangular capillary provided a substantial increase in sensitivity. At 
least two manufacturers have introduced modifications of the capil-
lary for improved sensitivity. The Z-shaped (Moring et al., 1993) and 
bubble (Heiger, 1992) cells have greatly increased detection sensitivity 
by increasing the pathlength with little loss in electrophoretic resolu-
tion and separation efficiency. 

The protective polyimide coating on the outside of the capillary 
must be removed for on-column UV-visible detection. This results in 
a fragile, optically transparent detection window. The outside coating 
can be removed by somewhat labor-intensive methods ranging from 
burning with a flame to using hot sulfuric acid. When using these 
high temperature methods, care must be taken that coatings or gels 
inside the capillary are not destroyed. This type of damage may take 
the form of bubbles in gel-filled columns and increased adsorption of 
analytes due to the destruction of the coating in modified capillaries. 
An optically transparent capillary coating available from Polymicro 
Technologies (Phoenix, AZ) is an attractive alternative to polyimide-
coated capillaries. 

2.1.1. Capillary electrophoresis on a chip 

Manz et al. (1992) eliminated the capillary column altogether in 
their work on electrophoresis by using a chip-like structure. Micro-
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machining, a well-known photolithographic technique for creating 
structures in the micrometer range, provided the means to manufac-
ture an entire microchannel system of very high precision. The photo-
lithographically fabricated glass device consists of two glass plates, 
one containing etched channels and the other serving as a cover. 
The electrophoresis channel was 10 [im deep and 30 îm wide with 
rounded corners. Buffer reservoirs (pipette tips) contained platinum 
electrodes and were mounted directly into drilled holes at the ends of 
the channels. Figure 1 shows the separation of two fluorescent dyes 
using an applied voltage of 3000 V in a channel 13-cm long with laser 
fluorescence detection at 6.5 cm along the channel. Electrophoretic 
separations within such a glass structure are a further step in the 
miniaturization of CE to provide high efficiency, fast analysis time, and 
low reagent consumption. 

Calcein 

Fluorescein 

JlJ 
0 1 2 3 4 5 6 7 8 

Time (min) 

Fig. 1. Capillary electrophoretic separation of two fluorescent 
dyes. Sample: 20 mM calcein, 20 mM fluorescein. Back-
ground electrolyte: 50 mM borate, 50 mM Tris, pH 8.5, 
3000 V on 13 cm. Detection at 6.5 cm, fluorescence, exci-
tation 490 nm, collection 520 nm, injection through side 
channel, 500 V for 30 s. (Reproduced with permission 
from Manz et al., 1992.) 

2.2. Electroosmotic Flow 

Electroosmosis is the flow of liquid that occurs when an electrical 
potential is applied to a liquid-filled porous medium (Pretorius et al., 
1974). In an uncoated capillary, this flow is the result of ionized 
silanol groups on the capillary wall being balanced by an excess of 
cations in the stagnant double layer adjacent to the capillary wall. 
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Under an applied potential, solvated cationic counterions in the 
diffuse layer migrate toward the cathode. The rate of electroosmotic 
flow is governed by the potential drop across the surface double 
layer, which in turn is a function of the charge density on the capil-
lary wall (Pretorius et al., 1974; Davies and Rieal, 1961). Because the 
flow originates at the diffuse region of the double layer, charge 
density at the capillary wall determines the magnitude and direction 
of flow. In uncoated capillaries, this flow is strong enough to cause all 
solutes, independent of charge, to migrate toward the cathodic buffer 
reservoir. Therefore, only a single detector is needed. As the capil-
lary is shortened to decrease analysis time, the electrical resistance 
of the capillary is decreased and more Joule heat must be dissipated. 
At the same time, the surface area has been reduced and heat is dis-
sipated more slowly. This results in serious thermal overloading, the 
effect of which ranges from zone broadening and bubble formation to 
electrical arcing in the capillary (Jorgenson and Lukacs, 1984). 

The concentration of electrolyte is also a critical parameter in 
capillary electrophoresis (Wallingford and Ewing, 1989). High electro-
lyte concentrations result in an elevation of current, which in turn 
produces more heat. It would seem that very low ionic strength 
would be best. However, the electrolyte concentration must be signi-
ficantly greater than the concentration of the individual analytes. If 
the analyte concentration is greater than that of the run buffer, 
there will be a discontinuity in conductivity when solutes separate 
into zones. This produces a change in the local potential gradient and 
results in uneven migration and zone asymmetry. 

The shape of the flow profile across the capillary axis is unique in 
electroosmotically driven pumping. Because the flow is driven by the 
surface double layer, which is extremely small, the shape of the pro-
file is "piston-like" over most of the capillary cross section and only 
drops to zero at the capillary wall (Rice and Whitehead, 1965). This 
flat profile of the electroosmotic flow results in increasing separation 
efficiency compared to that of the parabolic flow profile characteristic 
of hydraulic flow. The combination of a flat profile and lack of a 
stationary phase makes capillary electrophoresis an extremely high 
efficiency separation technique. 

3. Limitations of Electrophoresis in Capillaries 

Early research into the optimum material for capillaries focused 
on pyrex borosilicate glass, fused silica, and Teflon (Jorgenson and 
Lukacs, 1984). Recently, polymeric hollow fibers prepared from poly-
propylene and polybutylene terephthalate have been used as CE 
columns (Liu et al,, 1993). The hydrophobic nature of these capil-
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laries, which leads to very strong interactions with proteins, makes 
modification of the capillary wall with polyacrylamide necessary for 
improved performance. 

Fused silica is widely used due to its superior UV transparency, 
thermal conductivity, and thermal stability. However, a major 
problem in the analysis of proteins by capillary electrophoresis is 
adsorption of the analyte to the fused silica capillary. The exposed 
silica surface is rich in silanol groups which are weakly acidic, 
resulting in a negatively charged surface. In uncoated capillaries, 
exposed silanol groups are ionized above pH 4. These negative silanol 
groups cause problems in the analysis of proteins by adsorbing 
positively charged species onto the fused silica capillary. 

3.1. Adsorption 

High resolution capillary electrophoresis is of great utility in the 
separation of inorganic ions, amino acids, oligonucleotides, and pep-
tides. Peptide separations yielding over a million theoretical plates 
have been observed (Jorgenson and Lukacs, 1983). This illustrates 
the high efficiency separations attainable with CE. It had been hoped 
that the separation efficiency for proteins might be equally high due 
to their small diffusion coefficients (Jorgenson and Lukacs, 1981). 
Unfortunately, protein separations have not achieved this high level 
of efficiency. 

Proteins readily adsorb to silica due to charged and hydrophobic 
sites on the surface of both materials. Polypeptides generally contain 
acidic and basic side chains that give them substantial charge. 
Depending on the isoelectric point (pi) and the buffer pH, a protein 
can be either anionic or cationic. Kapaciewicz et al. (1983) showed 
that even at the pi a protein can have regions of localized positive or 
negative charge. This means that proteins having zero net charge 
can still adsorb to a charged surface. Green and Jorgenson (1989) 
have reviewed the mechanisms that have been proposed for this 
protein-capillary wall interaction. It is generally thought of as a com-
bination of two mechanisms—electrostatic and hydrogen-bonding— 
which substantially reduces protein recovery, alters peak shape, 
reduces efficiency, diminishes resolution and changes electroosmotic 
flow. This results in irreproducible migration times and erroneous 
peak area determinations. 

Although the irreversible adsorption of proteins to the capillary 
wall results in the loss of protein and a change in the wall character-
istics, even reversible adsorption can cause serious problems beyond 
that of band broadening. There is the question of the structure of the 
protein when it desorbs from the silica surface. Adsorption of proteins 
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on silica can cause denaturation (Regnier and Noel, 1976). This 
seriously limits the use of untreated fused silica capillaries for the 
separation of sensitive biological macromolecules. An additional prob-
lem of protein adsorption is its impact on electroosmotic flow. Table 2 
summarizes the major effects of protein adsorption on separation per-
formance in capillary electrophoresis. 

Table 2. Adverse Effects of Protein Adsorption 

Reduced protein recovery 
Reduced peak symmetry 
False peak area determination 
Reduced elution time reproducibility 
Reduced efficiency and resolution 
Solute mixing 

3,2. Adverse Effects of Protein Adsorption 

3.2.1. Alteration of peak symmetry 

The most noticeable consequence of protein adsorption at the 
capillary wall is peak tailing. A good example of the effect of protein 
adsorption on peak shape is illustrated in Fig. 2 with the positively 
charged protein cytochrome c (pi 10.2) using both A) uncoated and B) 
coated capillaries (Towns and Regnier, 1992). In evaluating the un-
coated capillary, the first three injections of approximately 10 ng of 
protein were completely adsorbed to the wall. The fourth injection 
produced a peak that tailed badly and migrated much slower than 
expected. Improvement in terms of efficiency, resolution, recovery, 
and peak shape was observed with the coated capillary. The coating 
process resulted in a twofold reduction in electroosmotic flow and 
increased recovery from 0 to 91% (Towns and Regnier, 1991). 

Tailing of positively charged proteins such as cytochrome c at neu-
tral pH is attributed primarily to a reversible electrostatic interaction 
of the protein with negatively charged silanol groups at the capillary 
wall. The solute distribution coefficient for electrostatic adsorption, 
rates of adsorption and desorption, solute diffusion coefficient, and 
capillary diameter all play a role in determining the extent of band 
spreading. A noticeable feature of species such as proteins that are 
strongly, i.e., irreversibly, adsorbed to the capillary wall is that the 
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Fig. 2. Peak shape for cytochrome c on A) 
an uncoated capillary and B) a C-
18/Brij coated capillary. Condi-
tions: 0.01 M phosphate buffer, pH 
7.0; 75 |im i.d. x 100 cm capillary 
(85 cm to detector); 28 kV, 30 |iA. 
(Reproduced with permission from 
Towns and Regnier, 1992.) 

baseline does not return to zero after the analyte passes the detector 
(Fig. 2A). This is due to irreversible adsorption of the protein onto the 
detector window, causing a constant absorption reading from the 
detector and an upward baseline shift. 

The emergence of several components in the cytochrome c sample 
on the coated capillary is a good example of how peak tailing can 
completely obscure minor peaks in an electropherogram. The 
cytochrome c sample on an uncoated capillary shows excessive peak 
tailing, which completely masks the minor components. Using a 
coated capillary, the adsorption of protein to the capillary wall is 
reduced to the extent that the minor components are no longer 
obscured and are determined to make up 5% of the total sample. 
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3.2.2. Reduced protein recovery 

In the analysis of proteins by CE, it is important to know the 
extent to which protein is adsorbed to the capillary column. Table 3 
lists the percent recoveries of 11 proteins using a low ionic 
strengthbuffer (0.01 M phosphate) at pH 7.0 (Towns and Regnier, 
1991). Recoveries were determined using two detectors 60 cm apart. 

Table 3. Percent Recovery for Proteins of Varying pi Values 

Protein 

Lysozyme 
Cytochrome c 
Ribonuclease A 
Chymotr3T)sinogen 
Myoglobin 
Conalbumin 
Carbonic anhydrase 
p-Lactoglobulin B 
p-Lactoglobulin A 
Ovalbumin 
Pepsin 

pi Value 
11.1 
10.2 
9.3 
9.2 
7.3 
6.3 
5.2 
5.2 
5.1 
4.7 
3̂ 2 

% Recovery 

0 
0 
0 
0 

63 
66 
72 
74 
76 
81 
90 

Determined using two detectors 60 cm apart on a 75-mm i.d. capillary. 
Conditions: 0.01 M phosphate buffer, pH 7.0, detection at 214 nm, 300 
V/cm, 30 mA 

Positively charged proteins with pi values above 8, such as 
lysozyme (pi 11.1), C3^ochrome c (pi 10.2), ribonuclease A (pi 9.3), and 
chymotrypsinogen-A (pi 9.2), were readily adsorbed onto the silica 
wall and were not recovered. As the pi values of proteins decreased, 
recovery increased. Myoglobin, with a pi of 7.3, was the first protein 
recovered from an initial injection. As pi values decreased, recovery 
reached a maximum of 90% (pepsin, pi 3.2). The increase in recovery 
for proteins with low pi values is due to coulombic repulsion between 
the negatively charged protein and the negative wall of the capillary. 
With a pi value of 3.2, pepsin will be negatively charged at neutral pH 
and strongly repelled from the wall. 

The same type of two-detector system was used to evaluate the 
effect of buffer pH on protein recovery for six selected proteins. The 
results showed a minimum in recovery near neutral pH with in-
creased recovery at both high and low pH extremes (Fig. 3). The per-
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pH 

Fig. 3. Protein recovery vs. pH for six proteins ranging in 
pi value from 3.2 to 11.1 on an uncoated 75 iim i.d. 
X 100 cm capillary using two detectors 50 cm 
apart. Conditions: pH 3 and 5, 0.01 M acetate; pH 
7, 0.01 M phosphate buffer; pH 9 and 11, 0.01 M 
diaminopropane. Detection at 214 nm; 300 V/cm, 
30 |LiA. D, Ovalbumin; A, myoglobin; O, chymo-
trypsinogen; O, ribonuclease A; M, cytochrome c; 
• , lysozyme. (Reproduced with permission from 
Towns and Regnier, 1992.) 

cent recovery was also determined for the acidic protein ovalbumin 
(pi 4.7). The shallow minimum near neutral pH indicates that 
varying the pH of the buffer has less effect on protein recovery for 
acidic than basic proteins. 

The results shown in Fig. 3 may be interpreted as being due to a 
combination of the charged properties of the fused silica capillary and 
individual proteins. It is well known that minimal ionization of surface 
silanols occurs at or below pH 3. At this low pH, the separation of 
proteins is facilitated by protonation of silanols on the capillary wall. 
Ionic suppression prevents adsorptio of cationic species, and the 
recovery of these proteins is relatively high. Ionization of surface 
silanols occurs broadly over a pH range starting at 3 and extending to 
greater than 9. Proteins, in contrast, are amphoteric; at pH values 
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below their isoelectric point they are anionic, whereas above the pi 
they are cationic. Net charge increases on either side of the pi. At 
neutral pH, basic proteins have a net positive charge and are 
adsorbed to the negatively charged capillary wall, reducing recovery. 
As the pH is increased, the proteins with isoelectric points below the 
buffer pH have a net negative charge and are electrostatically 
repelled from the surface. Repulsion of the protein from the capillary 
wall results in an increase in recovery compared to that obtained at 
neutral pH. 

Buffers of low or high pH are best for protein recovery. The use of 
these pH extremes, however, greatly limits conditions for the 
analysis of proteins. Maximum charge differences between proteins 
may result at intermediate pH values, and proteins may not be stable 
at low pH (McCormick, 1988). Denaturation of proteins may cause 
greater adsorption, dissociation of multimeric proteins, and/or loss of 
activity in post-separation, on-column functional assays of enzymes 
(Wiktorowicz and Colburn, 1990). Since pH is the best parameter for 
optimizing selectivity, limiting the pH greatly reduces flexibility in 
separations. The optimum resolution generally occurs in the pH 
range of 4 to 9. This, however, is the exact pH range that results in 
the largest adsorption of proteins to the capillary wall. Therefore, a 
gap exists between the usefulness of silica capillaries under non-
adsorbing pH conditions and the pH range that would maintain pro-
teins in their native state and induce the greatest charge difference. 

3.2.3. Alteration of electroosmotic flow 

The factors that control flow rate in CE are quite different from 
those in liquid chromatography, where the mobile phase is driven by 
a pump with a predetermined flow rate. Electroosmotic flow is deter-
mined by the zeta potential, which is a function of the density and 
sign of the charges on the capillary wall. The flow is fastest under 
conditions that maximize the zeta potential. Excluding adsorption 
effects, the major factors that alter zeta potential are pH, ionic 
strength, and buffer t5q3e. 

Adsorption of proteins to the capillary surface greatly affects the 
electroosmotic flow. It is this dependence of the electroosmotic trans-
port rate on the capillary wall characteristics (specifically, the zeta 
potential) that leads to irreproducibility of migration times when pro-
tein adsorption occurs. Variations occur within a single run as well as 
between successive runs. Separation performance, in terms of both 
sample quantitation and reproducibility of migration time, is affected. 

The adsorption of proteins onto the capillary and, therefore, the 
zeta potential and electroosmotic flow, are not uniform across the 
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length of the column. This results in a drift in electroosmotic flow 
during the run. It should also be noted that once a fused silica sur-
face has been fouled with a protein, it cannot necessarily be cleaned 
with a base wash. Denatured conalbumin, for example, is difficult to 
solubilize with base. Both cationic and anionic proteins can foul a 
capillary and, therefore, zeta potential can vary between runs. 
Ideally, adsorption should be eliminated completely. 

In addition to causing increased migration time and reduced repro-
ducibility, this drift in migration time complicates the use of automatic 
peak identification software (Frenz et aL, 1989). Programs developed 
to identify peptide fragments from proteolytic digests of proteins 
based on ion mobility and ion migration cannot be employed. Electro-
osmotic flow must be reproducible to within 0.1% to avoid sizable 
errors in predicting migration times, especially at higher pH values 
(Sydor etaL, 1989). 

3.2.4, Reduced efficiency and resolution 

Martin and Guiochon (1984) found that even the slightest amount 
of adsorption will cause an appreciable decrease in efficiency, while 
moderate adsorption can lead to altered peak shape and poor repro-
ducibility. Adsorption of solutes to the capillary wall in CE can be 
treated as a chromatographic phenomenon, with the inside surface of 
the capillary being termed the "stationary phase" and the buffer the 
"mobile phase." The amount of adsorption can be described quanti-
tatively as k', the capacity factor, which is defined as: 

k' = v v (1) 

where ts is the time the solute spends adsorbed to the capillary wall 
and tm is the time the solute spends in the buffer. This k' is con-
ceptually the same as the capacity factor in chromatography. Adsorp-
tion gives rise to band broadening in electrophoresis due to resistance 
to mass transfer in the "mobile" and "stationary" phases. Walbroehl 
(1988) predicted that capacity factors as small as 0.05 would be 
sufficient to cause a 20-fold reduction in plate numbers for proteins. 
Swedberg (1990) reported that with reversible protein-capillary wall 
interactions, a k' of less than 0.07 was needed for plate numbers of 
300,000. It is of paramount importance that adsorption be signifi-
cantly reduced in order to exploit the full benefits of the separation 
power of CE. 

Researchers who have developed strategies to reduce protein 
adsorption have noted that observed plate numbers are still low 
compared to theoretical predictions (Swedberg, 1990; Lauer and 
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McManigill 1986; Cobb et al, 1990; Towns and Regnier, 1991; Towns 
et al., 1992). This has been attributed to extra band broadening, 
caused mainly by residual adsorption. An example of this is illus-
trated in Fig. 4 for a sample run of lysozyme and cytochrome c on a 
weakly deactivated coated capillary with buffers at two different ionic 
strengths. 

20 24 32 

Time (min) 

Fig. 4. Effect of adsorption on efficiency and 
resolution on a diol-based coated 
capillary using different ionic 
strength buffers. 1) lysozyme, 2) 
cytochrome c; pH 7.0 phosphate 
buffer run at A) 0.05 M and B) 0.01 
M ; 75 iim i.d. x 100 cm capillary; 
Detection at 200 nm, 85 cm from 
injection; 280V/cm. (Unpublished 
data.) 

A comparison of the results of the separation at two different salt 
concentrations demonstrates the way in which adsorption affects 
efficiency and, in turn, resolution. At high salt concentrations, cations 
in the run buffer compete more effectively with the basic proteins for 
anionic sites on the capillary wall, lowering protein adsorption and 
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increasing efficiency (Lauer and McManigill, 1986). The separation 
with the higher ionic strength buffer (0.05 M) shows improved effici-
ency and resolution compared to that with a lower ionic strength 
buffer (0.01 M). The higher salt concentration showed a twofold 
increase in resolution and a fivefold increase in efficiency. The effici-
ency declines at moderate ionic strength, which causes a lack of 
resolution for basic proteins with the complete absorption of lysozyme 
at neutral pH (Swedberg, 1990). 

Although it has been shown that flow rate varies inversely with 
buffer concentration (Altria and Simpson, 1986), this was not the case 
in the example above. A longer migration time obtained using a 
lower salt concentration buffer is primarily due to adsorption of these 
positively charged proteins to the capillary wall, which slows the 
electroosmotic flow. The increase in ionic strength can improve 
separation performance for uncoated or poorly coated capillaries, but 
cannot adequately mimic the merits of a coating alone in reducing 
protein adsorption. Ionic strength becomes less a factor as the deacti-
vation of the capillary wall is improved through coating chemistry 
(Towns et al., 1992). The attractive feature of a low ionic strength 
buffer is that it minimizes convective flow inside the capillary due to 
excessive heat generation. 

Theory suggests that molecular diffusion is the sole cause of peak 
broadening. However, one must conclude that other factors con-
tribute to band broadening in CE of proteins. These factors include 
both electrostatic interactions (Towns and Regnier, 1990), as noted 
above, and hydrophobic-like interactions (Cobb et al., 1990). 

3.2.5, Effects on quantitation by peak area 

Changes in electroosmotic flow can drastically change the 
quantitation of peak areas, as seen for two separate runs of the 
neutral marker mesityl oxide (Fig. 5). Both runs were performed on 
an uncoated capillary, with the second run after a single injection of 
lysozyme. The capillary was shortened for the second run to give 
comparable migration times. Adsorption of lysozyme to the capillary 
wall decreased electroosmotic flow threefold. An increase in the area 
of the mesityl oxide peak was seen (Fig. 5B). This increase is in part 
the result of a reduction in sample velocity as it moves past the 
detector. Therefore, as a result of the adsorption of proteins, the 
analyte velocity and, thus, area may be affected. 
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Fig. 5. Peak shape for mesityl oxide A) before 
and B) after a single injection of lyso-
zyme on an uncoated capillary. Condi-
tions: 0.01 M phosphate buffer, pH 7.0; 
75 iim i.d. capillary 60 cm long (45 cm 
separation length) for A; 42 cm long 
(28 cm separation length) for B; 300 
V/cm, 30 jiA. (Unpublished data.) 

3.2.6. Band broadening due to mixing of solutes 

The increased band broadening caused by lysozyme adsorption 
may not be solely due to the reduction in velocity of the sample zone 
as it passes by the detector. Differences in the magnitude and sign of 
the charges along the capillary due to the adsorption of positively 
charged lysozyme may also play a role. This was confirmed by the 
use of a positively charged polymer adsorbed onto the first few centi-
meters of an uncoated capillary. This gives a positively charged sec-
tion of capillary wall at the beginning of the capillary with the remain-
ing section of uncoated capillary being negatively charged (Towns and 
Regnier, 1992). Adsorption of positively charged species on the nega-
tively charged, uncoated capillary wall reduced electroosmotic flow 
and separation efficiency as measured by the transport velocity and 
peak shape of the neutral marker. In fact, fouling only 2% of the 
total capillary length with a positively charged polymer reduced sepa-
ration efficiency by 50%. 
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The large increase in band spreading for capillaries fouled with 
positively charged species may be the result of the formation of com-
plex flow patterns in the capillary. Differences in both the sign and 
magnitude of charge at various points in the capillary are thought to 
cause electroosmotic flow (EOF) to be in opposite directions in differ-
ent portions of the capillary. It was proposed that these differences in 
the direction and velocity of the flow act in concert to cause dramati-
cally increased band spreading (Towns and Regnier, 1992). 

4. Manipulation of Electroosmotic Flow 

Electroosmotic flow can have both a positive and a negative influ-
ence upon the CE separations. Some positive aspects of EOF are i) a 
plug flow profile that minimizes band spreading, ii) transport of both 
anionic and cationic species past a single detector, and iii) transport of 
mobile phases through packed capillary chromatography columns. 
Negative aspects of EOF are i) substances often elute from electro-
phoresis columns before they can be fully resolved, ii) mixing is 
initiated in columns that have a non-uniform charge distribution, and 
iii) flow rate and mixing are very sensitive to surface fouling, as 
discussed earlier. Factors that influence EOF are buffer type and 
concentration, pH, amine additives, and capillary coatings. 

4.1, Manipulation of Electroosmotic Flow through Buffer Composition 

Electroosmotic flow is a major mechanism of anal3rte transport 
when electrophoretic separations are carried out in open tubular 
columns. Transport by EOF is greater than by electrophoretic mobil-
ity in all but rare cases. EOF as a function of pH in untreated capil-
laries varies tenfold over the pH range 3-11 (Fig. 6), and is greatest 
at basic pH where surface silanol groups are totally ionized. The 
largest increase is seen from pH 4-8 (Towns and Regnier, 1991). The 
large difference in EOF over this pH range for the uncoated capillary 
demonstrates the dramatic effect of pH on EOF. Under acidic condi-
tions, silanol ionization is repressed sufficiently that EOF essentially 
drops to zero. As the pH is increased, the silanol groups become 
deprotonated and EOF is increased. This increase in EOF can greatly 
affect solute residence time in the capillary and, therefore, separation 
efficiency and resolution. This dramatic EOF sensitivity to pH in un-
coated capillaries is in sharp contrast to that found with coated capil-
laries. The EOF is relatively constant with pH using coated capil-
laries because the silanol groups are chemically bonded to the coating 
and are no longer able to be ionized. 
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Fig. 6. Dependence of electroosmotic flow (m^/V 
s) X 108 on pH for EOF vs. pH (•) uncoated 
and (A) Brij 35/alkylsilane-coated capillary 
(75 iLim X 50 cm). Reproduced with permis-
sion from Towns and Regnier, 1991.) 

Ionic strength of buffers as well as the concentration of added sur-
factants (Altria and Simpson, 1986; Tsuda, 1987; Foret et al., 1989; 
Huang et al. 1989), amine additives (Lauer and McManigill, 1986; 
Rohlicek and Deyl, 1989; Neilsen et a/., 1989), or organic solvents 
(Altria and Simpson, 1986; Fujiwara and Honda, 1987) can also affect 
EOF. A cationic polymer that reverses EOF has been adsorbed to the 
capillary (Wiktorowicz and Colburn, 1990). Addition of NaCl to 
decrease the thickness of the double-layer is yet another method of 
reducing EOF (Fujiwara and Honda, 1986), albeit at the expense of 
increased specific conductivity and Joule heating. Taken together, 
these studies suggest that the magnitude of EOF is predictable and 
controllable in fused silica capillaries. 

In the specific case of protein separations in fused silica capillaries, 
it has already been noted that there is a serious problem with the 
analysis of cationic proteins. One method of dealing with this problem 
is with extremes in pH. Early work with the separation of proteins in 
fused silica capillaries was accomplished with buffers at pH 8-12 
(Lauer and McManigill, 1986). Under these conditions, many proteins 
are anionic and are repelled from the capillary wall. The negative 
consequences of this approach are that many proteins are denatured 
at basic pH, and electroosmotic pumping is at a maximum. Very 
acidic pH buffers have the opposite effect. Silanol ionization is almost 
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totally repressed, while all polypeptides are positively charged. This 
has proven to be a very effective method for peptide separations. 

4.2, Manipulation of Electroosmotic Flow through Column Coatings 

Manipulation of EOF through coating chemistry has taken the 
form of either derivatization of the silanol group on the surface of the 
capillary or masking of silanol groups through an adsorbed, non-
covalent coating on top of the silanol surface. Table 4 lists the favor-
able attributes of a coating to control surface zeta potential and, thus, 
electroosmotic flow. It has been noted above that EOF was reduced 
by decreasing charge density at the capillary walls either through 
protonization of surface silanols, high ionic strength, or adsorption of 
amines. Another approach is to deactivate or mask silanol groups 
through the application of either semi-permanent or permanent 
organic coatings. Ideally, such coatings would control both EOF and 
protein adsorption at any pH. 

Table 4. Desirable Properties of a Coating in the Control of Electro-
osmotic Flow 

Ease of Application 
Uniformity 

Column-to-column reproducibility within a single synthesis 
Synthesis-to-synthesis reproducibility 

Long-term durability under various conditions 
pH 
Temperature 
Ionic strength 
Exposure to proteins 
Exposure to detergents 
Electric fields 

Consistency over wide pH range 
Alter selectivity without adversely affecting analysis time 

Non-Toxic 

Organic coatings are frequently coupled to silica surfaces by 
organosilanes. During silylation, organosilanes are bonded to the 
inorganic surface through siloxane bond formation between silanol 
groups at the surface and those on the silane. This process serves 
the dual role of attaching an organic moiety to the inorganic surface 
and sequestering surface silanols. Unfortunately, the reduction in 
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surface silanols is seldom more than 50%, even in the most ideal 
cases. Because electrical potential at a surface decreases more 
slowly than charge density, it is difficult to eliminate EOF by seques-
tering surface silanols alone (Davies and Rieal, 1961). Contributions 
of the coatings themselves on EOF will be discussed below. 

Control of protein adsorption through silane-coupled coatings is 
quite different. Adsorption of polymers at surfaces decreases dramati-
cally with reduction in surface charge density. This is due to the fact 
that polymers are adsorbed at surfaces in a cooperative process 
involving multiply charged groups on both the adsorbent and adsor-
bate. Reduction in charge density on the sorbent produces an expo-
nential decrease in the force of interaction (Kapaciewicz et ah, 1983). 
When the forces controlling EOF and protein adsorption at surfaces 
are considered together, the decrease in electrostatic adsorption of 
proteins to surfaces is expected to be more rapid than the reduction 
of electroosmotic flow by silylation of the surface silanols. 

Coatings particularly if they are polymeric, appear to extend the 
plane of shear beyond the double layer at the capillary wall, resulting 
in a reduction of zeta potential. Herren et al. (1987) showed a direct 
relationship between reduction in EOF and increasing molecular 
weight of adsorbed polyethylene glycol (PEG). Presumably, the 
larger molecular weight PEG shifts the plane of shear farther from 
the surface. The problem with adsorbed PEG coatings is that they 
are not equally effective in controlling the adsorption of cationic pro-
teins. Adsorption of surfactants to octylsilane-derivatized capillaries is 
a more effective approach. EOF could be varied by using surfactants 
that differ in head group size and alkyl chain length (Towns and 
Regnier, 1991) much as in the case of PEG. Surfactants with the 
largest head groups were the most effective in reducing EOF. Reduc-
tions in EOF resulted in greater resolution and longer migration 
times. Capillaries of comparable efficiency and adsorption character-
istics can give very different resolution based on differences in EOF. 
Dynamic coatings allow the surfactant to be switched to optimize 
separations. 

Covalently bonded coatings appear to reduce EOF in the same 
manner as does the dynamic coating described above. Covalently 
immobilized polyacrylamide, epoxy layers, and adsorbed methylcellu-
lose all appear to diminish EOF by reducing the number of surface 
silanols and extending the plane of shear away from the surface. 
Large polymers, such as methylcellulose, may be sufficiently large 
that EOF is effectively reduced to zero. 

In the study of positively charged coatings on EOF, Herren et al. 
(1987) noted that the glass surfaces studied were expected to possess 
approximately three silanol groups per 100 A ,̂ not all of which were 
ionized. Silylation of the quartz capillaries with positively charged 
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aminopropyl groups using a pH 5.8 running buffer was found to 
reverse the glass surface charge and the direction of the EOF. 
Herren et al. (1987) determined that 1.4 aminopropyl groups per 100 
A2 would be expected to reverse the surface charge and the direction 
of EOF. Although this was not tested, they concluded that surface 
coatings that were less complete would be expected only to reduce 
EOF, not to reverse it. This process creates an amphoteric surface 
with a titration curve that is a function of both the density and ioniza-
tion characteristics of the individual charged groups. At basic pH, 
silanol groups would predominate, and the surface would be electro-
negative. The opposite would be true at acid pH, while at intermedi-
ate pH the surface would be isoionic. This produces a material of un-
usual EOF characteristics: toward the cathode at basic pH, zero at 
intermediate pH, and toward the anode at acidic pH. 

This phenomenon was observed in the analysis of adsorbed poly-
ethyleneimine, where poly amine molecular mass had a large influ-
ence on EOF over a wide pH range (Towns and Regnier, 1990). A 
strong correlation between the magnitude and direction of EOF and 
polymer size exists. Low-molecular mass polymer on the surface 
resulted in EOF moving from the negative to the positive electrode at 
low pH, but a sharp reversal of direction in EOF occurred near pH 8. 
This reversal was due to the low coverage of positively charged 
coating that was unable to fully mask the negatively charged silanol 
groups as the pH was increased. Above pH 8, surface silanol groups 
are more abundant than amine groups, causing the reversal in flow. 
As the polymer molecular mass is increased, the EOF is increased 
due to either an increase in the positive charge on the larger polymer 
or a more efficient masking of the negative groups on the silica. As 
the pH is increased, the EOF stays relatively constant over the pH 
range, indicating a good masking of the silanol groups for this 
polymer. An estimation of coating thickness for three different poly-
mers indicated that the larger the molecular mass of polymer, the 
thicker the coating. In the case of a 20,000 molecular weight poly-
mer, where the EOF stays relatively constant over the entire pH 
range, a coating thickness estimated to be 30 A results in a significant 
masking of the negative capillary wall charges. 

4.3. Stabilizing Electroosmotic Flow Over a Wide pH Range 

The rate of EOF depends on the magnitude of the zeta potential 
across the solution-solid interface, which in turn is dependent on the 
charge density at the capillary wall. An increase in silanol ionization 
at higher pH results in an increase in electroosmotic pumping. This 
makes it possible to run coated capillaries between pH 4 and 11 
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without significant change in capillary-dependent separation variables. 
The best pH can be employed to give optimum selectivity without 
adversely affecting the analysis time. 

The net velocity of a charged solute in a fused silica capillary is the 
sum of the rates of both convective and electrophoretic transport. 
Ideally, the convective component of transport should remain con-
stant while the electrophoretic component is being varied with pH to 
optimize selectivity in a separation. This is possible only in capillaries 
with no charge or constant charge at the surface. To this end, modifi-
cation of capillaries by either masking or deactivating surface silanol 
groups has been performed by physically coating capillary walls. The 
effects shown in Fig. 6 are a good example of the reduction and level-
ing of the EOF over a wide pH range using a coated capillary (Towns 
and Regnier, 1992a). 

The pH independence of EOF was also observed with a negatively 
charged coating (sulfonic acid groups) (Kohr and Engelhardt, 1991). 
As with the coating described above, the flow is reduced to approxi-
mately that of an uncoated capillary at pH 3. This low flow rate may 
result in strongly cationic species not passing by the detector due to 
their movement in the opposite direction of EOF. It has been 
observed, however, that positively charged proteins such as lysozyme 
(pi 11.1) are easily eluted at neutral pH using the coating described in 
Fig. 6 (Towns and Regnier, 1991). 

It has been shown that surface charges on a coating or on the 
masked silanol groups do not change significantly over the pH range 
3-12, i.e., fluctuation in EOF is minimal over this range. This un-
coupling of EOF and pH allows the manipulation of pH to enhance 
selectivity. In the separation of amphoteric compounds such as pep-
tides and proteins net charge and electrophoretic mobility can vary 
significantly with pH. The masking or elimination of silanol groups on 
the capillary surface due to coatings has a leveling effect on the 
dependence of pH on EOF. 

The most notable advantage of coated capillaries lies in their 
ability to retain a relatively constant surface charge over a wide pH 
range. This makes it possible to vary pH conditions to optimize selec-
tivity without adversely affecting the analysis time. In contrast, 
uncoated fused silica capillaries are very different. The EOF is 
extremely dependent on pH, with silanol ionization beginning at pH 3 
and continuing to increase through pH 8. 

4.4. Mechanical Means to Control Electroosmotic Flow 

Other means of directly controlling EOF in capillary electro-
phoresis have included the use of an additional electric field applied 
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from outside the capillary (Lee et al., 1990, 1991). This technique 
couples the externally applied potential with the potential across the 
buffer solution inside the capillary. This electric potential gradient 
across the capillary wall controls the polarity and magnitude of the 
zeta potential on the interior surface of the capillary wall, which in 
turn controls the direction and flow rate of electroosmosis. The 
effectiveness of the direct control of the EOF has been demonstrated 
at various operating conditions, including different solution pH values, 
electrolyte concentrations, and capillary dimensions (Lee et al., 1991). 

Another approach to the control of EOF is through the coupling of 
capillaries with different magnitudes of EOF (El Rassi and Nashabeh, 
1992). A multiple capillary device permitted the change in electro-
osmotic flow during analysis. This approach has the advantage of 
carrying out rapid biopolymer analyses at relatively low field 
strengths. The pulling of solution through the first low flow surface-
modified capillary by use of a second high flow uncoated capillary did 
not appreciably sacrifice the high separation efficiency. Care must be 
taken to not foul the second capillary with solute that will affect its 
EOF. This type of device has been used in the separation of bio-
pol3rmers, including proteins and oligosaccharides. 

5. Strategies to Reduce Protein Adsorption 

The adsorption of proteins to the capillary greatly reduces separa-
tion performance, and acceptable protein separations are typically 
much more difficult to achieve than those of peptides and small mole-
cules. Steps must be taken to alleviate the problems discussed above. 
It is of paramount importance that adsorption is eliminated in order 
to exploit the full benefit of CE separations. Several research groups 
and instrument manufacturers have directed their efforts toward 
solving the problem of protein adsorption. Table 5 lists the major 
approaches that have been adopted to minimize protein adsorption 
arising from silanol groups on the capillary wall, the advantages and 
limitations of each, and appropriate references. These strategies 
have taken the form of either physically coating the inside of the 
capillary with a deactivating agent or manipulating the sample and/or 
running buffer to reduce adsorption. 

5.1, Run Buffer Composition 

The composition of the run buffer may be used to enhance separa-
tion performance. This usually takes the form of changing the 
charge either on the protein or on the capillary wall or adding a com-
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Table 5. Strategies Employed to Reduce Protein Adsorption to the 
Capillary Wall 

Method Advantages Limitations 

Coatings 

Low pH 

High pH 

High Salt 

* Increased pH range 
* Low conductivity 
* No limitations on 

running buffer 
* Reduced EOF 

* Instability of coatings 
* Solute/coating 

interactions 
* Long preparation time 
* Reduced EOF (increased 

(increased resolution) analysis time) 

* Minimal capillary 
preparation 

* Fast analysis time 
* Minimal capillary 

preparation 

* Increased elution time 
reproducibility 

* High conductivity (heat) 
* Limited pH range 
* Increased analysis time 
* Reduced charge 

differences 
* Denaturation of proteins 

* Limited pH range 
* Instability of silica 
* Denaturation of proteins 

* High conductivity (heat) 
* Increased analysis time 

Zwitterionic 
Salts 

Amine 
additives 

* Low conductivity 
* Minimal column prep. 
* Full pH range 

* Minimal column prep. 

* Increased analysis time 
* Need for added salt 
* Unexpected elution order 

* Incomplete competition 
of wall sites with 
proteins 

* Increased analysis time 
* Increased conductivity 

(heat) 

ponent to compete for negatively charged sites on the capillary wall. 
The charge of the solute is important in that anionic components are 
repelled electrostatically from the negatively charged capillary walls, 
thereby minimizing adsorption effects. Cationic species can interact 
with the negatively charged capillary walls, resulting in reduced 
recovery and broadening of zones. The following approaches have 
been employed to alleviate this problem area. 
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5.1.1. Effect of pH 

One approach to reducing protein adsorption is the use of high pH 
buffers to induce a negative charge on the protein, which is then 
repelled from the capillary wall (Lauer and McManigill, 1986; Wal-
broehl and Jorgenson, 1989; Zhu et al., 1989; Cobb et ai, 1990; Zhu 
et al., 1990). Lauer and McManigill (1986) observed that at pH values 
above the pi of proteins, coulombic repulsion between the negatively 
charged protein and the negatively charged wall results in increased 
separation performance. High pH may also have a negative impact 
on separation, the possible denaturation of proteins, and the strong 
dependence of wall conditions to EOF, impeding reproducibility. 

Low pH buffers have also been used, usually in conjunction with 
column coatings, to protonate the silanol groups, resulting in minimal 
charge on the capillary surface (McCormick, 1988; Bruin et al., 1989; 
Green and Jorgenson, 1989; Grossman et al., 1989a,b; Cobb et al., 
1990; Swedberg, 1990; Vinther et al., 1990). This approach also hmits 
the pH range that may be employed to optimize selectivity; in addi-
tion, there is the danger of structural alterations to the molecule at 
low pH. McCormick (1988) showed how the separation efficiency and 
resolution of six cytochrome c variants were affected at low pH. At 
pH 1.5, the difference in the mobilities of the six variants was mini-
mal, and the proteins comigrated. As the pH is raised, the mobility 
differences become more pronounced, and a more complete separa-
tion is achieved. A loss of resolution above pH 5 was observed and 
was attributed to adsorption of the positively charged proteins to tlie 
negatively charged capillary wall. Using a hydrophilic coated capillary 
that sufficiently masks the wall charges on the capillary at neutral 
pH, the analysis of the cytochrome variants has been extended up to 
pH 8 (Towns, 1991). By varying the pH from 5 to 8, the mobilities of 
the individual variants could be manipulated to give optimum separa-
tion. The variant migration order switched as the pH was varied. 
This was attributed to changes in individual charged amino acid 
residues, which alter the electrophoretic mobility of the protein. The 
manipulation of pH to induce a charge difference in the variants was 
found to be quite effective over this pH range. 

5.1.2. Addition of reagents 

Another approach to the elimination of protein adsorption is the 
use of additives such as zwitterionic salts (Bushey and Jorgenson, 
1989), salt at high concentrations (Bushey and Jorgenson, 1989; 
Green and Jorgenson, 1989; Walbroehl 1989; Swedberg, 1990; Chen 
et al., 1992), or amine additives such as morpholine (Nielsen et al., 
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1989) or putrescine (Lauer and McManigill, 1986) to compete with 
proteins for charged sites on the capillary wall. The use of high salt 
concentration or competing ions in the buffer medium has resulted in 
highly efficient separations. Problems with thermal effects (Joule 
heat generation) at high buffer concentrations, however, necessitate 
the need for narrower capillaries and low voltages. Narrow capil-
laries strain detection limits, while low voltages increase analysis 
time. The addition of low molecular-mass amines to the buffer to 
counteract the negatively charged silica capillary surface gives a con-
siderably improved separation, but some residual tailing persists 
(Nielsen et aL, 1989). The effects of different polymethylenediamines, 
such as cadaverine or putrescine, were almost identical in preventing 
protein adherence (Rohlicek and Deyl, 1989). Charge reversal 
reagents reduce adsorption of cationic proteins. Another approach is 
to add surfactants to buffers. Fluorocarbon surfactant FC-134 (3M) 
forms a bilayer of hydrophobic chains along the wall (Emmer et aL, 
1991). The addition of ethylene glycol to the protein sample buffer 
and modified buffer pH and concentration to reduce adsorption have 
also been employed (Gordon et aL, 1991). For the separation of mem-
brane proteins, Josic et aL (1990) found that reproducible results in 
terms of peak height and migration time were obtained only after a 
high concentration of urea was added to denature the proteins. The 
use of cellulose derivatives such as hydroxypropylmethylcellulose has 
also greatly increased in resolution and efficiency by preventing pro-
tein absorption through shielding (Beckman Instruments, 1994). 

The use of additives to compete with absorption sites on the wall 
has recently found favor as a method for reducing protein adsorption. 
This may be the best of the three approaches discussed because the 
use of pH extremes greatly limits the ability to manipulate the state 
of solutes to enhance selectivity. The addition of high salt concentra-
tions significantly increases Joule heating. The strategies that have 
been widely implemented are those discussed above. The success of a 
particular reagent in reducing adsorption is dependent upon the type 
of solute. Success depends largely on how well a particular reagent 
can compete with the solute for sites on the capillary wall. Large 
molecules such as proteins may easily displace small reagents from 
the capillary wall. As a result, buffer modification has often fallen 
short of reducing adsorption of solutes onto the capillary wall, leading 
to the use of coated capillaries, as discussed in the next section. 

5.2. Modification of the Capillary Surface 

An attractive alternative for controlling protein-wall interactions, 
as well as EOF, is permanent modification of the capillary wall. In 
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CE, the primary goal of surface modification of fused-silica capillaries 
is to minimize protein-wall interactions without completely inhibiting 
the EOF. Using column technology borrowed from liquid chromatog-
raphy and capillary gas chromatography, surface modification 
through the reactive surface silanol groups has provided a means of 
permanently modifying the capillary surface to reduce solute adsorp-
tion. 

The current column technology is focused on deactivating the cap-
illary wall by means of a silanization reagent and then coating with a 
functional group. The proven and most popular strategy is to modify 
the capillary wall by attaching hydrophilic polymers to the Si-OH sites 
on the silica surface, either directly or through suitable spacers. This 
coating process is not overly complicated and is fairly reproducible for 
each section of capillary both within a lot and from lot-to-lot. In the 
coating process, the fewer the steps the better. A downside is that, as 
seen with silica-based columns, capillaries quickly deteriorate above 
pH 8. Changing from coated capillaries to additives has proved less 
than successful. The reagents added to the running buffer do not 
completely reduce analyte absorption, and elaborate cleaning steps 
are often needed to return the capillary to its original condition. 

Deactivation of the silica surface by chemical bonding has taken 
several forms. Table 6 lists coating chemistries that have been 
employed to deactivate the silica surface, the features of each, and 
the appropriate references. These coatings can be broadly categor-
ized as neutral and charged coatings. 

5,2.1, Neutral coatings 

To mask the silanol groups, many coatings have been used in the 
hope of leaving a perfectly neutral coating. The advantage of hydro-
philic neutral coatings is that they are non-interactive in terms of 
either charge or hydrophobicity. The bonding of neutral coatings to 
reduce wall interactions began in the early 1980s when Jorgenson 
and Lukacs (1983) bonded (3-glycidox3^ropyl) trimethoxy silane to the 
capillary wall. Organo-silane-based surfaces are the most popular; 
examples include surface linkage with methylcellulose and non-cross-
linked polyacrylamide (Hjerten, 1985; Hjerten and Johanson, 1991; 
Kohr and Engelhardt, 1991), epoxy-diol (Jorgenson and Lukacs, 1981, 
1984; Bruin e^aZ., 1989a), polyethylene glycol (Herren etal,, 1987; 
Bruin et al,, 1989b), crosslinked epoxides (Towns et al., 1992), and 
poly(vinylpyrrolidinone) (McCormick, 1988). An alternative to attach-
ing the coating through the silane is to deposit a monomer onto the 
silanol surface and polymerize it on-column. Examples of this type of 
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Table 6. Coatings Used in the Deactivation of Fused Silica 

Coating 

Polyacrylamide 
(non-crosslinked) 

Diol 

Maltose 

Glyceroglycidoxy 
propyl 

Poly(vinylpyrrolidin-
one) 

Aryl pentafluoro 

Features 

^Useful at low pH 
^Limited stability 

^Useful at low pH 
*Low efficiency, limited 

stability 

*Useful up to pH 7 
^Limited stability, low 

efficiency 

^Separations at low pH 
^Limited stability 

*Useful up to pH 5 
^Adsorption of some proteins 

*Run at moderate ionic 
strenerth 

Reference 

Hjerten, 
1985 

Jorgenson 
and Lukacs, 
1981 

Bruin et aL, 
1989b 

McCormick, 
1988 

McCormick, 
1988 

Swedberg. 
1990 

^Separation at neutral pH 
*Useful over a wide pH range 
*Day-to-day RSD of 7% 

Polyethylene glycol 

Polyethyleneimine 

Non-ionic surfactant/ 
alkylsilane 

^Separation at low pH 
*Low efficiency at neutral pH 

^Positively charged coating 
*Leveling of EOF over pH 

range 

*High protein recovery 
^Leveling of EOF over pH 

range 
*Coating can be regenerated 
*Good reproducibility, 

stability 

Bruin et al. 
1989a 

Towns and 
Regnier, 
1990 

Towns and 
Regnier, 
1991 

cont'd. 
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Table 6 cont'd. 

Coating 

Vinyl bound 
polyacrylamide 

Aminopropyl 

Immobilized 
lactalbumin 

Poly(methyl-
glutamate) 

Polyacrylamide 
(through an alkene) 

Crosslinked epoxides 

Polyoxyethylene 
silane 

Polyethers 
(fuzzy and 
interlocked) 

Features 

^Increased stability of Si-C 
bond 

^Separations at low and high 
pH 

*Good reproducibility 

^Positively charged at low pH 
*Stable to several weeks 

^Charge dependent on pH 
*Low EOF 
^Separation at neutral pH 

*Run at neutral pH 
^Reasonable efficiency at 

neutral pH 

^Highly cross-linked, stable 
coating 

*Run at high and low pH 
*Good efficiency and 

reproducibility 

^Leveling of EOF over pH 
range 

^Stable to 150 hr 
^Multiple step synthesis 

*One-step S3nithesis 
*Leveling of EOF over pH 

range 
*Stable to two weeks 

*One to three step synthesis 
*Stable to >80 hr 
^Coating can be restored 

Reference 

Cobb etaL, 
1990 

Moseley et 
al., 1991 

Msiaet al., 
1991 

Bentrop et 
aL,1991 

Huang et al, 
1992 

Towns et al., 
1992 

Towns, 1991 

Nashabeh 
and 
El Rassi, 
1991 
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coating are poly(methylglutamate) (Bentrop ê  aZ., 1991) and poly-
(methacrylate) (Towns, 1991). Coatings produced by both procedures 
have improved protein separations; varied success has been obtained 
in terms of long-term stabihty, lowering the effect of EOF over a 
large pH range, and usefulness at neutral pH values. A measure of 
the completeness of deactivation is the extent to which the EOF is 
reduced, an indication that the silanol groups have been masked, 
neutralized, or chemically altered. This results in a reduction or 
elimination of charge and the reduction in EOF can be attributed to a 
change in the zeta potential on the wall and/or the moving of the 
plane of shear out beyond the double layer. 

An example of a neutral surface modification for the separation of 
proteins is shown in Fig. 7 for two types of hydroxylated polyether 
chains covalently attached to the capillary inner surface (Nashabeh 
and El Rassi, 1991). The "fuzzy"-type coating (Fig. 7A) consists of two 
layers-a crosslinked glyceropropyl-polysiloxane sublayer covalently 

O. o O^ "̂ 1 -i" 

> > > H'O;'^" 0-" > 

Fig. 7. Schematic illustration of the idealized struc-
tures of fuzzy (A) and interlocked (B) poly-
ether coatings of fused-silica capillaries. 
(Reproduced with permission from (Nashabeh 
and El Rassi, 1991.) 
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attached to the capillary inner surface and a hydrophilic polyether top 
layer. The "interlocked"-type (Fig. 7B) consists of polyether poly-
siloxane chains whose monomeric units at both ends are covalently 
attached to the surface with the potential of possible interconnection. 

These two coating schemes are good examples of capillaries with 
different properties giving quite different separation performances. 
The "fuzzy" coating exhibited lower electroosmotic flow than did the 
"interlocked" coating. This was proposed to indicate that the concen-
tration of unreacted surface silanols is relatively low for the "fuzzy" 
coated capillaries. This greater surface coverage results in less vari-
ability in EOF when going from low to neutral pH and greater effici-
ency for the "fuzzy" coating. The "interlocked" coating is slightly 
more reproducible than the "fuzzy" coating, simply because the sur-
face modification is accomplished in a single step while the "fuzzy" 
coating takes three steps. The effect of synthetic steps on the repro-
ducibility of coated columns is discussed in greater detail below. 

Due to stability concerns about organosilane-based coatings, alter-
native bonding chemistries have been employed to produce stable, 
uncharged hydrophilic surfaces. Cobb et al. (1990) used a Grignard 
reaction with a chlorinated surface, through which a vinyl moiety is 
attached to the silica. A subsequent reaction of the vinyl moiety with 
acrylamide is a variation of Hjerten's technique (1985), except that 
the resulting monomolecular layer of linear polyacrylamide is 
attached via stable Si-C bonds rather than Si-0-Si-C linkages.This 
treatment exhibits long-term stability over a pH range from 2 to 10.5. 
The theoretical plate count and peak symmetry were significantly 
improved with this coating treatment. This is illustrated in Fig. 8, 
which compares the separation of model proteins at pH 9.5 on a 
coated and untreated capillary. This treatment appears to be highly 
reproducible on a day-to-day and capillary-to-capillary basis (Table 7). 

An example of the improved separation at neutral pH achieved by 
using coated capillaries is shown in Fig. 9, which compares the separa-
tion of five basic proteins on A) an uncoated and B) a coated capillary 
at neutral pH using a low ionic strength buffer (Towns et al., 1992). 
The buffer pH and ionic strength were held constant for both capil-
laries. The electropherogram in Fig. 9A shows all the detrimental 
effects of protein adsorption discussed earlier—loss of peak sym-
metry, loss of recovery, reduced efficiency and resolution, and reduc-
tion in EOF. Figure 9B illustrates the dramatic increase in separation 
performance achieved with the proper deactivation of fused silica. 
The added advantage of coatings such as the Brij 35/alkylsilane, 
where the wall is deactivated to the extent that the EOF does not 
change with pH, is that there is no limitation on the buffer system in 
terms of pH or ionic strength. This allows the operator the freedom 
to alter these parameters in order to optimize the separation. 
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Fig. 8. Capillary electrophoretic separa-
tions of model proteins at pH 9.50, 
using (A) vinyl bound polyacryl-
amide coating and (B) uncoated 
fused silica capillaries. Peak identi-
fication: (1) insulin chain A (por-
cine); serum albumin (bovine); (3) 
ovalbumin (chicken); (4) insulin 
(porcine); (5) lactalbumin (bovine); 
(6) (3-casein (bovine); (7) insulin 
chain B (porcine). (Reproduced with 
permission from Cobb et al., 1990.) 

5,2.2. Charged coatings 

To help overcome adsorption, positively charged capillary coatings 
have been employed for the separation of positively charged solutes. 
In this approach, positively charged solutes are electrostatically 
repelled from the positively charged wall and have limited wall inter-
action. This is similar to the approach of Lauer and McMannigill 
(1985), who used high pH values to induce a negative charge on the 
proteins and repel them from the negatively charged wall. 
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Table 7. Reproducibility of Coated Capillaries 

55 

Coating 
(pH tested) 

Uncoated 
(pH 8.0) 

Aryl pentafluoro 
(pH 7.0) 

Polyethylene 
imine 
(pH 7.0) 

Vinyl bound 
polyacrylamide 
(pH 2.7) 

Brij 35/ODS 
(pH 7.0) 

Interlocked PEG-
200 
(pH 6.5) 

"Fuzzy" PEG-600 
(pH 6.5) 

Run 
to 

Run 
% 

— 

1.4 

0.9 

0.2 

0.8 

0.9 

1.6 

Day 
to 

Day 
% 

1.5 

7.6 

2.4 

1.3 

1.6 

1.4 

Column 
to 

Column 
% 

1.8 

— 

4.7 

< 5 

2.4 

1.5 

4.2 

Solute 
Tested 

Riboflavin 

Ribonuclease 

Mesityl oxide 

Ribonuclease 

Mesityl oxide 

Lysozyme 

Lysozyme 

Reference 

VanOrman, 
1990 

Swedberg, 
1990 

Towns and 
Regnier, 
1990 

Cobb et al., 
1990 

Towns and 
Regnier, 
1991 

Nashabeh 
and El Rassi, 
1991 

Nashabeh 
and El Rassi, 
1991 

Two examples of such coatings are polyethyleneimine (Towns and 
Regnier, 1990) and aminopropyltrimethoxysilane (APS) (Moseley et 
al., 1991). The synthetic route used to prepare the polyethylene-
imine-coated capillary was derived from techniques used in liquid 
chromatography to prepare silica-based anion-exchange packing 
materials. High-molecular mass polymers produced thick coatings 
that sufficiently masked the silanol groups on the wall, giving a posi-
tively charged surface over the entire pH range. This resulted in dur-
able hydrophilic modified capillaries that resolved proteins quickly and 
efficiently with good recovery. Using a neutral buffer, the coulombic 
repulsion of proteins from the positively charged capillary surface 
overcomes solute wall adsorption. The coating reversed the EOF, 
requiring that the polarity of the power supply be switched from that 
used for uncoated fused-silica capillaries. 
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Fig. 9. Separation of five basic proteins on A) un-
coated and B) Brij 35/alkylsilane coated 
capillary (1) lysozyme, (2) cytochrome c, (3) 
ribonuclease A, (4) chymotrypsinogen, and 
(5) myoglobin using a 0.01 M phosphate 
buffer (pH 7.0) on a 75 |Lim x 50 cm (A, top) 
uncoated capillary and (B, bottom) Brij/ 
alkylsilane capillary at 300 V/cm. (Adapted 
with permission from Towns et al,, 1992.) 

A good example of the dramatic difference in separation perfor-
mance for positively coated vs. uncoated capillaries is the CE analysis 
of a solution of two basic peptides, bradykinin and lys-bradykinin (Fig. 
10) (Moseley et al., 1991). The analysis of this mixture with pH 7.5 
buffer using bare fused-silica (Fig. lOA) results in severe zone broad-
ening caused by adsorption of the positively charged peptides onto the 
wall. Optimum conditions on this uncoated capillary (deprotonation of 
amino acid residues to induce a negative charge for electrostatic 
repulsion) would necessitate the severe conditions of a buffer pH of 
-13. Analysis of the mixture of basic peptides using the APS column 
(Fig. lOB) with pH 3.4 buffer resulted in greatly improved peak shape 
and separation efficiency. The low pH used in the APS column was 
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Fig. 10. CZE separation of two basic neuropeptides, 
detected by UV absorption at 200 nm. (A) 
separation with bare fused silica CE column; 
(B) separation with APS-treated CE column. 
(Reproduced with permission from Moseley 
etal., 1991.) 

necessary to induce a net positive charge (pKa of n-propylamine is 
3.4) that will electrostatically repel the positively charged basic 
peptides. The results show the power of working under conditions 
where the solute and capillary wall have similar charge. 

As was expected, a surface coating having strong acidic groups is 
also independent of buffer pH (Towns and Regnier, 1990). To explore 
this, Kohr and Engelhardt (1991) coated the capillary with a strong 
cation exchanger (sulfonic acid groups). This modification of the capil-
lary was accomplished by first bonding trichlorovinylsilane with the 
surface silanols, then depositing 2-acryloylamino-2-methylpropane-
sulfonic acid and polymerizing at 120°C for 3 h. The EOF was nearly 
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independent of pH; only at pH values above 7 could a slight increase 
in mobility be observed. This was presumably due to the dissociation 
of surface silanols. Two different coating procedures showed almost 
identical EOF vs. pH curves. Thus, this type of coating allows the 
manipulation of pH without adversely altering EOF. Although no 
separations of proteins were shown, it would be expected that a capil-
lary with such a coating would resemble an uncoated capillary with 
respect to readily adsorbing positively charged proteins. 

5.2.3, Reproducibility of coatings 

The existence of EOF does not, by itself, lead to poor reproduci-
bility of migration times. It is the dependence of the EOF rate on the 
zeta potentials that results in these variations. As proteins adsorb to 
the uncoated capillary wall, the zeta potential of the wall changes and 
causes the EOF to vary, both within a single run and between succes-
sive runs. Thus, by reducing both EOF and adsorption sites on the 
capillary wall, the use of coating techniques has a fundamental 
advantage over other methods. In any analytical technique, repro-
ducibility is a major concern. In the case of capillary electrophoresis, 
reproducibility of migration time is a measure of the completeness of 
the coating process, the effectiveness of suppressing adsorption, and 
the stability of the coating. 

The dependence of migration time on EOF requires that these 
coatings be stable between runs and over a number of days for good 
reproducibility. Kohr and Engelhardt (1991) compared the reproduc-
ibility of EOF with uncoated and polyacrylamide-coated capillaries at 
pH 5. They found that migration time could only be reproduced with 
a RSD of ±15%. If a specific conditioning method, including flushing 
with sodium hydroxide and organic eluents, is used, flow fluctuations 
can be reduced to ±8% RSD. The day-to-day and column-to-column 
reproducibility of uncoated capillaries was examined by VanOrman et 
al. (1990) using a pretreatment scheme of rinsing the capillary with 
four capillary volumes of 1 M KOH followed by six volumes of 
running buffer. A day-to-day RSD of ±1.5% and a capillary-to-capillary 
RSD of ±1.8% for a neutral marker were obtained using this capillary 
treatment procedure. Although these results give a good idea of the 
variability of fused silica capillaries, they do not represent actual 
results obtained for protein analysis in capillary electrophoresis. Pro-
teins readily adsorb to the capillary surface, quickly reducing EOF 
and therefore migration time. This results in double-digit run-to-run 
migration time RSDs for basic proteins on uncoated capillaries. 

Reduction or elimination of the EOF by operating at low pH should 
yield more reproducible separations that depend on flow for transport 
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through the capillary. Separations that depend solely on the electro-
phoretic mobility of the proteins for transport through the capillary 
are not subject to these flow variations. To minimize EOF variations 
due to solute adsorption, coatings have been employed. These, how-
ever, have their own reproducibility problems. Table 7 lists run-to-
run, day-to-day, and column-to-column migration time RSDs for 
several coatings. The general trends observed are 1) the more stable 
the coating, the better the reproducibility, and 2) the fewer synthesis 
steps, the better the column-to-column reproducibility. 

The number of steps used in the synthesis is important to consider 
in the reproducibility of a coating. A more complicated synthesis 
usually results in more complete coverage of the capillary surface for 
improved stability and efficiency. However, each step in a synthesis 
increases the probability that column-to-column reproducibility will be 
poor. A good example of a rather exhaustive synthetic route is the 
coating scheme using a gaseous acid-catalyzed crosslinked epoxide 
(Towns et al., 1992a). Figure 11 shows that each step resulted in a 
further masking of the surface charges, producing increased durabil-
ity, peak symmetry, recovery, efficiency, and resolution. This coating 
scheme required five steps to fully deactivate the coating for long-
term stability and improved efficiency. The column-to-column repro-
ducibility for this rather complex synthesis decreases dramatically 
with each step. To further complicate matters, the gaseous catalyst 
makes complete synthesis difficult over the entire capillary length. 
The overexposed front section and the underreacted back section 
must be removed before the next synthesis step. This significantly 
reduces the useful capillary length for the next synthesis step. The 
problems of reproducibility with the multiple-step synthesis have been 
reduced by using a two-step synthesis with a basic catalysis in solution 
(Towns e^aZ., 1992). 

To evaluate coatings, a test mixture of cytochrome c and lysozyme 
has been very useful for measuring column-to-column reproducibility. 
These two basic proteins provide a worst-case scenario for column 
performance as they readily adsorb to unmasked charged sites on the 
capillary wall. The proteins are good indicators of the completeness 
of the coating process with respect to column-to-column and lot-to-lot 
variations. Sections of capillary that are not properly coated will 
quickly adsorb protein, resulting in a reduction of EOF and an in-
crease in migration times. Multiple runs can show steady increases in 
migration times, leveling off once the protein(s) has adsorbed to most 
of the exposed sites on the capillary wall. Washing steps are often 
ineffective in returning the capillary to its original performance. In 
addition, these positively charged proteins provide valuable informa-
tion on separation performance. 
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Effect of Epoxide Coating 
on Migration Time and Peak Shape 

Lysozyme (Chicken), pi II.3 
0.01 M Phosphate. pH 7.0 
100 m I.D., 100 cm (85 cm to detector) 
28 kV, 280V/cm XE 

XEGD 

XE6 

Uncoated 

JV J K_ 
12 12 17 22 32 

LYSOZYME MIGRATION TIME (min) 
9 17 25 34 60 

NEUTRAL MARKER MIGRATION TIME (min) 

Fig. 11. Peak shape for lysozyme and migrations times for 
lysozyme and a neutral marker (mesityl oxide) for 
each step of an acid-catalyzed epoxy coating process. 
Conditions: 0.01 M phosphate, pH 7.0, detection at 
200 nm, 100 cm x 75 mm capillary (85 cm to 
detector), 28 kV, 30 mA. (Unpubhshed data.) 

6. Capillary Gel Electrophoresis (CGE) 

A great deal of interest has been generated by gel-filled capillaries 
for the separation of large biological molecules that are not readily 
separated in free solution. The electrophoretic mobilities of related 
biomolecules are sometimes so close in free solution capillary electro-
phoresis (FSCE) that resolution is not possible. It is therefore desir-
able to adapt slab gel electrophoresis to a capillary. This method per-
mits rapid separation with on-line detection at the nanogram level. 
The problems inherent in staining of slabs—reproducibility, quantita-
tion, and speed—are eliminated. 
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6.1. Sieving in the Capillary 

Gel-filled capillaries are produced by filling fiised silica capillaries 
with a degassed monomer (e.g., acrylamide and/or bisacrylamide) in 
buffer and polymerizing the mixture within the capillary. Pore sizes 
may be controlled in polyacrylamide gels by varying the percentage of 
acrylamide monomer and crosslinking agent (Guttman et al., 1990). 
The polymer is covalently bound to the silica surface using a bifunc-
tional reagent (Cohen and Karger, 1987; Karger et al., 1989; Dross-
man et al., 1990). The fibrous nature of the gel causes a sieving effect 
in which small molecules migrate faster than larger species. 

The size of the pores is controlled by the monomer concentration 
(%T) and the degree of polymer crosslinking (%C). A 5% T, 5% C gel 
indicates that the total monomer concentration in the filling solution 
is 5%, and 5% of these monomers are cross-linked. Gels with higher 
%T and %C values have smaller pores that are more effective for 
resolving smaller molecules. The difference in resolving power, 
depending on the % T and % C, is illustrated in Fig. 12, which shows 
the single base resolution of oligonucleotides [pd (A)] ranging from 
25-30 and 40-60 bases for both (3% T, 3% C) and (5%T, 5% C) (J & W 
Scientific Catalog, 1992). Both columns (50 cm separation length) 
exhibit over 2,000,000 theoretical plates. Poorer resolution is seen 
for low molecular weight compounds with the larger pore 3% T, 3% C 
gel column than for the smaller pore gel column (5% T, 5% C). The 
opposite would be observed in the separation of larger molecules. 

pdA25^0 pdA 40-60 
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Fig. 12. Single base resolution of oligonucleotides [pd (A)] ranging 
from 25-30 and 40-60 bases for both |iPAGE-3 (3%T, 3%C) 
and ^PAGE-5 (5%T, 5%C) gel-filled columns. (Reproduced 
with permission from J & W Scientific catalog, 1992.) 
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Larger pores are optimal for separating large single- and double-
stranded DNA fragments, and allow timely analysis of large bio-
molecules. Batch-to-batch changes in the gel that produce variation 
in analjile mobility may be compensated for by the use of an internal 
standard. In a case in which the RSD in mobility was 4.8%, the RSD 
in relative mobility (mobility of analyte/mobility of standard) was only 
0.7% (Guttman et aL, 1990). 

6.2. Gel Capillary Electrophoresis of Proteins 

Although FSCE is the most widely used method for the separation 
of proteins, other applications such as isoelectric focusing (lEF) and 
capillary gel electrophoresis (CGE) are easily incorporated into the 
system. Significant growth has been seen in the use of gels for the 
separation of proteins in CE. Capillary gel electrophoresis allows for 
separation due to size along as well as charge. As with slab gels, 
capillary gels may be fabricated with optimum pore size for the 
molecular weight range of interest. 

Cohen and Karger (1987) demonstrated the first sodium dodecyl 
sulfate (SDS)-polyacrylamide gel electrophoresis (SDS-PAGE) separa-
tion of proteins in capillary electrophoresis. Acrylamide was polymer-
ized and attached to the surface of a capillary derivatized with (meth-
acryloxypropyl) trimethoxy silane. The mobility of SDS-denatured 
proteins (molecular weight 14,000-34,500) was linear with molecular 
weight, and the effect of crosslinking was found to be similar to 
normal SDS-PAGE. The use of SDS causes each species to have the 
same charge density and shape, so that the separation is based solely 
on size or molecular mass. 

Non-denaturing polyacrylamide gels can also be employed (Cohen 
et al., 1987). In the case of non-denaturing gels for peptides and pro-
teins, both size and charge will contribute to the separation. The gel 
concentration can easily be varied to enhance the resolution by vary-
ing pore size. A notable application is the capillary PAGE separation 
of human growth hormone from a synthesis byproduct. This by-
product (known as "two-chain") has a proteolytic enzymatic cleavage 
(clip) between Thr 142 and Tyr 143, and has essentially the same 
molecular weight but a different effective size. For this separation, 
Coomassie Blue-stained lab gels yielded a limit of detection of 5% 
compared to an estimated 0.1% detected impurity in CGE. Other 
advantages include increased plate numbers and the possibility of 
focusing of the samples upon injection into the gel column. Additives 
can also be incorporated into the gel matrix to increase resolution. 

One problem with PAGE is Joule heating due to the high ionic 
strength of the buffers used, which results in thermal breakdown. 
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This emphasizes the need for efficient heat dissipation. To circumvent 
this problem, thermoelectric (Peltier) devices have been used to 
control the air temperature surrounding the capillary (Nelson et aL, 
1989). Cohen and Karger have had success using a cooling system to 
remove the Joule heat generated in the capillary medium for the 
separation of four proteins using a gel-filled capillary (Fig. 13). The 
effect of air temperature variation on CE current as well as the 
importance of heat dissipation in capillaries under high power condi-
tions were investigated. Thermal breakdown was found to occur at 
the high power levels needed for some protein separations. The 
cooling efficiency (related to air temperature) was shown to affect the 
peak shape of horse heart myoglobin. 
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Fig. 13. Capillary SDS-polyacrylamide gel elec-
trophoresis of proteins. Conditions: 300 
V/cm; 12 |LLA; detection at 220 nm, sepa-
ration length 15 cm; Gel: T = 7.5%, C = 
5%; O.IM Tris borate buffer, pH 7.3, 
0.1% SDS, 8 M urea. Peak identification: 
(1) tracking dye; (2) lysozyme; (3) p-lacto-
globulin; (4) trypsinogen; (5) pepsin; (6) 
egg albumin; (7) bovine albumin. (Repro-
duced with permission from Karger et 
aL, 1989). 
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Widhalm et al. (1991) separated four test proteins according to their 
masses using a medium of linear, non-cross-linked polyacrylamide 
gel. The proteins were applied as SDS complexes. The separation 
was performed at pH 5.5 and the migration times of the proteins were 
found to correlate with the log of their molecular mass. 

6,3. Gel CE of Oligonucleotides and DNA Fragments 

The rapid separation of oligonucleotides and DNA fragments has 
been accomplished with polyacrylamide gel-filled capillaries. The use 
of capillary electrophoresis/PAGE for the separation of large DNA 
restriction fragments was reported by Cohen et al. (1988). Kasper et 
al. (1988) used micellar electrokinetic chromatography and capillary 
PAGE to separate nucleotides and large DNA molecules. PAGE was 
found to be superior for separation of large, linear DNAs, since these 
have identical mass/charge ratios. Baba et al. (1991) prepared poly-
acrylamide gel-filled capillaries capable of very efficient separation of 
polynucleotides. A mixture of 250 polyadenylic acids was baseline 
resolved within 60 minutes using these columns. Paulus et al. (1990) 
separated oligonucleotide samples using polyacrylamide gel-filled 
capillaries. A plot of migration time vs. base number was linear with 
identical slopes for the three oligonucleotide samples examined. This 
provided for calibration of the capillary for the determination of 
molecular mass. They used this method of calibration to evaluate 
capillaries for the analysis of unknown samples for their molecular 
weight. Motsch et al. (1991) reported on the use of agarose gel-filled 
capillaries for the separation of medium-sized oligonucleotides (DNA 
restriction fragments) and some small, unsaturated and sulfated 
disaccharides. For further discussion of this topic, see Chapter 10. 

6.4. Buffer Additives as Sieving Media 

Buffer additives have also been used as sieving media for the 
separation of DNA fragments. The preparation of this type of capil-
lary is very simple, and the gel is easily removed from the capillary 
and refilled. This greatly increases the versatility of the capillary 
system (Widhalm et al, 1991). Strege and Lagu (1991) used a poly-
acrylamide coating and a buffer containing methylcellulose as a 
sieving medium to separate all fragments in the 1-kBP DNA ladder, 
as well as the very large fragments in a DNA-i/mcflll digest. 
MacCrehan et al. (1992) separated DNA fragment standards in the 
range of 50 to 10,000 base pairs using methylcellulose as a size-
selective agent. All 23 fragments in a 1-kb DNA ladder were resolved 
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within 25 min, Wehr (1993) used non-crosslinked dextran gels in the 
separation of proteins. These gels are inherently less rigid than 
cross-linked polyacrylamide gels and exhibit poorer resolution. Capil-
lary wall deactivation, using a siloxane-bound polyacrylamide, greatly 
improved resolution and reproducibility, but the instability of the 
coating resulted in lifetimes of only about 30 runs. Guttman and 
Cooke (1991) incorporated an affinity ligand within the polyacrylamide 
gel to manipulate the selectivity of the separations. Selectivity was 
optimized by varying the electric field and the concentration of 
ethidium bromide, a soluble intercalating agent. 

6.5. Synthesis of Gels to Avoid Bubbles 

A major problem with gel columns is the development of vacuum 
bubbles inside the capillary tube during polymerization of the 
monomer solution. This is due to the fact that the polymerization 
occurs in a fixed volume, which is not a problem with slab gels. This 
results in a loss of separation current and renders the capillary un-
usable. Several reports have addressed the development of new 
strategies for the polymerization and stabilization of gels in fused-
silica capillaries, emphasizing the minimization of bubble formation 
during polymerization and use. Dolnik et al (1991) described a proce-
dure for preparing polyacrylamide gel-filled capillaries using isotacho-
phoretic polymerization. In this method, the polymerization initiator 
is introduced by electromigration, allowing gradual polymerization of 
the acrylamide in a sequential manner along the length of the capil-
lary and reducing formation of bubbles in the gels. Tsuji (1990) used 
ethylene glycol in both the gel formulation and the running electro-
lyte to prevent the formation of bubbles. Lux et al. (1990b) used 
gamma radiation to initiate polymerization of the polyacrylamide gel. 
Wang et al. (1991) produced polyacrylamide gels in fused-silica capil-
laries by adding riboflavin to the acrylamide/bisacrylamide solution 
before filling the capillary. After filling the capillary with this solution, 
UV radiation was used to initiate the polymerization. 

In summary, disadvantages of gel-filled capillaries include produc-
tion of bubbles in the column, lack of column-to-column repro-
ducibility, difficulty in detection at lower than 210 nm due to interfer-
ence by the gel, and hydrolysis of acrylamide limiting the number of 
runs for a given capillary. Gels, however, offer an added mode of 
selectivity with high resolution that makes this technique a significant 
advance in the separation of native proteins and other biomolecules 
by capillary electrophoresis. 
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7. Capillary Isoelectric Focusing 

Isoelectric focusing is based on the separation of species by their 
isoelectric point (pi). It is performed in a medium with a pH gradient, 
and is particularly useful for protein separations. Charged proteins 
migrate to the pH at which they possess a net-neutral charge based 
upon the pKa of the functional groups (pi). At this point, the neutral 
solutes will no longer migrate. The resolution of this method is 
limited only by the quality of the pH gradient. 

When lEF is performed in capillaries (CIEF), the main issue is 
EOF. It was postulated that electroosmotic flow must be eliminated 
in order to obtain stable focused zones in CIEF (Hjerten et aL, 1987). 
Typically, the capillary is first coated to eliminate zone distortion 
caused by electroosmotic flow and to reduce adsorption of proteins to 
the capillary wall. Hjerten (1985) developed methylcellulose- and 
linear polyacrylamide-coated capillaries for CIEF. These coatings 
nearly eliminate EOF, allowing stable focused zones. It is not neces-
sary to completely eliminate electroosmotic flow, only to slow the 
flow rate enough to allow for focusing of the zones before they pass 
by the detector. 

The method is divided into two major steps: focusing and detec-
tion. Focusing occurs in a coated capillary column and is followed by 
the simultaneous application of precise vacuum and/or voltage to 
draw the focused bands past the detector at a steady, even rate. The 
capillary is filled with a carrier ampholyte (pH 3 to 10) to which the 
protein sample is added. Because the whole tube is filled with 
protein, larger amounts of sample can be employed than in free zone 
electrophoresis. Under an applied field, the proteins are focused 
along with the carrier ampholytes. The focusing process can be moni-
tored by monitoring the current, which will reach a minimum value 
when focusing is complete. 

Elution of the protein zones for on-column detection can be 
performed either by hydrodynamic flow or electrophoretically. In the 
electrophoretic elution mode, one of the reservoirs is switched to a 
salt buffer. When the field is reapplied, there will be an excess of 
either H+ or OH- entering the capillary. This excess will cause the 
pH gradient to become charged, and the solution will migrate toward 
the cathode if excess H+ is present (cathodic mobilization) or toward 
the anode if excess OH- is present (anodic mobilization) (Hjerten et 
aL, 1987). This will then permit detection of protein bands as they 
pass the detector. Resolution in lEF is dependent on the differences 
in pi of species in the mixture. The best resolution results with 
species possessing smaller diffusion coefficients and a high mobility 
slope at the isoelectric point. A shallow rate of change of pH with 
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tube distance and a high electric field which speeds focusing also 
improve resolution. 

Protein precipitation has been a common problem in conventional 
gel isoelectric focusing, and capillary lEF is no exception. Proteins 
are confined in zones at extraordinary high concentrations in a state 
of zero net charge, conditions which favor reduced solubility and 
aggregation. Stabilizing counterions are stripped from the protein as 
it is focused, further encouraging precipitation. This can yield poor 
reproducibility of peak size and migration time. A neutral detergent 
such as Triton X, which does not absorb at 280 nm, is often added to 
the focusing medium to suppress precipitation of the proteins 
(Hjerten, 1985). 

Capillary lEF requires the use of coated capillaries because the 
magnitude of electroosmotic flow in uncoated capillaries prevents 
attainment of stable focused zones. As in free zone electrophoresis, 
coating chemistry in terms of column-to-column reproducibility and 
stability will be a key issue in the success and future development of 
lEF (Bolger et aL, 1991). Linear polyacrylamide coating is known to 
suffer from poor stability at high pH. Since it is not necessary to 
eliminate EOF but only to slow it down enough to allow bands to 
focus before migrating past the detector, methods that can control 
EOF will be of major interest for this technique. This approach will 
circumvent the need to mobilize the zones and move them past a 
detector, and will permit the focusing and elution in one step. The 
limitation of positioning the detector other than at the absolute end of 
the capillary is that species focused between the detector and the 
capillary end go undetected. The presence of salts in the sample 
changes the distribution of the pH gradient, and increases the time 
required for focusing and mobilization. Additives can act as dynamic 
coatings of the silica wall to cover many of the possible adsorption 
sites. EOF may be controlled, but not totally eliminated, through the 
careful choice of additive concentration. Maintaining some flow mobil-
izes the focused zones past the detector during the focusing step. To 
perform salt mobilization, the field must be turned off, the buffer 
changed, then the field turned back on. 

An alternative to performing CIEF in coated capillaries is using 
methylcellulose in the sample/ampholyte mixture (Fig. 14). Proteins 
are separated efficiently, with good resolution and high peak capacity. 
The separation of nine proteins by isoelectric focusing using 0.5% 
methylcellulose in a 3% ampholyte mixture with a pH range of 2-11 
is shown (Mazzeo and Krull, 1991). The proteins were focused for 20 
min at 6 kV, followed by a 40-min mobilization at 10 kV. Thormann 
et al. (1990) added hydroxypropylmethylcellulose to the catholyte 
solution to separate the four proteins. CIEF has also been used to 
separate the isoforms of transferrin (Kilar and Hjerten, 1989), human 
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Fig. 14. CIEF of cytochrome c, chymotrypsinogen A 
and myoglobin in an uncoated capillary with 
TEMED. Capillary: 75 îm i.d. uncoated, 60-cm 
total length, 40 cm from the anode to detec-
tion. lEF: analyte 10 mM H3PO4, catholyte 20 
mM NaOH, 30-kV voltage. Detection: UV, 280 
nm. Sample: 1 mg/ ml each protein, 5% 
Pharmalyte 3-10, 0.1% methylcellulose, 1% 
TEMED. Peaks: (1) cytochrome c, pi 9.6; (2) 
chymotrypsinogen A, pi 9; (3) myoglobin, pi 
7.2; (4) myoglobin, pi 6.8. (Reproduced with 
permission from Mazzeo and KruU, 1991.) 

growth hormone variants (Frenz et al., 1989), and the glycoforms of 
human recombinant tissue plasminogen activator (Yim, 1991). 

8. Liquid Chromatography Packing Materials 

In electroendoosmotic chromatography, a packed column is used, 
but the eluent is driven by electroosmotic flow rather than by 
pressure. Partitioning of solutes between the mobile and stationary 
phases occurs by normal distribution equilibria. The liquid, as in an 
open tube, is in contact with the tube walls and the particle surfaces. 
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SO electroosmotic flow occurs as a result of the fixed charges on the 
various surfaces. One interesting aspect of EOF is that, unlike other 
forms of flow, it generates a flat flow profile. In an open tube the 
flow is strictly plug flow with little variation of flow velocity across the 
section of the column. The flow in a packed bed is less perfect due to 
the nature of the channels (Knox and McCormick, 1989). However, it 
approximates plug flow and is substantially more uniform than in a 
pressure-driven system. This results in higher efficiencies for EOF 
than for pressure-driven flow. Since the tube walls form only a small 
proportion of the total superficial area of the particles, their 
conditionis not so critical. This is because the electroosmotic flow 
velocity, to a first approximation, is independent of the channel 
diameter between particles, while the pressure-driven flow rate is 
proportional to the square of the channel diameter. Although it is 
clear that uniformity of packing is less critical than in pressure-driven 
chromatography using packed beds, it is not yet known how uniform 
the packing structure should be. 

Jorgenson and Lukacs (1981) studied electroosmotic flow for chro-
matography using a 170 |im i.d. x 68 cm capillary packed with 10 |im 
reversed-phase packing. The column ends were sealed by sintering 5-
mm plugs of 30 |im ODS pellicular packing at each end of the capil-
lary. With acetonitrile as the mobile phase, the separation of 9-
methylanthracene and perylene resulted in efficiencies of 31,000 and 
23,000 theoretical plates, respectively. They concluded that the plate 
heights were quite good considering the crude method and low pres-
sure used to pack the column . They observed that if the column was 
indeed poorly packed, the good results were obtained due to the flow 
being uniform and independent of packing irregularities. 

Knox and Grant (1987) looked into the factors that determine the 
optimum conditions for electrically driven LC separations. They 
studied the current and power requirements, the particle and tube 
diameters, and the electrolyte concentration on zeta potential. Their 
work involved the separation of polynuclear aromatic hydrocarbons 
using a drawn, packed capillary 50 |im i.d. x 60 cm with 5 |im Hypersil 
ODS-bonded in situ using methanol/water as the eluent. They also 
found no evidence of reduction in EOF in columns packed with 
particles as small as 1.5 )im in diameter (Knox and Grant, 1991). 
They found that higher chromatographic efficiencies can be obtained 
using EOF flow when the same column is used for both types of 
chromatography. Plate numbers of 100,000 were achieved in rela-
tively short times (30 min) using in situ derivatized drawn packed 
capillaries containing 3 and 5 |im ODS-silica gels. 

Yamamoto et al. (1992) described the possibilities of applying fast 
electroosmotic flow in packed capillary reversed-phase chromatog-
raphy. No loss of column efficiency up to a linear EOF of 3 mm/s was 
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observed. An example of the chromatograms obtained by electro-
kinetic reversed-phase chromatography is shown in Fig. 15 for the 
separation of isradipin, its byproducts, and thiourea. The dependence 
of theoretical plate number on linear velocity, stability and repro-
ducibility of chromatographic performance was studied. A possible 
problem with this technique is the stability of the ODS silica packing 
at high pH. A high pH is necessary to obtain high EOF. It was found 
that capillaries 50 |xm i.d. x 28.5 cm packed with Hypersil ODS (3 ^m) 
were reproducible with run-to-run RSD of 1.6%-2.2%. Stable results 
were obtained for longer than 1 month. 
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Fig. 15. Electrokinetic reversed-phase chromatog-
raphy with packed capillaries in the 
separation of a mixture of Isradipin, its by-
products, and thiourea. Applied voltage, 
30 kV, 1.8 |iA. (Reproduced with permis-
sion from Yamamoto et al., 1992.) 

Limitations of EOF in chromatography include thermal effects that 
cause the same losses in efficiency seen in open tubes. Possible new 
technological limitations may be imposed by the establishment of the 
required electrical field. Martin and Guiochon (1984) noted that the 
piston-like character of the flow is less of an advantage when coupled 
with the limitation of peak broadening, which increases significantly 
with longer retention times. Their experience was that using EOF in 
a chromatographic system was difficult and inconvenient. This was 
largely due to the fact that the EOF lacked the direct and simple 
control over mobile phase flow that is customary with conventional 
pumping systems. 



COLUMN TECHNOLOGIES FOR CE 71 

9. Column Technologies for Chiral Capillary Electrophoresis 

Coated capillaries have been quite useful in enhancing chiral selec-
tivity. This enhancement is mainly due to the elimination of EOF and 
the prevention of solute adsorption. Static coating with polyacryl-
amide (Fanali, 1991) and dynamically coating with polymers such as 
cellulose derivatives or polyvinyl alcohol have been used to improve 
peak shape and chiral resolution. 

The elimination of EOF is important to maximize interaction 
between analyte and the chiral agent. For basic compounds, the 
chiral separation often utilizes a low-pH run buffer. Amino acids and 
many pharmaceuticals contain amine functional groups that will be 
protonated at low pH. At low pH, electroosmotic flow is minimal and 
the interactions of the solute with the chiral recognition agent are 
increased. As an example, cyclodextrins are often used in chiral CE 
where the solute is included into the cyclodextrin cavity, and its 
mobility is greatly reduced. If the two enantiomers have differing 
association constants, one enantiomer will migrate more slowly than 
the other and the two chiral species will be resolved. 

For acidic compounds, however, the EOF is much stronger as the 
pH is often increased above the pKa of the solute to enhance selectiv-
ity. Ionization of both the analyte and chiral agent can be controlled 
by buffer pH to increase enantioselectivity by optimizing the solute/ 
agent interactions. However, as pH increases so does EOF, which 
may result in insufficient interaction of the solute with the chiral 
agent. The use of neutral coating on capillaries permits the reduction 
of EOF at elevated pH, providing the interactions necessary to 
enhance chiral selectivity and resolution. 

Chiral selector-coated capillaries have been used for electrically 
driven chromatographic separations of chiral compounds (Mayer and 
Schurig, 1992). A 0.2-mm layer of Chirasil-Dex (permethylated B-CD) 
was immobilized onto the capillary surface using polysiloxane for the 
separation of l,l'-binaphthyl-2,2'-diyl-hydrogen phosphate and 1-
phenylethanol. The separation was achieved in less than 30 minutes 
using a pH 7 phosphate buffer. 

Gel columns have also been used with complexing agents in the 
analysis of chiral species (Guttman et al., 1988). A column is made by 
entrapping the neutral inclusion compound p-cyclodextrin during the 
polymerization of polyacrylamide. Incorporation of this agent into the 
polymeric fiber gel matrix results in the complexing agent being 
immobile when uncomplexed and migrating only slowly when com-
plexed with ionic species. Coated capillaries were used in conjunction 
with the gels resulting in a decrease in EOF and a reduction in 
analyte-wall interactions. Figure 16 shows the separation of D,L-
dansylated amino acids using a p-cyclodextrin gel column. High field 
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Fig. 16. Separation of D,L-dansylated amino acids 
using p-cyclodextrin gel column. Conditions: 
0.1 M Tris, 0.25 M boric acid buffer (pH 8.3), 7 
M urea. Gel: T = 5%, C = 3.3%. Capillary: 
150 mm X 0.075 mm i.d.; E = 1000 V/cm, 
Peak identification: (1) Dns-L-Glu; (2) Dns-D-
Glu; (3) Dns-L-Ser; (4) Dns-D-Ser; (5) Dns-L-
Leu; (6) Dns-D~Leu. (Reproduced with per-
mission from Guttman et aL, 1988). 

strengths of 1000 V/cm were used with an effective separation length 
of 15 cm to achieve over 100,000 theoretical plates. Other gel 
columns include the co-polymerization of allyl carbamoylated-p-CD 
with acrylamide (Cruzado and Vigh, 1992) and crosslinking bovine 
serum albumin with gluteraldehyde (Birnbaum and Nilsson, 1992) 

It should be noted that treatment of the wall surfaces and manu-
facturing gels is inherently more difficult and more complex than the 
use of carrier electrolytes incorporating specific chiral recognition 
agents added to the buffers in FSCE. 

10, Commercial Columns 

As discussed throughout this chapter, column technology plays a 
pivotal role in CE applications. The advancement of capillary electro-
phoresis as a standard analytical tool will depend largely on column 
technology and, in turn, on the commercial availability of columns. 
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There is a growing list of commercially available columns, reagents 
for the deactivation of capillary walls, sieving media and reagents. 
This allows analysts to move away from the manufacture of columns 
and instead to concentrate on applications. 

Prior to the availability of commercial columns, laboratory-
generated capillary surface modifications were frequently employed 
to reduce analyte adsorption. However, the capillaries produced were 
often unstable and gave irreproducible migration times. Commercial 
capillaries, priced at approximately $100/meter, are a welcome 
alternative to laboratory-built capillaries and possess useful lifespans 
of several weeks or hundreds of runs. The cost of a capillary, 
however, is more often measured by the time and energy required to 
coat a capillary. Therefore, in this case, commercial capillaries are 
quite valuable considering the separation efficiency and reproducibility 
they provide. However, as is the case with HPLC columns, the lot-
to-lot reproducibility of coating capillaries can be variable. 

10.1, Commercially Available Coated Columns 

One of the first commercially available coated columns was manu-
factured by Bio-Rad Laboratories (Richmond, CA). These were pro-
duced in cartridges using a covalently bonded linear polyacrylamide 
after the method of Hjerten (1985). They were coated with a 
polymeric material that eliminates EOF to improve reproducibility 
and allow higher pH separation of proteins and isoelectric focusing. 
Each cartridge has prealigned optics to be used in their capillary 
electrophoresis instrument. 

Beckman manufactures a neutral coated capillary designed for 
protein separations in the pH range 3-8 as well as CIEF applications. 
This coating is similar to the polyacrylamide coatings of Hjerten 
(1985). A kit includes buffers for use in the normal polarity (pH 3-6) 
or reversed polarity (pH 8) mode. A second type of coating available 
from Beckman utilizes a polyamine-modified surface. The resulting 
coating has a strong cationic charge that reverses the EOF. Basic 
analytes are repelled from the wall surface, thus minimizing the 
adsorption of positively charged analytes. 

Supelco (Bellefonte, PA) offers 01 , 08 and 018 bonded-phase OE 
columns, as well as a hydrophilic column. Oolumn coatings are 
designed to provide a reduced but consistent EOF for improved pro-
tein separations. These surface modifications also reduce the 
dramatic effect of pH on EOF seen with untreated fused silica. Also 
available is an untreated fused silica capillary with internal diameters 
of 25 and 100 ^m, which has an external protective coating transpar-
ent to UV to 200 nm. 
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Isco (Lincoln, NE) has available three different coated columns. 
The Isco CE-100 capillary column is for the separation of proteins and 
peptides. This capillary is filled with 0.5% Brij-35, 10% methanol in 
water. It is pH compatible from 4 to 10, shows no change under pro-
longed storage, and can be regenerated/cleaned by running several 
column volumes of a solution of Brij 35, 0.5% in water through the 
capillary. Reproducibility of this column was found to give run-to-run 
RSD of less than 1%, day-to-day RSD of 1.2%, and column-to-column 
RSD of 2.2%. The CE-200 capillary column is coated with a glycerol 
group attached through an octyl linker and is also recommended for 
protein and peptide separations. The CE-300 capillary column is 
coated with a sulfonic acid group attached through an octyl linker and 
is recommended for nucleotide separations. The capillaries measure 
75-M.m i.d. and 80 cm long with the optical window at 50 cm. 

J & W Scientific (Folsom, CA) iiSil products are bonded fused silica 
open tubular columns in 1 m x 50 îm and 1 m x 100 |im sizes. Their 
capillary gas chromatography columns are popular for the elimination 
the CE wall effects. These coatings have applications in isoelectric 
focusing of proteins and separation of large DNA fragments. Their 
DB-17 Microbore GC column and DB-WAX have been used for 
isoelectric focusing and the analysis of basic proteins. 

LC Packings (San Francisco, CA) markets a packed-capillary C18 
column with 75 |im i.d. for electrochromatography that achieves high 
capacity, high selectivity, and efficiencies of 600,000 theoretical plates. 

Millipore (Boston, MA) has introduced a concentrator capillary, the 
Waters AccuSep C/PRP, with a CIS polymeric phase to concentrate 
samples on a small section of the capillary 

10.2, Commercially Available Gel-Filled Columns 

Gel-filled capillaries are currently commercially available from 
several manufacturers. Beckman Instruments (FuUerton, CA) has 
introduced a SDS-CGE using a proprietary linear polymer network 
that is UV transparent at 214 nm. The hydrophilic polymer solution 
is used for the separation of proteins ranging from 14 to 205 kD. 
Coated capillaries are used in conjunction with the gel-matrix to 
improve reproducibility by reducing protein adsorption. A rinsing 
procedure used between runs to replace the gel matrix greatly 
increases reproducibility for proteins. The gel matrix can be replaced 
at least 100 times. Beckman also produces a fixed, polyacrylamide/ 
urea-containing gel, which can be used in the analysis of RNA and 
single-stranded DNA ranging in size from 10 to 100 bases. 

Applied BioSystems produces Micro-Gel 100 columns that are 50 
cm in length with 50 îm i.d. These columns provide single-base reso-
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lution of synthetic oligonucleotides as long as 120 bases. Tempera-
ture rather than buffer additives can be used to denature the oligo-
nucleotides because the proprietary gel matrix is stable to 50°C. 

Bio-Rad has also introduced a sieving buffer system for separation 
of PCR products. The PCR analysis buffer contains a linear hydro-
philic polymer in a Tris-borate-EDTA buffer. A buffer containing 7 M 
urea is also available to provide denaturing conditions. The system is 
designed for the separation of PCR products up to 600 base pairs. 

J & W Scientific produces mPAGE columns using "dimension com-
pensating polymerization" that yield bubble-free polyacrylamide gels 
for high resolution separations. The columns are available in two 
different concentrations that cover a wide range of sizing applications. 
The mPAGE-% column, a 5%T, 5%C gel offers single base resolution 
of oligonucleotides from fewer than 20 to more than 150 bases. The 
mPAGE-3 (3%T, 3%C) is used for fast analysis of larger oligonucleo-
tides and DNA fragments. 

10.3. Commercially Available Reagents 

ABI markets a removable coating that imparts a stable, net posi-
tive charge to the capillary surface. This charge reversal on the 
capillary wall also means that the EOF will be reversed and a 
reversal of the polarity is necessary to ensure that analytes migrate 
toward the detector. This reagent makes possible the analysis of 
cationic proteins and peptides below their isoelectric points under non-
denaturing conditions. The combination of ionic as well as hydro-
phobic interactions of the reagent with the silanols of the fused silica 
capillary is strong enough that it does not have to be added to the 
separation buffer. 

A second reagent marketed by ABI is included in an analysis kit 
containing a replaceable sieving matrix that separates proteins based 
upon the same principles as classical SDS-PAGE. Molecular sieving is 
accomplished by a network of linear molecules, which are free to 
entwine themselves, in contrast to the fixed mesh of rigid pores in 
standard polyacrylamide gels. The reagent also contains a capillary 
coating to suppress EOF and improve reproducibility. The reagent 
yields linear separations of proteins in the molecular weight range of 
14 to 205 kD. The analysis time is typically less than 30 min, and on-
line detection permits accurate and reproducible quantitation without 
the staining and destaining process. 

The third reagent marketed by ABI is included in a capillary iso-
electric focusing kit used in conjunction with their CE system. This 
reagent separates proteins in the same way as traditional poly-
acrylamide gel isoelectric focusing, with the exception that the capil-
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lary method is performed in free solution rather than in a gel. The 
entire pH range of ampholytes is used to produce linear pl-migration 
plots with baseline resolving power better than 0.2 pH units across 
the entire pi range from less than 3 through 10, in a single run. A 
narrower range of ampholytes can be used to increase the resolution 
to 0.06 pH units. 

Beckman offers two reagent kits that use replaceable entangled 
polymer solutions for the analysis of double-stranded DNA in the 
molecular weight range of 100 to 1000 base pairs. The second kit 
differs from the first in using an intercalating dye to provide improved 
sensitivity when used with laser-induced fluorescence detection. 

11. Conclusions 

The success of capillary electrophoresis will depend largely on 
the development of capillary columns to widen the field of applica-
tions. Advances in geometry, coatings, and sieving media have moved 
CE from a curiosity to a practical technique for solving real problems. 
The function of these column technologies is to enhance the 
separation and recovery of species, to stabilize EOF across a wide pH 
range, and to extend the useful life of capillaries. 

Capillary columns have demonstrated their utility in the separa-
tion of solutes that have not been successfully resolved by chroma-
tography and/or slab gel electrophoresis. Column technology is 
reaching a level of sophistication in terms of reproducibility and selec-
tivity that makes CE a viable technique in the separation and charac-
terization of analytes. 

It is possible to control EOF by means of an external electric field 
or buffer additives to optimize a given separation. However, these 
techniques do not represent general approaches. The method of 
choice is the modification of the inner surface of the capillary through 
chemical derivatization. Reliable manufacture of capillary coatings 
with adequate chemical and temporal stability is critical for adequate 
precision and reproducibility. It should be noted that capillary column 
technology figures prominently on the overall success of CE, as it is 
directly tied to such important issues as reproducibility, suppression of 
adsorption, and selectivity. 
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1. Introduction 

As discussed in Chapter 1, capillary electrophoresis (CE) is a tech-
nique that was developed for the very efficient separations of charged 
solutes, based on their differences in electrophoretic mobility, êp? as 
defined in Eq. 1, 

M-ep = f (1) 

where q is the net charge of the solute and f is its frictional drag 
coefficient. Note that l̂ep can be different for two solutes if differences 
exist in q, f, or both for the two solutes. As shown in Eq. 2, no 
separation will occur in free solution CE if the electrophoretic mobili-
ties of two compoimds are the same. 

Rg oc ^^V,^-^^V^ (2) 

M-epjavg "̂  M-eo 

In the above expression, pieo is the coefficient of electroosmotic 
flow, a bulk displacement phenomenon explained in Chapter 1. It can 
be larger or smaller than fXep,avg or even negligible (i.e., (leo * 0)> 
depending on the experimental conditions. 

81 



82 JOSEPH P. FOLEY and ERIC S. AHUJA 

1,1, Conventional CE Cannot Separate Neutral Solutes, but EKC Can 

Unfortunately, for neutral solutes q = 0 in Eq. 1, hence |iep = 0 for 
all neutral species and none of them will be separated (Rg = 0, Eq. 2), 
as shown in Fig. 1. It was for this reason that Terabe and coworkers 
(Terabe et aL, 1984) introduced micellar electrokinetic capillary chro-
matography (MECC) in 1984. MECC allows neutral species to be 
resolved using CE instrumentation by creating a second retentive 
phase into which they can differentially partition. The differential par-
titioning gives rise to differential migration rates which provide the 
separation. 

CATIONS 

^ep>0 

O) 

LU 
: # 

ANIONS 

|AeD<0 

li 
TIME 

Fig. 1. Conventional CE cannot separate neutral comp-
ounds, as depicted in the hypothetical electro-
pherogram of 3 cationic species, 3 neutral com-
pounds, and 3 anionic species. 

Soon after Terabe published his pioneering work with micelles 
(Terabe et aL, 1984; Terabe et aL, 1985a), he and other researchers 
found that separations impossible with conventional CE could also be 
achieved by adding substances other than micelles to the buffer 
(Terabe et aL, 1985b; Terabe, 1989; Terabe and Isemura, 1990b). In 
view of this, Terabe recommended the more general name "electro-
kinetic chromatography" (EKC) to more accurately depict the scope of 
these methods of separation. We follow his suggestion throughout 
the remainder of this chapter, and use "MEKC" to denote EKC 
separations performed with micelles. 
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1.1.1, EKC from an electrophoretic viewpoint 

Micelles or other charged species added to a buffer solution 
impart an effective electrophoretic mobility to neutral analytes by 
interacting with the neutral compound to form a charged "complex". 
The binding constants of the analytes can be measured in a variety of 
ways, i.e., from absorbance or fluorescence measurements, by micel-
lar liquid chromatography (MLC), and by MEKC (Delaguardia et al., 
1991). A compilation of Km values determined from MLC data was 
reported by Foley (1990a) for various combinations of solute and 
surfactant; more recently, Khaledi and coworkers compared and con-
trasted the determination of Km values by MLC and MEKC (Kord et 
al., 1991). 

Assimaing that only 1:1 interactions £ire significant, the interaction 
of the neutral analyte and the charged species can be described by 

A . X ^ ^ A X ^ Kf = ^ (3) 

where A is the neutral analyte, X- is the positively or negatively 
charged species (micelle, cyclodextrin, etc.) that interacts with the 
analyte, AX- is the resulting complex, and Kf is the formation 
(binding) constant of the analyte with X±. 

The effective electrophoretic mobility of a neutral analyte can be 
described phenomenologically as (Foley and May, 1987) 

/ Kf{X] . 
^^ep,A,eff = (l+Kf{X]j l̂ ep,AX± (4) 

When micelles are employed as the charged species, the effective 
electrophoretic mobility is usually expressed as (Ghowsi et al., 1990) 

^ep,A,eff = (j:^ M'ep,AX± (4a) 

because the micelles are viewed as a separate, (pseudostationary) 
chromatographic phase into which neutral analytes can partition. 

If the formation constants (Kf) or retention factors (k) of two 
analytes differ, their effective electrophoretic mobilities will differ 
(Eqs. 4 and 4a), and they can then be resolved by EKC, provided that 
X is present in the buffer at an appropriate concentration. 

1.1.2. EKC from a chromatographic viewpoint 

Because of the key role played by the chromatographic-like 
separation mechanisms in EKC, it is more customary and beneficial to 



84 JOSEPH P. FOLEY and ERIC S. AHUJA 

describe EKC (and particularly MEKC) in terms of the partitioning 
mechanism below (see also Fig. 2): 

Partitioning Mechanism in MEKC 

0 y Micelles x 
^ 

Analyte Aqueous Mobile Phase 

Fig. 2. Partitioning mechanism of electrokinetic chroma-
tography (EKC). Consistent with Eq. 5, X repre-
sents the virtual (pseudophase) phase established 
by the interactive species. 

[Sjaq ^ [Six Pwx - |-g]^_ -> (5) 
[Sk 

Jaq 

where Pwx is the partition coefficient, and [SJaq and [Six are the 
concentration of the solute, S, in the aqueous phase and the virtual 
(pseudophase) phase established by the micelle or other interactive 
species, respectively. If we now define a phase ratio |3 as the volume 
of pseudophase (Vx) divided by the volume of the aqueous mobile 
phase (Vaq) 

* aq 

then a retention factor k can be defined as: 

n; aq 

where Ux and Uaq are the number of moles of solute in the micellar 
and aqueous phases, respectively. The retention factor determines, 
to a large extent, the migration time of a neutral analyte (vide infra). 
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1,2, EKC is also Useful for Charged Molecules 

Soon after the micellar-mediated EKC separation of neutral com-
pounds was reported, Terabe and coworkers (Cohen et al., 1987; 
Nishi et al,, 1989b,c,d) began investigating the separations of charged 
substances that were not adequately resolved by CE. In most cases, 
they had success similar to that with neutral molecules. In 
retrospect, EKC and in particular MEKC are obviously not restricted 
to the separation of neutral solutes. For charged substances, EKC 
provides a second separation mechanism that is often complementary 
to that provided by conventional CE, frequently enhancing the overall 
selectivity and enabling additional compounds to be resolved that 
were not by traditional CE. 

Assiuning a 1:1 interaction between analyte and interactive agent, 
the effective electrophoretic mobility of a charged analyte can be 
described as 

f^epAeff- (l+Kf[X]j ^̂ P'A "̂  (l+Kf(X]j ^^P '^ (8) 

or 

^Aep,A,eff = ( j ^ ^ep,A + ( j ^ ) Âep,AX (8a) 

where the charges on A, X, and AX are not specified to maintain 
generality. 

2. Basic Terminology 

2,1, A Broader View of Mobile and Stationary Phases 

Chromatography is usually thought of as a method of separation 
involving two phases, the first of which moves with respect to the 
coordinate system (the mobile phase), and the second of which does 
not (the stationary phase). A more general view of chromatography, 
however, allows for the possibility that the second phase is mobile, 
but to a lesser degree than the first phase. Thus, the second phase 
functions as a pseudostationary phase. 

Such a two-phase model is easy to appreciate in EKC when the 
second phase is micellar. On the other hand, there are a number of 
separation mechanisms involving buffer additives discussed earlier 
that do not, strictly speaking, constitute a second phase. Neverthe-
less, if we view the interactive species as a second phase and the 
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aqueous buffer as the first phase, we can employ a useful chromato-
graphic formalism that facilitates (i) the development of a theory that 
provides a clear explanation of the power of EKC and (ii) a theoretical 
unification of four, formerly distinct separation modes—LC, CE, EKC, 
and electrochromatography. 

2.2, Electrokinetic Concepts and Parameters 

In electrokinetic chromatography, we are concerned with several 
concepts, many of which are traced back to chromatography with a 
true stationary phase. Several sources discuss conventional chroma-
tography in greater detail (Snyder and Kirkland, 1979; Giddings, 
1991). 

First, we define as IR, t©, and tmc? respectively, the migrat ion 
t imes of the analyte, the aqueous buffer (mobile phase), and the 
m i c e l l e or other species tha t interacts with the analyte 
(pseudostationary phase). Whereas tR is measured directly, to and 
tmc are usually determined indirectly. The buffer migration time (to) 
is obtained from the migration time of a neutral compound (e.g., 
organic solvent (Ahuja et aL, 1992) that does not interact with the 
retentive species; the migration time of the micelle is estimated from 
the migration time of an analyte that binds it strongly or from an 
iterative analysis of the migration times of three or more late-eluting 
neutral homologs (Bushey and Jorgenson, 1989a,b). Note that for 
neutral molecules, to ^ tR ^ tmc-

A hypothetical EKC separation of neutral molecules is shown in 
Fig. 3. The elution range is defined either as tmc/to or its reciprocal. 
We prefer the former (Eq. 9), 

elution range = tmc/to (9) 

since it can be more directly related to the peak capacity (Eq. 14). In 
Fig. 3, the elution range is 8.8, which was estimated by measurement 
with a ruler. 

The degree of separation or resolution (Rg) of two solutes is 
commonly defined as 

Rs = 
AtR 

Wavg^ 
tRl - tR2\ ^ / tRl - tR2 
Wi + W2 I 1 2 (Oi + 02)̂  

(10) 

where AtR is the difference between the migration times of the 
solutes and Wavg is the average peak width. More detailed discus-
sions of resolution are available (Snyder and Kirkland, 1979; Giddings, 
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HYDROPHILIC 
COMPOUNDS 

HYDROPHOBIC 
COMPOUNDS 

tow k medium k high k 

CO 

Jj 
TIME Tnc 

ELUTION RANGE =IQ? = 8.8 
to 

Fig. 3. Typical separation of neutral compounds in EKC 
and illustration of relevant migration parameters. 

Rs = ^ " ( ^ ) f l k , t W t o ) (10a) 

1991), and a review on the uses of various Rg equations in con-
ventional column chromatography has recently been published 
(Foley, 1991). As we shall show in more detail later, the resolution in 
EKC can also be expressed in electrophoretic and/or chromatographic 
parameters, as shown in Eq. 10a, where N is the column efficiency 
(number of theoretical plates), a is the selectivity, and f is a function 
(specified later) that depends on the retention factor (see Eqs. 7, 26) 
and elution range (Eq. 9). 

Column efficiency, N, is a measure of peak width and is given by 

N = H ' (11) 

where L is the capillary length (inlet to point of detection) and H is 
the height equivalent to a theoretical plate (HETP). Large values of 
N (small values of H) indicate high efficiency and better separating 
power. Experimentally, the number of theoretical plates for a peak 
can be calculated from: 

^-'•^{^f (12) 
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where W0.5 is the peak width at half height, tR is the migration time, 
and a Gaussian peak profile is assimied. Other, similar Gaussian-
based equations can also be employed (Bidlingmeyer and Warren, 
1984), but if peaks are tailed and/or the peak shape varies widely over 
the results to be compared, use of such equations can result in errors 
in excess of 100% (due to the imderestimation of peak variance), and 
it is better to use 

N = b/a+1.25 ' (12a) 

where b/a is an empirical asymmetry factor measured at 10% (Foley 
and Dorsey, 1983; Bidlingmeyer and Warren, 1984; Jeansonne and 
Foley, 1991). Although Eq. 12a is based on the exponentially modified 
Gaussian, it is also fairly accurate for log-normal and other asym-
metric profiles. And as recently described, it can also be applied to 
fronted peaks (Jeansonne and Foley, 1992), thus extending the asym-
metry range over which it is appUcable to 0.36-2.76. 

Selectivity, a, is the ratio of retention factors of two compounds, 
i.e., 

a = k2/ki (13) 

As the selectivity increases from unity (no separation), the spacing 
between the two compounds increases, and the niunber of theoretical 
plates required to achieve a given resolution decreases exponentially. 
Because of this, values of a > 1.05 are usually desirable. 

In EKC, the selectivity can be varied by changing the identity 
and/or concentration of one or more of the following: (i) interactive 
species (surfactant, bile salt, etc.); (ii) buffer; (iii) counter ion(s) of the 
surfactant and/or buffer; and (iv) organic modifier. For neutral com-
pounds, the selectivity in MEKC has been foimd to be approximately 
independent of the siu-factant concentration; for charged species the 
selectivity changes somewhat due to changes in electrostatic effects. 

Finally, the peak capacity iic , is the niunber of solutes that can 
be placed side-by-side along the separation axis within the constraints 
of the specific separation. As such, it represents an upper limit to the 
number of peaks that can be resolved; this limit is seldom realized in 
practice due to the random distribution of analytes along the 
separation axis. For chromatographic techniques, the peak capacity, 
Uc, is given by the following: 

1 V N , t(o , . 
Uc = 1 + ^ In 7-, (14) 

a 

where ta and tw are the retention times of the first and last eluting 
peaks. Capillary GC and gradient LC methods have very large peak 
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capacities, sometimes into the hundreds of solutes. But EKC as 
usually practiced does not have as large a peak capacity due to the 
finite elution range (tmc/to)? which is essentially equivalent to tjta* In 
this regard EKC is much like size exclusion chromatography (SEC) in 
that there is a limited elution range (time window) over which solutes 
can be separated. 

Figure 4 illustrates the effect of the elution range on the peak 
capacity. As shown, many more compounds can be resolved with a 
larger elution range, although there is also a proportional increase in 
the analysis time. 

Time Time 

Fig. 4. Effect of the elution range (tmc/to) on the 
peak capacity and analysis time. 

A micellar EKC separation of neutral alkylphenones is shown in 
Fig. 5. The first (differential) peak corresponds to the elution of the 
solvent marker (to), whereas the elution of the last compound, 
dodecanophenone (a very hydrophobic molecule), provides a reason-
able estimate of tmc that can be refined if necessary using the 
homolog method noted earlier. 

Importantly, the elution order in Fig. 5 is from lowest to highest 
homolog, the same as in reversed phase liquid chromatography 
(RPLC). For neutral compounds, we expect the elution order and 
methylene electivity (acH2) ^o be similar in MEKC and RPLC because 
both employ a polar mobile phase and a nonpolar stationary phase 
into which analytes may partition. With charged compounds, signifi-
cant differences in selectivity between MEKC and RPLC may be 
observed due to the additional charge-dependent transport (electro-
phoretic motion) and electrostatic interactions with the stationary 
"phase" that they experience in EKC. 
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20H 

<10-

" 1 ' 5 ' S" 
Time (minutes) 

Fig. 5. Micellar EKC separation of neutral alkylphenones. Experi-
mental conditions: 50 mM sodium dodecyl sulfate (SDS); 10 
mM phosphate buffer (pH 7.0); capillary 30 cm from injection 
to detection, 1 s hydrodynamic injection, applied voltage 15 
kV, operating current < 35 MA; detection wavelength, 254 nm. 
Peaks: 1, acetophenone; 2, propiophenone; 3, butyrophe-
none; 4, valerophenone; 5, hexanophenone; 6, heptanophe-
none; 7, octanophenone; 8, dodecanophenone. 

3. Overview of Separation Mechanisms 

It is important to appreciate that the separation of charged sol-
utes by EKC involves a combination of chromatographic and electro-
phoretic separation mechanisms. This results in biases or differences 
in migration behavior for various types of analytes; such biases do not 
normally exist in conventional chromatographic techniques such as 
LC or GC. For example, in LC the mobile phase velocities of cationic, 
neutral, and anionic compounds are equal, whereas in EKC they are 
not, due to the additional electrophoretic velocity component of the 
cations and anions. Although our focus here is the chromatographic 
aspects of EKC, one should not forget the important role played by 
electrophoretic considerations. 

Perhaps the best way to view any of the numerous possibilities in 
EKC is to determine the role of the interactive species (X, Eq. 3) in 
the separation. This will depend primarily on the presence and 
magnitude of electroosmotic flow. Electroosmotic flow is useful in 
EKC because it provides the bulk transport that is necessary to 
guarantee flow of all species past the detector. For simplicity, we 
consider two limiting cases: (i) electroosmotic flow that is sufficient to 
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transport all analytes toward the detector regardless of their charge 
(|[Xeo > I f>iep, all ions I); and (ii) no electroosmotic flow (fXeo = 0). 

3,1, Separations with Electroosmotic Flow 

If the electroosmotic flow is from anode to cathode, the elution 
order in CE is cations, neutrals, and anions, and vice-versa if the flow 
is from cathode to anode (see Chapter 1). Because the migration 
times of most, if not all, substances are already small due to large 
electroosmotic flow, the interactive species chosen is usually one that 
opposes electroosmotic flow (i.e., its electrophoretic velocity is 
upstream), although its net velocity is normally still downstream (̂ eo 
> I M̂ep,mc I )• In this context, the interactive species acts in a "reten-
tive" fashion, i.e., it serves to increase the migration time and resolu-
tion by acting as a pseudo-stationary phase. The buffer medium, of 
course, serves as the mobile phase. 

3,2, Separations without Electroosmotic Flow 

Conventional CE separations without electroosmotic flow are 
uncommon because two of the three kinds of potential molecules in a 
sample (neutral and either anionic or cationic species) would not 
migrate to the detector. With EKC, this problem is alleviated 
somewhat by the association of the analytes and the interactive 
species (X, Eq. 3), which now serves as a mobile phase and tends to 
transport all analytes toward the detector, provided that X is suffi-
ciently mobile and the analyte»X associations are sufficiently strong. 
Obviously, the aqueous buffer solution, immobile by definition, now 
serves as a true stationary phase. Moreover, if the detector is 
located near the cathodic end of the capillary, X needs to be a rapidly 
migrating cationic species, and vice-versa. Assimiing the associations 
of all analytes with X are sufficiently strong, the order of analyte 
migration is cations, neutral, and anions with cathodic detection and 
anions, neutral, and cations with anodic detection. 

3,3, Description of Interactive Species 

Several tj^pes of interactive species can be employed individually 
or in combination to facilitate the separation of both neutral and 
charged compoxinds: ion-pairing agents (Nishi et al,, 1989a,c; Terabe 
and Isemiu-a, 1990b; Lukkari et al,, 1992a; Ng et al,, 1992a; Terabe, 
1992), metal ions (Zhang et al,, 1992), ligands (Kuhn and Hoffstetter-
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Kuhn, 1992; Kuhn et aL, 1992), surfactants (Terabe et aL, 1984; 
Otsuka et aL, 1985a,b; Terabe et al., 1985a; Nishi et aL, 1989c) and 
mixtures of surfactants (Wallingford et aL, 1989; Little and Foley, 
1992), bile salts (Terabe et aL, 1989a; Cole et aL, 1991), cyclodextrins 
(Terabe et aL, 1985b; Kuhn et aL, 1992), and even some types of 
polymers (Terabe and Isemura, 1990a). 

3.3,1. Ion-pairing 

Ion-pairing agents can be used to slow the migration of poorly 
retained ionic species (Nishi et aL, 1989a,c; Terabe and Isemura, 
1990b; Lukkari et aL, 1992a; Ng et aL, 1992a) by the equilibrium 
formation of neutral (n = 1) and, possibly, charged complexes (n > 1). 

(15) A^ + nX- ^ AX-^^-i^ Ki, = ^^^^""'^ 
P̂ [A"][X-r 

Assimiing n = 1, the effective mobility of the analyte is 

M'ep,A+,eff = (i+Ki [X]) ^^P'̂ "" ^^^^ 

since the mobility of the neutral ion-pair is zero by definition. 
The greatest shifts in migration time will occur when both the 

mobility of the ion-pairing agent and the formation constant are large. 
Selectivity changes (relative shifts in migration times of analytes) are 
more difficult to predict but can be very dramatic as the ion-pairing 
agent is switched. Potential ion-pairing agents for anionic analytes 
include: (i) di- and trialkylamines (e.g., octyldimethylamine), (ii) tetra-
alkylammonium salts such as tetramethylammonium chloride, tetra-
butyl ammonium hydrogen sulfate (Ng et aL, 1992a), and (iii) cetyl-
trimethylammonium bromide (CTAB), (iv) optically active amines 
such as quinine, quinidrine, cinchinidine; and (v) polymer cations such 
as diethylaminoethyl (DEAE)-dextran or poly(diallyldimethylammo-
niimi chloride) (Terabe and Isemura, 1990b). For cationic analytes, 
potential reagents include (i) inorganic agents such as sodium 
perchlorate, (ii) alkylphosphate salts (e.g., sodium butyl phosphate), 
(iii) alkyl sulfonates such as sodium octanesulfonate or benzene 
sulfonic acid (ionized at pH >3), (iv) alkyl sulfates such as sodium 
dodecyl sulfate (SDS), and (v) optically active compounds such as di-^-
butyltartrate and 10-camphorsulfonic acid. Surfactants such as CTAB 
and SDS can be used as ion-pairing agents as long as their concentra-
tion is kept below the cmc, the critical micelle concentration. 
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3.3.2, Hydrophobic interaction 

Although little research has been conducted in this area, the 
same interactive species that form ion-pairs with ions of opposite 
charge will also interact with neutral compounds via hydrophobic 
interactions (Eq. 3). (Interactions with ionic species of like charge is 
unlikely due to electrostatic repulsion). 

A + nX-^^^AXn'^- ( n ^ l ) ^hy = ^ ^ ^ (17) 

Assuming n = 1, the effective mobility of the neutral analyte is deter-
mined by the mobility of the hydrophobic-interaction generated 
complex: 

'̂ P̂'A.eff = (l+Kiy[X]) f̂ P-AX- (18) 

Hydrophobic interactions as depicted in Eq. 17 may turn out to be 
extremely useful for the separation of compounds that bind too 
strongly to micelles and thus co-elute at tmc- For example, even 
when the maximimi concentration of an organic modifier is employed 
in an MEKC separation, very hydrophobic compounds such as higher 
alkylbenzenes, alkylphenones, and polyaromatic hydrocarbons (PAH) 
with four or more rings (including the buckminsterfullerenes) will still 
co-elute at tmo assuming that they are even soluble in the running 
buffer. Shown in Fig. 6 is an HI-EKC separation of dodecanophenone 
and tetradecanophenone that has not been achieved in MEKC with 
any surfactant system. Because the 50% acetonitrile used in conjunc-
tion with the 50 mM SDS is well above the concentration needed to 
inhibit micelle formation, the separation in Fig. 6 is the result of 
hydrophobic interactions between the analytes and SDS monomers 
(Ahuja and Foley, 1994b). 

Although the resolving power of HI-EKC will generally be much 
larger for neutral analytes if the interactive species serves as a 
stationary phase, the separation of five PAHs (benzo[ghi]perylene, 
perylene, pyrene, 9-methylanthracene, and naphthalene, in order of 
elution) was achieved using 25 mM tetrahexylammoniima perchlorate 
(50% acetonitrile) as a mobile phase (Walbroehl and Jorgenson, 1986). 
Note that in Fig. 6, dodecanophenone and tetradecanophenone differ 
by two methylene groups, whereas the five PAHs differ by at least an 
aromatic ring. 
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Fig. 6. Separation of very hydrophobic solutes using 
hydrophobic interaction EKC (EKC with charged 
surfactants but no micelles). Experimental 
conditions: applied voltage, 30 CV; operating 
current, 106 mA; capillary length, 30 cm from 
injection to detection; hydrodynamic injection 
time, 1 s; surfactant concentration, 50 mM SDS 
with 50% acetonitrile, pH 7.0 sodium phosphate 
buffer. Peak identification: 1 to marker (solvent 
artifact); 2, dodecanophenone (Ci8); 3, tetra-
decanophenone (C20)-

3.3,3. Complexation 

For analytes that can form complexes, the addition of metal ions 
and/or ligands to the mobile phase can yield improved separations. As 
with the various ion-pairing examples above, the mobility of metal 
ion-ligand complexes will be significantly difierent from the mobility of 
the analyte itself. More importantly, the complexation constants are 
highly dependent on the metal-ligand ion combination, and this 
results in good selectivity. 
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Assuming that the analyte is a metal ion of unspecified charge 
that binds to no more than 2 hgand species (Eqs. 19 and 20), 

M + L ^ M L ^fi = ™ j (19) 

the effective mobihty is 

_ / 1 ŝ / Kfi[L] \ 
fXep,M,eff- (l+Kfi[L]+KfiKf2[L]2J ^^P'^ + ^l+Kfi[L]+KfiKf2[L]2J ^̂ ep,ML + 

/ KfiKf2[L]2 X 
(l+Kfi[L]+KfiKf2[L]2j ^-P'ML2 Wl) 

where M is the metal-ion analyte, [L] is the molar concentration of 
ligand, and the KfS are the formation constants of the metal ion/ 
ligand complex. Similar, albeit longer, expressions can be written 
when the analyte is capable of binding more than two ligands. When 
a 1:1 complex is formed, the equation for the effective mobility is 
analogous to Eqs. 4 and 8 for neutral and charged analytes, respec-
tively. Potential ligands that could be used in the separation of metal 
ions, include the dithiocarbamic acids, (3-diketones, 8-hydroxyquino-
line, and p-ketoamines (Gurira and Carr, 1982; Nickless, 1985). 

Alternatively, if the analytes are ligands that will form complexes 
with a given metal ion, a useful approach to improve their separation 
is to add a small amount of that metal ion to the running buffer. 
Besides changing the effective mobility of a ligand, the formation of a 
complex sometimes enhances its detection. 

With this approach, the effective mobihty of a ligand is 

__ I 1 . / Kfi[M] \ 
^xep,L,eff- ^^Kfi[M]+KfiKf2[M][L]j ^^P'L+ (l+Kfi[M]+KfiKf2[M][L]J 

/ KfiKf2[M][L] X 
^iep,ML+ ^l+Kfi[M]+KfiKf2[M][L]j ^^P'ML2 ^^^^ 

where L is the analyte ligand, M is the metal-ion, and the KfS are the 
formation constants of the metal ion/ligand complex. If Kf̂  < Kfi and 
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the concentration of metal ion is great relative to the concentration of 
Ugand ([M]/[L] < 1%), Eq. 22 can be simpUfied to 

/ 1 V / Kfi[M] \ 
f̂ ep,L,eff « (i + Kfi[M]) ^^P'L + (l + Kfi[M]J ^^P'^^ (22a) 

The choice of metal ion(s) will, of course, depend on the sample as 
well as on its compatibility with the pH and buffer ions. For neutral-
to-alkaline pH separations, the majority of transition metal ions must 
unfortunately be excluded due to the formation of insoluble metal 
hydroxides. For example, in contrast to the frequent use of silver ion 
in LC ("argentation chromatography") to enhance the separation of 
unsaturated and aromatic compounds, it is not practical to do so in 
EKC. Even at acidic pH, some metal ions may form precipitates with 
common buffer anions (e.g., silver phosphate). 

Another potential approach in EKC, designed previously for the 
separation of optical isomers in LC, involves the addition of both 
metal ions and ligands, i.e., labile metal ion chelates, to the mobile 
phase (Karger et al., 1980; Lam, 1984; Wainer, 1986; Armstrong, 
1987a,b). Optically active analytes can form ternary diastereomeric 
complexes which can then be resolved. The most commonly used 
metal ion/ligand combination consists of copper (II) and a chiral amino 
acid such as L-proline, although L-2-alkyl-4-^-alkyldiethylenetriamine 
complexes of zinc and other metals have also been used successfully 
(Karger et aL, 1980). To date, this approach has been used primarily 
in LC for the resolution of optical isomers of amino acids (Lam, 1984; 
Armstrong, 1987b). 

Ligands can also be added to the mobile phase for the separation 
of nonionic species. An important class of ligands for this purpose are 
the cyclodextrins, either in their neutral native form or as a charged 
derivative (e.g., carboxymethyl). 

Cyclodextrins (CDs) are cyclic oligosaccharides of D-glucose that, 
like aqueous micelles, have a hydrophilic exterior and a hydrophobic 
interior (cavity). They typically form 1:1 inclusion complexes with 
many small aromatic compoimds, frequently yielding different mobili-
ties for enantiomers as well as for structural isomers and other com-
pounds. In a few instances with larger molecules, 1:2 inclusion com-
plexes have been observed and 1:3 inclusion complexes have been 
postulated (Spino and Armstrong, 1987). Complex formation depends 
on the complementarity of the guest molecule and the CD, as well as 
other characteristics of the guest: 

1. its size, or ability to fit within the hydrophobic cavity, and 
2. its ability to H-bond with the hydroxyls at the base of the 

cavity. 



ELECTROKINETIC CHROMATOGRAPHY 97 

Cyclodextrins are commercially available in three sizes—a, p, and 
Y—that consist of 6, 7, and, 8 glucose residues, respectively. Both 
native and derivatized forms have found significant applications. They 
were first employed in EKC by Terabe et al, in 1985 as a "moving" 
stationary phase by using the carboxymethyl derivative of the p-form 
(Terabe et al., 1985b). More recently, CDs have been used in conjunc-
tion with SDS micelles to separate PAHs (Yik et aL, 1992b) and amino 
acids (Ueda et aL, 1992). Cyclodextrin-modified MEKC has also been 
effectively utilized for chiral separations (Nishi et aL, 1991; Ueda et 
aL, 1991). Additional applications may be foimd in Table 8 at the end 
of this chapter. 

In CD-EKC, the effective electrophoretic mobility of an analyte is 

Âep,A,eff = (i+Kf[X]) ^^P'^ "̂  (l+Kf[X]J ^̂ ep,A*CD (23) 

where ^ep,A«CD is the electrophoretic mobility of the analyte •CD 
complex. If the presence of an analyte molecule in the CD cavity 
results in only a negligible change in the mobility of the uncomplexed 
cyclodextrin ([>iep,CD), then Eq. 23 can be written as 

(iep,A,eff = ( r ^ ) t̂ ep,A + ( l^^fx]) ^̂ ep,CD (23a) 

Although neutral CDs have proven to be useful by themselves for 
chiral separations of charged enantiomers that usually oppose 
electroosmotic flow in EKC (Fanali, 1989; Fanali and Bocek, 1990; 
Snopek et aL, 1991; Sepaniak et aL, 1992; Ueda et aL, 1992; Yik et aL, 
1992b), charged derivatives of the CDs (Terabe et aL, 1985b; Terabe, 
1989), for reasons explained earlier, provide the mobility variation 
needed for neutral compounds. In a few cases, neutral CDs have 
been used in combination with MEKC (Nishi et aL, 1991; Ueda et aL, 
1991). For more information, the interested reader is referred to a 
recent chapter on chiral separations (Okafo and Camilleri, 1993) as 
well as other chapters in the present work. 

3,3,4. Micellar interactions 

Last, but certainly not least, surfactants can also be employed as 
the interactive species. When used at concentrations below the cmc, 
they interact with the analytes in a similar fashion as the more tradi-
tional ion-pairing agents. When employed above the cmc, micelles 
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are formed and a dramatic increase in both the migration time and 
separation mechanism is observed for nearly all analytes* 

Micelle formation results from the dynamic aggregation of 
individual surfactant monomers. Each surfactant monomer generally 
consists of a hydrophilic head group and a hydrophobic tail (Fig. 7). 
The hydrophilic segment of a surfactant monomer is an ionic or very 
polar group, while the hydrophobic group is frequently a long chain 
hydrocarbon (8 carbons or more), and less frequently an oxygenated 
or halogenated hydrocarbon chain. The minimum concentration of 
surfactant monomers necessary to produce micelles is known as the 

SDS Surfactant Monomer 

Hydrophilic head groop 

A Typical Anionic Micelle 

© 

® 
Hydrophobic interior © (+) 

Fig. 7. Cartoon of an anionic micelle. 

critical micelle concentration (cmc). Once the cmc has been reached, 
surfactant monomers in aqueous media will be oriented such that 
their hydrophilic groups are facing the aqueous phase and their 
hydrophobic tails are facing away from it (Fig. 7). The nimiber of sur-
factant monomers required to form a micelle is known as the aggre-
gation number. Classification of surfactants is based on the charge 
characteristics of their hydrophilic head group. Table 1 lists and 
classifies some common surfactants along with their respective cmc 
values and aggregation numbers. Note that the data typically 
reported were obtained for aqueous solutions at near-infinite dilution, 
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and that ionic strength, organic solvents, temperature, etc. may have 
a significant effect on the cmc and aggregation number. It is also 
important to realize that micellization is a djoiamic equilibriimi and 
that micelles themselves have finite lifetimes (Almgren et aL, 1979). 

Table 1. Common Surfactants in Micellar Electrokinetic Chroma-
tography 

Anionic 

Sodium dodecyl 
sulfate (SDS) 

Lithiimfi dodecyl 
sulfate (LiDS) 

Potassiima 
dodecyl sulfate 
(KDS) 

Magnesiimi 
dodecyl sulfate 
(Mg(DS)2 
Cationic 

Cetyltrimethyl-
ammonium 
bromide (CTAB) 

Hexadecyltri-
methyl-
ammonium 
bromide (DTAB) 

Nonionic 

Polyoxyethylene 
(23) dodec£uiol 
(Brij 35) 

Polyoxyethylene 
(4) dodecanol 
(Brij 30) 

Critical Micelle 
Concentration 

(cmc), mM 

8.2 

8.9 

7.8 

1.2 

1.3 

0.026 

0.1 

0.064 

Micelle 
Aggregation 

Number 

62 

63 

N/A 

95 

78 

169 

40 

N/A 

Reference 

(Rosen, 1989) 

(Rosen, 1989) 
(Mysels and 
Princen, 1959) 

(Rosen, 1989) 

(Nielsen and 
Foley, 1993) 

(Love et aL, 
1984) 

Sigma Chemical 
Company, 1993) 

(Love et aL, 
1984) 

(Love et aL, 
1984) 

cont'd. 
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Table 1 cont'd. 

Critical Micelle 
Concentration 

(cmc), mM 

Micelle 
Aggregation 

Number Reference 
Zwitterionic 

3-[(3-Cliolamido-
propyl)dinietliyl-
ammoniol-1-
propane-
sulfonate 
(CHAPS) 

N-dodecyl-N,N-
dimethylammoni 
iun-3-propane-l-
sulfonic acid 
(SB-12) 

10 (Sigma, 1993) 

55 (Love et aL, 
1984) 

Micelles of ionic surfactants are by far the most widely utilized 
pseudophase in EKC. The micelles are part of a dynamic equilibrium 
that can be affected by many experimental parameters. Tempera-
ture can affect the cmc, but many common siu-factants exhibit a mini-
mum in their cmc between 20°C and 30°C and, thus, in those cases, 
the cmc is not very temperature dependent. On the other hand, the 
cmc is often fairly sensitive to electrolyte concentration. An increase 
in electrolyte concentration causes an increase in the aggregation 
number and a decrease in the cmc (Hinze and Armstrong, 1987). In 
general a lower cmc is better because there will be a lower free 
monomer concentration and this will reduce operating currents. 
From this point of view, SDS, the most popular surfactant at present 
for MEKC, is far from ideal, with a cmc of 8.1 mM in very dilute 
solutions. 

In micellar EKC, the effective electrophoretic mobility of an 
analyte is 

l^ep,A,eff = ( l+k ) ^^P'^ "̂  ( l+k ) ^^epA^mc (24) 

where îep,A»mc is the electrophoretic mobility of the analyte •micelle 
complex. Usually the presence of an analyte molecule in the micelle 
results in only a negligible change in the mobility of the latter 
(̂ iep,mc), and therefore Eq. 24 can be written as 

fAep,A,eff = M+kj ^̂ ep,A + ^^Jj-j M'ep,mc (24a) 
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Bile salts such as sodium deoxycholate have a cholesterol-like 
backbone and form aggregates of 4-6 monomers that are sometimes 
loosely referred to as micelles. These 4-6 membered assemblies are 
chiral like their monomers, and have been used to separate several 
kinds of enantiomers (Cole et aL, 1991; Cole and Sepaniak, 1992). 
Bile salts are considerably more hydrophilic than conventional 
surfactants like SDS, and can be employed in situations where 
hydrophobic analytes would bind too strongly to SDS micelles 
because of their greater nonpolarity and aggregation number. 

Shown in Fig. 8 is a comparison of the separation of several NBD-
derivatized Ai-alkyl amines with two surfactants, SDS and sodium 
cholate. In part (a), in which SDS is employed as the stationary 
"phase", only methyl, ethyl, and butyl amine are completely resolved. 
In part (b), the addition of the trihydroxy bile salt sodium cholate 
improved the resolution of almost all of the components in the 
mixture by increasing the polarity of the stationary "phase" which 
resulted in lower k values for the NBD-derivatized Ai-alkyl amines. 
Reduction in k values through the use of bile salts improves 
resolution and can aid in the separation of hydrophobic analytes. 

4. The Theory of EKC and i ts Relationship to CE, LC, and 
Electrochromatography 

In this section we present a general theory for resolution in 
electrokinetic chromatography (EKC), hopefully one much broader 
than early works that focused on neutral separations based only on 
differences in retention (Terabe et aL, 1985a; Foley, 1990b). Other 
important considerations are described below: 

1. We assume that one type of interaction of the analyte and inter-
active species is predominant. Secondary interactions can be 
neglected relative to the first, or they can be incorporated 
together with the primary interaction into one associative 
(binding) constant, e.g., Eq. 3. For example, ion-pairing can be 
neglected in MEKC, since the analyte-micellar interactions are 
much stronger than ion-pairing (S. Terabe, personal communica-
tion; M. Khaledi, personal commimication). 

2. For purposes of discussion only, we assume a moderate to high 
electroosmotic flow such that the second phase (interactive 
species) is either stationary or moves more slowly toward the 
outlet (detector) side of the capillary than the buffer medium. In 
general, however, the theory described below will also be valid 
when the interactive species serves as the more mobile of the two 
phases (little electroosmotic flow). 
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Fig. 8. Comparison of the MEKC separation 
of NBD-derivatized /i-alkyl amines 
using (a) SDS and (b) SDS with an 
added bile salt (sodium chelate). 
Column dimensions: 50 cm x 25 î m (4 
cm to detector); mobile phase: 0.01 M 
disodium phosphate, 0.006 M disodium 
borate, 0.05 M surfactant; applied 
voltage: 25 CV; detector: laser-based 
fluorescence (X,ex 488 nm, Xem 540 
nm). Peaks: 1, methylamine-NBD, 2, 
ethylamine-NBD, 3, propylamine-
NBD, 4, pentylamine-NBD, 5, octyl-
amine-NBD, 6, dodecylamine-NBD, 7, 
quadradecylamine-NBD. (Reproduced 
with permission from Cole and 
Sepaniak, 1992.) 
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3. As the theory will show, from among the separation techniques of 
EKC, CE, LC, and electrochromatography, EKC is the broadest 
and most versatile. 

4. Although we shall initially ignore secondary equilibria, i.e., acid-
base or other equilibria of the analyte that are unrelated to the 
association of the analyte with the interactive species (Eq. 3), we 
shall show how it can be accounted for at the end of our 
discussion. 

4.1. Equation for Analyte Migration Time 

The average velocity of a solute in EKC is simply the weighted 
average of the net solute velocity in the first and second phases (vmp 
and Vsp). For consistency with the relatively well-developed nomen-
clature of MEKC, the most widely used separation mode within EKC, 
we use "mc" to denote the second phase, even when a non-micellar 
additive is employed in the buffer. Accordingly, we have 

Vavg — •t'mp Vmp + -Tmc Vmo 
(25) 

where Fmp and Fmc are the mole fractions of analyte in the aqueous 
and micellar phases. By expressing the mole fractions in terms of the 
solute retention factor (k = ngp/ump), and by showing explicitly (Eq. 
25a) the electroosmotic and electrophoretic velocity components (veo 
andvep)ofvnip, 

= (j:^ (yep,A + Veo) + ( j ^ (Vep,mc + Veo) (25a) 

Eq. 25a can be converted to (assuming a non-zero electroosmotic 
flow) 

tR = (. ^^t^^ A to (26) = ( LLt^^ ] t^ 
(̂ 1 + Mr + to/tmc k j 

where tR, to, and tmc are the observed migration times of the analyte, 
first phase, and second phase. The quantity \xr is the electrophoretic 
mobility of the "uncomplexed" analyte relative to electroosmotic flow 
(f̂ r = Hep,A/̂ eo); for moderate to high electroosmotic flow, - 1 < fXr < 1. 
For neutral solutes, fXr is zero since nep is zero. 
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4.2, Equation for Retention Factor 

Equation 26 may be solved for the retention factor to yield 

. _ tR(l + ^ir)-to 
^ - to(l-tR/t„,c) ' ^^^^ 

a more useful expression than Eq. 7 for the measurement of k from 
migration times. Note that the relative electrophoretic mobility of 
the analyte (|ir) must be known or measured prior to the 
measurement of k in the presence of surfactant monomers but in the 
absence of micelles (Vindevogel and Sandra, 1992). 

4.3. Master Resolution Equation (MRE) 

The above equation for the migration time can be employed to 
derive a "master resolution equation" (MRE) that is valid for CE, 
EKC, electrochromatography, and LC (Foley, manuscript submitted). 
Using the commonly accepted definition of resolution (Eq. 10), and the 
number of theoretical plates (Foley, 1991), the following equation can 
be derived for the resolution of two solutes: 

j> _ V W (1 - to/tmc)(k2 - ki) + (̂ Xrg - ^̂ r,2) + (f̂ r,! k2 - X̂r,2 kj) \ 

11+ to/tmcklk2 + (1+to/tmc) 2 "̂  2^ / 

(28) 

where, for simplicity, we have assumed Gaussian peak shapes and Ni 
= N2 = N. 

To the best of our knowledge, the above equation is the first 
expression to appear that predicts the resolution resulting from 
simultaneous differences in retention (k) and relative electrophoretic 
mobility (fXr = t̂ep/l̂ eo) of two solutes. It shows that resolution is 
proportional to: (i) differences in k; (ii) differences in fXr; and (iii) a cross 
term that is positive, negative, or zero depending on whether the 
effects of k and \ir on resolution are cooperative, neutral, or in 
opposition to one another. 

4.3.1. Simplification of the master resolution equation 

The denominator of the above MRE can be simplified by defining 
the arithmetic means kavg and [ir,avg, and using the approximations 
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(i) kik2 « kavg^ and (ii) -^ w-^ « f>ir>avg kavg- This yields the 
simplified MRE 

J. V N / ( I - to/tmc)(k2 - k i ) + (fXr,l - ^ir,2) + (^^rak2 - fXr,2kl) 
4 (1 + ^ir>avg + to/tmckavg / (1 + ^avg ) 

(28a) 

Given the usual practice of expressing differences in chromatographic 
retention (k) in terms of selectivity (a = k2/ki), Eq. 28a can be written 

^ ^ V J T / ( I - to/tmc)(« - l ) k i + (̂ Arg - ^r,2) + (^^rak2 - (^r,2kl)\ ,^^. 

\ (1 + M-rjavg + to/tmc^avg ) (1 + J^avg ) / 

Although the separation mechanisms of CE and EKC are largely 
orthogonal, Eqs. 28a and 28b show that the simultaneous presence of 
both mechanisms is sometimes imdesirable when only one of them 
contributes to the separation. When the separation is accomplished 
strictly by CE (fXr,i 5̂  M̂r,2 and ki = k2 = kavg > 0), the EKC mode 
serves only to lower resolution by increasing each of the terms in the 
denominator of Eq. 28a (or 28b) via kavg. Likewise, when the 
separation is accomplished strictly by EKC (0 < ki < k2 and (ir,i = îr,2 
= ^r,avg), the CE mode decreases resolution for analytes that move 
downstream (!ir,avg > 0) by increasing the first term in the denomi-
nator of Eq. 28a (or 28b). On the other, the CE mode increases 
resolution somewhat for analytes that move upstream ((̂ r,avg < 0) by 
decreasing the first term in the denominator. 

Equations 28-28b unify the fields of LC, CE, EKC, and electro-
chromatography since they are applicable to all of these separation 
modes. The more familiar resolution equations for each of these 
techniques can be obtained by use of the appropriate conditions and 
assumptions, as we will show below. 

4.3,2. Limiting cases of the master resolution equation 

In the next four sections, we will consider several important limit-
ing cases of the MRE (Eq. 28a), with no restrictions on the param-
eters except that we assume positive values for the elution range 
(tmc/to > 1). This ensures that the second phase is either immobile 
(tmc = ^) or moving in the same direction as the mobile phase. The 
situation in which the second phase migrates in the opposite direction 
of the first is beyond the scope of our treatment and will be con-
sidered elsewhere. 
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4A, Electrokinetic Chromatography (EKC). 

If no restrictions are placed on any of the parameters in Eqs. 28, 
28a and 28b, we have electrokinetic chromatography (EKC), a separa-
tion technique which, in its broadest form, utilizes both differences in 
retention (k) and relative electrophoretic mobility ((ir) among solutes 
in achieving a separation. Included in this category are techniques 
that utilize micelles (MEKC), derivatized (ionic) cyclodextrins, ion-
pairing agents, and other species that interact with and move more 
slowly than the analyte. 

4,4,1, Resolution based solely on differences in retention {ki T̂  k2. 

While at first glance the number of compoimds that fall into this 
category might appear to be low, this category includes the separa-
tion of enantiomers by chiral second phases (micelles, bile salts, ionic 
cyclodextrins). 

Use of the above conditions and the assumption kavg = —2— ** 

V k i ^ in Eq. 28a yields 

P ^ V ^ . k 2 - k i /k2/ki\ / (1 + îr - tp/tmc) \̂ .^Q) 

(l+to/tmc)^avg + M-Al+^avg)/ 

Employing the usual definition of chromatographic selectivity, a = 
k2/ki, the above is transformed into an equation that resembles the 
one developed by Terabe et al, (Eq. 30) for neutral solutes (Terabe et 
al, 1985a). 

^ « - 4 ( a J i l + kavgj (1 + (to/tmc)kavgJ- ^ ^ 

p V N " /g - 1\ / k2 \ / 1 + ^r - tp/tmc \ ,o-,>j 

^ « - 4 ( a J l l + kavgj l l + x̂r + (tp/tmc)kavgj* ^ ^ 

The key difference between Eqs. 30 and 31 is that Eq. 31, by virtue of 
the |ir term that appears in both the numerator and denominator of 
the last term, is valid for both charged and neutral solutes whereas 
Eq. 30 (Terabe's expression) is applicable only to neutral ones. Equa-
tion 30 is in fact a limiting case of Eq. 31, i,e,, the separation of 
neutral solutes by EKC (all fXrS = 0). 
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It will be shown later via Eq. 31 that the resolving power of EKC 
is superior for analytes that swim downstream, assuming that their 
efficiencies are comparable. 

4A,2, Resolution based solely on differences in electrophoretic 
mobility {^r,i ^ !̂ r,2, ki = k2 = k}. 

When applied to Eq. 28a, the above conditions yield 

^VWf _ ( l . k ) ( , , . l - ^ , . 2 ) N 

This equation shows the effect of non-selective solute-micelle inter-
actions (ki = k2 = k) and the associated finite elution range (tmc/to < 
oo) on resolution. 

4,5. Electrochromatography: Resolution obtained with a stationary 
second phase {tmclto = ̂ i-

Although a consistent definition for electrochromatography may 
not exist, we use it here to describe an electroosmotically-pumped, 
chromatographic separation that employs an immobile second phase 
that may or may not be bonded to a support packing or capillary. 
(This category thus includes those micellar EKC separations with an 
infinite elution range.) 

Substitution of tmc/to = °° (to/tmc = 0) into the MRE yields 

p ^ \ / N " /(k2 - ki) + (^r,l - ^r,2) + (̂ r̂,l ̂ 2 - !̂ r,2 k i ) \ 

\ (1 + M̂ r>avg + to/tmckavg ) (1 + kavg ) 

4.5.1. Resolution achieved via differences in retention {ki ^k2, ^ir,i = 

Again, although few compoimds may at first glance appear to fall 
into this category, the reader is reminded that this case includes the 
separation of enantiomers by chiral stationary phases. 

Given the above constraints, Eq. 33 reduces to 

«. =^(ft^) <34, 
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An important result of this limiting case is that resolution does not 
depend on x̂r when ^rji = |̂ rj2. Secondly, it would appear that to 
maximize Rg, we want kavg to be as small as possible. But since kavg 
is by definition constrained to be ^ 0, it is detrimental to have small 
(near zero) values of kavg since this also implies that Ak = k2 - ki be 
small. This can be seen by substituting a = k2/ki into Eq. 31 to obtain 

For a given selectivity (a), it is clear that the resolution increases 
asymptotically with retention (k). 

Although the resolution equation is the same for electro-
chromatography as for conventional GC and LC (Eq. 42), the 
corresponding equations for the migration (or retention) time are not. 

tR = (- ] to (electrochromatography, case IIA) (36) 

tR = (l + k)to (LC) (37) 

Clearly, the relative electrophoretic mobility (jxr) in the electro-
chromatography migration equation will affect the analysis time and 
hence the resolution per unit time. Also, there will likely be some 
dependence of N on \xr and k; to consider that is beyond our scope 
here. 

4,5,2. Resolution achieved via differences in electrophoretic mobility 
{(̂ Xr)l ^ (^r)2 , ki = k2 = k}. 

With these constraints, the MRE becomes 

, avg / iM-eo "•" M-epjavg \ 1 + M^rjav"' 

Since |ir>avg niay be positive or negative, the above equation 
shows that resolution can be made almost infinite by letting fXr,avg -^ 
- 1 . This will maximize Av/vavg which is important for resolving 
power, but again at the expense of migration time (below). 

(39) 
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where Lt is the total length of capillary and Ld is the capillary length 
from inlet to on-column detector. 

Importantly, although chromatographic retention has no effect 
on Rs (Eq. 38) when ki = k2 = k, it does affect the analysis time (Eq. 
39), and hence the resolution per unit time. Also, as in Case IIA, 
there will likely be some dependence of N on ^r and k to consider. 

4,6, Capillary Electrophoresis (no second phase) 

If the second phase is eliminated, then by definition ki = k2 = 0 ; in 
addition, to/tmc = 0. Substitution of these values into Eq. 28a yields a 
familiar equation previously derived for CE (Jorgenson and Lukacs, 
1981). 

\ "• + MTjavg ) \\^eo ••" M-epjavgj 

Although the expressions for resolution in case IIB and III are 
identical (Eqs. 38 and 40), the expressions for the migration time are 
different (Eqs. 39 and 41), as are the respective expressions for the 
resolution per unit time (not shown). 

tR = (-^] to = (-^] (^] , (41) 

Compared to the present result of Eq. 40, Eq. 32 can be thought 
of as a more general CE equation in which other, non-selective 
interactions (i,e,, chromatographic) are taken into account. 

4,7, Separations without an Electric Field (Modern Column Chroma-
tography: LC, GC, SFC), 

Under these conditions, there is no electroosmosis and no electro-
phoretic motion and the second phase is stationary (all ^s are 0; con-
versely, tmc is infinite). Substitution of these values into Eq. 28a 
yields the well known fundamental resolution equation for conven-
tional colimin chromatography {(Foley, 1991)}. 
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4,8, Secondary Equilibria 

In addition to binding with the interactive species (Eq. 3), analytes 
can interact with other substances in solution (S) or gain or lose 
protons in aqueous buffers. Acid-base and other secondary equilibria 
(Foley and May, 1987) can be taken into account by the defining of an 
apparent electrophoretic mobility [Xep* in terms of the electrophoretic 
mobility of each form of the analyte. For example, the apparent 
electrophoretic mobility for a monoprotic weak acid (HA = H+ + A~) is 

•̂ P̂'HA* = ([H+] + Ka) f'̂ P'HA + ([H+] + Ka) ^^^P'̂ " (^3) 

where êp,HA is the electrophoretic mobility of the imionized acid (= 0 
if the acid is neutral), and M-ep,A~ is the electrophoretic mobility of the 
ionized acid, Ka is the acid dissociation constant and [H+1 is the 
hydrogen ion concentration. 

A similar procedure should also be used to define an apparent 
partition coefficient, Pwx*? so that the retention factor can then be 
calculated using [defined by] k = Pwx* P (Eq. 7). Assuming the same 
monoprotic weak acid, the apparent partition coefficient is (Khaledi et 
aL,1991) 

Pwx* = ( i i i f^K^) PHA . ( i n l ^ ) P A - (44) 

where PHA and PA~ are the partition coefficient for the unionized 
and ionized forms of the acid, respectively. Equation 44 indicates that 
there is a sigmoidal relationship between P^x* and pH; depending on 
the nature of the interactive species, Pwx* could increase or decrease 
as pH is increased. 

For analytes that imdergo acid-base equilibria, one additional con-
sideration to be addressed is their potential shift in pKa in MEKC due 
simply to the exposure of the analytes to micelles. The effective Ka 
of a compound in a micellar solution is (Khaledi and Rodgers, 1990) 

/KinA-[M] + l\ 
^^ '^^^=^nKmHA[M]. i> (^5) 

where KmA" is the micellar binding constant for the ionized form of 
the acid, KmHA is the micellar binding constant for the unionized form 
of the acid and [M] is the concentration of the micelles. As seen from 
Eq. 45, Ka,eff will be a function of micelle concentration and the physi-
cal characteristics of the analyte and micelle that control binding to 
each other. Km- More important than the absolute shift in pKa is the 
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relative shift in pKa of two analytes with very similar aqueous pKa 
values. When placed in a micellar solution, their pKa values may 
shift by different magnitudes and/or in different directions. At a given 
pH their charge differences may be larger in a buffered micellar 
solution than in aqueous medium without micelles; consequently, the 
selectivity will be greater in MEKC than CE for these analj^es. Con-
versely, two solutes with very different pKa values in aqueous solu-
tion may have similar pKa values in a micellar solution, and this 
would result in a loss of selectivity (Khaledi et aL, 1991). 

4,9, Comparison ofEKC with CE, LC and Electrochromatography 

Shown in Table 2 is a summary comparison of the four tech-
niques, with some additional comments provided below; a more 
detailed comparison is beyond the scope of this chapter. 

Assuming 1 < tmc/to < ^ , and identical values for other variables, 
a direct comparison of Eqs. 31 and 42 shows that resolution will 
always be greater with conventional column chromatographic tech-
niques (LC, GC, etc.) than with EKC. Why then, should one bother 
with EKC? The answer is that all factors other than tmc/to are not 
equal. Many solutes, due to their limited volatility and/or thermal 
stability, are not amenable to GC. Moreover, selectivities in EKC, 
although sometimes similar to reversed phase liquid chromatography 
(RPLC), can also be quite luiique. Furthermore, much higher column 
efficiencies can be achieved in EKC than in LC under average condi-
tions, i.e., 50,000 to 400,000 for EKC vs. 5,000 to 20,000 for LC. 
Finally, as methods for increasing the elution range beyond the tj^i-
cal range of 3 < tmc/to < 8 are discovered and become widely prac-
ticed, the superior resolving power of EKC will become more obvious. 

As shown in Table 2, the separation of charged solutes by EKC 
involves a combination of chromatographic and electrophoretic sepa-
ration mechanisms that result in potential biases manifested in the 
differences in migration behavior for various types of analytes. Such 
biases do not normally exist in conventional chromatographic tech-
niques such as LC. For example, in LC the mobile phase velocity of 
cationic, neutral, and anionic compounds are equal, while in EKC, CE, 
and electrochromatography they are different due to the additional 
electrophoretic velocity component of the cations and anions. More-
over, although both chromatographic and electrophoretic separation 
mechanisms are operative for charged analytes in EKC and electro-
chromatography, these techniques are not truly multidimensional 
since the resolution provided by either separation mechanism can be 
affected by the other (enhanced or diminished). If the resolution pro-
vided by one mechanism was somehow unaffected by the other, then 
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Table 2. Summary Comparison of Electrokinetic Chromatography 
(EKC), Electrochromatography, Capillary Zone Electro-
phoresis (CZE), and High Performance Liquid Chroma-
tography (HPLC). 

EKC 

Electro-
chroma-
tography CZE 

HPLC 
(reversed 

phase) 

Efficiency ranking 
(l=best) 

Elution range 

General elution 
problem 

Ease of gradient 
elution 

2 

Usually 
finite, < 10 

Yes, when 
elution range 
is large. 

3 

Infinite 

Yes 

1 

Not 
applicable 

Not 
applicable 

Not 
applicable 

Infinite 

Yes 

Separation 
parameters to 
manipulate 

N , a , \ir, k , N , a , [Xr, k N , ^ir N , a , k 

K/tmc 

V e l o c i t y o f a n a - v+;^V_?iVo=Veo V+;^V_9^Vo=Veo V+?iV_;^Vo=Veo V+=V_=Vo=Ve 
lytes in mobile 
phase 

Optimum column 50-200 ^m 2-10 pim 50-200 \xm 2-10 îm 
diameter for 
separation 
(open tubular) 

Separation 
mechanisms 

chromatographic 
(a) 
electrophoretic 
(AfXep) 

Preferred method 
for changing 
chromatographic 
selectivity 
(neutral solutes) 

Yes 

Yes 

Change 
surfactant 
and/or 
counter ions 

Yes 

Yes 

Change 
organic 
modifier? 

No 

Yes 

Not 
applicable 

Yes 

No 

Change 
organic 
modifier 

cont'd. 
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Table 2. cont'd. 

Chromatographic 
selectivity is a 
function of 
retention (k) 

Primary method(s) 
of controlling 
retention (k) 

Comments 

Temperature 
control 

EKC 

No if k varied 
via [surf]; 
Yes if k 
varied with 
organic 
solvent 

phase ratio p 
([surfl), 
partition 
coefficient K 
Limited sepa-
ration win-
dow analo-
gous to size-
exclusion 
chromatog-
raphy 

Electro-
chroma-
tography 

No if k varied 
via [surf]; 
Yes if k 
varied with 
organic 
solvent 

phase ratio p 
([surf]), 
partition 
coefficient K 
Packed capil-
lary mode 
should also 
be con-
sidered. 

CZE 

"Hot 
applicable 

Not 
applicable 

Cannot sepa-
rate neutral 
solutes; 
efficiency 
highest for 
large 
molecules 

HPLC 
(reversed 

phase) 

Yii 

partition 
coefficient K 

Packed 
column mode 
preferred 

+++ 

EKC and electrochromatography would qualify as novel multidimen-
sional techniques in which both separation mechanisms operated 
simultaneously. 

A recent example of competing chromatographic and electro-
phoretic mechanisms appeared in a comparison of the separation of 
alkylaromatic sulfonates by CE and MEKC (Desbene et aL, 1992). 
Using CE, with only an electrophoretic separation mechanism, the 
elution order was C12, Cio, Cs, C7, Ce, C5, C4, C3, and C2, where the 
subscript refers to the carbon number of the alkyl chain. Using 
MEKC, with both electrophoretic and chromatographic separation 
mechanisms operating simultaneously and competitively, the elution 
order was C4, C3, C5, C2, Ce, C7, Cs, Cio, and C12. Importantly, the 
first 4 compoimds eluted in MEKC were not as well-resolved because 
the chromatographic and electrophoretic separation mechanisms 
were in opposition to one another. Once the chromatographic mech-
anism began to dominate (Ce - C12), the resolution was much better. 
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5. Optimization of Separations in EKC 

"Optimization" means different things to different scientists. In 
the present section, we shall focus on optimization via fundamental 
principles. In a later section, we will summarize results of empirical 
studies, some of which are quite elegant. The advantage of funda-
mental optimization over empirical strategies is that the former can 
be applied to any system, whereas the latter may be limited to a 
specific type of sample or set of experimental constraints. On the 
other hand, the latter may yield better results for a specific sample. 

Since at least one other chapter in this book is devoted to the case 
where electrophoretic separation mechanisms predominate, we focus 
here on EKC separations via chromatographic mechanisms (Case Al), 
and we repeat Eq. 31 here for convenience. 

V N ~ (a -1\ / k2 X / l + fXr-tp/tmc \ .^^. 

^^ - 4 ( a j ( l + k a v j l l + x̂r + (to/tn.c)kavJ ^^ ^ 

5,1, General Overview 

With GC and LC (Eq. 42), it is frequently possible to optimize N, a, 
and k independently of one another. On the other hand, in EKC (Eq. 
31) there are five parameters to consider— N, a, k, \xr, and tmc/to-
Two of them (k and tmc/to) are strongly linked, and another (\ir) 
introduces a bias in kopt (and possibly in N) for cationic, neutral, and 
anionic species. 

In recent years there have been many investigations of how 
resolution and/or one or more of its components (N, a, etc. in Eq. 31) 
is affected by various experimental parameters in MEKC. Selectivity 
has been examined extensively, and the effects of applied voltage, pH, 
organic modifier, surfactant identity, and surfactant concentration are 
well-documented for neutral (Foley, 1990b; Little and Foley, 1992), 
ionizable (Khaledi et aL, 1991), and charged analytes (Terabe, 1992; 
Corran and Sutcliflfe, 1993; Holland and Sepaniak, 1993). Other vari-
ables, such as k and tmc/to, have been considered less frequently but 
are equally if not more important in some cases (Vindevogel and 
Sandra, 1992). 

It is appropriate to summarize how the four main adjustable 
parameters in Eq. 31—N, a, k, and tmc/to —affect resolution {a 
detailed quantitative discussion follows immediately}, assiuning that 
any effects of the first three on each other can be neglected (Foley, 
1990b). For N and a, as in conventional GC or LC (Eq. 42), an 
increase in either or both parameters results in a predictable increase 
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in resolution. For k, however, in distinct contrast to LC or GC, an 
increase in k does not always lead to a corresponding increase in 
resolution. The functional dependence of Rg on k in Eq. 31 is such 
that an increase in k of a pair of solutes beyond an optimum value 
(see Eq. 57) results in a decrease in the resolution. Finally, an 
increase in tmc/to (infinite for LC, GC) always increases resolution, but 
at the expense of the analysis time. 

5.2, Efficiency 

Although resolution increases only by the square root of N, this 
parameter should not be ignored in EKC, particularly with regard to 
experimental conditions that exert adverse effects. Efficiencies of 
50,000 to 200,000 plates are typically realized in EKC, somewhat 
lower than that usually achieved in CE due to some additional band 
broadening processes that we will discuss shortly. 

Column efficiency, N, can be expressed more fundamentally as 
Ldet/H, where Ldet is the capillary length from inlet to detection, and 
H is the plate height or band spreading index (Giddings, 1991). Many 
phenomena contribute to the total plate height in EKC, including 
several factors common to CE (item 1, unavoidable; items 1-4, 
nonideal) that are discussed in more detail elsewhere in this book. 
These are listed in Table 3. 

Table 3. Contributions to Plate Height in EKC 

Unavoidable Nonideal 

1. Longitudinal diffusion 1. Wall interactions 
2. Resistance to mass transfer 2. Thermal overload 

(excessive Joule 
heating) 

3. Extracoliunn effects— 
sample introduction, 
detection 

4. Hydrostatic (laminar) 
flow during the sepa-
ration (Grushka, 1991) 

5. Radial dependence of k 
(or Kf) due to thermal 
effects 

6. Polydispersity of 
interactive species 
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In many instances, nonideal effects unnecessarily limit efficiency 
in both CE and EKC and can often be reduced far below what is 
commonly achieved today via a judicious choice of experimental 
conditions. For example, hydrostatic flow can be avoided completely 
by careful filling and/or positioning of the inlet and outlet buffer 
reservoir levels. 

HLD = ^ , (46) 
"eo 

where Dapp is the apparent diffusion coefficient of the analyte, and Veo 
is the linear velocity of electroosmotic flow. In EKC the apparent 
diffusion coefficient is 

DapP=( l^ )DA+( i^ )DAX (47) 

or 

^-PP = {uimj °A + ( l ^ i ) DAX (47a) 

where DA and DAX are the diffusion coefficients of the free and bound 
analyte, respectively. In MEKC, DA»mc * Dmc « DA for small mole-
cules and is sometimes neglected. 

Several additional band-broadening phenomena have been postu-
lated for EKC. Some are fairly well established, such as the resis-
tance to mass transfer, which is well known from GC and LC. Others 
are more tentative, such as the radial dependence of k. It is beyond 
the scope of this chapter to provide a detailed description of each; 
instead, only the more significant ones are briefly summarized 
(Vindevogel and Sandra, 1992). 

By resistance to mass transfer, we mean the band broadening due 
to three processes: (i) the finite rate of transport of analyte to the 
interactive species (e.g. intermicelle diffusion in MEKC); (ii) the finite 
rate of interaction of the analyte with the interactive species {e.g., ion-
pair formation, sorption/desorption (MEKC); inclusion complex forma-
tion (cyclodextrin-EKC); etc.}; and (iii) the finite rate of analyte trans-
port in the mobile phase in the radial direction. All three components 
of the mass transfer plate height term are directly proportional to 
mobile phase velocity (the slower the rate, the larger the proportion-
ality constant), and thus we can write 

H R M T = (Ci + Cii + Ciii) Veo = C R M T Veo (48) 

The Ciii term, radial transport, is important whenever there is a 
radial dependence of one or more physical properties of the mobile 
phase such as viscosity or temperature. 
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In MEKC, there has been considerable debate on the importance 
of the various mass transfer terms, particularly the contribution of 
intermicellar transfer to plate height (Ci term). Sepaniak and Cole 
have reported that at surfactant concentrations close to the cmc, as 
the surfactant concentration is increased there is a dramatic increase 
in N (Sepaniak and Cole, 1987). They propose that as the siu-factant 
concentration increases the number of micelles increases such that 
the distance between micelles decreases and improved mass 
transport results. But other researchers have presented evidence, 
both theoretical and experimental, that the observed effects under 
these conditions are due to overloading the micelles with solute. The 
second mass transfer mechanism (Cu term) in MEKC is the partition-
ing of the solute into and out of the micelle (Cn), or "micellar mass 
transfer." This source of band broadening was found to be virtually 
insignificant for SDS under the experimental conditions examined 
(Davis, 1989; Terabe et aL, 1989b), but could be important for other 
surfactant systems. Finally, the third mass transfer term (Ciu) arises 
from the radial dependence of k that is postulated to cause band 
broadening (Davis, 1989) occurs because of the slight, but well known 
temperature gradient that exists across a capillary due to Joule heat-
ing and heat transfer effects. Davis' treatment of this band broaden-
ing phenomenon shows the proper dependence of H on column radius 
as previously observed (Sepamiak and Cole, 1987). 

Polydispersity effects in EKC, also linearly proportional to 
electroosmotic flow velocity, are thought to be relatively unimportant 
(Vindevogel and Sandra, 1992), 

Hpd = CpdVeo (49) 

but may be observed when the species (X) that interacts with the 
analyte varies in its size, shape, or chemical structure, giving rise to 
local differences in Pwx> P, and/or Hep,x- For example, at any given 
instant in an MEKC solution, a range of micelles exist in which the 
aggregation niunber varies significantly about an average. Or, per-
haps an ion-pairing agent that is nominally sodium octanesulfonate 
contains significant amounts (> 1%) of shorter or longer chain 
sulfonates. Obviously, Cpd = 0 for a pure reagent or a solution of 
monodisperse (identical) micelles. 

Although we have so far considered only intracolumn sources of 
band broadening in detail, a significant amount of extracolimm band 
broadening can occur due to the injection and detection processes. 
The broadening due to the former can be modeled for electrokinetic 
injection as 

H- • - ^ ^ + 2 Dapp tjnj 
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and for hydrodynamic (pressure-induced) injection as 

^ inj= 12 I^et ^ 1536 LdetLtot2ri2 Dapp ^̂ ^̂  

where a third term was added to account for the broadening due to 
the laminar flow that occurs in hydrodynamic injection. 

In Eqs. 50 and 51, Imj is the length of the injection "plug" and tinj 
is the time of injection. Plug length can be expressed as vinj • tinj, 
where vinj is the analyte velocity during injection. In electrokinetic 
injection, vinj = (î eo + M̂ep) E, and is thus analyte dependent; in 

r 2 AP- • 
hydrodynamic injection, Vini = ~ ^ , and is thus independent of 

SLtotri 
the analyte. 

Limited numbers of studies have been done on the effects of injec-
tion technique on plate height in MEKC. One study on electrokinetic 
injection illustrated that N can be maximized by using low voltages 
and short injection times. This results in a narrow sample plug being 
introduced at the beginning of the column, and hence a better 
efficiency (Burton et aL, 1986b; Row et aL, 1987; Terabe et aL, 1989b). 
Obviously, the general principle that narrow injection plugs yield 
greater efficiencies also applies to hydrostatic and vacuum injection, 
and implies that short injection times are desirable with these 
methods as well. Unfortiuiately, restrictions on injection plug width 
limit the amount of sample that can be introduced into the capillary. 

Band-broadening due to detection was first examined by Terabe 
and coworkers (1989b). More recently, Nielsen and Foley have 
derived the following useful expression (Nielsen and Foley, manu-
script submitted): 

Idet̂  / to(l+k') 
^-^"12Ldet3 

l+^Xr+k ' ( ^^" 
mc// 

(52) 

where Idet is the length of the detector window, and Ldet is the length 
of the capillary from inlet to detector. 

When all of the contributions to plate height are siunmed to get 
Htotab the result is 

2 D 
Htotal = Hinj + Hdet + y^^ + ( C R M T + C A T + Cpd) Veo (53) 

Importantly, if we treat Hinj and Hdet as constants for a given CE 
instrument and set of experimental conditions, Eq. 53 can be 
simplified to 

•p 

Htotal = A + — + Cveo (54) 
Veo 
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which is the same general relationship observed in GC and LC. This 
means that for every solute, there will be an optimum velocity at 
which H will be a minimum and N = Ldet/H will be a maximum. By 
minimizing H, we can optimize N for a given length of capillary. 

The theory described above for efficiency (plate height) in EKC is 
only in its infancy. Although qualitatively it is probably accurate, it is 
nevertheless difficult to predict the optimimi velocity for a given sam-
ple. {To date, the velocities typically employed (not necessarily opti-
mal) range from 0.5-4 mm/s.} Instead of making risky predictions, we 
summarize in Table 4 several experimental procedures, based on our 
experience, that will help the practitioner achieve maximum effici-
ency. In Table 5 the primary effects of common experimental vari-
ables on efficiency are reviewed. 

Table 4, Suggestions for Obtaining the Most Efficiency in CE and 
EKC 

1. The use of organic solvents should be kept to a minimimi. 
2. Sample solvent and running buffer should be matched as closely 

as possible. 
3. Inlet and outlet buffer reservoir levels should differ at most by 

0.5 mm and, ideally, should be exactly the same to avoid any 
hydrostatic flow effects (Grushka, 1991). 

4. To minimize Hinj (Eq. 50 or 51), the length of the injection plug 
should not exceed 1% of the total capillary length, unless sample 
stacking is utilized. Injection times should be relatively short. 

5. When choosing a buffer system and interactive species, select 
those that minimize the overall conductamce or ionic strength. 

6. For a given buffer system, keep the applied voltage at the upper 
limit of the linear portion of an Ohm's law plot (a graph of 
current vs. voltage for several voltages). 

7. Capillary cuts should be as square as possible to avoid peak tail-
ing, and samples should be filtered. 

8. Interactive agents should be of the highest purity, in order to 
minimize Hpd (Eq. 49). 

9. When possible, use field amplified sample stacking (FASS) (see 6. 
Recent Developments). 

10. If the length of the detector-illuminated volimie of the capillary 
can be varied, it should be made as short as possible (e.^., ^ 0.5 
mm) to minimize Hdet (Eq. 52). 

11. Judicious choice of the interactive species and/or its counter ions 
can sometimes increase N significantly (see 6. Recent Develop-
ments). Although this effect has been reported often in CE, it 
has received little attention in EKC. 
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Table 5. Effect of Common Experimental Variables on Efficiency 

Applied voltage, Vappi 

Injection time, tinj 

Capillary radius, re As re increases, N decreases due to increases 
in the radial mass transfer term(s) and, 
when hydrodynamic injection is employed, 
increases in laminar flow broadening. 

Temperature, T 

As Vappi (Eappi) increases, N increases to a 
maximum and then begins to decrease as 
excessive Joule heating occurs. 

N increases dramatically as tinj decreases, 
but this also results in a decrease in the 
amount of sample introduced to the capillary. 

Capillary length, L 

At low analyte velocities, N decreases with 
increasing T because of enhanced diffusion 
coefficients of the analytes. 
At higher velocities (mass transfer limited 
conditions), N increases with increasing tem-
perature because of enhanced mass transfer 
due to larger diffiision coefficients. 

For constant field strength, the efficiency of 
the separation is directly proportional to the 
capillary length; for constant applied voltage, 
it is independent of capillary length. 

5,3, Selectivity 

Selectivity in EKC is defined as the ratio of analyte partition 
coefficients (Pwm) or retention factors (k), the same as in GC and LC, 
and it is essentially the ability of a chromatographic system to separ-
ate two or more compounds that differ by one or more chemical 
groups. It is often convenient to distinguish between two types of 
selectivity, hydrophobic and polar group selectivity, depending on 
whether the functional groups that differ among the compounds 
being separated are nonpolar or polar. 

Hydrophobic selectivity can be defined for quantitative purposes as 
the methylene selectivity, or the selectivity between adjacent homo-
logs. It is most easily measured from the ratio of retention factors of 
adjacent homologs, or from the slope of a In k vs. carbon number 
(homolog) plot. The hydrophobic selectivity of most EKC systems has 
not been extensively studied, and most, if not all, data obtained to 
date are with MEKC systems. Table 6 summarizes some results 
obtained with C1-C7 alkylphenones in a pH 7 phosphate buffer/SDS 
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Table 6. Methylene Selectivity (logio CXCH2) i^ MEKC 

Surfactant 
identity and No organic 15% MeOH 15% MeCN 15% 1-PrOH 
concentration modifier (v/v) (v/v) (v/v) 

25 mM SDS 0.367 (±0.004) 0.349 (±0.009) 0.310 (±0.005) 0.314 (±0.005) 

40 mM SDS 0.374 (±0.011) 0.353 (±0.009) 0.331 (±0.008) 0.311 (±0.005) 

55 mM SDS 0.378 (±0.012) 0.343 (±0.011) 0.337 (±0.009) 0.311 (±0.005) 

70 mM SDS 0.382 (±0.014) 0.356 (±0.013) 0.341 (±0.009) 0.325 (±0.005) 

micellar system with various organic modifiers (Ahuja et aL, manu-
script in preparation). The results show that hydrophobic selectivity 
is comparable to that achieved in reversed phase liquid chromatog-
raphy (RPLC), typically 0.20-0.50 in logio a.cH2- uiuts. 

Polar group selectivity has been studied more extensively, but 
unfortunately no general conclusions can be drawn because of the 
difficulty in accurately predicting differences in Pwm for polar solutes 
under any given set of experimental conditions. Table 7 compares 
the group selectivity obtained with aqueous SDS and SDS/Brij 35 
micellar solutions, using benzene as the parent compound (Eq. 55). 

_ ^benzene derivative /KC^ 
ctgroup — u, vOo; 

^benzene 

A more detailed discussion of selectivity is beyond the scope of this 
chapter. Some general principles cam be outlined, however. 

1. For neutral analytes, both nonpolar and polar group selectivity is 
independent of surfactant concentration, assuming there are no 
analyte-specific interactions with the buffered micellar media. For 
charged solutes, there is usually a slight to moderate dependence 
of polar group selectivity on surfactant concentration due to 
electrostatic effects. 

2. Selectivity is independent of applied voltage, assuming that Joule 
heating is not excessive, i.e., the temperature of the solution at all 
voltages is very similar. 
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Table 7. Comparison of Functional Group Selectivity (Eq. 55) for 
Brij 35/SDS and SDS Micellar Systems 

Micellar 
mediiom 

SDS 
40 mM 
60 mM 
80 mM 
100 mM 

mean 
%RSD 

Brij 35/SDS 
30 mM 
40 mM 
50 mM 
60 mM 

mean 
%RSD 

fCOCHa <t)-OH 

1.601 
1.593 
1.575 
1.567 

1.584 
0.992 

;a 

0.598 
0.598 
0.595 
0.598 

0.597 
0.251 

0.501 
0.500 
0.494 
0.495 

0.498 
0.706 

0.773 
0.808 
0.827 
0.858 

0.816 
4.36 

Benzene derivative 
(|)-N02 

1.274 
1.271 
1.262 
1.249 

1.264 
0.888 

1.122 
1.127 
1.125 
1.128 

1.126 
0.235 

(|)-0CH3 

1.601 
1.593 
1.575 
1.567 

1.584 
0.992 

1.366 
1.363 
1.360 
1.347 

1.359 
0.616 

(t)-CH3 

2.750 
2.694 
2.691 
2.673 

2.702 
1.23 

2.725 
2.667 
2.653 
2.615 

2.665 
1.71 

(t)-Cl 

3.560 
3.458 
3.450 
3.433 

3.475 
1.65 

4.519 
4.408 
4.331 
4.229 

4.372 
2.84 

^SDS concentration in mixtures of Brij 35 was 20 mM. 

3. Selectivity in EKC can be varied by causing disproportionate 
changes in analyte partition coefficients. Analyte partition coeffici-
ents may be changed by adding organic modifier, changing the pH 
(ionizable solutes) or temperature, or by using mobile phase 
additives such as cyclodextrins, crown ethers, metal ions, or co-
surfactants in addition to the primary interactive species (X). A 
less common but useful approach in MEKC is to change one or 
more aspects of the surfactant system: (i) the counter ion compo-
sition {e.g,, a blend of Na+ and another cation instead of just pure 
Na+); (ii) the surfactant itself (e.g., dodecylsulfonate vs. dodecyl-
sulfate); or (iii) the relative proportion of surfactants if a mixed 
surfactant system is employed. 

Finally, although the a priori prediction of selectivity is not yet 
possible, it is easy to illustrate the importance of selectivity. Figure 9 
illustrates the dependence of resolution on selectivity and the elution 
range. As selectivity increases, the resolution increases dramatically 
for a given elution range. Also, for a given selectivity, the resolution 
increases significantly as the elution range (tmc/to) increases. 
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1.10 

Fig. 9. Resolution as a function of selectivity (a) and elution 
range (tmc/to). Values of tmc/to for each ciu-ve (top to 
bottom): 100, 30, 10, 4, 2. Other conditions: N = 
100,000; k = kopt,Rs = Vtmc/to ; and |ir = 0. 

5,4, Retention 

5.4,1, Theory 

The optimum degree of analyte "retention" or binding of neutral 
solutes with the interactive species X was reported in 1990 (Foley, 
1990b). Based on the EKC resolution equation for neutral solutes 
(Eq. 30) and assuming that N and a are independent of k, the theory 
linked quantitatively the optimum degree of retention with the elu-
tion range and established the existence of an optimum k range 
within which good resolution would be obtained. It also suggested 
upper and lower bounds for this range in terms of the retention 
needed for the best resolution and resolution per unit time (Eqs. 43 
and 44). 

kopt (for maximum Rg) = "V -^ (56) 

kopt (for maximum Rg/tR) = - (1 - tp/tmc) + V ( l - to/tmc)2 + 16(to/tmcy 

4(to/tmc) 
(57) 
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If the same approach is employed, but Eq. 31 that is valid for 
charged solutes is used instead of Eq. 30 that is valid only for neutral 
solutes, then the following results are obtained: 

kopt(Rs) = y ^ ( l + X̂r) (58) 

1 - (1 + [Xr-to/tmc)± VTl + [Xr-to/tmc)^ + 16(to/tmc)(l+Ptr) . -^, 
kopt(Rs/tR)= ^g^^ (59) 

It is interesting that the optimum degree of interaction or binding is 
determined by both a chromatographic parameter, tmc/to? and an 
electrophoretic parameter, fXr- Note that the relative influence of 
these parameters will depend to a larger degree on the magnitude of 
electroosmotic flow. 

In MEKC, as the retention factors (k) of solutes begin to exceed 
kopt,Eq. 58J the resolution will suffer. This possibility exists because 
compounds with k » kopt,Eq. 58 niay elute close to or even co-elute 
with the micelle (tR = tmc)- Such a situation is not encountered in GC 
or LC, where there is no upper limit in the separation window and, 
according to Eq. 42, no retention factor is too large for good resolu-
tion, although in practice the peak width and analysis time become 
excessive when k > 20. 

For (ir = 0, the kopt given by Eq. 59 ranges between 1.2 and 2 for 
tmc/to values from 1 to infinity. For conventional colimin chromato-
graphic methods such as GC, LC, and SFC, the optimimi k for best 
Rs/tR is 2 (Karger et aL, 1973). 

Using the results of Eqs. 58 and 59, we can define an optimum 
range of the retention factors, i.e., kopt. range — kopt (Rs/tR) to kopt (Rs). 
This range widens as the elution window (tmc/to) becomes larger, and 
is consistent with the effect of tmc/to on the peak capacity (Eq. 14). 
For near-infinite elution ranges (tmc/to ^ 1000), kopt (Rs) is very large 
(^ VlOOb « 32) and the upper limit for k may need to be lowered 
arbitrarily to keep analysis times reasonable (Eq. 17). 

Alternatively, we can define optimum k ranges for the best Rg and 
Rg/time as the range over which the resolution and resolution/time 
are within 90% of their maximum values. Shown in Fig. 10 are opti-
mimi k ranges, expressed in normalized time units (tR/to), for tmc/to = 
100, 30, 10, 4, and 2 (top to bottom). Although the magnitude of Rg 
depends on N and a, the k ranges themselves depend only on tmc/to 
and the relative electrophoretic mobility of the analytes, and are inde-
pendent of efficiency and selectivity. Visual inspection of Fig. 10 
reveals that the optimimi range of k is ca. 50 times wider for tmc/to = 
100 than for tmc/to = 2. Moreover, for a constant to, the analysis time 
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Fig. 10. Dependence of the optimum range of the retention 
factor (k) on the elution range (tmc/to)- Values of 
tmc/to for the curves (top to bottom): 100, 30, 10, 4, 2. 
Other conditions: N = 100,000; a = 1.05; and îr = 0. 

is about 12.5 times longer. Finally, in agreement with Fig. 9, the res-
olution increases significantly as the elution range (tmc/to) increases. 

Given the dependence of kopt on îr shown in Eqs. 58 and 59, we 
can re-write Eq. 31 using k = kopt to emphasize the dependence of 
resolutionon \xr. 

R: 
VN / a - l \ / koptd r̂) 

s,opt — 4 {-] (n 
1 + fXr- to/tj] 

1 + kopt(!^r)j U + îr + (to/tmc) kopt(M'r) 
(60) 

The most important result of Eq. 60 is that a charge bias exists in the 
resolving power of EKC, unless there is a dependence of N on î r that 
exactly cancels the dependence of the "retention term" on \xr (last two 
terms of Eq. 60). Assuming that the retention term is more depen-
dent on ^r than efficiency, it will be easier to separate analytes that 
"go with the flow" (Foley, 1992). In other words, when electroosmotic 
flow is from anode to cathode (the usual case in MEKC with SDS), 
cations will be better resolved than neutral species, and neutral 
species will in turn be better resolved than anionic compounds. 
Shown in Fig. 11 are calculated results for the retention term using 
|ir = 0.8, 0.4, 0, -0.4, and -0.8 (assuming no dependence of N or a on 
l̂ r). 
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Fig. 11. Dependence of the retention terms in Eq. 60 on k and 
the relative electrophoretic mobiUty (^r = îep,A/!̂ eo)> 
illustrating the thermodynamic bias in the resolving 
power of EKC for analytes that swim upstream, 
"midstream", or downstream. Values of \xr for the 
curves (top to bottom): 0.8, 0.4, 0, -0.4, -0.8. 

After measuring or estimating the elution range, the optimization 
of retention (k) in MEKC can be accomplished by optimizing either (or 
both): (i) the phase ratio p by adjusting the surfactant concentration; 
or (ii) the analyte partition coefficients (Pwms) by choosing a simple or 
mixed micellar system of appropriate hydrophobicity or modifying a 
readily available surfactant system (e.g., SDS) with an organic solvent 
as necessary. With regard to (ii), although the main effect of organic 
solvent is to lower the polarity of the aqueous phase, many solvents 
will also cause changes in the micelles themselves. When possible, 
option (i) is preferred because of its minimal effect on selectivity (vide 
infra). 

5.4.2. Control 

The control of Rg and Rg/tR can be accomplished by proper manip-
ulation of any variable that controls retention, but typically it will be 
the surfactant concentration, organic modifier, or possibly the tem-
perature. As we show below, k can be related directly to surfactant 
concentration, and an important consequence of is that the surfactant 
concentration that provides the best Rg or Rg/tR can be predicted from 
theory when a couple of key surfactant and solute parameters are 
available or can be measured. In short, one easy way to optimize Rg 
or Rg/tR is to optimize the surfactant concentration. 
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Equation 7 is an expression for the retention factor. The phase 
ratio (Eq. 6) can be written expUcitly in terms of surfactant concentra-
tion [SURF], the critical micelle concentration (cmc), and the partial 
molar volume (V) of the surfactant. 

^ V( [SURF]-cmc) .^.. 
P ~ l - V ( [SURF]-cmc) ^̂ ^̂  

Substitution of Eq. 61 into Eq. 7 and solving for the surfactant concen-
tration yields 

r^TTPFl - k + Vcmc(k + Pwm) .̂ ox 
[SURF]- v (k + Pwm) ^̂ ^̂  

Equation 62 shows the one-to-one relationship between surfactant 
concentration and retention factor. Since the parameters on the 
r.h.s. of Eq. 62 are either experimentally measurable or physical con-
stants, a priori prediction of an optimiun surfactant concentration is 
possible for a given set of analytes. Assimiing that Pwm » k (univer-
sally true except for very hydrophilic compounds), a convenient 
approximation to Eq. 62 is 

[SURF] « p - ^ + cmc (62a) 

It is a simple matter to substitute either of the expressions for l̂ opt 
(Eqs. 58 or 59) into either Eq. 62 or 62a to obtain an expression for 
the optimum surfactant concentration. Since Eq. 62a is simpler, we 
use it to obtain the following: 

rQTTPFl , ^ kppt (Eg. 58) 
[bUKl<Jopt,best Rs = p V "̂  

cmc (63) 

[SURF]opt,best Rs/tR = ^ g % ^ ^ ^ + cmc (63a) 

Surfactant concentration cannot be varied over an infinitely wide 
range. The lowest usable concentration will be determined by the 
need for reproducible concentrations of micelles in order to obtain 
reproducible retention times. This lower limit will be dictated by the 
cmc and the precision with which it is Iniown, but for our discussion 
we will assume it is 10% above the cmc, i.e., [SURFlmin = 1-1 x cmc. 
The upper limit of the surfactant concentration is likely to be 
governed by such adverse solution properties as high viscosity, or 
high current. From our own experience and that reported in the 
literature, the highest tolerable concentration for monovalent sur-
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factants (SDS, CTAB, etc.) is probably about 0.5 M. Surfactant con-
tributions to the total current in MEKC can be virtually eliminated by 
using nonionic or zwitterionic surfactants, particularly if the pH is 
close to their pi (isoelectric point) of the latter. The drawback of 
using only net zero charge surfactants as the interactive species, 
however, is that they do not migrate at a velocity different from 
electroosmotic velocity, meaning they will be ineffective for the 
separation of neutral analytes. 

The optimization of i via surfactant concentration was recently 
demonstrated experimentally in MEKC for three pairs of phenyl-
thiohydantoin (PTH) derivatized amino acids, using two types of 
aqueous micellar systems: plain micelles of SDS and mixed SDS/ Brij 
35 micelles. There were several advantages to using the mixed 
surfactant system: (i) lower operating currents for a given degree of 
solute retention; (ii) smaller variation in tmc/to as the concentration of 
Brij 35 was varied, making the optimization of k easier; and (iii) 2 to 3 
times the efficiency of the SDS system. On the other hand, neither 
surfactant system without organic solvent was ideally suited for all 
the amino acids. The aqueous SDS system was better suited for 
moderately hydrophobic PTH-AAs, whereas the aqueous Brij 35/SDS 
system was more retentive and better suited for hydrophilic solutes. 

Solutes of moderate to high hydrophobicity are difficult to analyze 
by MEKC using totally aqueous buffer systems. These types of solute 
elute near or with the micelle at tmc- One way to increase the affinity 
of the solute for the mobile phase is to add an organic modifier to the 
buffer system. The use of an organic modifier will alter the retention, 
k, of the solutes. The mechanisms by which an organic modifier 
alters retention in MEKC are similar to those in reversed phase liquid 
chromatography (RPLC). In RPLC, the addition of an organic 
modifier alters the affinity of the analyte for the stationary phase by 
changing: (i) the polarity of the mobile phase; and (ii) the retention 
characteristics of the stationary phase, usually to a much lesser 
degree. There are four predominant interactions between molecules 
in the liquid phase: (1) dispersion or London forces, (2) induction 
forces, (3) hydrogen bonding, and (4) orientation forces (Giddings, 
1991). The "polarity" of a molecule is its ability to interact using these 
four mechanisms. The total interaction of a solute molecule with a 
solvent molecule is described by all four interactions in combination. 
Solvent strength is directly related to polarity, thus "polar " solvents 
have an affinity for "polar" analytes. In RPLC, solvent strength 
increases with decreasing polarity; this is also true with MEKC. Since 
an organic modifier is less polar than water, any combination of 
organic modifier and water will be less polar than pure water, hence 
the mobile phase will be stronger and retention will be reduced. The 
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following relationship is often used in RPLC to describe k as a func-
tion of organic modifier: 

log k = log kaq - S (t) (64) 

Equation 64 shows how k is reduced as the percentage of organic 
modifier in the mobile phase is increased. And as k is reduced, so is 
tR. But one should use caution in comparing RPLC and MEKC. In 
MEKC the addition of organic modifier not only alters the partitioning 
coefficient, Pwm> but also the phase ratio, p, surfactant cmc, the zeta 
potentials of the capillary wall and the micelles, and viscosity (Gorse 
et aL, 1988; Sepaniak et aL, 1990). Nevertheless, it seems appropriate 
to employ the RPLC organic solvent analogy. Qualitatively it is valid 
for MEKC, even for solvent gradient elution (Balchunas and 
Sepaniak, 1988). Note, however, that the amount of organic solvent 
that can be employed in MEKC is typically limited to ^ 35% for 
reasons explained below. 

The effect of organic solvent on micelle formation and solute 
migration reproducibility govern the upper limit of organic solvent 
that can be used in MEKC. A fixed surfactant concentration (e,g,, 100 
mM SDS) can accommodate only a certain percentage of organic 
modifier before the micellization equilibria is eliminated (or adversely 
affected), resulting in the absence of micelles or poor reproducibility, 
respectively. If micelles are eliminated by the addition of organic 
solvent to the buffer, the separation reverts to ion-pairing for ana-
lytes of opposite charge to the surfactant monomers, and hydrophobic 
interaction for neutral solutes, both of which were discussed earlier. 

5,5. Elution Range 

As the e lut ion range (tmJto) increases, so does the peak 
capacity, albeit in a logarithmic fashion. In effect the path length over 
which solutes can be distributed is increasing. The peak capacity can 
also be increased in a square root fashion by increasing N. 

Although the effect of the elution range on peak capacity is easy 
to appreciate both on an intuitive level and by inspection of Eq. 14 and 
Fig. 4, its effect on resolution (Eq. 31) is less obvious and is illustrated 
in Fig. 9. The results are striking and show rather dramatically just 
how much the resolving power of EKC can be increased merely by 
increasing the elution range. (Most MEKC practitioners achieve an 
elution range between 3 and 8.) 

A very significant limitation to the application of EKC to complex 
samples is the low peak capacity due to the limited elution range 
(tmc/to, Eq. 9). From a practical standpoint, it is best to use methods 
that do not decrease the electroosmotic flow (i.e., do not increase to, 
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by independently increasing tmc and/or decreasing to). While it is 
possible to increase tmc/to by decreasing electroosmotic flow, it is not 
as desirable because the ansiysis time increases. 

The problem of increasing the elution range can be solved in 
several ways. One approach has been the use of a different surfac-
tant whose micelles can more effectively swim upstream. As fxep,mc 
approaches -\ieoy the micelles become "stationary" and the elution 
range becomes infinite. One such surfactant so employed was sodium 
decyl sulfate (STS), which forms small micelles with a more negative 
!̂ ep,mc. Unfortunately, the cmc increases as the chain length of the 
surfactant decreases and higher surfactant concentrations are needed 
to generate STS micelles. Mobile phases with high surfactant concen-
trations generate large currents that enhance Joule heating and 
result in poor reproducibility (Balchimas and Sepaniak, 1987). 

A less desirable, but more easily achieved method for increasing 
tmc/to is to decrease the electroosmotic flow by reducing the ^ (zeta) 
potential of the capillary wall. One parameter that can be used to 
manipulate C is pH (Balchunas and Sepaniak, 1987; Otsuka and 
Terabe, 1989). This may be undesirable because by changing pH, the 
charge and retention/migration of acidic and/or basic analytes will be 
altered. Surface modification of the capillary is another method that 
can be used to reduce the ^ potential (Hjerten, 1985); however, this 
method can be both tedious and time consimaing. In addition, some 
solutes might interact significantly with the capillary wall and be 
severely broadened, requiring an organic modifier to restore the 
efficiency (Balchimas and Sepaniak, 1987). 

A better, albeit not yet commercially available method for control-
ling the t, potential is the application of an additional electric field in a 
radial direction across the capillary (Ghowsi, et aL, 1990; Lee et al., 
1990; Wu et al., 1992a; Hayes and Ewing, 1992, 1993). This method 
for controlling the ^ potential has been useful in protein and peptide 
separations in CE (Wu et aL, 1992b) and could just as easily be used in 
EKC. 

One of the easiest ways to increase tmc/to somewhat (by a factor 
of 1.5 to 2) is to add an organic modifier such as methanol, aceto-
nitrile, 2-propanol, etc. to the buffer. This is a simple and effective 
way to significantly increase tmc/to, although it usually results in 
reduced electroosmotic flow, thereby increasing the analysis time pro-
portionally. In buffered systems without surfactant, the smallest 
effect on to was observed with acetonitrile (Gorse et al., 1988). 

The elution range is normally independent of applied voltage and, 
for some surfactant systems, moderately dependent on surfactant 
concentration. In MEKC using SDS, at concentrations of SDS below 
150 mM the elution range varies only slightly, but this dependence 
increases somewhat over the range 100-300 mM. 
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5.6. Practical Strategies 

Several reports on the optimization of resolution have appeared. 
Unfortunately, the term "optimization" means different things to dif-
ferent researchers. One should be aware that different methods of 
optimization, including those based on fundamental resolution theory 
(k optimization) or experimental statistical design, provide comple-
mentary information. When optimizing a separation, one approach 
should not be unduly favored over another. 

The approach of McNair and coworkers (Rasmussen et al., 1991) 
considered three ways to optimize Rg for neutral molecules (Eq. 30): 
(1) increase N; (2) increase a; (3) increase the f(k) term. Since a is 
very hard to predict and manipulate, their study focused on N and 
f(k). At low values of Veo and k, it was possible to get infinite Rg but at 
the expense of longer analysis times. They concluded that Rg could 
be maximized most effectively by lengthening the capillary rather 
than decreasing Veo-

Sandra and Vindevogel (Vindevogel and Sandra, 1991b) utilized a 
Plakett-Burman statistical design to optimize Rg for a single set of 
four testosterone esters. This approach appears to be good for the 
simultaneous optimization of two or perhaps three parameters. 
Other systematic approaches such as the simplex algorithm, mixture 
design, exhaustive or interpretive response surface mapping (window 
diagrams), mixed lattice, adaptive searches, and step-search designs 
(Berridge, 1985; Schoenmakers, 1986) may also be effective but they 
have not yet been investigated. Some may be less suited for the 
discrete changes in solution variables (pH, surfactant concentration, 
etc.) that are more convenient with current commercial or in-house 
instrumentation (cf. mobile phase composition that can be varied 
continuously by most LCs). 

6. Recent Developments 

6.1. Sample Stacking of Neutral Molecules in MEKC 

Field amplified sample stacking (FASS) is a very useful technique 
for enhancing the detectability of solutes in CE (Biu-gi and Chien, 
1991; Chien, 1991; Chien and Helmer, 1991; Chien and Burgi, 1992; 
Gebauer et al., 1992). FASS can be used with both the hydrodynamic 
and electrokinetic modes of injection. Szucs et al. recently applied 
FASS in MEKC for the analysis of hop bitter acids (Szucs et al., 1993). 
Until now, all applications of FASS in MEKC have been limited to 
charged solutes, because neutral molecules are unaffected by the 
amplified field since their electrophoretic mobility, ^ep, is zero. In 
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order to apply FASS to neutral molecules, an electrophoretic mobility 
must be imparted to the latter. This can be accomplished by using 
charged micelles to give neutral molecules an effective electrophore-
tic mobility, x̂ep,eff = k7(l+k') 

^ep,mc (see equivalent Eq. 4(a)), where 
l̂ ep,mc is the electrophoretic mobility of the micelle. Solutes with a 
large k' will have the largest effective mobility and will experience 
the greatest amount of stacking, while those with a k' = 0 will have 
f>iep,eff = 0 and not be stacked at all (Nielsen and Foley, 1994). This is 
illustrated in Fig. 12, in which no stacking is done, and Fig. 13 where 
FASS has been used with the hydrodynamic mode of injection. 
Clearly, peaks 5 and 6 in Fig. 13 are considerably sharper, with the 
width of peak 6 approximately the same as the first peak. The more 
hydrophobic analytes experience the greatest stacking effect. 

m 

Time (min) 

Fig. 12. Separation of alkylphenone homologous series. Hydrody-
namic injection was performed with the injection buffer the 
same as the running buffer. Experimental conditions: 50 
mM SDS; 15 mM phosphate buffer; 8 s gravity injection; capil-
lary length, 40 cm from injection to detection; applied volt-
age, 20 kV; detection wavelength, 254 nm. Peak identifica-
tion: 1, acetophenone; 2, propiophenone; 3, butyrophenone; 
4, valerophenone; 5, hexanophenone; 6, heptanophenone. 
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Fig. 13. FASS with hydrodynamic injection for a series 
of alkylphenone homologs. Injection buffer: 14 
mM SDS, 1 mM phosphate buffer; 75 mM SB-
12. Running buffer: 50 mM SDS, 15 mM phos-
phate buffer. Other experimental conditions 
same as in Fig. 12. 

In contrast to FASS with hydrodynamic injection, where the stacking 
occurs only after sample introduction, in FASS with electrokinetic 
injection (EK-FASS) the stacking occurs both during and after sample 
introduction, and is potentially much more effective. Moreover, we 
can compensate for charge biases in electrokinetic injection by 
judicious choice of the micelle charge in the sample reservoir or by 
using polarity switching of the power supply. Figure 14 shows the 
effect of EK-FASS on a homologous series of alkylphenones where 
the charged micelles are SDS/SB-12 micelles with a net anionic 
charge. Here the micelles oppose electroosmotic flow upon injection 
when the electroosmotic flow is from anode to cathode. In this case, 
the anionic micelles in the sample buffer offer no significant 
advantage with EK-FASS; however, if the polarity is reversed, the 
use of anionic micelles will provide all the advantages of EK-FASS. 
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Fig. 14. Chromatogram shows separation of an alkylphenone 
homologous series. Electrokinetic injection has been 
performed with the injection buffer composition con-
sisting of net anionic micelles. Injection buffer: 14 
mM SDS, 1 mM phosphate buffer, 75 mM SB-12. 
Running buffer: 50 mM SDS, 15 mM phosphate 
buffer. Electrokinetic injection time: 6 s @ 2.5 kV; 
capillary length: 40 cm from injection to detection; 
applied voltage: 20 kV; detection wavelength, 254 nm. 
Peak identification: 1, acetophenone; 2, propiophe-
none; 3, butyrophenone; 4, valerophenone; 5, hexano-
phenone; 6, heptanophenone. 

Figure 15 shows the improvement that can be achieved with EK-
FASS when a mixed micellar system of CTAB/SB-12 is used in the 
sample buffer to produce a net cationic micellar system. Now, the 
flow of analytes is toward the cathode upon injection, hence all the 
peaks are sharper and detectability has been enhanced for the entire 
sample. In some cases the limit of detection (LOD) can be reduced 
by over a factor of ten with observed efficiencies in excess of 2.8 
million theoretical plates per meter. 
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Fig. 15. EK-FASS with an injection buffer composition 
consisting of 14 mM CTAB, 1 mM phosphate 
buffer, and 75 mM SB-12. All other experi-
mental conditions are the same as Fig. 14. 

6,2, Counter Ion Effects in MEKC 

In micellar electrokinetic capillary chromatography (MEKC), the 
most widely used surfactant for the pseudostationary phase is sodium 
dodecyl sulfate (SDS), although other types of surfactants have been 
investigated. However, little attention has been paid to the effects of 
counter ions on micellar structure, and the subsequent effects on 
resolution in MEKC. In a recent study, the magnesium salt of 
dodecyl sulfate (Mg(DS)2) was sj^thesized in order to investigate how 
changes in the coiinter ion identity affect resolution as well as other 
important chromatographic parameters (Nielsen and Foley, 1993). 
Buffer solutions containing Mg(DS)2 exhibited operating currents and 
electroosmotic velocities one-third to one-half those of a comparable 
SDS buffer solution, and significantly larger methylene and functional 
group selectivities for the various compounds that were studied. In 
addition, capacity factors, k', for neutral solutes were from 1.5 to 2.5 
times larger for the Mg(DS)2. Thus, FASS with Mg(DS)2 should be 
better than that performed with SDS. It was also found that the 
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elution range tmc/to for the Mg(DS)2 system was independent of the 
percentage of acetonitrile in the buffer solution while the elution 
range for SDS increased as the percentage of acetonitrile increased. 
This feature of the Mg(DS)2 system facilitates optimization of resol-
ution and resolution per unit time through retention manipulation. 
The improvements in selectivity and increased retention resulted in 
increased resolution for neutral solutes studied in Mg(DS)2. 

While Mg(DS)2 offers many advantages over SDS, one of the dis-
advantages of this surfactant system is the lack of commercial avail-
ability of Mg(DS)2 itself. Even though the synthesis is fairly simple, 
widespread use of Mg(DS)2 will probably not take place until this 
surfactant is commercially available. 

Recently, Ahuja and Foley (1994a) have investigated the use of 
lithium and potassium dodecyl sulfate (LiDS, KDS) surfactants as 
possible micellar systems for MEKC. By changing the counter ion 
identity from sodium to lithium remarkable improvements in 
efficiencies were seen for a set of neutral test solutes. The hydro-
phobic test solutes benefited the most by the use of the LiDS micellar 
system as their efficiencies were one and a half times greater than 
that obtained with a comparable SDS based separation. A comparison 
of both the SDS and LiDS micellar systems is shown in Fig. 16, which 
shows many of the advantages of the LiDS micellar system. The elu-
tion range, tmc/to? decreased for LiDS, but complete resolution of the 
neutral solutes was obtained in approximately half the time of the 
SDS separation. The peaks are also much narrower with LiDS, 
especially peaks 6-8, than in the similar SDS separation. Operating 
currents associated with LiDS are also lower than that obtained with 
either the SDS- or KDS-based separations. Once again, this example 
serves to illustrate how judicious choice of a surfactant before 
attempting an analysis can not only provide greater resolving power 
but can also decrease the time required for a particular analysis. 

Another interesting feature of the LiDS micellar system is the 
effect of acetonitrile on k' and tmc/to- As the percentage of aceto-
nitrile is increased from 0 to 20%, k' values for a neutral test mix of 
varying hydrophobicity decreased continuously while similar experi-
ments with SDS and acetonitrile show a leveling effect of k' values 
once the acetonitrile percentage is greater than 10. Furthermore, 
the increase in tmc/to values usually associated with increasing 
amounts of organic modifier was much less for LiDS than with SDS. 
The smaller increases in the magnitude of the elution range coupled 
with large changes in k' values allows for easier resolution optimiza-
tion with LiDS. 
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Fig. 16. Comparison of 50 mM lithium dodecyl sulfate (LiDS) 
and 50 mM sodium dodecyl sulfate (SDS). Experi-
mental conditions: capillary, 30 cm from injection to 
detection; 1 s hydrodynamic injection; applied voltage, 
15 kV; operating currents < 35 \xA; 10 mM phosphate 
buffer (pH 7.0); detection wavelength, 254 nm. Peak 
identification: 1, benzyl alcohol; 2, nitrobenzene; 3, 
anisole; 4, p-nitrotoluene; 5, m-nitrotoluene; 6, benzo-
phenone; 7, biphenyl; 8, decanophenone-tmc marker. 

KDS has a high Krafft point and is therefore much more difficult 
to work with, unless the instrumentation used for the analysis is 
equipped with proper sample, buffer, and capillary temperature 
control. Initial studies with KDS involved a minimal use of 15% aceto-
nitrile in order to avoid precipitation of KDS in either the sample 
and/or buffer reservoirs or the capillary itself. Separation efficiencies 
were approximately one-third that obtained with similar SDS separa-
tions. In addition, analysis times were also twice as long as similar 
SDS separations and almost four times as long as the LiDS-based 
separations. The elution window was largest with KDS. Therefore, 
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the order of increasing tmc/to values as a function of counter ion 
identity is: lithium, sodium, and potassium. The KDS/acetonitrile-
based separations did not offer any real advantages over similar LiDS 
or SDS/acetonitrile. However, further research using KDS without 
organic modifier, with the proper thermostating, could be advan-
tageous in terms of increased peak capacity which would be beneficial 
for samples that contain a large nimiber of analytes. 

The use of mixtures of counter ions can provide some degree of 
resolution optimization. By varying the amounts of two or more 
different counter ions, one can control to a certain extent the 
micellar pseudophase by controlling the surface charge density on the 
micelle itself. Microenvironments that facilitate transfer of analytes 
between the micellar retentive phase and mobile phase can be 
achieved by choosing the right type of counter ion(s) and optimum 
coimter ion ratio, [My]/[Mx]. 

6.3, Novel Surfactant Systems 

One of the advantages of MEKC that has been relatively un-
explored is the use of novel micellar systems as pseudostationary 
phases. There are numerous commercially available surfactants, of 
which, only a few have been utilized in MEKC. Of the four different 
types of surfactants —anionic, cationic, nonionic, and zwitterionic— 
anionic and cationic surfactants have been used the most. A quick 
review of the literature reveals that sodium dodecyl sulfate (SDS) has 
been the surfactant of choice for many applications. The use of mixed 
micelles, micelles consisting of two or more different surfactants, in 
MEKC has primarily been limited to nonionic/anionic mixed micelles 
such as Brij 35/SDS micellar systems (Rasmussen et aL, 1990; 
Rasmussen et aL, 1991; Little and Foley, 1992; Ahuja and Foley, 
1994a). Swedburg (Swedburg, 1990) was the first to investigate the 
use of a zwitterionic micellar system in MEKC. Nonionic or 
zwitterionic mixed micelles offer some inherent advantages. The con-
centration of charged surfactant can be held constant while the non-
ionic or zwitterionic surfactant concentration can be increased or 
decreased. In this fashion, the operating currents are kept constant 
and the nonionic or zwitterionic surfactants can be viewed as station-
ary phase additives. Resolution and other chromatographic param-
eters can be optimized without having to worry about changes in 
operating currents that can lead to undesirable Joule heating effects. 

The use of N-dodecyl-N-N-dimethylammonium-3-propane-l-sul-
fonic acid (SB-12) in combination with SDS as a pseudostationary 
phase in MEKC has shown considerable promise (Ahuja et aL, 1994). 
SB-12 is zwitterionic at all pH values and thus offers the advantage of 
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not being limited to a small pH range. Our results show that the SB-
12/SDS micellar system provides more efficient separations than that 
obtained with just SDS. Electroosmotic flow was virtually unchanged 
with the addition of increasing concentrations of SB-12. Concentra-
tions of 10-20 mM SB-12/20 mM SDS allowed for the baseline resolu-
tion of two structural isomers, p-nitrotoluene and m-nitrotoluene, 
which was not possible with only SDS (Fig. 17). Table 8 offers a com-
parison of some of the important surfactant characteristics of SB-12 
and SDS. Further research into the use of SB-12 in combination with 
LiDS, KDS, or Mg(DS)2 will offer more insight in this imique micellar 
system. 
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Fig. 17. Addition of 10 mM SB-12 to SDS improved resolution 
between two structural isomers, p-nitrotoluene and m-
nitrotoluene. Experimental conditions: capillary, 30 cm 
from injection to detection; 1 s hydrodynamic injection; 
applied voltage -20 kV; operating currents < 35 x̂A; 10 
mM phosphate buffer (pH 7.0); detection wavelength, 254 
nm. Peak identification: 1, benzyl alcohol; 2, nitroben-
zene; 3, anisole; 4, p-nitrotoluene; 5, m-nitrotoluene; 6, 
benzophenone; 7, biphenyl; 8, decanophenone-tmc 
marker. 
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Table 8. Characteristics of SDS and SB-12 

Surfactant Aggregation number Kraflft point CO 

N-dodecyl-N,N-dimethyl- 55 < 0 
ammonium-3-propane-1-
sulfonic acid (SB-12) 

CH3(CH2)llN+(CH3)2(CH2)3S03-
cmc (mM) = 3 

Sodium dodecyl sulfate (SDS) 62 9 
CH3(CH2)iiOS03-Na+ 
cmc (mM) = 8.1 

Reference: (Love et aL, 1984) 

Brij 35, a nonionic surfactant with 23 polyoxyethylene units, has 
been used to coat capillary walls (Towns and Regnier, 1991). When 
Brij 35 is used with SDS to form a mixed micellar pseudophase for 
MEKC, reproducibility of separations employing these surfactants has 
been rather poor due to the changing capillary surface caused by the 
coating effects (Ahuja et aL, 1995b). To counteract these wall inter-
actions, Brij 30, a nonionic surfactant with only four polyoxyethylene 
units, was used with SDS to form a mixed micellar pseudophase for 
use in MEKC (Ahuja and Foley, manuscript submitted). Initial results 
indicate that the reproducibility problems seen with the Brij 35/SDS 
system are significantly reduced with Brij 30/SDS, while separation 
efficiencies were roughly the same. Other mixed micellar systems, 
such as the nonionic Tween or Span series surfactants, in 
combination with anionic or cationic surfactants, could provide 
additional advantages over the currently used mixed micellar systems 
in MEKC. 

7. Applications 

Since MEKC was first introduced by Terabe in 1984 (Terabe et al., 
1984), application of this technique to various areas of scientific and 
public interest has focused on taking advantage of the ability of 
MEKC to achieve rapid analyses and high efficiencies with the added 
benefits of small sample requirements (nanoliters) and relatively 
inexpensive experimental costs. To date, the practical applications in 
MEKC have been somewhat limited to high sample concentrations. 
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primarily due to the lack of suitable detection required for trace 
analysis, and moderately hydrophilic solutes as a result of the finite 
elution range in MEKC. Most of the available commercial instru-
mentation employs UV detection which also limits the scope of 
analytes that can be studied to those that contain a UV absorbing 
chromophore. 

One of the first applications of MEKC that demonstrated its high 
resolving power was the separation of a mixture of 22 phenylthio-
hydantoin-amino acids (Otsuka et aL, 1985b). Since that time, there 
have been nimierous applications utilizing MEKC. An extensive list of 
some of the applications performed to date, along with their pertinent 
references, is shown in Table 9. 

The intent here is not only to present a broad range of applica-
tions but also to offer insight into some of the areas of interest that 
have received a great deal of attention. A comprehensive discussion 
of all the applications in MEKC and EKC is beyond the scope of this 
book chapter. A more in depth perspective on this subject can be 
found by consulting the comprehensive reviews (Kuhr, 1990; Janini 
and Issaq, 1992; Kuhr and Monnig, 1992) and also the some of the 
books (Grossman and Colburn, 1992; Li, 1992) that have recently 
been published, including one that focuses entirely on MEKC (Sandra 
and Vindevogel, 1992). 

The discussion that follows highlights some of the interesting 
applications that have appeared in the literature. The applications 
have been classified into separate categories and subcategories to 
provide quick and easy reference to a particular area of interest. 

7.1, Pharmaceuticals and Drugs 

Pharmaceutical analysis using MEKC has been an area of par-
ticular interest. The high efficiencies which can be generated using 
MEKC and the ability to separate neutral as well as charged solutes 
increases the separating power of this technique. Prior to the intro-
duction of MEKC, high performance liquid chromatography (LC) was 
and still is the technique employed in the pharmaceutical analyses of 
compounds. LC has proven to be a very diverse due to the many 
different modes of separation possible such as ion exchange and 
adsorption. The main disadvantage of LC is that it provides only 
modest efficiencies. A thorough analysis of an intricate pharmaceuti-
cal sample or structurally similar compounds may not be possible 
with the efficiencies that LC generates. It is for these reasons that 
there has been considerable research into the analysis of pharma-
ceutical compoimds with MEKC. 
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Table 9. Selected Applications in MEKC and EKC 

Analyte of Interest Comments Reference 

A m i n o Acids 

Chiral separations 
PTH derivatives of 
DL-amino acids 

Sodium N-dodecanoyl-
L-valinate used with 
SDS allowed for the 
separation of 
enantiomers and each 
pair was optically 
resolved 

Otsuka c^aZ., 1991 

Dansyl DL-amino 
acids 

Miyashita and Terabe, 
1990 

Amino acid 
enantiomers 
peptide isomers 

Derivatized amino 
acids vitamin 
metabolites 

Derivatization with L-
and D-Marfey's rea-
gent and subsequent 
analysis with MEKC 
to confirm presence of 
D-amino acids in an 
unknown sample 

Tran et al., 1990 

Swaile e^aZ., 1988 

5. Naphthalene-2,3-
dicarboxaldehyde 
(NDA)-derivatized 
amino acids 

6. PTH-amino acids 

7. Fluorescamine 
amino acids, 9-
fluorenylmethoxy-
carbonyl (FMOC)-
AAs and o-phthal-
aldehyde (OPA)-
AAs 

CD-MEKC shown to 
be effective for some 
chiral separations 

Optimization of 
resolution using a 
Brij 35/SDS micellar 
system 

Uedae^aZ., 1991; 1992 

Little and Foley, 1992 

Albin e^aZ., 1991 

cont'd 
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Table 9 cont'd. 

Analyte of Interest Comments Reference 

8. PTH-amino acids 

9. Dansylated and 
PTH-amino acids 

10. Dansylated-DL-
amino acids, poly-
cyclic aromatic 
hydrocarbons, 
dimethylnaphtha-
lenes 

Optimization of 
separation through 
the use of a weighted 
variable-size simplex 
algorithm 

Glycyrrhizic acid 
(GRA) and beta-escin, 
natural chiral 
surfactants, are used 
for chiral separations 

Cyclodextrin modified 
MEKC is used to 
improve resolution 

Castagnola et al., 1993 

Ishihama and Terabe, 
1993 

Terabe et al, 1993 

11. Tetramethyl-
rhodamine 
thiocarbamyl 
amino acid 
derivatives 

Low-cost laser-
induced fluorescence 
detection with zepto-
mol detection levels 

Zhao et aL, 1992 

Foods 

12. Fruit Juices 

13. Hop Bitter Acids 

S-hydroxjmaethyl-
2-furaldehyde and 
2-furaldehyde in 
grapefruit juice; no 
sample preparation 

Sample stacking and 
large injection 
volumes 

Corradini and 
Corradini, 1992 

Vindevogel et aL, 1990; 
Vindevogel and 
Sandra, 1991a; 
Verschuere et aL, 1992 

Szucs et aL, 1993 

cont'd. 
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Analyte of Interest Comments Reference 

Nucle ic Acids 

14. Deoxyribonucleo-
tides, deoxyribo-
nucleosides 

15. Nucleosides 

16. Nucleosides, 
nucleotides 

17. Nucleic Acid 
derivatives 

18. Dansylated 
nucleotides 

19. Phosphorylated, 
nucleosides 

20. Nucleic acid 
constituents 

21. DNA adducts of 
benzo[a]pyrene 

22. DNA adducts 

Deoxyribonucleotide 
oligomers resolved on 
basis of chain length, 
nucleic base sequence, 
and base modification 

Addition of glucose to 
the micellar solution 
allowed complete sepa-
ration of a mixture of 
nine nucleosides 

Comparison of ion-
pairing LC and 
MEKC; superior 
separation achieved 
with MEKC 

Laser induced 
fluorescence detection 

High-speed separation 
of mono-, di-, and 
triphosphorylated 
ribonucleosides 

Mixture of 14 adducted 
and modified nucleic 
acid constituents 
resolved in < 40 min 

Fractions collected 
and analyzed using 
MEKC and FAB-MS 

Griest e^aZ., 1988 

Kaneta e^aZ., 1992 

Lahey and St. Claire, 
1990 

Lecoq et aL, 1991 

Lee et al, 1992 

Liu e^aZ., 1989 

Row et al., 1987; Row, 
1989 

Harvey e^aZ., 1992 

Lecoq e^aZ., 1993a 

cont'd 
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Table 9 cont'd. 

Analyte of Interes t Comments Reference 

23. Nucleotide-3'-
monophosphates 

24. Diastereomeric 
phosphoramidate 
bridged unnatural 
oligonucleotides 

Peptides 

25. Desipramine/nor-
triptylene, angio-
tensin III/[Val 4],-
angiotensin 

26. Peptides, 
barbiturates 

27. Motilins, closely 
related peptides 

28. Small peptides 

29. Closely related 
peptides, motilins, 
insulins 

Influence of buffer, pH 
temperature, operat-
ing conditions and 
capillary treatments 
are discussed 
Compounds resolved 
with MEKC, 
conventional LC 
techniques did not 
provide resolution 

Use of zwitterionic and 
nonionic surfactants 
to aid in the separation 
of closely related pairs 
of compounds 

Pharmaceutical 
analysis of over the 
counter pain, cold, 
and allergy 
medications 

Tween 20 is used in 
the separation of 
Angiotensin II, its 
derivatives and 
motilins 

Study concludes that it 
is difficult to separate 
peptides consisting of 
more than 20 AA 
residues without 
organic modifiers 

Lecoqet al., 1993b 

Bevan et al., 1993 

Swedburg, 1990 

Wainright, 1990 

Matsubara and 
Terabe, 1992 

Issaqe^aZ., 1992 

Yashima et al., 1992 

cont'd 
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Table 9 cont'd. 

Analyte of Interest Comments Reference 

30. Neurohypo-
physealpeptides 
and analogs 

Separations obtained Sutcliffe and Corran, 
with RPLC, CE, and 1993 
MEKC are compared 

Pharmaceuticals. Drugs. Organic Compounds. Natural Products. 
Explosives, etc. 

31. Antidepressants 

32. Aliphatic alcohols, 
phenolic com-
pounds 

33. Aflatoxins 

34. Herbicides, 
poly aromatic 
hydrocarbons 

35. Pilocarpine and 
degradation 
products 

36. Amines 
(derivatized) 
aflatoxins, hydroxy 
aromatic 
compounds 

37. Amines 
(derivatized) 

38. Sulfonamides, 
trimethoprim 

Separation from 
impurities 

Indirect fluorescence 
detection 

Four common 
aflatoxins separated 
in less than 30 sec. 

Octylglucoside-borate 
micellar phase; 
adjustable surface 
charge density 

Diastereoisomers 

Laser fluorometric 
detection; use of 2-
propanol and 
acetonitrile for 
improved separation 
of hydrophobic solutes 

Stepwise solvent 
gradient using 
increasing cone, of 2-
propanol and Triton 
X-100 

Determination of 
three active 
ingredients in tablets 

Altria and Smith, 1991 

Amankwa and Kuhr, 
1991 

Cole et al., 1992 

Cai and El Rassi, 1992 

Charman et al., 1992 

Balchunas et aL, 1988 

Balchunas and 
Sepaniak, 1988 

Dang e^aZ., 1992 

cont'd. 
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Table 9 cont'd. 

Analyte of Interest Comments Reference 

39. Mycotoxins 

40. Chlorotriazine, 
herbicides in river 
water 

41. Antipyretic, anal-
gesic preparations 

Qualitative analysis 
method allowed com-
plete identification of 
mycotoxins in five mi-
known samples with-
out misidentification 
Atrazine and sima-
zine separated in less 
than 10 min; detection 
limit approx. 0.4 ppb 
for each herbicide 

Successful application 
to commercial 
antipyretic analgesic 
tablets 

Holland and 
Sepaniak, 1993 

Desiderio and Fanali, 
1992 

Fujiwara and Honda, 
1987 

43. Water-soluble 
vitamins 

Analysis of 7 water-
soluble vitamins 

Fujiwara et al., 1988 

44. Antiepileptic 
drugs in human 
plasma 

Six antiepileptic 
drugs: phenobarbital, 
carbamazepine, 
valproic acid, 
phen3^oin, primidone, 
and ethosuximide 

Lee et al., 1992 

45. L-buthionine-
(R,S)-sulfoximine 

46. (bis)Amidino-
hydrazones 

Assay may be used to 
determine the plasma 
pharmacokinetics of 
buthionine- sulfox-
imine over the 
expected therapeutic 
range 

Important in human 
serum samples; effect 
of 5 different buffer 
solutions on elution 
order and separation 

lioyd, 1992 

Lukkari et al., 1992a,b 

cont'd. 
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Table 9 cont'd. 

Analyte of Interest Comments Reference 

47. Enantiomers of 
amphetamine, 
methamphet-

amine 

48. Glucosinates, 
de sulfogluco sinol-
ates 

49. Antibiotics, 
corticosteroids 

50. Benzathiazole-
sulfenamides 

51. Amoxycillin, 
clavulanic acid 

52. Enantiomers of 
chiral compounds 

53. Priority pollu-
tants, substituted 
phenols 

54. Water- and fat-
soluble vitamins 

Including their 
hydroxyphenethyl-
amine precursors; far 
superior results than 
that obtained using 
LC 

Isolated form seeds 
and vegetative parts of 
plants 

Better resolution and 
shorter analysis times 
than those obtained by 
LC 

Comparison of urea 
and methanol 
modifiers in the 
mobile phase 

Important constitu-
ents in the antibiotic 
augmentin 

Use of taurodeoxy-
cholic acid and p-
cyclodextrin; forms a 
'pseudostationary' 
phase effective for 
separation of a variety 
of chiral compounds 

Lurie, 1992 

y-cyclodextrin in com-
bination with SDS 
provided the best 
selectivity for separat-
ing the vitamins 

Michaelsen et al., 1992 

Miyashita et aL, 1990 

Nielen and Mensink, 
1991 

Okafo and Camilleri, 
1992 

Okafo et aL, 1992 

Onge^aZ., 1990; 1991a 

Onge^aZ., 1991b 

cont'd. 
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Table 9 cont'd. 

Analyte of In teres t Comments Reference 

55. Catechols, 
catecholamines 

Onge^aZ., 1991d 

56. Flavanoid drugs 

57. Cicletanine 
(enantiomers) in 
human plasma 

Compared with 
results from reverse-
phase LC 

UV-diode array 
detection 

Systematic 
optimization 

Analysis with MEKC 
required less than 
half the time of the LC 
method 

Pietta e^aZ., 
1991;1992a,b) 

Pietta e^aZ., 1992c 

Nge^aZ., 1992b 

Prunonosa et al., 
1992a,b 

58. Alkyl paraben 
homologs 

59. Metal complexes 
of acetyl acetone 

60. Metal chelates 

61. Biological separa-
tions: substituted 
benzenes, pur-
ines, nitro deriva-
tives of fused-ring 
aromatic com-
pounds 

Low pH buffers may 
provide for a rapid 
analysis of hydro-
phobic solutes 

Micellar solution 
contained SDS and 100 
mmol/L acetylacetone; 

Sc(ni), v(iv), 
Cr(III), Mn(III), 
Fe(III), Co(III), 
Cu(n), Ti(IV), Co(II), 
Ni(II), and Zn(II) 
complexes analyzed 

Methods for metal 
chelate separations 
are presented 

Rasmussen and 
McNair, 1989 

Saitoh et al, 1991a 

Saitoh e^aZ., 1989; 
1991b; 1992 

Sepaniak et al., 1987 

cont'd. 
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Table 9 cont'd. 

Analyte of Interes t Comments Reference 

62. Cimetidine (in 
serum) 

63. Barbiturates in 
human serum 
and urine 

64. Substituted 
purines, uric 
acids, methylated 
xanthines 

65. Illicit drugs: 
heroin, cocaine, 
phenobarbital, 
methaqualone, 
opium alkaloids, 
amphetamines, 
barbiturates, 
benzodiazepines, 
cannabinoids 

66. Urinary por-
phyrins 

67. Herbicides 

68. Nitroaromatics 

69. B6 vitamins 

Preconcentrated 
samples determined 
byMEKC 

On-column, fast-
scanning multiwave-
length UV detection 

Strategies for 
monitoring of drugs 
in body fluids 

Direct injection of 
serima or saliva 
samples required only 
fxl volimies of sample 
for rapid analysis 

Comparisons with LC 
separations are made 

Confirmation testing 
in urine samples 

Method suitable for 
the determination of 
porphyrins in clinical 
urine samples 

SDS/Brij 35 micellar 
system provided best 
separation 

Amperometric detec-
tion for a mixture of 
B6 vitamins 

Fluorescence 
detection 

Soini et aL, 1991 

Thormann et aL, 1991 

Thormann et aL, 1993 

Thormann et aL, 1992 

Weinberger and 
Lurie, 1991 

Wernly and 
Thormann, 1991; 
1992a,b 

Weinberger et aL, 1990 

Wu e^aZ., 1992c 

Yik e^aZ., 1992a 

Yik e^aZ., 1991a 

Burton et aL, 1986a 

cont'd. 
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Table 9 cont'd. 

Analyte of In teres t Comments Reference 

70. Environmental 
pollutants 

71. Anionic surfac-
tant components 

72. Antibiotics 

73. Cefpiramide 

74. Creatinine, uric 
acid 

75. Gunshot and 
explosive residues 

76. Chiral separa-
tions with bile 
salt micelles 

77. Aliphatic alcohols 
and carboxylic 
acids 

Substituted phenols, 
polycyclic aromatic 
hydrocarbons, and 
phthalate esters 

Anionic components 
ofTriton770are 
separated 

p-lactam antibiotics 

Direct injection of 
sample from human 
plasma 
Simultaneous deter-
mination in human 
plasma and urine 

Sample collection, 
preparation, and 
quantitation 

Indirect fluorescence 
detection 

Yike^aZ., 1990; 1991b; 
1992b 

Zweigenbaima, 1990 

Yeo et al., 1991 

Nishi et aL, 1989a 

Nakagawa et aL, 1988; 
1989 

Miyake et al., 1991 

Northrop et al., 1991; 
Northrop and 
MacCrehan, 1992 

Nishi et al., 1989a; 
1990a,b,c; 1991; Terabe 
et al., 1989b; Cole et al., 
1991; Cole and 
Sepaniak, 1992 

Szucs et al., 1991 

78. Chiral separa-
tions 

79. Hydroquinone (in 
skin-toning 
cream) 

Overview is presented Snopek et al., 1992 

Enantiomeric resolu-
tion with chiral 
surfactants 

Otsuka and Terabe, 
1990 

Sakodinskaya et al., 
1992 

cont'd. 
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Analyte of Interest Comments Reference 

80. Antihistamines 

81. Glucosinolates, 
desulfoglucosinol 
ates 

Cationic surfactant is 
used 

OngetaL, 1991c 

Morin et aL, 1992 

82. Anthracene 
derivatives 

83. Dansylated 
methylamine and 
methyl-d3-amine 

84. PhenoHc 
carboxyUc Acids 

85. Aminoglycoside 
antibiotics 

86. Neurochemicals, 
catechols 

87. Polyaromatic 
hydrocarbons, 
chlorinated 
benzene congeners, 
various isomers 

CD-MEKC with laser 
fluorimetric detection, 
the absolute detection 
limit is estimated to be 
at the subfemtogram 
level 

Methanol modified 
mobile phases are 
used to accomplish 
the separation 

Indirect UV detection 

MEKC separation of 
catechol, 4-methyl-
catechol, 4-ethyl-
catechol, and norepi-
nephrine with electro-
chemical detection 

Effect of borate 
complexation 

Use of mixed micelles 

Cyclodextrin added to 
buffer, CD-MEKC 

Imasaka et aL, 1991; 
1992 

Bushey and 
Jorgenson, 1989b 

Bjergegaard et aL, 
1992 

Ackermans et aL, 
1992 

Wallingford and 
Ewing, 1988a 

Wallingford and 
Ewing, 1988b; 1989 

Wallingford et aL, 
1989 

Terabe e^aZ., 1990 

cont'd. 
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Table 9 cont'd. 

Analyte of Interest Comments Reference 

88. Metal binding 
proteins 

89. Vitamins, caffeine 

90. Pol3nnyxins 
(pol3^eptides) 

91. Theophylline 
tablets 

92. Flavanoid-0-
glycosides and 
their flavanoid 
aglycones 

93. Salicylate 
acetaminophen 
antiepileptics 

Zwitterionic surfac-
tant used to achieve 
separation of closely 
related polypeptides 

Separation and deter-
mination of seven 
active ingredients 

Fast-scanning, multi-
wavelength UV 
detection is used 

Comparison of MEKC, 
CE, and capillary 
isotachophoresis 
(CITP) for rapid 
screening and con-
firmation of drugs in 
urine and serum 

Kajiwara, 1991 

Kobayashi et al., 1989 

Kristensen and 
Hansen, 1993 

Dange^aZ., 1993 

Morin e^aZ., 1993 

Caslavska e^aZ., 1993 

94. Explosive residues 
in soils 

High resolution and 
efficiencies of the 
MEKC method 
allowed for "finger-
printing" of complex 
soil extracts, compari-
sons made with RP-
LC method 

Kleibohmer et al., 1993 

95. Flavonol glyco-
sides from Tilia 

96. Substituted 
phenols 

RP-LC and MEKC are 
used for the determin-
ation of nine different 
flavonol glycosides 

Effect of 1-alkyl 
alcohols on separation 
performance 

Pietta et aL, 1993 

Aiken and Huie, 1993 

cont'd. 
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Table 9 cont'd. 

Analyte of Interest Comments Reference 

97. RS-Chloro-
phenir amine 

98. p-Adrenergic 
blocking agents 

99. Glycoconjugates 

100. Alkylaromatic 
Sulphonates 

Cyclodextrin-
modified MEKC 
used for optical 
resolution 
Important in treat-
ment of migraine and 
cardiovascular 
disorders 

Comparison of CE and 
MEKC, separation of 
alkylbenzene sul-
fonate isomers was 
possible only with 
MEKC 

Otsuka and Terabe, 
1993 

Lukkari et al., 1993 

Stefansson and 
Westerlund, 1993 

Desbene et al., 1992 

One of the early applications involved the analysis of antip3n:'etic 
analgesic p repara t ions wi th an emphas is on quan t i t a t ive aspects 
(Fujiwara and Honda, 1987). The use of an internal s tandard allowed 
accurate and reproducible determinat ion of th ree of these analytes . 
Application to a commercial antipyretic analgesic tablet showed the 
usefulness of their analysis method (see Fig. 18). The best separat ion 
conditions were found to be a t pH 11 and a surfactant concentration 
of 0.05 M sodiimi dodecyl sulfate (SDS). I t was concluded t h a t MEKC 
is a viable a l ternat ive to LC. It should be noted t h a t the precision 
was be t te r t h a n 1.4% RSD for the quant i ta t ive determinat ion of the 
three ingredients studied in the commercial tablet. 

T h o r m a n n et al. have invest igated the use of MEKC wi th on 
column, fast-scanning mult iwavelength UV absorption detection for 
the analysis of illicit drugs in himaan urine, direct sample injection of 
subst i tuted purines in h u m a n body fluids, and various barbi tura tes in 
h u m a n se rum (plasma) and u r ine (Thorman and Wernly , 1992; 
Thormann et al., 1991, 1993; Wernly and Thormann, 1991; 1992a,b). 
They successfully demons t r a t ed t h e need for m u l t i w a v e l e n g t h 
detection over a relatively wide wavelength range as a means of peak 
confirmation in MEKC analyses by comparison of absorption spectra. 
The three-dimensional electropherograms, which are generated wi th 
th is type of detection, can also provide valuable information on the 
requi rement and appropriateness of sample pre t rea tment procedures. 
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Fig. 18. Chromatogram shows the separation of the 
main ingredients found in antipyretic anal-
gesics. Experimental conditions: 0.02 M 
phosphate buffer, 0.05 M SDS, pH 11. Capil-
lary (0.1-mm i.d.; 0.15-mm o.d.) length: 80 cm. 
with detection 50 cm. from anode. Solute 
identification: 1, anhydrous caffeine; 2, p-
acetamidophenol; 3, acetylsalicylic acid; 4, 
salicylamide; 5 o-ethoxybenzamide; 6, ethyl 
p-aminobenzoate (internal standard). (Repro-
duced with permission from Fujiwara and 
Honda, 1987.) 

Figure 19 shows three-dimensional electropherograms and their 
respective single wavelength electropherograms for the analysis of 
various drugs. MEKC was found to be suitable for the confirmation 
testing of illicit drugs as it was highly specific, not giving false-positive 
results when samples were tested. In a separate study, MEKC was 
compared to LC for the determination of illicit drugs (Weinberger and 
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Fig. 19. Electropherograms, with single and multiwavelength UV 
detection, of three model mixtures of different drugs. 
Experimental conditions: 0.006 M sodium borate/0.010 M 
sodium phosphate buffer, 0.075 M SDS, pH 9.1. Capillary 
(75 îm i.d.) length: 90 cm. with detection 70 cm. from the 
anode. Sample concentrations: 20 [ig/ml. Applied voltage: 
20 kV (76-80 [AA). Solute Identification: 1, benzoylecgonine; 
2, morphine; 3, heroin; 4, methamphetamine; 5, codeine; 6, 
amphetamine; 7, cocaine; 8, methadone; 9, methaqualone; 
10, flunitrazepam; 11, oxazepam; 12, diazepam; X, impurity 
of benzoylecgonine, benzoic acid. (Reproduced with permis-
sion from Wernly and Thormann, 1991.) 

Lurie, 1991). It was found, for a complex mixture consisting of acidic 
and neutral impurities present in an illicit heroin seizure sample, that 
MEKC was able to resolve twice as many peaks in comparison to LC. 
In the same study it was also determined that illicit cocaine and its 
basic impurities could be analyzed by MEKC without the significant 
tailing that is normally seen with reversed-phase liquid chromatog-
raphy (RPLC) using bonded-phase columns. Overall, MEKC gave 
significantly better efficiency, selectivity, and peak symmetry, as well 
as shorter analysis times in comparison to that obtained with LC. 

The MEKC analysis of vitamins and selected metabolites has 
received a great deal of attention (Burton et aL, 1986a; Fujiwara et 
aL, 1988; Swaile et aL, 1988; Kobayashi et aL, 1989; Nishi et aL, 1989c; 
Ong et aL, 1991d; Swartz, 1991). Capillary electrophoresis (CE) is 
sufficient for the analysis of water soluble vitamins as long as the 
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buffer pH is such that the vitamins possess a net charge. When 
neutral vitamins or other analytes are part of the sample, MEKC has 
to be used. Fat-soluble vitamins A and E were analyzed in a sample 
that also contained water soluble vitamins (Ong et aL, 1991d). The 
separation was accomplished using y-cyclodextrin; this technique has 
been abbreviated CD-MEKC. 

Drugs that are sparingly soluble in water and uncharged should 
be solubilized using the surfactant system employed as opposed to the 
use of organic solvents. The addition of organic solvent to the sample 
can affect the capacity factor (k'), the pseudo-effective mobilities, and 
the resolution of the separation (Ackermans et aL, 1991). Ahuja and 
Foley have investigated the effect of organic solvents in the sample 
matrix in terms of separation efficiencies and it was determined that 
the use of organic solvents such as acetonitrile to aid in solute 
solubilization can greatly diminish separation efficiencies (Ahuja and 
Foley, 1994c). 

7.2, Nucleic Acids 

Nucleic acids are a class of biopolymers that are present in nearly 
all cells and carry the genetic information necessary for cell repro-
duction. They are classified into two groups—deoxyrijbonucleic (DNA) 
and ribonucleic acids (RNA). Both DNA and RNA are polymers of a 
basic repeating unit called a nucleotide. Separations of these high 
molecular weight and long-chained polymers are generally complex 
and vary depending on the type of nucleic acid moiety. 

MEKC was used in the separation of 14 adducted and modified 
nucleic acid constituents (Row et aL, 1987). Resolution of these 
analytes was accomplished in less than 40 min. The high speed sepa-
ration of some mono-, di-, and triphosphorylated ribonucleosides using 
SDS and two cationic surfactants HTAB and DTAB (hexadecyltri-
methylammonium bromide and dodecyltrimethylammonium bromide, 
respectively) was explored (Liu et aL, 1989). The effect of various 
surfactant structures can be seen in Fig. 20. Note the that analysis 
time is within 4 min. The authors concluded that the use of DTAB in 
the buffer phase provided for considerable improvement in resolution 
over CE alone and MEKC with anionic surfactants. The analysis of 
normal and chemically modified nucleobases, nucleosides, and nucleo-
tides has also been studied (Lecoq et aL, 1991). Deoxyribonucleotide 
oligomers were resolved on the basis of their chain length, base 
sequence, and base modification using MEKC (Griest et aL, 1988). In 
1990, Lahey and coworkers reported a superior separation of 14 
nucleosides and nucleotides with MEKC as opposed to that obtained 
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Fig. 20. Effect of surfactant on separation of phosphorylated nucleo-
sides. Buffer: 10 mM Tris, 10 mM Na2HP04, pH = 7.05, (A) 
0.1 M SDS, (B) 0.1 M DTAB, (C) 0.1 M HTAB. Capillary: 45 
cm in length (25 cm to detector). Injection: 5 kV, 2 s. 
Operating voltage: (A) +18 kV, (B) and (C) -18 kV. Best 
separation corresponds to buffer phase consisting of 0.1 M 
DTAB. Peaks: 1, CMP; 2, UMP; 3, GMP; 4, AMP; 5, CDF; 6, 
UDP; 7, GDP; 8, ADP; 9, CTP; 10, UTP; 11, GTP; 12, ATP. 
(Reproduced with permission from Liu et aL, 1989) 

with ion-pairing liquid chromatography (IPLC) (Lahey and St. Claire, 
1990). The optimized IPLC separation could not adequately resolve 
half of the compounds investigated while the MEKC separation of 
these analytes provided sufficient resolution within 40 minutes. A 
recent study which employed glucose as an additive to the micellar 
system facilitated the total separation of a mixture of nine nucleosides 
(Kaneta et aL, 1992). The addition of glucose extended the elution 
range and improved the separation selectivity. This was especially 
effective for nucleosides possessing low capacity factors. Carbo-
hydrate additives could provide a useful means of controlling solute 
selectivity. Further investigations are needed to fully understand the 
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efFectand potential of these tjrpes of additives in MEKC. MEKC is 
somewhat limited in that the small size of the micelles does not 
provide for the solubilization of large biopolymers. We suggest the 
use of mixed micellar systems such as Brij 35/SDS where the micelles 
are much larger, as a possible pseudostationary phase for the 
analysis of larger biopolymers. Addition of bivalent cations to SDS did 
permit the separation of deoxypolythsnnidines up to the 18-mer, pre-
sumably through a micelle-cation-oligonucleotide adsorption phe-
nomenon (Cohen et aL, 1987). The short analysis time afforded 
through the use of MEKC is an attractive alternative to other 
methods of analysis for these types of samples. 

7.3. Peptides 

The discussion here will be limited to small polypeptides. Table 9 
lists numerous applications of MEKC to the analysis of derivatized 
amino acids. The analysis of peptides with MEKC has been primarily 
restricted to oligopeptides. Separation of peptides containing 20 or 
more amino acid residues suffers from the same limitations men-
tioned previously for large biopolymers. Nine oligopeptides were 
separated using an alkaline buffer that contained 200 mM SDS 
(Brownlee and Compton, 1988). Oligonucleotides that differed in 
structure by only their neutral amino acid residues were studied 
using an SDS micellar system (Wainright, 1990). These analytes 
could not be separated with conventional CE. Upon addition of the 
nonionic octyl glucoside to the buffer system, improved resolution 
was seen between two heptapeptides (Swedburg, 1990). 

Angiotensin analogs (cationic peptides) were analyzed with two 
different cationic surfactants (HTAB, DTAB) (Liu et al., 1990). The 
surfactants were added to the micellar system in quantities that were 
both above and below their respective cmc values and the resulting 
separations were compared. SDS based separations of OPA-deriva-
tized peptides were also presented. 

Polymyxins (polypeptides) were separated using a zwitterionic 
surfactant, PAPS (3-(N,N-dimethylhexadecylammoniimi)propanesul-
fonate), as an additive to the running buffer (Kristensen and Hansen, 
1993). The proposed method was deemed useful for both qualitative 
and quantitative measurements on polym5rxins. It was also suggested 
that the developed method is valuable for testing the purity of the 
polymyxins. 

Recently, two publications have appeared in the literature that 
examine the separation of closely related, polypeptides. The separa-
tion of angiotensin II, its derivatives and motihns was accomplished 
using a micellar pseudo-stationary phase that contained the nonionic 
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surfactant Tween 20 (Matsubara and Terabe, 1992). Polypeptides 
with similar electrophoretic mobilities were separated using aceto-
nitrile modified mobile phases (Yashima et aL, 1992). The optimum 
concentration of acetonitrile was determined to be 13% (v/v) for the 
separation of [Met-13]motilin and [Leu-13]motilin as can be seen in 
Fig. 21. This particular study also examined the relationship between 
the size of the peptides and the strength of the interaction between 
thepeptides and the micelle. The authors concluded that it is difficult 
to separate peptides which consist of more than 20 amino acid 
residues without using organic modifiers. 

(A) 

fmM LJ^ 
0 2 4 6 

time (nun) 

(Q 

k-^JJW^ IE 
0 2 . 4 6 

time (min) 

(B) 

^^/^ %M»JlVi^ HWN ^ 

0 2 4 6 8 10 
dme (min) 

(D) 

c: 
1+2 

I fWV^^M^ 

0 2 4 6 
time (min) 

Fig. 21. Separation of motilins by MEKC with acetonitrile: 
(A) 5% acetonitrile; (B) 13% acetonitrile; (C) 20% 
acetonitrile; (D) 25% acetonitrile; (1) [Met^^]-
motilin; (2) [Leul^Jmotilin. Conditions: capillary, 
650 mm x 0.05 mm i.d., 500 mm to detector; 
electrophoretic solutions, 25 mM phosphate-200 
mM borate buffer (pH 7.0) containing 10 mM 
CTAB and acetonitrile at various concentrations; 
temperature, ambient; detection wavelength, 215 
nm. (Reproduced with permission from Yashima 
e^aZ., 1992.) 
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7.4. Other Applications 

Many applications performed using electrokinetic chromatog-
raphy, particularly MEKC, are listed in Table 9. This extensive list 
not only serves to highlight applications in EKC but also displays the 
diversity of the nimierous analyses. The majority of the applications 
performed to date have occurred in the last five to six years. As EKC 
continues to grow and mature as an analytical technique, it is safe to 
assume that the number of applications utilizing EKC will also 
increase. 

8. Conclusions 

Micellar electrokinetic capillary chromatography (MEKC) is a 
rapidly growing area within capillary electrophoresis, largely due to 
its ability to simultaneously separate charged, neutral, and/or chiral 
compounds in a highly efficient manner. Although the thermo-
dynamic aspects of resolution are reasonably well understood, a 
comparable luiderstanding of the kinetic aspects (band-broadening in 
EKC has yet to be attained. We can expect the applications of MEKC 
to continue to grow almost exponentially and to remain somewhat 
ahead of our theoretical understanding, particularly for charged 
solutes and/or more complex EKC systems. We look forward to the 
increase in our comprehension of EKC that future research will 
provide. 

• See Recent Developments (added in press) following references. 
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10. More Recent Developments 

Since the initial writing of this chapter there have been numerous 
advances in EKC. From the use of liposomes as pseudostationary 
phases in EKC (see Fig. 22) (Ahuja and Foley, unpublished results) 
and the suspension of chromatographic particles as pseudophases in 
EKC (Bachmann et al,, 1994) to the advent of affinity electrokinetic 
chromatography (Nishi et al,, 1994; Tanaka et al,, 1994; Tanaka and 
Terabe, 1995) the developments have been rapid. Commercially 
available chiral surfactants (Mazzeo et al,, 1994) should further 
promote the use of MEKC for chiral separations. The elegant use of 
linear solvation energy relationships (LSER) by Yang and Khaledi 
(Yang and Khaledi, 1995a,b) to model solute-surfactant interactions in 
MEKC should provide important information about the nature of 
solute interactions with different types of surfactant aggregates and 
aid in characterizing the important interactions that control migration 
patterns in MEKC. Eventually this could lead to classification of 
surfactants based on their chemical selectivity. 
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Fig. 22. Separation of alkylphenone homologs (Cs-Cia) 
using liposomes as a pseudostationary phase in 
EKC. Liposomes: 50:50 mixture of L-a-phos-
phatidyl choline (egg) and L-a-phosphatidyl 
glycerol (egg). Running buffer: 25mMHEPES 
(pH 7); applied voltage: 30 kV; operating 
ciurent: 8 mA; Hydrodynamic injection: 20 s. 

Although we cannot discuss in detail the breadth and scope of 
these latest advancements at this time, we refer the reader to 
several reviews that have appeared in the literature (Deyl et aL, 
1994; Monnig and Kennedy, 1994; Oefner and Chiesa, 1994; Rogan et 
aL, 1994; Sadecka et aL, 1994; Shimada and Mitamiira, 1994; Smith 
and Evans, 1994; Szulc and Krull, 1994; Terabe et aL, 1994; 
Timerbaev et aL, 1994; Watzig and Dette, 1994; Bruin and Paulus, 
1995; Cancalon, 1995; Issaq and Chan, 1995; Karger et aL, 1995; 
Landers, 1995; Nishi and Terabe, 1995; Tomas-Barberan, 1995; Xu, 
1995) as well as other recently published texts (Camilleri, 1993; 
Landers, 1994; Baker, 1995). 

In the table that follows, recent applications utilizing EKC are 
presented. This is not a comprehensive listing of all the applications 
in recent years, but hopefully it will provide references to several key 
apphcations. 
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Table 10. Se l ec ted Appl icat ions in MEKC a n d EKC 

A n a l y t e of Interes t Comments Reference 

1. Anti-HIV agents 

2. Artificial 
sweeteners 

3. Benzodiazepines 

4. Cardiovascular 
drugs 

5. Cephalosporins 

6. Clinical drugs 

MEKC separation of 
michellamines A and B 
and two other structurally 
related monomers found 
in the extract of the 
Ancistrocladus plants 

MEKC analysis of 
aspartame and saccharin 
as well as other food 
additives 

Ten benzodiazepines base-
line resolved with 25 mM 
SDS, 20% MeOH(v/v), 
75 mM glycine-250 mM 
triethanolamine buffer 

Confirmation testing of 
drugs in human urine 

A micellar electrokinetic 
chromatography method 
was optimized for the 
separation of the six 
cardiovascular drugs 
atenolol, nicardipine, 
nifedipine, diltiazem, 
verapamil, and 
amlodipine 

MEKC used in separation 
of cephalosporin 
antibiotics 

Ovomucoid used as a 
chiral-pseudostationary 
phase in EKC 

Affinity electrokinetic 
chromatography 

(Chane^aZ., 1994a) 

(Thompson et al. 
1995) 

(Bechet e^aZ., 1994) 

(Schafroth et al,, 
1994) 

(Bretnall and 
Clarke, 1995) 

(Sciacchitano et al., 
1994) 

(Ishihama et al. 
1994) 

(Nishi et al., 1994; 
Tanakaetal., 1994; 
Tanaka and Terabe, 
1995) 

cont'd. 
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Table 10 cont'd. 

Analy te of In teres t Comments Reference 

7. Cocaine and Quantitative MEKC 
related substances method developed 

(Trenerry et aL, 
1994) 
(Krogh e^aZ., 1994) 

8. Corticosteriods Mixtures of bile salt 
surfactants and/or SDS 
used to separate a group 
of corticosteriods 

(Bumgarner and 
Khaledi, 1994) 

9. 4-aminobenzo-
nitrile carbo-
hydrate 
derivatives 

10. Dansylated amino 
acids 

11. Estrogens 

12. Fatty acids 

13. FITC and DTAF 
Amino acids 

14. Food Grade 
antioxidants 

15. Glycosamino-
glycan disaccha-
rides 

Optimum resolution 
achieved with 100 mM 
SDS, Tris-phosphate 
buffer, pH 7.5 

Low temperature 
separation of 23 
dansylated amino acids 

Sex hormone estrogens 
separated by MEKC 

Urinary estrogens 

Cs to C20 fatty acids 
separated using MEKC 
with indirect detection 

MEKC with LIF detection 

MEKC used to separate 
four major groups of food 
grade antioxidants 

Separation and 
determination of 
glycosaminoglycan (GAG) 
disaccharides units 
without derivatization 
using MEKC 

(Schwaiger et aL, 
1994) 

(Skocir e^aZ., 1994) 

(Chan et al, 1995) 

(Ji et al., 1995) 

(Erim et aL, 1995) 

(Lalljie and Sandra, 
1995) 

(Hall e^aZ., 1994) 

(Michaelsen et al,, 
1993) 

cont'd. 
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Table 10 cont'd. 

Analy te of Interest Comments Reference 

16. Herbicides Linuron, metolachlor, (Dinelli c^ aZ., 1994) 
atrazine and metsulfuron 
analyzed using MEKC 

Mega-borate complex 
siirfactants (adjustable 
surface charge density) 

Microemulsion EKC and 
Micellar EKC 

(Smith and El Rassi, 
1994a,b; Smith et aL, 
1994) 

(Song e^aZ., 1995) 

17. Honey flavonoids 

18. Metallothionein 
isoforms 

19. Non-steroidal 
anti-inflamma-
tory drugs 

20. Peptides (small) 

Thirteen honey flavonoids 
separated by MEKC 

The charge different iso-
forms MT-1 and MT-2 
from rats, rabbits and 
sheep separated in 9-12 
min using MEKC (SDS) 

CE and MEKC analysis of 
ibuprofen, indomethacin, 
ketoprofen, piroxicam and 
diclofenac 

Fifteen non-steriodal anti-
inflammatory drugs 
separated by MEKC 

Quantitative 
determination 
Mixed fluorocarbon 
hydrocarbon anionic 
surfactants in MEKC 

21. Phenol derivatives Suspension of chroma-
tographic particles used 
as a pseudophase in EKC 

22. Plasma samples SDS used to complex with 
proteins, effect of buffer 
pH is evaluated 

(Delgado et aL, 1994) 

(Beattie and 
Richards, 1994) 

(Donate et aL, 1994) 

(Maboundou et aL, 
1994) 

(Bechet e^aZ., 1995) 

(Ye e^aZ., 1995) 

(Bachmann et aL, 
1994) 

(Watzig and Lloyd, 
1995) 

cont'd. 
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Table 10 cont'd. 

A n a l y t e of In teres t Comments Reference 

23. Polycyclic 
aromatic 
hydrocarbons 
(PAHs) 

24. Porphyrins 

Resorcarenes were 
studied as new 
pseudostationary phases 
in EKC 

Resolution of type I, II, 
III, and IV isomers of 
coproporphyrin as well 
recent advancements 

25. PTH-amino acids CTAB-SDS mixed 
surfactant system 
improves separation 

26. Sunscreen agents UV-A and UV-B 
determined in cosmetic 
products 

27. Taxol and related 
compounds 

28. Xanthine 
derivatives 

Quantitative MEKC was 
applied to determine 
impurities (caffeine and 
xanthine) 

(Bachmann et aL, 
1995) 

(Wuc^aZ., 1994a,b) 

(Ong e^aZ., 1994) 

(Pietta e^aZ., 1995) 

(Chan e^aZ., 1994b) 

(Korman et aL, 1994) 
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1. General Introduction 

Detection is a primary concern in capillary electrophoresis (CE) 
due to the small dimensions associated with the capillary columns 
and the small injection volumes. The most practical approach for 
detection in capillary electrophoresis is to detect the material directly 
within the separation column to preserve the high separation effici-
encies by minimizing extracolumn effects. Conventional high perfor-
mance liquid chromatography (LC) detectors employ volumes much 
larger than that appropriate for CE analysis. Optical detection is 
particularly attractive for CE because any optical technique can be 
performed directly within the capillary column. The flow cell for the 
detector is made by simply removing a section of the polyimide coat-
ing surrounding the capillary. The polymer coating can be removed 
by burning, heating or chemical methods, producing an optical 
window which allows the interrogating light to enter the capillary 
column. In addition, a significant fraction of the light can be 
efficiently introduced into the capillary and focused to spots with 
diameters on the order of 5-100 |im, producing detection volumes 
smaller than the capillary column used for the separation. 

Another advantage of optical detection is the nondestructive 
nature associated with most optical methods. In mass spectrometric 
or electrochemical detection, the analyte is altered chemically via 
ionization, oxidation or reduction. For optical detection, the analyte is 
altered only transiently and returns to its native form allowing the 
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components to be collected and re-analyzed by ancillary techniques. 
However, permanent chemical alterations of the anal3d:e can occur in 
some instances due to photobleaching, which involves converting a 
species in an excited electronic state into a different chemical form. 
Photobleaching is particularly prevalent when tightly focused laser 
beams are used in the optical detection method. There are available 
many different types of optical detection schemes that can be imple-
mented to suit the type of analysis to be performed. The two most 
important criteria that must be addressed when considering an 
appropriate detection strategy are the sensitivity (limits of detection) 
and selectivity needed for the analysis. In addition, the linearity of 
the response with concentration is often a concern. 

A high degree of selectivity results in the ability to detect the 
component of interest in a rather complex matrix with few inter-
ferences from that matrix. Fluorescence is particularly well suited, 
especially when visible excitation is utilized, since few compounds 
demonstrate intrinsic fluorescence in this region of the spectrum. A 
dichotomy arises between selectivity and the universality of the 
detection scheme, with higher selectivity resulting in few components 
that can be detected. Therefore, in some cases, chemical modification 
of the components to be analyzed must be performed in order to 
obtain the necessary analytical signal. If universal detection is 
required, one can resort to UV absorption or refractive index detec-
tion due to the fact that most compounds possess a chromophoric 
group that will absorb UV radiation or have a refractive index differ-
ent from that of the buffered system used in the analysis. UV 
absorption is probably the most prevalent commercially available 
detection strategy associated with CE due to its far-reaching 
applicability. 

The limit of detection is the minimal amount of material that will 
yield a signal significantly greater than the background and, in most 
cases, is a paramount concern associated with choosing a detection 
scheme for CE. It is typically defined as the amount of material that 
yields a signal 2-3 times greater than the peak-to-peak fluctuations in 
the background (noise). The concern for high detection sensitivity 
results from the fact that minute amounts of material are typically 
loaded onto the column. For example, if one uses a 5 s electro-
injection at 5 kV onto a capillary column 50 cm in length with a 
diameter of 50 |im and an apparent solute mobility of 1.5 x 10-^ 
cm^A/'-s, only approximately 1.5 nl of material is introduced. If the 
molar concentration is 1 ^M, the amount of material loaded onto the 
column is 1.5 fmol. 

Table 1 gives typical detection limits for CE using several different 
optical detection strategies as well as electrochemical and mass spec-
trometric detection. It is evident that direct fluorescence is the most 
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sensitive detection scheme currently available for CE, with a mass 
detection limit in the range of 300-500 x 10"24 moles (several hundred 
molecules). Although UV absorption is the most popular detection 
strategy, it suffers from rather poor detection limits. This is primar-
ily due to the short optical pathlength of the capillary column when 
using on-column detection. Another general trend is that detectors 
that are not selective (more universal) are generally less sensitive. 
For example, refractive index detection gives the poorest detection 
limits, but it is the most universal. 

Table 1. Representative Detection Limits in CE Using Various Detec-
tion Strategies 

Detection Mode 

Refractive index 
UV absorption 

Thermo-optical 
Fluorescence 
Indirect fluorescence 
Raman^ 
Electrochemical 
(amperometric) 
Mass spectrometric 

Mass detection limit 
(amol) 

1.2 X 104a 
1.8 X 104 

5.0 X 101 
5.0 X 10-4 
5.0 X 101 
1.7 X 105 
7.0 X 10-1 

1.0 X 10-1 

Reference 

Bruno e^aZ. (1991) 
Walbroehl and 
Jorgenson (1984) 
Yu and Dovichi (1989) 
Flanagan et al, (1995) 
Yeung and Ruhr (1991) 
Chen and Morris (1988) 
Wallingford and Ewing 
(1988) 
Smith e^aZ. (1988) 

^Determined with no applied voltage to the capillary column. The 
detection sensitivity will degrade dramatically with applied voltage. 

^Estimated using an injection volume of 67 nl. 

Linearity of the observed response with concentration is often 
essential in order to obtain quantitative information from the electro-
pherogram. Scott (1977) has defined a function in order to determine 
the linearity of the detector response with concentration: 

log y = log A + r log C (1) 

where y is the detector response, C is the concentration of the 
analyte in the determination, A is a constant and r represents the 
response index of the detector. For detectors with ideal linearity, r = 
1. Detectors that give r values in the range 0.98 < r > 1.02 were 
arbitrarily considered by Scott to be linear detectors. If r is not in this 
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predetermined range, these detectors can still be used to obtain 
quantitative information , but calibration graphs are required. 

In some instances it is beneficial to employ a detection method 
that will reveal structural information about unknown components in 
the electropherogram to aid in identification. Electronic spectra, UV 
absorption or fluorescence, for example, typically offer little informa-
tion with regard to molecular structure due to the broad, featureless 
attributes of the spectra. Mass spectroscopy provides a tremendous 
amount of structural information not available from electronic spec-
tra or refractive index detection. If structural information is neces-
sary from optical detection, Raman detection is an alternative. Typi-
cally, Raman spectroscopy does not offer particularly good detection 
limits, but can yield vibrational information similar, in most cases, to 
that obtained from infrared spectroscopy without the interferences 
associated with the solvent that make IR intractable as a detection 
scheme for CE. Definitive identification of unknown components 
often requires information from several different spectroscopies. 
Optical detection, due to its nondestructive nature, can be coupled to 
another detection mode to yield complementary structural informa-
tion required for conclusive identification of an unknown. For exam-
ple, Raman detection could be used to obtain a vibrational spectrum 
of an unknown, followed by off-column mass spectrometric analysis. 

We will, in this chapter, introduce the reader to several different 
optical detection strategies that have been utilized in CE. We will 
begin with a general theoretical description of the optical technique 
and then discuss instrumental requirements associated with it. Final-
ly, design considerations and current instrumental approaches to CE 
detection implementing each optical spectroscopy will be presented. 

2. Refractive Index Detection 

2.1. Introduction 

The ability to observe a signal from an analyte using refractive 
index detection does not require a chromophoric group on the mole-
cule and, therefore, represents a universal optical detection strategy 
in CE. The only requirement for observing a response is that the 
sample must possess a refractive index different from that of the 
solvent. Since a wide range of compounds can produce a signal, 
chemical derivatization is not necessary, but the electropherogram is 
frequently complex, with many peaks present from interferences 
within the sample matrix. In addition, the limits of refractive index 
detection are poor compared to those of UV absorption or fluores-
cence detection. 
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Several different types of refractive index detectors have been 
implemented in HPLC detection schemes and have been reviewed by 
Yeung (1986). The most common type for CE applications is deflec-
tion. In this method, light rays entering the capillary column are 
refracted or their propagation direction altered as a result of a 
change in the refractive index of the solution filling the interior of the 
capillary tube. The angle of refraction can be calculated via Snell's 
law: 

ni sin 61 = n2 sin 62 (2) 

where ni 2 are the refractive indices of the material on either side of 
the interface and 9i 2 are the angles of the beam with respect to the 
normal of the interface. When using a capillary tube, there are 
actually four interfaces that will cause refraction of the incoming light 
rays. These interfaces, which are defined as the junction point 
between two materials with difference refractive indices, occur when 
the light beam travels from air into the glass, then into the solution 
core of the capillary and through the same two interfaces on the 
opposite side as it leaves the capillary. When a laser beam is used as 
the light source and is focused to a diameter much smaller than the 
diameter of the capillary column, an interference pattern of the 
incoming light is generated (Bornhop and Dovichi, 1986). If a small-
area photodiode is place on one of the fringes of the interference 
pattern in the far-field, a change in the refractive index will cause a 
physical displacement or shift in the fringe which can be measured as 
a decrease in intensity on a photodetector. As shown by Synovec 
(1987), the magnitude of the deflection as a function of a change in 
refractive index (dq/dn) can be determined through the expression 

d q ^ 2D 
dn " --2 (3) 

rn" 

where n is the refractive index of the solution in the capillary, D is 
the offset of the light ray from the capillary center axis and r is the 
inside radius of the capillary. Dovichi (1988) has shown that the 
detection limits for the deflection type refractive index detector are 
independent of the capillary column diameter (pathlength indepen-
dent). Although the detector response is proportional to capillary 
diameter, the major noise component also increases with capillary 
diameter, resulting in no net increase in signal-to-noise for larger 
capillary diameters. 

Major sources of noise associated with refractive index detection in 
CE applications include: (1) thermal fluctuations in the capillary due 
to Joule heating; (2) intensity and pointing instability of the light 



186 STEVEN A. SOPER 

source; and (3) capillary movement resulting from changes in the 
electrical double layer on the interior wall of the column. The 
intensity and pointing instability in the light source can, to a certain 
degree, be minimized by using a dual-beam arrangement by splitting 
off part of the interrogating beam and focusing onto a monitoring 
photocell and subtracting the reference signal from the analytical 
signal. An approach to minimize thermal noise has been suggested 
(Chen et aL, 1989) in which the applied voltage is modulated (elec-
trical modulation), resulting in changes in the velocity of the anal3^es 
within the capillary tube and substantially reducing noise components 
with frequencies outside the passband of the demodulated signal. 

2.2, Applications in CE 

An example of an on-column refractive index detector for CE is 
shown in Fig. 1. The light source is a He-Ne laser which is focused 
into the flow cell using a cylindrical lens, giving a beam waist of 23 x 
600 îm. Using a 50 |im i.d. capillary column, the detection volume 
was estimated to be 1.2 nl. The fringe chosen for the measurement 
was selected by a mirror which directed the refracted light rays onto 
a photocell. A servo system was constructed in order to autozero the 
response by changing the position of the photocell. In order to sim-
plify the fringe pattern generated by the focused laser beam and to 
help control the temperature in the capillary, the capillary was en-
cased in a larger bore tube with a flat front face and a circular back 
face and filled with a fluid with a refractive index similar to that of 
fused silica. Ray tracing diagrams of this flow cell and the flat front 
and back face cell are shown in Fig. 2. The fringe pattern is simplified 
by reducing the number of rays refracted at the external capillary 
wall by immersing the capillary in a fluid of similar refractive index. 
This allows the selection of a fringe which demonstrates a large shift 
in position with small changes in the refractive index of the inner 
solution. The use of a circular back face results in all rays exiting the 
cell perpendicular to the cell. This avoids refraction and reduces 
noise associated with temperature fluctuations at this interface, 
which alters the propagation direction of the rays. 

The noise level in this system, which results primarily from 
temperature fluctuations, was found to be on the order of 2.5 x 10-^ 
refractive index units; this corresponds to a thermal stability of 2.5 x 
10-4°C obtained with pressurized flow. When high voltages were 
applied to the capillary, increased noise in the baseline was observed, 
with the noise level found to increase with higher applied voltages 
due to Joule heating within the capillary. The concentration detec-
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Fig. 1. Refractive index detector for CE. (Reproduced with 
permission from Bruno et al., 1991). 

tion limit for the carbohydrate saccharose was determined to be 10 
iiM (signal-to-noise ratio of 2) or 12 fmol for the 1.2 nl detection 
volume used here. However, these detection limits were reported for 
a pressure driven flow with no high voltage applied to the capillary. 
In addition, the authors state that at currents above 60 |LIA, 
corresponding to an applied voltage of approximately 15 kV for a 50 
^m i.d. capillary tube and a 100 mM borate buffer, the noise levels 
were unacceptable for CE analysis of the saccharides using refractive 
index detection. Although the refractive index change increases with 
capillary diameter, the current within the capillary increases with the 
square of the capillary radius. This results in little gain in sensitivity 
with increasing capillary diameter. 

3. UV Absorption Detection 

3.1, Introduction 

UV detection is one of the most commonly practiced optical 
detection methods in CE. Although it is not the most sensitive detec-
tion mode, most analytes possess chromophores that permit detec-
tion without the need for chemical derivatization prior to the analyt-
ical separation. As a consequence of the large number of compounds 
that absorb UV radiation, the electropherogram is frequently plagued 
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Fig. 2. Ray tracing diagram for light rays traveling 
through a capillary refractive index cell with 
(a) two flat faces and (b) one flat face and a 
circular back face. (Reproduced with per-
mission from Bruno et aL, 1991), 

by interferences that may mask the components to be analyzed. 
Most commercial CE systems incorporate variable wavelength UV 
detectors due to their increased applicability. An important problem 
associated with UV detection is that the small dimensions of the capil-
lary provide an optical pathlength that is exceedingly small compared 
to that of conventional HPLC. This results in small signals super-
imposed on a large background. In addition, postcolumn detection 
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incorporating a conventional HPLC UV detector with an extended 
optical pathlength degrades the high separation efficiencies associated 
with CE. 

In UV detection, photons from a light source impinge upon a 
sample and, if the energy of the photon corresponds to the energy 
difference between electronic levels of the molecule, that photon is 
absorbed and promotes an electron from the ground electronic state 
(SQ) to an excited electronic state (Si). Most UV transitions in organic 
molecules depend on conjugation in the molecular structure and 
involve electrons from an occupied molecular orbital, typically a non-
bonding p or bonding jc-orbital, promoted to the next higher energy 
orbital, for example, an antibonding TC* or a* orbital. The probability of 
an electronic transition is related to the square of the dipole moment 
for that transition, which, in turn, is proportional to the change in the 
electronic charge distribution occurring during the excitation. The 
probability per second of a molecule absorbing a photon with energy 
hv (h = Planck's constant and v is the frequency of the photon) can be 
determined from the product of the number of photons per unit 
volume and the Einstein coefficient for induced absorption between 
electronic energy levels 0 and 1, BQI- BQI is related to the transition 
dipole of the molecule through the equation 

B„ = ^ | R . J (4) 

where c is the speed of light and RQI is the transition dipole moment 
(for a transition to be allowed, Rmn must not equal zero). The more 
familiar term describing the transition probability is the absorption 
coefficient or extinction coefficient, which can be related to the oscilla-
tor strength (f) associated with that transition through the use of the 
equation 

foi = 4.32 X 10-9 I e dv (5) 

where J e dv is the integrated absorption band (wave-number scale) 
for the electronic transition between states 1 and 2. The oscillator 
strength, foi, is related to the Einstein coefficient by the relation 

foi = B o , ^ (6) 
Tie 

where m is the mass of an electron and e is the charge of an 
electron. Typical transitions observed in organic molecules are 7i->7r* 
transitions that have large absorptivity values (e^ax > 10,000) and 
n^Tc* transitions that are of lower energy than n-^n" transitions 
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(occur at longer wavelengths) but display lower absorptivity values 
(emax« 10,000). 

The anal3^ical signal, absorption, can be determined through the 
use of the classical Beer-Lambert law, where the absorption is equal 
to the product of the concentration of the absorbing species (C), the 
optical pathlength (b) and the molar extinction coefficient (e). If the 
concentration of the absorbing species is equal to 1 [iM, and the 
optical pathlength is assumed to be 50 inm with a molar extinction 
coefficient of 20,000 cm-i M-i, the measured absorption would be 1 x 
10-4 AU (absorption units). This simple calculation demonstrates the 
inherent problem associated with UV detection and capillary electro-
phoresis, namely the short optical pathlength. This calculation is not 
entirely correct, with the actual absorbance less than that calculated. 
The reason for this stems from the fact that the capillary columns 
are circular and the effective pathlength is less than the diameter of 
the capillary column. If the interrogating beam illuminates the entire 
inner region of the capillary, the effective pathlength deff) is 

leff = ^'tr (7) 

where r is the radius of the capillary. Utilizing l̂ ff in the above calcu-
lation, the actual measured absorbance value is only 7.8 x 10"^ AU. 

Several other parameters affect the sensitivity of UV detection, 
and the linearity of the response. Bruin and co-workers (1991) have 
recently presented theoretical equations which describe the trans-
mission (T) of light through a small capillary tube in the presence of 
absorbing species, calculated using the following equation: 

T = —f, exp{-2e' C ( r^-x^)^} dx (8) 
2s ^̂  

where s is one-half the aperture width and controls the size of the 
light beam impinging on the capillary tube, e' is In 10 times the molar 
absorptivity and T is expressed as the ratio of N/No, where N is the 
total number of photons that leave the cell when absorption takes 
place and No is the number of photons when no absorption takes 
place. The absorbance is calculated by taking the negative log of T. 
This equation is valid for the case where s is equal to or smaller than 
the inner radius of the capillary. For the case of s » r, the following 
equation can be used to calculate the transmitted light: 

T = ^ ^ + —f, exp{-2e' C ( r^-s^)^} dx (9) 
s 2s 
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Numerical evaluation of these integrals allows one to calculate 
the expected absorbance as a function of concentration, aperture 
width or radius of the capillary column. Figure 3 shows the 
calculated absorbance as a function of the aperture width for a 50 ixm 
i.d. capillary column (350 |im o.d.). As can be seen, a larger 
absorbance value is obtained for smaller aperture widths, due to the 
fact that a larger percentage of the light travels through the inner 
region of the cell, thus resulting in all of the light taking part in the 
absorption process. When the aperture width becomes larger than 
the inner diameter of the capillary, a significant fraction of the light is 
not involved in the absorption process. In the model put forth by 
these authors, refraction was not included. Neglect of refraction in 
this model will result in significant deviation of the experimental 
points from the predicted points at larger aperture widths. 

Capillary diameter 

60 120 180 240 

Aperture width (microns) 
300 

Fig. 3. Theoretical absorbance value as a function of the aper-
ture width (s) for a 50 (xm diameter capillary column. 
Values used in the calculation were; C = 1 x 10-^ M and 
e' = 75000. For s < r, equation 8 was used in the 
calculation and for s > r, equation 9 was used. 

Another interesting consequence of the aperture width with 
respect to the capillary radius is the effect on the linearity of the 
absorbance with concentration (Bruins et al., 1991). The linearity of 
the absorbance occurs over a much greater concentration range for 
smaller aperture widths and decreases as the width gets larger. The 
limited linearity in the response for larger aperture widths is a 
consequence of the light rays being affected by the capillary tube 
itself, which acts as a converging lens. When s « r, the face of the 
capillary appears like a flat surface to the light rays impinging upon 
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it, and the rays go through the capillary unaltered in their direction 
of travel. For s > r, the direction of travel is severely altered and 
focused to a point beyond the outer diameter of the capillary, affect-
ing the amount of light striking the photodetector and resulting in 
nonlinear calibration plots. 

3.2, Instrumental considerations 

A schematic of a simple double-beam UV-vis spectrophotometer is 
shown in Fig. 4. The source is either a deuterium (UV) or tungsten 
(visible) lamp which is imaged onto a grating (monochromator) in 
order to select the appropriate wavelength for the measurement. 
After selection of the wavelength of the light, a rotating sector mirror 
(which is a half reflective and half transparent device) directs the light 

CONCAVE 
MIRROR 

CONCAVE MIRROR 

Q DEUTERIUM 
LAMP 

ENTRANCE 
SLIT 

MIRROR 
GRATING 

SAMPLE 
SECTOR 
MIRROR 

Fig. 4. Block diagram of a simple double-beam UV/vis absorption 
spectrometer. 

onto either the reference or sample cells. Although one can use a 
single-beam device, a double-beam instrument significantly reduces 
drift in the light source and detector. In addition, the double-beam 
arrangement continuously monitors the ratio I/IQ, where I is the light 
intensity passing through the sample and reaching the detector, and 
IQ is the light intensity passing through the reference. This permits 
easy calculation of the absorbance by taking the negative log of this 
ratio. Absorption due to the solvent can also be accounted for using 
the double-beam arrangement. The use of a double-beam configura-
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tion can be very beneficial in CE applications, due to refraction and 
reflection of the light on the circular capillary column. The light from 
the reference and sample cells is detected on a single photomultiplier 
tube and converted into a voltage, from which the absorbance is 
determined from the ratio of these signals. The above configuration 
is typically called a double-beam in time arrangement, since the 
signals from the reference and sample are separated in time by the 
rotating sector mirror. A double-beam instrument in space uses two 
different photomultiplier tubes with the light from the source split 
evenly between the reference and sample cells. 

Absorption is always measured on a large background from the 
source. The signal arises from absorption of a small percentage of 
those photons, with the number of photons absorbed determined by 
the concentration of the absorbing species. The major noise compo-
nent in optical spectroscopies is shot noise. This noise varies with the 
magnitude of the current fluctuations (noise) related to the square 
root of the average output current (number of photons striking the 
detector). The larger the background, the larger these fluctuations 
become. For low concentration measurements, it is advantageous to 
lower the intensity of the lamp on the sample in order to reduce the 
magnitude of the current fluctuations. However, this has the effect 
of lowering the dynamic range of the measurement (higher concen-
trations of the absorbing species result in nonlinearities in the 
measured absorbance values). 

3.3. Applications in CE 

A representative design of an UV detector for on-column detection 
in CE is shown in Fig. 5. The light source used in these experiments 
was a 7 W cadmium pen lamp that emits radiation on two different 
sides, one side serving as the sample beam and the other the refer-
ence beam. In order to control the width of the light such that the 
majority of the photons impinge upon the inner region of the capil-
lary, two 100 ^m pinholes were positioned on either side of the pen-
lamp. The capillary tube (75 |xm i.d.) was located directly behind the 
pinholes (in this particular application, the reference capillary was not 
used). Two photomultiplier tubes were incorporated into the 
arrangement with 229 nm interference filters placed directly in front 
of the capillaries to select the appropriate observation wavelengths. 
The outputs of both photomultipliers were digitized and stored on a 
computer, from which the absorbance values were calculated after 
the electropherogram had been run. Using this system, the mini-
mum detected amounts of the test analytes acridine, lysozyme and 
quinoline were 820, 18 and 120 fmol, respectively, at a signal-to-noise 
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Fig. 5. Diagram of an on-column UV absorption detector for CE. 
(Reproduced with permissionf fromWalbroehl and Jorgenson 
1984). 

ratio of two. The Knear dynamic range was found to be approxi-
mately four orders of magnitude for the test analytes. One interest-
ing observation from this study was that the detection sensitivity was 
a function of the voltage applied to the capillary tube, with higher 
voltages resulting in lower detection sensitivity. For example, an 
applied voltage of 30 kV resulted in detection sensitivity about one-
half that when no voltage was applied to the capillary. Degradation 
in the detection sensitivity at high applied voltages was a consequence 
of vibrations induced in the capillary under high voltage operation, 
which causes increases in the peak-to-peak fluctuations in the 
background. Greater precaution in mounting of the capillary tube 
would rectify this problem. 

Bruins et al. (1991) have recently made a critical comparison 
between different optical arrangements of UV detectors in terms of 
the linearity of response, sensitivity and band broadening in CE. The 
three designs investigated included: (1) on-column detection with an 
aperture to control the width of the interrogating light, (2) on-column 
detection with a focusing lens placed directly in front of the capillary, 
and (3) off-column detection in a U-shaped flow cell with an optical 
pathlength of 8.0 mm. The U cell with extended pathlength resulted 
in the lowest detection limit, with a concentration detection limit of 
approximately 1 x 10-'̂  M, but also demonstrated severe nonlineari-
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ties in the response vs. concentration when compared to the on-
column detectors due to complex reflection and refraction of the Ught 
where it enters the cell. As expected, the U-shaped cell contributed 
significantly to band broadening. 

To increase the optical pathlength for UV detection without 
degrading the separation efficiencies, Tsuda et al. (1990) have used 
rectangular-shaped capillaries. Theoretical plate numbers were com-
pared between circular (51 îm i.d.), square (50 x 50 ^m i.d.) and rec-
tangular (27 X 340 \ira i.d.) capillary columns. In all cases, the num-
ber of theoretical plates for the test analyte pyridoxine was found to 
be approximately 2 x 10^ plates. No degradation in separation effici-
ency was observed for square or rectangular bore capillary columns 
when compared to the round bore tubes. The detection sensitivity 
using a 50 X 1000 îm rectangular capillary (the optical pathlength 
defined by the 50 or 1000 ^m dimension of the capillary) demon-
strated that at low concentrations a 20-fold improvement in the 
minimum detectable concentration resulted with the 1000 iim optical 
pathlength. Another decisive advantage of the flat face capillary is 
that refraction and reflection effects inherent in circular capillaries 
are negligible. This results in reduction of nonlinear signals, yielding 
a large dynamic range, especially when the aperture width is large 
compared to the internal dimensions of the capillary. 

Another interesting technique to increase the optical pathlength 
has been suggested recently by Xi and Yeung (1990, 1991). In this 
approach, the interrogating beam is launched down the entire length 
of the capillary column. Using axial-beam illumination, the path-
length is determined by the physical length of the analyte bands 
traveling through the capillary. A schematic of an axial-beam absorp-
tion detector for CE using a conventional light source is shown in Fig. 
6. The radiation from a UV light source (deuterium lamp) is collected 
and imaged onto a diffraction grating to select the appropriate wave-
length with the light coupled (focused) into the capillary with a small 
ball lens. The transmitted light was collected at the high-voltage end 
using an optical fiber and delivered onto the photomultiplier tube. 
Transmission of the light through the entire length of the capillary is 
based upon the same principle that allows light to propagate down 
optical fibers, total internal reflection. The refractive index of the 
core, as with optical fibers (in this case the fluid filled region of the 
capillary column), must be greater than the fused silica casing. Since 
fused silica has a refractive index of 1.458, and water has a refractive 
index of 1.333, water would not permit sufficient light to travel 
through the capillary column. Therefore, dimethyl sulfoxide (refrac-
tive index = 1.4770) is used as the solvent for the electrophoresis. 
The electropherogram of the test analytes acridine and 3-
aminoquinoline is shown in Fig. 7. The unusual shape of the electro-
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Fig. 6. Diagram of an axial-beam UV absorption detector. 
(Reproduced with permission from Xi and Yeung, 1991). 

Time (min) 

Fig. 7. Integrating electropherogram of acridine and 
3-aminoquinoline using axial-beam excitation. 
(Reproduced with permission from Xi and 
Yeung, 1991). 
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pherogram results from the axial-beam illumination, which integrates 
the observed absorbances. When the analytes elute from the 
column, a decrease in the absorbance results. If the first derivative 
of the integrated electropherogram is performed, a peak-shaped 
electropherogram would result with a concomitant loss in signal-to-
noise. The limits of detection at a signal-to-noise ratio of 3 for 
acridine and 3-aminoquinoline using the axial arrangement were 1.9 x 
10-'7 M and 1.1 x 10-^ M, respectively. 

4. Thermo-Optical Detection 

4,1, Introduction 

The pathlength dependence for absorption measurements is a 
vital concern in terms of sensitivity for CE. An alternative to conven-
tional absorption measurements is a thermo-optical detection 
scheme. The detection utilizes a crossed-laser beam arrangement in 
which one beam, the pump beam, is tuned to an electronic transition 
associated with the analytes under investigation and the second 
beam, the probe beam, is positioned 90° with respect to the 
propagation direction of the pump beam. In thermo-optical measure-
ments, the pump beam generates an excited state population of 
anal3i:e molecules which decay nonradiatively to the ground state, 
producing a rise in the temperature of the sample and a change in 
the refractive index of the solution. Since a change in refractive index 
of the solution results, the propagation direction of the probe beam is 
altered due to refraction. The analytical signal is determined by 
measuring the shift in the propagation direction and the defocusing of 
the probe beam by monitoring the center intensity of the probe beam 
in the far-field on a photodetector. The relative shift in the probe 
beam in the far-field is proportional to the laser power and e, where e 
is given by 

^^ 4.606. C(<in^T,)Z. ^̂ ^̂  

where e is the molar absorptivity, C is the concentration of the 
absorbing species, dn/dT is the change in solution refractive index 
with temperature at the probe beam wavelength, Zi is the distance of 
the probe beam waist from the intersection region of the two beams, 
(0 is the pump laser beam waist and k is the thermal conductivity of 
the solvent (Dovichi et al,, 1984). Inspection of this relationship shows 
that the thermo-optical signal is independent of the optical pathlength 
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of the probe and pump beam. Bornhop and Dovichi (1987) have 
demonstrated that the thermo-optical response is pathlength inde-
pendent for capillaries with diameters ranging from 50 to 500 )Lim, 
which makes this detection strategy particularly attractive for on-
column detection in CE. 

Several factors affect the magnitude of the response and noise 
associated with the measured thermo-optical signal. Fluorescence of 
the absorbing species results in smaller temperature rises and 
smaller thermo-optical signals; therefore, the probe molecule should 
possess small fluorescence quantum jdelds. Since the perturbation of 
the probe beam depends upon the solvent as well, namely through 
its thermal conductivity and change in refractive index with 
temperature (dn/dT), some solvents will yield higher sensitivity than 
others. For example, methanol has been shown to yield lower 
detection limits for thermo-optical measurements compared to water 
due to superior thermo-optical properties (Nolan et al., 1984). Noise 
contributions to the observed response result primarily from intensity 
fluctuations in the probe beam and air flow in the surrounding 
environment which perturbs the propagation direction of the probe 
beam and induces temperature fluctuations in the capillary column. 
Temperature fluctuations can be particularly troublesome in capillary 
columns due to the high surface-to-volume ratio and the low heat 
capacity of the thin capillary wall. Additionally, since the temperature 
changes which occur during a typical thermo-optical measurement 
are very small, in the range of one degree Kelvin, the capillary must 
be mounted on a large heat sink to reduce temperature drifts. 

4,2, Applications in CE 

A schematic of a thermo-optical absorbance detector for CE is 
shown in Fig. 8. This detector was used to detect amino acids labeled 
with (dimethylamino)azobenzenesulfonyl chloride (DABSYL), which 
forms stable and highly colored adducts that display negligible fluor-
escence. The pump beam was supplied by either an He-Cd laser (4 
mW, 442 nm) or an argon ion laser (125 mW, 458 nm). The probe 
beam was a helium-neon (He-Ne) laser (1 mW, 632.8 nm). The pump 
beam was modulated with an optical chopper, with the reference sig-
nal originating from the chopper itself. The modulated signal results 
from a periodic refraction of the probe beam when the pump beam is 
impinging upon the capillary tube. The modulated signal is detected 
on a small-area photodiode. Both beams are focused into the capil-
lary column with microscope objectives, yielding an effective probe 
volume, defined by the intersection of these beams, of approximately 
1 pi. The detection sensitivity for the glycine-labeled adduct was 260 
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Fig. 8. Schematic of a crossed-beam thermo-optical 
detector for CE. (Reproduced with permission 
from Yu and Dovichi, 1989). 

amol for the He-Cd pump beam arrangement and 40 amol for the 
argon ion pump configuration at a signal-to-noise ratio of three. The 
higher sensitivity for the argon ion pump laser results from the 
higher output power for this laser and from the linear dependence of 
the thermo-optical signal on pump power. Although it is advantage-
ous to use a relatively high power laser for the pump beam to 
improve the limits of detection, a cheap, low-power He-Ne laser can 
be used as the probe beam. 

5. Fluorescence Detection 

5.1. Introduction 

Fluorescence presents the practitioner of CE with a detection 
scheme that is both selective and sensitive. The instrumental 
simplicity of the technique along with the sensitivity, especially when 
lasers are used as the excitation source, makes fluorescence 
detection one of the most attractive detection schemes available for 
CE. The sensitivity of fluorescence detection has recently been 
demonstrated at the single molecule level in condensed phases 
(Shera et al., 1990; Soper et al., 1990, 1992). The necessity for 
ultrasensitive detection in CE becomes particularly important when 
reducing the diameter of the capillary column and attempting to 
analyze minute samples, such as the contents of single cells 
(Kennedy and Jorgenson, 1989; Gates et al., 1990). The selectivity of 
fluorescence results from the fact that few compounds demonstrate 
intrinsic fluorescence, especially in the visible region of the spectrum. 
Therefore, components can be detected and analyzed in complex 
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matrices with minimal interferences and little need for extensive 
sample cleanup prior to the analytical separation. Although the 
limited number of compounds which demonstrate intrinsic fluores-
cence makes detection prohibitive in many cases, this has become 
less of a constraint with the development of a number of different 
fluorescent tagging reagents. These tags are designed to convert a 
particular non-fluorescent species into fluorescent components in a 
region of the spectrum that shows little interference from the matrix. 
Examples of fluorescent tags include o-phthalaldehyde (OPA) and 
naphthalenedialdehyde (NDA), which react exclusively with primary 
amines and form isoindoles that fluoresce with high efficiencies in the 
UV or visible region of the spectrum. 

Several references are available which describe fluorescence 
spectroscopy in detail from both a theoretical and experimental 
viewpoint (Winefordner et al., 1972; Wehry, 1976; Schulman, 1977; 
Lakowicz, 1983; Dewey, 1991). We will present here only a brief 
description of fluorescence and a discussion of the instrumental com-
ponents necessary to perform a fluorescence experiment. We will 
then discuss in detail the design considerations for construction of a 
fluorescence detector for CE and current instrumental arrangements 
used in CE analysis. 

The process of fluorescence and other processes which compete 
with fluorescence to depopulate the excited-singlet state are shown 
schematically in the simplified Jablonski diagram depicted in Fig. 9. 
Upon excitation (k^) of the molecule with a photon of energy corre-
sponding to the energy difference between the ground (SQ) and first 
excited singlet state (Si), the molecule relaxes to the ground state via 
internal conversion (kj^), intersystem crossing to the triplet state 
(kig), other non-radiative manifolds (knr) or fluorescence (kf). Once 
the molecule is in the triplet state, it may return to the singlet 
ground state by phosphorescence (kp) or a nonradiative route (k^r). 
In order to compare the fluorescence efficiencies of various fluoro-
phores, the fluorescence quantum efficiency (Of), defined as the prob-
ability of fluorescence emission once the molecule has been promoted 
to the excited state, is measured experimentally. The quantum 
efficiency is defined as: 

Of= ^ (11) 
kf + kjc + kjs + kj^j. 

where k^. are additional non-radiative paths that serve to depopulate 
Si , for example, excited-state reactions such as proton transfer, 
charge transfer or isomerizations. The larger the fluorescence 
quantum efficiency, the more effective (better sensitivity) is the fluor-
escent probe used for detection. The quantum efficiency is affected 
by a number of different parameters, including properties associated 
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Fig. 9. Simplified Jablonski diagram which depicts the 
processes which depopulate the excited singlet 
state (see text for details). The rate of each 
process (k) has units of s-i and is first order. 

with the solvent, for example, solvent polarity, pH and the 
concentration of dissolved oxygen. 

The intensity of a fluorescence signal (If), in the limit of low 
concentrations of the fluorescing species, can be expressed through 
the use of the following relation. 

If = 2 .3I ,bCOfeF(e)G(X) (12) 

where IQ is the incident photon flux, b is the pathlength, C is the 
concentration of the fluorescent species, £ is the molar absorptivity of 
the fluorophore, F(e) is the instrumental collection and transmission 
efficiency of the fluorescent photons, and G(X) is the quantum effici-
ency of the photodetector at the monitored wavelengths. Inserting 
typical values into the above expression (IQ = 2 x lO^^ photons s-i, b = 
50 X 10-4 cm. Of = 0.25, £= 20,000 cm-i M-i, F(e) = 0.01, G(X) = 0.10), 
the expected number of fluorescent photons per second for 600,000 
molecules (1 amol) in the detection volume (50.0 pi) is 4 x 10^. Equa-
tion 12 also provides information on the instrumental and photophysi-
cal parameters associated with the fluorescent compound, which may 
be optimized to increase the sensitivity. For example, increasing the 
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excitation power (IQ) results in an increase in the observed fluores-
cence intensity. While the fluorescence intensity does scale linearly 
with IQ at a certain flux, called the saturation point, the fluorescence 
fails to increase with further increases in intensity. The saturation 
arises from the finite period of time the molecule spends in the 
excited state, described by its fluorescence lifetime (xf). 

The emission spectra are typically shifted to lower energy (higher 
wavelengths) when compared to the excitation spectra. This results 
from a fast relaxation process, ky (Fig. 9) on the picosecond time 
scale, to the lowest vibrational state of S^ from which the fluores-
cence emission occurs to excited vibrational levels of SQ. The shift 
between the excitation and emission spectra is called the Stokes' 
shift. Another feature sometimes present is band structure in the 
excitation and emission spectra with a mirror image relationship 
between these spectra. The band structure results from transitions 
between vibrational levels in S^ and SQ, with the magnitude of these 
bands related to the probability of a particular transition between the 
vibrational states in SQ and S^ giving rise to that band (defined as 
Franck-Condon factors). The Franck-Condon factors for a particular 
transition are equally probable for absorption and emission processes, 
resulting in the mirror image relationship. In some cases the mirror 
image relationship is not observed. The breakdown in the mirror 
image relationship is usually a consequence of geometrical differences 
between nuclei in the excited and ground electronic states. 

5.2. Instrumental Considerations 

The principal components of a fluorescence spectrometer are 
shown in Fig. 10. A Xe arc lamp is typically used since a high inten-
sity light source is desirable in the fluorescence analysis. A mono-
chromator selects the appropriate excitation wavelength when a 
broad band source is used. If a laser is used as the excitation source, 
a monochromator may be omitted due to the monochromaticity of 
the laser, but an optical filter is often used to eliminate plasma lines 
from the gas discharge. The fluorescence is usually collected at 90'' 
to the excitation light with a lens f matched to the emission mono-
chromator and the photons detected with a photomultiplier tube. 
The primary advantage of fluorescence compared to absorption is the 
fact that the signal of interest is measured on a "dark" background. 
In an absorption measurement, the signal is measured on a high 
background. Since the signal-to-noise ratio in optical measurements 
increases inversely with the background, better sensitivity is always 
associated with lower background levels. The major factor limiting 
the sensitivity of fluorescence measurements is the ability to discrimi-
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Fig. 10. Block diagram showing the principal components of 
a fluorescence spectrometer. XE = xenon lamp 
source; R = reference quantum counter; Mono 1 = 
excitation monochromator; C = cell; Mono 2 = 
emission monochromator; D = photodetector; CV = 
current to voltage converter; COMP = computer for 
data acquisition and analysis. 

nate the fluorescent photons from the background scattered or stray 
photons created by the excitation beam and solvent molecules. 
Therefore, great care and effort must be devoted to effectively filter-
ing the excitation light from the photodetector. In addition, Raman 
scattered photons from the solvent often overlap the emission band 
from the fluorophores. In this case, optical filtering is ineffective in 
eliminating this source of background. For example, the predomi-
nant Raman bands from water occur at 1650 and 3200 cm-i. If the 
fluorescence is excited at 488 nm, these bands occur at 531 and 578 
nm. The ideal detector would be designed such that the observation 
wavelengths occur between or prior to these wavelengths to 
minimize background. Typically, optical filtering alone cannot com-
pletely eliminate the scattering background. An approach which 
significantly reduces background-scattered photons is a technique 
called time-gating (Haugen and Lytle, 1981), in which the sample is 
excited by a light pulse of short duration (picosecond time regime) and 
the counting electronics are configured to look at only the late 
arriving photons. Since the scattering photons are coincident with 
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the light pulse and a significant fraction of the fluorescent photons 
are delayed with respect to the light pulse, backgrounds free from 
scattering photons can be obtained. 

The detection sensitivity in a typical CE experiment utilizing 
fluorescence is, in most cases, limited by background photons. The 
signal-to-noise ratio is given by the ratio Uf/nb̂ ^̂ ^ where Uf is the 
number of fluorescent photons and n^ is the average number of 
background photons. Since the background and fluorescent photons 
scale linearly with the excitation intensity, the signal-to-noise ratio 
increases with the square root of the excitation intensity. This 
relationship holds to the saturation point, where the fluorescence 
fails to increase linearly with intensity, although the background 
scattering photons continue to increase with excitation intensity. The 
optimal intensity for the detection is selected near the saturation 
point. The saturation intensity can be determined, to a first approxi-
mation, from the reciprocal of the fluorescence lifetime and the 
calculated absorption rate (k^) per molecule by: 

ka = 3.8 X 10-21 e I (13) 

where I is the laser irradiance in photons s-i cm-2. When l/k^ = tf, 
the transition is saturated. Another process that may result in non-
linearities in the fluorescence intensity is photobleaching. Photo-
bleaching is particularly significant when tightly focused laser beams 
are used to excite the fluorescence and the molecules reside within 
the excitation beam for extended periods of time, as is the case for 
slowly moving components in an electropherogram. Photobleaching 
the fluorescent molecules results in irreversible chemical changes, 
converting them from fluorescent to non-fluorescent species. When 
choosing the optimal intensity for detection, both saturation and 
photobleaching must be considered (Shear et aL, 1993). 

When developing a fluorescence detector for CE, the excitation 
wavelength is chosen to match the maximum in the excitation 
spectrum (large e value). Also, it is essential to inject a large number 
of photons into the capillary columns in order to obtain favorable 
sensitivity. Therefore, in most applications, lasers are used as excita-
tion sources in CE analysis due to their superior spatial coherence 
and large photon flux. The principal disadvantage of a laser as an 
excitation source results from the high cost and complexity of the 
device and the narrow tuning range when compared to conventional 
light sources. For example, the He-Cd laser has only two operating 
wavelengths, 325 and 442 nm, but can deliver up to a few milliwatts 
of power at these wavelengths. In addition, a single lens can be used 
to focus the laser light to a spot of approximately 10-20 îm in 
diameter, efficiently coupling all of the photons into the small capil-
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lary column. Conventional light sources require elaborate optical 
arrangements to focus a large percentage of the photons into the 
capillary. Even when exercising extreme care, spot diameters 
smaller than those obtained with lasers are not achievable. Although 
the small tuning range of the laser can be a disadvantage, derivatiza-
tion procedures circumvent this problem to some degree. With 
regard to the cost and complexity associated with lasers as excitation 
sources for fluorescence detectors, solid-state and diode lasers will 
offer viable alternatives to ion lasers and will help to reduce the 
operating costs associated with gas ion lasers. Diode lasers are par-
ticularly attractive due to their low cost and ease of operation. 
Although diode lasers operate in the near infrared (660-850 nm), 
frequency doubling can generate a few microwatts of blue light. 

Fluorescence is typically collected at 90° to the exciting light by a 
lens and directed onto the phototube. Since the fluorescence 
emission is isotropic, collecting a significant fraction of the fluorescent 
photons becomes a challenging task. The best collection lens to use 
is a microscope objective with a high numerical aperture (low f 
number). For example, a microscope objective with a numerical aper-
ture of 0.6 collects approximately 10% of the light, while a numerical 
aperture of 0.2 results in only 1% of the light being collected. In 
comparison, a single component lens with an / / # of 1.0 will collect 
only approximately 7% of the fluorescent light. In addition to a high 
collection efficiency, the imaging properties of objectives are superior 
to those of single component lenses. The imaging quality associated 
with microscope objectives allows the use of a spatial filter or slit at 
the secondary focal plane of the objective, which prevents a 
significant number of scattered photons generated by the excitation 
light striking the interface between air and the glass of the capillary 
from reaching the photodetector. Therefore, the slit can be adjusted 
so that the background photons generated at these interfaces 
impinge upon the face of the slit, while the fluorescent light gener-
ated from within the capillary is allowed to pass through the slit. 

To further isolate the fluorescence photons from background 
photons, a monochromator or bandpass filter is placed directly in 
front of the phototube. The advantage of using a monochromator is 
the flexibility associated with the device. It can easily be tuned to the 
desired wavelength region, and the width of the observation window 
adjusted simply by changing the slit width. The cost associated with 
the monochromator and the low throughput of the device are definite 
disadvantages. A monochromator with an f/# of 4 will permit only 
approximately 0.3% of the light to be transmitted. On the other 
hand, a spectral filter is less expensive than a monochromator and 
transmits nearly 70-80% of the light at the maximum in the pass-
band. The difficulty with spectral bandpass filters results from the 
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loss of flexibility associated with their use. The width of the passband 
is fixed for a particular filter and can not be changed; however, the 
position of the passband can be controlled to a certain degree simply 
by changing the angle of incidence of the fluorescence light on the 
face of the spectral filter. Angle-tuning the filter can shift the pass-
band to lower wavelengths by several tens of nanometers . 

The final component of any fluorescence experiment is the photo-
detector. There are a variety of different types of detectors that may 
be chosen to suit the particular application. The workhorse detector 
has traditionally been the photomultiplier tube with a bi- or multi-
alkali photocathode. The proper choice of photomultiplier tube is 
selected with respect to the observation wavelengths, since photo-
multiplier tubes have quantum efficiencies that are wavelength 
dependent. Typical quantum efficiencies of photomultipliers are in 
the range of 10-20%. In addition, consideration should be given to 
the background or "dark" counts associated with the phototube. The 
associated components for a phototube are a high voltage power 
supply and a current-to-voltage converter which permits the output 
of the photomultiplier to be fed directly into an analog recorder or 
computer after digitization of the analog signal. A diagram of a simple 
home-built current-to-voltage converter with variable gain and low 
pass filter is shown in Fig. 11. The output voltage, VQ, of the 
converter is given by Vout = -Ri-5 Iin> where li^ is the output current 
from the photomultiplier and Ri_5 is a series of resistors. The gain in 
the converter is determined by the value of the resistor used across 
the operational amplifier. For example, a 0.1 M.A output current will 
require a 10 M^ resistor to give an output voltage of 1 V. The low 
pass filter allows low frequency components of the signal to be unper-
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Fig. 11. Current-to-voltage converter with variable gain and a 
high frequency filter. OP = operational amplifier; Ri_5 = 
resistors; C = capacitor of low pass filter; R = resistor of 
low pass filter. 
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turbed, but attenuates the high frequency components which 
typically mask the analytical signal (noise). The cut-off frequency can 
be altered by changing the values of the capacitor and resistor in the 
circuit. For example, if the capacitor of the filter has a value of 1.0 |LIF 
and the resistor has a value of 1.0 kn, an input voltage with a 
frequency of 159 Hz would be attenuated to approximately 70% of its 
initial amplitude (1/2KRC). 

An alternative to analog detection is to design the detection 
system in a photon counting configuration, which has been demon-
strated to yield better sensitivity when compared to analog detection 
(see, for example, Nakamura and Schwarz, 1968; Jones et al., 1971; 
Ingle and Crouch, 1972). In this approach, the output pulses from 
the photomultiplier are amplified and only those pulses whose magni-
tude exceeds a predetermined threshold are counted by a digital 
counter. The increased sensitivity of photon counting arises from the 
fact that thermionic noise generated in the dynode chain of the photo-
multiplier yields smaller amplitude pulses than those generated at 
the photocathode. Therefore, the thermionic noise from the detector 
can be effectively discriminated from the fluorescent photons. A 
disadvantage of photon counting is the limited dynamic range of the 
technique. High photon count rates result in nonlinearities in the 
response; therefore, photon counting is used only when the 
magnitude of the background is small. 

In addition to photomultiplier tubes, another detector that shows 
great promise for fluorescence is single photon avalanche diodes. 
These devices have quantum efficiencies approaching 40-60% in the 
visible and near infrared region of the spectrum with dark count 
rates that are comparable to those of photomultiplier tubes. The 
primary disadvantage associated with these diodes is the small photo-
active area, typically 150 iim in diameter. Good imaging optics are 
required to focus the fluorescence onto the small photosensitive area. 

5.3, Applications in CE 

A laser-induced fluorescence detector for CE is shown in Fig. 12. 
The excitation source is a He-Cd laser that can deliver 1.5 mW of 
power at 325 nm and 10 mW of power at 442 nm. The output of the 
laser is passed through an interference filter which removes plasma 
lines from the beam. In this system, part of the beam is split off and 
directed onto a photovoltaic cell, which reduces the low frequency 
noise and drift associated with the laser output by subtracting the 
signal of the photovoltaic cell from the photomultiplier tube output. 
The laser light is focused onto the capillary column and the fluores-
cence is collected at right angles to the excitation beam. In addition. 
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Fig. 12. A laser-induced fluorescence detector for CE using a He-
Cd laser for excitation (Guthrie et al., 1984). The detec-
tion optics are positioned 30° from the scattering plane to 
reduce the amount of background photons reaching the 
photodetector. 

collection optics are situated 30° from the scattering plane in order to 
further reduce the background level. A low pass filter was used to 
eliminate the high frequency noise. The minimum detectable concen-
trations for 9-methylanthracene (325 nm excitation) and riboflavin 
(442 nm excitation) using this system were 25 and 0.36 ng/ml, 
respectively. For comparison purposes, the detection limit of 9-
methylanthracene was determined with the same system, but using 
a mercury arc lamp as the excitation source (365 nm), and was found 
to be 3.7 ng/ml. The superior detection limit for the mercury arc 
lamp was a consequence of its higher energy output and the higher 
molar extinction coefficient of 9-methylanthracene at 365 nm. The 
authors have also used this laser fluorescence system to detect 
amino acids derivatized with OPA, NDA and fluorescein isothio-
cyanate (FITC) (Nickerson and Jorgenson, 1988a,b). The principal 
advantage of these derivatizing reagents is that the adducts have 
large absorption coefficients at 325 nm (OPA) and 442 nm (NDA, 
FITC). The minimum detectable quantities were found to be 80 amol 
for the OPA adducts, 12 amol for the NDA adducts and 1.1 amol for 
the FITC adducts. The poor detection limits for the OPA adducts are 
a consequence of UV excitation, giving rise to a larger background 
and the necessity for precolumn derivatization. The OPA adducts are 



OPTICAL DETECTION STRATEGIES IN CE 209 

chemically unstable (Chen et al., 1979; Nakamura et al., 1982; 
Stobaugh et aL, 1983) and show decreases in fluorescence intensities 
with time. Although the FITC adducts yielded the lowest detection 
limits, the native reagent is fluorescent, creating a large peak in the 
electropherogram from unreacted dye. 

The minimum detectable quantities of fluorescein were deter-
mined using four different excitation sources: xenon arc lamp, deuter-
ium lamp, tungsten lamp and an Ar ion laser operating at 488 nm 
(Albin et al,, 1991). The fluorescence was collected with dual optical 
fibers situated at an angle of 90' to the excitation beam and emission 
directed onto the photomultiplier tube. The concentration detection 
limits for fluorescein were found to be 4 ng/ml for the xenon lamp, 60 
ng/ml for the deuterium lamp, 20 ng/ml for the tungsten lamp and 
0.27 ng/ml for the Ar ion laser. The superior detection limits dis-
played for this laser result from higher output powers (40 mW) and a 
large absorption coefficient at the lasing wavelength. 

Impressive mass detection limits using laser-induced fluorescence 
detection for CE have been obtained by Dovichi (1988, 1989). In this 
work, the detection is actually performed off-column in a sheath-flow 
cuvette. A schematic of the sheath-flow cuvette is shown in Fig. 13. 
The capillary is inserted into a 250 iim square bore glass cell. Sur-
rounding the sample stream from the capillary is a sheath-flow com-
posed of the buffer used in the electrophoresis. 

The sheath-flow is driven through the cell with a stable syringe 
pump and connected to ground to complete the electrophoresis 
circuit. If the sheath stream is run at a flow rate exceeding that of 
the sample stream, the sample stream is reduced in diameter close 
to the output of the capillary. The diameter of the sample stream is 
determined by the ratio of the flow velocities between the sample and 
sheath streams. The advantage of using this arrangement results 
from the identical composition of the sheath and sample streams. 
Therefore, light scatter can be significantly reduced because virtually 
no refractive index change occurs at the sheath/sample stream 
interface. Figure 13 shows the electropherogram of 18 amino acids 
derivatized with FITC using the 488 nm output of the Ar ion laser for 
excitation. In this electropherogram, between 2 and 10 amol were 
introduced into the electrophoresis system. The detection limits for 
the FITC-labeled amino acids ranged between 0.9 and 15 x 10-20 
moles, or approximately 6,000 to 90,000 molecules. 

As previously mentioned, diode lasers are an attractive alternative 
to ion lasers due to their low cost and simplicity of operation. These 
lasers typically lase in the near infrared region of the spectrum, 
which can be an ideal region to observe the fluorescence due to the 
limited number of compounds that demonstrate intrinsic fluorescence 
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Fig. 13. Sheath flow cuvette used for laser-induced fluores-
cence detection in CE (see text for details) and 
electropherogram of amino acids (2-10 amol) 
derivatized with FITC and detected using laser 
excitation and the sheath flow cuvette (Dovichi and 
Cheng, 1988). Amino acid peaks are: 1, Arg; 2, Lys; 3, 
Leu; 4, lie; 5, Trp; 6, Met; 7, Phe, Val, His and Pro; 8, 
Thr; 9, Ser; 10, Cys; 11, Ala; 12, Gly; 13, Tyr; 14, Glu; 
and 15, Asp. The peaks in the electropherogram 
marked with a B are reagent blank peaks. 

in the near infrared. Higashijima and co-workers (1992) have 
recently demonstrated fluorescence detection of amino acids in the 
near infrared using a diode laser as the excitation source. The amino 
acids were labeled with a newly synthesized labeling reagent consist-
ing of a thiazine chromophore (absorption maxima at 670 nm). The 
detection limits for the labeled amino acids using a diode laser (660 
nm, 2 mW) for excitation were found to be in the range of 10 pmol. 
The rather poor detection limits were a consequence of the less than 
optimal conditions of the tagging reaction and the poor aqueous 
chemical stability of the fluoroprobe. The authors also used the 
frequency-doubled output of the diode laser to detect amino acids 
labeled with the visible dye 7-diethylaminocoumarin-3-carboxylic acid 
succinimidyl ester and reported detection limits of 100 amol. The use 
of diode lasers in the visible and near infrared will be an integral part 
of fluorescence detection for CE. 
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5,4, Fluorescence Derivatization 

Although the selectivity of fluorescence can be an advantage, it 
may create problems due to the limited number of compounds that 
demonstrate intrinsic fluorescence, especially in the visible region of 
the spectrum. The visible region is particularly beneficial because of 
the limited number of interferences that may be present, permitting 
sensitive detection of analytes in rather complex matrices. In addi-
tion, since lasers are typically used as excitation sources for fluores-
cence, all of the components to be determined should display excita-
tion maxima close to the fixed wavelengths of the laser. These 
concerns can be circumvented using derivatization to convert non-
fluorescent components into fluorescent ones with similar excitation 
maxima. One common derivatizing agent is OPA (Roth, 1971), which 
reacts with primary amines in the presence of 2-mercaptoethanol at 
an appropriate pH to form isoindoles that have favorable quantum 
yields and excitation maxima at approximately 345 nm with an 
emission maxima at 450 nm. The reaction of OPA with a primary 
amine is shown below. 

CHO 
SHCH2 CH2 OH 

+ RNH2 • 
CHO 

Unfortunately, these isoindoles are unstable, with the maximum 
in the fluorescence emission occurring within a time period of several 
minutes and then decreasing substantially with time. This requires 
labeling to be performed after the separation and immediately 
preceding detection in order to preserve the sensitivity of the 
analysis. Several approaches to postcolumn labeling of primary 
amines in CE have been described (Rose and Jorgenson, 1988; Tsuda 
et al,, 1988; Pentoney et al,, 1988; Rose, 1991). An example of a post-
column labeling device using OPA as the derivatizing reagent for CE 
is shown in Fig. 14. The effluent from a 40 ^m o.d. separation 
capillary is fed through a stainless steel tee and into a 50 nm i.d. 
reaction capillary. This capillary has an optical window produced by 
removing the polyimide coating and serves as the detection zone. 
The OPA reagent is supplied to the reaction capillary from the third 
arm of the tee. The reagents are mixed in the reaction capillary by 
diffusion, convection and migration effects. The use of the post-
column reactor resulted in negligible losses in theoretical plate 
numbers, and the detection limit for the glycine derivative of OPA 
was 6.3 fg (83 amol). 
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Fig. 14. Postcolumn reaction device for CE. (Reproduced with 
permission from Rose and Jorgenson, 1988). 

An alternative reagent for the analysis of primary amines is 
naphthalenedialdehyde, NDA (Carlson et aL, 1986; Matuszewski et 
al., 1987; de Montigny et al., 1987; Roach and Harmony, 1987; Soper 
et al., 1989; Soper and Kuwana, 1989). The reaction of NDA with a 
primary amine is shown below. The adducts (cyanobenz[f|isoindoles) 
demonstrate higher stability than do the OPA adducts and allow pre-
column derivatization. In addition, the isoindoles have excitation and 
emission maxima in the visible region of the spectrum, which results 
in less impurity fluorescence in the electropherogram. Additionally, 
one of the absorption maxima of the CBI-amines is close to the 442 
nm output of the He-Cd laser. Ueda and co-workers (1992), using the 
442 nm line of the He-Cd laser for the excitation source, have 
reported detection limits of several amino acids derivatized with NDA 
in the range of 0.7 amol. 

N-R 



OPTICAL DETECTION STRATEGIES IN CE 213 

5,5, Indirect Detection 

An approach for making fluorescence detection more universal is 
indirect fluorescence detection (Kuhr and Yeung, 1988a,b; Yeung, 
1989; Gross and Yeung, 1990; Yeung and Kuhr, 1991). In this 
scheme, the running buffer is loaded with a fluorophore, and when 
the analyte zone migrates into the detection zone, the analyte effec-
tively reduces the number of fluorogenic ions in the detection zone 
with a corresponding decrease in the fluorescence signal at the 
detector. Therefore, a constant signal is measured at the photodetec-
tor, with the analytical signal in the form of small changes in the 
background resulting in negative peaks arising from charge displace-
ment. Figure 15 shows the detection of 200 and 20 fmol of underiva-
tized amino acids using 200 |LIM solutions of salicylate in the running 
buffer excited by the 325 nm output of a He-Cd laser. The primary 
feature in this electropherogram is that the peaks are negative. 

The major limitation on the detection sensitivity is the stability of 
the background. In many cases, active stabilization of the excitation 
source may be required in order to obtain favorable detection sensi-
tivity. Experimental control of detection sensitivity is realized by 
reducing the concentration of the fluorogenic ion in the buffer. How-
ever, reductions in the ion concentration can create other problems, 
namely, lower conductivity in the buffer and reductions in the maxi-
mum concentration of material that may be detected. The ultimate 
detection sensitivity obtainable in indirect fluorescence detection is 
determined by shot-noise generated from the excitation source. 

5.6, Recent Innovations 

5,6.1. Charge coupled device (CCD detection) 

The ability to obtain the entire emission spectrum of an eluting 
analyte would be beneficial in identifying unknown components in the 
electropherogram. Since the band resides within the effective detec-
tion zone for only a few seconds, the emission spectrum, which can 
be 50-200 nm wide, must be obtained in a relatively short period of 
time with sufficient signal-to-noise. Conventional photomultiplier 
tubes (one channel detectors) require the use of a monochromator to 
disperse the spectrum and a scan over the desired wavelength range. 

Signal is lost due to the limited throughput of the monochromator 
and the small amount of time that each wavelength is allowed to illu-
minate the photodetector. A viable alternative is to remove the slits 
from the dispersing element and allow the entire spectrum to im-
pinge upon many small detectors (multichannel detector). This has 
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Fig. 15. Indirect fluorescence detection of native 
amino acids using salicylate as the fluoresc-
ing ion in the running buffer. The electro-
pherogram represents the injection of (a) 200 
fmol and (b) 20 fmol of the native amino acids 
into the capillary column. (Reproduced with 
permission from Kuhr and Yeung, 1988b) 

been accomplished for CE using a charge coupled device (CCD). The 
CCD is a metal-oxide-semiconductor composed of several thousand to 
several million small optical detectors (pixels) arranged in a one- or 
two-dimensional format. When light strikes the device, charge is 
generated in the pixels with the amount of accumulated charge 
proportional to the product of the hght intensity and exposure time of 
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the affected pixel to the irradiating Ught. The charge is then read by 
moving the charge to an on-board amphfier. The advantages of CCD 
detectors are extremely low readout noise, low dark current, high 
quantum efficiency, operating wavelength range of 120 to 1000 nm, 
and the ability to bin together charge in adjacent pixels. 

Fluorescence spectra of fluorescein injected into a CE system 
using 488 nm excitation from an Ar ion laser and CCD detection have 
been reported (Cheng et al., 1990). Figure 16 shows the three-dimen-
sional electropherogram of 2.0 fmol of fluorescein collected over the 
wavelength range of approximately 400 to 700 nm. The fluorescence 
was imaged onto a two-dimensional CCD with the integration time set 
at 0.2 s and a spectrum acquired every 6 s. Acquiring this type of 
data on a single channel photomultiplier system would result in 
severe losses in detection sensitivity and require longer data 
acquisition times to cover this spectral range. 

6 0 0 

o o 

200 

o-l 
Emission Wavelength 

Fig. 16. Three-dimensional electropherogram of fluorescein using 
laser-induced fluorescence detection and a CCD detector. 
(Reproduced with permission from Cheng et al., 1990). 

In another use of CCD detectors in CE (Sweedler et al, 1992), a 
time-delayed integration mode of operation to reduce the readout 
time of the two-dimensional CCD detector and extend the integration 
time of the analytical signal was used. When a spectrum is acquired 
on the CCD, a shutter is closed and all of the pixels must be emptied 
of the accumulated charge before a subsequent spectrum can be 
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taken. The effective readout time may be on the order of several 
seconds, depending on the number of pixels in the CCD array. This 
may result in the missing of bands during the readout time. In the 
time-delayed integration mode, the capillary tube is imaged onto the 
face of the CCD detector and the charge from the fluorescent species 
is moved from row to row toward the readout register at a rate 
corresponding to the migration rate of the band in the capillary 
column. This reduces the readout time and eliminates the need for a 
shutter. In' addition, the column is irradiated in an axial fashion in 
order to increase the length of the detection zone. With this arrange-
ment, detection sensitivity for amino acids labeled with FITC and 
excited by the 488 nm output of an Ar ion laser was 2-8 x 10-20 moles. 
In addition, complete fluorescence emission spectra of the compounds 
can be obtained without interrupting the electrophoretic flow. 

5.6.2, Fluorescence-detected circular dichroism 

Circular dichroism (CD) is a technique in which the intrinsic or 
induced chirality of a compound can be deduced from the degree to 
which it absorbs left and right circularly polarized light. Because the 
sensitivity of CD is dependent to a large degree on the optical path-
length, CD detection is not amenable to the small dimensions associ-
ated with capillary columns. An alternative to conventional CD spec-
troscopy is fluorescence-detected CD, in which the fluorescence signal 
is measured as a function of excitation with left and right circularly 
polarized light. Since the fluorescence signal depends upon the 
degree of light absorption (see Eq. 12), the amount of detected fluor-
escence will depend upon the chirality of the molecule when using 
left or right circularly polarized light. The advantage of fluorescence-
detected CD is that fluorescence is much more sensitive than absorp-
tion measurements and is more amenable to the small dimensions 
associated with the CE column. The advantage of such an approach 
results from increased selectivity, because only components that 
display chirality and fluorescence are detected. In addition, the 
magnitude of the fluorescence-detected CD signal can give informa-
tion regarding the optical activity of the particular component. 

Christensen and Yeung (1989) have developed a fluorescence-
detected CD detector for CE. The excitation source was the 488 nm 
linearly polarized line of the argon ion laser. In order to generate the 
left and right circularly polarized light, the laser beam was sent 
through a Pockels cell (electro-optical modulator). The excitation 
light impinged upon the capillary column at normal incidence in order 
to preserve the circular polarization purity of the beam. The 
fluorescence-detected CD signal is generated after demodulation from 
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a lock-in amplifier. Figure 17 shows electropherograms of riboflavin 
and fluorescein using direct fluorescence and fluorescence-detected 
CD detection. Although fluorescein is fluorescent, it is achiral and 
thus does not produce a CD signal, while riboflavin is chiral and 
results in both a CD and a fluorescence signal in the electrophero-
gram. The detection limit for riboflavin using fluorescence-detected 
CD was found to be 0.2 fmol, significantly higher than the mass 
detection limit for direct fluorescence detection. The poorer detection 
sensitivity for CD results from the fact that in the CD measurement 
the analytical signal is a difference signal between the fluorescence 
observed between left and right circularly polarized light. 

FDCD 

FL 

Time (min) 

Fig. 17. Fluorescence-detected CD (FDCD) 
and fluorescence detection (FL) of 
riboflavin (R) and fluorescein (F) in 
CE using an argon ion laser as the 
exc i ta t ion source (488 nm) 
(Christensen and Yeung, 1989). The 
second optically active component in 
the electropherogram is a decomposi-
tion product of riboflavin. 
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5.6,3, DNA sequencing and fluorescence detection 

In another chapter, the use of capillary gel electrophoresis for the 
high speed sequencing of DNA is presented in detail. Here, we will 
offer the reader only a brief introduction to capillary gel electro-
phoresis and focus primarily on the fluorescence instrumentation 
used in capillary DNA analysis. DNA sequencing has evolved toward 
the use of capillary gel electrophoresis due to the fact that the high 
surface-to-volume ratio makes it possible to use larger applied volt-
ages in the capillary column, significantly increasing the speed of the 
separation and resolution (Drossman et al,, 1990). For example, in 
slab gel electrophoresis, electropherograms typically require several 
hours to a day to obtain sufficient resolution to reliably detect all of 
the bands, whereas in capillary gel electrophoresis, oHgonucleotide 
fragments may be separated in as Uttle as 20 min. However, due to 
the small dimensions of the capillary column, small amounts of 
material must be identified in a rather complex matrix. In addition, 
identification of the chain terminator (four different terminators) 
must be accomplished if a single lane is used for the separation 
(requiring spectral differences in the tags). Tagging is a prerequisite 
for detection due to the poor intrinsic quantum yields of the 
nucleotide bases. 

A diagram of a four spectral channel fluorescence detector used 
for capillary gel electrophoresis is shown in Fig. 18. Since the separa-
tion was performed in a single lane, four distinct tags, one for each 
nucleotide, were incorporated. The tagging dyes had distinct emission 
maxima and absorption maxima that required two different lasers for 
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Fig. 18. Four-channel DNA sequencing device using 
capillary gel electrophoresis and fluorescence 
detection. (Reproduced with permission from 
Swerdlow et al,, 1991). 
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efficient excitation and minimization of Raman scattering. Two dyes 
(FAM, JOE) were excited with the 488 nm out-put of an argon ion 
laser and the other dyes (TAMRA, ROX) were excited with a green 
helium-neon laser (543.5 nm). The excitation beams were focused 
onto the column with the appropriate wavelength by a two-sector 
chopping wheel. The appropriate observation wavelengths were 
chosen by a filter wheel synchronized to the sector wheel, onto which 
four bandpass filters were affixed, each filter corresponding to the 
emission maxima of the respective fluorescent label. Detection limits 
for the dye-labeled oligonucleotides for this four-channel detector 
were on the order of 20 x 10-21 ^lol of material. In addition, resolu-
tion between adjacent peaks was typically 1.5 and sequencing rates of 
300 bases/h were obtained at field strengths of 150 V/cm. It should 
be pointed out that in many cases spectral overlap of the four tagging 
dyes results in leakage of signal from one dye onto multiple 
channels, requiring the use of signal processing algorithms to 
correctly identify the chain terminator (Smith et al., 1986). 

There have been alternatives to the four-channel approach in 
capillary gel electrophoresis, for example, a two-channel scheme 
(Prober et al., 1987) using four different succinylfluorescein dyes to 
label the chain terminators. The dyes have sufficient overlap in their 
excitation and emission spectra to warrant the use of a single laser to 
excite the fluorescence (488 nm output of the argon ion laser) and 
thus require only two detection channels. A system utilizing the two-
channel protocol has recently been demonstrated (Swerdlow et al., 
1991) with a postcolumn sheath-flow detector. The emission is 
directed onto one of two detection channels using a dichroic beam 
splitter that transmits a particular wavelength region and reflects 
another. Detection limits for dye-labeled oligonucleotide fragments 
using two-channel fluorescence were on the order of 7 x 10-21 mol 
with sequencing rates of approximately 1000 bases/h at an electric 
field strength of 465 V/cm. 

An additional approach, which uses a single detection channel, has 
been reported (Tabor and Richardson, 1987; Ansorge et al,, 1990), in 
which chain terminator identification is accomplished by varying the 
molar ratio of the four chain terminators in the polymerization 
reactions. The identification of the appropriate nucleotide is deter-
mined by observing differences in the amplitudes of the electro-
phoretic bands. In order to make this approach viable, uniform label-
ing between the four chain terminators is required during polymeriza-
tion, which is performed using the manganese/T7 DNA polymerase 
enzyme system. The instrumentation for sequencing using this 
approach is essentially similar to the two-channel detector except 
that only a single detection channel is required. 



220 STEVEN A. SOPER 

6. Raman Detection 

6,1, Introduction 

Raman spectroscopy provides structural information not easily 
obtained from the spectroscopic techniques previously discussed. This 
information can assist in the identification of unknown components 
present in the electropherogram. In addition, quantitative informa-
tion concerning the percent composition of a component in the 
sample can be deduced from the Raman spectrum, since the 
observed intensity of a Raman band is directly related to the concen-
tration of the scattering component. However, the technique is not 
widely accepted as a detection mode in CE due to the lack of sensitiv-
ity and the complexity of the instrumentation needed to obtain a 
Raman spectrum. References are available which provide both 
classical and quantum mechanical descriptions of the Raman effect 
(Dollish et al,, 1974; Nakamoto and Strommen, 1984; Colthup et al,, 
1990; Grasselli and Bulkin, 1991) as well as practical applications and 
instrumental components of a Raman spectrometer. Here we will 
present a brief introduction to the practice of Raman spectroscopy 
and its advantages and disadvantages for CE applications. 

Raman spectroscopy yields a vibrational spectrum that may be 
similar to that observed in the infrared. For example, a ketone will 
display an IR band at 1710 cm-i, while the Raman spectrum will also 
show a band at approximately 1710 cm-i for the same ketone. The 
differences in IR and Raman result from the fact that IR spectroscopy 
is an absorption technique and, as such, uses infrared light as the 
excitation since these energies correspond to differences in the 
energy levels of vibrational states in the molecule. In Raman spec-
troscopy, practically any wavelength of light can be used for excita-
tion. This is particularly beneficial experimentally, since sensitive 
photomultiplier tubes may be used as the photodetector in the 
Raman spectrometer. In addition, Raman is not an absorption tech-
nique. The Raman scattering photons are detected on a relatively 
dark background when sufficient filtering is used to reduce the 
amount of Rayleigh scattered photons reaching the detector. 
Another important advantage of Raman spectroscopy over IR is the 
fact that aqueous solvents present less interference. Since most CE 
separations are performed in aqueous buffers, the IR spectrum of 
components in the electropherogram would be masked by the broad 
and intense solvent bands. A major disadvantage associated with 
Raman spectroscopy is the very weak intensities in the Raman bands. 
Tuning the excitation laser to an electronic transition associated with 
the scattering components (resonance Raman) can enhance the 
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intensity of the Raman bands, although in many cases interferences, 
namely fluorescence, obscure the weaker vibrational bands. 

Energy level diagrams depicting the transitions observed in 
normal and resonance Raman spectroscopy are shown in Fig 19. In 
normal Raman spectroscopy, the energy of the photon lies below an 
excited electronic level (Si) and collides inelastically with the 
scattering molecule with a concomitant loss in energy of the photon. 
This energy loss corresponds to a vibrational mode associated with 
the molecule. In resonance Raman spectroscopy, the incident photon 
possesses energy that permits the molecule to enter Si and relax 
into an excited vibrational level of SQ. The principal advantage associ-
ated with resonance Raman spectroscopy results from the larger 
observed signal intensities. Associated with resonance Raman spec-
troscopy is the problem that the Raman spectrum is dominated by 
bands from only the chromophoric region of the molecule and, as 
stated previously, the resonance Raman bands may be obscured by 
intense fluorescence from the molecule. 
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Fig. 19. Energy level diagrams depicting normal Raman (A) and 
resonance Raman transitions (B). The arrows repre-
sent: 1, excitation from ground vibrational level; 2, 
Rayleigh scattering; 3, Stokes scattering; 4, excitation 
from excited vibrational level; 5, anti-Stokes scattering. 

Stokes and anti-Stokes shifts, two types of Raman shifts, can 
typically be observed. In the case of Stokes shifts, the initial vibra-
tional state of the molecule lies below that of the final vibrational 
state, and the scattering photon has lower energy than the incident 
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photon. In anti-Stokes shifts, the scattering photon is higher in 
energy than the incident photon. In a Raman spectrum, the refer-
ence or 0 energy shift band is called the Rayleigh band (the initial and 
final vibrational state of the molecule are the same, elastic scatter-
ing), which can be 1000 times more intense than the Raman bands, 
with the Stokes and anti-Stokes bands symmetrically distributed 
about the Rayleigh band. Since at room temperature most molecules 
are in the lowest vibrational level of SQ, the Stokes bands are usually 
more intense than the anti-Stokes bands. As with IR spectroscopy, 
the position of the bands is characteristic of the scattering molecule. 
The width of these bands is on the order of 1-100 cm-i, while for 
fluorescence or absorption, bands widths of several thousand cm-i 
are observed. 

The observed intensity of a Raman band (IR) for a scattering 
molecule can be calculated through the use of the general equation 

J _NPQdaQT^To . . 
^ dQ 

where P is the incident photon density of the excitation source (pho-
ton cm-2 s-i), N is the number of scattering molecules in the effective 
sampling area (related to the concentration), do/do. is the differential 
Raman cross section (cm-2), a is the collection efficiency of the optics, 
Q is the quantum efficiency of the photodetector at the monitored 
wavelengths, and Tj^ and TQ are the throughput of the monochroma-
tor and collection optics, respectively, at the monitored wavelengths. 
If it is assumed that there are approximately 600,000 molecules in an 
electrophoretic band (1 amol), inserting typical values into the 
parameters of equation 14 (T^̂  = 0.01, T^ = 0.9, Q = 0.1, P = 1.6 x 1021 
photons cm-2 s-i, Q. = 1.0 sr and da/dO. = 1 x 10-^0 cm^ si^i molecule-
1), indicates that the number of detected photoelectron per second 
from this group of molecules is approximately 10-^. With these 
parameters it would require 1 pmol of material to generate a single 
photoelectron per second. The small number of detected photons is a 
direct consequence of the low scattering cross-sections associated 
with normal Raman processes. These calculations bring to light an 
important disadvantage of Raman spectroscopy, the inherently low 
signal intensities. These considerations become extremely important 
when one considers the small sample volume associated with CE. 

6.2. Instrumental Considerations 

The principal instrumental components of a Raman spectrometer 
include the excitation source, collection optics, a monochromator to 
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disperse the spectrum and a photodetector. A laser is typically used 
in Raman spectrometers since the photon density is high and the 
spectral width is much narrower than a conventional light source 
with wavelength-selecting elements. A narrow linewidth is important 
in Raman spectroscopy in order to preserve the high spectral resolu-
tion. The monochromator can be a single grating device with rela-
tively high throughputs of the scattered radiation, but often is not 
sufficient to filter out a significant fraction of the Rayleigh scattered 
photons. In order to reduce the intensity of the Rayleigh band, which 
can be several orders of magnitude more intense than the Raman 
intensities, double or triple grating spectrometers can be used, but 
suffers from poor throughput. An alternative is to employ notch 
filters in conjunction with single grating monochromators. Notch fil-
ters deeply attenuate the Rayleigh line and have a high transmission 
efficiency for the Raman scattered radiation. Cooled photomultiplier 
tubes operating in a single photon counting mode are most often used 
as the photodetector due to their low background levels. Since the 
photomultiplier is a single channel detector, the Raman spectrum is 
obtained by scanning the monochromator. This may require several 
minutes to obtain the entire spectrum with sufficient signal-to-noise. 
An alternative is to replace the photomultiplier with multichannel 
detectors, for example CCD detectors. In this approach, the grating 
is fixed and exit slits removed with the spectral bands imaged onto 
the individual pixels of the detector. The principal advantage of using 
the array detector is that much less time is required to acquire the 
spectrum. 

6,3. Applications in CE 

An application of resonance Raman spectroscopy in CE has been 
demonstrated for the electrophoretic separation and detection of the 
dyes methyl red and methyl orange (Chen and Morris, 1988). A He-
Cd laser (442 nm) was used as the excitation source with the scatter-
ing photons collected using an array of ten 200 îm optical fibers and 
imaged onto a monochromator with a photomultiplier tube serving as 
the photodetector. The observation wavelength was fixed at 471.2 
nm (1410 cm-i) corresponding to the N=N stretching vibration of the 
dyes. Figure 20 shows the electropherogram for 0.1 mM injections of 
methyl red and orange. The detection limit for this system was 
found to be 2.5 x 10-^ M, comparable to optical absorption. Although 
only a single vibrational band was monitored, a vibrational Raman 
spectrum could be obtained over a range of approximately 1000 cm-i 
by replacing the photomultiplier tube with an array detector. To 
obtain the spectrum with this configuration, the electrophoretic flow 
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^ 

7 -

* • 

» 
— 

0 -

-

5 ~ 

A 

' 

1 1 

111 --'̂ •̂ M/̂ ^̂ —^̂ ^̂ '̂̂ ^ V t^ 

J 1 1 1 1 1 1 r~ 
D 2 4 6 B 

1 1 1 
10 

^T"^ 

1 1 1 
12 

•^y^ 

1 1 1 
14 

Time (min) 

Fig. 20. CE electropherograms of (A) methyl red and (B) 
methyl orange using resonance Raman detection. 
The excitation source was the 442 nm output of a 
He-Cd laser (40 mW). (Reproduced with permission 
from Chen and Morris, 1988) 

would have to be stopped to allow the grating to be scanned, with 
acquisition of the spectrum requiring several minutes for sufficient 
sensitivity. Utilizing an array detector, the spectrum could be 
obtained in a considerably shorter time, permitting uninterrupted 
flow through the capillary. 

The lack of acceptance of Raman spectroscopy as a detection tool 
in CE analysis results from the poor sensitivity of the technique. As 
shown in Eq. 14, two methods can be used to enhance the sensitivity 
of Raman: (1) increase the excitation photon density or (2) increase 
the differential Raman cross section. Both of these can be accom-
plished using the technique of surface-enhanced Raman (SER) 
spectroscopy. A wealth of literature exists which describes this effect 
(Jeanmarie and Van Duyne, 1977; Albrecht and Creighton, 1977; 
Chang and Furtak, 1982; Weitz et aL, 1983; Moskovits, 1985), which 
arises when the scattering molecule is adsorbed on or near the 
surface of a roughened metal substrate, typically copper, gold or 
silver. Due to the optical properties of the metal, an intense electric 
field (high photon density) is observed near the surface. In addition, 
adsorption of the scattering molecule to the surface increases the 
cross-section by nearly twofold. The final result is enhancement in 
the Raman intensity of nearly 10^. The metal substrate can be in the 
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form of colloid suspensions or solid electrodes subjected to repeated 
oxidation-reduction cycles. Difficulties result from marked differences 
in the SER spectra when compared to the normal Raman spectrum 
of the same component. These differences can be in the form of shifts 
in the positions of bands, absence or presence of new bands in the 
SER spectra, and changes in the relative intensities of the bands. All 
of these differences occur from the perturbations of the metal sub-
strate on the adsorbed molecule. Currently, no schemes have been 
reported using SER spectroscopy as a detection method for CE, 
although SER has been used in such techniques as thin-layer chro-
matography (Tran, 1984a; Tran, 1984b; Sequaris and Koglin, 1986) 
and liquid chromatography (Berthed et al., 1987; Laserna et al., 1987; 
Freeman et al., 1988; Force, 1988; Ni et al., 1989; Soper et at., 1990). 

Another prohibitive feature of Raman spectroscopy for CE detec-
tion results from the rather complex and expensive instrumentation 
needed. The upkeep of ion lasers and the associated optics makes 
the daily use of the detector difficult. These problems can be 
addressed through the use of diode lasers and CCD detectors as the 
principal components for the Raman spectrometer (Wang and 
McCreery, 1989). Diode lasers are inexpensive and do not require 
replacement of expensive ion tubes required of argon or krypton 
lasers. The use of the CCD array detector, whose quantum yields 
are nearly 0.80 at the lasing wavelengths of diode lasers, offer the 
sensitivity and speed to collect a Raman spectrum on a time scale 
appropriate for CE. 
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CHAPTER 5 

Capillary Electrophoresis/Mass Spectrometry 

RICHARD D. SMITH and HAROLD R. UDSETH 

Chemical Methods and Separations Group 
Chemical Sciences Department 
Pacific Northwest Laboratory 
Richland, WA 99352 U.SA. 

1 . Introduction 

The increasing application of capillary electrophoresis (CE) to 
pharmaceutical and biochemical analyses has inevitably led to a grow-
ing demand for detection methods which are more sensitive, selec-
tive, or structurally informative for the separated species. Mass spec-
trometry (MS) has long been recognized as perhaps the most selec-
tive and broadly applicable detector for analytical separations, but its 
combination with CE is relatively new, and the methodology 
continues to evolve rapidly. Recent and on-going developments in MS 
instrumentation are leading to continuing improvements in the 
sensitivity, speed, and level of structural detail obtainable from this 
powerful "detector." Concurrent developments involving tandem-MS 
methods (i.e., MS/MS) and higher order-MS methods (i.e., MS^, 
where n > 3) promise that instrumentation offering even greater 
selectivity and structural information will be routinely achievable in 
the future. Although MS is still one of the most complex and expen-
sive modes of CE detection, costs continue to decrease while user 
"friendliness" increases, and the density of information that can be 
gained from this combination increasingly mitigates its disadvantages. 
Indeed, when MS detection is desired to resolve an analytical issue, 
there is often no practical substitute. 
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The mass spectrometer provides the equivalent of up to several 
thousand discrete selective "detectors" functioning essentially in 
parallel; these are capable of providing molecular weight information 
from the intact "molecular ion" as well as structurally related infor-
mation from its dissociation in the mass spectrometer. The CE-MS 
combination is, in one sense, nearly ideal: CE is based upon the 
differential migration of ions in solution, while MS analyzes ions by 
their mass-to-charge ratio (m/z) in the gas phase. On the other 
hand, these two highly orthogonal analytical methods exploit ion 
motion in two quite different environments—moderately conductive 
liquid buffers and high vacuum, respectively. A primary role of the 
CE-MS interface is to bridge these different environments. The 
combination of liquid chromatography (LC) with MS has long been of 
interest, and a variety of clever LC-MS interfacing schemes have 
been investigated over the last 25 years. However, the CE-MS 
combination places significantly different demands on an interface 
than does LC-MS. CE flow rates are quite low or negligible, the 
buffer is moderately conductive, electrical contact must be main-
tained with both ends of the capillary so as to define the CE field 
gradient, and (if the high separation efficiencies possible with CE are 
to be realized) any "dead volume" associated with detection or band-
broadening due to laminar flow (arising from pressure differences 
between the capillary termini) must be avoided or minimized. 

In this chapter, we review CE-MS interfacing methods based upon 
electrospray ionization (ESI) methods, experimental considerations, 
and selected applications. We emphasize CE separations by free-solu-
tion electrophoresis, i.e., capillary zone electrophoresis (CZE). The 
bias of this chapter reflects the explosive growth in ESI applications 
into the field of mass spectrometry, the increasing availability of such 
instrumentation, the compatibility with MS methods capable of pro-
viding extensive structural information, and the authors' belief that 
the ESI interface is the method of choice for CE-MS due to its ease of 
implementation. (This emphasis is not meant to diminish the impres-
sive results obtained with fast atom bombardment (FAB) interfaces, 
particularly for small molecule applications where results roughly 
comparable to ESI interfaces have been achieved.) Finally, we wish 
to describe clearly the current status of CE-MS, a highly promising 
combination still somewhat limited by imperfect understanding of the 
ESI interface, sensitivity, and the scan speed constraints of current 
MS technology. Since these MS limitations are almost sure to be 
overcome in the next few years (in the authors' optimistic assess-
ment), the future for CE-MS holds exceptional promise. 



CAPILLARY ELECTROPHORESIS/MASS SPECTROMETRY 231 

2. CE-MS Interfacing Methods 

In addition to a few reports of off-line CE-MS methods (Kenndler 
and Kanianski, 1981; Kenndler and Haidl, 1985; Takigiku et al, 1990), 
two general on-line interfacing methods have been used for CE-MS 
based upon continuous flow fast atom bombardment (FAB) and 
electrospray ionization introduction methods for mass spectrometry. 
The two methods differ in the process used for ionization (or for 
transfer of ions from the liquid to the gas phase) so as to allow for the 
subsequent m/z analysis. We note that there are a number of 
references to FAB interfaces for CE-MS (DeWit et al, 1988; Caprioli 
et al, 1989; Minard et al., 1989; Moseley et al, 1989a,b, 1990, 1991 
Reinhoud et aL, 1989, 1990; CaprioH, 1991; Deterding et al, 1991 
Moore and Caprioli, 1991; Suter et al., 1991; Tehrani et al., 1991 
Verheij et al, 1991; Wolfed al, 1991; Suter and Caprioli, 1992) to 
which the interested reader is referred. We will not consider these 
methods further in this chapter. 

CE-MS interfaces based upon ESI require a mass spectrometer 
incorporating an atmospheric pressure ionization/inlet. The avail-
ability of such MS instruments is rapidly increasing with numerous 
commercial implementations. Two variations on ESI interfaces based 
upon "liquid junction" and "sheath flow" (or "coaxial") approaches have 
been generally used and are shown schematically in Fig. 1. The ESI 
method is well-suited for CE-MS interfacing since it produces ions 
directly from liquid solutions at atmospheric pressure (Fenn et al., 
1990; Smith et al., 1990b, 1991a). Considerations for interfacing gen-
erally derive from some limitations upon buffer composition for effec-
tive operation of the ESI source and the desire to position the ESI 
source (i.e., the point of charged droplet formation) as close as pos-
sible to the analytical capillary terminus, so as to avoid lengthy trans-
fer lines. 

Figure 2 shows a general schematic illustration for CE-MS/MS 
instrumentation based upon the sheath flow interface, such as used 
in our laboratory. The ESI "source" is generally operated at an 
elevated voltage of 3-5 kV relative to the sampling orifice, where ions 
which are formed at atmospheric pressure enter the mass spectrom-
eter entrained in a flow of gas (Smith et al., 1990b). Many of the 
practical constraints and considerations for CE-MS interfacing derive 
from the voltage bias between these components. Some ESI sources 
allow the liquid effluent to be at ground potential, while others 
require the capillary terminus to be operated 3-5 kV relative to 
ground potential. The ESI source requires production of a high elec-
tric field that causes charge to accumulate on the liquid surface at the 
capillary terminus so as to disrupt the liquid flow and form droplets. 
The ESI liquid nebulization process can be mechanically or pneumati-
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Fig. 1. Schematic electrospray ionization illustration of the 
(A) sheath flow (co-axial) and (B) liquid junction 
interfaces used for CE-MS. (Adapted with permis-
sion from Smith et al., 1993.) 

cally assisted (by vibration at high frequency or a high velocity 
annular gas flow at the capillary terminus, respectively). The pneu-
matically assisted electrospray is sometimes referred to as "ion spray" 
(Bruins et al., 1987), an approach originally described for ESI by Dole 
and coworkers (Mack et al, 1970). 

The first CE-MS was based upon an electrospray ionization inter-
face developed in our laboratory (Olivares et al, 1987; Smith et a/., 
1988a). This initial approach used a metalized capillary terminus to 
make contact with the CE eluent under conditions of high electro-



CAPILLARY ELECTROPHORESIS/MASS SPECTROMETRY 233 

Uns 
700V 

Nozzle 
250V 

Sheath Syringe Pump 3Fa(g| N-y 

HVPO%W 
Supply 

Hlgh-Voltage 
Isolation Chamoer 

SkMTiffier 

ssn 

/ / 
\ \ 

-2Torr 

00 

flPOnly 

Q1 

1 I 

1 1 

02 

RFOnly 

03 

1 1 

1 1 

"1 
OEM 

- 9 X 10-» Ton-

To Data 
System 

To Roots SloiMer ToCryostat 

Fig. 2. Schematic illustration of the experimental arrangement for 
CE-MS. Details of one version of the sheath flow interface are 
given in Fig. 3. (Reprinted with permission from Smith et aL, 
1991b.) 

osmotic flow. We later reported an interface using a flowing sheath 
liquid (Smith et al., 1988b), and also demonstrated the combination of 
capillary isotachophoresis (CITP) with MS (Udseth et aL, 1989; Smith 
et aL, 1990a) and CE-MS/MS (Smith et aL, 1990c; Edmonds et aL, 
1990). More recently, other researchers have reported similar inter-
faces (Hail et aL, 1990; Hunt et aL, 1991; Shida et aL, 1989; Thibault 
et aL, 1991; Moseley et aL, 1992; Parker et aL, 1992; Pleasance et aL, 
1992a,b. 

The ESI interfaceiliquid junction variation was developed by 
Henion and coworkers (Lee et aL, 1988, 1989a,b) who have reported 
extensively upon its applications (Mtick and Henion, 1989; Johansson 
et aL, 1991a,b; Wachs et aL, 1991; Garcia and Henion, 1992), and 
explored more recently by Pleasance et aL (1992b), who have 
compared its performance to the sheath flow approach. As indicated 
in Fig. IB, electrical contact with the capillary terminus for the liquid 
junction interface is established through a liquid reservoir which 
surrounds the junction of the analytical capillary and a transfer 
capillary. The gap between the two capillaries is typically adjusted to 
10-20 |im, a compromise resulting from the need for sufficient make-
up liquid being drawn into the transfer capillary while avoiding 
analyte loss by diffusion into the reservoir. The flow of make-up 
liquid arises from a combination of gravity-driven flow due to the 
height of the make-up reservoir, and flow induced in the transfer 
capillary due to a mild vacuum generated by the venturi effect of the 
nebulizing gas used at the ESI source (Pleasance et aL, 1992b). 
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In the sheath flow (or coaxial) electrospray interface (Fig. lA), a 
liquid (often methanol, methoxyethanol, or acetonitrile, but fre-
quently augmented by as much as 10-20 percent formic acid, acetic 
acid, water, and/or other reagents) flows through the annular space 
between the -200 |am o.d. CE capillary and a fused silica or stainless 
steel capillary (-250 inm i.d.). The fused silica separation capillary typi-
cally protrudes approximately 0.2 mm from the sheath capillary. A 
recent version of this interface developed at the authors' laboratory is 
shown in Fig. 3. In this design a 300 ^m i.d. fused silica capillary sur-
rounds the smaller diameter electrophoresis capillary. For the posi-

REMOTE ELECTRODE , 

CAPILLARY COLUMN 

GLASS OUTER 
CAPILLARY 

Fig. 3. One version of a sheath flow (or coaxial) electrospray ioniza-
tion interface for CE-MS developed at the authors' laboratory. 
See also Figs. 1 and 2. (Reprinted with permission from Smith 
et aL, 1991b.) 

tive ion mode ESI operation, a voltage of +4 to +6 kV is applied 
indirectly to the sheath liquid from which a syringe pump delivers the 
flow of sheath liquid at 2-5 ^1/min. Potential problems from the 
formation of bubbles in the connecting lines are minimized by the 
inclusion of a trapping volume. Enhanced stability can sometimes be 
obtained by degassing the organic solvents used in the sheath and by 
minimizing heating (e.g., from the ion source or a "counter-current" 
gas flow). Cooling of the ESI source (Smith et al, 1991b) or the use of 
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less volatile sheath solvents such as methoxyethanol (Mylchreest and 
Hail, 1991) has also been useful in some situations. A number of 
reports from our laboratory have described work based upon the 
sheath flow approach (Edmonds et al., 1989; Loo et al., 1989, 1991; 
Smithed a/., 1989, 1990,1991b). 

It appears that most of the distinctions between the sheath flow 
and liquid junction ESI interfaces are relatively unimportant, and the 
performance in terms of spectral quality is similar. However, some 
differences have been noted. Pleasance et al, (1992b) have compared 
the liquid junction and sheath flow approaches using a pneumatically 
assisted ESI interface, and have noted that the latter provided a 
"more robust and reproducible interface with the added advantage of 
offering an independent means of calibration and quantitation . . . 
through the sheath" (Thibault et al, 1991b). Improved signal-to-noise 
ratios and slightly improved separations were obtained with the 
sheath flow interface. Differences in elution times using the liquid 
junction interface were reported by these workers and attributed to 
modification of the liquid junction buffer due to flushing of the CE 
capillary between analyses. 

The dependence of ESI ion current upon solution conductivity is 
relatively weak, generally 0.1-0.3 |iA at atmospheric pressure, and 
only about 10-100 pA integrated ion current (i.e., the sum of all ions) 
is actually transmitted through the MS and detected. An electron 
scavenger is often used to inhibit electrical discharge at the capillary 
terminus, particularly for ESI of aqueous solutions. Sulfur hexafluor-
ide has also proven particularly useful for suppressing corona dis-
charges for such applications and improving the stability of negative 
ion ESI. Introduction of this gas is most effectively accomplished 
using a gas flow (-50-200 mL/min) through an annular volume 
surrounding the sheath liquid capillary (Figs. lA and 2). 

The formation of ions suitable for MS requires conditions affecting 
solvent evaporation from the initial droplet population produced by 
ESI. Droplets must shrink to the point where repulsive coulombic 
forces approach the level of droplet cohesive forces (e.g., surface 
tension). This evaporation can be accomplished at atmospheric pres-
sure by a counter-current flow of dry gas at moderate temperatures 
(~80°C), by heating during ion transport through the sampling region, 
and (particularly in the case of ion trapping MS methods) by energetic 
collisions at relatively low pressure. 

An important attribute of a CE-MS interface is the efficiency of ion 
sampling and transport through the mass spectrometer. The simpl-
est commercially available instrumentation utilizes a 100-130 \xxn pin-
hole sampling orifice to a vacuum region maintained by a single stage 
of high-speed cryo-pumping (Sciex, Thornhill, Ontario, Canada). 
Charged droplets formed by ESI drift in the high electric field against 
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a counter-current flow of dry N2, which serves to speed desolvation 
and exclude high miz residual particles and solvent vapor. Ions 
passing through the orifice into the vacuum region undergo further 
desolvation as the gas density decreases due to collisions and the ions 
are accelerated by the ion optics of the mass spectrometer. 

Alternatively, many instruments have been developed based on 
differentially pumped interfaces. The ESI capillary inlet-skimmer 
interface developed by Fenn and coworkers (Fenn et aL, 1990) is 
widely used and is commercially available (Analytica, Branford, CT) in 
versions compatible with many mass spectrometers. A counter-
current flow of N2 bath gas is used to assist solvent evaporation, 
similar to the approach described above. Ions migrate towards the 
sampling orifice, where some small fraction is entrained in the gas 
flow entering a glass capillary (metalized at both ends to establish 
well-defined electric fields). Although some losses occur, ions are 
transmitted through capillaries with high efficiency. Ions emerge 
from the capillary in the first differentially pumped stage of the MS 
(-1 torr) as a component of a free jet expansion. A fraction of these 
ions are then transmitted through a "skimmer" and additional ion 
optics into the mass spectrometer. The electrically insulating nature 
of the glass capillary provides considerable flexibility because ion 
transmission does not depend strongly on the voltage gradient 
between the conducting ends of the capillary. This approach has the 
advantage that the CE capillary terminus can be at ground potential, 
simplifying CE current measurements and voltage manipulation 
during injection. 

An alternative approach to droplet desolvation for ESI relies 
solely on heating during droplet transport through a heated metal 
(Chowdhury et aL, 1990; Rockwood et aL, 1991) or glass capillary 
(Fenn et aL, 1990; Ogorzalek Loo et aL, 1991). A counter-current 
gas flow with this approach is not essential and, in fact, significantly 
decreases obtainable ion currents. The electrospray source can be 
closely positioned to the sampling capillary orifice (typically 0.3-1.0 
cm), since larger spacing is not needed for desolvation, resulting in 
more efficient charge transport into the capillary. The charged 
droplets from the ESI source are swept into the heated capillary, 
which heats the gas sufficiently to provide effective ion desolvation, 
particularly when augmented by a voltage gradient in the capillary-
skimmer region. The disadvantage of this approach, and that of all 
sources not using a gas "curtain" or counter-current flow, is that 
much more solvent and residual material (i.e., solute particles) enters 
the mass spectrometer, resulting in the need for more frequent dis-
assembly and cleaning. Advantages of the heated capillary, however, 
are the ease with which it can be adapted to a variety of MS 
configurations, and the ability to "heat" ions for either desolvation or 
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dissociation (Rockwood et al., 1991) in a manner largely independent 
of m/z. 

ESI is an extremely "soft" ionization technique and will, under 
appropriate conditions, yield intact molecular ions without contribu-
tions due to dissociation (unless induced during transport into the MS 
vacuum). Molecular weight measurements for large biopolymers 
which exceed the MS "mass range" can be obtained because their ESI 
mass spectra generally consist of a distribution of molecular ion 
charge states (Fenn et aL, 1990; Smith et al, 1991a). The envelope of 
molecular ion charge states for proteins, arising generally from pro-
tonation for positive ion ESI, jdelds a distinctive pattern of peaks due 
to the discrete nature of the electronic charge; Le., adjacent peaks 
vary by addition or subtraction of one charge. In the case of non-
covalently bonded species, such as multimeric proteins, mass spectra 
typically show only the individual subunits. With proper care, how-
ever, it is also possible to detect a range of noncovalently associated 
species by ESI-MS. 

3. Experimental Methods and Considerations for CE-MS 
Analyses 

The success of combined CE-MS methods depends upon a number 
of factors related to the interfacing techniques. In general, all of the 
concerns in CE relevant to sample injection, buffer composition, capil-
lary surface interactions, and separation efficiency apply to CE-MS, 
and the reader is referred to other chapters in this volume. Most CE-
MS has been conducted with capillaries of 50-100 |im i.d., although, 
as is discussed later, the best sensitivities for CE-MS are obtained 
with smaller diameter capillaries. However, most CE with other 
more conventional detectors is conducted with such capillaries, and 
selection represents a compromise between factors related to 
detector sensitivity, injection, capillary coating techniques, and the 
degradation of separation quality due to resistive heating in larger 
diameter capillaries. Both interfaces allow a wide range of CE buffers 
to be successfully electrosprayed (Smith et al., 1990a,b). Since both 
the liquid junction and sheath flow interfaces utilize an effective 
dilution of the low CE effluent flow by a much larger volume of 
sheath liquid, considerable flexibility exists despite some constraints 
(very high salt and even moderate surfactant concentrations remain 
problematic). Buffer concentrations of at least 0.1 M can be used for 
CE-MS due to the dilution step. However, due to practical sensitivity 
constraints, CE buffer concentrations are generally minimized, and it 
has also been found that sensitivity can vary significantly with buffer 
composition. In general, the best sensitivity is obtained with volatile 
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buffer components (such as acetic acid) at the lowest practical 
concentration, and by minimizing other nonvolatile and charge-
carrying components. In addition, buffer components that interact 
strongly with the sample {e.g., denaturants) substantially degrade 
sensitivity, largely due to association in the gas phase (i.e., 
"clustering"). The use of surfactants, e.g., sodium dodecyl sulfate 
(SDS), gives rise to intense signals in both positive and negative ion 
ESI and presents a major barrier to micellar electrokinetic capillary 
chromatography-MS. 

Due primarily to their volatility, the most widely used buffers to 
date are acetic acid, ammonium acetate, and formic acid. It has 
sometimes been stated that involatile buffer constituents cannot be 
used for CE-MS. This is not the case, although different ESI 
interfaces may be required for their routine use. Figure 4 shows ESI 
mass spectra for comparison of a 10 mM acetic acid solution (pH -3.4) 
and a 10 mM phosphate buffer (pH 2.5) with sheath liquids of the 
same composition. The major "background" ions due to the buffer are 
below m/z 150. However, as shown in Fig. 5, an inspection of the 
same mass spectra at higher gain (x 32.5) shows that the constraints 
due to "background" ions for these solutions are quite different. The 
phosphate buffer results in cluster ions extending to at least m/z 
1000 with sufficient abundance to substantially limit CE-MS applica-
bility. In contrast, acetic acid gives rise to broad "background" contri-
butions presumably arising due to solution impurities; this illustrates 
the need to utilize the highest-purity buffers achievable for CE-MS. 
The MS sensitivity, which is ultimately limited by the ability of the 
mass spectrometer to efficiently analyze ions produced at atmos-
pheric pressure by ESI, is probably the most important factor related 
to MS detection, and is discussed later at greater length. Sensitivity 
does not appear to depend significantly on the mechanical details of a 
well-designed and optimized electrospray source, although its design 
details can influence ESI stability and ease of operation. 

Increasingly, CE-MS instrumentation benefits from automation of 
electrokinetic or hydrostatic injection, and capabilities for various on-
column spectrophotometric detectors, as well as capillary tempera-
ture control. The advantages of computer-controlled injection are sig-
nificant for both accuracy and precision, as well as freedom from arti-
facts arising from less reliable manual injection methods (Smith et al., 
1989b). Temperature control has also been recognized as important 
in obtaining good reproducibility. In the case of high CE currents, 
cooling the capillary can reduce difficulties with the interface. Gas 
generated in either the CE capillary or the ESI sheath capillary 
(which often contains more volatile organic solvent) can create a 
region of high resistance and effectively terminate a separation. The 
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Fig. 4. (left) Comparison of "background" mass spectra from ESI of 
10 mM acetic acid and phosphate buffer solutions obtained by 
direct infusion, and with a sheath liquid of the same composi-
tion. 

Fig. 5. (right) Comparison of mass spectra at high gain (x32.5 the 
scale in Fig. 4) for acetic acid and phosphate buffers. 

use of a less volatile sheath liquid such as methoxyethanol has been 
reported to be useful for reducing such difficulties and may improve 
sensitivity, depending upon interface design (i.e., due to the desolva-
tion conditions). On the other hand, the ability to use higher temper-
atures can be essential to obtaining good separations of proteins, 
where higher order structural heterogeneity can be strongly temper-
ature dependent. In addition, higher temperatures tend to denature 
proteins and increase the extent of charging during ESI (Loo et al., 
1991a). This can allow detection of some proteins (particularly glyco-
proteins) which might otherwise produce ions beyond the MS m/z 
range. 

CE capillary surface coatings and conditioning often need to be 
optimized for particular applications. Protein separations are gener-
ally problematic, and our initial CE-MS of proteins in acidic buffers 
(pH 3-5) with uncoated capillaries produced relatively poor separa-
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tions for proteins such as myoglobin and cytochrome c due to inter-
actions with capillary surfaces (Loo et aL, 1989). However, excellent 
separations of myoglobin mixtures have been obtained with uncoated 
capillaries at higher pH (>8), an observation ascribed to the net 
negative charge of both the protein and the fused silica surface. In 
this case, a methanol-water sheath liquid containing 5 to 10% acetic 
acid was used to obtain the acidic conditions under which positive 
mode ESI provided the best sensitivity for these proteins. Under 
these conditions, reasonable detection limits (<10 fmol) could be 
obtained using multiple ion monitoring in buffers containing 10 mM 
Tris (Smith et al., 1991b). However, the Tris buffer component, and 
perhaps limitations upon mixing of the CE and sheath flows, resulted 
in reduced sensitivity compared to that obtained for the same 
separations with volatile acidic buffers (Smith et al., 1991b). Thibault 
et al. (1991a) demonstrated that protein separations conducted in 
acidic solution (e.g., 10 mM acetic acid, pH 3.4) using reversible amino-
based coated capillaries provided substantially improved sensitivity, 
and allowed useful full scan mass spectra to be obtained with hun-
dred femtomole amounts of analyte. With these capillaries, the direc-
tion of electroosmotic flow is reversed, the inlet buffer is at a high 
negative voltage, and analytes with the smallest electrophoretic 
mobilities elute first. 

4. Mass Spectrometr ic Considerat ions 

Since the ESI interface is generally operated at atmospheric pres-
sure, the pressure drop across the CE capillary can be made precisely 
zero, and ideally no degradation of separation efficiency should arise 
due to laminar flow. The ESI method is expected to be amenable to 
essentially any charged species in solution, but this in itself does not 
guarantee success of the combined CE-MS method. Gas phase ions 
must be substantially desolvated and relatively free of adducted 
buffer-related species, and must have an m/z within the capabilities 
of the MS. The flow rate necessary to sustain a stable ESI source 
from a capillary of conventional dimensions is generally 1-10 |iL/min, 
but can ideally be higher or lower, depending on solution conductivity, 
source "tip" design, the use of nebulizing gas, etc. A crucial point is 
that CE flow rates are generally much lower, and the buffers used 
are often substantially more conductive than desired for existing ESI 
interfaces. Both the sheath flow and liquid junction interfaces intro-
duce a "make up" flow of a less conductive (and generally more vola-
tile) solution, which often serves to dilute the CE buffer and assist 
ESI. The result of this additional flow is that a wide range of CE 
buffer compositions and solvents can be effectively addressed, but 
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with some constraints due to the volatihty and any inherent ESI 
response (i.e., "background") due to buffer components or their adduc-
tion with other solution species. Moseley et al. (1992) have reported 
an evaluation of sheath and buffer constituents upon ESI-MS, but it 
must be remembered that the variations in ESI response for different 
solvents could be dependent upon the details of the interface with 
regard to ESI droplet-evaporation and ion desolvation. 

The major considerations relevant to MS detection are generally 
due to the nature and complexity of the particular sample, and prag-
matic constraints due to MS detection sensitivity, resolution, and 
related scan-speed compromises. For quadrupole mass spectrom-
eters, single or multiple ion monitoring, sometimes referred to as 
selected ion monitoring (SIM), leads to significantly enhanced detec-
tion limits compared to scanning operation, due to the greater "dwell 
time" at specific miz values. For samples where analyte molecular 
weights are known and mIz values can be predicted, SIM detection is 
an obvious choice. If sufficient sample is available, a direct infusion 
experiment can be used to produce a mass spectrum of the un-
separated mixture and the results used to select a suite of m / z 
values for a subsequent separation using SIM detection. This 
approach can be problematic, however, since relative ionization 
efficiencies can be different for direct infusion of the mixture com-
pared to the separated species. In addition, noncovalent associations 
between mixture components may further complicate interpretation. 
Thus, important components may be overlooked during the direct 
introduction of mixtures. One of the advantages of CE-MS is that 
mixture components strongly discriminated against for such direct 
infusion experiments often show much more uniform response after 
CE separation. 

The realization of high efficiency CE-MS separations, leading to 
peak widths of only a few seconds or less, presents challenges for 
most mass spectrometers. The on-line combination of capillary zone 
electrophoresis with mass spectrometry was first demonstrated in 
this laboratory for synthetic mixtures of quaternary ammonium salts 
(Olivares et al., 1987; Smith et al., 1988a). These initial separations 
used 100 |im i.d. by 100 cm-long uncoated fused silica capillaries and a 
"buffer" of 10-^ M KCl dissolved in water-methanol 1:1 (v/v) with a 
field gradient of 370 V/cm. As shown in Fig. 6, a mixture of five qua-
ternary ammonium cations {mIz from 74 to 242) was detected at sub-
femtomole levels with separation efficiencies ranging from 35,000 to 
140,000 theoretical plates. The use of "full scan" detection with qua-
drupole mass spectrometers often results in either limited signal 
intensities (due to the extremely short dwell time at each mIz) or too 
few scans obtained during peak elution. One option is to reduce MS 
resolution, which increases signal intensities and allows faster scan 
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speeds. This is not an ideal solution, since mass measurement accu-
racy is reduced and chemical noise due to "background" signals at 
adjacent miz values may mitigate any gain. For these reasons, 
obtaining the maximum number of theoretical plates possible with 
combined CE-MS has not been a major concern. Thus, CE conditions 
involving longer separations and larger injection volumes than opti-
mum have often been used. Similar but magnified constraints arise 
with the use of tandem-MS methods for obtaining structural informa-
tion, as in polypeptide sequencing, due to the low signal intensities 
with conventional MS/MS instruments. These limitations are a major 
driving force for the implementation of improved MS instrumentation 
using array detection or ion trapping methods. In the next section, 
we discuss the issue of sensitivity in more detail and describe two 
recently developed approaches to gaining improved sensitivity in CE-
MS. 

5. Practical Approaches to Improved CE-MS Sensitivity 

5,1. Reduced Elution Speed Detection 

The small quantities of solute used in CE require highly sensitive 
detection methods. The low signal intensities generally produced by 
ESI-MS, t3rpically resulting in maximum analyte ion detection rates of 
no greater than 10^ to 10^ counts/s, effectively limit the maximum 
practical scan speeds with quadrupole mass spectrometers. Thus, 
depending on the desired mIz range, solute concentration, and other 
factors related to the nature of the solute and buffer species, 
maximum mIz scan speeds are often insufficient to exploit the high 
quality separations feasible with CE when coupled to quadrupole or 
other scanning mass spectrometers. 

For fundamental reasons, the maximum electrospray ion current 
is only a relatively weak function of solution conductivity. When the 
delivery of charge-carrying solute entering the ESI source {i.e., the 
product of concentration and mass flow rate) exceeds the capability 
of the electrospray process for complete ionization, the efficiency of 
solute ionization decreases. From an alternate viewpoint, charge 
separation due to ESI becomes less efficient at higher electrolyte con-
centrations, and a decreasing fraction of liquid-phase ions can be 
transferred to the gas phase at a given flow rate. Figure 7 qualita-
tively illustrates the nature of ESI ion formation vs. delivery rate to 
the ESI source. Two general regimes exist. At higher analyte con-
centrations or flow rates, ESI-MS signal strengths become relatively 
insensitive to flow rates. This explains the origin of the often-made 
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Total and reconstructed single ion electro-
pherograms for CE-MS of a mixture of five 
quaternary ammonium salts. The separation 
was conducted on a 2 m x 100 lam i.d. uncoated 
capillary in a 10 mM phosphate buffer at pH 4 
with an electric field of 200 V/cm. (Reproduced 
with permission from Smith et aL, 1988a.) 

comment that ESI-MS functions like a "concentration sensitive" 
detector. At low flow rates (or concentrations), the ESI signal 
strength becomes limited by the number of charge-carrying species in 
solution. In this regime, optimum sensitivity will be obtained. 

In fact, most ESI work, and nearly all CE-MS, has been 
conducted in this region, where the efficiency of solute ionization is 
substantially limited by factors that include competition for available 
electrospray current between analyte and buffer components. CE 
separations generally incur higher currents (5-50 laA) than do typical 
ESI currents (0.1-0.5 MA), and therefore deliver charged species to the 
ESI source at a rate where ionization is necessarily inefficient. Any 



244 RICHARD D. SMITH and HAROLD R. UDSETH 

ESVMS Detection Regions 

Logd) 

Analyte limited 
K 

ESIlimited 

Log (Analyte mass flow rate, mass/time) 

Fig. 7. Illustration of the two regimes for ionization 
efficiency in ESI. Analyte signal intensities 
are approximately proportional to analyte 
concentration in a direct manner at low CE 
flow rates where the delivery of charged 
species to the ESI source is less than the ESI 
current. At higher delivery rates, signal 
intensities are nearly independent of CE flow 
rates and related to analyte concentration. 

contaminant present may also compete with the analyte for available 
charge, thus decreasing the solute ionization efficiency. Ideal buffer 
components have characteristics that allow CE separation of the 
analytes, are volatile, discriminated against during ESI, and form 
minimal gas phase contributions to the mass spectra arising from 
ionized clusters of buffer constituents. 

An approach to obtaining enhanced sensitivity for CE-MS based 
upon reduced elution speed (RES) detection has recently been devel-
oped in our laboratory; it helps to alleviate both the sensitivity and 
scan speed limitations of CE-MS with scanning mass spectrometers 
(Goodlett et al., in press). Involving only the ability to institute step 
changes in the CE electric field strength, the technique is simple and 
readily implemented. Figure 8 illustrates the basis of RES detection. 
A hypothetical CE-MS separation, where the electric field strength is 
held constant throughout the analysis, is shown in Fig. 8A. Alterna-
tively, prior to elution of the first solute to the ESI source, the 
electrophoretic voltage is decreased in the RES CE-MS experiment, 
yielding the result shown in Fig. SB for the same two solutes. Elution 
of solutes is slowed, allowing more scans to be recorded without 
significant loss in ion intensity. Under conditions where the quantity 
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Fig. 8. Hypothetical CE/ESI-MS experiment showing the 
separation of a two-component mixture by (A) constant 
field strength CE/ESI-MS and (B) reduced elution 
speed CE/ESI-MS, Relative ion intensity is denoted by 
(—) and relative electric field strength by ( ). 
(Reproduced with permission from Goodlett et al., 
1993.) 

of solute entering the ESI source per unit of time exceeds the current 
available for complete ionization of the solute (i.e., the solute "satu-
rates) the electrospray process), we expect no substantial decrease in 
maximum ion intensity when the electric field strength is decreased. 
Thus, a larger fraction of the analyte ions will be transferred to the 
gas phase during RES CE-MS than during normal constant electric 
field strength CE-MS. 

It has been shown previously (Jones et al., 1990) that, in general, 
there is a negligible effect on separation quality (i.e., due to diffusion) 
when the electric field strength is manipulated during an electro-
phoretic separation. Figure 9 illustrates the effect of both reversal of 
the CE field strength (A) and elimination of the field for extended 
periods (B). Jones et al, (1990) suggested that improved detection 
might be possible if the electric field strength were lowered to slow 
passage of the solute at the detector. 
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Fig. 9. niustration of the effect of (A) multiple reversals of 
CE polarity and (B) for reversal of field strength 
with the field left "off for 30-min periods. (Repro-
duced with permission from Jones et al, 1990). 

Figure 10 compares the RES method to normal CE-MS detection. 
Figure lOA shows the total ion electropherogram for the separation 
of 60 fmol (injected) each of carbonic anhydrase B, aprotinin, myo-
globin, and cytochrome c using a constant electric field strength of 
300 V/cm. In comparison, Fig. lOB shows the total ion electrophero-
gram (TIE) for the same mixture, where the electric field strength 
was reduced to 60 V/cm one min prior to migration of the first protein 
into the ESI source. Figure lOB shows the same total ion electro-
pherogram after the abscissa has been compressed by one-fifth (Le,, 
by a factor equal to the inverse of the reduction in electric field 
strength). Only a 14% reduction in the ion intensity is observed for 
myoglobin, without an observable loss in separation quality. Each 
protein elutes five times slower in the RES CE-MS analysis than in 
the constant electric field strength CE-MS analysis, but the quality of 
separation is not affected; indeed, it actually appears better due to the 
increased number of scans recorded during elution. Mass spectra 
obtained during this RES CE-MS separation are shown in Fig. 11. The 
quality of data for m/z 600-1200 scans is sufficient to allow molecular 
weights to be calculated to 0.02 -0.1%, despite the modest separation 
quality (Smith et al., 1990b). 
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Fig. 10. Comparison of constant field strength (A) 
and reduced elution speed (B) CE/ESI-MS 
analysis of a mixture containing carbonic 
anhydrase, aprotinin, myoglobin and 
cytochrome c. The constant field 
strength CE/ ESI-MS analysis was 
conducted at 300 V/cm. The reduced elu-
tion speed CE/ESI-MS analysis was con-
ducted at 300 V/cm until one min prior to 
elution of the first protein when the 
electric field strength was reduced to 60 
V/cm. (Reproduced with permission from 
Goodlet ê  aZ., 1993.) 

Key advantages of RES CE-MS are the ability to scan an increased 
m/z range or to increase the number of scans collected during 
elution of a solute. If the electric field strength is reduced by a factor 
of five, then the solute elutes approximately five times slower, allow-
ing five times as many scans to be recorded than at a constant elec-
tric field strength. Sixty femtomoles of carbonic anhydrase B injected 
and analyzed by constant electric field strength CE-MS allowed four 
scans to be averaged. In contrast, the 16 additional scans collected by 
RES CE-MS and not available during constant electric field strength 
CE-MS, provide better peak quality and more precise molecular 
weight measurements, as well as modest improvements in signal-to-
noise ratios. 
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elution speed CE/ESI-MS analysis of a 
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tinin (B), myoglobin (C) and cytochrome c 
(D) shown in Fig. 10. Each mass spectrum 
is the average of 20 scans recorded during 
the elution of each protein. (Reproduced 
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Some of the greatest challenges for CE-MS involve analysis of 
complex mixtures of biopolymers. An important goal is to decrease 
the quantity of protein required for sequencing using methods based 
upon an initial enzymatic digestion of a protein. Comparison of con-
stant electric field strength and RES CE-MS for a 40 fmol injection of 
peptides produced by digestion of bovine serum albumin with trypsin 
(Figs. 12A,B) shows only a small decrease (20%) in ion intensity when 
the electrophoretic voltage was decreased to slow elution, similar to 
results for the protein mixtures. Single ion electropherograms 
extracted for the AWSVAR peptide, produced by cleavage of bovine 
serum albumin with trypsin at amide bonds 32 and 37, are shown in 
Fig. 13A for constant electric field strength CE-MS and in Fig. 13B for 
RES CE-MS. A total ion electropherogram for the bovine serum 
albumin tryptic peptide AWSVAR analyzed by RES CE-MS (Fig. 13B) 
showed only a minor increase in peak width at half height when com-
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Fig. 12. Comparison of constant field strength (A) 
and reduced elution speed (B) CE/ESI-MS 
analysis of bovine serum albumin after 
digestion by trypsin. The constant field 
s t rength CE/ESI-MS analysis was 
conducted at 300 V/cm. The reduced 
elution speed CE/ESI-MS analysis was 
conducted at 300 V/cm until one min 
prior to elution of the first peptide when 
the electric field strength was reduced to 
60 V/cm. (Reproduced with permission 
from Goodlet et al., 1993.) 

pared to the constant electric field strength CE-MS analysis (Fig. 
13A), indicating that apparent peak width was largely dictated by the 
scan speed during normal elution. 

Figure 14A shows a comparison of the mass spectra obtained 
during elution of this peptide. Five scans from the TIE shown in Fig. 
12B, for the corresponding longer RES elution period, were averaged 
to produce the mass spectrum shown in Fig. 14B. The mass spec-
trum recorded during one scan under constant electric field strength 
CE-MS for peptide AWSVAR (Fig. 14A) shows the presence of -15 
additional significant peaks, due to a poorer overlap of the peak elu-
tion time with the MS scan period. A reduction in the complexity of 
individual scans can facilitate data interpretation of complex mixtures 
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Fig. 13. Extracted single ion electropherograms for a 
single peptide (residues 32-37) from constant field 
strength (A) and reduced elution speed (B) 
CE/ESI-MS analysis of bovine serum albumin 
after digestion by trypsin (see Fig. 12). (Repro-
duced with permission from Goodlet et al., 1993.) 
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Fig. 14. Mass spectra of a peptide (residues 32-37) pro-
duced during digestion of bovine serum albumin 
with trypsin and analyzed by constant electric 
field strength (A) and reduced elution speed (B) 
conventional CE/ESI-MS (see Fig. 12). (Repro-
duced with permission from Goodlet et aL, 1993.) 
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due to the greater effective scan speed and the reduced UkeHhood of 
other components eluting during the same scan. 

Reduced elution speed CE-MS provides an increase in the 
efficiency of mass spectrometric scanning compared to conventional 
CE-MS methods. The prolonged residence time of solute in the 
electrospray can be exploited in several ways, including: 1) increasing 
the miz range scanned, 2) increasing the number of scans recorded 
during elution of a given solute, and 3) enhancement of sensitivity 
(integrated ion intensity) for a given solute. Additionally, a reduction 
of migration rate into the ESI source may help offset any negative 
effects {e.g., signal "drop out") and other fluctuations in the electro-
spray signal. The method does not increase solute consumption, 
provides improved sensitivities for peptide and protein analyses 
extending into the low femtomole region, and incurs very little loss in 
ion intensity, particularly important for MS/MS methods and their 
potential application to peptide sequencing. 

5.2. Effect of Capillary Diameter upon CE-MS Sensitivity 

As indicated by Fig. 7, optimum ESI-MS sensitivity will generally 
be obtained at the lowest CE currents, where the rate of delivery of 
charged species to the source is minimized. This expectation is in con-
trast to the expectations of several early workers who utilized larger 
diameter capillaries in order to increase CE sample loading. In 
contrast, an optimum capillary diameter is that which meets several 
criteria: it should (1) be available commercially (or readily prepared), 
(2) be amenable to alternative detection methods, and (3) allow opti-
mum detector sensitivity. For the last criterion, we would expect 
that optimum sensitivity would be obtained at CE currents approxi-
mately equal to or less than the ESI current. Figure 15 shows the 
ESI and CE current for a 10 mM acetic acid buffer (pH 3.4) with a 
75/24/1 v/v/v methanol/water/acetic acid sheath at a flow rate of 2 fiL 
min-i. It can be seen that, even for this relatively low conductivity 
buffer, large CE capillary diameters (>40 \im) will have currents that 
exceed that of the ESI source. 

Wahl et al. (1993) have examined ESI-MS detection sensitivity as a 
function of capillary diameter using standard analyte mixtures. 
Figure 16 shows total ion current profiles for the separation of a 
three-component mixture in capillaries with diameters of 100, 50, 25, 
and 10 îm. Because the same electromigration injection techniques 
were used for each capillary, the injection volume is (to a good 
approximation) proportional to the square of the diameter of the 
capillary. As shown in Fig. 16, only relatively small decreases in ESI-
MS ion currents were observed for the smaller capillary diameters. 
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Fig. 15. Comparison of the CE and ESI currents for a 10 mM 
acetic and buffer as a function of capillary diameter for two 
different CE field strengths. The CE current has the 
expected quadratic dependences upon capillary inner 
diameter. (Reproduced with permission from Wahl et al,, 
1993.) 

For the 10 î m i.d. capillary, where a factor of -100 less sample was 
injected, analyte signal intensities are observed to decline by only 
factors of 2-4, compared to the 100 îm diameter capillary. 

Figure 17 shows the actual ESI-MS response observed for one 
analyte (leucine enkephalin) as a function of injection size for the four 
capillary diameters (Wahl e^aZ., 1993). Consistent with the above 
results and qualitatively with the behavior predicted by Fig. 7, sensi-
tivity increases as capillary diameter decreases. Also in accord with 
this is the observation that roughly equivalent sensitivity is obtained 
using capillaries of 10 and 20 |im diameter. Figure 18 shows the 
exceptional sensitivity that can be obtained using a 20 îm i.d. capillary 
for a simple mixture of polypeptides with selected ion monitoring (of 
seven m/z values). 

Although there are increased difficulties when using small i.d. 
capillaries, e.g., plugging of the capillary, the MS interfacing methods 
are substantially unchanged. One concern relevant to the use of 
small i.d. capillaries was that incomplete mixing between the CE 
buffer system and the sheath liquid would cause a decrease in analyte 
ion current (because the analyte would then be present in only a frac-
tion of the electrospray droplets). Observation of the terminus of an 
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10 îm 
0.01 

^ 
2.0 4.0 6.0 8.0 

Tinie(min) 
10.0 

Fig. 16. Comparison of the CE-MS total ion electropherograms 
for separation of (a) tryptophan, (b) leu-enkephalin, 
and (c) meUttin for four different capillary diameters. 
Electromigration injection and separation conditions 
were identical for all experiments and signal intensities 
are shown on the same scale. The relative amount of 
analyte injected is a factor of 100 lower for the 10 lam 
capillary compared to the 100 ^m capillary. (Repro-
duced with permission from Wahl et al., 1993.) 

uncoated fused-silica capillary of small i.d., squarely cut with the poly-
imide coating intact, showed that the electrospray could emanate 
from both the outer diameter and near the inner diameter of the 
capillary. Points of electrospray emanation were sometimes observed 
to move rapidly, and apparently in a random manner, between vari-
ous sites on the capillary terminus. We believe that such a mode of 
operation may degrade signal stability and sensitivity because electro-
sprays emanating from the capillary outer diameter may contain less 
analyte (due to ineffective mixing). For this reason, the capillary ter-
minus was etched to provide a tapered capillary terminus, allowing 
the liquid to flow to the conical apex and promote more effective 
mixing. 
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Fig. 17. CE-MS signal intensities for leucine-enkephalin 
observed as a function of sample size injected using 
four different capillary diameters. Injections utilized 
similar electrokinetic conditions and a range of ana-
lyte concentrations (Reproduced with permission from 
Wahl e^aZ., 1993). 

The extension to even smaller capillaries for protein analysis is 
shown in Fig. 19, where the total ion current electropherograms 
obtained for the protein mixture using 50 îm (top) and 5 |im (bottom) 
i.d. capillaries are illustrated on the same absolute scale. In both 
experiments, the mass spectrometer is scanning from m/z 600-1200 
at 1.5 s scan-1. in general, the surface treatment for the 5 inm i.d. 
capillary appears to be less homogeneous, based upon electroosmotic 
flow rates which are observed to be slower presumably due to less 
effective surface coverage for the smaller capillaries. Injected 
amounts for the separation shown in Fig. 19 are 60 fmol/ protein for 
the 50 îm i.d. capillary and 600 amol/protein for the 5 lam i.d. capillary. 
This corresponds to a 100-fold difference in the injected sample 
amount between the two capillaries; however, comparison of the two 
electropherograms shown in Fig. 19, as for Fig. 16, shows only a two-
to fourfold difference in signal intensity. 

The mass spectra obtained for the 600 amol/protein injection into 
the 5 |im i.d. capillary are shown in Fig. 20, and are of sufficient qual-
ity to determine the molecular weight of the proteins to better than 
0.03%. These results clearly indicate that CE-MS of proteins is 
feasible at subfemtomole levels, and that sensitivity for the selected 
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Fig. 18. CE-MS obtained with a 20 |im i.d. capillary for two penta-
peptides showing the high sensitivity with SIM detection. 
The amount of the unknown impurity is estimated. 
(Reproduced with permission from Smith et aL, 1993.) 

ion monitoring (SIM) mode of operation should extend to the low atto-
mole range for the proteins studied because a sensitivity improve-
ment of generally 10-100 is noted for SIM relative to "full spectrum" 
detection. 

In the regime of ultra-sensitive analysis, particularly for bio-
polymer characterization, mass spectrometry (MS) has lagged far 
behind techniques such as laser-induced fluorescence and electro-
chemical detection. These detection methods have provided the most 
impressive sensitivities yet demonstrated with CE, but application is 
restricted and information for compound identification is generally 
limited due to a reliance on electrophoretic mobilities. The attraction 
of MS detection is that accurate molecular weight information and 
component identification can be performed, and techniques for obtain-
ing structural information based upon tandem methods are currently 
being extended to larger molecules. These results and on-going 
developments in mass spectrometric instrumentation suggest that 
CE-MS has the potential to move into the regime of ultrasensitive 
detection. 
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Fig. 19. Total ion current electropherograms 
obtained for CE-MS analysis of a 30 
mM/protein mixture containing (a) car-
bonic anhydrase, (b) aprotinin, myoglobin 
and (c) cytochrome c using 50 |im (top) 
and a 5 |im (bottom) i.d. capillaries. 
Injected amounts were approximately 60 
fmol/ protein for the 50 ̂ m i.d. capillary 
and 600 amol/protein for the 5 iim 
capillary by electrokinetic injection. Com-
parison of the two electropherograms, 
shows only a two- to fourfold difference in 
signal intensity. Experimental conditions: 
100 cm capillary lengths; 0.01 M acetic 
acid buffer solution, pH = 3.4; electric 
field, -300 V cm-i; MS scanning conditions 
from m/z 600 to 1200 at 1.5 s/scan. 
(Reproduced with permission from Wahl 
et aL, 1993.) 
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Fig. 20. Mass spectra obtained from the individual solute 
zones for 600 amol/protein injected using the 5 |im 
i.d. capillary shown in Fig. 19 (bottom). (Repro-
duced with permission from Wahl et al., 1993.) 

6. CE-MS Applications 

To this point, much of the reported CE-MS has been concerned 
with investigating and demonstrating the methodology and comparing 
it to other techniques (particularly micro-column LC-MS). Since CE-
MS is a less familiar technique to the analytical chemist, the "first 
wave" of reports generally are those arising from laboratories often 
more interested in new methodologies and instrumental approaches 
than in routine applications or specific analytical problems. Gradu-
ally, however, more "real problems" are being examined (the "second 
wave"), and such reports should increase greatly as CE becomes 
more widespread. 
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Tomer and co-workers have recently applied CE-MS to the analy-
sis of macrolide antibiotics (Parker et al, 1992). These workers used 
75 }im i.d. capillaries that were either uncoated or treated with 3-
aminopropyl trimethoxysilane (APS). The APS coating reverses the 
charge at the column-buffer interface and, thus, the direction of the 
osmotic flow compared to uncoated capillaries. This has been found 
useful for acidic buffers, where ESI is often most sensitive for poly-
peptides and where many ions of interest are positively charged and 
may interact strongly with the negatively charged silanols on un-
treated fused silica. A field strength of 300 V/cm was used, and the 
buffers employed were 0.01 M acetic acid or ammonium acetate. The 
pH was adjusted by the addition of ammonium hydroxide or acetic 
acid to pH 3.4 and by the addition of formic or trifluoroacetic acid for 
pH below 3.4. Using a Vestec ESI-MS instrument with a sheath flow 
(coaxial) interface, they examined mixtures of erythromycin A, spira-
mycin, tylosin, midecamycin, miokamycin, and rokitamycin and the 
second contained the four macrolides oleandomycin, josamycin, trole-
andomycin, and leucomycin-A5. These workers noted that the addi-
tion of trifluoroacetic acid decreased the sensitivity at the lowest pH. 
They also experimented with the addition of organic modifiers in the 
buffer (up to 10% 2-propanol). They found no improvement, but 
observed the expected decrease in electroosmotic flow and corre-
spondingly longer analysis times. 

Thibault and coworkers have recently shown the application of 
CE-MS to compounds of interest to the aquaculture industry such as 
antibiotics and marine toxins (Pleasance et al., 1992a). They demon-
strated separations of saxitoxin, neosaxitoxin, Cn-sulfated gonyau-
toxins (GTX-2 and GTX-3), erythromycin, ometoprim, trimethoprim, 
sulfaisomidine, sulfamethazine and okadaic acid in 50 ^m i.d. capil-
laries. These samples are difficult to analyze by more conventional 
means. They compared both the liquid junction and sheath flow 
interfaces using a 0.2% formic acid solution as either the sheath or 
junction solution. Both CE-MS and CE-MS/MS experiments were per-
formed with detection limits down to the 1 ppm range. They reported 
the expected discrimination effects during electrokinetic injection, 
finding hydrostatic injections to be much more useful than electro-
kinetic injections for quantitation. 

Application to more complex polypeptide mixtures (i.e., tryptic 
digests of proteins), potentially an extremely important area of 
application due to the significance of peptide mapping and sequencing 
using ever smaller sample sizes, has also been investigated by a num-
ber of researchers. With these mixtures, high efficiency separations 
have been demonstrated, generating over 250,000 theoretical plates. 
Complex mixtures of peptides generated from tryptic digestion of 
large proteins present a difficult analytical challenge, since the frag-
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ments cover a large range of both pi and hydrophobicity. Since 
trypsin specifically cleaves peptide bonds C-terminally at lysine and 
arginine, the resulting peptides generally form doubly as well as 
singly charged molecular ions by positive ion ESL Such doubly 
charged tryptic peptides generally fall within the miz range of 
modern quadrupole mass spectrometers. The resolving power of 
these methods is illustrated in Fig. 21, which shows a UV electro-
pherogram (top), obtained in conjunction with a CE-MS analysis 
(Smith et al., 1991b), for a separation of a tryptic digest of tuna cyto-
chrome c in a 50 mM acetate buffer (at pH 6.1) mixed with an equal 
volume of acetonitrile. Shown are single ion electropherograms for 
two charge states of two tryptic fragments. In this work, a commer-
cial CE instrument (Beckman P/ACE 2000) was modified to allow UV 
detection of the separation at one-half the MS detection time, provid-
ing a "preview" of ESI-MS detection at twice the separation time. The 
individual peaks indicate a separation efficiency corresponding to 
approximately 4 x 10^ theoretical plates. It was noted that the appar-
ent efficiency for MS detection is significantly greater than that for 
UV detection (1.2 x 10^ theoretical plates for the same peak), a fact 
that can be largely attributed to the longer separation time and the 
very small effective "dead volume" or residence time in the ESI inter-
face (Smith ê  a/., 1991). 

Lee et al. (1989) showed the detection and identification of 11 com-
ponents of a tryptic digest of recombinant bovine somatotropin using 
SIM detection. Their separations were conducted in a 100 |im i.d. 
capillary using a 50:50 acetonitrile-5 mM ammonium acetate buffei\ 
and obtained efficiencies as high as 300,000 theoretical plates. In 
separate experiments, CE-MS/MS was demonstrated for one of the 
components, providing information on the amino acid sequence. Sub-
sequently, Johansson et al. (1991) reported the analysis of a hemo-
globin tr3rptic digest. They use a 100 lum i.d. capillary, a field strength 
of 260 V/cm and a 50:50 acetonitrile-15 mM ammonium acetate buffer 
adjusted to pH 5.0 with acetic acid. Approximately 10 pmol was 
injected electrokinetically (25 s at 10 kV from a 154 pmol iiL-i digest). 
The digest was expected to have 28 components and a complex total 
ion electropherogram with several co-eluting peaks was observed 
from a scanning experiment covering a 600 m/2: range. The authors 
reported that all of the expected enzymatic products were detected. 
In separate experiments, a 10 pmol injection of the digest was used to 
obtain a MS/MS spectrum of the T-3 fragment. The product daughter 
spectrum showed fragment ions which provided information on the 
peptide. In another experiment these workers used a 75 ^m i.d. capil-
lary with 15 mM ammonium acetate buffer adjusted to pH 2.5 by the 
addition of TEA and 15% methanol. They monitored 8 ions (SIM) 
characteristic of the expected fragments identified from their previous 
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Fig. 21. Comparison of the UV (214 nm) detection (top) 
and MS reconstructed ion electropherograms 
(bottom), with time axes adjusted for the 
corresponding peaks, for a CE-MS separation of 
a tryptic digest of tuna C3rtochrome c. (Repro-
duced with permission from Smith et aL, 1993.) 
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experiments and demonstrated efficiencies from 85,000 to 135,000 
theoretical plates for an 8 pmol injection. 

Thibault et al. (1991a) examined a separation of the tryptic frag-
ments of a glucagon digest. The separation was done in a 50 |im i.d. 
capillary at 390 V cm-i, using either a 10 mM (pH 3.4) or 2.5 M (pH 
2.1) acetic acid buffer. They used a commercial (Microcoat'i'^) poly-
meric coating reagent. Two pmol of glucagon (digested) were injected. 
The four expected fragments (yielding both singly and doubly charged 
ions) were observed using MS scanning (a 950 miz wide range). In 
addition, evidence for the partial oxidation of the sample was obtained 
along with a small amount of CID fragmentation that occurred in the 
ESI-MS interface. Higher efficiency (-34,000 theoretical plates) but 
longer analysis times were obtained with the lower pH buffer. 

Experience to date suggests that nearly all tryptic fragments can 
be effectively detected by ESI-MS methods if first separated; infusion 
of the unseparated digest often results in dramatic discrimination 
against some components. Fragments observed by the UV detector 
are almost always detected by ESI-MS. However, detection has 
sometimes been problematic for very small fragments {i.e., amino 
acids and dipeptides) due to difficulties in obtaining optimum ESI-MS 
conditions over a wide mlz range. Excessive internal excitation or 
large solvent related background peaks at low mIz appear to be the 
origin of some difficulties. There is also evidence that some interface 
designs discriminate strongly against low mIz ions. However, avail-
able evidence indicates that if tryptic fragments are not detected by 
CE-MS, they were generally "lost" prior to the separation, a problem 
particularly evident with "nanoscale" sample handling. As observed in 
the past, full realization of more sensitive analytical methods will 
depend upon concomitant improvements in the earlier stages of 
sample handling and preparation. 

The ESI-MS interface provides the basis for detection of molecules 
having molecular weights exceeding 100,000. The analysis of proteins 
by CE-MS is challenging due to the well-established difficulties associ-
ated with protein interactions with capillary surfaces. Often, capil-
laries must be coated to minimize or prevent wall interactions 
(Thibault et al, 1991a; Moseley et a/., 1992). It is unlikely that one 
capillary or buffer system will be ideal for all proteins but, rather, as 
for LC separations, procedures optimized for specific classes of 
proteins will be developed. Most CE separations require the ionic 
strength of the buffer to be about 10^ greater than that of the sample 
to prevent degradation of the separation due to perturbation of the 
local electric field in the capillary. Detection sensitivity for proteins is 
generally lower than for small peptides due to the greater number of 
charges per molecule and the greater number of charge states. An 
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exception to this is where much greater concentrations of volatile 
buffer components (such as acetic acid) are acceptable. 

An important attribute of the ESI-MS interface is the capability to 
obtain structurally related information on large molecules by dissocia-
tion in the interface by a "coUisional heating" process (induced by a 
simple electric field gradient). This capability was first demonstrated 
for large molecules by our laboratory in 1988 (Loo et aL, 1988). It 
has the advantage compared to CID MS/MS methods of much greater 
selectivity, but the disadvantage of greater ambiguity since only one 
MS step is utilized and a good separation is generally required. The 
complexity of large molecule coUisional dissociation spectra precludes 
obtaining sequence information with current MS quadrupole technol-
ogy, but its potential for "fingerprinting" has been established (Smith 
et al., 1990d, 1991a). As shown in Fig. 22, extensive sequence-related 
fragmentation can be obtained for molecules as large as serum 
albumins (-66 kDa), yielding spectra suitable for fingerprinting 
purposes. We have also shown that direct infusion experiments using 
low pmol sample quantities provide spectra for which a limited 
amount of sequence information can be obtained for materials of 
substantially known sequence. This suggests the potential utility of 
direct CE-MS analysis of proteins for evaluation of suspected primary 
structural or post-translational modifications. 

Figure 23 shows a separation of three myoglobins obtained on an 
uncoated 50 nm capillary of 8 cm length (Smith et aL, 1991b). The 
separation was obtained in 10 mM TRIS buffer at pH 8.3 with an elec-
tric field strength of 120 V/cm. Approximately 100 fmol per compo-
nent was injected onto the capillary column. The top of the figure 
shows the UV trace for the separation and the bottom shows two 
single ion electropherograms from MS detection for the same separa-
tion. Whale myoglobin (Mr 17,199) was detected at m/z 861 (due to 
loss of the heme) and carried 20+ charges. The resolution of the 
mass spectrometer was too low to separate the 19+ molecular ion of 
horse myoglobin (Mr 16,950) from sheep myoglobin (Mr 16,923), and 
both contribute to the m/z 893 ion in the single ion electrophero-
gram. A signal ion at m/z 617 due to the heme group of the myo-
globins is also observed and clearly remains associated with the 
protein during CE separation (Smith et al., 1991b). Since the heme is 
not covalently bound to these proteins, it is labile under the ESI 
conditions used. Peak widths in the UV trace are 3.5 s wide (half-
height) at half the MS detection time, compared to 4.5 s for MS detec-
tion. This suggests that under optimum conditions, more efficient 
injection methods designed to concentrate the analyte at the head of 
the column in conjunction with smaller sample loading could poten-
tially reduce the peak width in these separations to approximately 1 s. 
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Fig. 22. Electrospray ionization mass spectra of three serum 
albumins (Mr -66,000) obtained with a nozzle-skimmer 
voltage (DNS) of 335 V using a modified Sciex TAGA 
6000E triple quadrupole mass spectrometer. The high 
DNS spectra provide structurally related information, 
with much greater sensitivity than possible with triple 
quadrupole (MS/MS) methods, that is useful for finger-
printing. The labels (by) refer to ions arising due to 
products incorporating the amino terminus at the x 
peptide bond and having a charge state of y+. (Repro-
duced with permission from Luo et aL, 1991b.) 
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Fig. 23. CE-MS separation of a mixture of whale (Mr 17,199), 
horse (Mr 17,951), and sheep (Mr 16,923) myo-
globins. Approximately 100 fmol per component was 
injected. The on-line UV response and later MS 
response (at approximately twice the separation 
time) are shown with adjusted time scales. The 
separation was conducted in 10 mM Tris (pH 8.3) at 
120 V/m with a 1 m x 50 ^m i.d. uncoated capillary. A 
sheath liquid incorporating acetic acid was used to 
assist positive ion ESI. (Reproduced with permission 
from Smith et a/., 1991b.) 

The peak widths obtained in these studies are already sufficiently 
narrow to exceed current capabilities for obtaining high quality full-
scan spectra when signal intensities are low and the mass range is 
large. For targeted compound analysis, where a monitoring of only a 
small number of m/z values is necessary, detecting peaks of <1 s in 
width is quite practical. The reduced elution speed techniques dis-
cussed earlier provide one approach to allowing full scan spectra to be 
obtained under such conditions. Obtaining full scan spectra for fast or 
high resolution separations will also benefit from future advances in 
ion trap-MS or array-based instrumentation. 
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In addition to our laboratory, others have also demonstrated GE-
MS protein separations. Particularly successful have been separa-
tions in acetic acid buffer solutions using capillary coatings designed to 
reverse (make positive) capillary surface charge. Thibault et al. 
(1991a) have obtained mass spectra while scanning {miz 1400-2350 
range) using 0.2-0.8 pmol injections of the proteins lysozyme, a-lact-
albumin, chymotrypsinogen A, and bovine apotransferrin. Moseley et 
al. (1992) used an APS-treated capillary (75 ^m i.d.) with a 10 mM, (pH 
3.4) acetic acid buffer, and a field strength of 300 V/cm to evaluate a 
separation of the proteins myoglobin and cytochrome c. Scanning 
over an mIz 1200 range allowed proteins to be detected using only a 
130 fmol injection. 

The CE-MS method can also provide information on impurities, or 
possibly multimeric species, specifically non-covalently associated 
dimers or larger complexes stable in solution (Smith et al., 1991a). 
For example, the CE-MS analysis of a sample of B-chain insulin 
in 10 mM TRIS (at pH 8.3), at an electric field strength of 150 V cm-i, 
using 0.7 pmol injection of a sample showed a second smaller, slightly 
lower peak eluting by both MS and UV detection. The second peak 
was attributed to either an impurity of very similar Mr or a dimer 
(and perhaps larger multimers) that would dissociate to multiply 
charged monomers due to coUisional heating in the ESI interface 
(Smith et al., 1991a). Such species can generally be separated due to 
differences in electrophoretic mobility and, depending upon interface 
conditions and multimer stability, can be detected as either the 
monomer or intact multimer. As molecular weight increases, ESI 
sensitivity for similar compounds is expected to decrease (Smith et al., 
1990c). Figure 24 shows a separation obtained for a serum albumin 
sample using conventional scanning detection with an APS coated 
capillary. The separation, obtained with a 140-fmol injection, provided 
CE-MS results of sufficient quality for accurate molecular weight 
determination, as well as detection of a significant albumin dimer 
impurity. The use of smaller i.d. capillaries is expected to result in 
similar results from much smaller injections. 

7. Capillary Isotachophoresis-MS 

Isotachophoresis in a capillary is an alternative electrophoretic 
method which provides an attractive complement to CE. The instru-
mentation used for capillary isotachophoresis (CITP) can be nearly 
identical to that of CE. In CE, analyte bands are separated on the 
basis of the differences in their electrophoretic mobilities in an electric 
field gradient, which ideally is unperturbed by their presence (owing 
to the much lower effective concentrations). In contrast, in isotacho-
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Fig. 24. CE-MS of a bovine albumin sample showing the separation 
and mass spectra obtained for a 140 fmol injection. The 
poorly resolved smaller peak at shorter time corresponds to 
an albumin dimer impurity. 

phoresis, the analyte mobilities define the electric field strength. 
Two different electrolyte solutions are chosen as the leading and 
terminating electrolyte solutions, which have sufficiently high and low 
electrophoretic mobilities, respectively, to bracket the electrophoretic 
mobilities of the sample components of interest. The sample is 
inserted in the capillary between the two electrolyte solutions, and 
the sample components are separated into distinct bands on the basis 
of their electrophoretic mobilities. The electric current in the 
capillary is largely determined by the leading electrolyte, which then 
defines the ion concentration in each band. The electric field strength 
varies in each band, the highest field strength being found in the 
bands with the lowest mobility {i.e., greatest resistance). The length 
of a band is then proportional to the amount of its ions in the sample. 
As with CE, resolution is ultimately limited by band broadening due to 
molecular diffusion, Joule heating, and particularly electroosmosis 
(due to differences between bands). 

A direct CITP-MS combination allows sample sizes to be increased 
by several orders of magnitude compared to CE, and is limited pri-
marily by the volume of the capillary and the separation time allowed 
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(which is inversely related to the voltage). In addition, CITP often 
results in concentration of analyte bands (depending on their concen-
tration relative to the leading electrolyte), which is in contrast to the 
inherent dilution obtained with CE. These two features can provide a 
substantial improvement in concentration detection limits compared 
to CE. Although detection limits better than 10 attomole are feasible 
for CE-MS (see Fig. 18), the 10 nL injection volume typical of CE 
corresponds to concentration detection limits generally in the range 
of 10"'̂  to 10-9 M with SIM detection. If the ionization efficiency is 
lower, or full-scan mass spectra are required, the CITP-MS detection 
limits will be substantially better than those obtainable by CE-MS. 
All CITP bands have similar ion concentrations, so there should 
ideally be no large differences in signal intensities between bands. 

Figure 25 demonstrates an early CITP-MS separation of 
dopamine and epinephrine, showing the characteristic band-like struc-
ture of CITP for the two components. The separation was conducted 
at 175 V cm-i, with a 2 mx 100 [im i.d. untreated fused-silica capillary. 
The leading electrolyte was 10"^ M ammonium acetate and the 
trailing electrolyte was 10-^ M tetraoctylammonium bromide in a 1:1 
v/v water-methanol mixture as solvent. Figure 26 shows the CITP-
MS single and total ion isotachopherograms for a mixture of phos-
phonium salts. The sample was loaded by electromigration for 60 s at 
30 kV. The separation is well developed, with minimum band overlap 
and sharp edges. The widths of the four bands are nearly equivalent, 
consistent with the similar sample concentrations and the minor dis-
crimination expected from use of electromigration for introduction of 
of the mixture. The most striking feature of the separation shown in 
Fig. 26 is the excellent resolution of the four phosphonium salts, par-
ticularly for the vinyl and ethyl triphenylphosphonium salts which 
were not resolved in the shorter CE separations. The fact that the 
vinyltriphenyl- and ethyltriphenylphosphonium ions are resolved 
illustrates the potential of CITP-MS for high-resolution separations. 

CITP-MS and CITP-MS/MS have been demonstrated for peptide 
sequencing (Smith et al., 1990a). A potentially important capability of 
CE-MS (and CE-MS/MS) is a method that will yield primary structural 
information (i.e., sequence) for polypeptides and small proteins. The 
fact that ESI mass spectra generally consist of only intact multiply 
charged molecular ions is sometimes cited as a disadvantage of this 
method, since it is claimed that structural information cannot be 
obtained. However, effective dissociation of molecular ions can be 
induced in the nozzle-skimmer, capillary-skimmer, or equivalent 
regions of the ESI interface (Loo et aL, 1988; Smith et aL, 1990b, 
1991a). A more powerful approach, but one often limited by available 
signal strengths, is tandem MS of molecular ions from several of the 
major charge states. 
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Fig. 25. CITP/MS separation of a dopamine and 
epinephrine in a 0.8-m capillary at 30 kV. Tetra-
octylammonium bromide was used for the ter-
minating electrol3^e. (Reproduced with permis-
sion from Udseth et aL, 1989.) 

The tandem mass spectra for the various tryptic fragments (cur-
rently obtained in separate experiments due to limitations of our data 
acquisition) can be assembled as demonstrated previously for the 
smaller polypeptide, melittin. The fragments observed from MS/MS 
spectra often provide large amounts of redundant information regard-
ing the peptide sequence. For smaller peptides such as glucagon, 
major fragment ions are observed, which provide information on the 
entire glucagon sequence (Smith et aL, 1990a). CITP provides a rela-
tively pure analyte band to the ESI source, without the large concen-
tration of a supporting electrolyte demanded by CE. This latter char-
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Fig. 26. CITP/MS separation of a mixture of four 
quaternary phosphonium salts showing the single 
ion plots for the four cations and reconstructed 
ion electropherogram (RIE). A 2-m capillary was 
used at 35 kV and the sample loaded by electro-
migration at 35 kV for 60 s. (Reproduced with 
permission from Udseth et al., 1989.) 

acteristic circumvents a disadvantage of CE-ESI-MS related to the 
reduced maximum analyte ion current feasible due to ionization of 
supporting electrolyte. Thus, CITP-MS has the potential of allowing 
greater analyte ion currents than feasible with CE-MS, facilitating 
MS/MS experiments. Although CITP-MS has thus far attracted rela-
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tively little attention, these characteristics make CITP-MS/MS poten-
tially well-suited for characterization of enzymatic digests of proteins. 

8. Limitations to Current CE-MS Methods 

Most ESI-MS instruments to date have been based upon quadru-
pole mass spectrometers. The limitations upon obtaining high quality 
full scan mass spectra for CE-ESI-MS experiments with quadrupole 
mass spectrometers, and even more demanding tandem MS/MS 
experiments (such as for peptide sequencing), require further discus-
sion since the constraints arise directly from the present levels of 
ESI-MS performance. Consideration and understanding of the nature 
of these constraints is important for understanding the trade-offs 
between scan speed, resolution, miz range and sensitivity, as well as 
for the development of improved methods and instrumentation which 
may lead to their resolution or circumvention. 

Perhaps the greatest limitation of present ESI-MS instrumenta-
tion arises due to the small fraction of the total ESI ion current 
actually introduced and analyzed by the mass spectrometer. At 
present, a typical ESI-MS quadrupole instrument will provide an ion 
current of approximately lO-^i A to the detector, corresponding to ~6 
X 10'̂  singly charged ions s-i. Although not always the case, the 
buffer ionic strength will generally exceed the analyte by about 10^ to 
realize the high efficiency possible with CE. Thus, if the ESI process 
does not discriminate greatly between buffer ions and sample, only 
about 6 X 10^ sample ions s-i will be detected (at most). In practice, 
ESI generally discriminates in favor of higher molecular weight 
species, and somewhat higher sample ion currents can be obtainable 
using "volatile buffers" such as acetic acid. Examination of full scan 
spectra from, say, mlz 10-2000, under conditions which minimize 
discrimination, generally shows that even the most intense peaks 
correspond to «10% of the total ion current, consistent with such 
expectations. The best resolved and fastest eluting peaks for 
capillaries of conventional dimensions have widths at half height of 
about 1-3 s. If ten scans are required during peak elution, and the 
region mIz 100-2000 is scanned in 0.2 mIz steps, then the most 
intense peak that can be detected would correspond to only -20 ions. 
Even with pulse-counting detection >3-5 ions are required to provide 
minimal confidence of detection, suggesting a dynamic range of ~5. 
Clearly, this quality of MS performance is impractical with present 
quadrupole instruments. For scans at a reduced width of 1000 mIz 
units and Imlz steps, -200 ions can result for major peaks, giving a 
more reasonable dynamic range of -50. Slower scans are also useful 
in practice. For a 1.4 scan second over a 500 mIz unit window, with 1 
mIz step size, a dynamic range of -400 would be estimated. 
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qualitatively consistent with the present results. Clearly, while 
results obtained at slower scan speeds, lower resolution, and a 
smaller miz scan range are far less than ideal, simultaneous 
optimization of both CE and MS components is generally impractical 
given existing instrument performance. The reduced elution speed 
method described earlier provides one approach to circumvent some 
of these compromises. The situation is more severe for tandem 
MS/MS using triple quadrupole instrumentation, due to the much 
lower signal intensities after coUisional dissociation (generally at least 
one order of magnitude smaller, often a factor of 100). 

There are several possible approaches to resolving these limita-
tions. One is to increase the efficiency of ion transport from the ESI 
source into the mass spectrometer, now generally only -0.01% or 
less in overall efficiency (Smith et al., 1990b). A second approach is to 
analyze all the ions which enter the mass spectrometer, using either 
ion-trapping methods or array detection. Indeed, a number of 
workers are already beginning to examine the quadrupole ion trap 
mass spectrometer (ITMS) for this purpose (Van Berkel et a/., 1990; 
Cooks et al, 1991). Since the ITMS can trap and accumulate ions 
over a wide m/z range, and then rapidly conduct a swept ejection/ 
detection step, the fraction of total ions detected (compared to that 
entering the ITMS) is much greater, allowing the utilization of a 
much larger fraction of the total ESI current (assuming efficient ion 
injection and trapping). Much faster scan speeds over extended m/z 
ranges are thus possible. The best MS performance in principle 
would be obtained with full range array detection, but practical 
instrumentation for this purpose is not yet available, and would likely 
be much more expensive than either the ITMS or existing instrumen-
tation. It should be noted that projections regarding ITMS perfor-
mance must be made with caution, since the trapping efficiencies 
upon injection from external ESI sources are not yet well established, 
and may be on the order of only one percent. In addition, the m/z 
measurement accuracy currently obtainable has been reported to be 
significantly lower than for quadrupole instruments, a particular con-
cern for multiply charged species and sequencing applications. How-
ever, preliminary results indicate the sensitivity obtainable with ESI is 
indeed better than for quadrupole instrumentation (Van Berkel et al., 
1990), although concerns regarding mass measurement accuracy 
have not been completely addressed, and capabilities for both high 
resolution and high m/z detection have been demonstrated (Cooks et 
aL, 1991). 

Other developments are promising, but less certain. McLafferty 
and coworkers have pioneered the combination of ESI with Fourier 
transform-ion cyclotron resonance mass spectrometry (FT-ICR) 
(Henry et aL, 1991) and have shown that very high resolution is 
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obtainable. Laude and coworkers have demonstrated that substantial 
gains in sensitivity are obtainable by having the ESI interface in the 
high magnetic field of an ICR using a superconducting magnet 
(Hofstadler and Laude, 1992). The potential for higher order mass 
spectrometry, MS^ (n > 3), using ICR or ITMS instruments also 
appears promising. High resolving power at moderate miz, a capabil-
ity of ion-trapping devices, has been demonstrated for proteins and 
appears to have considerable potential, although technical difficulties 
remain to be solved, particularly in conjunction with CE methods. 

Acknowledgments: We thank the U. S. Department of Energy, Office 
of Health and Environmental Research (Contract DE-AC06-76RLO 
1830), for support of this research, and the contributions of Drs. 
Charles J. Barinaga, David R. Goodlett, and Jon H. Wahl to the 
recent work described at our laboratory. 

9. References 

Bruins, A. P., T. R. Covey and J. D. Henion (1987). Anal Chem., 59, 
2642-2646. 

Caprioli, R. M. (1991). Proceedings of the Japanese Soc. Biomed. Mass 
Spectrom., 3-13. 

CaprioH, R. M., W. T. Moore, M. Martin and B. B. DaGue (1989). J . 
Chromatogr., 480, 247-257. 

Chowdhury, S. K., V. Katta and B. T. Chait (1990). Rapid Commun. 
Mass Spectrom., 4, 81-87. 

Cooks, R. G., G. L. Glish, S. A. McLuckey and R. E. Kaiser (1991). 
Chem, Eng. News, March 25, 26-41. 

de Wit, J. S. M., L. J. Deterding, M. A. Moseley and K. B. Tomer 
(1988). Rapid Commun. Mass Spectrom., 2, 100-104. 

Deterding, L. J., M. A. Moseley, K. B. Tomer and J. W. Jorgenson 
(1991a). J. Chromatogr,, 554, 73-82. 

Deterding, L. J., C. E. Parker and J. R. Perkins (1991b). J. Chroma-
togr,, 554,329-338. 

Edmonds, C. G., J. A. Loo, C. J. Barinaga, H. R. Udseth, and R. D. 
Smith (1989). J, Chromatogr., 474, 21-37. 

Edmonds, C. G., J. A. Loo, S. M. Fields, C. J. Barinaga, H. R. Udseth 
and R. D. Smith (1990). In: Biological Mass Spectrometry (A. L. 
Burlingame and J. A. McCloskey; eds.) pp. 77-100, Elsevier Science 
Publishers B.V., Amsterdam. 

Fenn, J. B., M. Mann C. K. Meng and S. F. Wong (1990). Mass Spec-
trom, Rev,, 9, 37-70. 

Garcia, F. and J. D. Henion (1992). Anal. Chem., 64, 985-990. 



CAPILLARY ELECTROPHORESIS/MASS SPECTROMETRY 273 

Goodlett, D. R., J. H. Wahl, H. R. Udseth and R. D. Smith (1993) J, 
MicrocoL Sep,, 5, 57-62. 

Hail, M., J. Schwartz, L Mylchreest, K. Seta, S. Lewis, J. Zhou, I. 
Jardine, J. Liu and M. Novotny (1990). In: Proceedings of the 38th 
ASMS Conference on Mass Spectrometry and Allied Topics, 
Tucson, AZ, pp. 353-354. 

Henry, K. D., J. P. Quin and F. W. McLafferty (1991). J. Am Chem. 
Soc, 113, 5447-5449, 

Hunt, D. F., J. E. Alexander, A. L. McCormack, P. A. Martino, H. 
Michel, J. Shabanowitz, M. A. Moseley, J. W. Jorgenson and K. B. 
Tomer (1991). In: Techniques in Protein Chemistry II, (J. J. 
Villafranca, ed.) pp. 441-454, Academic Press, San Diego, CA. 

Johansson, I. M., E. C. Huang, J. D. Henion and J. Zweigenbaum 
(1991). J, Chromatogr,, 554, 311-327, 

Johansson, I. M., R. Pavelka and J. D. Henion (1991). J. Chromatogr,, 
559, 515-528. 

Jones, H. K, N. T. Nguyen and R. D. Smith (1990). J, Chromatogr,, 
504, 1-19. 

Kenndler, E. and E. Haidl (1985). Fresenius J, Anal, Chem,, 322, 391-
396. 

Kenndler, E. and D. Kaniansky (1981) J, Chromatogr,, 209, 306-309. 
Lee, E. D., Mlick, W., J. D. Henion, and Covey, T. R. (1988). J, 

Chromatogr,, 458, 313-321. 
Lee, E. D., Miick, W., J. D. Henion, and T. R. Covey (1989a). Biomed, 

Environ, Mass Spectrom,, 18, 253-257. 
Lee, E. D., Miick, W., J. D. Henion, and T. R. Covey (1989b). Biomed, 

Environ, Mass Spectrom,, 18, 844-850. 
Loo, J. A., H. K. Jones, H. R. Udseth and R. D. Smith (1989). J, Micro-

column Separations, 1, 223. 
Loo, J. A., R. R. Ogorzalek Loo, H. R. Udseth, C. G. Edmonds and R. 

D. Smith (1991a). Rapid Commun, Mass Spectrom,, 5, 101-105. 
Loo, J. A., C. G. Edmonds and R. D. Smith (1991b). Anal. Chem,, 63, 

2488-2499. 
Mack, L. L., P. Kralik, A. Rheude and M. Dole (1970). J. Chem, Phys,, 

52, 4977-4986. 
Minard, R. D., P. D. Curry, Jr. and A. G. Ewing (1989). In: Proceed-

ings of the 39th ASMS Conference on Mass Spectrometry and 
Allied Topics, May 21-26, Miami Beach, FL., pp. 30-33. 

Moore, W. T. and R. M. CaprioH (1991). In: Techniques in Protein 
Chemistry II, p. 511-528, Academic Press, New York. 

Moseley, M. A., L. J. Deterding, K. B. Tomer and J. W. Jorgenson 
(1989a). Rapid Commun, Mass Spectrom,, 3, 87-93. 

Moseley, M. A., L. J. Deterding, K. B. Tomer and J. W. Jorgenson 
(1989b). J, Chromatogr,, 480, 197-209. 



274 RICHARD D. SMITH and HAROLD R. UDSETH 

Moseley, M. A., L. J. Deterding, K. B. Tomer and J. W. Jorgenson 
(1990). J. Chromatogr.,516, 167-173. 

Moseley, M. A., L. J. Deterding, K. B. Tomer and J. W. Jorgenson 
(1991). Ana/. Chem., 63, 109-114. 

Moseley, M. A., J. Shabanowitz, D. Hunt, K. B. Tomer and J. W. 
Jorgenson (1992). J. Am. Soc. Mass Spectrom., 3, 289-300. 

Miick, W. M. and J. D. Henion (1989). J. Chromatogr., 495, 41-59. 
Mylchreest, I. and M. Hail (1989). In: Proceedings of the 39th ASMS 

Conference on Mass Spectrometry and Allied Topics, May 21-26, 
Miami Beach, FL., p. 316. 

Olivares, J. A., N. T. Nguyen, C. R. Yonker and R. D. Smith (1987). 
Anal. Chem., 59, 1230-1232. 

Parker, C. E., J. R. Perkins and K. B. Tomer (1992). J. Am Soc. Mass 
Spectrom., 3, 563-574. 

Perkins, J. R., C. E. Parker and K. B. Toner (1992). J. Am Soc. Mass 
Spectrom., 3, 139-149. 

Pleasance, S., S. W. Ager, M. V. Laycock and P. Thibault (1992a). 
Rapid Commun. Mass Spectrom., 6, 14-24. 

Pleasance, S., P. Thibault and J. Kelly (1992b). J. Chromatogr. 591, 
325-339. 

Reinhoud, N. J., W. M. A. Niessen and U. R. Tjaden (1989). Rapid 
Commun. Mass Spectrom., 3, 348-357. 

Reinhoud, N. J., E. Schroder, U. R. Tjaden, W. M. A. Niessen, M. C. 
Ten Noever de Brauw and J. Van der Greef (1990). J. Chroma-
togr.,516, 147-155. 

Rockwood, A. L., M. Busman, H. R. Udseth and R. D. Smith (1991). 
Rapid Commun. Mass Spectrom., 5, 582-585. 

Shida, Y., C. E. Parker, J. R. Perkins, K. O'Hara, M. Kono and K. B. 
Tomer (1989). In: Proceedings of the 39th ASMS Conference on 
Mass Spectrometry and Allied Topics, May 21-26, Miami Beach, 
FL., pp. 587-588. 

Smith, R. D., J. A. Olivares, N. T. Nguyen and H. R. Udseth (1988a). 
Anal. Chem., 60, 436-441. 

Smith, R. D., C. J. Barinaga and H. R. Udseth (1988b). Anal. Chem., 
60, 1948-1952. 

Smith, R. D., J. A. Loo, C. J. Barinaga, C. G. Edmonds and H. R. 
Udseth (1989a). J. Chromatogr., 480, 211-232. 

Smith, R. D., H. R. Udseth, J. A. Loo, B. W. Wright and G. A. Ross 
(1989b). Talanta, 36,161. 

Smith, R. D., S. M. Fields, J. A. Loo, C. J. Barinaga, H. R. Udseth, and 
C. G. Edmonds (1990a). Electrophoresis, 11, 709-717. 

Smith, R. D., J. A. Loo, C. G. Edmonds, C. J. Barinaga, and H. R. 
Udseth (1990b). AnaZ. Chem., 62, 882-899. 

Smith, R. D., J. A. Loo, C. G. Edmonds, C. J. Barinaga, and H. R. 
Udseth (1990c). J. Chromatogr., 516, 157-165. 



CAPILLARY ELECTROPHORESIS/MASS SPECTROMETRY 275 

Smith, R. D., J. A. Loo, C. J. Barinaga, C. G. Edmonds, and H. R. 
Udseth (1990d). J. Am, Soc. Mass Spectrom,, 1, 53-65. 

Smith, R. D., J. A. Loo, R. R. Ogorzalek Loo, M. Busman and H. R. 
Udseth (1991a). Mass Spectrom, Rev., 10, 359-451. 

Smith, R. D., H. R. Udseth, C. J. Barinaga, and C. G. Edmonds (1991b). 
J. Chromatogr.,559, 197-208. 

Smith, R. D., J. H. Wahl, D. R. Goodlett and S. A. Hofstadler (1993) 
Anal Chem., 65, 574A-584A. 

Suter, M. J.-F., B. B. DaGue, W. T. Moore, S.-N. Lin and R. M. Caprioh 
(1991). J. Chromatogr., 553,101-116. 

Suter, M. J.-F. and R. M. Caprioh (1992). J. Am. Soc. Mass Spectrom., 
3,198-206. 

Takigiku, R., T. Keough, M. P. Lacey and R. E. Schneider (1990). 
Rapid Commun. Mass Spectrom., 4, 24-29. 

Tehrani, M., R. Macomber and L. Day (1991). J. High Resolut. 
Chromatogr., 14, 10. 

Thibault, P., C. Paris and S. Pleasance, S. (1991a). Rapid Commun. 
Mass Spectrom., 5, 484-490. 

Thibault, P., S. Pleasance and M. V. Laycock (1991b). Analysis of 
paraljrtic shellfish poisons by capillary electrophoresis, J. Chroma-
togr., 542, 483-501. 

Thibault, P., S. Pleasance and M. V. Laycock (1991c). In: Proceedings 
of the 39th ASMS Conference on Mass Spectrometry and Allied 
Topics, May 21-26, Miami Beach, FL., pp. 593-594. 

Udseth, H. R., J. A. Loo, and R. D. Smith (1989). Anal. Chem., 61, 
228-232. 

Van Berkel, G. J., G. L. GUsh and S. A. McLuckey (1990). Anal. 
Chem., 62, 1284^1295. 

Verheij, E. R., U. R. Tjaden, W. M. A. Niessen and J. Van Der Greef 
(1991). J. Chromatogr., 554, 339-349. 

Wachs, T., J. C. Conboy, F. Garcia and J. D. Henion (1991). J. 
Chromatogr. ScL, 59, 357-366. 

Wahl, J. H., D. R. Goodlett, H. R. Udseth and R. D. Smith (1992) Anal. 
Chem., 64, 3194-3196. 

Wahl, J. H., D. R. Goodlett, H. R. Udseth, and R. D. Smith (1993) 
Electrophoresis, 14, 448-457. 

Wolf, S. M., C. Norwood, E. Jackim and P. Vouros (1992). J. Amer. 
Soc. Mass Spectrom., 3, 757-761. 



This Page Intentionally Left Blank



CHAPTER 6 

Electrochemical Detection for Capillary EHectrophoresis 

THOMAS J. O'SHEA 

Searle Research and Development 
4901 Searle Parkway 

Skokie, IL 60077 U.SA. 

1 • Introduction 

Electrochemical (EC) detection is widely accepted as a technique 
that can provide sensitive and selective measurements. Many articles 
concerning its theory, design, performance, and application have 
appeared in the scientific literature (Weber, 1986; Ryan et al., 1994; 
Lunte and Lunte, 1996). These deal principally with its use in con-
junction with liquid chromatography (LC), where it has been demon-
strated to be one of the most sensitive detection techniques available. 

Electrochemical measurements offer significant advantages over 
the classical spectroscopic techniques, particularly with respect to 
capillary electrophoresis (CE). Because electrochemistry is a surface 
technique, the limits of detection are not compromised by the small 
dimensions inherent in CE. This is in contrast to pathlength-
dependent spectrophotometric detectors. In addition, electrochemical 
detectors do not require an optical carrier and, as a result, are much 
less costly than absorption and fluorescence detectors. This is especi-
ally significant when one considers that electrochemical detectors are 
easily tunable without such parts as monochromators and filters. 
While laser-induced fluorescence detection does offer comparable 
sensitivity, the number and wavelength of lasers is limited (see Soper 
chapter). Derivatization (either pre- or postcolumn) is often required, 
which limits its usefulness. The main drawbacks associated with EC 
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detection for CE are problems with reliability and its lack of 
acceptance by many chemists more familiar with Beer's law. 

In this chapter, a brief introduction on the basic principles of elec-
trochemistry that are necessary for understanding electrochemical 
detection will be given. For those wishing to delve deeper, numerous 
detailed texts on this subject exist (Bard and Faulkner, 1980; 
Kissinger and Heineman, 1984, 1996). The focus of this chapter is 
primarily on amperometric detection; however, potentiometry and 
conductivity detection will also be addressed. The emphasis will be on 
developments in the field, describing the designs of the various 
systems and summarizing specific applications of the technique. 

1,1 Principles of Electrochemical Detection 

The application of electrochemical detection to an analysis 
problem depends ultimately upon the voltammetric characteristics of 
the analyte(s) of interest under a particular set of experimental 
conditions. Therefore, before beginning an analysis, it is important to 
evaluate the voltammetric behavior of the analyte(s) under conditions 
befitting the separation experiment. In typical circumstances, this is 
initially achieved by cyclic voltammetry (CV), a technique which can 
be used to rapidly assess the thermodynamic and kinetic parameters 
of the redox reaction. Hydrodynamic voltammetry (HDV), a steady-
state technique from which amperometry is derived, is also used to 
determine the detection potential; it is more closely related to the 
actual situation encountered in an CEEC experiment. 

Amperometry is the most widely applied technique in electro-
analytical flow-through detection systems. In these systems a fixed 
operating potential is applied and the resulting current is measured 
as the compound undergoes a redox reaction at the electrode surface. 
To determine the optimum operating or detection potential for a par-
ticular compound, the relationship between the electrolysis current 
and the applied potential under the experimental conditions of the 
separation should be determined. Illustrated in Fig. 1 is the relation-
ship of current to applied potential for the oxidation of an electro-
active compound. The HDV begins at a potential at which the analyte 
is not electroactive and, therefore, no faradaic response is generated. 
The curve then proceeds into a region of increasing response charac-
terized by the half-wave potential E1/2, defined as the potential at 
which the current is half its limiting value. The slope of this region is 
determined by the Nernst equation and the kinetics of electron trans-
fer at the electrode. The response finally attains a limiting current or 
mass transport-limited plateau. It is clear that the maximum current 
response is obtained at the mass transport-limited region; however. 
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Potential 

Fig. 1. Hydrodynamic voltammograms of redox species. 
Ei/2, half-wave potential; ib, background current; 
if̂  faradaic current. 

the influence of the background current (electrolysis of the carrier 
solution constituents) should also be taken into consideration in order 
to obtain the optimum signal-to-noise (S/N) ratio. 

Selectivity is another important parameter influenced by the 
operating potential. Because each class of analytes exhibits different 
potential behavior (Fig. 2), the detection potential can be exploited 
for selective detection. In general, for oxidation reactions, the lower 
the detection potential, the greater the selectivity. Electrophero-
grams are obtained by plotting current as a function of time at a 
selected (constant) potential. Faraday's law is crucial to ampero-
metric determinations. It is described by: 

Q = nFN (1) 

where the number of coulombs (Q) passed is directly proportional to 
the number of moles (N) converted to product in the electrophoresis 
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Fig. 2. Electrochemical behavior of several electro-
active organic functional groups. 

zone, number of electrons (n) involved in the reaction, and the 
Faradaic constant (F = 96,500 coulombs/mole of electrons). Differen-
tiation of this equation with respect to time yields the instantaneous 
current, which is a measure of the rate at which the analyte is 
converted and is given by: 

it = dQ/dt = nF dN/dt (2) 

In the CEEC experiment, the current response is defined by Eq. 2, 
where the response is due to the change in concentration as a 
function of time. The peak area is defined by equation (1). 

In practice, amperometric detectors exhibit conversion efficiencies 
of up to 5%; the term coulometric detector is employed if yields 
surpass 95%. Between these limits the detector may be termed 
quasi-amperometric, which is the design generally employed in CEEC 
systems. The amperometric rather than the coulometric mode of 
detection is more desirable in flow-through detectors. This is princi-
pally due to the fact that as the size of the electrode surface is 
increased (to increase efficiency), the added surface area contributes 
proportionally less to the analyte converted but is directly propor-
tional to the background current. This results in poorer signal-to-
noise ratios (S/N) at larger electrodes. Sources of noise and other 
parameters affecting detection limits in electrochemical detection 
have been investigated by Weber and Long (1988). 

Redox reactions that obey the Nernst equation are termed 
reversible. Irreversible reactions occur when the current from elec-
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trolysis of the analyte is limited by the rate of electrochemical or 
chemical steps at the electrode surface. This limitation may be 
lessened by the application of an operating potential that exceeds the 
value according to the Nernst equation. In effect, this increases the 
thermodynamic driving force, causing the electrode reaction to occur 
more favorably. 

1,2, Microelectrodes 

The small dimensions inherent in CE necessitate the use of 
microelectrodes as working electrodes for electrochemical detection. 
The electrochemical responses at these electrodes can differ signifi-
cantly from those observed at conventional-sized electrodes. This is 
due to the fact that the dimensions of the electrode are smaller than 
the distance the molecules diffuse in solution during the experiment, 
which leads to a steady-state response. These electrodes exhibit 
several unique properties which make their use as detectors very 
favorable, including reduced ohmic drop and capacitive charging cur-
rents and greatly increased rates of mass transfer. For comprehen-
sive discussions on the theory, design and application of these elec-
trodes, several excellent reviews are available (Wightman and Wipf, 
1989; Wang, 1990). 

1.3. The Electrochemical Cell 

Electrochemical cells are usually based on a three-electrode 
configuration comprising a working, auxiliary and reference electrode 
controlled by a potentiostat. Typically, the working electrode is held 
at ground, and the auxiliary electrode is used to apply the potential 
difference between the cell solution and the working electrode. 
Another option is to set either the reference or auxiliary to ground 
potential. In this way, the potential difference between the electrode 
and the solution and not the potential of the working electrode 
material itself is the applied potential. The role of the reference 
electrode is to provide a stable known half-wave potential; it serves as 
the electrochemical zero. The purpose of the potentiostat is to 
control the potential difference while converting the Faradaic current 
into a measurable voltage. As a result of the reduced effects of 
solution resistance at microelectrodes, three-electrode potentiostats 
are not always necessary, particularly if the currents measured are 
in the low to sub-nanoampere range. Less sophisticated home-built 
two-electrode systems will suffice as long as the reference electrode 
is of low impedance. 
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lA. Electrode Materials 

Because of their excellent mechanical and electrical properties, 
cylindrical carbon fibers ranging in diameter fi:-om 5-33 |im have been 
the most widely employed electrode material for CEEC. This mate-
rial can be used over a potential window of -1.0 V to 1.3 V vs. 
Ag/AgCl, making it possible to carry out both oxidation and reduction 
reactions. Recently, metal electrodes made from copper (Engstrom-
Silverman and Ewing, 1991; Colon et aL, 1993; Ye and Baldwin, 1994), 
gold (O'Shea et aL, 1993) and amalgamated gold (O'Shea and Lunte, 
1993) have found increasing use in CEEC. Chemically modified micro-
electrodes have also been used for CEEC, and tailoring of electrode 
surfaces for specific applications should provide the key to improved 
amperometric detectors in the future (O'Shea and Lunte, 1994; Zhou 
et aL, 1994). 

2. Capillary Electrophoresis with Electrochemical Detection 
(CEEC) 

2,1, System Design 

Although electrochemical detection offers both sensitivity and 
selectivity for CE, it is not routinely employed. This is due primarily 
to the difficulty in performing electrochemistry in the presence of the 
high voltage power supply associated with CE. Therefore, the main 
design feature in interfacing an electrochemical detector to a CE 
system is the electrical isolation of the electrophoretic current from 
the electrochemical cell. Typically, the current generated by the 
application of the high voltage separation current is several orders of 
magnitude greater than that measured in the electrochemical cell. 
Wallingford and Ewing (1987) were the first to report the design and 
use of a CEEC system. They employed a porous glass sleeve into 
which two sections of capillary column were joined near the cathodic 
end of the capillary. This conductive joint (rather than the end of the 
column) is immersed in the cathodic buffer reservoir where it permits 
the flow of ions but not bulk electrolj^e. This allows grounding of the 
separation voltage, and enables one to hold the detection end of the 
column at ground. Buffer and solute zones are then pumped by the 
electroosmotic flow generated in the separation capillary past the 
joint, through the detection end of the column and into the electro-
chemical cell, where detection can be performed without the adverse 
effects of the applied electrical field. Figure 3 shows a schematic 
diagram of this system. An initial concern was that the second capil-
lary segment, the detection capillary, would lead to band broadening; 



ELECTROCHEMICAL DETECTION FOR CE 283 

(A) 
0-30 kV 

- ^ i | l 

-^r^:.-. 

(B) 

F 

! \ 

/ * 

\ D E F 

/ 

. _ _ ^ _ ^ _ . -

Fig. 3. (A) Schematic diagram of coupled CZE system. A, 
buffer reservoirs; B, separation capillary; C, detec-
tion capillary; D, eluent. (B) Detailed schematic of 
porous joint. A, microscope slide; B, fused silica 
capillary; C, porous glass capillary; D, joint; E, 
epoxy; F, polymer coating. (Reproduced with 
permission from Wallingford and Ewing, 1987.) 

however, it was shown that this was minimal if the capillary length 
were less than 2.5 cm. In a recent report on the use of a 13 cm 
detection capillary, Kok (1993) demonstrated that zone broadening 
could be greatly decreased by the application of compensating 
pressure on the front end of the separation capillary during electro-
phoresis. 

A more rugged and easily constructed improvement of this type of 
design was reported by O'Shea et al. (1992a), who employed Nation, 
an ion-exchange membrane, as the conductive material. The use of 
this flexible material avoided the fragile nature of porous glass and 
did not require the capillary sections to be realigned after being frac-
tured, as this is carried out within the Nafion tube. In this design, a 
short length of Nafion is threaded over a previously prepared score 
mark on the capillary column and sealed in place. Gentle pressure is 
applied, causing the score mark to fracture; this allows conduction 
through the fracture and grounding is thereby accomplished. A 
schematic representation of this joint is illustrated in Figure 4. Other 
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Fig. 4. Schematic diagram of Nafion joint. (Reproduced with 
permission from O'Shea et al., 1992a). 

materials which have been successfully implemented in this fashion 
include porous graphite (Yik et aL, 1991), cellulose acetate (Wang and 
Chen, 1992) and palladium (Kok and Sahin, 1993). Another decoupl-
ing device design was reported by Huang and Zare (1991), who used a 
CO2 laser to drill a hole (ca. 40 jLim in diameter) in the side of a capil-
lary, which was subsequently filled and sintered in place by a mixture 
of solder glass and powdered fused silica. The glass frit allowed elec-
trical contact to be established, facilitating its use either in the appli-
cation of sample collection or for electrochemical detection. 

An alternative design for an end-column amperometric detector 
that eliminated the need for a decoupling device for CE was described 
by Huang et al. (1991) and is illustrated in Fig. 5. In this design the 
working electrode is placed at the end of the capillary column (but 
not inside). By employing capillary columns of very small internal 
diameter (<20 |xm) with zwitterionic buffers, virtually all of the voltage 
associated with the separation is dropped across the capillary. There-
fore, the amperometric detector can be operated in the millivolt 
range provided that the working electrode is outside the end of the 
capillary column. However, because the detector is not isolated from 
the separation voltage, the actual detection potential is influenced by 
the electrical field present at the end of the separation capillary. The 
magnitude of this electrical field is proportional to the diameter of the 
capillary, and thus this design works best with capillaries of less than 
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Fig. 5. Schematic drawing of CZE with end-column ampero-
metric detection. (A) capillary; (B) cathodic buffer 
reservoir and electrochemical cell; (C) carbon fiber 
electrode; (D) electrode assembly; (E) micromanipula-
tor; (RE) reference electrode. Reproduced with per-
mission from Huang et al., 1991). 

20 |Lim i.d. Limitations of this design are that small fluctuations in the 
voltage of the power supply used for the separation can translate into 
noise at the electrochemical detector, and that the electrode must be 
equilibrated each time the separation voltage is switched on at the 
start of a run (Kok, 1993). Due primarily to these factors, higher con-
centration detection limits are consistently achieved when using this 
design rather than decoupling devices. 

An additional drawback of end-column detection is the difficulty in 
placing the electrode at the end of the capillary. A solution to this 
problem was provided by chemically etching the end of the capillary 
with hydrofluoric acid to enlarge the internal diameter at the detector 
end (Sloss and Ewing, 1993). The electrode can then be positioned 
more precisely and easily, and is less susceptible to changes in posi-
tion due to vibrations from external sources. The noise associated 
with the separation voltage was examined in detail by Lu and Cassidy 
(1993b). They concluded that in order to achieve optimal results a 
decoupling device should be employed when the internal diameter of 
the capillary is greater than 25 inm. 

The electrochemical cells employed for CEEC are based on either 
a two- or three-electrode configuration, depending on the range of 
faradaic current being measured. Typically, a cylindrical-shaped 
microelectrode is inserted into the detection end of the capillary 
column using micromanipulators while viewing under an optical 
microscope. The coulometric efficiency of this type of detection 
scheme is dependent on the i.d. of the capillary column and the 
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dimensions of the microelectrode. Insertion of a carbon fiber 200 |im 
in length with 33 |im i.d. resulted in coulometric efficiencies of approxi-
mately 50% for flow velocities typically utilized in CE separations 
(O'Shea et aL, 1992a). 

2,2. Applications 

2,2.1. Direct amperometry 

2.2.1,1. Carbon electrodes. Early research using CEEC was 
focused primarily on the analysis of single cells. The research high-
lighted the power of the technique for analysis of small sample vol-
umes (picoliter range). Sampling of the cytoplasm was accomplished 
by insertion of a capillary glass microinjector fitted onto the anodic 
end of the electrophoresis capillary and injected directly into a nerve 
cell of an invertebrate (Wallingford and Ewing, 1988c). A refinement 
of this procedure where the anodic end of the capillary was used as 
the injector has also been reported (Olefirowicz and Ewing, 1990a). 
This was accomplished by etching the capillary with hydrofluoric acid 
to form a microinjector with a tip diameter of 8-10 ^im. In that work, 
5 |Lim i.d. columns were used, necessitating electrochemical etching of 
the 5 |im commercially available carbon fibers to ca. 2 jim to facilitate 
insertion into the column. An electropherogram of a cytoplasm 
sample obtained from a snail neuron is shown in Fig. 6. This 
particular study represented the first direct detection of neurotrans-
mitters in a single nerve cell. Detection limits in the range of 10~^-
10"^ M were obtained for a range of indoles and catecholamines in a 
series of studies carried out by Wallingford and Ewing (1988b,c; 1989). 

Another application of CEEC that has exploited the small sample 
volume requirement is the analysis of in vivo microdialysis samples 
(O'Shea et al., 1992b,c). In this technique, a liquid perfusate is 
pumped through a probe consisting of a short length of dialysis tubing 
implanted in the tissue of interest. Through precisely controlled flow 
rates, chemicals can be predictably introduced or removed from the 
extracellular space by establishment of a diffusional steady-state 
across the membrane wall. The major limitation of microdialysis 
sampling is the small volumes obtained, as the best recovery is 
obtained at flow rates of less than 1 ^il/min. Thus, in order to obtain 
good temporal resolution, a technique having the capability to analyze 
submicroliter samples is highly desirable. Since CE consumes sample 
volumes of nanoliters or lower, enhanced temporal resolution is 
possible as well as the ability to perform multiple analyses on a single 
sample. For further discussion of this technique, see Chapter 12. 
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Fig. 6. Comparison of electropherograms of a cytoplasmic 
sample obtained from a large serotonin neuron of 
Planorbis corneus (Part A) to an electropherogram of 
serotonin and catechol obtained from a standard solu-
tion (Part B); separation capillary length, 77 cm; 
capillary i.d., 5 |xm; buffer, 25 mM 2-[N-morpholino]-
ethanesulfonic acid (MES) (pH 5.65); injection 5 s at 10 
kV (/ = 9 nA); separation potential 25 kV (i = 21 nA). 
The electrophoretic mobilities of peaks A and C in part 
A correspond to the calculated electrophoretic mobili-
ties of serotonin (basis for identification) and an uniden-
tified anion, respectively. (Reproduced with permission 
from Olefirowicz and Ewing, 1990a.) 

In one report in which CEEC was employed for microdialysis 
studies, a dose of 25 mg/kg of the drug L-dopa was administered to a 
rat through an implanted cannula and was continuously monitored in 
blood over a 2-h period (O'Shea et aL, 1992b). The authors compared 
their results to those in a previously reported work of the same 
nature using LC, which suffered from poorer resolution and in which 
it was necessary to dilute samples in order to obtain usable injection 
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quantities. Another advantage of the small sample requirements of 
CE is that multiple analyses can be carried out on a single micro-
dialysis sample. This makes it possible to perform voltammetric 
characterization of analytes in a single microdialysis sample to 
confirm peak identity and purity. As with any separation technique, 
migration time is not always a reliable indicator of peak identity. This 
is perhaps more important in the case of CE, where the sample 
matrix may have a considerable effect on the migration of sample 
components. Therefore, it is always desirable to obtain further infor-
mation for confirmation. Identification by this approach is based upon 
the Ei/2 value and the shape of the current voltage curve, which may 
be used in conjunction with migration time to characterize the 
analyte. The combination of these two parameters substantially 
increases the probability that the identification is correct. 

Voltammetric characterization is accomplished by comparison of 
current responses in the region where most change occurs, the 
current-limiting plateau. This produces characteristic ratio values 
and is analogous to wavelength ratioing with UV absorbance detec-
tion. An example of this is illustrated in Fig. 7, where the voltam-
metric ratios for peaks identified as a-methyldopa and L-dopa were 
obtained. The ratios are shown in Table 1 for the sample and 
standards and confirm the purity and identity of the L-dopa peak. On 
the other hand, the ratios were significantly different for a-methyl-
dopa and the sample peak, indicative of misidentification or the 
presence of a co-eluting peak. 

Table 1. Voltammetric Characterization of L-dopa and its 
Metabolites 

P e a k l 

a-methyldopa 

Peak 2 

L-dopa 

+500/+800 mV 

0.26 

0.19 

0.23 

0.24 

+650/+800 mV 

0.63 

0.52 

0.44 

0.43 

(Reproduced with permission from O'Shea et al., 1992b.) 

The effect of pretreatment on the response of the carbon fiber 
microelectrode was also demonstrated in this study. It is well known 
that the surface of carbon electrodes can be gradually altered over 
time as a result of fouling. In conventional-sized electrodes this can 
be overcome with polishing, but this approach is obviously not feasible 
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Fig. 7. Electropherograms of the dialysate, obtained 40 min 
after administration of L-dopa, used for voltammetric 
characterization study. Separation conditions: 0.01 
M borate (pH 8.3); voltage, 30 kV; column length, 75 
cm; detection potential, (A) +800 mV, (B) +650 mV 
and (C) +500 mV vs. Ag/AgCl. (Reproduced with 
permission from O'Shea et aL, 1992b.) 

for cylindrical microelectrodes. An effective type of electrochemical 
pretreatment, which was first used by Gonon et al. (1981) for carbon 
fiber microelectrodes, is based upon the application of a high fre-
quency waveform to the electrode surface. An example of the effec-
tiveness of a 2 V square wave of 30 s duration on the current 
response of a carbon fiber for the oxidation of L-dopa is shown in Fig. 
8. It was observed that the response rapidly decreased between suc-
cessive injections of the drug (Fig. 8A); however, if the pretreatment 
were applied between each run, a reproducible response was obtained 
(Fig. 8B). 
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Fig. 8. Electropherograms of 25 ^g/ml L-dopa. Separa-
tion conditions same as in Fig. 7 except that the 
detection potential is +800 mV vs. Ag/AgCl. (A) 
Successive injections (1,3,5) of L-dopa; (B) 
successive injections (1,3,5) with intermediate 
pretreatment. (Reproduced with permission 
from O'Shea et al., 1992b.) 

CEEC and microdialysis were also combined for the monitoring of 
excitatory amino acid release in the brain of a rat (O'Shea et aL, 
1992c). Extracellular levels of aspartate, glutamate and alanine in 
the frontoparietal cortex of the brain were determined. The effect of 
an influx of high concentrations of potassium ion on the overflow of 
the amino acids was also monitored. As these and the majority of 
amino acids lack electrochemically active moieties necessary for 
direct detection, derivatization with naphthalene-2,3-dicarboxaldehyde 
(NDA), which reacts with primary amines in the presence of cyanide 
to produce electroactive cyano[/7benzisoindole (CBI) derivatives, was 
employed (Lunte and Wong, 1989). Detection limits reported for the 
derivatized amino acids were in the 10"'̂  to 10"^ M range. 

Deacon and co-workers (1993) employed a Cu(II)-coated capillary 
for the determination of peptides by CEEC; this permitted direct 
detection without the need for precolumn derivatization. The Cu(II)-
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coated capillaries were prepared by flushing fused-silica capillaries 
with the biuret reagent. The Cu(II) in the reagent then associated 
with the negatively charged silanol groups on the walls of the capil-
lary. Under alkaline conditions, injected peptides complexed with the 
Cu(II) and were oxidatively detected at a carbon fiber microelectrode. 
Di-, tri-, tetra and pentaglycine were determined with detection limits 
ranging fi:-om 7.0 x 10"'̂  to 5.5 x 10"^ M. The sensitivity decreased 
with increasing peptide size. 

Amperometric detection has also been used with MECC to 
enhance the separation of nonionic and cationic analytes. This 
technique was first introduced by Terabe and coworkers (1984) and is 
based primarily on partitioning phenomena rather than electro-
phoretic effects (see Chapter 3). Wallingford and Ewing (1988b) first 
demonstrated the use of micellar solutions with CEEC using sodium 
dodecyl sulfate (SDS) for the separation of neutral and cationic 
catecholamines. In this case, the presence of micelles in the buffer 
solution was observed to affect the detection. To further evaluate 
this effect, voltammetric experiments were performed in various con-
centrations of SDS. It was found that higher concentrations of SDS 
cathodically shifted the half-wave potentials of the catechols, with the 
effect more pronounced for cationic catechols. In addition, as the SDS 
concentration was increased, the limiting current was observed to 
decrease to a constant value. In contrast, an increase in response 
was observed for neutral catechols at low concentrations of SDS. 
Sensitivity was therefore severely affected, resulting in detection 
limits in the femtomole rather than the attomole range commonly 
obtained with MECC. It was surmised that this reduction in sensitiv-
ity was caused by adsorption of SDS to the electrode, which resulted 
in fouling of the surface. In a further study, it was found that surface 
modification of the electrode surface with Nafion alleviated this 
problem somewhat; however, conclusive quantitative data were not 
reported (Wallingford and Ewing, 1989). 

2,2.1,2. Metal electrodes. Other electrode materials in addition to 
carbon have been employed for direct amperometric detection in CE. 
The use of an amalgamated gold wire microelectrode was reported by 
O'Shea and Lunte, 1993. This type of electrode was prepared by dip-
coating a 50 |Lim diameter cylindrical gold microelectrode in mercury. 
Alternatively, the mercury can be electrodeposited from a mercurous 
solution onto the microelectrode. The resulting electrode was used 
for the detection of biological thiols, including cysteine and gluta-
thione, down to the nanomolar range. The detection of the thiols is 
indirect and is based upon the catal5rtic oxidation of mercury in the 
presence of thiols as described by: 
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Hg + 2 RSH -^ Hg(SR)2 + 2e- + 2H+ (3) 

This reaction occurs at +0.1 V vs. Ag/AgCl, and is therefore very 
selective. This system was employed for the determination of gluta-
thione in a rat brain homogenate. Only one other peak was detected 
in this complex sample (Fig. 9). The applicability of the system was 
extended to the detection of thiol-containing drugs, including D-peni-
cillamine, captopril, and 6-mercaptopurine, at the submicromolar 
level. The average lifetime of the electrode was reported to be ca. 
one week; however, it was emphasized that this was a direct function 
of sample throughput and thiol concentration. 

Glutathione 

0.01 nA 

6 10 14 18 
Time (min) 

22 

Fig. 9. Electropherogram of rat brain tissue homogen-
ate. Peak corresponds to 58 fmol of 
glutathione. Operating buffer, 10 mM MES (pH 
5.5); separation voltage, 30 kV; detection 
potential, +150 mV vs. Ag/AgCl. (Reproduced 
with permission from O'Shea and Limte, 1993.) 

Recently, the application of a mercury liquid film on a gold micro-
disk electrode for CEEC was reported (Lu and Cassidy, 1993a). This 
electrode was used for the determination of 14 metal ions detected as 
their complexes with the complexation reagent a-hydroxyisobutyric 
acid, which was present in the buffer system. A limitation associated 
with the Hg-film electrode was its lack of long-term stability. This 
was demonstrated by a decrease of up to 50% for certain complexes 
over a 5-h period. It was speculated that this was caused by altera-
tions in the physical nature of the electrode such as increased forma-
tion of the Hg/gold amalgam and/or oxidation of the mercury surface. 
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A copper wire microelectrode detector has been described by 
Engstrom-Silverman and Ewing (1991). The detection principle was 
based upon the complexation of certain analytes, including amino 
acids, with a copper oxide film on the surface of the electrode. This 
complexation and subsequent dissolution of the copper oxide resulted 
in an oxidation current that is dependent on the analyte concentra-
tion. The detection of nonelectroactive amino acids and dipeptides as 
well as electroactive catechols using a 10 |Lim copper wire electrode 
was demonstrated. The separation and detection of amino acids and 
peptides using a copper electrode has been further investigated by Ye 
and Baldwin (1994) and Zhou and Lunte, (1995). 

Copper wire microelectrodes were also used for the detection of 
carbohydrates that had been separated in strongly alkaline solutions 
(pH 13) without prior derivatization or complexation (Colon et aL, 
1993). The technique used was termed amperometric detection at 
constant potential (ADCP). The separation conditions employed were 
suitable for the separation of 15 different sugars (Fig. 10), and 
reportedly did not result in any apparent deterioration of the micro-
electrode. The linear response of the detector was found to be over 
three orders of magnitude (|LLM-mM), and limits of detection for the 
carbohydrates studied were in the fmol range. 

2,2.1.3, Chemically modified electrodes. Direct amperometry of 
many important analytes is often compromised by slow electron 
transfer kinetics at the electrode surface, which causes oxidation (or 
reduction) to occur at a potential greater than the expected thermo-
dynamic potential. This can result in poor selectivity and higher 
detection limits. In some cases, detection of an analyte may require 
an overpotential that is beyond that of the solvent electrolysis, thus 
making detection infeasible. Chemically modified electrodes (CME) 
can overcome this problem through the use of surface-bound media-
tors that can catalyze the redox reaction of specific solution species at 
substantially reduced potentials. The capabilities of such CMEs for 
CEEC were first demonstrated by O'Shea and Lunte (1994) with elec-
trodes based on the immobilization of two different types of modifiers 
into a carbon paste matrix. Electrodes were composed of a length of 
150 \JiVCi i.d fused silica capillary packed at one end with carbon paste 
containing the modifier. The disc electrode was then aligned with the 
end of the CE capillary in a wall-jet configuration. The first design of 
the electrode incorporated the electrocatalyst cobalt phthalocyanine, 
which was used to catalyze the oxidation of several analytes including 
cysteine, glutathione and thioguanine with detection limits in the 10~^ 
M range. The enhanced selectivity achieved with this electrode was 
demonstrated by the analysis of cysteine in urine. 
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Fig. 10. CZE/ADCP electropherogram of a mixture containing 
15 different carbohydrates (80-150 |iM). Conditions: 
separation electrolyte, 100 mM NaOH; fused-silica 
capillary, 50 iim i.d. x 73 cm; injection 10 s by gravity 
(10 cm height); separation voltage, 11 kV; carbo-
hydrates (a) trehalose, (b) stachyose, (c) raffinose, (d) 
sucrose, (e) lactose, (f) lactulose, (g) cellobiose, (h) 
galactose, (i) glucose, (j) rhamnose, (k) mannose, (1) 
fructose, (m) xylose, (n) talose, (o) ribose. (Repro-
duced with permission from Colon et al., 1993.) 

The use of a RuCN-based modified electrode for the simultaneous 
determination of thiols and disulfides has also been reported in con-
junction with CE separation (Zhou et al., 1994), The electrode used in 
this case requires solutions of low pH and high ionic strength for 
maximum sensitivity. 

An additional design is based on an immobilized enzyme. In one 
case, glucose oxidase was employed for the selective detection of 
glucose (O'Shea and Lunte, 1994). The electrodes were reported to 
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be very stable and reproducible when used as detectors for CE. 
Based on the diversity of chemical and biological modifiers available, 
CMEs should expand the utility of CEEC to include several classes of 
analytes that are otherwise poorly suited to electrochemical detec-
tion. Other types of CMEs have found application in LCEC and 
should be exploitable for CE. These include permselective coatings, 
which can enhance selectivity or inhibit electrode fouling, and electro-
active polymer films for the electrochemical detection of nonelectro-
active ionic analytes. 

2.2.2. Pulsed amperometry 

Aldehydes and terminal alcohol moieties in carbohydrates can be 
detected by their electrocatalytic oxidation at gold electrodes under 
alkaline conditions. However, as a consequence of the adsorption of 
free-radical intermediate product as well as solution impurities, the 
anodic response of carbohydrates is rapidly attenuated. Johnson and 
LaCourse (1990) were the first to develop a commercially exploitable 
pulsed waveform for LC to overcome this limitation. In this tech-
nique, termed pulsed amperometric detection (PAD), three sequential 
potential steps manage the process of sampling the faradaic signal 
from the analyte, followed by oxidative cleaning and reductive reacti-
vation of the electrode surface. Examples of the potential-time wave-
forms used for PAD are illustrated in Fig. 11. By judicious selection of 
the PAD waveform, several other classes of compounds, including 
aliphatic amines and amino acids as well as numerous sulfur com-
pounds, are amenable to detection. 

O'Shea et al. (1993b) were the first to report results from CE-
PAD. They applied the waveform illustrated in Fig. 11a to a 50 \xin 
diameter gold wire microelectrode. Several carbohydrates of physio-
logical interest were detected, including glucose, with detection limits 
of 0.9 |LiM or 22.5 fmol. The method was employed for the detection of 
glucose in blood; an example of such an electropherogram is shown 
in Figure 12. It has also been expanded to the detection of glyco-
peptides and carbohydrates isolated from recombinant coagulation 
factor Vila (Weber et al., 1995). Lu and Cassidy (1993a) recently 
described a two-step pulse waveform for the detection of T1+, Pb "̂̂  
and Cu "̂̂ . The procedure was based upon the application of a nega-
tive potential to reduce the analyte ions, followed by a positive 
potential in which the current was sampled from the oxidation of the 
reduced metal. 
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Waveforms: (a) pulsed amperometric detection (PAD) with a 
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long current integration period (e.g., 200 ms); (c) integrated 
PAD with a long integration period (e.g.., 200 ms). 
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Fig. 12. Electropherogram of human blood. Peak 
corresponds to 85 ̂ M glucose. Operating 
buffer, 10 mM NaOH-8 mM Na2C03; 
capillary column 75 |im i.d.; separation 
voltage, 25 kV. (Reproduced with permis-
sion from O'Shea et al., 1993.) 
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2,2,3, Indirect amperometry 

Although direct and pulse amperometry can provide very sensi-
tive measurements, many analytes are not electroactive and there-
fore cannot be detected by this approach. Indirect detection can 
circumvent this limitation; it is based upon the analyte displacing a 
mobile-phase additive in the eluted band. The analytical signal is 
derived from the additive itself rather than the analyte. The displace-
ment of the additive by the analyte causes a decrease in the signal 
because the concentration of the additive in the analyte zone is lower 
than its steady-state concentration. Olefirowicz and Ewing (1990b) 
were the first to demonstrate the feasibility of indirect amperometric 
detection for CE. Dihydroxybenzylamine (DHBA), an electroactive 
compound, was used as the cationic electrophore, providing a stable 
background by its continuous oxidation at +700 mV vs. SCE. Zones of 
nonelectroactive cations displaced the DHBA during the electro-
phoretic run and were detected as negative peaks. Several amino 
acids and peptides were detected in this manner with detection limits 
in the subfmol range. In addition, direct amperometric detection of 
catechols could be performed simultaneously, allowing both electro-
active and non-electroactive analytes to be detected in the same run, 
as illustrated in Fig. 13. 

2,2,4, Conductivity detection 

Conductivity detection is based upon the measurement of the 
potential difference between two indicator electrodes when a constant 
current is applied to them. Analytes possessing conductivities differ-
ent than that of the electrophoretic buffer are detected as they pass 
by the indicator electrodes. Conductivity is a bulk property and there-
fore provides universal detection; however, this also severely limits 
its selectivity and yields detection limits comparable to those of UV 
detection. Nonetheless, it can be useful for the detection of inorganic 
ions. 

The first experiments using a conductivity detector in CE were 
performed by Mikkers et al, (1979), who employed a potential drop 
between two electrodes separated along the flow direction in a poly-
tetrafluoroethylene (PTFE) narrow-bore tube. Foret and coworkers 
(1986) later described a conductivity cell to which the capillary tubing 
was connected using a microscale molding of polyester resin to con-
struct an on-column detector. They reported detection limits with 
this system in the 10"^ M range. 
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Fig. 13. Electropherogram of catecholamines and peptides 
with combined direct and indirect amperometric 
detection in a 9 |im i.d. capillary; buffer, 0.01 mM 
DHBA-0.025 MES (pH 5.65); 97 cm separation capil-
lary; 1.0 cm detection capillary; injection 5 s at 25 
kV; separation voltage 25 kV. Peaks: A, dopamine, 
(0.50 fmol injected); B, norepinephrine (0.51 fmol 
injected); C, epinephrine (0.50 fmol injected); D, Lys-
Phe (45 fmol injected); E, His-Phe (37 fmol injected). 
The broad peak between D and E is an unknown 
impurity in the Lys-Phe. (Reproduced with permis-
sion from Olefirowicz and Ewing, 1990b.) 

Huang and coworkers (1987) described a more sophisticated on-
column detector design for small diameter capillaries. They used a 
focused CO2 laser beam to bore 40 |xm holes directly through the 
walls of a fused-silica capillary. Two 25 |im platinum wires were 
sealed into the holes on opposite sides of the capillary. An AC conduc-
tivity circuit with an oscillation frequency of 3.5 KHz was employed to 
measure and amplify the potential changes between the electrodes. 
As a result of the large voltage drop along the length of the column 
(of the order of 300 V/cm), the detector electrodes were required to 
be aligned exactly to minimize background noise from electrochemical 
reactions. Peak area was linear over three orders of magnitude from 
2.5 îM to 2.0 mM for Li+. 
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Huang et al. (1989) have also employed conductivity detection for 
the determination of low molecular weight carboxylic acids. In their 
study, it was found that the electrophoretic mobilities of some of the 
multicharged acids, under conditions in which they are largely ion-
ized, were often greater than and opposite to the electroosmotic flow. 
Therefore, in order to detect these anions, it was necessary to add 
the surfactant tetradecyltrimethylammonium bromide to the buffer 
phase to control the electroosmotic flow. 

In 1991, a simpler end-column conductivity detector was described 
by Huang et aL It was mounted directly at the outlet of the separa-
tion capillary of a commercial CE system. In their design, a 40 jim 
hole was made in a capillary near its outlet. A platinum wire was 
inserted along the length of the capillary close to the hole and sealed 
in place, as illustrated in Fig. 14. The assembly was then placed in an 
outlet reservoir containing the ground electrode. This ground elec-
trode completes the electrophoretic separation circuit, and the con-
ductivity measurement is made between the sensing and the ground 
electrodes. The system was applied to the analysis of several metal 
ions, cyclohexamine and pyridoxamine at the 10~^ M level. 

Since the signal in conductivity detection arises from the differ-
ence in equivalent conductance between the charge carrier electro-
lyte ion and the analyte ion, a high background occurs which limits 
the sensitivity of the detector. Dasgupta and Bao (1993) addressed 
this limitation by utilizing a suppressed conductometric CE system. 
Their design incorporated a tubular cation-exchange membrane at 
the detection end of a capillary. A static dilute acid regenerant solu-
tion surrounded the membrane that functioned as a suppressor. 
With the high voltage applied and the regenerant solution grounded, 
effective suppression of several electrolytes including sodium borate, 
glycinate and cyanide was demonstrated. Electroosmotic flow carries 
the analyte zones past the suppressor into the conductivity detection 
cell, which consists of two platinum wires inserted through the wall of 
a PVC capillary. The system exhibited detection limits superior to 
those of previous conductivity approaches, in the low |ig/l for a range 
of anions. An example of this technique is illustrated in Fig. 15. In a 
subsequent paper, Avdalovic and colleagues (1993) reported a similar 
design, employing suppressors for both anion and cation determina-
tions, which enabled detection limits in the 10~^ to 10"'̂  M range for 
common organic and inorganic ions. 
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Fig. 14. End-column conductivity detector: (a) align-
ment of sensing electrode in capillary with 
eluent hole in capillary wall (not to scale); (b) 
same as (a) with electrical connectors; (c) 
horizontal cross-section. Not shown is the pro-
tective jacket, which surrounds the outlet of 
the capillary. Conductivity measurements are 
made between the sensing electrode and the 
ground electrode, which also acts to complete 
the electrophoretic circuit. (Reproduced with 
permission from Huang et aL, 1991.) 
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Fig. 15. Performance near detection limits: (a) 
unknown; (b) iodate; (c) fluoride; (d) 
chlorate; (e) nitrate. 50 [ig/l of each ion 
except fluoride (10 ing/l). Injection 4 s at 
5 psi. (Reproduced with permission from 
Dasgupta and Bao, 1993.) 

2.2,5. Potentiometric detection 

Potentiometric detection is based upon the measurement of the 
Nernst potential with respect to a reference electrode either across 
an ion-selective membrane or at an electrode surface. This is a type 
of measurement in which the controlling unit is used principally to 
ensure that no significant current is drawn from the cell. Therefore, 
detection is based on the measurement of electrode potential at zero 
current. The indicator electrode is chosen to respond to a particular 
species in solution whose activity or concentration is to be deter-
mined. The half-cell potential of the reference electrode is invariant. 
Historically, indicator electrodes have been made of a metal that 
forms a redox couple with the analyte of interest or, alternatively, an 
inert metal that responds to the activity ratio of a soluble redox 
couple. The main limitation of these electrodes is that they are prone 
to numerous interferences. A pivotal achievement in this area was 
the development of ion-selective electrodes (ISE). The response of 
these devices relies on the interaction of the analyte with an elec-
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trode membrane that alters the potential across the membrane. The 
selectivity of the response is dependent on the specificity of the inter-
action of the analyte with the membrane. 

Potentiometric detection was first introduced for zone electro-
phoresis by Virtanen (1974) for 200 îm i.d. capillaries. The system 
consisted of a Ag/AgCl-coated platinum wire sensing electrode, which 
was inserted into the cathodic end of the separation capillary. 
Changes in potential as a result of eluting analyte zones were 
measured with respect to a reference electrode in a dc Wheatstone 
bridge. The system was used to detect inorganic ions including Li+, 
K"*" and Na" ,̂ which were reported to be linear over the range 1-6 
mM. 

Haber et al, (1991) also described a more sophisticated ion-selec-
tive microelectrode for the potentiometric detection of several alkali 
and alkali-earth metals. The electrode was prepared using a Ag/ 
AgCl-coated platinum wire which was encased in a micropipet pulled 
to a tip diameter of ca. 1 jum. A membrane cocktail, which was drawn 
into the tip of the microelectrode, was specifically designed to exhibit 
a good response for most cations with the exception of magnesium, 
which was used as the electrolyte in the electrophoretic buffer. The 
microelectrode was placed a few microns behind the capillary outlet 
and, because of its high internal resistance (10^ to 10^^ ohms), no 
decoupling devices were necessary. A separation of several alkali and 
alkali-earth metals at the 10~^ M level is illustrated in Fig. 16. 

3. Conclusions 

CE and electrochemical detection have emerged as a powerful 
combination for trace measurements of electro active compounds. 
Electrochemical detection has been demonstrated to be particularly 
well suited to CE, as it is concentration-sensitive and therefore not 
compromised by the small volumes associated with CE. There is little 
doubt that only the "tip of the iceberg" has been seen in terms of 
applications of CEEC. The literature now contains the basic elements 
for the design of such a system which should make possible a viable 
commercial detector in the near future. Such an instrument would 
certainly address the sensitivity limitations currently restricting the 
applications of CE. 

Presently, the technology is advancing in several different areas. 
Detection potential is not the only means of achieving selectivity. 
Electrode material, pulse waveforms and electrode surface modifica-
tions have all been demonstrated to increase selectivity. However, to 
meet new and existing challenges posed by complex samples, it is an-
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Fig. 16. Electropherogram of a solution con-
taining 10"^ M alkali and alkali-earth 
metals. Capillary 25 ^m i.d., 0.99 m 
long; buffer 20 mM magnesium 
acetate; pH 7.5; injection electro-
kinetically, 5000 V for 2 s; potential 
15 kV; potentiometric detection post-
column. (Reproduced with permission 
from Haber etal., 1991.) 
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ticipated that electrode modification and novel derivatization schemes 
will play increasing roles in the enhancement of electrochemical 
detection for CE. A microelectrode array detector (Ewing et al., 1994) 
has been designed for CE. Such designs will, in principle, improve the 
scope and selectivity of amperometric detection. Voltammetric detec-
tion is another possibility for CE. This technique, while it does not 
exhibit the impressive detection limits of amperometry, would offer 
the benefit of qualitative as well as quantitative information. For 
example, co-eluting peaks can be resolved if the potential at which 
they are electroactive differ significantly. 

The excellent detection limits exhibited by suppressed conductivity 
should ensure its continued development and establish it as a very 
powerful universal detection scheme for CE. 
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CHAPTER 7 

Sample Preparation for Capillary Electrophoresis 

DAVID K. LLOYD 

Department of Oncology, McGill University, 
Montreal, Quebec, Canada, H3G 1Y6 

1. Introduction 

In CE, as in high-performance hquid chromatography (HPLC), the 
matrix in which an analyte is injected onto the separation column can 
make a significant difference in the quaUty of separation achieved. 
The simplest case is one in which a single pure analyte is dissolved at 
a relatively low concentration in the same solution that fills the sepa-
ration capillary. In such a case, injection of the analyte causes mini-
mal disturbance of the equilibrium within the capillary. The analjrte 
travels in a distinct zone along the capillary, with broadening occur-
ring from a number of potential sources such as chromatographic 
interactions with the capillary surface, heating effects and diffusion. 
If, however, the sample zone possesses a significantly different com-
position than the solution filling the rest of the capillary, the equilib-
rium in the capillary is disturbed. This may have deleterious (or, if 
controlled, potentially advantageous) effects on the analysis. For 
example, if the sample zone has a different conductivity than the 
solution in the rest of the capillary, the local modification in field 
strength will cause either zone sharpening or broadening, and the 
presence of high percentages of organic solvent in the sample can 
cause disruption of micelles in micellar electrokinetic capillary 
chromatography (MECC). 

Problems may also arise if the composition of the sample matrix is 
not consistent. For example, concentration of urine components, in 
particular, inorganic ions, will vary considerably from sample to 
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sample. This may cause poor inter-sample reproducibility in resolu-
tion and in other analytical parameters. A further problem when 
analyzing samples in biological matrices is the possible modification of 
the capillary surface by proteinaceous components. The result can be 
loss of efficiency and resolution and poor reproducibility. Uncoated 
fused silica capillaries are highly susceptible to this problem, so 
removal of protein from the sample or inhibition of protein adhesion 
through the use of a suitable capillary coating or buffer system is 
necessary. 

This chapter will be focused mainly on the sample pretreatment 
used with CE in the determination of endogenous compounds and 
xenobiotics in biological matrices. Reasons for performing a sample 
preparation step include: 

* Sample concentration 

* Removal/control of electrolyte content of the sample 

* Removal of proteins 

* Removal of interferents 

* Removal of particulate matter 

Many of these reasons are similar to those for performing sample 
pretreatment prior to analysis by HPLC. In comparison with HPLC, 
CE has two features which can be beneficial in terms of reducing the 
extent of sample pretreatment. Firstly, the separation generally is 
performed in solution in an open tube (packed-capillary electro-
chromatography and capillary gel electrophoresis being exceptions). 
Therefore, there are no problems associated with fouling of a 
stationary phase, only of the capillary surface. Secondly, CE offers 
very high efficiencies; thus, with the ability to separate a large num-
ber of components per unit time, there may be less need to use 
extractions to remove interferents. Under certain conditions, it is 
indeed possible to develop assays in which a biological sample may be 
injected directly onto the capillary without any pretreatment. 
Clearly, this situation is preferable in terms of time and effort, but 
direct injection assays are probably the exception rather than the 
rule. Without sample pretreatment, interferences often will occur 
when analyzing complex samples such as urine, and in many cases 
the sensitivity of the detector is inadequate without preconcentration. 
There are, therefore, many occasions where some form of sample 
preparation is needed. Figure 1 illustrates a possible process for 
deciding what route to take in developing a new assay. The potential 
savings of time and effort with direct injection methods are attractive, 
and often worth investigating. 
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Is sample concentration high 
enough to easily detect? 

^ 
YES 

1 
Will sample matrix 
cause problems with 
the capillary? 

YES NO 

1 
Use SDS-containing 
buffer, coated 
capillary, or perform 
extraction. 

"^--v. 

NO 

1 
Extraction 
probably 
necessary 

\ 1 
Free choice of 
separation 
conditions to suit 
analyte. 

Fig. 1. Decision-making tree—can a direct 
injection assay be attempted? 

In CE, certainly with commercial instrumentation, although the 
volumes injected are in the low nanoliter range, a few microliters of 
sample are needed for injection—a total sample amount not dissimilar 
to that normally injected in HPLC. Thus, in many cases, the tech-
niques used for sample preparation for HPLC may be applied to CE 
with little modification. When there is abundant sample , e.g., urine, 
and often plasma, this is a perfectly reasonable approach—after all, 
larger volumes are generally easier to handle than small ones. How-
ever, an area of great potential for CE is analyses in sample-limited 
situations. In such cases, it may be necessary to develop either 
microscale sample preparation techniques or assay methods where 
pretreatment is minimized or eliminated. Some methods of sample 
pretreatment which were developed for use in HPLC are now widely 
used for CE; these will be described only briefly here. Detailed discus-
sions of these techniques can be found in a variety of articles such as 
those by McDowall (1989) and Lingemann and Tjaden (1990). 

2. Removal of Particulate Matter 

An almost indispensable step prior to CE analysis is removal from 
the sample of particulate matter which may block the capillary. This 
is usually the last stage of any sample preparation scheme. A micro-
centrifuge may adequately remove particulates in some samples. 
Centrifuge filters (0.2 or 0.45 îm) are useful for cleaning up microliter 
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samples, with the added advantage over syringe filters that numer-
ous samples can be filtered at one time. 

3. Sample Cleanup and Concentration Off-Line 

One of the most important reasons for performing sample prepa-
ration in CE is to concentrate the analyte(s) of interest. This is often 
necessary because of the limited concentration sensitivity of the most 
commonly used detection method for CE, UV absorbance. Typically, 
UV limits of detection fall in the 100 ng ml"i to 10 ing ml~i range. This 
is a limiting factor in many situations. For example, in pharmaco-
kinetic assays and therapeutic drug monitoring, drug and metabolite 
concentrations are usually below this range. If the analyte is natu-
rally fluorescent or electroactive and a suitable detector is available, 
achieving adequate sensitivity may not be a problem, and biological 
samples may be directly analyzed without preconcentration. 

To achieve sample preconcentration, an extraction step is usually 
performed, followed by evaporation of the extraction solvent and re-
constitution in a volume smaller than that of the original sample. A 
potential bonus may be the removal of other components in the 
sample. This approach has been used in a number of CE assays with 
either solid-phase extraction (Lloyd et al., 1991; Wernly and 
Thormann, 1991) or liquid-liquid extraction (Meier and Thormann, 
1991; Prunonosa et al., 1992). These techniques were used in essen-
tially the same way as in preparing samples for analysis by HPLC 
(McDowall, 1989; Lingemann and Tjaden, 1990). At least tenfold con-
centration of the analyte is usually possible, provided that there is 
adequate sample available. 

In principle, there is little difference in the choice of such extrac-
tion procedures whether they are to be used for CE or HPLC. The 
smaller sample requirement for CE means that it may be possible to 
perform the whole extraction procedure with less sample, or that 
greater concentration can be achieved by reconstitution in smaller 
volumes. However, problems may occur which limit the degree to 
which such methods may be scaled down; for example, adsorption of 
the analyte onto supporting materials used in the extraction is likely 
to be more problematic in miniaturized system, and evaporation may 
also cause difficulties. Judicious choices of orthogonal extraction and 
separation steps can minimize problems with interferences {e.g., 
extraction of hydrophobic compounds using a reversed-phase car-
tridge, followed by CE separation of ionic species). 

The tendency of proteinaceous material to adsorb onto the walls 
of fused silica capillaries is well documented (Towns and Regnier, 
1992; Wang and Hartick, 1992). Thus, proteins must either be 
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removed from the sample prior to injection by a pretreatment step or 
a method to reduce adsorption and thus stabilize electroosmosis must 
be employed in order to achieve reproducible analyses. Reduction of 
adsorption is dealt with in a later section. Proteins may well be 
responsible for interferences in the analysis, and for this reason, too, 
their removal may be advantageous. 

A variety of deproteinization methods are used for HPLC sample 
preparation and can also be employed in CE. Both solid-phase and 
liquid-liquid extractions can effectively remove proteinaceous compo-
nents from biological fluids, and have the advantage of allowing 
sample concentration as well. Precipitation methods are also widely 
used in HPLC. Acids are quite effective precipitating agents; 0.4 ml 
10% w/v trichloroacetic acid per ml of plasma precipitates >95% 
proteins. To achieve the same result, 0.8 ml of perchloric acid (6% 
w/v) is needed. Dilution of the sample is not excessive, a favorable 
point for these agents. Organic solvents can also be effective, but a 
2:1 organic:plasma ratio is needed for acetonitrile and acetone to 
achieve 95% precipitation of proteins, and ethanol and methanol are 
even less efficient. Problems which may occur with organic solvents 
are excessive dilution, and alterations in resolution and peak-shape in 
MECC separations (Burton and Sepaniak, 1986). If the proteins 
themselves are the analytes of interest, it may be possible to precipi-
tate them first using an organic solvent and then to reconstitute the 
precipitate in a medium suitable for injection into the electrophoresis 
system (Gurley et aL, 1991). 

Ultrafiltration is another effective method for removing proteins 
from biological samples, and it has been applied for the preparation of 
plasma samples prior to CE analysis (Schoots et aL, 1990; Shibukawa 
et al.y 1993). This is a very simple method of sample preparation, and 
usually allows analytical methods developed using standard samples 
to be directly applied to biofluids. Only non-protein-bound small mole-
cules pass through the filter, unless bound compounds are released 
{e,g,, using urea) before filtration. There are no beneficial concentra-
tion effects (although no unwanted dilution either), so adequate detec-
tion sensitivity must be available unless on-column concentration is 
possible. The other main objection to this method is that filters are 
rather expensive. 

4. On-Capillary Chromatographic and Electrophoretic Con-
centration 

In addition to achieving concentration in an extraction step, 
desalting of the sample may also be accomplished. An exception may 
be when a buffered wash is needed to elute the analyte from a solid 
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phase column. The removal of electrolytes from the sample can be 
helpful because with a desalted sample it may be possible to use on-
capillary peak-stacking to further increase sensitivity for ionic ana-
lytes (Chien and Burgi, 1992). Stacking occurs when the sample is 
injected in a matrix of lower conductivity than the separation buffer. 
Since the current is constant throughout the capillary, a local 
enhancement of the field strength occurs in the sample zone due to 
the conductivity differences. Thus, ion velocities are increased in the 
sample region, and the analsd^e ions quickly migrate from the sample 
zone into the separation buffer where the velocity is reduced because 
of the lower field strength. Ions which are initially further from the 
boundary migrate faster for a longer period of time and overtake the 
ions which were originally near the boundary; thus, a concentrating 
effect occurs. The degree of concentration which may be achieved is 
limited, since mixing effects occur because of local differences in the 
electroosmotic flow velocity between the sample zone and buffer. 

A problem which may arise when using the stacking method is 
thermal degradation of sample. There is considerable excess heating 
in the sample zone relative to the background electrolyte because of 
its higher resistivity (Vinther and Soeberg, 1991). Stacking can be 
used quite effectively to increase sensitivity for desalted extracts of 
biological samples. In a validated assay for the antileukaemic agent 
cytosine-p-D-arabinoside, desalting was achieved (along with concen-
tration) by solid phase extraction (Lloyd et aL, 1991). Analysis was 
performed with 7% (28 nl) of the effective separation length of the 
capillary initially filled with sample. The detected peak half-width 
volume after separation was only 3.6 nl (Fig. 2). 

An enhanced field in the sample zone is necessary in order to 
perform sample-stacking as described above, so this method is not 
readily applicable to body fluids which have not been desalted. How-
ever, by judicious choice of buffer ions it may be possible to perform a 
transient on-capillary sample concentration step by isotachophoresis 
(ITP) (Foret et aL, 1992; Gebauer et al, 1992) (coupled-column ITP-
CZE systems will be considered later). Body fluids have high concen-
trations (hundreds of mM) of sodium and chloride ions, as well as 
millimolar concentrations of a number of other small, highly mobile 
cations and anions. This can fortuitously give rise to suitable condi-
tions for a transient isotachophoretic concentration of less mobile 
organic ions in the sample during the initial part of a separation. This 
is illustrated in Fig. 3, which shows the migration of a minor com-
ponent X~ in the presence of a large excess of a more mobile com-
ponent A", both of which are anions of strong acids and are thus 
unaffected by small pH changes. If a suitable leading ion is not pres-
ent, it can be added. The background electrolyte consists of anion B" 
of a strong acid, and cation RH+ of a weak base. For isotachophoretic 



SAMPLE PREPARATION FOR CAPILLARY ELECTROPHORESIS 315 

Ii\jection txme/s 

Fig. 2. Peak-stacking of ara-C analysed by 
CZE with a field strength of 577 V cm-1 
using a 20 mM citrate buffer (pH 2.5) 
with 0 (X), 10 (O), 20 (A) and 40 mM 
NaCl (D) added to the sample. When 
the buffer conductivity is higher than 
the sample conductivity, peak stacking 
occurs; with aqueous samples the 
stacking effect is linear up to injection 
times of 10 s (injected volume 28 nl). 

concentration of X~ to occur, the relative mobilities of the anions 
must be ^A > ^̂X ^ î B̂J ^be buffer co-ion is the terminator, and the 
high-concentration sample co-ion is the leader. The starting situation 
is shown in Fig. 3a. After current is applied, the sample migrates out 
of the starting zone (past position 0, Fig. 3b). There is a region of 
constant concentration of A~ and X~, and a fronting of the more 
highly mobile A" as it penetrates the background electrolyte. A 
narrow concentrated zone of the intermediate mobility X~ begins to 
form behind its leader. A". As the zone containing A~ continues to 
expand, the region of constant concentration diminishes and even-
tually disappears, while stacking of X" behind A~ is completed. This 
process is almost complete in Fig. 3c. The transition of isotacho-
phoretic migration between B~ and A" to zone electrophoresis in B~ 
occurs for X~ when A~ separates from it; the rest of the analysis then 
proceeds with X" migrating as an isolated zone (Fig. 3d). With more 
than one minor component of interest, each component separates to 
form an isolated zone in order of increasing mobility. An alternative 
system would be one where the background electrolyte contained a 
co-ion with a higher mobility than the sample ions. In that instance, a 
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0.001c, 

I 
Fig. 3. Isotachophoretic concentration of a 

trace, low-mobility anionic com-
ponent X~ in the presence of an 
excess of high-mobility A" in the 
sample, a) Starting condition; b) 
concentration of X" behind A" and 
penetration of A" into background 
electrolyte; c) continuation of 
process seen in b, separation of A~ 
and X- about to occur; d) indepen-
dent migration of A" and concen-
trated X". (Reprinted with permis-
sion from Gebauer et al., 1992.) 

low-mobility terminator is used for a short period after sample injec-
tion, and sharpening of the sample zones occurs. This is then 
changed for the background electrolyte, after which the sample ions 
detach from the terminator zone. 

Transient isotachophoretic concentration was demonstrated in the 
analysis of uraemic serum by Schoots et al (1990), and in the analysis 
of urinary porphyrins by Weinberger et al (1990). Figure 4 shows 
electropherograms of ultrafiltered serum samples diluted 40-fold with 
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uv 
254 nm ^ C l ' 

^ time (min) ^^ 

Fig. 4. Separation of 1, hippuric acid; 2, p-
hydroxyhippuric acid; and 3, uric acid 
(tentative identifications) in 40-fold 
diluted, unfiltered uraemic serum 
with (top) 2.8 mM, (middle) 13.2 mM 
and (bottom) 54.4 mM NaCl in 
sample. Electrolyte, 0.01 M MES/ 
histidine, pH 6.1 with 0.5 g l-i methyl-
hydroxycellulose. (Reprinted with 
permission from Schoots et al., 1990.) 

water (a) giving a total Cl~ concentration of 2.8 mM, and with differ-
ent amounts of added sodium chloride resulting in total CI" concen-
trations of 13.2 mM (b) and 54.4 mM (c). Peak heights of the 
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separated components increase with increasing CI" concentration, 
although migration times also increase and resolution decreases. 
With the higher added salt concentrations, the sample ions spend 
increasing amounts of time migrating with the Cl~ before separating 
to form individual zones. In Fig. 4 it can be seen that with higher 
added CI" concentrations the separated zones are considerably com-
pressed. This also illustrates that variable degrees of concentration 
may occur if the electrolyte content of the sample matrix is not 
controlled. One advantage of stacking or transient ITP concentration 
is that it is performed using unmodified CE instrumentation. Precon-
centration and selectivity can also be obtained on-capillary by chro-
matographic means. A small plug of chromatographic stationary 
phase a few millimeters long is packed into the separation capillary 
(usually near the column inlet) and secured by sintered frits on each 
side. The use of C-18 (Swartz and Merion 1993) and antibody-conju-
gated (Guzman et al, 1991) packings has been reported. As an 
alternative to using packed capillaries, small sections of the capillary 
wall may be coated with an adsorbent phase (Cai and El Rassi, 1992). 
This approach has the advantage of simplicity, and there is less 
chance of blockage occurring. However, capacity is limited due to the 
relatively small surface area coated with adsorbent, and the degree 
of sample concentration obtainable may not be quite as high as in 
packed systems. 

With preconcentration capillaries, a large-volume injection is 
performed, using a buffer which allows the adsorption of the analytes 
of interest onto the stationary phase. Electromigration injection may 
be used; hydrodynamic injection is suitable for open-tubular systems 
and also packed systems if adequate flow rates can be achieved in the 
concentrator capillary. A wash step with run buffer usually follows, 
and the sample is then eluted from the chromatographic phase by 
injecting a short plug of solvent/buffer sufficient to cause a rapid dis-
sociation of the analytes from the stationary phase. It is important 
that desorption occur as quickly as possible, since slow desorption 
will lead to considerable band-broadening. The plug length and type 
of elution solvent are experimental variables to be optimized. A 
drawback of this type of preconcentrator is that overloading of the 
stationary phase could occur if it is used with biological samples which 
have not already undergone extensive pretreatment. This may be a 
lesser problem with more analyte-specific concentrators such as 
antibody-conjugated phases, where direct sampling of urine has been 
demonstrated (Guzman et aL, 1991). 
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5. Coupled Systems 

A variety of coupled electrophoretic-electrophoretic and chromato-
graphic-electrophoretic systems have been developed. These range 
from sample preparation devices giving a simple sample cleanup step 
followed by an electrophoretic analysis, to complete two-dimensional 
separation systems with high resolution analyses in both dimensions 
(Bushey and Jorgenson, 1990). Microdialysis or capillary ultrafiltra-
tion with CE separation are other coupled systems which offer on-line 
analysis in vivo. These are described elsewhere in this volume. 

Coupled ITP-CE systems use a preconcentration capillary in 
which the ITP step takes place, connected by some form of T-joint to 
a second capillary for analytical CZE (Kaniansky and Marak, 1990; 
Foret et al, 1992; Stegehuis et al, 1991, 1992). In many ways, ITP is 
an ideal preparation step before CZE because ions are separated into 
sharp zones suitable for injection into the zone electrophoresis sepa-
ration system, and matrix components in high excess can be sepa-
rated from the anal5rte zones. Using a coupled-column system it is 
relatively easy to optimize the electrolyte components for both the 
ITP and zone electrophoresis (ZE) steps, a task which is not so simple 
in the transient on-column approach. Greater concentration can be 
achieved in coupled-column than transient on-column systems; 
indeed, the injected sample volume on the preconcentration capillary 
may exceed the entire volume of the analytical capillary. The price 
paid for this extra flexibility and better performance is greater instru-
mental complexity. Figure 5 is a schematic diagram showing how a 
coupled ITP-CE system works. Isotachophoresis takes place in the 
first capillary, which is typically made of polytetrafluoroethylene 
(PTFE) tubing a few hundred lum in diameter. An injection valve or 
port is placed at the inlet end. The second capillary may be of similar 
material and dimensions, or it may be a smaller diameter fused silica 
capillary, as shown here. Two current paths are possible, via the out-
let ITP system or the outlet of the CZE capillary, and two detectors 
are needed. The first (often a conductivity detector) is placed on the 
ITP capillary, just in front of the inlet to the ZE capillary, to 
monitor the arrival of the sample zones at the junction. This is used 
to determine the time at which the ITP process should be stopped 
and the sample introduced into the CZE system. The detector on the 
ZE capillary is used to quantitate the separated analytes. 

Initially, the ITP capillary is filled with leading electrolyte and the 
ZE capillary with a buffer suitable for the ZE separation. The leading 
electrolj^e may contain additives such as Triton X-100 or hydroxy-
propylmethylcellulose to minimize electroosmosis and suppress adhe-
sion of macromolecules onto the tube wall. The sample is introduced 
into the ITP capillary and a current is passed through it, causing the 
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ZE capillary 

Fig. 5. Schematic diagram of a coupled ITP-CZE system. T, 
terminating electrolyte; L, leading electrolyte; S, 
sample; R, CZE electrolyte reservoir; D l , D2, 
detectors; PSU, power supply. 

sample components to separate into discrete bands and migrate down 
the capillary. Unwanted components may migrate past the first 
detector, and the ITP process is stopped when the desired region of 
the analyte reaches the detector. These must then be transferred 
onto the ZE capillary. This can be achieved either by electrophoretic 
migration, transferring the electric potential to the ZE capillary, or by 
hydrodynamic sampling. Other unwanted matrix components are 
then allowed to pass the junction point before electrophoresis in the 
second capillary commences. 

The degree of concentration possible in such systems is quite 
impressive. Foret et al. (1992) were able to preconcentrate protein 
samples from 1 îg ml-i to 20 mg ml-i in the ITP step. Stegehuis et 
al. (1992) presented quantitative data for a coupled system and 
reported a 1000-fold concentration. For fluorescein isothiocyanate 
(FITC)-derivatized angiotensin III the RSD in measured peak area 
was 7% when a 5 |ig ml~i sample was directly injected onto the 
separation capillary, while it was 2.9% when a 10 1̂ injection of the 
same compound at a concentration of 5 ng ml~i was made onto the 
preconcentration system. Similar results were obtained for inter-day 
measurements. This group showed the application of the preconcen-
trator system to analyse FTIC-derivatized angiotensin III in depro-
teinized plasma samples. 
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As in electrophoresis-electrophoresis, the coupling of chromato-
graphic and electrophoretic systems is in its infancy, and also shows 
considerable promise. A high degree of automation should also be 
possible with LC-CE systems, giving a potential significant advantage 
over off-line extraction methods. This type of design has advantages 
over on-capillary chromatographic concentrators. The chromato-
graphic phase could be enclosed in an easily replaceable cartridge to 
lessen problems due to blockages and limited lifetimes, and to make 
quick changes between different types of chromatographic phases and 
capillaries easier. Debets et al, (1992) described an elegant device in 
which the chromatographic packing was contained within a small 
volume switching valve. This was then used in connection with either 
a micro-LC system or CE with a 200 |im capillary. The precolumn 
itself was composed of 8 ^m diameter reversed-phase packing in 
tubing 1.5 mm x 500 inm i.d. which was inserted into the valve rotor. 
The valve was made of insulating materials, allowing direct 
connection into the CE system. This flexible arrangement allows 
simple washing, conditioning and sample loading onto the stationary 
phase. It was found that in CE the best results were obtained when 
the sample was switched on line with the capillary and desorbed with 
the electrical potential reversed from the separation condition. After 
partial desorption, the precolumn was switched out of line, and the 
electric field reversed again to the separation condition. Desorption 
with the potential applied in the forward direction led to excessive 
peak broadening, due to slow desorption of the sample (Fig. 6). 

6. Direct Injection of Biological Fluids 

The development of methods in which biological fluids are 
injected directly onto the capillary is of considerable interest, since 
the time taken and possible errors involved in extraction are elimi-
nated. To achieve a successful direct injection assay, a number of 
criteria must be met. First, the analyte must be present at sufficient 
concentration for its quantitative determination with whatever detec-
tion system is available. Adequate resolution of the analyte of inter-
est must be possible, and the sample matrix must be free of compo-
nents capable of modifying the capillary surface. These last two 
points are interrelated, since buffer additives used to stop fouling of 
the capillary surface may not be compatible with successful resolution 
of the target compounds. If the analyte is protein-bound, the effect of 
the separation buffer on the binding must also be determined. 

Direct analysis of urine samples can be relatively straightforward, 
provided the analytes of interest are present at sufficiently high con-
centrations. However, potential problems include interferences due 
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Fig. 6. Electropherograms of papaverine (0.1 mM in water-aceto-
nitrile, 95:5, v/v) (A) after direct injection of 0.2 |il sample; (B) 
after 5 jil injection with valve (above left) switched to the posi-
tion with the precolumn (dotted) on-line with the separation 
capillary during the separation, and the same field direction 
(E) during desorption and separation; and (C) 5 |il injection (10 
|iM papaverine) with field reversed for desorption (valve 
switched to precolumn on-line position, center), then rotation 
of valve straight through position, right) and normal field 
direction for separation. (Adapted with permission from 
Debets et a/., 1992.) 

to the large number of components, demanding high resolution and 
good reproducibility. For example, in complex urine samples, the 
desire for increased sensitivity using UV detection at low-wavelengths 
may be incompatible with the requirements of detection selectivity 
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using longer wavelengths. Urine also presents a particularly 
problematic matrix in terms of variability of its composition. One 
favorable characteristic of urine is a (normally) low protein content, 
so fouling of the capillary surface is generally negligible. 

Examples of direct analysis of urine include the quantitation of 
dextromethorphan (DX) and its metabolite dextrorphan (DR) by CZE 
(Li et aL, 1993), and the determination of the caffeine metabolites 1-
methylxanthine and 5-acetylamino-6-formylamino-3-methyluracil by 
MECC (Lloyd et aL, 1992). These methods, which involved minimal 
sample preparation, were developed as simplified, rapid ways to deter-
mine metabolic phenotypes. DX and DR are easily resolved from 
each other and from other urine components as cationic species in a 
pH 9.3 borate buffer. In this case, the excellent resolution obtained 
allowed detection at 200 nm for maximum sensitivity. A spot urine 
sample is collected 4 h after a single oral dose of 15 mg DX. An ideal 
phenotyping method would measure glucuronides as well as the 
parent compounds, but using CE/UV, sensitivity is too limited to allow 
this option. Therefore, as is common with HPLC assays, an enzy-
matic deconjugation was first performed. A high concentration run 
buffer (175 mM) was chosen to give a certain amount of on-capillary 
peak stacking. Separation efficiency was found to increase with 
increasing buffer concentration, up to a maximum around 0.15-0.175 
M. By using high buffer concentrations, some stacking was achieved 
even for urine samples with high salt content. Detection limits of 80 
ng ml~i were obtained for both DX and DR. The use of high concen-
tration buffers is most practical in situations such as this where 
cationic species are analyzed. This is because the magnitude of the 
applied field strength is limited by Joule heating, and also because 
both the electroosmotic flow and analyte mobilities are reduced with 
increasing buffer concentration. For anion separations or MECC, 
where anailytes and electroosmotic flow are moving in opposite direc-
tions, the overall velocity could become unacceptably low. 

One strategy for the direct introduction of plasma onto a HPLC 
column is to add a surfactant such as sodium dodecyl sulfate (SDS) to 
the mobile phase; this binds the plasma proteins and, in doing so, 
denatures and solubilizes them (Grohs et aL 1991). Nakagawa et aL 
(1988, 1989) showed that MECC is naturally suited to the analysis of 
plasma components for precisely the same reason as in HPLC. The 
presence of the surfactant minimizes interactions of the proteins with 
the capillary walls. They found that by using 10 mM SDS in a phos-
phate buffer as the run buffer, unextracted plasma could be directly 
injected onto fused-silica capillaries. The coefficients of variation for 
the electroosmotic flow velocity and for the migration velocities of the 
analyte and internal standard (cefpiramide and antipyrine, respec-
tively) were less than 1.2% when the capillary was rinsed between 
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separations with 1 M NaOH followed by run buffer, and 0.5% or less 
when the capillary was rinsed just with the run buffer between 
separations (7 consecutive injections). Even in the presence of SDS 
there may be some slight modification of the capillary surface by 
proteins. Lloyd (1992) found that over a sequence of 20 separations 
with direct plasma injection the electroosmotic flow velocity slowly 
decreased, before eventually stabilizing after about the 20th analysis. 
These separations were performed on a capillary that had previously 
been used for other CE separations, but never for direct injection of 
plasma. For these experiments, a phosphate buffer containing 170 
mM SDS was used, and the capillary was rinsed only with this 
background electrolyte between runs. 

To date, CE methods with direct plasma injection have gained 
only limited attention, examples being analysis of aspoxicillin (Nishi et 
al., 1990), substituted purines (Thormann et al., 1992) and the dia-
steroisomers of L-buthionine-(R,S) sulfoximine (Lloyd, 1992). Experi-
ence in this laboratory with direct injection methods for plasma 
samples indicates that validated analyses can be developed (Lloyd, 
1992), but are not without difficulties. Occasional problems with capil-
lary blockage do occur, even when plasma has been prefiltered 
through a 0.45 |im membrane. This difficulty seems to be sample-
dependent; most plasma samples cause few blockages, but a few con-
sistently cause blockages. Use of an internal standard is most helpful 
in determining when incomplete injections have occurred due to par-
tial occlusion of the capillary. 

A further point to note when using SDS is that the various 
commercially available grades have different UV absorbance proper-
ties, and that some may have unacceptably high absorbances at low 
wavelengths, leading to poorer than expected sensitivity. SDS sold as 
"molecular biology" grade by some manufacturers tends to have low 
absorbance. So far only SDS has been successfully applied for direct-
injection plasma assays using fused silica capillaries. Related shorter-
chain surfactants such as hexanesulfonic acid or other denaturing 
agents such as urea are ineffective in reducing protein adhesion to 
the capillary walls (Lloyd, 1994). The need to use SDS can be some-
what limiting when trjdng to analyse very hydrophobic compounds, or 
cationic solutes which are highly associated with the micelle. For 
neutral analytes, 25-50 mM SDS with a pH 7 phosphate buffer offers 
a useful starting point for direct injection separations of plasma. The 
same conditions are often suitable for low-mobility anions, while 
highly mobile anionic species generally require higher SDS concentra-
tions {e.g,, >100 mM). 

Instead of using bare fused silica capillaries and buffer systems 
capable of inhibiting protein adhesion, capillaries coated to reduce 
protein adhesion provide another option for direct injection of biologi-
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cal fluids. Since the coating rather than any additive is responsible for 
the elimination of solute-wall interactions, there are fewer con-
straints on the composition of the background electrolyte. Numerous 
coatings have been developed, mostly to overcome the problem of 
protein adhesion, and these could potentially be used advantageously 
for direct analysis of biological fluids with significant protein content. 
These capillaries are discussed in greater detail in Chapter 2. This is 
exemplified by the separation of serum proteins by capillary isotacho-
phoresis with polyacrylamide-coated tubes reported by Hjerten and 
Kiessling-Johansson (1991). Using coated capillaries, reproducible 
electropherograms of serum were obtained; with bare fused-silica 
capillaries, resolution and reproducibility were extremely poor. Con-
sidering the rapid developments being made in coating technology, 
coated capillaries could well find many applications in the direct 
analysis of biofluids in the future. 
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1 . Introduction 

1.1, Perspectives on Amino Acid Analysis 

The large quantity of literature devoted to the development of 
analytical methods for the separation and quantitation of amino acids, 
as well as the variety of commercial analyzers and sequencers, 
attests to the importance of this field. Regardless of the type of 
instrumentation employed, these methods have been developed to 
analyze two basic different types of solubilized samples: 

a) endogenous solutions of amino acid mixtures, often of bio-
logical origin, or 

b) peptide or protein products such as hydrolysates or amino acid 
derivatives obtained from sequencing reactions like that used 
in the Edman degradation. 

Peptide or protein products contain primarily only the 20 common 
amino acids or their derivatives and thus represent a narrower range 
of amino acid structures than are encountered in endogenous 
samples. Note that over 300 additional amino acids not found in 
proteins have been observed in cells, where they posses a variety of 
functions. For example, ornithine and citruUine are important meta-
bolic intermediates, while y-aminobutyric acid (GABA) is an intensely 
studied neurotransmitter. 

Thus, methodologies developed for peptide and protein product 
analyses tend to be well established with respect to efficient separa-
tions and reproducible and accurate quantitation. The goal in this 
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arena has been more sensitive methods, so that smaller amounts of 
peptide or protein may be analyzed with equal precision and accuracy. 
Indeed, it has been stated that if femtomole amounts of protein could 
be sequenced, rather than the picomole amounts currently required, 
new fields of research would be established (Smith, 1988). 

On the other hand, endogenous solutions often contain amino 
acids mixed with a wide variety of components in the sample matrix 
(e.g,, urine, plasma or cerebrospinal fluid). Separating the non-amino 
acid components, such as protein, from the desired pool of amino 
acids can be a challenge. Also, one is often interested in the quantita-
tion of the members of a select group of amino acids. Examples 
include the phosphorylated, sulfated and sulfonated amino acids, as 
well as amino acids that are not a-amino acids, such as GABA. These 
members may have properties quite similar to each other (such as 
size or charge) yet quite different from common amino acids. Existing 
methods of analysis, like those used for composition of proteins, may 
be altogether inappropriate. Thus, the problems faced in studying 
these types of samples are ones of efficient separation coupled to 
sensitive detection of selected amino acid analytes. 

1.2. Current Methods—A Comparison of Liquid Chromatographic 
(LC) and Capillary Electrophoretic (CE) Techniques 

Because of the success of LC in the routine analysis of amino acid 
products of peptide or protein origin, there is little advantage in using 
CE for these applications. Through years of development and refine-
ment, LC methods have been optimized to a point that CE could 
achieve only through heroic efforts. However, there are a few bene-
fits that CE operation would offer, if all other considerations were 
equal. Compared to CE, LC does consume large amounts of solvents, 
particularly organics such as methanol and acetonitrile, and con-
comitant waste is associated with such use. The cost and environ-
mental benefits of such CE operation probably would not be worth 
the effort needed to achieve the reproducibility and accuracy attain-
able by LC methods. Still, CE development in this area does seem 
promising if the methods developed in LC analysis, including the use 
of existing derivatization techniques like those used in the Edman 
method, could be adapted to CE on a smaller scale. The low sample 
volume and mass requirements of CE analysis, nanoliter volumes 
containing low femtomole amounts of analyte, would make CE well 
suited to the analysis of very small amounts of protein. LC has 
shown little promise of further developments in this respect. 

Perhaps the area in amino acid analysis where CE seems to offer 
the greatest potential for improvement over LC methods is that of 
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endogenous solutions of amino acids, particularly of biological origin. 
Scientists, as well as medical practitioners, are often interested in 
particular groups of amino acids of similar size and charge, such as 
cysteine and homocysteine. Since the basis of LC separation rests 
primarily on differences in polarity rather than size and charge, 
resolution of such amino acid mixtures is inherently difficult. On the 
other hand, the simplest form of CE, capillary zone electrophoresis 
(CZE), separates analytes on basis of their effective size and charge 
and is thus ideally suited to such a task. Compared to LC, CE 
exhibits higher efficiencies and provides much easier means to explore 
different separation conditions for optimization. Also, CE runs gener-
ally take less time, especially compared to gradient LC, and may be 
repeated since only nanoliter volumes are used for each injection 
rather than the microliter volumes required in LC. 

Thus, CE is emerging as a technique complementary to tradi-
tional LC methods for the analysis of amino acids. It may find its 
greatest practical application in certain types of analyses where select 
groups of amino acids need to be quantitated. 

2. Methods for the Detection of Amino Acids 

When considering how to employ CE for the analysis of an amino 
acid mixture, it is perhaps prudent to consider the method of detec-
tion that will be employed before choosing the separation mode to be 
used. That is, one needs to consider how the molecule will be 
detected before determining how to separate it from other molecules 
and interfering substances. This is true because often the detection 
method involves derivatization, and the derivatized molecule may 
react quite differently than the original in terms of its behavior in a 
CE system. Thus, a survey of the common methods employed for 
the derivatization of amino acids will be presented. 

When determining which of the various detection methods might 
be most useful for a particular separation of amino acids, it helps to 
keep in mind the distinct advantages and disadvantages of each 
method. Considerations such as specificity, sensitivity, reproducibility, 
stability of the derivative, ease of use, and cost need to be evaluated. 
For example, a number of detection methods are quite sensitive, but 
require sophisticated and costly equipment that is difficult to use. 

2,1, Direct Detection (UV and Electrochemical) 

Although detection techniques involving derivatization to enhance 
detectability form the basis of most systems, there is interest in 
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methods that detect amino acids without derivatization. This stems 
from the fact that the derivatization process is time-consuming and 
technically difficult to accomplish on ultramicro samples and is, thus, 
prone to variability. It also necessarily results in dilution of the 
sample and is generally unsuitable for in vivo analysis. To address 
these concerns, two methods—direct and indirect detection—have 
been developed. 

A method that is inexpensive and simple to use is direct detection 
of the amino acids by monitoring the UV absorbance at a wavelength 
near 210 nm. Amino acids absorb light in a range near this wave-
length due to the presence of the a-carboxyl group as well as groups 
in various side chains, particularly those side chains with aromatic 
residues. An example of this was reported by Bergman et aL (1991), 
in which electrophoretic direct amino acid analysis of a carboxy-
peptidase digest at 214 nm revealed sensitivity in the high femtomole 
range for strongly absorbing aromatic amino acids. However, most 
amino acids could be detected only in the picomole range. This typi-
fies the major problem associated with this method, lack of sensitivity. 
This is not surprising in light of the widespread prevalence of sub-
stances which absorb UV light in this range and thus give high back-
ground absorbance. Even common components of the mobile phase, 
such as phosphate, may be expected to absorb. 

The running buffers employed when using direct analysis 
generally have pH values significantly different from the pi of the 
amino acids analyzed (in the pH region between 6 and 7) in order for 
the amino acids to be electrophoretically mobile and thus separable. 
For example, a low pH (2.5) was used in the analysis by Bergman et 
al. (1991), but this resulted in poor efficiencies and separations. 

Direct detection of amino acids can also be accomplished by 
electrochemical detection at a copper electrode. In this case, very 
alkaline conditions, for example, 50 mM NaOH, afforded efficient 
separation of 11 common amino acids (Ye and Baldwin, 1994). This is 
a relatively sensitive method of detection for amino acids. Detection 
limits varied greatly for the 20 common amino acids studied, from 0.8 
fmol for tryptophan to 600 fmol for phenylalanine. In general, amino 
acids with hydrophobic side chains gave poor responses. Amino acids 
can also be detected electrochemically at a neutral pH (Engstrom-
Silverman and Ewing, 1991). Through the use of zwitterionic buffers, 
detection limits in the low nanomolar range could be obtained for 
most compounds (Zhou and Lunte, 1995). 

Attempts are currently underway to increase the sensitivity of 
direct detection methods for amino acids. Wu et al. (1991) used a 
photothermal method, laser-induced capillary vibration (CVL), to 
detect femtomole levels of phenylalanine and tryptophan. Other 
amino acids were not analyzed and would not be expected to be 
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detectable at these levels. In general, direct detection has not been 
widely used for CE of amino acids, although for particular applications 
it may be useful. 

2.2. Indirect Detection (Fluorescence) 

Another strategy used for underivatized amino acids is indirect 
detection. This method is well demonstrated in a procedure by Kuhr 
and Yeung (1988). A fluorescent anion is utilized as the main compo-
nent of the running buffer. The pH of the buffer is adjusted so that 
all amino acids exist as anions when present in the buffer. Thus, 
each amino acid displaces the anionic fluorophore and results in a 
negative peak when monitoring fluorescence intensity. The method 
is fairly sensitive (20 fmol is detectable after digital filtering) when 
applied to analysis of a few amino acids, although the resolution is not 
particularly good. The inferior separation is a result of the high con-
centration of buffer required to overcome noise levels inherent in the 
laser used in the procedure. This method, like direct detection, is not 
particularly selective and its usefulness seems limited. 

2.3. Derivatization Methods (Visible, Fluorescence and Electro-
chemical) 

It becomes apparent from the previous discussion that detection 
of underivatized amino acids that are adequately resolved is difficult, if 
not impossible, to achieve at the levels of sensitivity required by 
researchers in the modern laboratory. Thus, chemical derivatization 
of amino acids has been employed in order to generate species that 
are detectable at low levels, fmol and less,, although derivatization 
necessarily causes some dilution of the sample. Since amino acids by 
definition contain both a carboxyl and an amino group, derivatization 
reagents that react with these functional groups are candidates for 
labeling amino acids. The specificity and reactivity of the amino group 
has been previously exploited by users of LC to label amino acids for 
sensitive detection by that method of instrumental analysis. Quite 
naturally, these kinds of reagents which react with amine groups 
have been used to derivatize amino acids for CE. Indeed, the pioneer-
ing work of Jorgenson and Lukacs (1981), in which the foundations of 
CE were laid, demonstrated the separation of some amino acids 
labeled with a fluorescent tag. 

Since that time, fluorescent tags for amino acid detection in CE 
have become popular for a number of reasons. Fluorescent com-
pounds can be detected with great sensitivity with relatively simple 
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equipment. If a laser-induced fluorescence system is used, further 
gains in sensitivity are achieved. On the other hand, when high sensi-
tivity is not required, and cost as well as ruggedness become impor-
tant factors, fluorescent compounds can also be monitored by simple 
UV/visible absorption. For example, Guzman et aL (1992) used 214 
nm detection of fluorescamine-labeled proline and hydroxyproline to 
improve sensitivity 800-fold. Also, since few biological compoimds are 
naturally fluorescent, fluorescence derivatization procedures do not 
suffer from interference from the sample matrix, which might 
otherwise decrease sensitivity in real samples. 

A variety of derivatizing reagents and techniques for fluorescence 
detection have evolved. Although derivatization increases sensitivity, 
it can have a negative effect on separation. Derivatization changes 
the size, charge and polarity of compounds, often making analytes 
more similar in these features and thus diminishing the differences in 
the compoimds which facilitate efficient separation. Table 1 lists some 
of the more common derivatization methods along with various 
aspects of each that relate to the relative utility of the reagent. The 
following are a few observations about the information in the table. 

The excitation wavelength for each is important since it should 
match the wavelength of the light source, which can be a particular 
problem when using laser light sources. Some reagents, such as 3-(4-
carboxybenzoyl)-2-quinoline carboxaldehyde (CBQCA), have been 
designed so that the excitation wavelength of the derivative matches 
the output of a commercially available helium/cadmiimi laser. The 
laser systems in current use suffer from problems related to limited 
lifetimes and high maintenance. Higashijima et aL (1992) have shown 
that inexpensive, rugged, reliable semiconductor lasers can be em-
ployed for CE detection of amino acids labeled with 7-(diethylamino)-
coimaarin-3-carboxylic acid succinimidyl ester (DCCS) or Azur B. 

Since the underlying reason for performing derivatization and 
fluorescence detection is to achieve greater sensitivity, the limit of 
detection (LOD) values in the table are of prime interest. However, 
the manner in which these values were obtained by the experi-
menters makes the information less comparable than it would seem. 
That is, many of the LOD values are obtained by derivatizing a 
relatively high concentration of amino acid and then using the 
subsequently diluted solution to determine the LOD. Obviously, this 
dilutes out any interfering substances that may fluoresce, such as 
unreacted reagent or side-products. In some literature reports, it is 
difficult to tell whether such a process was used or whether the 
amino acids were derivatized at the concentrations actually used to 
determine the LOD. Thus, information on the relative fluorescence 
of the reagent and the side-products, given in a separate column in 
the table, should also be considered when evaluating the sensitivity of 
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Table 1. Comparison of Fluorescence Derivatization Methods for 
Amino Acids 

Reagent/ 
Derivative 

OPA 

NDA/CN 

FITCi 

Fluores-
camine 

FMOC 

CBQCA 

TBQCA^ 

Dansyl-
chloride 

DCCS 

Azur B 

^ex 

350 
365 

420 

490 
488 

488 

390 

260 

248 

442 

488 

415 

670 

^em 

400 
418 

490 

519 

450 

305 

550 

560 

LOD 
mass 

2.8 fmol 
300 fmol 

0.8 amol 

2.6 fmol 
sub fmol 

10 amol 

15.8 fmol 
2.0 amol 

0.5 fmol 

low amol 

10 amol 

low amol 

0.1 fmol 

10 pmol 

Fluor. 
Reag. 

no 

no 

yes 

no 

yes4 

no^ 

no 

yes 

yes 

Rel. 
Stab. 

poor 

good 

good 

good 

Ease 
of Use 

good 

good 

fair^ 

poor^ 

fair4 

fair^ 

fair^ 

fair^ 

fair^ 

References 

Albin et al. (1991) 
Liu et al. (1988) 

Ueda et al. (1992) 
Nickerson and 
Jorgenson (1988) 

Albin et al. (1991) 
Waldron et al. 
(1990) 
Cheng and Dovichi 
(1988) 

Albin et al. (1991) 
Wu and Dovichi 
(1989) 

Albin et al. (1991) 
Pang et al. (1990) 
Chan et al. (1993) 

Liu et al. (1991) 

Camilleri et al. 
(1994) 

Gozel et al. (1987) 

Higashijima et al. 
(1992) 

Higashijima et al. 
(1992) 

^Fluorescein isothiocyanate 

^Derivatization reaction is slow and amino acids degrade during derivatization 

^Requires specially machined laser detector 

'^Fluorescent reagent extracted with pentane or reacted with 1-aminoadamantane 

^Shows multiple reagent peaks when use at high concentrations 

^Derivatization reagent must be synthesized by user 

'^3-(4-Tetrazolebenzoyl)-2-quinolinecarboxaldehyde 

^Requires a reaction time of one day 
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a derivative. Finally, the ease of use of the method and the relative 
stability of the derivatized amino acid are factors which must be 
considered in any real application. 

There is no ideal reagent among those listed in Table 1. 9-Fluor-
enylmethoxycarbonyl (FMOC) has the advantage that it is one of the 
few reagents that reacts with secondary as well as primary amines, 
but, as indicated in Table 1, it is somewhat difficult to use. Naph-
thalene-2,3-dicarboxaldehyde (NDA) reacts only with primary amines, 
but exhibits several desirable characteristics (deMontigny et al., 1987). 
Using a relatively simple method, one can make derivatives that are 
stable and detectable in small amounts (Lunte and Wong, 1990). 
Also, the reagent itself is not fluorescent, although it must be of high 
purity when analyzing samples containing low concentrations of 
amino acids. Not too surprisingly, NDA has been used in the analysis 
of a number of samples of biological origin (see Section 3). 

It should be noted that the FITC derivatives have been developed 
as a means of analyzing the products of the Edman degradation 
scheme used commercially in sequencing proteins. Along these lines, 
Waldron and Dovichi (1992) have developed a thermooptical detection 
scheme for the determination of nonfluorescent phenylthiohydantoin 
(PTH) derivatives of amino acids. Although the equipment is compli-
cated to implement, good resolution with detection limits in the 0.2-
5.0 fmol range for 20 common amino acids is obtainable. Because CE 
has the ability to quickly separate and quantitate such products at 
these low levels, it presents the hope of developing a protein 
sequencer capable of analyzing the small amounts of protein gener-
ated in the biotechnology laboratories of today. 

In all of the procedures listed in Table 1, samples are derivatized 
prior to injection of the sample onto the capillary. This precolumn 
derivatization is not subject to the technical difficulties of postcolumn 
derivatization, such as the demanding hardware requirements for 
postcolumn addition of reagent. It is quite a challenge to derivatize 
the small volumes (nl) emerging from the capillary without signifi-
cantly increasing zone broadening and thus lowering sensitivity. 
However, some success in this area has been achieved by Pentoney 
et al. (1988), who derivatized amino acids on-line with OPA and 
achieved resolution of nine amino acids in the subfemtomole range. 
Also, Albin et al, (1991) were able to separate six amino acids by CE 
using postcolumn derivatization with OPA. Sensitivity in the fmol 
range was achieved with only 10% loss of resolution compared to 
separations using precolumn derivatization. 

Derivatization of amino acids to permit electrochemical detection 
is a relatively new procedure that has awaited advances in electro-
chemical detectors specific for CE. While such detectors are not yet 
commercially available, units developed in research laboratories have 
resulted in detection limits in the sub-fmol range (O'Shea et al., 1992). 
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An additional benefit of this method is the ability to identify an amino 
acid by voltammetric characterization. This procedure, which may be 
likened to obtaining an "electrochemical UV-spectrum," involves ana-
lyzing selected parts of the curve obtained from plotting the current 
response at different detection potentials (see Section 4.3. for an 
application). 

3. Separation Modes for Amino Acids 

As mentioned in the previous section, the suitability of a particular 
separation mode for amino acids depends on whether or not the 
amino acids have been derivatized. Since the usual protocol involves 
precapillary derivatization to yield a fluorescent anal5^e, the focus of 
most methods has been on the separation of these anal5rtes. 

3.L Capillary Zone Electrophoresis (CZE) 

Historically, CZE has been used as a separation mode since the 
groundwork for CE separation of amino acids was laid by Jorgenson's 
research group in 1981. Specifically, CZE permits the resolution of 
members of certain groups of amino acids as demonstrated in Fig. 1, 
in which small common amino acids as well other biologically impor-
tant amino acids such as GABA are separated from other endogenous 
amino acids. The figure demonstrates that, in CZE, amino acid 
derivatives are separated based on the following parameters: 

(a) The net charge of the amino acid derivative. The more negative 
the amino acid, the more it will oppose the endoosmotic flow, and 
the longer will be its migration time. Thus, amino acids with 
negatively charged side chains, such as Glu and Asp, have the 
longest migration times. 

(b) The effective size and shape of the amino acid derivative. Smaller 
amino acids will have smaller surface areas and thus exhibit less 
drag as they migrate against the endoosmotic flow. As a result, 
they will have longer migration times. Thus, the smallest of the 
common amino acids, Gly, exhibits the longest migration time of 
any of the amino acids with uncharged side chains. 

In light of these facts, it becomes apparent that amino acids of the 
same charge, effective size and shape (for example, the constitutional 
isomers leucine [Leu] and isoleucine [He]) cannot be resolved by CZE. 
In order to create slight differences in charge, one might be tempted 
to try separations using a buffer with a pH near 2, which is not far 
from the pKa of the carboxyl groups of amino acids. However, these 
pKa values for the common amino acids are often very close to each 
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K-^W 

13 15 17 19 21 

Time (min) 

23 26 

Fig. 1. Electropherogram of seven NDA-derivatized 
amino acids. Separation conditions: 115 cm x 
50 |i,m i.d. column in 20 mM sodium borate 
(pH 9.0) operated at 30 kV; 420 nm detection. 
Samples derivatized in: (A) 20 mM sodium 
borate (pH 9.0); (B) 50 mM sodium borate 
(pH 9.0). Peaks: 1, GABA; 2, Ser; 3, Ala; 4, 
taurine; 5, Gly; 6, a-aminoadipic acid 
(internal standard); 7, Glu; 8, Asp. (Repro-
duced by permission from Weber et aL, 1994.) 

other and will not give usable differences in charge. Also, low pH 
buffers do not give good endoosmotic flow and result in poor CE sepa-
rations. Thus, amino acids such as Leu and He become inseparable 
by CZE. The usefulness of CZE is therefore limited to separations 
involving particular groups such as smaller amino acids or specific 
groups such as phosphoamino acids (Heber et aL, 1992) 

3.2 Micellar Electrokinetic Capillary Chromatography 

In order to overcome the inability of CZE to separate certain mix-
tures such as the isomers Leu and He, a method must be developed 
that can separate amino acids not just by charge, effective size and 
shape but by some other parameter that differs between isomers. 
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Since the polarity of isomers is often sufficient to allow separation, as 
exemplified by separations achieved by LC, a nonpolar phase is effec-
tively introduced into the system by the addition of a detergent such 
as SDS to the mobile phase. This phase becomes the basis of the 
method known as micellar electrokinetic capillary chromatography 
(MEKC), which is explained in detail in Chapter 2. In recent years, 
MEKC has been used to separate all the common amino acids as 
derivatives. A good example of this type of separation can be seen in 
Fig. 2, in which almost all of 14 common amino acids, derivatized 
using NDA, are well resolved from each other. The use of other 
derivatizing agents such as OPA (Liu et aL, 1988), FMOC (Pang et al., 
1990) and phenylisothiocyanate (Waldron and Dovichi, 1992) has also 
afforded the separation of most common amino acids by MEKC. 

3,3, Additives for Chiral Separations of Amino Acids 

Another area in which CE has shown its ability to effect difficult 
separations is that of resolution of the D,L isomers of common amino 
acids. Different approaches have been used, but all share the concept 
of selective interaction of an isomer with a chiral moiety. 

In one approach, Gozel et al, (1987), using dansylated derivatives, 
were able to resolve 14 of 18 D,L pairs attempted. This was accom-
plished by adding a copper(II)-aspartame support electrolyte to the 
mobile phase, which allows formation of diastereomers from the D,L 
pairs in the mobile phase and thus enables resolution. 

In a slightly different variation, Ueda et al, (1992) added p- or 
y-cyclodextrans to an SDS-containing mobile phase to cause a similar 
type of diastereomer formation. As can be seen in Fig. 3, resolution 
of six pairs of D,L isomers was obtained. Tran et al, (1990) used still 
another approach. A chiral derivatizing agent, either L- or D-Marfey's 
reagent, was used to produce diastereomers, which were then 
subsequently separated by conventional MEKC. 

4. Applications 

As indicated above, a variety of CE methods have been developed 
in the past 10 years for the high resolution and sensitive detection of 
mixtures of amino acids, including D,L isomers. These methods have 
not translated into a mature bioanalytical science in routine use in 
the contemporary laboratory; still, there are a number of interesting 
reported applications for which CE seems particularly well suited. 
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Fig. 2. Electropherogram of NDA-derivatized amino 
acid mixtures. Column 61 cm (36 cm to 
detector); applied voltage, 20.0 kV; current 33 
mA; one-letter symbols used for amino acids 
(see Table 2); K = lysine, X = internal 
standard, a-aminoadipic acid, U = unidentified 
peak. (A) Stock solution of 15 amino acids and 
internal standard; (B) cytochrome c hydroly-
sate (18 h). (Reproduced with permission from 
Weber and Buck, 1994.) 
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Fig. 3. Electropherogram of a mixture of six amino acids obtained by 
gamma-cyclodextrin-micellar electrokinetic chromatography 
(Y-CD-MEKC). Concentration of D,L-amino acids, 2.0 x 10-^ M. 
(Reproduced with permission from Ueda et al., 1992.) 

4,1, Protein Hydrolysates 

Considering the fact that there are probably thousands of labora-
tories performing amino acid analysis of protein hydrolysates, it is not 
surprising that this is an area of major interest for researchers in CE 
of amino acids. Currently, amino acid analysis by other techniques is 
a well-established practice. Years of research have enabled LC to 
become the commonplace method for amino acid analysis. Yet the 
small volume requirements of a typical CE run, less than 20 nl, 
coupled with high sensitivity fluorescence or electrochemical detec-
tion, hold out the hope of using CE for the analysis of fmol or smaller 
quantities of protein—an accomplishment not readily demonstrable 
for LC! This prospect would certainly be appealing to those in the 
biotechnology arena who are dealing with small, precious amounts of 
a synthetic or recombinant protein. 

Thus, for CE to become competitive with LC, it must be shown 
that CE can be used for routine and reliable analysis of amino acid 
hydrolysates at levels less than those needed for LC. To this end, 
Liu et al, (1991) have analyzed the protein lysozyme by injecting 
sub-fmol levels of the derivatized amino acid hydrolysate into the 
system. This seems impressive until one realizes that this amount is 
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contained in nanoliter volumes and thus represents concentrations in 
the low nM range. Again, CE can analyze very small volumes of 
moderately low concentrations. The difficulty in amino acid analysis 
of proteins is that small volumes are difficult to manipulate quantita-
tively (Novotny et al., 1990). Indeed, most reports of the use of CE in 
amino acid analysis of protein hydrolysates will present an electro-
pherogram of the separation, but usually there is little attempt to 
quantitate the amino acids or determine amino acid composition from 
the data. If one is not particularly concerned about using small 
volumes, CE does provide a fast and simple method for determination 
of the amino acid composition of a protein as demonstrated by Weber 
and Buck (1994) (Table 2). The ease of use was demonstrated by the 
fact that the data were obtained by undergraduates with no prior 
experience in the use of CE. 

All in all, only when the technical difficulties of handling nanoliter 
volumes of proteins, hydrolysates, and derivatized mixtures are 
overcome, can quick advances in the routine use of CE for amino acid 
analysis of proteins be expected. 

Table 2. Amino Acid Composition of Proteins by CE^ 

Amino Acid 

Ser (S) 
Thr (T) 
His (H) 
Gly(G) 
Ala (A) 
Glu (E) 
Tyr(Y) 
Asp(D) 
Val(V) 
Met (M) 
He (I) 
Leu/Phe (L/F) 
Arg(R) 

Lysozyme 
Exp. 

9.3 
5.1 
1.1 

11.5 
11.4 
5.5 
3.0 

15.1 
5.3 
1.2 
5.9 

11.6 
11.4 

Lit. 

10 
7 
1 

12 
12 
5 
3 

21 
6 
2 
6 

11 
11 

Cytochrome C 
Exp. 

1.3 
8.3 
2.9 

13.5 
6.5 

12.0 
4.1 
7.4 
3.0 
2.1 
6.7 

10.6 
1.9 

Lit. 

1 
8 
3 

14 
6 

12 
4 
8 
3 
2 
6 

10 
2 

^Protein was hydrolyzed in 6 M HCl at 105°C for the 
time indicated. Separation conditions are given in 
Fig. 2. 
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4.2, Analysis of Compounds Containing Chiral Components 

As discussed in section 3.2., MEKC has large potential for 
resolving a variety of mixtures in which chiral components are 
present, such as mixtures of D,L-amino acids. Sometimes MEKC can 
provide a facile means to analyze the amino acid content of 
pharmaceutically important peptides. An interesting example is found 
in the work of Okafo and Camilleri (1993), who used MEKC of both 
dansyl- and NDA-derivatized amino acid hydrolysates to determine 
the amino acid composition of D-Phe'^-bradykinin. This nonapeptide 
contains both D- and L-Phe, as well as other amino acids. To accom-
plish this analysis by LC would require multiple analyses. 

4.3, Microdialysis Sampling ofBiofluids 

Another area of application of CE is in the analysis of samples 
obtained through microdialysis of living systems. The small volumes 
collected during a typical microdialysis procedure, often as low as 5 4 , 
provide limited amounts of sample for subsequent analysis. Since CE 
employs small sample volumes (less than 20 nl) relative to LC 
(generally in the microliter range), CE would seem to be an attractive 
method for analyzing microdialysates. O'Shea et al, (1992) have 
determined the concentrations of excitatory amino acids in samples 
obtained by microdialysis of the rat cortex. In this study, 5 4 samples 
were collected and 3 \J1 aliquots were derivatized by the NDA method. 
Figure 4 shows the release of the excitatory amino acids glutamate 
and aspartate upon stimulation with potassium. Electrochemical 
detection was used to achieve the sensitivity required for the low con-
centrations present in the microdialysate. Additional examples of this 
approach are given in Chapter 12. 

4.4, Diagnosis of Human Metabolic Disorders 

A number of himian diseases involving errors in metabolism often 
result in an accumulation of some characteristic amino acid in fluids 
such as urine or blood. Researchers are beginning to explore the use 
of CE as an instrumental technique that can quickly detect abnor-
mally high concentrations of amino acids in small samples. Jellum et 
al, (1991) have demonstrated the utility of CE for the rapid diagnosis 
of cystinuria and homocystinuria, diseases in which cystine and 
homocystine, respectively, accumulate in the urine. In this study, 
analyses of these two amino acids in urine samples from diseased and 
normal patients were performed using CE, and the results were 
compared to those of the current laboratory method, which employs 
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Fig. 4. Concentration-time curves of (A) alanine and glutamine 
and (B) aspartate in rat brain. Arrows indicated application 
of potassium stimulation. (Reproduced with permission 
from O'Sheae^aZ., 1992. 

classical automated ion-exchange chromatography. Although both 
methods give conclusive evidence of the disease, CE analysis reqmred 
less than 30 min, including less than 10 min for electrophoresis. On 
the other hand, the method involving traditional amino acid analysis 
requires 3 h, including an ion exchange separation lasting over 2 h! 
Thus, the rapidity of the method, combined with the relative simpli-
city of the instrumentation, makes CE of amino acids a promising 
alternative to traditional methods. 

5. References 

Albin, M., R. Weinberger, E. Sapp and S. Moring (1991). Anal Chem., 
63, 417^22. 

Bergman, T., B. Agerberth and H. Jornvall (1991). FEES Lett,, 283, 
100-103. 

Camilleri, P., D. Dhanak, M. Druges and G. N. Okafo (1994). AnaL 
Proceed. AnaL Commun,, 31, 99-102. 

Chan, K. C , G. M. Janini, G. M. Muschik and H. J. Issaq (1993). J . 
Chromatogr, A, 653, 93-93. 

Cheng, Y. and N. J. Dovichi (1988). Science, 242, 562-564. 



CE IN THE STUDY OF AMINO ACIDS 343 

deMontigny, P., J. F. Stobaugh, R. S. Givens, R. G, Carlson, K. 
Srinivasachar, L. A.. Stemson and T. Higuchi (1987). Anal. Chem., 
59,1096-1101. 

Engstrom-Silverman, C. E. and A. G. Ewing (1991). J. Microcolumn 
Sep., 3, 141-145. 

Gozel, P., E. Gassmann, H. Michelsen and R. N. Zare (1987). Anal. 
Chem., 59, 44-49. 

Guzman, N. A., J. Moschera, K. Iqbal and A. W. Malick (1992). J. Liq. 
Chromatogr., 15,1163-1177. 

Heber, M., C. Liedtke, H. Korte, E. Hoffmann-Posorske, A. Donella-
Deana, L. A.. Pinna, J. Perich, E. Kitas, R. B. Johns and H. E. 
Meyers (1992). Chromatographia, 33, 347-350. 

Higashijima, T., T. Fuchigami, T. Imasaka and N. Ishibashi (1992). 
Anal. Chem., 64, 711-714. 

Jellum, E., A. K. Thorsrud and E. Time (1991). J. Chromatogr., 559, 
455-165. 

Jorgenson, J. W. and K. D. Lukacs (1981). Anal. Chem., 53, 1298-
1302. 

Kuhr, W. G. and E. S. Yeung (1988). Anal. Chem., 60,1832-1834. 
Liu, J., K. A. Cobb and M. Novotny (1988). J. Chromatogr., 468, 55 -

65. 
Liu, J., Y. Hsieh, D. Wiesler and M. Novotny (1991). Anal. Chem., 63, 

408-412. 
Lunte, S. M. and O. S. Wong (1990). Current Separations, 10,19-26. 
Nickerson, B. and J. W. Jorgenson (1988). J. High Resol. Chroma-

togr. Chromatogr. Commun., 11, 533-534. 
Novotny, M., K. A. Cobb and J. Liu (1990). Electrophoresis, 11, 735-

749. 
Okafo, G. N. and P. Camilleri, (1993). J. Microcolumn Sep., (5), 149-

153. 
O'Shea, T. J., P. L.. Weber, B. P. Bammel, C. E. Lunte, S. M. Lunte 

and M. R. Smyth (1992). J. Chromatogr., 608, 189-195. 
Pang, J. T. K , D. J. Kramer and T. R. TuUsen (1990). In: Current 

Research in Protein Chemistry: Techniques, Structures and Func-
tions (J. S. Villafranca, ed.), pp. 11-22. Academic Press, San Diego. 

Pentoney, S. L., X. Huang D. S. Burgi and R. N. Zare (1988). Anal. 
Chem., 60, 2625-2629. 

Smith, L. M. (1988). Anal. Chem. 60, 381A-390A. 
Tran, A. D., T. Blanc and E. J. Leopold (1990). J. Chromatogr., 516, 

241-249. 
Ueda, T., R. Mitchell, F. Kitamura, T. Metcalf, T. Kuwana and A 

Nakamoto (1992). J. Chromatogr., 593, 265-274. 
Waldron, K. C. and N. J. Dovichi (1992). Anal. Chem., 64, 1396-1399. 
Waldron, K. C , S. Wu, C. W. Earle, H.R. Harke and N. J. Dovichi 

(1990). Electrophoresis, 11, 777-780. 



344 PAUL L. WEBER 

Weber, P. L.. and D. R. Buck (1994). J. Chem. Ed., 71, 609-612. 
Weber, P. L.., T. J. O'Shea and S. M. Lunte (1994). J. Pharm. Biomed. 

Anal., 12, 319-324. 
Wu, J., T. Odake, T. Kitamori and T. Sawada (1991). Anal. Chem., 63, 

2216-2218. 
Wu, S. and N. J. Doivichi (1989). J. Chromatogr., 480, 141-155. 
Ye, J. and R. P. Baldwin (1994) .Anal. Chem., 66, 2669-2674. 
Zhou, J. and S. M. Lunte (1995). Electrophoresis, 16, 498-503. 



CHAPTER 9 

Capillary Electrophoresis of Proteins and Peptides 

KATHLEEN L. KOSTEL 

Department of Pharmaceutical Chemistry 
University of Kansas, Lawrence KS 66047 U.S. A. 

1 . Background 

The growth of the field of biotechnology has brought about a need 
for reliable separation methods for proteins and peptides. Because 
there are many instances in peptide or protein analysis in which the 
analyst is limited by sample size, a highly selective and sensitive 
analytical technique is essential. The two techniques most commonly 
employed for protein and peptide separations are slab gel electro-
phoresis and reversed-phase liquid chromatography (RP-LC). Slab gel 
electrophoresis is a powerful technique for the separation of complex 
biomolecules, but it can be manually intensive and time-consuming. 
In addition, the data obtained are often qualitative rather than quanti-
tative (Wilkes, 1989), and resolution is generally poor for very small 
proteins and peptides. RP-LC operates by a different separation 
mechanism and is selective for hydrophobic and polar group differ-
ences. However, in some cases, the stationary phase can induce 
changes in the secondary structure of the protein or peptide, leading 
to adsorption (Schoneich et al., 1993). 

In contrast to LC, CE separates components on the basis of their 
charge-to-size ratio. Since separation in CE is based on the ratio of 
charge-to-size, it is possible to separate complex mixtures of peptides 
that differ only slightly in pi. This mode of separation is therefore 
complementary to RP-LC, where the compounds are resolved based 
on their hydrophobicity (Liu et al., 1990, Issaq et al., 1992). CE has 
several advantages over conventional separation methods (Table 1). 

345 
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Table 1. Advantages of CE over Conventional Methods 
for Analysis of Proteins and Peptides 

Simplicity 

Small Sample Requirements 

Rapid Analysis Times 

High Resolution 

High Separation Efficiency 

Ease of Quantitation 

Ease of Automation 

It has minimal sample requirements, usually around 0.1-10 nl, with 
an actual injected volume of 100 picoliters to a few nanoliters, while 
LC methods generally require 1-20 |il of sample for analysis and the 
entire sample is used for each injection. 

The use of protein and peptide separations in CE is beneficial in a 
large number of applications, including the analysis of pharmaceutical 
preparations, biological fluids, tissue samples and protein digests, and 
the verification of the purity of synthetic mixtures (Liu et aL, 1990; De 
Antonis et aL, 1994). CE has been employed for several of these 
applications, as well as for peptide mapping of recombinant proteins 
(Bongers et aL, 1992; Cobb and Novotny, 1992b; Amankwa et aL, 
1993; Chang and Yeung, 1993; Rudnick et al, 1994; Wahl et aL, 1994); 
analysis of insulin (Klyushnichenko et aL, 1994; Nashabeh et aL, 
1994) and other recombinant proteins such as human growth factor 
(Shimura and Karger, 1994); glycopeptide separations (Landers et aL, 
1992; Rush et aL, 1993; Weber et aL, 1995); and determination of 
proteins and peptides in single cells (Hogan and Yeung, 1992; 
Kristensen et aL, 1994; Xue and Yeung, 1994). 

Totally automated systems are commercially available, and detec-
tors designed for LC often can easily be modified for CE. The use of 
small diameter capillaries permits efficient heat dissipation and, thus, 
many biomolecules can be separated without the use of a gel. An 
aqueous medium is conducive to peptide and protein separations 
because it minimizes the possibility of denaturation of the analj^e. 

2. Strategies for Basic Protein and Peptide Separations 

Most peptides contain an amine terminus and many also contain 
other basic functional groups such as lysine and arginine. Peptides 
with a high pi are the most difficult to analyze by CE due to the 
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electrostatic attraction of these cationic residues to ionized silanols on 
the capillary surface. Several techniques can be used to prevent 
interaction between the capillary wall and protein surface. These can 
be classified into two categories: (1) the use of additives such as 
carrier electrolytes or pseudophase additives (Liu et aL, 1990; Cole et 
al., 1991; Corradini et al., 1994), and (2) permanent modification of the 
capillary wall (Song et al., 1993). Both of these minimize surface-
analyte interactions. 

Most macromolecules, including large peptides and proteins, have 
very low diffusion coefficients and, therefore, could ideally have theo-
retical plate numbers in the millions. However, experimentally, the 
efficiencies are much lower (Song et al., 1993). This is due primarily 
to hydrophobic and coulombic interactions between the analyte and 
the surface of the capillary wall. Some molecules have greater affin-
ity for the surface, depending on their natural, physicochemical prop-
erties and structural conformation (Guzman et al., 1992). The adsor-
ption of positively charged compounds through electrostatic inter-
actions has been shown to lead to decreased separation efficiencies or 
loss of analyte (Emmer et al., 1991). Adsorption of analytes to the 
wall also changes the zeta potential, which can lead to peak tailing, 
changes in the electroosmotic flow (EOF), and irreproducible migra-
tion times. The build-up of positively charged analytes after repeated 
injections along the surface of the capillary can eventually result in 
reversal of the EOF (Song et al, 1993). 

Simple adjustments of the ionic strength of the background elec-
trolyte (BGE) are sometimes sufficient to prevent peptide and protein 
adsorption to the capillary wall. For example, Chen et al. (1992) were 
able to significantly reduce peptide and protein absorption using run 
buffers of high ionic strength. As a general rule, the ionic radius of 
the analyte is smaller in high ionic strength run buffers because the 
molecule is more constricted due to interactions with ions in the BGE, 
making possible a more efficient separation. With low ionic strength 
buffers there is a diffuse atmosphere surrounding the analyte, and 
the efficiency is slightly lower. Also, increased buffer concentration 
and ionic strength often make it possible to obtain higher resolution 
due to suppression of electrophoretic dispersion. 

It is important to monitor the effects of Joule heating that some-
times result when the ionic strength of the BGE is in excess (Kuhn 
and Hoffstetter-Kuhn, 1993). The major complication that arises 
from Joule heating when dealing with high ionic strength buffers is 
the subsequent high currents. Therefore, short capillaries of small 
i.d. (25-50 jxm) are often used to minimize Joule heating. However, 
the disadvantage of this approach is that the small pathlength char-
acteristic of these capillaries leads to a large decrease in sensitivity 
when using UV detection (Swedberg, 1990). Also, an efficient capil-



348 KATHLEEN L. KOSTEL 

lary cooling system is often necessary when working with higher 
currents (Chen et al., 1992). Lower appHed voltages are generally 
employed when using highly conductive buffers because higher field 
strengths can lead to arcing (Cifuentes et ai, 1993). 

Very high salt concentrations also alter the double layer on the 
surface of the capillary and reduce the overall EOF (Nielsen and 
Rickard, 1990). Swedberg (1990) analyzed various proteins such as 
lysozyme, ribonuclease, trypsinogen, myoglobin and carbonic an-
hydrase B and observed that the use of high ionic strength and/or 
increased buffer concentrations led to increased migration times due 
to decreased EOF. One should also be aware that under high ionic 
strength conditions, migration order is no longer a predictable func-
tion of pi for peptides, and the interpretation of the data may become 
more complex. Also, the composition of the sample is important in 
that too large a difference in conductivity between the sample and 
BGE could lead to the formation of air bubbles in the run buffer and 
subsequent loss of current flow. On the other hand, low ionic 
strength sample matrices are useful for focusing or sample stacking 
(Swedberg, 1990). As a general rule, the ionic strength of the analyte 
should be less than 1% of the ionic strength of the BGE to minimize 
peak distortion (Lee and Desiderio, 1994). 

2.1, Basic pH 

When developing any CE separation, it is desirable to keep the 
method as simple as possible. Unnecessary additives or features that 
complicate the method should be avoided whenever possible. 
Another way of reducing protein and peptide adsorption and improv-
ing separation efficiency is through manipulation of the pH of the 
background electrolyte. 

At pH values above 2.0, the silanol groups on the fused silica capil-
lary wall are negatively charged (Lauer and McManigill, 1986). 
Therefore, if the pH of the run buffer is below the pi of the peptide or 
protein, adsorption of the peptide or protein to the capillary surface 
will probably occur. Since most peptides and proteins are amphoteric, 
it is possible to work in a range where both the capillary surface and 
the protein bear a negative charge (Deyl et al, 1989). This results in 
maximum coulombic repulsion and improved separation effciencies 
(Lauer and McManigill, 1986). Adsorption of many basic peptides and 
proteins can be overcome by operating in the pH range of 8-11 
because they are negatively charged at this pH (Lauer and 
McManigill, 1986). 

Caution is required, however, in cases where the pH of the back-
ground electrolyte and the pi of the protein or peptide are consider-
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ably different. In extreme cases, this situation can result in struc-
tural damage or hydrolysis of the analyte (Lauer and McManigill, 
1986). Conversely, protein precipitation can result in cases where the 
pH of the buffer is too close to the pl (Emmer et aL, 1994). However, 
the occurrence of these phenomena depends solely on the nature of 
the particular analyte. 

At pH values above 11, additional problems with Joule heating 
and arcing can occur and are the result of the high currents t3^ically 
observed at this pH (Okafo et al., 1994a). Therefore, it is usually 
necessary to work at reduced voltages at this pH range. In addition, 
the high EOF at this pH can lead to a loss in resolution. Another 
problem resulting from the use of run buffers with pH above 11 is 
that the fused silica is slowly dissolved by the buffer (Issaq et al., 
1992). In general, background electrolytes of pH less than 10 are 
preferred for protein and peptide separations. 

2.2. Acidic pH 

Many peptide and protein separations can be carried out success-
fully in bare, fused silica capillaries with run buffers in an acidic pH 
range (2.5-5.0). This is the most flexible range in which to manipulate 
charge differences between the protein and the capillary surface 
(Issaq et al., 1992). In this range, although most proteins and pep-
tides are positively charged, the net wall charge is approaching zero 
and, ideally, minimal adsorption occurs. One disadvantage of operat-
ing in the acidic pH range is that due to protonation of the carboxy 
terminus there is a lower mass-to-charge ratio for peptides and, 
therefore, a decreased chance of achieving resolution of compounds of 
similar structure (Song et al., 1993). The pH range 2-2.5 would 
appear to be best since below 2.0 the capillary walls should be 
essentially neutral in charge and, therefore, there is little or no 
electrostatic interaction with the wall. However, at pH values below 
2, the capillary wall may not be stable (Cifuentes et al., 1993). 

Although it is often satisfactory simply to optimize the pH of the 
run buffer to obtain the desired separation, this does not always 
work. It may be necessary to use an additive to the background 
electrolyte to improve the separation. Alternatively, permanent 
modification of the capillary surface may be employed to reduce 
surface-analyte interactions, as described in Chapter 2 of this book. 

2.3. Buffer additives 

Metal ions and zwitterionic salts: Metal ions and zwitterionic salts 
are commonly used in the separation of basic proteins and peptides. 
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These substances are intended to reduce or suppress the interactions 
of the protein or peptide with the capillary wall by competing for the 
negatively charged sites on the fused silica capillary (Muijselaar et aL, 
1992). Bullock and Yuan (1991) used various metal salts such as 
Na2S04, K2SO4, NaCl, KCl and K2HPO4 as additives for the separa-
tion of various proteins. Issaq et aL (1992) used zinc salts to resolve 
two peptides that had a similar peptide sequence, and were able to 
obtain a successful separation. Lithium chloride and tetramethyl-
ammonium chloride have also been used as buffer additives for the 
determination of a model therapeutic protein, humanized anti-TAC 
monoclonal antibody (Guzman et aL, 1992). 

Zwitterionic salts exhibit a lower conductivity and are, therefore, a 
good alternative to conventional buffer systems for CE. However, 
some zwitterions have low water solubility, which causes difficulties 
when dealing with aqueous run buffers and samples. This could also 
ultimately lead to the denaturation of proteins or peptides (Cifuentes 
et aL, 1993). However, zwitterionic salts permit the use of high elec-
tric fields and maintain good selectivity for peptide and protein separa-
tions (Nashabeh et aL, 1994). Nashabeh et aL (1994) used a zwitter-
ionic detergent, N-dodecyl-N,N-dimethyl-3-amino-l-propanesulfonate 
(DAPS), as a hydrophobic selector to separate variants of insulin 
growth factor I. Utilization of this detergent permitted the use of a 
wide range of buffer pH without alteration of the zwitterionic charac-
ter of the detergent. 

Dynamic coatings: A dynamic coating is one that is contained in 
the run buffer and consists of an ionic, zwitterionic, or non-ionic mole-
cule that is strongly absorbed onto the walls of the capillary, forming 
either a monolayer or a bilayer on the capillary surface (see Fig. 1 for 
a schematic of the bilayer formation). This coating also causes rever-
sal of the EOF, resulting in a larger separation window for cationic 
analytes. Assuming that the electrophoretic conditions remain con-
stant throughout the run, the system should remain in equilibrium 
(Gilges et aL, 1994). Fluorad, or FC-135, is a commercially available 
fluorinated, cationic surfactant that forms a positively charged 
djniamic coating along the capillary surface. It is a useful additive for 
repelling basic proteins (Emmer et aL, 1991). This coating has been 
shown to significantly reduce the adsorption of basic peptides and 
proteins to the capillary wall (Emmer et aL, 1994). Muijselaar et aL 
were also able to separate four highly basic proteins, a-chymotryp-
sinogen, ribonuclease A, cytochrome c and lysozyme, as shown in Fig. 
2. The "separation" obtained without a dynamic coating is shown in 
Fig. 3. 
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(a) 

— 4— Electroosmotic flow 

(b) 

No flow 

(c) 

Electroosmotic flow —• + 

Fig. 1. (a) No surfactant added, electroosmotic flow in normal 
direction, (b) Electrostatic absorption of positively 
charged surfactant headgroups to the negative silanol 
groups on the silica surface of the capillary inner wall. 
(c) Admicellar bilayer formation by hydrophobic 
interaction between the apolar chains, resulting in a 
reversal of the electroosmotic flow. (Reproduced with 
permission from Emmer et aL, 1991.) 
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Fig. 2. Electropherogram for the separation of (1) mesityl oxide, 
(2) a-chymotr3T)sin, (3) ribonuclease, (4) cytochrome c and 
(5) lysozyme. Capillary Zi (length to detector) = 99.65 cm 
and I2 (total length) = 87.28 cm; injection 5 s at 5 kV; 
separation voltage, 25 kV; buffer, 10 mM phosphate (pH 
7.0) with 50 |Lig/ml of FC135 added. (Reproduced with 
permission from Muijselaar e^aZ., 1992.) 
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Fig. 3. Electropherograms obtained under conditions 
without a dynamic coating. Capillary, h (length 
to detector) = 42.15 cm and I2 (total length) = 
34.60 cm. Anode at the inlet side and cathode 
at the outlet side, respectively. Injection 5 s at 
5 kV; separation voltage 15 kV; buffer, 10 mM 
borate at (A) pH 11.0, (B) pH 9.0 and (C) pH 7.0. 
Sample same as in Fig. 2. (Reproduced with 
permission from Muijselaar et al., 1992.) 

In contrast to the use of salt additives, which leads to Joule heating 
due to the high conductivity of the buffer, the fluorad system yields 
good separation efficiency under conditions of low ionic strength. The 
short- and long-term reproducibilities are excellent as long as the 
dynamic equilibrium at the surface of the wall is maintained through-
out the run (Emmer et al., 1991). 

Amine additives: Several amine additives have been shown to 
improve the separation of basic proteins and peptides by masking the 
exposed silanol groups on the fused silica as shown in Table 2. This 
results in the formation of a cationic surface that repels positively 
charged molecules. Several amine additives have been evaluated, 
including 1,3-diaminopropane (DAP), ethylenediamine (ED), 1,4-di-
aminobutane phosphate (DAB), 1,5-diaminopentane triethylamine and 
triethanolamine (Song et al, 1994). The amines absorb as an immo-
bilized electrical double layer of the capillary, and the remainder of 
the ions will be distributed throughout the free solution. When the 
specific adsorption of the additives is sufficiently large, the direction of 
the EOF is often reversed (Corradini et al., 1994; Song et al, 1994). 
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Table 2. Common Amine Additives for Basic Protein and Peptide 
Separations 

Type of amine additive 

ethylenediamine 

ethylenediamine, 
1,3-diaminopropane, 
1,4-diaminobutane 

Abbreviation 

ED 

ED, DAP, 
DAB 

Application 

Separation of basic proteins 
such as lysozyme, C3rto-
chrome c, ribonuclease. 
trypsinogen, and a-chymo-
trypsin using 60-80 mM ED 

Comparison of these amine 
additives were evaluated for 
the separation of basic pro-

Ref. 

Song et 
al, 1993 

Song et 
al, 1994 

triethylamine, 
triethanolamine, 
galactosamine, 
glucosamine 

teins: lysozyme, cytochrome 
c, ribonuclease, and a-
chymotrypsin 

Excellent separation was 
obtained for these amine 
additives for the separation 
of lysozyme, ribonuclease 
A, cytochrome c, and a-
chymotrypsin 

Corradini 
et al., 
1994 

tetradecyltrimethyl-
ammonium bromide 

hexadecyltrimethyl-
ammonium bromide. 
dodecyltrimethyl-
ammonium bromide 

tetramethylammonium 
chloride, trimethyl-
ammonium 
propylsulfonate 

TTAB 

DTAB, 
HTAB 

TMAC, 
TMAPS 

Analysis of a single erythro-
cyte and their components 

These two additives were 
used in the separation of 
angiotensin peptide variants 

Used for the separation of a 
humanized monoclonal 
antibody in bulk and thera-
peutic formulation 

Xue and 
Yeung, 
1990 

Liu et al.. 
1990 

Guzman 
et al.. 
1992 

ED was shown to produce a higher EOF than most amines; this was 
probably due to weak adsorption or interaction with the silanol 
groups. 

Corradini et al. (1994) looked at various cationic amine additives, 
including triethylamine, triethanolamine, glucosamine and galactos-
amine, for protein separation by free zone CE. A separation of four 
basic proteins using glucosamine as an additive is shown in Figure 4. 
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Fig. 4. Electropherogram of standard basic pro-
teins obtained with addition of 40 mM 
glucosamine, pH 2.5. Proteins: 1, cyto-
chrome c; 2, lysozyme; 3, ribonuclease A; 4, 
a-chymotrypsinogen A. (Reproduced with 
permission from Corradini et aL, 1994.) 

These workers were able to obtain excellent resolution and good 
selectivity of these model basic proteins using these cationic additives 
to reduce the adsorption of the proteins to the capillary wall. 

Tetraalkyl amines have been shown to have an additional "block-
ing power," which is due to the presence of both hydrophobic and 
polar regions of the molecule (Guzman et al, 1992). Tetradecyltri-
methylammonium bromide (TTAB), dodecyltrimethylammonium 
bromide (DTAB), hexadecyltrimethylammonium bromide (HTAB) and 
cetyltrimethylammonium bromide (CTAB) are all surfactants that 
have very low critical micellar concentrations (CMC). The CMC is 
defined as the concentration at which the surfactant molecules spon-
taneously aggregate to produce spherical molecules due to the 
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increased hydrophobic interactions at the higher concentrations 
(Kuhn and Hoffstetter-Kuhn, 1993). When a surfactant is above the 
CMC, smaller molecular weight compounds can partition between the 
pseudostationary phase, which is the micelle, and the aqueous buffer 
phase to give added selectivity. In the case of ionic micelles, it is 
possible to have ion pairing with the protein or peptide. In addition, 
the charged micelle can aid in the separation mechanism by 
introducing charge to an otherwise neutral analyte (Nashabeh et al., 
1994). Liu et al. (1990) investigated both HTAB and DTAB for the 
separation optimization of eight underivatized angiotensin analogs. 
Huang et al (1989) found that, although the CMC for TTAB was 
determined to be 3.5 mM, it is possible to have a reversed EOF at 
concentrations below the CMC. This is believed to be due to the 
complexation of the TTAB molecules with the capillary wall. 

Neutral additives I organic solvents: Most background electro-
lytes in CE utilize only aqueous-soluble salts. Although organic sol-
vents may be used, they are normally employed only as additives to 
optimize a specific separation. Organic solvents affect the polarity, 
conductivity and the viscosity of the BGE. Several groups have 
investigated the use of organic solvents in CE separations (Cole and 
Sepaniak, 1991; Idei et al., 1992; Langenhizen et al,, 1993). Organic 
solvents can influence peptide separations by direct interaction with 
the capillary wall or through alteration of the electrophoretic mobility 
of the analyte and subsequent changing of the EOF of the separation 
(Idei et al, 1992). The addition of organic solvent to the BGE also 
leads to reduced currents and, consequently, decreased Joule 
heating. 

Although the exact mechanism by which uncharged organic modi-
fiers participate in CE separations is not well understood, it is thought 
that they produce a decrease in the zeta potential that results in a 
change in the dielectric properties of the Stern layer (Stefansson and 
Westerlund, 1993). This leads to a reduction in the EOF. EOF, the 
zeta potential and the viscosity of the solution are related as shown 
below: 

H e o = : ^ (1) 
47cr| 

where: |ieo = effective electrophoretic mobility 
^ = zeta potential 
8 = permittivity of the medium 
^ = viscosity of the solution 
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The addition of organic solvents also affects the viscosity and ionic 
strength of the BGE (Kuhn and Hofstetter-Kuhn, 1993). As can be 
seen in Eq. (1), this will also affect the EOF. The combination of the 
decreased ionic strength of the run buffer, upon addition of the 
organic modifier, and the lower viscosity of the solvent results in 
increased mobility of the analyte and, therefore, decreased migration 
times when compared to aqueous buffers (Idei et aL, 1992). In one 
study, it was found that the effect of alcohols on migration time was 
opposite to that of acetonitrile (Idei et al., 1992). There was an 
inverse relationship between the strength of the organic modifier, 
measured with respective dipole moments, and the migration times of 
the analytes. As the strength of the organic solvent is increased, the 
viscosity is decreased and, thus, the overall mobility is also decreased, 
as shown in Eq. (1). The order of organic modifiers with respect to 
decreasing dipole moments is: 

acetonitrile > H2O > MeOH > EtOH > isopropyl alcohol 

where acetonitrile has the lowest viscosity in the run buffer when 
compared to other organic solvents such as MeOH, EtOH and 
isopropyl alcohol. 

Within the alcohol category, the longer the carbon chain, the 
greater the migration time of the analyte with respect to aqueous run 
buffers (Idei et al., 1992). This migration trend among organic modi-
fiers also holds true when implemented in micellar CE. Cole and 
Sepaniak (1991) found that MeOH and 2-propanol were useful in 
extending migration times in micellar electrokinetic chromatography 
(MEKC) because these organic solvents interact with the capillary 
wall, thus decreasing the wall charge and increasing the amount of 
time that the micelle spends in the capillary. Acetonitrile reduces the 
EOF to a lesser extent, due to decreased interaction with the capil-
lary wall. Also, since the elution window is sandwiched between the 
column void and the micelle migration time, a "stacking" effect of 
hydrophobic compounds sometimes results. This is due to the 
increased association time of the hydrophobic species with the micelle 
itself. As the overall polarity of BGE is decreased, solutes that are in-
soluble in water will spend less time in the micelle and more time in 
the "free BGE." On the other hand, the organic modifier also inter-
acts with the capillary wall, decreasing the EOF but increasing the 
migration time of the micelle (Cole and Sepaniak, 1991). The combi-
nation of these two effects yields the overall net migration times of 
the anal5rtes. 

In some instances, however, organic modifiers have been shown 
to be ineffective for the separation of proteins and peptides. 
Langenhizen et al. (1993) saw no improvement or change in the 
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separation of adrenocorticotropic hormone (ACTH), endorphins or 
cholecystokinins or fragments of these pharmaceutical peptides with 
10% MeOH or acetonitrile in various BGEs, including phosphate 
buffer, formic acid and Tris buffer. It was found that if the organic 
concentration was too high (<15%), efficiency was reduced and the 
analysis time increased, which led to distorted peaks. 

Cyclodextrins: Cyclodextrins (CDs) are cyclic oligosaccharides 
that consist of six, seven or eight glucose units, corresponding to the 
a, p, and y-CD, respectively. CDs are basket-shaped molecules with a 
hydrophobic interior cavity and hydrophilic external cavity (Kuhn and 
Hoffstetter-Kuhn, 1993). The entrance to the cavity is also hydro-
philic since it is lined with primary and secondary hydroxyl groups. 

CDs enhance both resolution and selectivity through judicious 
partitioning of guest molecules or ions into the host hydrophobic 
cavity (Snopek et al., 1994). The hydrophobic cavity can form inclu-
sion complexes with aromatic or alkyl moieties of proteins and pep-
tides, as long as a favorable match is made between the size and 
shape of the entering solute and the cavity size of the CD. Although 
unmodified CDs are neutral in charge, they can still significantly 
improve resolution. In this case, the separation is due to an altera-
tion in electroosmotic mobility of the peptide or protein due to differ-
ences in MW between the complexed and free molecules. Liu et al. 
(1990) investigated the use of a-CD and p-CD as buffer additives for 
the separation of 3-(4-carboxybenzoyl)-2-quinoline carboxaldehyde 
(CBQCA)-derivatized angiotensin variants and fragment peptides; they 
observed increased resolution due to the presence of the CDs. Figure 
5 shows a model mixture of nine peptides with the addition of p-CD to 
the run buffer. 

The use of CDs can also result in increased fluorescence for 
derivatized peptides, since molecules of this type sometimes exhibit a 
quenched fluorescence in the absence of a complexing agent (Liu et 
al., 1990). In particular, CDs have been shown to enhance the fluo-
rescence intensity of peptides and amino acids derivatized with naph-
thalene-2,3-dicarboxaldehyde/cyanide (NDA/CN) and CBQCA (Liu et 
al., 1990; Lunte and Wong, 1990; Schwartz et a/., 1991). 

Anionic additives: Phytic acid is an anionic ion pairing reagent 
that has been proven to be effective in separating very basic proteins 
or peptides. Phytic acid is highly charged and water-soluble; it con-
tains six phosphate groups with pKa values that range from 1.9-9.5. 
Okafo et al. (1994a) found that the sodium salt form of phytic acid 
gave a better resolution for basic peptide separations than did the free 
acid. Positively charged proteins or peptides ion pair with the poly-
anionic phytic acid to prevent interactions of the analyte with the 
capillary wall. Overall, a lower but constant EOF is observed with 
this additive. It would be expected that this poly anionic species would 
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Fig. 5. Electropherogram of fluorescamine-deriva-
tized peptides, using P-cyclodextrin as a buffer 
additive. Model mixture of 9 peptides. Peaks: 
1 = angiotensin III; 2 - Gly-Gly-Tyr-Arg; 3 = 
angiotensin I; 4 = [Val^]-angiotensin II; 5 = 
Met-Leu-Phe; 6 = Gly-Leu-Tyr; 7 = Val-Gly-
Ser-Glu; 8 = Ala-Gly-Ser-Glu; 9 = Val-Gly-
Asp-Glu. Capillary: 80 cm in length (50 cm to 
detector), 50 îm i.d. Separation buffer: 0.05 
M borate buffer (pH 9.50)-20 mM p-cyclo-
dextrin-15% methanol-1% THF. Operating 
voltage: 20 kV. (Reproduced with permission 
from Liu et aL, 1990.) 

produce much higher currents than monoionic electrolytes. How-
ever, experimentally, this is not the case. The reason for this is most 
likely the increased ionic radius of the hydrated form compared to 
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that of the monoionic salts (Okafo et al., 1994a). Figures 6a and 6b 
show the separations of two amino acids and six dipeptides with and 
without the addition of phytic acid at pH 7.5. Phytic acid has also 
been used as a buffer additive for peptide mapping of hemoglobin by 
CE (Okafo e^aZ. 1994b). 
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Fig. 6. Electropherograms of six dipeptides and two amino acids in 
the (a) absence and (b) presence of the sodium salt of phytic 
acid (10 mM). Electrophoresis conditions: capillary, fused 
silica; L = 27 cm, 1 = 20 cm, i.d., 50 jim; electrol5rte, 300 mM 
sodium borate adjusted to pH 7.5, 8.2 and 9.2; voltage 10 kV; 
temperature, 25°C. (Adapted from Okafo et aL, 1994b.) 

Bile salts: Bile salts are biological surfactants with a substituted 
steroidal structure. These salts are postulated to form small, pri-
mary micelle aggregates, composed of up to 10 monomers, that are 
both rigid and helical. In these micelles, the hydrophobic portion of 
the monomer that is in contact with the aqueous solution and the 
hydrophilic portion forms the internal section of the micelle aggregate 
(Terabe et aL, 1989; Cole and Sepaniak, 1991; Wu et aL, 1994). In 
some respects it can be thought of as an "inverted micelle." Bile salts 
are most successful for the separation of hydrophobic compounds (Wu 
and Sweedler, 1994). Polar bile salts differ significantly from long 
alkyl chain micelles such as sodium dodecyl sulfate ("SDS) in structure 
and in the nature of the separation. They are far more useful for 
hydrophobic separations than are anionic surfactants such as SDS 
because it is possible to utilize both the positive and negative charges 
on the bile salt molecule (Cole and Sepaniak, 1991). In one example, 
Beijersten and Westerlund et aL (1993) used 4.0 mM taurodeoxycholic 
acid (TDC) in an acidic phosphate buffer in combination with coated 
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polyacrylamide capillaries for the separation of enkephalin-related 
peptides. In aqueous solutions, TDC forms helical "reversed 
micelles," which leads to increased selectivity. Increased electro-
osmosis was observed for the met-enkephalins in the presence of 
TDC, which may be the result of ion pairing or an electrostatic inter-
action of TDC with the basic arginine group. 

3. Separations of Acidic and Hydrophobic Prote ins and 
Peptides 

In the majority of cases, the approach to the separation of acidic 
and hydrophobic proteins and peptides in CE is quite straightforward. 
Separations can be optimized by simple manipulations of buffer type 
and adjustment of the ionic strength of the background electrolyte. 
However, in those instances where the peptides are highly anionic in 
character, i.e., acidic analytes, the separation can sometimes be 
improved by addition of bile salts and adjustment of run buffer pH 
(see the section on buffer additives in this chapter). For example, 
Langenhizen et al. (1993) found the separation of the acidic peptide 
cholecystokinin (CCK) to be inefficient at a low pH, but much better 
at neutral or basic pH, where there was a repulsion with ionized 
silanol groups on the capillary wall. Electrostatic interactions were 
eliminated at low pH due to protonation of the free silanols. There-
fore, the low efficiency exhibited at low pH can be attributed primarily 
to hydrophobic interactions of the peptides with the silanol groups. 

The main difficulty encountered with hydrophobic proteins and 
peptides is that many nonpolar species suffer from low water solu-
bility. Therefore, it may be necessary to dissolve the sample in an 
organic solvent prior to analysis (Sweeney et al., 1993). Under these 
conditions, a large conductivity difference between the sample matrix 
and the BGE may result, which can lead to boiling of the run buffer 
and subsequent formation of air bubbles in the capillary. This is 
usually accompanied by a rapid, spontaneous drop in current. In addi-
tion, the use of buffers containing large amounts of organic solvent in 
a high electric field can lead to a temperature gradient due to the 
change in the dielectric constant that again can lead to boiling of the 
solvent in the capillary during the separation (Sweeney et al., 1993). 
Using high performance CZE and high performance capillary 
isotachophoresis (CITP), Josic' et al. (1990) investigated the separa-
tion of hydrophobic membrane proteins, both extrinsic and intrinsic, 
including calcium binding proteins from liver plasma membranes and 
Morris hepatoma 7777 plasma membranes, and a mixture of three 
different intrinsic protein glycoproteins. They were able to prevent 
the precipitation of these proteins, which often occurs in aqueous 
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media, through the use of detergents such as Triton X-100 and 
denaturing reagents such as urea. 

In those cases where there are only subtle differences in the 
hydrophobicity and ionic character of the analytes being separated, 
the resolution of these analytes can be particularly challenging. One 
example of a difficult separation is that of insulin-like growth factor 
variants (Nashabeh et al. 1994). In this case, the use of a capillary 
coated with a neutral hydrophilic surface was necessary. The use of 
the modified capillary led to an overall reduction in EOF and pre-
vented unwanted adsorption of the protein or peptide to the capillary 
surface. Weinmann et al. (1994a) developed a pressure-assisted CE 
method to elute a highly hydrophobic protein, lung surfactant protein 
SP-C, from the capillary and detect it by mass spectrometry. 
However, without this pressure-assisted step, the mass flow would 
not be large enough for subsequent MS analysis. Other approaches 
that had been successful for hydrophobic proteins and peptides 
include the use of MEKC (Wu et al, 1994) (see section on MEKC in 
this chapter). 

4. Glycoproteins 

Glycoproteins are those proteins that possess covalently attached 
carbohydrates with varying degrees of heterogeneity. Most glyco-
proteins contain oligosaccharides composed of four sugars—two neu-
tral sugars, mannose and galactose, and two amino derivatives, N-
acetylglucosamine and N-acetylgalactosamine—and a peptide chain 
(Liu et al, 1991b). 

Carbohydrate analysis of glycopeptides usually involves the 
release of the neutral sugar residues via hydrolysis with 2.0 M formic 
acid and the release of the hexosamines through exposure to more 
strongly acidic conditions, such as 4.0 M HCl (Liu et aL, 1991b). How-
ever, the carbohydrate composition of glycoproteins tends to be very 
heterogeneous. Hexosamines can be derivatized by reagents that 
react with primary amines and analyzed using fluorescence detection. 
Neutral sugars lack both the amine moiety and a distinct chromo-
phore and display no native fluorescence (Stefansson and Wester-
lund, 1993). Alternate modes, for example, indirect detection (Liu et 
al., 1991b), pulsed electrochemical detection (FED) (Weber et al., 
1995) or derivatization of an alternative moiety such as the carboxyl 
group followed by UV or fluorescence detection (Liu et al., 1991a,b), 
are thus necessary for the determination of these sugars. 

Thin layer chromatography (TLC), gas chromatography (GC), 
liquid chromatography (LC), gel permeation (GP), supercritical fluid 
chromatography (SFC), ion exchange (IE) and slab electrophoresis 
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have all been used for the separation of glycopeptides. However, the 
use of LC or CE is preferred for glycoproteins and glycopeptides due 
to the high separation efficiencies and tremendous resolution capabil-
ities of these systems (Stefansson and Westerlund, 1993). Rush et al. 
(1993) used affinity high performance CE, which uses a molecule with 
affinity for the analyte in order to capture the desired species onto 
the capillary and increase selectivity, for the analysis of recombinant 
human erythropoietin (rHuEPO); they were able to separate both 
glycosylated and non-glycosylated peptide fragments (Fig. 7). 

An alternative method for the separation of glycoproteins and 
glycopeptides involves the use of boric acid. Boric acid, in its open-
chain form, is known to preferentially complex with diols, polyols and 
carbohydrates and transforms the sugar/alcohol from the neutral 
form into a anionic species that can be electrophoretically separated 
by CE (Stefansson and Westerlund, 1993, Hoffstetter-Kuhn et aL, 
1991). The resulting sugar borate complex is then detectable in the 
low UV range (Hoffstetter-Kuhn et al, 1991). 

Landers et al. (1992) resolved five major protein peaks of oval-
bumin, a 43,000 MW glycoprotein of avian egg white, using borate 
buffer as a complexing agent. In an attempt to increase resolution, 
phosphate and borate buffers were evaluated as complexing agents 
for carbohydrates and glycoproteins. Ovalbumin was also used as a 
model in these studies to compare the separation obtained with 
borate to that with other buffers, such as phosphate. Inferior results 
were obtained with phosphate, and this was postulated to be due to 
steric differences between the two molecules. For example, better 
resolution of fluorescently labeled glycosamine and galactosamine 
was obtained using borate rather than phosphate (Landers et al., 
1992). 

Another important factor in the use of borate buffers is the effect 
of pH. In cases where the analyte concentration was held constant, 
increasing the pH of the run buffer increased the number of ionized 
acidic groups on the boric acid molecule available for complexation. 
High pH run buffers also had more effect on migration time because 
of an overall increase in EOF (Hoffstetter-Kuhn et al., 1991). 

Stefansson and Westerlund (1993) investigated alternatives to the 
use of boric acid complexation as a means of separating glycopeptides 
and glycoproteins. These included the separation of glycoconjugates 
at alkaline pH using MEKC. The addition of 40 mM CTAB reversed 
the migration order of the analytes by reversing the EOF. They also 
evaluated the effect of organic modifiers, which decreased the overall 
EOF and ultimately resulted in a decrease in the overall efficiency. 

Weber et al. (1995) used CE with a BGE containing 42 mM sodium 
tetraborate (pH 9.3) to separate several glycopeptides isolated from 
recombinant coagulation factor VII (rcf VII). They used both UV and 
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Fig. 7. HPCE profile of trypsin-digested rHuEPO (3.75 mg/ml), 
vacuum injected for 2 s into a 50-|j,m i.d., 360 |im o.d. 
capillary of total length (L) to effective length (1) of 
L/175/50 cm, respectively. The sample was dissolved in 
10% glacial acetic acid for electrophoresis. Electrophoresis 
was conducted at 16,000 V at 30°C (electric field 213 V/cm) 
in 40 mM sodium phosphate buffer, pH 2.5, containing 100 
mM heptanesulfonic acid ion pairing agent; the profile was 
monitored on line at 200 nm, 0.025 AUFS at a data 
collection rate of 15 Hz for 95 min. The current level was 
about 110 jiA for a power load of about 2.35 W/m. The 
nonglycosylated peptide and the glycopeptide sections of 
the map are designated and the corresponding HPCE 
peaks are numbered according to migration time. (Repro-
duced with permission from Rush et al., 1993.) 

PED detection for this analysis. With FED, simultaneous detection of 
the oligosaccharides and the peptide fragments of the molecule was 
possible. 
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5. Additional Strategies 

5,1, Micellar Electrokinetic Chromatography (MEKC) 

Micelles are aggregates of amphiphilic compounds with a hydro-
phobic interior and a hydrophilic exterior. Depending on the exposed 
functional group of the hydrophilic moiety on the exterior, micelles 
may be one of the four types: anionic, such as SDS, cationic, such as 
CTAB, zwitterionic, such as sulfobetaine, and nonionic, such as Brij-35 
(Kuhn and Hoffstetter-Kuhn, 1993). 

The addition of micelle-forming surfactants above the CMC has 
been reported to increase selectivity and resolution by introducing a 
pseudophase into which the analytes can partition (Schwartz et al,, 
1991). This partitioning between the BGE and the micelle can aid in 
the separation of neutral compounds by CE under these conditions. 

The separation is based on the relative distribution of analytes 
between the buffer phase and the micelle (Liu et al,, 1990). Micelles 
migrate at a different velocity than the BGE; thus, analytes included 
in the micelle will have migration times closer to that of the micelle, 
while analytes not associated with the micelle will have migration 
times based on their electrophoretic mobility. Most analytes will fall 
between these extremes. MEKC can be used to exploit subtle 
changes in hydrophobicity, size, charge, and/or shape to differentiate 
charged species that are normally difficult to separate (Liu et al,, 
1990). 

MEKC is most useful in cases where the charge-to-size differences 
of the analytes are similar (Issaq et al,, 1992), for example, for 
separations of peptides with similar net charge. MEKC can also be 
used to improve resolution of ionic peptides (Liu et al,, 1990; Kuhn 
and Hoffstetter-Kuhn, 1993). However, when attempting to separate 
larger polypeptides and proteins by MEKC, poor selectivity sometimes 
results from the inability of the solute to partition into the micelle 
(Nashabeh et al,, 1994). Some additives are not compatible with 
MEKC; for example, chaotropic ions are not useful in MEKC because 
they destabilize the micelle systems and decrease the overall polarity 
of the system (Kuhn and Hoffstetter-Kuhn, 1993). 

SDS is the surfactant most commonly used in this technique. 
SDS micelles possess a negative charge and, therefore, a negative 
electrophoretic mobility results. SDS is frequently used as a buffer 
additive for the separation of basic proteins and peptides. It competes 
with the negatively charged capillary wall for the positively charged 
sites on the protein (Liu et al,, 1990). 
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5.2. Capillary Isoelectric Focusing (CIEF) 

Isoelectric focusing (lEF) separates molecules on the basis of their 
neutral isoelectric points or pis. The premise by which lEF works is 
that a protein or peptide will migrate under the influence of an 
electric field as long as it maintains a charge at a given pH. As the 
analyte begins to lose charge with changing pH, and it becomes more 
neutral, the velocity of the analytes begins to decrease and even-
tually migration ceases when pH is equal to pi (Hjerten and Zhu, 
1985; Weinberger, 1993). 

The main difference between conventional lEF and capillary iso-
electric focusing (CIEF) is that conventional lEF uses an anticonvec-
tive medium such as a slab-gel as a separation medium, while CIEF 
uses an open tubular capillary. Also in lEF, a mobilization or elution 
step is not necessary as it is in CIEF, since detection is performed on-
line through a staining procedure. 

In CIEF, various zwitterion reagents known as carrier ampho-
lytes are used to establish a pH gradient across the capillary (Hjerten 
and Zhu, 1985; Weinberger, 1993). Under the influence of an electric 
field the positive ampholytes migrate to the cathode and the negative 
ampholytes migrate to the anode until they reach their neutral pi. 
The pH gradient range can be large or small depending on the nature 
of the ampholyte blend. It is possible to create a "smoother" gradient 
by using a larger number of ampholytes (Xu, 1993). CIEF can be per-
formed with or without the influence of EOF; however, most separa-
tions are satisfactory without the presence of EOF, which can be 
eliminated through the use of coated capillaries. 

Sample introduction in CIEF is unique in that the sample and 
ampholyte solutions are normally mixed into a blend prior to intro-
duction to the capillary. Upon application of the field, the gradient is 
formed and the anal3rtes migrate to their neutral pis. 

Both Mazzeo et al. (1993) and Vonguyen et aL (1994) examined a 
protein digest of cytochrome c using CIEF to determine the isoelectric 
points for the various tryptic digest fragments. Mazzeo and his col-
leagues were able to use uncoated capillaries to identify the pis of 
various C3rtochrome c tryptic digest fragments. 

5,3. Capillary Gel Electrophoresis 

Although capillary gel electrophoresis (CGE) is frequently used for 
protein separations, this chapter is concerned primarily with capillary 
zone electrophoresis (CZE)-based methods. See Chapters 2 and 10 for 
more detailed discussions of techniques based on CGE. 
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5.4. Two-Dimensional (2-D) Techniques Combined with CE 

When dealing with extremely complex samples such as biological 
fluids, LC or CE alone are frequently not sufficient to achieve suc-
cessful separations of all peptide and protein components. Giddings 
(1984, 1987) reviewed the application of multidimensional separation 
systems. In 1990, Bushey and Jorgenson elaborated on this type of 
2-D separation system, which incorporated LC and CE. Larmann et 
al. (1993) later developed automated size exclusion chromatography 
(SEC)-CZE and reversed-phase LC-CZE coupled systems for peptide 
mapping of horse cytochrome c following precolumn derivatization 
with tetramethylrhodamine isothiocyanate isomer-5 (TRITC-label). In 
another study, shown in Fig. 8, a mixture of proteins including thyro-
globin (THYRO), chicken egg albumin (OVA), bovine serum albumin 
(BSA), and horse heart myoglobin (MYO) in a reconstituted lyophil-
ized human serum sample was analyzed by SEC-CZE (Lemmo and 
Jorgenson, 1993). Two- dimensional CE techniques have also been 
reported. A two-dimensional CE-CE map of glycoprotein digests using 
two unique CE separations that incorporate two different carrier 
systems was reported by Suzuki et al. (1992). 

Although two-dimensional systems are capable of providing tre-
mendous resolving power for proteins and peptides, there are some 
drawbacks. Run times are generally long and can last 2-12 hours. 
This is due, in part, to the need to sample several points in each peak 
migrating from the first dimension. Another frequently encountered 
difficulty concerns compatibility of the mobile phase or run buffer 
used in the two separation systems. Solutions of high salt concen-
tration are generally used to eliminate undesirable interactions of 
positively charged analytes with the silica-based packing material 
used in SEC (Lemmo and Jorgenson, 1993). However, these high 
ionic strength solutions are usually not compatible with CE and can 
lead to very high currents and Joule heating. In the case of RP-LC, a 
large quantity of organic modifier in the LC mobile phase can also 
interfere with subsequent CE separations. This could result in a 
large conductivity difference between the low ionic strength sample 
being introduced and the normally high ionic strength BGE. 
Therefore, with 2-D systems, compromises often must be made with 
respect to the type of LC packing material and the ionic composition 
of the mobile phase or run buffer. The LC-CZE interface must also 
be designed so that both flow rates and the diameters of the LC 
column and the CE separation capillary are compatible, in order to 
avoid producing a large back pressure in the system (Lemmo and 
Jorgenson, 1993). Another problem frequently encountered with 2-D 
systems is caused by the difference in pathlength for UV detection in 
LC and CE. In order to obtain adequate sensitivity for trace analysis, 
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Fig. 8. Separation of protein standards by 2D SEC-CZE. SEC injec-
tion was 10 min at 7 bar (100 p.s.i.). Head pressure of 55 bar 
(800 p.s.i.) was applied to generate a flow-rate of 360 nl/min for 
the chromatographic separation. The electrophoresis capillary 
was 38 cm long, 20 cm to the detection window. CZE condi-
tions are 5-s electromigration injection at - 3 kV and 4-min 
runs at - 8 kV. Data collection was 2 points/s. Shown here: 
(A) Surfer-generated 3D chromatoelectropherogram and (B) 
Spyglass-generated grayscale image. (Reproduced with per-
mission from Lemmo and Jorgenson (1993). 
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samples must almost always be derivatized for fluorescence detection. 
The derivatization process makes the compounds look "more alike" 
and, therefore, some of their intrinsic differences that would enhance 
the separation are lost. Future work on on-line or postcolumn 
derivatization systems should circumvent this problem. 

5.5. Detection Techniques 

5.5.1. UV Detection 

UV detectors are robust, inexpensive and versatile, and almost all 
biological and chemical compounds absorb to some extent in the UV 
range (Grossman and Colburn, 1992). Proteins and peptides contain-
ing aromatic amino acids such as phenylalanine, tyrosine and trypto-
phan possess absorption maxima at 280 nm and the amide bonds 
absorb around 200-210 nm, whereas those containing aliphatic amino 
acids usually also absorb more specifically around 215 nm. However, 
the LOD for UV is not quite as sensitive as for other methods such as 
electrochemical and fluorescence detection. 

It is also possible to determine proteins and peptides that lack a 
suitable chromophore through the use of indirect UV detection. How-
ever, the LOD for indirect UV detection is not as great and is directly 
proportional to the amount of background chromophore in the run 
buffer (Xue and Yeung, 1994). In addition, this method is not very 
selective for many biological samples. 

5.5.2. Electrochemical Detection 

Capillary electrophoresis with electrochemical detection (CEEC) is 
a sensitive technique that is gaining popularity (see Chapter 6). 
Although CEEC has not been employed for the determination of 
proteins, several strategies have been developed for the detection of 
peptides. Most of these are based on the complexation of peptides 
with copper to jdeld an electroactive complex. 

Baldwin's group has used CEEC with a copper electrode for the 
detection of N-blocked peptides (Ye and Baldwin, 1994). These com-
pounds are not easily derivatized and are therefore difficult to deter-
mine by other means. In one example, the cyclic peptides Leu-Trp-
Asp-Pro-Val and Leu-Tyr-Asp-Pro-Val were detected in solid phase 
synthesis products. 

An alternative method, also based on reaction with copper, is the 
use of the Biuret reaction (Deacon et al., 1993). In this case, the 
copper is first placed in the capillary via a rinsing procedure. The 
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peptide sample is introduced into the capillary at a high pH; there it 
reacts with the Cu2+ on the capillary wall to form a Cu2+-peptide 
complex. This complex can then be oxidized at a moderate potential 
at a carbon fiber microelectrode. 

For peptides containing specific amino acids such as cysteine, 
other detection approaches can be employed. Zhou et aL (1994) used 
a mixed valent RuCN-modified electrode for the detection of gluta-
thione and glutathione disulfide. Other approaches that have been 
used for the detection of cysteine-containing peptides include the use 
of a gold/mercury electrode (amalgamated gold fiber) (O'Shea and 
Lunte, 1993) and cobalt phthalocyanine-modified electrodes (O'Shea 
and Limte, 1994). 

Pulsed amperometric (PAD) can be used for the direct detection of 
peptides. Weber et aL (1995) were able to detect both the peptides 
and carbohydrates released from recombinant coagulation factor Vila 
following treatment with glycopeptidase F (PNGase F). 

It should also be possible to detect tyrosine- and tryptophan-
containing peptides directly by CEEC, although there have been few 
reports of this. A more comprehensive review of electrochemical 
detection methods for CE is given in Chapter 6. 

5.5,3. Mass Spectrometric Detection 

Mass spectrometry (MS) has not always been considered sensitive 
enough for protein and peptide detection following CE separation due 
to the small amount of mass introduced from the CE column. How-
ever, in cases where there are limitations with detection techniques 
such as UV and fluorescence due to the restricted pathlength, MS 
can be extremely useful (Wahl et al., 1993). Identification of com-
pounds by both UV and fluorescence is limited to measurements of 
electrophoretic mobility and wavelength X,-ratioing. CE-MS, however, 
provides an accurate determination of the molecular weight, which 
can be used in conjunction with the electrophoretic mobility of the 
analyte for positive identification (Wahl et aL, 1993; 1994). MS is ideal 
in terms of selectivity since very exact measurements of MW can be 
determined. Only enantiomers cannot be distinguished by MS. 
Another advantage of using MS is in the determination of the nature 
and extent of protein denaturation that has occurred, including 
covalent modifications (Burlingame et aL, 1994; Wahl et aL, 1994). 

There are practical considerations concerning the compatibility of 
CE with MS detection that must be addressed when dealing with 
protein and peptide separations. These include system suitability, 
high salt concentration in the sample matrices and flow rate differ-
ences at the interface (Burlingame et aL, 1994) (see Chapter 5). 
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Continuous flow fast atom bombardment mass spectrometry 
(cfFAB-MS), in conjimction with an aminopropyl-modified capillary, 
has been used for the identification of basic peptides. Efficiencies of 
hundreds of thousands of theoretical plates were obtained with detec-
tion limits around 10 fxM (Mosley et aL, 1991). Wahl et al. (1993) 
found that smaller diameter capillaries increased sensitivity for GE-
MS peptide analysis 25-50-fold as a result of controlling the niunber 
of ions that entered the system. 

Rosnack et al, (1994) utilized CE-UV-electrospray ionization (ESI)-
MS to determine the presence of a dehydration product of the 
synthetic peptide heregulin-p (Fig. 9a,b,c). A dehydration product (M-
18) was exhibited in the ESI-MS spectrum of the heregulin-p sample. 
To determine if this product was an impurity in the sample or if it was 
due to the electrospray process itself, the sample was analyzed by 
both LC-UV and CE-UV. LC-UV was incapable of discriminating 
between the two products since only one slightly broad peak was 
present. However, two peaks were seen by CE-UV, indicating that 
there was indeed a dehydration impurity in the heregulin-p sample. 
Peak identity was verified using CE-UV-ESI-MS. 

Peptide mixtures generated by tryptic digests of cytochrome c 
were analyzed by CE-ES-MS (Wahl et al (1994). This method was 
found to be suitable despite the wide range of masses and hydropho-
bicities of the peptides. Loo et al, (1989) used ESI-MS to detect posi-
tively charged peptides and proteins in buffers at high pH; however, 
they experienced the loss of over an order of magnitude in their LOD 
when working above the pi of the fragment since at this stage there 
is a loss of protonation. Higher molecular weight peptides or proteins 
can be analyzed by electrospray MS or matrix-assisted laser desorp-
tion (MALDI), but oxidation of methionine can take place during ESI 
(Bornsen et al,, 1990; Schnolzer et al,, 1992; Burlingame et al,, 1994). 

Weinmann et al, (1994b) coupled CE to MALDI off-line with a co-
axial sheath flow isolation for structural determinations of proteins 
and peptides. Figure 10 shows a schematic of the CE-MALDI set-up 
with which Weinman was able to successfully separate six peptides, 
as shown in Fig. 11. Due to their similar inherent electrophoretic 
mobilities, the peptides accumulated into three groups as they 
comigrated in the CE. However, using MALDI, these peptides were 
all easUy identified. 

5,5,4, Fluorescence Detection 

Problems can arise with UV for CE if extremely sensitive analyses 
are required. Because of the small volumes injected (from picoliters 
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Fig. 9. (a) CE-UV electropherogram of the heregulin-p 
fragment (ca. 5 pmol). CE analysis was per-
formed using a 110-cm untreated fused-silica 
column with 10 mM ammonium acetate (pH 5.5) 
as the background electrolyte, (b) Averaged 
mass spectrum of peak 1 from the CE-UV-ES-MS 
analysis of the heregulin-p sample. The observed 
Mr based on the double charged ion is 1941.6 and 
corresponds to a dehydration product, (c) Aver-
aged mass spectrum of peak 2 from the CE-UV-
ES-MS analysis of the heregulin-p fragment 
sample. The observed Mr was 1960.4 and corre-
sponds to the intact peptide. (Reproduced with 
permission from Rosnack et al., 1994.) 
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Fig. 10. Scheme of the CE-MALDI-MS interface using a 
sheath flow. (Reproduced with permission from 
Weinmann e^aZ., 1994b.) 

to nanoUters) and the short optical pathlengths characteristic of CE, 
it may not be possible to reach the limits of detection necessary for 
the determination of proteins and peptides in biological samples. The 
most convenient and reliable method for using fluorescence detection 
takes advantage of the native fluorescence properties of the analytes 
(Oilman and Ewing, 1995). Peptides and proteins containing trypto-
phan, tyrosine and phenylalanine exhibit native fluores-cence when 
excited at 275 nm and thus can be detected using laser-induced native 
fluorescence (LINF). However, considerations such as acid and base 
quenching of fluorescence must be monitored since quenching of 
these residues is a well-know phenomenon (White, 1959). Most 
peptides are not naturally fluorescent. Therefore, in many cases, it is 
necessary to derivatize the protein or peptide with a fluorophore in 
order to improve sensitivity through the use of fluorescence or laser-
induced fluorescence (LIF) detection (Grossman and Colburn, 1992; 
Guzman, 1993; De Antonis et aL, 1994; Kuhn and Hoffstetter-Kuhn, 
1993). An outline of commonly used derivatization reagents is given 
in Table 3. 

One difliculty experienced with derivatization is that most readily 
available reagents are relatively non-selective when it comes to 
protein and peptide analyses. The most common approach for these 
analyses is derivatization of the primary amino group, since this func-
tionality is present on almost all proteins and peptides. OPA, NDA 
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Fig. 11. CE-MALDI-MS of a mixture of six peptides, (a) CE 
separation of six peptides (angiotensin, bradykinin, 
ArgS-vasopressin, luteinizing hormone-releasing 
hormone (LHRH), oxytocin and sleep-inducing peptide) 
on an underivatized fused-siUca capillary; (b-d) MALDI 
spectra of (b) unresolved fraction F l containing the 
most basic peptides, bradykinin, angiotensin, ArgS-
vasopressin and LHRH; (c) fraction F2 containing 
LHRH; (d) fraction F3, oxytocin. (Reproduced with 
permission from Weinmann et al., 1994b.) 
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Table 3. Properties of UV/fluorescent Derivatization Reagents for 
Peptide Analysis by CE 

Derivat izat ion 
Reagent 

3-(4-carboxy-
benzoyl)-2-quinoline 
carboxaldehyde 

ortho-phthalaldehyde 

naphthalene-2,3-
dicarboxaldehyde 

4-phenylspiro [furan-
2(3H), I '-phthalan]-
3,3'-dione 

fluorescein 
isothiocyanate 

9-fluorenylmethyl-
chloroformate 

n i n h y d r i n 

dansyl chloride 

6-aminoquinolyl-N-
hydroxysuccin-
imidyl carbamate 

benzoin 

4-methoxy-l,2-
pheny lened iamine 

Abbrevia-
tion 

CBQCA 

OPA 

NDA 

fluores-
camine 

FITC 

FMOC 

n i n h y d r i n 

Dns-Cl 

AQC 

benzoin 

N / A 

UV- ^ a x 
em 

( n m ) 
FL-442/550 

FL-340/450 

FL-440/490 

FL-390/450 

FL-494/525 

FL-260/305 

FL-390/475 

FL-325/600 

FL-250/395 

FL-325-440 

FL-330-438 

Reacts 
with: 

p r i m a r y 
a m i n e s 

p r ima ry 
a m i n e s 

p r ima ry 
a m i n e s 

p r i m a r y 
a m i n e s 

p r ima ry 
and 
secondary 
a m i n e s 

p r ima ry 
and 
secondary 
a m i n e s 

p r i m a r y 
and 
secondary 
a m i n e s 

p r i m a r y 
and 
secondary 
a m i n e s 

p r i m a r y 
and 
secondary 
a m i n e s 

a r g i n i n e -
contain-
ing peptide 

tyrosine-
contain-
ing peptide 

References 

Kuhn and 
Hofstetter-Kuhn, 
1993; Toulas and 
Hernandez, 1992 

De Antonis et al., 
1994; Kuhn and 
Hofstetter-Kuhn, 
1993; Toulas and 
Hernandez, 1992 

De Antonis et al, 
1994; Kuhn and 
Hofstetter-Kuhn, 
1993; Toulas and 
Hernandez, 1992 

De Antonis et al., 
1994; Kuhn and 
Hofstetter-Kuhn, 
1993; Xue and Yeung, 
1994 

Kuhn and 
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1994 

De Antonis et al., 
1994 
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1994 

Cobb and Novotny, 
1992a 

Cobb and Novotny, 
1992a 
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and CBQCA react selectively with primary amines to produce fluores-
cent derivatives, whereas 9-fluorenylmethoxycarbonyl (FMOC), nin-
hydrin, phenyl isothiocyanate (PITC), fluorescein isothiocyanate 
(FITC), dansyl and 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate 
(AQC) react with both primary and secondary amines (Toulas and 
Hernandez, 1992). 

If the protein or peptide being analyzed contains a tyrosine or 
arginine group, other reagents can be employed. Benzoin reacts 
selectively with arginine, and the derivative can be detected using 
laser-induced fluorescence (LIF) with an excitation wavelength of 325 
nm and an emission wavelength at 440 nm. This makes it compatible 
with the He-Cd laser. Table 4 shows lasers commonly used in fluor-
escence detection and their available excitation wavelengths. Pro-
teins and peptides containing tyrosine can be selectively detected 
using 4-methoxy-l,2-phenylenediamine, which reacts in CHCI3 with 
tyrosine to give a stable derivative with an excitation wavelength at 
330 nm and an emission wavelength at 438 nm. It can also be readily 
detected by CE-LIF with the He-Cd laser (Cobb and Novotny, 1992a). 
Another fluorescent derivatization reagent, tetramethyl rhodamine 
isothiocyanate isomer-5 (TRITC), is useful since it reacts primarily 
with primary amines found on peptides and proteins. However, care 
must be taken to avoid reaction with amine contaminants. Larmann 
et al. (1993) derivatized tryptic peptides of horse heart cytochrome c 
with a TRITC label. This label gives an excellent match for the 543.5 
nm line of the green He-Ne laser. 

Table 4. Common Lasers Used for LIF Detection of Derivatized 
P e p t i d e s (Guzman, 1993) 

Laser Type Abbreviation X^^ available (nm) 

Helium-Neon He-Ne 543,633 

Argon ion Ar 257, 275, 305, 334, 350, 364, 459, 
488, 514 

Helium-Cadmium He-Cd 325,442 

The most commonly employed reagents for CE-LIF are NDA, 
CBQCA, OPA and FITC, since they are compatible with the laser 
wavelengths available. However, OPA derivatives are not particu-
larly stable and, therefore, the reactions must be carefully timed to 
obtain accurate results (De Antonis et al., 1994). OPA is most useful 
for analytes containing lysine because N-terminus-labeled derivatives 
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of peptides are not fluorescent and yield very low quantum effici-
encies (deMontigny et aL, 1987; Lunte and Wong, 1990; Soper et aL, 
1990). Although the excitation maximum for OPA is close to the 325 
line of the He-Cd laser, it is not exact and, therefore, not extremely 
sensitive for LIF detection (Toulas and Hernandez, 1992). This 
reaction is also pH dependent and conditions tend to vary from ana-
lyte to analyte (De Antonis et aL, 1994). FITC is known for its high 
quantum yield; however, it can sometimes be unstable in the 
derivative form (De Antonis et al., 1994; Xue and Yeung, 1994). It is 
compatible with the 488 nm argon ion laser; however the large 
reagent peak can sometimes interfere with the separation. 

Many of the reagents form reaction side products that can inter-
fere in CE separations. NDA, in the presence of cyanide, reacts with 
peptides to form stable fluorescent derivatives; however, when excess 
NDA is present in the reaction, complicated byproducts sometimes 
result (Schoneich et al., 1993; Toulas and Hernandez, 1992; Xue and 
Yeung, 1994). Fortunately, most of these byproducts are neutral. 
One additional problem with the use of OPA and NDA with lysine-
containing peptides is that derivatization often results in a "double 
tag." With NDA, this results in a decreased quantima yield value of (j)f 
= 0.02, whereas when OPA has reacted with lysine, it has a quantum 
efficiency of one-tenth that of the reaction with other amino acids 
(deMontigny et al., 1987; Oates and Jorgenson, 1990). However, this 
"quenching" of fluorescence can be controlled by optimization of 
reaction kinetics. FMOC, FITC and dansyl react with water to give a 
large, sometimes interfering hydrolysis peak (De Antonis et aL, 1994). 

Depending on the kinetics of the reaction, it is possible to tag an 
analyte with a fluorogenic agent either pre- or postcolumn. However, 
postcolumn CE detection is not readily available, although some 
systems have previously been described (Pentoney et al., 1988; Rose 
and Jorgenson, 1988; Albin et aL, 1991; Rose, 1991). Since ninhydrin 
is unstable and can only be derivatized postcolimin, it is not useful for 
CE separations (De Antonis et al., 1994, Xue and Yeung, 1994). 

5.5.5. Chemometric predictions of migration times 

Deyl et al. (1989) established an empirical relationship relating 
relative migration times (tm) with the pi and molecular mass of a 
compound. This relationship, tm = M2/3/z, was found to be almost lin-
ear with a relatively wide range of proteins (100,000-600,000 daltons. 
However, it was found that the model was less useful for larger, 
more complex peptides and proteins. Chen et al. (1993a) described a 
relationship, shown in Eq. (2), that could be applied to peptides of up 
to four residues. 
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V = 6 7 t L n b ^ (2) 

where: L = capillary length 
r| = buffer viscosity 
b = a constant 
M = molar mass of the solute 
E = electric field strength 
q = net charge of the ionic cloud 

Chen further refined this relationship using 37 model peptides 
varying in length from two to four amino acids. This relationship 
correlates migration time with the physiochemical properties of 
peptides: 

(Ml/2) 
t„ .=mn + m-, (3) 

where: m^ = 67ir|bL/E 
mo = migration time for M = 0 species 

The above relationship appears to work well for small peptide 
chains of only a few amino acid residues. However, in the case of 
more complex proteins and polypeptides, there is often increased 
interaction between the analyte and the electrical double layer along 
the capillary surface, and the extent of hydration and conformation of 
the peptide also begin to play a role (Chen et al., 1993). Altogether, 
these features make the prediction of migration times more 
challenging. For precise predictions, the net charge of the peptide at 
a given pH must be known exactly. The Henderson-Hasselbach 
equation can be used to predict this if the exact pH of the run buffer 
and accurate pKa values for the ionizable groups are known; 
however, the pKa information is not always readily available. 

Finally, Chen developed a relationship for the prediction of migra-
tion times of slightly more complex peptides. This equation relates 
the migration time to the number of positively charged ionizable 
groups on the molecule and takes into account electrostatic inter-
actions with the fused silica (Chen et aL, 1993) 

Ml/2 
t m = n i o + m i - - - (4) 

where Q = number of positively ionizable groups. 
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Rickard et al. (1991) also investigated the relationship of electro-
phoretic mobility with the physiochemical properties of peptides with 
the goal of predicting the migration times of peptides in protein 
digests. Three possible relationships were evaluated with respect to 
electrophoretic mobility. These were based on the radius of gyration, 
which relates chain length to MW, Stokes' law, which relates the 
radius of the sphere to MW, and Offord's relationship. As shown in 
Fig. 12, the best fit for peptide separations was found to be that based 
on Offord's relationship, where q/MW2/3 is proportional to electro-
phoretic mobility. In this case, the assumption is that the peptide is 
spherical in shape. Tryptic digests of human growth hormone (hGH) 
were used to verify Offord's relationship for prediction of migration 
times (Rickard et al., 1991). Offord's relationship was found to be the 
most accurate in predicting migration times when compared to the 
other methods tested. 

5.6. Recombinant Protein and Peptide Analysis 

Recombinant proteins: Biotechnology provides a powerful means 
by which to generate larger quantities of therapeutic proteins. How-
ever, problems with incorrect folding, improper formation of the 
native disulfide bonds or the formation of degradation products (such 
as oxidized methionine residues) may occur. In the latter case, the 
impurities formed can be extremely difficult to detect (Nashabeh et 
aZ., 1994). 

Nashabeh et al. (1994) analyzed IGF-I, a basic polypeptide with 70 
aa and 3 disulfide bonds. An aqueous/organic run buffer and both 
zwitterionic additives and hydrophobic selectors were added; a neutral 
hydrophilic capillary coating was employed in order to improve the 
separation quality. Shimura and Karger (1994) used an "affinity 
probe" to separate the singly and doubly deamidated species from the 
native met-rhGH. In this case, a kinetically stable fluorescent com-
plex is formed between the hinge thiol of the Fab fragment of a 
mouse monoclonal antibody and the fluorescent label tetramethyl-
rhodamine-iodoacetamide. The sample is then capable of reacting 
with the analyte and can be separated by CE and detected by LIF. 
Nielsen et al. (1989) separated 19 peptide fragments after protein 
digestion of human growth hormone (hGH). In Fig. 13, tryptic maps 
of hGH by LC and CZE are compared. 

Peptide mapping: Peptide mapping is a very useful method for 
structural determination of proteins. It involves the use of enzymes 
or chemicals to cleave a protein at a specific site, breaking it up into 
smaller segments for determination of the integrity of the peptide 
fragments. The smaller the peptide fragment, the more sensitive the 
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(c) mobility vs. q/MW2/3 ;y = 6.50e - 3x + 2.45e - 5 r = 0.989 

Fig. 12. Fit of electrophoretic mobility (cm^A/'s) vs charge to size 
parameter for hGH digest separated in pH 2.35, 0.1 M 
glycine buffer. Equations and correlation coefficients for 
the linear least squares lines are given. Data are plotted 
for various mobility models using Shields' values. 
(Reproduced with permission from Rickard et aL, 1991.) 
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Fig. 13. Comparison of RP-HPLC and CZE separation. 
Differences in selectivity for these two techniques 
are illustrated. (Top) Tryptic map by RP-HPLC; 
(bottom) tryptic map by CZE. (Reproduced with 
permission from Nielsen et aL, 1989.) 

the technique will be to subtle differences in structure (Nielsen et al., 
1989). Since it is well established that large proteins absorb to the 
walls of capillaries and cause band broadening, tailing, and variations 
in migration times, protein digestion simplifies the analysis of proteins. 
The peptide map is characteristic of the particular protein and can be 
used for a qualitative determination of the primary structure of the 
protein as well as its purity (Cifuentes and Poppe, 1994). 

Peptide mapping has been successfully performed by both RPLC 
and CE. However, since RPLC is dependent on the hydrophobic char-
acter of the analyte and proteins and peptides are generally intrin-
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intrinsically amphipathic (Rudnick et aL, 1994), the separation is often 
dependent on a small region of the molecule. This means that it may 
be impossible to separate similar proteins and peptides by means of 
RP-LC. CE, with its minimal sample requirement and high efficiency, 
is well suited for proteolytic mapping of proteins. In CE, the migra-
tion order is dependent on the charge/mass ratio, making it comple-
mentary to RP-LC (Bongers et aL, 1992). 

The main disadvantages of protein digestion for protein structure 
determination is poor reproducibility. Therefore, it is critical that the 
conditions be well defined in order to avoid incomplete and/or over-
digestion of peptides where there are too many fragments. Other 
crucial parameters that must be carefully controlled to obtain repro-
ducible results include pH, temperature, proteinienzyme ratio, and 
reaction time (Chang and Yeung, 1994). An on-line approach to 
peptide digestion has been shown to maintain higher reproducibility in 
the system (Amankwa et aL, 1993). 

In peptide mapping, the protein is denatured in order to expose 
reaction or cleavage sites. Then the disulfide bonds are eliminated via 
reduction, alkylation, or oxidation. It should be noted that if this step 
is incomplete, the third step of the fragmentation will probably also 
remain incomplete. The next step is the fragmentation of the protein 
by an enzyme or a chemical agent. Reagents used for this purpose 
include trypsin, chymotrypsin, cyanogen bromide and pepsin (Cobb 
and Novotny, 1992a). 

Amankwa et aL (1993) immobilized trypsin on the interior of a 
fused silica capillary and monitored on-line protein digestion using CE. 
This approach has several advantages: the microreactor can be uti-
lized for multiple injections, the sample is free from contamination 
because of the enclosed system, and there is minimal sample 
handling. Also, unlike previous systems, such as that developed by 
Guzman (1992), this technique utilizes different buffer components 
and pH values during the enzymatic reaction and the separation 
phase. This is done by coupling the two capillaries via a fluid joint, 
allowing a second buffer system to be used. Chang et aL (1994) 
looked at the separation of nine fragments obtained from a tryptic 
digest of recombinant porcine pro-growth hormone-releasing hor-
mone (rp-GHRH) and obtained excellent resolution. 

UV is the most common mode of detection for peptide mapping; 
however, it can result in very complex maps. Because many species 
absorb at 210-220 nm, it is not very selective and the results can be 
difficult to interpret. Therefore, derivatization of selected fragments 
gives a much cleaner electropherogram from which it is easier to 
elucidate protein structure (Cobb and Novotny, 1992a). For example, 
a selective derivatization reagent with benzoin can be used to identify 
arginine-containing peptides with fluorescence detection. Native 
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fluorescence can also be used for Trp-, Tyr- and Phe-containing 
peptide fragments. More recently, Chang and Yeung (1993) used 
pepsin for the on-line digestion of p-lactoglobulin and CZE-LINF to 
obtain the high sensitivity and selectivity needed for the analysis. 

5.7, Analysis of Single Cell Constituents 

The capability of CE to combine small sample injections with high 
efficiency and low detection limits makes it attractive for the analysis 
of single cell (Kristensen et al, 1994). The possibility of determining 
the chemical and biochemical composition of single cell could aid in 
the discovery of the functions of organisms, the morphology and 
physiology of identical cells, the diagnosis of early stages of diseases, 
specific cellular traits such as disease resistance, cell-to-cell variation, 
and the presence of alternative cellular subclasses (Hogan and 
Yeung, 1992; Xue and Yeung, 1994). 

However, one of the main challenges in cellular analysis is that 
the majority of cellular components are not naturally fluorescent. 
The low degree of selectivity of indirect detection thus leads one to 
investigate more sensitive and selective detection methods. A few 
alternatives to indirect detection include electrochemical detection of 
electroactive cell components or microderivatization of components 
combined with UV or fluorescence detection (Hogan and Yeung, 1992; 
Oilman and Ewing, 1995). 

Hogan and Yeung (1992) were able to detect both fluorescent and 
nonfluorescent components within a single cell utilizing both electro-
chemical detection and microderivatization of intracellular compo-
nents coupled to LIE. Using fluorescence detection, they were able 
to detect levels of a physiological peptide, glutathione. They noted 
that when the cell came into contact with the low ionic strength run 
buffer, the cells would automatically lyse and release their intra-
cellular fluid, which then permitted separation of the distinct the ionic 
species within the cell. More information on the analysis of single cell 
is found in Chapter 12. 

6. Conclusion 

Capillary electrophoresis is a useful technique for peptide separa-
tions, which is complementary to current LC methodologies such as 
RP-LC. The applications of CE to protein and peptide analysis include 
separations of glycopeptides, pharmaceutical peptides and recombi-
nant proteins for peptide mapping. 
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Although analysis of basic peptides can sometimes be complex and 
cumbersome compared to that of typical hydrophobic or acidic 
peptides, the use of run buffer additives such as dynamic coatings or 
micellar pseudophases can be used to reduce adsorption. 

UV detection of peptides following CE separation is known to have 
fairly low sensitivity. However, other detection techniques such as 
electrochemistry, mass spectrometry and fluorescence have been 
used with and without precolumn derivatization for the analysis of 
proteins and peptides. 
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1. Introduction 

The separation of molecules in capillary electrophoresis (CE) is 
based on the electrically driven flow of ions in solution. In most 
cases, CE exhibits greater speed and better efficiency and is easier to 
automate than are conventional slab-gel electrophoresis or liquid 
chromatography (LC). 

Two competing forces, electroosmotic flow (EOF) and electrophor-
etic mobility (̂ ep)> are involved in conventional capillary zone electro-
phoresis (CZE). The EOF is generated by the ionized silanol groups 
on the fused silica capillary and moves in the direction of the cathode. 
The electrophoretic mobility is dependent on both the size and the 
charge of the analyte. The migration time is a result of the sum of 
these two forces. The eff'ective electrophoretic mobility (jxeff) is the 
sum of the EOF and the nep. For cations, the nep is positive; there-
fore, these molecules migrate faster. In the case of anions, the nep is 
negative, causing these molecules to migrate slower than neutral 
compounds. Therefore, one finds a reduction in neff in the case of 
nucleotides separated by CZE due to the presence of the negatively 
charged phosphate groups. 

Micellar electrokinetic capillary chromatography (MEKC) involves 
the addition of a surfactant such as sodium dodecyl sulfate (SDS) to 
the CE rim buffer. This produces micelles with hydrophobic interiors 
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and charged exteriors. Neutral and some charged molecules, such as 
bases and nucleotides, can be resolved by MEKC due to differences in 
the partition coefficients between the bulk solution and the micelles. 
This technique is discussed in greater detail in Chapter 3. 

Capillary gel electrophoresis (CGE) can be considered a hybrid of 
slab-gel electrophoresis and CE since it consists of a solid gel network 
covalently anchored to the capillary surface. The separation of poly-
nucleotides in CGE is based on a combination of molecular sieving and 
electrophoretic movement toward the anode. However, in CGE, the 
electrophoretic mobility contributes very little to the separation of 
oligonucleotides because, as the molecular weights of DNA fragments 
increase, the charge on the molecule also increases proportionately. 
As a result, the overall charge/mass ratio remains nearly constant. 
Therefore, the primary mechanism of separation in CGE of oligo-
nucleotides is molecular sieving, and smaller oligomers emerge prior 
to the larger ones. 

There have been many advances in the area of nucleic acid 
research. The ability to sequence DNA segments of several thousand 
base pairs (bp) was made possible by the development of a chemical-
cleavage sequencing method (Maxam and Gilbert, 1977). The range 
was further extended to several hundred thousand bp by the chain-
termination procedure employed by Sanger et al. (1977). The next 
challenge was to overcome the difficulties encountered in the separa-
tion of the large DNA fragments produced by these methods. This 
was accomplished by the development of pulsed-field gel electro-
phoresis (Schwartz and Cantor, 1984; Carle, 1992), which permitted 
the separation of DNA fragments of up to 10 million bp. Other 
important advances include the discovery of a heat-stable DNA 
polymerase as well as a useful cloning vector (M13) for DNA 
sequencing. Finally, the invention of the polymerase chain reaction 
for amplification of DNA has made possible the generation of large 
quantities of DNA from a single strand (MuUis and Falcona, 1987). 

Current research is focused on methods for rapid separation of 
the large DNA fragments found in higher organisms and the analysis 
of minute amounts of DNA. Some degree of success has been 
achieved using agarose gel electrophoresis; however, this technique 
has many limitations. CGE appears ideally suited to this type of 
analysis because of its low sample volume requirements and ability to 
separate molecules based on their size. The efficiency of heat dissipa-
tion in capillaries is much higher than in slab gels; therefore, the 
ability to use higher electric fields in CGE speeds up the separation 
process. However, this is accompanied by a loss of resolution of large 
DNA fragments. Linear polyacrylamide in CE has been successfully 
applied to separate DNA fragments (Pentoney et al, 1992; Ruiz-
Martinez et al., 1993). The ultimate solution will depend on the 
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integration of separation methods developed for chain-terminated 
fragments with the procedures that provide simultaneous on-line 
identification of the terminal residues. Several research groups are 
currently working in this area (see Cohen, 1993; Luckey et al., 1993, 
Manabe et al., 1994; Bruin and Paulus, 1995 for recent review articles 
on this subject). 

Purine and pyrimidine bases cannot be separated by CZE because 
these molecules bear no charge. However, nucleotides can be suc-
cessfully resolved by MEKC because they exhibit varying degrees of 
hydrophobicity. Nucleotides have also been separated using CZE 
through the addition of polymers to the separation medium. Nucleo-
side phosphates carrying one or more negative charge have been 
resolved by both CZE and MEKC, as well as by addition of polymers 
in the separation medium. Smaller oligonucleotides can be resolved 
by MEKC; however, larger oligonucleotides, polynucleotides, and 
DNA fragments can be separated only by CGE or polymer solution 
capillary electrophoresis (PS-CZE). 

In this chapter, applications of CGE and PS-CZE are described in 
sections 2 and 3, respectively, and the effect of electrical potential and 
detector flow cells on resolution in sections 4 and 5, respectively. The 
separation of bases, nucleosides, including anti-viral drugs, and 
nucleotides is summarized in section 6 while examples of oligonucleo-
tide separations are given in section 7. The separation of DNA frag-
ments derived from restriction endonucleases by different modes of 
CE is described in section 8, and contemporary approaches to DNA 
sequence analysis by CE are described in section 9. 

2. Capillary Gel Electrophoresis 

The separation of many important biomolecules including large 
DNA fragments and SDS-proteins is not possible by free solution CE 
(Cohen et al, 1987b, 1988a). However, CGE using cross-linked rigid 
gel matrices has been successfully employed for many of these sepa-
rations. CGE has several advantages over conventional slab gel elec-
trophoresis for biopolymers. These include automated injection, high 
separation efficiencies and ease of quantitation. It also has advan-
tages over conventional CZE for the separation of biopolymers, 
including the absence of EOF, reduced adsorption of solutes to the 
capillary surface, and size selectivity. Pioneering research in this area 
was performed by Karger et al, (1989), Guttman et al, (1990), 
Drossman et al, (1990) and others (Swerdlow and Gesteland, 1990; 
Zagursky and McCormick, 1990; Smith, 1991). It is now possible to 
sequence DNA fragments by CGE. However, there are also some 
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drawbacks to the use of CGE, including restrictions on sample size, 
variable day-to-day performance and limited life span of the gels, and 
increased cost of operation compared to slab gel electrophoresis. (For 
review articles on this subject refer to Li, 1992; Guttman, 1992; 
Cohen etaL, 1993; Schomburg, 1993.) 

2,1. Polyacrylamide Gel Electrophoresis 

Most CGE separations use capillaries filled with cross-linked poly-
acrylamide gels. This material is most popular because of its 
electrical neutrality. Generally, the composition of the gel is 
described by %T, the total amount of acrylamide (on a weight basis) 
and %C, the amount (on a weight basis) of the cross-linking agent. 
These values are calculated as follows: 

%T = [acrylamide (g) + cross-linking agent (g)]/100 

%C = {[cross-linking agent (g)]/acrylamide (g) + 
[cross-linking agent (g)]} x 100 

Bisacrylamide is the most commonly used cross-linking agent, 
although many other materials are available. By varying the %T and 
%C, significantly different gel properties may be generated. Gels with 
lower %T (and or %C) will have larger pore size and provide greater 
speed of migration; on the other hand, as %T (or %C) decreases, so 
also does the resolution. Even polyacrylamide gels with relatively 
low monomer content (%T) provide separations of very high 
efficiency. For example, 30 x 10^ plates per meter were reported for 
a 160-mer oligonucleotide (Guttman et al., 1990). 

In CGE, the gel matrix effectively abolishes electroosmotic flow; 
therefore, separations are based primarily on charge and mass differ-
ences. Due to the high separation efficiencies obtainable with this 
technique, it is often possible to separate oligonucleotides that differ 
by only a single base-pair (Drossman, 1990; Guttman, 1992). There-
fore, CGE provides the opportunity for direct sequence analysis of 
oligonucleotides. This is also useful for the analysis of antisense 
oligonucleotide drugs. Phosphorothioate oligonucleotides have been 
analyzed in biological fluids (Bourque and Cohen, 1994) and in 
pharmaceutical formulations by CGE (Srivatsa et al., 1994; Vilenchik 
et al., 1994). Detection of low-level impurities in poljniucleotide sam-
ples is becoming routine (Cohen et al., 1988a). It is also possible to 
determine molecular size by CGE. Linear plots of migration time vs. 
molecular size have been obtained over the range of 30-160 bases 
(Paulus e^aZ., 1990). 
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2,2. Comparison of Capillary Gel Electrophoresis with LC and Slab 
Gel Electrophoresis 

The separation of oligoadenylates by reversed-phase chromatog-
raphy (Singhal et al, 1976) and CGE (Baba et al, 1991a,b, 1992) has 
been reported. However, the resolution achieved by CGE was found 
to be far better than that which could be obtained by LC. Figure 1 
shows a separation of a mixture of polyadenylates (up to 60-mer) dif-
fering by only one residue using CGE. Baseline resolution of all the 
oligonucleotides was achieved in approximately 35 min (Baba et al., 
1991a). 

1 5 25 
Time (min) 

3 5 

Fig. 1. Single base resolution of oligoadenylates containing from 12 
to 60 nucleotides by capillary-gel electrophoresis (capillary, 
72 cm X 100 mm i.d.; effective length, 42 cm; field 225 V/cm; 
detection at 260 nm). (Adapted with permission from Baba 
etal., 1991a.). 

The size limitations for baseline separation of oligonucleotides 
differing by a single base-pair are 250 (CGE), 30 (reversed-phase), and 
40 (ion-exchange or mixed-mode chromatography) (Baba et al., 1991a). 
Plate numbers obtained using CGE (3 x 10^ to 7 x 10^ plates/m) were 
an order of magnitude higher than those obtained by LC (4 x 10^ to 8 x 
105 plates/m) (Baba et al., 1991a). 

The mechanism of separation using gel-filled capillaries is similar 
to that of slab gel electrophoresis (Paulus and Ohms, 1990). How-
ever, in contrast to slab-gel electrophoresis, CGE offers on-line 
sample detection, quantitation, and automation. Commercial PAGE-
CE capillaries have been used for 50 consecutive injections (for more 
than 20 h of run time) by these workers. In general, these capillaries 
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remain viable for approximately 40 l -h runs and are available from 
several vendors (ABI, Beckman, BioRad, J&W Scientific). However, it 
should be noted that while only one sample can be analyzed at a time 
using CGE, several samples can be evaluated simultaneously using 
slab-gel electrophoresis. Both slab-gel and capillary electrophoresis 
provide higher resolution for oligonucleotides than does LC. 

2.3. Effect of pH on the Separation of Oligonucleotides by Capillary 
Gel Electrophoresis 

Guttman et al. (1992) studied the influence of pH on the migration 
of single-stranded oligonucleotides in CGE. Homooligomers of equal 
chain length but different base composition exhibited significant differ-
ences in relative migration times when the pH of the gel and run 
buffer were varied from pH 6 to 8. Similar variations in migration 
times were observed when a gel-filled capillary column was electro-
phoretically equilibrated with a pH 8 buffer and then run using a 
buffer at pH 6. In the latter case, the current reached its maximum 
value after 20 min due to the long equilibration time of the gel, and a 
migration order identical to that obtained at pH 6.0 was obtained only 
after 4 h of electrophoresis. This demonstrates the importance of 
preparing gel-filled capillary columns in the same buffer (composition 
and pH) that will be used for the separation to avoid extensive time 
delays due to column equilibration. 

2.4. The Effect of Operating Temperature 

If there is insufficient heat dissipation within the capillary, the gel 
matrix can be destroyed. However, temperatures slightly above 
room temperature can be used safely for dehybridization of double-
stranded DNA. Inadequate control of the temperature of the CGE 
system can lead to several detrimental processes. These include a 
non-linear dependence of the separation current on the applied volt-
age, variations in separation current, and a decrease in plate num-
bers. At high currents the electrophoretic process becomes unstable 
(Nelson etal., 1989). 

Several practical guidelines have been proposed to minimize tem-
perature effects (Bello and Righetti, 1992). The use of a constant 
current for the separation has been suggested for systems lacking 
forced cooling because this approach minimizes Joule heating. 
Narrow bore capillaries are also recommended to reduce radial tem-
perature fluctuations. A large temperature difference between the 
axis and the periphery is usually found in capillaries of greater than 
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500 îm i.d., which results in zone broadening (loss in plate numbers) 
because of radial viscosity and pH gradients. 

2.5. The Effect of Capillary Wall Modifications 

At high field strengths, the electroosmotic flow produced by the 
ionized silanol groups present on the inner surface of capillary can 
cause gels to migrate out of the tubes. However, the use of low field 
strengths substantially increases the analysis time. Efforts have been 
made to eliminate the electroosmosis by chemically bonding poly-
acrylamide monomer to the fused silica surface via Si-C bond (Cobb et 
al, 1990) and via Si-O-C bond (Hjerten, 1985). 

About 20% of the time, air bubbles form in the capillary during 
polymerization. These bubbles originate near the injection end of the 
capillary and can seriously disrupt the separation. In order to avoid 
bubble formation during gel preparation, polymerization in situ using 
a radical surface treatment has been proposed (Baba et al., 1992). 
Another method for the preparation of bubble-free polyacrylamide 
gels consists of photopolymerization at a low temperature with ribo-
flavin as the photo-initiator (Wang et al., 1991). Alternatively, non-
cross-linked gels can be employed (Paulus and Ohms, 1990). This 
includes the use of low-viscosity entangled-polymer solutions such as 
hydroxyethylcellulose (Grossman and Soane, 1991; Poll and Schure, 
1992). 

2.6. Sample Application 

Electrokinetic injection is the only method that can be used with 
CGE. Vacuum or pressure-based injectors will force the gel out of the 
capillary. In CGE, samples are generally prepared in water or in 
solutions of low ionic strength in order to enhance their detection by 
peak stacking (Nathakarnkitkool et al., 1992). Addition of 7 M urea in 
both the gel and the sample buffer inhibits hybridization of comple-
mentary single-stranded oligonucleotides. Large complementary 
fragments may hybridize if mixed in water at ambient temperature 
(Paulus and Ohms, 1990). However, if double-stranded DNA is being 
analyzed, urea must be eliminated from the sample, the run buffer 
and the gel. The size of the sample injected onto the gel directly 
influences the efficiency of the separation (Huang et al., 1989). 

There are simple procedures for concentrating dilute samples 
before an electrophoretic separation. For example, field enhance-
ment can be used to stack ions in a large plug of low-conductivity 
buffer which precedes the high-conductivity buffer (Chien and Burgi, 
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1992). It has been suggested that the chaotropic effect of urea in the 
electrol3^e is inversely related to the size of the aqueous sample slug 
(Paulus and Ohms, 1990). 

3. Polymer Solution Capillary Zone Electrophoresis (PS-CZE) 

Although non-cross-linked polymers have been used as a sieving 
media in centrifugation (Langevin and Rondelez, 1978) and in electro-
phoresis (Tietz et aL, 1986), PS-CZE has not been fully exploited for 
the separation of proteins and nucleic acids. In this case, the gel is a 
physical gel. Separations of DNA fragments have been achieved 
using both dilute solutions of linear chain polymers (Zhu et aL, 1989; 
Heiger et aL, 1990; Rodriguez et aL, 1992) and entangled polymer 
solutions (Barron et aL, 1994; Bruin and Paulus, 1995). Polyacryl-
amide (Heiger et aL, 1990), methylcellulose, and hydroxypropyl-
methylcellulose (Zhu et aL, 1989) have all been employed as sieving 
agents in PS-CZE for the separation of oligonucleotides and DNA 
fragments. These polymers produce highly viscous solutions that are 
not easily introduced into small diameter capillaries (50-75 îm); this is 
a serious drawback of PS-CZE. Polymer molecules with spherical 
shapes would be expected to have lower intrinsic viscosity, which 
would allow higher concentrations of the polymer to be introduced 
into the capillary. 

3,1, Separation of Homooligomers vs. Heterooligomers 

It is much easier to separate homopolymers than heteropolymers 
by CGE. For homopolymers, migration times have been found to in-
crease linearly with the nucleotide number between 15 and 50 base-
pairs. However, the separation of heterooligomers is dependent on 
their specific base composition and, in particular, on their purine 
content (Baba et aL, 1991a). 

3.2. The Influence of Linear Polymer Solution 

Separations of DNA restriction fragments have been accom-
plished using capillaries filled with polyacrylamide with little or no 
cross-linking (Heiger et aL, 1990; Pariat et aL, 1993; Paulus and 
Husken, 1993). The separation mechanism for macromolecules using 
linear polyacrylamide is similar to that observed when using cross-
linked polymer gels. The process could be viewed as molecules mi-
grating through dynamic pores produced by the fluctuating polymer 
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chain network (Bode, 1977a,b; Manabe et al., 1994; Cheng and 
Mitchelson, 1994). The extent of sieving increases with increasing 
amount of linear polymer. However, with large amounts of polymer, 
increased viscosity can adversely affect the separation and lead to 
difficulties in handling the gel. A polyacrylamide gel consisting of 9%T 
was used for separation of DNA restriction fragments up to 12,000 bp 
(Heiger et aL, 1990). Capillaries with higher %T polymers have been 
found to be useful for the separation of single-stranded oli-
gonucleotides (Heiger et aL, 1990). Pariat et al, (1993) reported the 
use of 1.5-6% linear polyacrylamide for the rapid separation of 
double-stranded DNA fragments ranging from 20-23,000 bp. Linear 
polyacrylamide gel-filled capillaries have been found to be stable for 
several weeks without degradation of performance. The mobility 
behavior of DNA fragments in capillaries filled with linear 
polyacrylamide has been studied and CE conditions for DNA 
sequencing optimized (Manabe et al., 1994). Additives such as 
(hydroxyalkyl)methylcellulose to borate buffers have been used to 
create physically entangled solutions for separation of the DNA 
fragments (Cheng and Mitchelson, 1994). 

3.3. Non-Gel-Sieving CE 

Non-gel-sieving CE offers a convenient and economical alternative 
to CGE for many separations. The technique is simple, and the capil-
laries are easily filled and long-lasting. Samples can be analyzed 
using different injection methods with a variety of sieving systems 
without requiring a change of the capillary. These include agarose 
and cellulose. These polymers absorb very little in the short UV 
range and, therefore, the background is low if one is using spectro-
scopic detection. Separations can be carried out using either coated 
or uncoated capillaries. Rodriguez et al. (1992) explored the use of 
non-gel sieving CE for a variety of applications, including determina-
tion of the purity of synthetic oligonucleotides and characterization of 
DNA restriction fragments. 

The separation of DNA fragments (up to 1353 bp) by CE using 
agarose solutions was reported by Bocek and Chrambach (1991). 
These workers could resolve even larger DNA fragments (1200 bp) 
by increasing the agarose concentration (Bocek and Chrambach, 
1992). It was found that the agarose solutions produced fewer air 
bubbles than polyacrylamide gels and exhibited greater solubility and 
stability than cellulose-based gels. 

Schwartz et al. (1991) investigated the use of polysiloxane-coated 
capillaries and polymeric buffer additives for the separation of DNA 
restriction fragments and polymerase chain reaction products. They 
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proposed that the polymer produces a dynamic coating on the capil-
lary surface, which suppresses the electroosmotic flow in addition to 
producing the sieving effect. Addition of ethidium bromide to the en-
tangled polymer solution led to longer migration times and better 
resolution. Intercalation of GC base pairs by ethidium bromide was 
believed to alter the DNA conformation by opening up the helical 
structure. 

3,4, Capillary Zone Electrophoresis—Counter-migration Hypothesis 

A separation mechanism for polymer-solution CE has been pro-
posed by Chin (1990). In highly viscous polymer solutions, small 
particles move faster through the polymeric mesh than do larger 
ones. Migration order is determined by the presence or absence of 
electroosmotic flow. According to the "counter-migration" hypothesis, 
DNA fragments migrate against the electroosmotic flow due to the 
large anionic character of these molecules. The two forces (electro-
migration and electroosmotic flow) are of unequal strength. In 
uncoated capillaries, the electroosmotic flow exerts a greater velocity 
and tends to sweep the molecules toward the detector (cathode). 
Consequently, larger fragments exit prior to the smaller ones, even 
though the larger fragments exhibit a greater degree of negative 
(phosphate) charge (Singhal and Xian, 1992; Bruin and Paulus, 1995). 
In the case of coated capillaries, where there is no electroosmotic 
flow, fragments move according to their molecular size, and small 
DNA fragments exit first (detection is at the anode in this case) Bruin 
and Paulus, 1995). 

4. Control of Electrical Potential in Capillary Gel Electro-
phoresis 

4.1. Application of Pulsed-Field Voltage 

It has been shown that separations of oligonucleotide mixtures 
and DNA fragments can be improved by employing pulsed-fields. 
Pulsed field gel electrophoresis (PFGE) was first described by 
Cantor's group (Schwartz and Cantor, 1984) and extends the fraction-
ation of DNA fragments to 10 miUion base pairs. In PFGE, different 
electrode (array) pairs are sequentially pulsed. Large elongated DNA 
molecules wriggle through the porous network of the gel toward the 
anode. When the direction of the electric field is changed abruptly, 
the DNA molecules must reorient their long axes along the new 
direction of the field before they can continue passing through the gel. 
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The time required for this reorientation depends upon the size of the 
DNA fragments. Large fragments require more time to reorient 
because they are more restricted in the gel due to their larger 
surface area. Consequently, small molecules migrate faster than 
larger molecules. 

4,2. Effect of Applied Electric Field on Mobility in CGE 

The separation of DNA by CGE is influenced by both the applied 
electric field and the size of the molecules being separated. For DNA 
fragments larger than 1,000 bp, lower fields give better resolution 
than higher fields, but lead to longer analysis times. To reduce the 
time required for analysis of DNA, pulsed-field electrophoresis force 
has been explored (Heiger et ai, 1990). In slab gel electrophoresis, it 
was found that DNA can align parallel to the applied electric field, 
and migration of aligned species results in a serpentine, reptation 
movement (Slater and Noolandi, 1989). In CGE, DNA fragments 
larger than those normally isolated by gel sieving can be separated 
due to their ability to wriggle through the gel matrix. This means 
that there is a size-independent migration in the gel matrix. 

A combination of high and low fields can be employed to achieve 
separations of mixtures of small and large molecules with high effici-
ency. First, small fragments are separated by application of a high 
field, after which the larger fragments are separated by a gradual 
decrease of the applied field. A 20% increase in resolution was 
observed using pulsed-field (100-Hz) operation compared to that found 
for continuous field operation (Heiger et al, 1990).). 

An increase in resolution and a decrease in analysis times for both 
large and small DNA fragments have also been achieved by a sinusoi-
dal variation of the electric field (Demana et al., 1991). This appears 
to cause reorientation of fragments in a manner similar to PFGE. 

4.3. The Effects of Other High Field Parameters 

Separation efficiencies may be increased by reducing the amount 
of Joule heating caused by high currents (Chu et al., 1986; Lai et al., 
1989). Computer-controlled high voltage equipment has been devel-
oped for both capillary electrophoresis and electrochromatography 
(Kansal et al., 1991). This instrumentation permits the generation of 
various voltage waveforms with a wide range of frequencies, ampli-
tudes and duty cycles (the ratio of time for high vs. low voltage). 

The migration of charged species in electrophoresis is governed by 
the applied potential difference between two electrodes. In the iso-
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electrostatic (constant applied electric field) and isorheic (constant 
current) modes, the current or voltage, as required, are determined 
by the resistance of the capillary gel column at a given temperature. 
The effect of temperatures between 20°C and 50°C on the separation 
of restriction fragments using both modes was examined by Guttman 
and Cooke (1991a). They found that in the isoelectrostatic mode the 
plate height decreased as the temperature increased due to increased 
Joule heating. At low temperatures (~20°C), the gel viscosity was 
increased, resulting in increased resistance. According to Ohm's law, 
when the potential is held constant, an increased resistance is offset 
by a decrease in current. The lower current results in the slow 
migration of the analyte. At higher operating temperatures (30"" 
40°C), the viscosity is lower, resulting in faster migration times for all 
analytes. In the isorheic separation mode, increasing the column 
temperature resulted in the fastest separations and the best resolu-
tion for the lower molecular weight fragments (< 200 kD). 

5. Detection of Oligonucleotides in CGE 

Detection of nucleic acids is most frequently accomplished using 
UV detection at 260 nm due to the high molar absorptivity of the 
nucleobases (p5n:-imidines, 10,000; purines, 14,000). Typical spectro-
photometric detectors used for CE are described in detail in Chapter 4 
of this book. In order to increase the effective pathlength and, thus, 
the sensitivity for detection of oligonucleotides, a z cell can be 
employed (Singhal et aL, 1992; Xian, 1994). This design increases the 
sensitivity, but also results in a large loss in efficiency and resolution 
for the CE separation. 

A laser-induced fluorescence detector employing a sheath flow 
cuvette has been used by Swerdlow et al. (1990) and others (Manabe 
et al., 1994) for DNA sequencing. This configuration minimizes the 
background noise generated by scattered light from both the gel and 
the capillary. A serious problem of this method is band-broadening, 
which was found to produce a significant loss of resolution for DNA 
fragments above 140 bp. However, the sensitivity is quite good, and a 
mass detection limit of 10-20 mole for fluorescein-labeled DNA frag-
ments has been reported (Swerdlow et al,, 1990; for a recent review 
of laser-induced fluorescence detection, see van de Nessa et al., 1995). 

Fluorescent phosphorothioate oligonucleotides, ranging from 10 
to 25 bases in length, have been separated in less than 45 s with up 
to 200,000 theoretical plates using a planar system (Effenhauser et 
al., 1994). In this example, a highly viscous entangled polymer solu-
tion is polymerized into channels etched in a glass plate (Fig. 2). 
Advances such as this will play an important role in DNA sequencing. 
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Fig. 2. Electropherogram of a fluorescein-labeled 
phosphorothioate oligonucleotide mixture 
(PS pd(T)io-25 recorded at 2000 V/cm in a 
10% T non-cross-linked polyacrylamide 
matrix, buffer: 100 mM Tris, 100 mM boric 
acid, 2 mM EDTA, 7 M urea, pH 8.5. 
Separation length, 3.8 cm. (Reproduced 
with permission from Effenhauser et aL, 
1994.) 

6. Separation of Bases, Nucleosides and Nucleotides 

6.1, Capillary Zone Electrophoresis 

Tsuda et aL (1983) were the first to report the separation of 
nucleotides by CZE. A complete separation of nucleoside mono-, di-, 
and triphosphates and cyclic nucleotides was achieved by adding 0.5% 
ethylene glycol to the run buffers (Tsuda et aL, 1988). The use of 
D2O rather than H2O in the run buffer further improved the resolu-
tion of these compounds (Camilleri and Okafo, 1991). However, 
because of the higher viscosity of D2O, the analysis time is increased. 

The use of CZE for the analysis of nucleotides in biological 
samples has been reported (Grune et aL, 1993), including the 
detection of degradation products of ATP in fish tissues (Nguyen et 
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a/., 1990). Analysis of free intracel lular ribonucleotides by CE h a s 
been a t t empted by Ng et al. (1992). Differences in the nucleotide 
profile were observed between cells derived from per iphera l blood 
lymphocytes and those obtained from h u m a n leukemic cells. CZE 
has also been applied to the separat ion of cyclic nucleotides (cAMP, 
cGMP, and cIMP) (Hernandez et aL, 1990). Two simple, on-line 
radioactivity detectors have been described for CZE work, and sepa-
ra t ion of tr inucleotides with a detection limit of low nCI range h a s 
been demonstra ted (Pentoney et al., 1989). 

Li et aL (1992) studied the separat ion of fluorescein-ethylenedia-
mine conjugates of the four common deoxynucleotides us ing CZE. 
They found tha t buffer pH was an important parameter in controlling 
resolution of these nucleotide derivatives. The method shows prom-
ise for the detection of DNA adducts. A more comprehensive review 
of the use of CE for the separat ion of nucleosides and nucleotides is 
given in Table 1. 

Table 1. Separation of Nucleosides and Nucleotides 

Sample 

Capillary 
Buffer length 

composition (cm) V/cm Reference 

Mixture of nucleo-
sides and nucleo-
tidesa 

Mixture of nucleo-
sides and nucleo-
tides^ 

Mixture of nucleo-
sides and nucleo-
tidesa 

Mixture of nucleo-
sides and nucleo-
tides^ 

Deoxynucleosides 
and their 
derivatives^ 

Mixture of five 
deoxynucleosides 
and anti-AIDS 
drugs^ 

pH 8.5 phosphate- not 146 Row et al. 
borate buffer + 75 mM given (1987) 
SDS 

pH 7 phosphate-borate 80 175 Cohen et al. 
buffer + 0.1 mM SDS (1987a) 

pH 7 phosphate-borate 65 
buffer + 0.3 mM SDS 

90 Cohen et al. 
(1987b) 

pH 7 phosphate buffer + 50 480 Kasper et 
0.1 M SDS al. (1988) 

pH 7.1 phosphate buffer 70 408 Lahey & St. 
Clair (1990) 

pH 6.5 phosphate buffer 75 384 Singhal et 
+ 40 mM SDS al. (1992) 

cont'd. 
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Table 1 (cont'd.) 

Sample 

Mixture of 12 
deoxynucleotide 
mono-, di- and tri-
phosphates 

Mixture of mono-, 
di- and trinucleo-
sides^ 

Inosine, hypo-
xanthine and 
inosine mono-
phosphate^ 

Mixture of seven 
common and 
modified mono-
and diphosphates^ 

Mixture of ribo-
and deoxyribo-
nucleotides^ 

Ribonucleoside 
mono-, di- and tri-
phosphates in 
leukemic cells^ 

Mixture of nucleo-
sides, mono- and 
dinucleotides^ 

Mixture of mono-, 
di- and trinucleo-
sides^ 

Mixture of 12 
deoxynucleoside 
mono-, di- and 
triphosphates^ 

Ribo- and deoxy-
ribonucleoside 
triphosphates^ 

Capillary 
Buffer length 

composition (cm) 

pH 6.5 phosphate buffer 
+ 5% Ficoll 
(Pharmacia) 

pH 7.0 phosphate buffer 
+ 0.5% ethylene glycol 

pH 11, 0.1 M CAPS 
buffer 

pH 9 tricine buffer 

pH 8.7 phosphate buffer 
(50 mM) + 2 mM EDTA 
+ ACN 

pH 9.4 borate buffer 

pH 3.5 saHcylate buffer 

pH 4.0 glutamate-
aminobutyrate buffer 
with polymer-coated 
capillary 

pH 3.5 salicylate buffer 

pH 2.5 phosphate buffer 
+ EDTA with polymer-
coated capillaries 

75 

42 

22 

or 55 

50 

95 

57 

70 

eo 

70 

70 

V/cm Reference 

385 

150 

416 

328 

158 

281 

428 

675 

440 

318 

Singhal et 
al,, unpub-
lished data 

Tsuda et al. 
(1988) 

Nguyen et 
al (1990) 

Camilleri & 
Okafo (1991) 

Li et al. 
(1992) 

Ng et al. 
(1992) 

Kuhr& 
Yeung 
(1988) 

Dolnik et al. 
(1989) 

Gross & 
Yeung 
(1989) 

Takigiku & 
Schneider 
(1991) 

^Separated by MEKC. 
^Separated by CZE with EOF. 
^Separated by CZE without EOF. 
^Separated by electrophoretic migration. 
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6,2. Capillary Zone Electrophoresis with Reduced Electroosmotic 
Flow 

In CZE, the separations are based purely on the electrophoretic 
mobiHty. Acidic buffers (pH 2.7-4.3) have been employed to suppress 
ionization of silanol groups on the silica surface, significantly reducing 
the EOF (Ruhr and Yeung, 1988; Dolnik et al, 1989; Gross and 
Yeung, 1989; Takigiku and Schneider, 1991). The electroosmotic flow 
can also be suppressed by coating the silica surface (Takigiku and 
Schneider, 1991). Reversed polarity is used, and anions migrate from 
the cathode to the anode (Takigiku and Schneider, 1991). Under 
these conditions, the order of migration is tri-, di-, and then mono-
phosphates (Dolnik et al., 1989). A series of capillary surface modifica-
tions consisting of multilayered coatings were evaluated by Smith and 
El Rassi (1993). These modifications resulted in capillaries with zero 
or constant electroosmotic flow, and permitted rapid, efficient separa-
tions of all nucleotides. O'Neill et al. (1994) used a neutral hydrophilic 
column coating (|Licom) to reduce adsorption and EOF for the analysis 
of nucleotides. 

6.3. Micellar Electrokinetic Chromatography 

In MEKC, a surfactant is added to the CE run buffer at a 
concentration above that of the critical micelle concentration. In this 
case, because electroosmotic flow prevails over electrophoretic mobil-
ity, the micelles migrate with the electroosmotic flow along with the 
bulk solution (see Chapter 3). Row et al. (1987) resolved mixtures of 
deoxynucleosides and deox3niucleotides by MEKC using 75 mM SDS 
in the buffer. Several investigators have employed higher concentra-
tions of SDS (0.1-0.3 M) for the separation of nucleobases and deoxy-
nucleosides (Cohen et al, 1987b; Row et al., 1987; Kasper et al., 1988). 
Solutes such as purine, which are more hydrophobic, exhibit larger 
partition coefficients and, therefore, longer migration times. Nucleo-
bases emerged in the following order: U, C, T, G, and then A. Com-
parisons between ion-pair chromatography and MEKC indicate that 
MEKC yielded a better separation for a mixture of fourteen nucleo-
sides and nucleotides (Lahey and St. Claire, 1990). 

A separation of a mixture of anti-AIDS drugs by MEKC is shown 
in Fig. 3. These compounds and their derivatives could not be sepa-
rated by conventional CZE because there is little difference in their 
net charge. Several surfactants were examined as possible additives, 
including tetrabutylammonium dihydrogen phosphate (TBAP) and 
dodecyltrimethylammonium bromide (DTAB). Satisfactory results 
were obtained by using SDS. 
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Fig. 3. The separation of a mixture of five antiviral dideoxy-
nucleosides and Glo-azT derivative by MEKC. The mixture 
was apphed to a fused sihca capillary column (52 cm x 75 mm) 
and the electrophoresis carried out in a 50 mM phosphate 
buffer containing 40 mM SDS, pH 6.5. The separations were 
performed with 20 kV (116 mA) at 21° (±0.5°) and the Hquid 
flow was monitored at 260 nm. Peaks: 1, impurities present 
in the synthetic ddl sample. 2, d4T, 2',3'-dideoxy-2',3'-dide-
hydrothymidine. 3, ddC, 2',3'-dideoxycytidine. 4, ddl, 2',3'-
dideoxyinosine. 5, azT, 3'-azido-3' deoxythymidine. 6, ddA, 
2',3'dideoxyadenosine. 7, Glo-azT, 5'-0-glucuronide-3'-azido-3'-
deoxythymidine. (Adapted from Singhal et aL, 1992.) 

6.4. Separations using Soluble Polymers 

The use of soluble polymers in conjunction with MEKC has 
been investigated for the separation of nucleosides and nucleotides. A 
mixture of deoxynucleosides and deoxynucleotides was resolved by 
MEKC (Singhal and Xian, 1992) using a sucrose polymer as a run buf-
fer additive (Fig. 4). Twelve nucleoside mono-, di-, and triphosphates 
were resolved, but the six neutral nucleosides migrated together. 
The migration order is affected slightly when polysucrose is added to 
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Fig. 4. The separation of nucleoside mono-, di-, 
and tri-phosphates by polymer CZE. A 
polysucrose polymer (7.5% Ficoll) was 
added to the buffer, which had no SDS 
(see legend for Fig. 3 for experimental 
details) (Singhal and Xian, 1992). 

the run buffer (GTP and ATP appeared among the dinucleotides). 
The use of polyethylene glycol (0.2 kD) improved the resolution 
compared to sucrose, but the column efficiency was lowered. Poly-
ethylene glycol suppressed electroosmotic flow and reversed the 
order of migration. The migration behavior of these analjrtes can be 
attributed to simple partition of the solute molecules within the net-
work, but not to sieving effects. An increase in the viscosity of the 
run buffer plus chemical interactions with the branched polymer may 
be responsible for differential migration of the solutes. 

Globular and highly branched polymers such as polysucrose allow 
for partitioning, while separations using linear polymers such as 
hydroxyethylcellulose are based only on entanglement. Under 
MEKC conditions, a polydextran (dextran T70) and a polysucrose 
(Ficoll 400) of the same viscosity produced nucleotide separations 
with different orders of elution. These results seem to confirm that 
chemical interaction with the polymer is the most important param-
eter in these separations. 
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7. Separation of Oligonucleotides 

CE has been employed for the separation of nucleic acids ranging 
from small oligonucleotides to DNAs (linear and circular) of greater 
than 2000 bp (Kasper et ah, 1988). The separation of oligonucleotides 
by CE has been successfully accomplished with continuous non-
partitioning buffers as well as with buffers of complex compositions. 
Oligonucleotide separations by CGE and PS-CZE have been described 
earlier in this chapter and are summarized in Table 2. 

7.1. Metal-SDS Micellar Surface Interactions 

Oligonucleotides cannot be resolved by MEKC alone because both 
SDS and the solute molecules are negatively charged. Ligand 
exchange has been successfully employed for CZE separations of 
oligonucleotides. Metal cations such as Cu2+, Zn2+ and Mg2+ have 
been used in combination with MEKC for the separation of oligo-
nucleotides composed of 9 to 12 bases. These ions adhere electro-
statically to the surface of anionic micelles and offer a positively 
charged surface for complexation with oligonucleotides (Cohen et al., 
1987b). Metal ions also change the magnitude of the EOF due to 
their adsorption interaction with the ionized silanol groups in the 
capillary. The type of metal ion influences the selectivity of the 
MEKC separation (Cohen et al, 1987b), with Zn2+ giving the best 
separation. 

The combination of MEKC and metal complexation yields separa-
tions of very high efficiency. A separation of 14 of 18 oligooctamers is 
shown in Fig. 5 (Cohen et al., 1987b). This high efficiency is a result of 
the rapid complexation kinetics in concert with partitioning of the 
molecules with the micelles. Migration times were found to be very 
reproducible (1% relative standard deviation) (Cohen et al., 1987a) 
using this technique. The use of mixtures of surfactants may allow 
further refinement of the micelle surface and could be useful in con-
trolling the distance between ligand-exchange centers. Oligonucleo-
tides of varying sizes (Paulus and Ohms, 1990; Bruin et al., 1991; 
Demorest and Dubrow, 1991; Baba et al., 1992) have been separated 
with buffers composed of SDS, divalent cations and urea (Cohen et 
al, 1987a). 
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Table 2. Separation of Oligonucleotides and Synthetic Homo- and 
Heteropolymers 

Sample 

Mixture of five 
nucleotides^'^ 

Mixture of crude 
and pure 20-mer 
oligonucleotides^ 

Mixture of 12 poly-
thymidines^'^ 

Mixture of oligo-
nucleotide + 8 
bases^ 

Mixture of 
p(dA)40_60^ 

Crude 70-mer, 
purified 90-mer 
oligodeoxynucleo-
tidec 

Mixture of 
p(dT)4-22*''^ 

Mixture of 10 
p(dC)na'b,c 

Mixture of 
p(dA)4o_60 or 
p(dT)20-l60^ 

Mixture of p(dA)20 
and p(dA)4o_60^ 

Homo-oligonucleo-
tides p(dA)4o_60 
and synthetic 
hetero-oligo-
nucleotides^ 

Mixture of p(dT)n 
(up to 160 bases)c 

Capillary 
Buffer length 

composition (cm) 

pH 7.4 Tris-phos-
phate buffer (5 mM) 
+ urea + SDS 

pH 8.6 Tris-phos-
phate buffer + urea 

pH 7 Tris-phosphate 
buffer (0.5 mM) + 
urea + SDS 

pH 7 Tris-phosphate 
buffer + urea + SDS 

pH 8.3 Tris-borate 
buffer + urea + SDS 

pH 8.3 + urea 

Phosphate buffer 
with or without 5% 
ethylene glycol 

pH 8.1 Tris-glutamic 
acid buffer (2:1) + 
SDS or spermine 

pH 7.6 Tris-borate 
buffer + urea 

pH 8.3 Tris-borate 
buffer + urea + 
EDTA 

pH 8.6 Tris-borate 
buffer + urea + 
EDTA 

pH 8.6 Tris-borate 
buffer + urea + 
EDTA 

65 

30 

65 

60 or 
80 

27 

30 

50 

50 

35 or 
100 

60 

60 

75 

V/cm 

308 

500 

308 

25&-^08 

400 

330 

320-400 

417 

100-300 

308 

250 

4O0 

Reference 

Cohen et al. 
(1987a) 

Cohen et al. 
(1987a) 

Cohen et al. 
(1987b) 

Cohen et al. 
(1987b) 

Cohen et al. 
(1988a) 

Cohen et al. 
(1988a) 

Kasper et al. 
(1988) 

Dolnik et al. 
(1989) 

Guttman et 
al. (1990) 

Heiger et al. 
(1990) 

Paulus et al. 
(1990) 

Paulus et al. 
(1990) 

cont'd. 
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Table 2 (cont'd.) 

Sample 

Standard p(dT)13-
50 or crude 
synthetic oligo-
nucleotides^'^ 

Mixture of p(A) 
digested by nucle-
ase P I and stan-
dard p(dA)i2-i8, 
p(dA)40-60^'^ 

Mixture of 

p(dA)40-60^ 

Standard mixture 
of p(dA)i4_3o and 
p(dA)40-60^'^ 

Mixture of 
p(dA)i2,i7,18 and 
d(AGTC)3,6,9^ 

Mixture of 
p(dA)20-150^ 

Mixture of 
p(dA)i5_80C 

Partial hydroly-
sates of p(dA)i_4o; 
p(dA)4o_6o; 
p(dA)40_9oC,f 

Mixture of p(A) 
digested by nucle-
ase PI; standard 
p(dA)40-60^ 

1 

Buffer 

composition 

Tris-borate buffer + 
urea 

pH 8.8 Tris-borate 
buffer + urea or Tris-
HCl buffer 

pH 8.85, Tris-borate 
buffer + 7 M urea us-
ing gel, 5% T, 5% C 
(25-200 |im cap. ID) 

Tris-borate buffer 

Tris-phosphate buf-
fer with methanol, 
formamide, urea or 
ethylene glycol 

Tris-borate buffer + 
urea 

pH 8.7 Tris-borate 
buffer + urea + 
EDTA 

pH 8.8, Tris-borate-
EDTA buffer + 7 M 
urea using gel, 5 or 
7% T; 5% C (100 inm 
capillary ED) 

pH 8.6 Tris-borate 
buffer + urea 

Capillary 
length 

(cm) 

40 

50 

not 
given 

42 

51 

75 

30 

50 

50 

V/cm 

375 

200 

not 
given 

225 

100-400 

240 

173 

200 

200 

Reference 

Paulus & 
Ohms (1990) 

Baba et al, 
(1991a) 

Bruin et al. 
(1991) 

Baba et al. 
(1991b) 

Demorest & 
Dubrow 
(1988) 

Turner 
(1991) 

Wang et al. 
(1991) 

Baba et al. 
(1991a) 

Baba et al. 
(1992) 

^Separated by MEKC 
^Separated by CZE with EOF 
^Separated by CGE 
^Separated by CZE without EOF 
^Separated by CGE, slab GE 
^Separated by LC 
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Fig. 5. The separation of 18 oligonucleotides (each containing eight 
nucleotides) involving MEKC and metal ion complexing. The 
separation is carried out in a 85-cm capillary with 22 kV/cm 
and in a Tris-phosphate buffer with 7 M urea, 50 mM SDS, 
and 3 mM Zn2+, pH 7 and monitored at 260 nm (adapted 
with permission from Cohen et al., 1987b). 

7,2, Capillary Zone Electrophoresis 

The effect of the composition of the run buffer on the separation 
of oligonucleotides by CZE has been investigated (Dolnik et al,, 1989). 
Under acidic buffer conditions, electroosmotic flow is reduced in 
untreated capillaries; this causes shorter oligomers to migrate toward 
the cathode and longer ones to migrate toward the anode (Dolnik et 
al,, 1989). The effective mobility of the oligomers is reduced as the 
ionic strength of the buffer increased. Additives such as spermine and 
SDS can improve a separation. The spermine molecule functions as 
an ion-pair reagent and neutralizes the negative charge of the oligo-
nucleotide, reducing its overall electrophoretic mobility. This causes 
a significant decrease in the effective mobility of the larger oligomers 
and a reversal of migration order at a spermine concentration of near 
1 mM. The SDS will increase electroosmotic flow and, in combination 
with spermine, result in improved resolution. 
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8. DNA Fragments Derived from Restriction Endonucleases 

Large DNA fragments can be characterized by restriction endo-
nucleases. These enzymes cleave double-stranded DNA with a high 
degree of specificity. Analysis of the resulting fragments provides 
information about the overall structure of the macromolecule. Slab-
gel electrophoresis is usually employed for the separation of these 
fragments. However, while it has been used successfully for small 
fragments, satisfactory results have not been obtained for large frag-
ments because low cross-linked gels are difficult to manipulate. 
Three different modes of CE have been employed for restriction map-
ping. MEKC has been used, but with only limited success. Investiga-
tors have also employed CGE and CZE with polymer additives. A 
brief account of each procedure is given below. Specific conditions 
employed for different applications are compiled in Table 3. 

8,L Micellar Electrokinetic Chromatography 

The tertiary structure of DNA results in large differences in the 
Stokes' radius and is responsible for the frictional drag. The order of 
increasing "drag" is linear > open or circular > super coiled structures. 
Thus, differences in frictional forces in combination with small differ-
ences in charge and mass permit the separation of these molecules. 

Surfactants such as dodecyl sulfate, sodium salt (SDS) or cetyl-
trimethylammonium bromide (CTAB) are traditionally used for 
MEKC separations. Baseline separation of DNA fragments is difficult 
to achieve, and plate numbers are generally low using these addi-
tives. Direct injection of untreated restriction fragments yields poor 
separation efficiencies. This can be attributed to the aggregation of 
sticky DNA ends. For successful separation of DNA fragments, injec-
tion of a preheated sample and rapid application of the electric field 
are required. It is generally believed that the differences in electro-
phoretic mobilities in free solution will be independent of the molecu-
lar weight of the restriction fragment. 

The separation of DNA fragments has been attempted by MEKC 
using viscous solutions (e,g., 5% ethylene glycol, 5% glycerol, FicoU-a 
polysucrose-or polyvinyl pyrrolidone). However, problems with arti-
facts occurred as well as precipitation of buffer and subsequent loss of 
current. In addition, separations efficiency was poor. Attempts to 
separate large linear DNA by this method have failed (Kasper et al., 
1988). 
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Table 3. Separat ion of DNA Fragment s Derived from Restr ict ion 
Endonuclease Action 

Sample 
Buffer 

composition 

Capillary 
length 

(cm) V/cm Reference 
Mixture of X 
DNA-Hind III 
and(t)X174 
DNA-Hae III 

Pretreated mix-
ture of X DNA-
Hind III and (|) 
X174 DNA-Hae 
I I I 

Pretreated mix-
ture of X DNA-
Hind III and (t) 
X174 DNA-Hind 
I I 
Pretreated (|) 
X174 DNA-Hind 
I I 

SV40 RF DNA 

X DNA-Hae III 

X DNA-Hae III 

DNA standards, 
88-1746 or 123-
4128 bp 

DNA ladder; 
various 
fragments 

Mixture of 
pBR322 DNA-
EcoR I/Ava II 
fragments 

pH 8.1, 0.1 M Tris- 30 
borate buffer, 2.5 mM 
EDTA + 0.1%SDS 

pH 8.1, 0.1 M Tris- 30 
borate buffer, 2.5 mM 
EDTA + 0.1%SDS 

pH 8.1, 0.1 M Tris- 50 
borate buffer, 2.5 mM 
EDTA + 0.1%SDS 

pH 8.1, 0.1 M Tris- 50 
borate buffer, 2.5 mM 
EDTA + 0.1%SDS 

pH 8.0, 9 mM Tris- 50 
borate buffer, 2.5 mM 
EDTA + 100 mM 
ethidium bromide 

pH 8.0, 9 mM Tris- 20 
borate buffer, 2.5 mM 
EDTA + 10 mM 
ethidium bromide 

pH 7.0,10 mM 40 
NaH2P04, 6 mM 
Na2B407, 4 M urea + 10 
mM CTABb 

TBEa buffer + 7 M urea 50 

pH 8.3 TBE buffer + 2 40 
mM EDTA 

TBE buffer + EDTA 50 

500 

500 

Cohen et al. 
(1988b) 

Cohen et al. 
(1988b) 

300 Cohen et al. 
(1988b) 

300 Cohen et al. 
(1988b) 

600 Kasper et 
al. (1988) 

5(X) Kasper et 
al. (1988) 

375 Kasper et 
al. (1988) 

160 Zhu et al. 
(1989) 

250 Heiger et al. 
(1990) 

160 Chen et al. 
(1988) 

cont'd. 
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Table 3 (cont'd.) 

Sample 

DNA ladder; 
various 
fragments 

<t)X174DNA-Hae 
III fragments 

(|)X174DNA-Hae 
III fragments 

1 k bp ladder 

1 k bp ladder 

1 k bp ladder 

X DNA-Hind III 
fragments 

(|)X174DNA-Hae 
III fragments 

(t)X174DNA-Hae 
III fragments 

pBR322 DNA-
Mspl digest 
fragments 

123 bp DNA 
ladder 

(t)X174DNA-Hae 
III fragments 

Capillary 
Buffer length 

composition (cm) 

TEE buffer 

TBE buffer 

pH 8.5, 89 mM Tris-
borate, 2 mM EDTA + 
hydroxymethylpropyl-
cellulose + ethidium 
bromide 

pH8.1,0.1MTris-
borate, 2.5 mM EDTA + 
0.1% SDS 

SepraGene 5000 buffer 
(Applied Biosystems) 

pH8.0, O.lMTris-
borate, 2.5 mM EDTA + 
0.5% methylcellulose 

pH8.0,0.1MTris-
borate, 2.5 mM EDTA + 
0.5% methylcellulose 

pH 8.5, 0.1 M Tris-
borate, 2 mM EDTA 

pH8.5, O.lMTris-
borate, 2 mM EDTA + 
ethidium bromide 

pH8.5, O.lMTris-
borate, 2 mM EDTA + 
ethidium bromide 

pH 8.5, 0.1 M Tris-
borate, 2 mM EDTA + 
ethidium bromide 

TBE buffer + 0.125 mM 
ethidium bromide 

42 

42 

57 

50 

50 

50 

50 

27 

47 

27 

27 

25 

V/cm 

140 

140 

175 

400 

200 

200 

200 

varied 

varied 

100-
200 

200-
300 

200 

Reference 

Chin (1990) 

Baba et al. 
(1991b) 

Turner 
(1991) 

Strege & 
Lagu (1991) 

Strege & 
Lagu (1991) 

Strege & 
Lagu (1991) 

Strege & 
Lagu (1991) 

Guttman & 
Cooke 
(1991a) 

Guttman & 
Cooke 
(1991b) 

Guttman & 
Cooke 
(1991b) 

Guttman & 
Cooke 
(1991b) 

Demana et 
al. (1991) 

cont'd. 
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Table 3 (cont'd.) 

Sample 

Capillary 
Buffer length 

composition (cm) V/cm Reference 

(t)X174DNA-Hae 
III fragments; 
DNA 

(|)X174DNA-Hae 
III fragments 

DNA molecules 

(t)X174DNA-Hae 
III fragments. 
1 k bp ladder of 
double-stranded 
DNA 

Standard DNA 
fragments 

PCR and pBR322 
DNA fragments 
(88-1746 bp) 

PCR-amplified 
DNAofHIV-1 
sample 

1 kb ladder of (]) 
X174 DNA-Hae 
I I I 

pH 8.5, 89 mM Tris-
borate, 2 mM EDTA + 
0.5% hydroxypropyl-
methylcellulose-4000 

TEE buffer + 0.25% 
hydroxyethylcellulose, 
EDTA 

TEE buffer with or 
without urea 

TEE buffer + 1.7-
agarose 

-2.6% 

TEE buffer + 0.5% 
hydroxyethylcellulose, 
EDTA 

TEE buffer + 2 mM 
EDTA 

pH 7.2, 8 mM NaE407, 
+ CTAEb + 3.2 mM 
urea 

TEE buffer, 89 mM 
Tris-borate, 2 mM 
EDTA 

57 175 Schwartz et 
al. (1991) 

50 301 Grossman 
& Soane 
(1991) 

40-60 300 Chen et al. 
(1991) 

27 185 Bocek & 
Chrambach 
(1992) 

72 208 Nathakarn-
kitkool et al. 
(1992) 

35 286 Rodriguez 
etal. (1992) 

60 167 Erownlee et 
al. (1990) 

30 185 Eocek & 
Chrambach 
(1992) 

aTEE, Tris-borate-EDTA 
^CTAE, cetyltrimethylammonium bromide 

8.2. Polymer-solution Capillary Zone Electrophoresis 

The best resolution of oligonucleotides has been obtained us ing 
Tris-borate buffers. Previously, this was at t r ibuted to the formation 
of borate complexes with the sugar moiety, but this has proven to be 
impossible since a cis diol is required to form this complex and deoxy-
ribose has no such functional group (Singhal and DeSilva, 1992). In 
addition, complex formation will simply reduce one cationic phosphate 
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charge by its anionic character. Furthermore, solutions of pH >9 are 
required in order to form a borate complex (Singhal et at., 1991). 

Many cations such as Mg2+ and R4N+ bind strongly with DNA and 
their components. CTAB has been added to the buffer to create a 
system similar to ion-pair LC (Kasper et al., 1988). CTAB was used as 
a cationic surfactant for separation of AIDS DNA (HIV-1 pro-viral) 
isolated from blood (Brownlee et aL, 1990). Using the polymerase 
chain reaction and DNA probes labeled with a fluorescent tag pro-
vided the basis for amplification and specific detection of the DNA. 
Using this method, HIV-1 DNA was detected in infected himcian blood 
and in cell culture. 

Figure 6 shows the separation of a complex mixture of pBR322 
plasmid fragments obtained using a run buffer of 0.5% hydroxyethyl-
cellulose in Tris-borate. An increase in resolution is observed with 
the addition of ethidiimi bromide. DNA ragments differing by only a 
few base pairs could be resolved by this approach (Nathakamkitkool 
et aL, 1992). 

8.3, Capillary Gel Electrophoresis 

The separation of DNA fragments by CGE employs a different set 
of conditions than those needed for the oligonucleotides. This is 
because the oligonucleotides are relatively small with a reasonably 
simple secondary and tertiary structure, while the DNA fragments 
are much larger and are very rich in 2° and 3° structures. The size 
selectivity in CGE is a function of polymer concentration (Heiger et 
aL, 1990). The separation of DNA fragments requires the use of a 
large pore size in the gel. This can be achieved by reducing the cross-
linking for a given polymer concentration (%T). A shorter column 
can be used if the polymer content is increased. However, a longer 
colimin is needed at lower polymer concentrations in order to com-
pensate for the reduced sieving power. Thus, the column length and 
polymer concentration can be optimized to obtain the best separation 
of the DNA fragments. In addition, the use of pulsed-field electro-
phoresis rather than a fixed voltage can be used to further improve 
resolution (Heiger et al., 1990) (see section 4 for details). 

Harke et al. (1992) studied the effect of acrylamide content on the 
resolution of short DNA fragments (25-250 bp) by CGE. Polyacryl-
amide capillary gels were prepared with constant cross-linking (5% C) 
and acrylamide content between 2.5 and 6.0% T. Resolution of the 
fragments increased with acrylamide content. The intercept of the 
plot of migration time vs. fragment length was independent of the 
%T. The polyacrylamide pore size ranged from 2.5 to 3.5 nm in these 
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Fig. 6. Effect of ethidium bromide on the separation of DNA 
restriction fragments by polymer solution CE in a Tris-
borate-EDTA buffer containing 0.5% hydroxyethylcellu-
lose. (a) No ethidium bromide; (b) 1.27 |iM and (c) 1.27 
|iiM ethidium bromide, respectively. DNA fragments of 
pBR322 were derived from a mixture of restriction endo-
nucleases, AvalVEcoBI, Haelll and BgWHinffl, (Adapted 
with permission from Nathakarnkitkool et al,, 1992.) 
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gels, and the number of theoretical plates was independent of total 
acrylamide concentration. Plate numbers were limited by longitud-
inal diffusion, but not by thermal gradients. The authors presented 
a model that predicts retention time, plate numbers, and resolution 
for these short DNA fragments using acrylamide gels of this type. 
This model is limited to short fragments and may not be applicable to 
the separation of larger fragments and other gel compositions. 

Guttman and Cooke (1991b) investigated the effect of ethidium 
bromide on the separation of DNA fragments by CGE. DNA frag-
ments over the range of 20 to 2,000 bp, which could not be resolved 
in the absence of ethidium bromide, were separated in the presence 
of this compound. Only double-stranded DNA fragments were 
affected by ethidium bromide; the resolution of single-stranded homo-
polymers such as poly dA was not influenced. 

The feasibility of performing Southern blots with on-line detection 
was examined in order to investigate hybridization of the DNA mole-
cule in solution (Chen et al., 1991a). An oligonucleotide with a 
fluorescent tag (probe) was hybridized with the desired complemen-
tary DNA segment prior to electrophoresis. The hybrid DNA 
migrated more slowly than the single-stranded oligonucleotides. This 
has been attributed to the single-stranded overhangs on the hybrid 
DNAs. Generally, double-stranded DNAs will migrate faster than sin-
gle-stranded oligonucleotides of the same molecular size. 

9. DNA Sequence Analysis by Capillary Electrophoresis 

The development of rapid, accurate, and efficient DNA sequencing 
technology is a major challenge of the human genome project. Theo-
retically, automated DNA sequencers utilizing laser-based fluores-
cence detection in conjunction with conventional slab-gel electro-
phoresis can analyze 600,000 bp per day (Smith, 1991). However, the 
major limitation of the current DNA sequencing technology is the 
relatively long times required to perform the gel electrophoretic 
separations of DNA fragments produced in the sequencing reactions. 
In an attempt to overcome this problem, Lu et al. (1994) have con-
structed a simple, low-cost CGE instrument for high-speed and high-
accuracy DNA sequencing. Over 500 bases of sequence were gener-
ated in 50 min. Work involving DNA sequencing by CE methods is 
summarized in Table 4. 
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Table 4. DNA Sequence Determination by Capillary Electrophoresis^ 

Sample 

Capillary 
Buffer length 

composition (cm) V/cm Reference 

Fluorescein-labeled T 
or G sequencing 
mixture of M13mpl8 

Chain-termination 
sequencing reaction 
products Primer JOE-
PRM 18.1 and 
different templates 

Four fluorescein-
labeled (FAM, JOE, 
TAMRA, ROX) 
sequencing reaction 
mixture of MlSmplS 
(Smith method) 

Chain-termination 
sequencing reaction 
with ddCTP; primer, 
fluorescein-labeled M-
13; template, 
M13mpl8 

Chain-termination 
sequencing reaction 
mixture with ddCTP; 
primer, fluorescein-
labeled M-13; tem-
plate, M13mpl8 

Chain-termination 
sequencing reaction 
mixture of M13mpl8 
(Richardson-Tabor-
Ansorge method) 

Four fluorescein-
labeled (FAM, JOE, 
TAMRA, ROX) 
sequencing reaction 
mixture of M13mpl8 
(Smith method) 

Chain-termination 
sequencing reaction 
mixture of M13mpl8 
(Prober method) 

pH 8.3, 90 mM 50 200 Drossman et 
Tris-borate, 0.2 al. (1990) 
mM EDTA 

pH7.6 ,0 . IM 75-90 300 Cohen ê  aZ. 
Tris-borate, 2.5 (1990) 
mM EDTA, 7 M 
urea 

TBEb 

89 mM Tris-
borate, 2 mM 
EDTA 

89 mM Tris-
borate, 2 mM 
EDTA 

70 428 Luckey et al. 
(1990) 

50 180 Swerdlow & 
Gesteland 
(1990) 

50 

Tris-borate + SDS 48 

89 mM Tris- 41 
borate, 2 mM 
EDTA 

Tris-borate 34 
EDTA, pH 8.0 in 
gel, 4% T and 
5%C 

200 Swerdlow et 
al. (1990) 

625 Chen et al. 
(1991) 

150 Swerdlow et 
al. (1991) 

465 Swerdlow et 
al. (1991) 

cont'd. 
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Table 4 (cont'd.) 

Sample 

Chain-termination 
sequencing reaction 
mixture of M13mpl8 
(Richardson-Tabor-
Ansorge method) 

Chain-termination 
sequencing reaction 
mixture of M13mpl8 
(Prober method) with 
17-mer M13 primer 

DNA sequencing 

G and T fragments 
from chain-termina-
tion sequencing reac-
tion of M13mpl8 with 
fluorescein-tagged 
primer 

Buffer 
composition 

Tris-borate 
EDTA, pH 8.0 in 
gel, 6% T, 5% C, 
30% formamide 
and 7 M urea 

89 mM Tris-
borate, 2 mM 
EDTA 

Tris-borate 
EDTA buffer, pH 
8.3 + 7 M urea 
using capillary 
array with two-
color fluores-
cence detection 

Tris-borate 

Capillary 
length 
(cm) 

37 

34 

25 

40 

V/cm 

465 

465 

225 

240 

Reference 

Swerdlow et 
al. (1991) 

Zhang et al. 
(1991) 

Huang et al. 
(1992b) 

Huang et al. 
(1992a,b) 

^Effluents were monitored by fluorescence in all cases. 
^Tris-borate buffer. 

9.1. DNA Sequence Reactions and Separation of DNA Fragments 

DNA sequencing relies on the separation and identification of 
DNA fragments which differ in chain length by a single nucleotide 
residue. These fragments are generated by base-specific chemical 
cleavages or, more commonly, by the chain-termination method. The 
relationship between the base-specific cleavage (or chain termination) 
and the chain length determines the identity of the terminal residue 
and, consequently, the order of the residues in the DNA fragment. 

A direct comparison of automated slab-gel electrophoresis with 
CGE has been performed using the enzymatic dideoxynucleotide 
chain termination reaction (Swerdlow and Gesteland, 1990). Fluores-
cently tagged oligonucleotide primers and laser-based on-column 
detection (limit of detection is 6,000 molecules per peak) were 
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employed. It was shown that CGE separations occurred three times 
faster with better resolution and higher separation efficiency than the 
conventional slab-gel sequencing instrument. Agreement of meas-
ured and theoretical values for velocity, resolution, and separation 
efficiency indicates that further improvements might be obtained by 
increasing the field strength. 

The separation by CGE of sequence reaction products derived 
from single-stranded DNA (M13mpl8 phage template) allowed base-
line resolution of fragments, differing in chain length by a single 
nucleotide and in the range of 18 to >330 residues in chain length 
(Cohen et al., 1990). For example, the time required for the separa-
tion of a group of DNA fragments was reduced by a factor of 25 when 
CGE rather than the conventional slab-gel electrophoresis was used 
(Drossman et al., 1990). An instrument has been developed for auto-
mated DNA sequencing using CGE, which takes advantage of this 
increase in sequence analysis throughput. This instrument uses 
ultra-thin capillary gels (Luckey et al., 1990), and the oligonucleotide 
primer is covalently attached to one of four different fluorophores. 
Each of the four reactions is performed using a different fluorophore-
conjugated primer, and the reaction mixtures are combined and 
loaded together. 

Several goals for DNA sequence analysis have been proposed 
(Luckey et al., 1990). First, to significantly increase the throughput 
by developing methods for the simultaneous analysis of multiple 
samples. The most obvious approach to this is employing multiple 
capillaries in parallel. Second, to develop CE methodologies to obtain 
better base resolution. Finally, to develop methodology for the analy-
sis of very small samples. This would make it possible to eliminate 
the entire step of template amplification, whether in vivo (by bacterial 
growth in culture) or in.vitro (by the polymerase chain reaction), and 
instead to determine the sequence directly from DNA molecules iso-
lated from individual plaques or colonies. Progress has been made on 
all of these fronts (Rocheleau et al., 1992; Smith, 1993; Luckey, 1994). 

While CGE offers speed, efficiency and high sensitivity, separa-
tions by CZE with polymer additives (either electroosmotic or electro-
phoretic mode) cause the experimental error (0.2 % RSD) to exceed 
the increment from one base to the next (Cohen et al., 1990), thus 
yielding irreproducible results. 

9.2. Detection of DNA Fragments 

The combination of CGE and laser-induced fluorescence detection 
offers an analytical tool with unprecedented possibilities. DNA frag-
ments derived from sequencing reactions and labeled with a fluores-
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cent tag can be detected at the attomole level in gel-filled capillaries. 
Separations with more than a million theoretical plates and detection 
limits of a few hundred analyte molecules have been reported. 
Several laser-induced fluorescence (LIF) detectors offering high-sensi-
tivity for CGE have been reported (Swerdlow et al., 1990; Zhang et 
aZ., 1991; Yeung, 1993). 

Three methods of detection have been developed for DNA 
sequencing by CGE. One method is based on a set of four primers 
labeled with fluorescent tags (Applied Biosystems sequencer), employ-
ing different dyes and a four-spectral channel sequencing approach. 
On-column detection yields detection limits of 200 amol for each 
primer. Sequencing rates of 300 bases/h for fragments of up to 550 
bases in length have been obtained (Chen et al., 1991). The second 
method is based on a set of four dideoxjniucleotides labeled with a 
fluorescent tag (DuPont sequencer) and uses a two-spectral-channel 
sequencing approach with dyes having closely spaced absorption and 
emission bands. A sheath-flow cuvette postcolumn detector is used, 
and a detection limit of 20 amol for labeled ddNTP has been obtained. 
Sequencing rates of 1000 bases/h have been reported. The third 
detector is based on the Richardson-Tabor-Ansorge sequencing 
method (Chen et al., 1991b). This approach uses a single fluorophore 
and relies on uniform labeling of the reaction product (Ansorge et al., 
1990; Tabor and Richardson, 1990). The fluorescein-labeled primer 
can be detected using LIF detection with an argon ion laser at a 
wavelength of 488 nm in a single spectral band. The identity of the 
terminal dideoxynucleotide residue is determined by the peak height. 
This is accomplished by varying the ratio of dideoxynucleotide triphos-
phates in the chain-extension reaction. 

In order to enhance the speed of DNA sequencing by CGE, gels 
with greater stability are needed to reduce the time associated with 
capillary replacement. It will be necessary to operate several capil-
laries simultaneously to increase the speed for large-scale sequencing 
projects. Swerdlow et al. (1991) proposed the development of a 32-
capillary instrument to produce sequencing rates approaching 64,000 
bases/h. 

Huang et al. (1992a,b) have shown that it is possible to perform 
high-sensitivity fluorescence detection of capillary arrays using a con-
focal fluorescence scanner. The most important advantage of this 
approach is that multiple samples can be easily loaded, rapidly separ-
ated in parallel, and detected with high sensitivity. The use of capil-
lary arrays potentially resolves the throughput problems that limit 
the present utility of CE in DNA sequencing. Finally, capillary array 
electrophoresis provides an opportunity for the large-scale optimiza-
tion of analytical separations. Commercially made capillary arrays 
could be constructed for larger-scale parallel sample analysis. 
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Therefore, this array method can be a valuable new technique for 
rapid and parallel separations (Huang ef al., 1992a,b). 
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1. Introduction 

Having read the other chapters in this volume, one may ask, 
"Why a separate treatment on the use of capillary electrophoresis in 
pharmaceutical development?" In fact, every chapter in this book 
addresses some aspect of how and when capillary electrophoresis 
(CE) in its many forms can be applied to both pharmaceutical and bio-
medical problems. A number of excellent review articles (Nishi and 
Terabe, 1990; Deyl et al., 1994; Rabel and Stobaugh, 1994, Smith and 
Evans, 1994) and book chapters (Demarest et aL, 1992; Perrett, 1994) 
have addressed applications of capillary electrophoresis and its uses 
for problem-solving in the pharmaceutical sciences. It is certainly our 
hope that the readers of this book will continue to make use of the 
current literature, as this is the only way for scientists to remain 
current on any of the "state-of-the-art" applications of capillary elec-
trophoresis or any other analytical technique. However, in this 
chapter, we will evaluate capillary electrophoresis from the view of 
the industrial pharmaceutical development scientist. 

We have attempted in this volume to provide the reader with 
information that will not necessarily change significantly with time. 
As has been mentioned throughout, capillary electrophoresis is an 
exciting technique with advantages and disadvantages. Advantages of 
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an analytical technique tend to be exploited, while disadvantages tend 
to be overcome. Although we hope that the information presented 
here will be useful years from now, we know as scientists that even 
as this chapter goes to press much of the information is becoming 
obsolete. We hope to inform and bring an understanding of this tech-
nique in the context of the pharmaceutical development process. We 
will also explore how capillary electrophoresis could impact the 
development of a pharmaceutical compound and/or dosage form. 
Perhaps the information presented here will generate new ideas and 
provide some insight into how an analytical technique being developed 
is adopted for use by members of the pharmaceutical industry. 

1,1, Chemical Entity to Marketed Product: The Development of a 
New Pharmaceutical 

The analytical chemist in the pharmaceutical industry is part of a 
development process. This process moves a chemical substance 
(small molecule, peptide, protein, etc.) that is known to modify a bio-
logical activity or the course of a disease state to a commercial 
product that is suitable for human consumption. Once a drug sub-
stance candidate has been identified, it must be manipulated into a 
formulation that can effectively deliver the drug to the requisite site 
in the body. This formulation is the drug product. The ultimate 
objective is a drug product that is safe and demonstrates efficacy in 
humans, and can be produced at a reasonable cost for the consumer. 

1.2. Evaluation of the Drug Substance and Drug Product 

In the early stages of research, the drug substance must be eval-
uated to demonstrate a) that the chemical compound in question may 
be reliably synthesized in the same way and b) that it has the 
chemical structure it is purported to have. This is not necessarily an 
easy task, but it is absolutely critical. Analytical characterization 
completed in the early development stages on a drug substance can-
didate will provide the information that is required to make choices on 
how to proceed with the development of the compound. Early elim-
ination of chemical substances that are unsafe or inactive can be very 
cost effective. As mentioned above, the most important early experi-
ments are a) pharmacological, demonstrating that a drug has positive 
biological activity, and b) toxicological, demonstrating that the drug is 
safe. The toxicological experiments must show that, while the drug 
has biological activity, any apparent toxicity does not outweigh the 
benefits expected to be seen in humans. 
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It is necessary that the early analytical methods and results 
comply with the following requirements: 1) the analytical methods 
used provide reliable results with a fast turnaround time; 2) the 
results provided will remain consistent throughout the development 
cycle of the drug product; and 3) if possible, these methods are 
transferable to laboratories doing more repetitive testing and will be 
amenable to automation. However, often at this stage only a very 
small amount of the active chemical entity is available for analysis. 
The bulk of the synthesis material available at this time will be 
needed for pharmacological and toxicological trials. It is up to the 
analytical chemist to provide the maiximum information while using 
the minimum amount of material possible. Therefore, the cost sav-
ings provided by a particular technique may not be as important as 
issues of reliability and speed. For instance, while NMR can provide 
information on the levels of residual solvents in a drug substance 
using a small amount of material, it is not necessarily as cost effective 
as gas chromatography for repetitive measurements. 

The drug substance candidate in question may be a small organic 
molecule, a higher molecular weight substance such as a peptide (see 
Fig. 1), or an extremely complex molecule such as a protein or an 
antibody. After the identification process is complete, the most 
important questions are, "How pure is it?" and "What are the 
impurities?" To assess purity attributes on a routine basis, a refer-
ence standard must first be prepared and characterized. A reference 

''Y^NAo^g> 

Suc-Tyr-Glu-Pro-lle-Pro-Gki-Glu-Ala-Cha-O-Glu-OH 

Fig. 1. Chemical structure of MDL 28,050. (Reproduced 
with permission from Chen etaL, 1990). 
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standard is generally defined as a substance of the highest purity 
reasonably attainable (Food and Drug Administration, February, 
1987). Appropriate testing for a reference standard may include the 
following: elemental analysis, various separation methods (chroma-
tography, electrophoresis), infrared and ultraviolet spectra, nuclear 
magnetic resonance spectra, mass spectrometry, specific rotation, X-
ray crystallography, phase solubility analysis, thermal analysis 
methods, radioimmunoassay, and bioassay procedures. The informa-
tion obtained must be evaluated in its entirety to assign a purity for 
the reference material. The importance of the purity assignment for 
the reference standard should not be underestimated, as this value 
will define the purity of the drug substance and drug products used in 
releasing materials to be used for toxicology and clinical testing. 

Once a reference material is available, the purity of the drug 
substance candidate may be evaluated with some certainty. These 
purity determinations may include some or all of the items listed in 
Table 1; it is not meant to be inclusive as each new chemical entity 
must be evaluated on a case-by-case basis. 

Table 1. Analytical Considerations for Defining the 
Purity of a Drug Substance Candidate 

Analytical Test 

• Determination of residual solvents 

• Determination of heavy metals 

• Chromatographic and/or electrophoretic evalua-
tion: determination of synthesis-related 
Impurities 

• Chromatographic and/or electrophoretic 
evaluation: determination of degradation 
impurities 

• Determination of residual ash on ignition 

• Determination of moisture/water content 

• Potentiometric titration 

• Determination of residual catalysts used in the 
synthesis. 

• Determination of microbial contamination 

• Determination of enantiomeric purity 

• Assurance of morphology 
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After the basic structural attributes have been defined, it is neces-
sary to characterize all chemical attributes of the drug substance. 
These may include pKa values, solubility characteristics, partition 
coefficients, and preliminary stability characteristics. If a new chemi-
cal entity shows biological activity but undergoes rapid degradation, it 
will be difficult to provide to consumers; thus, stability properties 
must be evaluated as well. These data are necessary to understand 
the potential in vivo properties of the drug substance and will also 
provide the necessary preformulation information for the pharma-
ceutical scientist to create an adequate dosage form for humans. 

Many of the positive attributes of CE have sparked interest 
among those in the pharmaceutical industry. Although there are still 
issues concerning the concentration detection limits, elegant separa-
tions may be accomplished with a minute amount of material. In 
addition, since CE provides separations with high efficiencies, the 
ability to evaluate purity can be quite powerful. For instance, in the 
synthesis of the molecule shown in Fig. 1, capillary electrophoresis 
may be used to evaluate the presence of possible deletion products 
that may result. In early research stages the time needed to com-
plete the separation (over two hours) is not as important as adequate 
detection of possibly harmful byproducts (Fig. 2). 

•<fc.i.fc^ fcji 

0.0 16.0 32.0 48.0 64.0 80.0 96.0 112.0 128.0 144.0 160.0 
Minutes 

Fig. 2. CZE separation of MDL 28,050 from its deletion 
byproducts. (Reproduced with permission from Chen 
et aL, 1990). 
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As the development proceeds, the production techniques will be 
refined to create a commercially viable process that produces drug 
substance of high quality in a reproducible manner. During that 
same period of time, the analytical methodologies to evaluate the 
drug substance will also be refined, utilizing the best techniques with 
an eye toward information content and speed of analysis 

Capillary electrophoresis techniques may also be applied to the 
study of drug products. In the drug product, one finds that in most 
cases the once "pure" drug substance is now modified with other 
known chemical entities (excipients) to create a dosage form. This 
modification must be completed in order to allow delivery of the drug 
and to ensure its reproducible absorption in the body. Analytical 
methodologies are developed so as to ensure the specific determina-
tion of the active chemical entity in the presence of the excipients 
(Table 2). The goal is to develop analytical methods for the dosage 
form that will adequately separate the active compound from related 
substances and excipients in a reproducible manner. 

Table 2. Some Analytical Tests for Defining the Acceptability of 
a Drug Dosage Form 

Analytical Test 

• Determination of potency 

• Determination of residual solvents 

• Chromatographic and/or electrophoretic evaluation: 
determination of synthesis related impurities 

• Chromatographic and/or electrophoretic evaluation: deter-
mination of degradation impurities 

• Determination of individual dosage form content, (content 
uniformity) 

• Determination of moisture/water content 

• Surrogate drug release tests (dissolution, disintegration) 

• Determination of preservatives 

• Determination of microbial integrity (sterility) 

• Assurance of morphology of the drug substance 

Once the original purity evaluations are completed, they will be 
refined and adapted throughout the drug development process to 
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complete routine purity evaluations. Among the more important 
purity evaluations is the testing of the stability of the drug substance 
and drug product. It is the responsibility of the drug manufacturer to 
ensure the quality of the drug product over its approved shelf-life. 
The ultimate products that are being utilized contain chemical 
substances that must be carefully evaluated for possible interactions 
over the short and long term. 

Generally, in the development of a new chemical entity, the 
chemist will continue to refine anal3i:ical methods to the point where 
testing methods include high efficiency techniques that provide high 
quality results in the shortest amount of time. During the develop-
ment process, one must always take into account the final customer. 
The chemist must ensure that the drug will be safe and efficacious 
while still remembering that cost controls are very important to the 
consumer. In the industrial laboratory, the most valued chemist can 
provide high quality analytical methods in a timely manner to ensure 
that new treatments are provided to the public. 

1.3, Bioanalytical Applications in the Drug Development Process. 

The evaluation of drug substances and drug products is only one 
part of the analytical development process. Analytical methodology 
must be developed for the biological studies that will be completed 
with the drug substance and drug product. A significant number of 
studies must take place prior to a drug being given to humans. These 
preclinical studies provide assurance that a drug will be safe. The 
pharmaceutical scientist needs to determine insofar as possible the 
effects of a drug in vivo prior to human trials. 

The determination of drugs in biological fluids and tissue can be 
very challenging, and analytical methods must be developed for 
several different types of studies. Initial pharmacology studies are 
necessary to determine the bioavailability of the drug substance. This 
bioavailability is important as it is necessary to develop drug dosage 
formulations and to make initial estimates for the dosage level to be 
provided to humans. In these studies, blood levels must be deter-
mined. It is also necessary to know at what sites in the body the drug 
will absorb. These same tests might be used in the future to deter-
mine blood levels in humans during important clinical studies. 

Since there can be a significant amount of biotransformation, it is 
also important to have analytical methods to define the rate and type 
of metabolism the drug will undergo. Initially, these studies may be 
completed using preparations that will mimic the in vivo activity. 
These studies will then move to in vivo observations. This work is 
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necessary to ensure that the metaboUtes of drug transformation are 
also safe during the use of a drug product. 

While early studies may involve a limited number of samples, as a 
drug moves into larger studies to determine efficacy in humans, the 
number of samples that need to be evaluated can become quite 
numerous. Since the results of these studies have a significant im-
pact on evaluating the results of a drug study in humans, the analyti-
cal methodology used to evaluate the samples must meet defined 
criteria. The first criterion is that the method be specific for the ana-
lytes of interest, whether it is the new chemical entity or an impor-
tant metabolite. Second, the detection must be such that minute 
quantities can be reproducibly detected in the biological matrices. 
Finally, the speed of the technique is important, since the number of 
samples and the demand for the results will both be great. 

2. Considerations for CE Instrumentation 

The use and maintenance of analytical instrumentation in a 
pharmaceutical laboratory is very important. In general, the 
pharmaceutical development laboratory is regulated as are all other 
aspects of drug development. This regulation is in place to ensure a 
safe and efficacious drug product for public consumption (Shulman et 
al., 1995). In the development process, the level of regulation and 
the specific guidelines for the maintenance and care of 
instrumentation become more rigorous as the drug gets closer to 
commercialization. However, most regulations and guidelines tend to 
make sense from the operative point of view for doing analytical 
chemistry. In-house built equipment may be used in the research 
environment. However, as the analytical testing moves from 
research into development and finally into laboratories providing 
analytical services for commercial production, the need for control of 
instrumentation becomes more rigorous. This includes requirements 
for adequate technology transfer, criteria to define proper training, 
and systems to validate and define operational qualification for the 
instrument. 

Most major manufacturers of liquid chromatography (LC) instru-
mentation are actively developing capillary electrophoresis instru-
mentation. They have readily taken advantage of what was learned 
during the development of the liquid chromatography instrumenta-
tion utilized by the pharmaceutical industry to supply instrumentation 
that meets applicable regulatory requirements, in addition to the 
necessity for automation. CE systems are sold by several major 
manufacturers of analytical instrumentation, including Perkin-Elmer 
(Applied Biosystems), Hewlett-Packard, Beckman, Dionex, Bio-Rad, 
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Waters, Thermoseparation Systems, ISCO and ATFUnicam. This list 
is by no means complete, and the technology is changing quite 
rapidly. In this chapter we will discuss currently available instrumen-
tation from a pharmaceutical development viewpoint. 

The necessary components for instrumentation specifically 
required by the pharmaceutical industrial laboratory are illustrate in 
Fig. 3. Other chapters in this book have highlighted specific needs for 
instruments that are used for research applications of capillary 
electrophoresis. Choosing instrumentation for the industrial pharma-
ceutical analj^ical laboratory requires the evaluation of many aspects 
of CE instrumentation (see Table 3). In the early stages of drug 
development, the chemist will be evaluating instrumentation based 
upon the need to get a required answer in a timely manner. Once a 
product becomes commercially available, ease of use and mainte-
nance needs, as well as the necessity of meeting regulatory require-
ments, become more important in a list of considerations. 

Vial carousel (thermostatted) 

Buffer replenishment 

Fig. 3. Schematic of a typical automated capil-
lary electrophoresis system that would 
have utility in the industrial pharma-
ceutical laboratory. (Reproduced with 
permission from Heiger, 1992.) 
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2.1, System Design 

In considering system design, we will address requirements for 
the instrumentation necessary for a typical development or commer-
cial anal3d:ical services laboratory. The type of instrument purchased 
will be determined by the requirements of the particular laboratory. 
In some cases, versatility will yield to automation, while all labora-
tories are looking for systems that can be easily upgraded as this 
technique matures. In the industrial environment, everyone is look-
ing for the most instrument for their investment. 

Table 3. Considerations for the Evaluation of Capil-
lary Electrophoresis Instrumentation for 
the Pharmaceutical Laboratory. 

• Ease of use 

• Software integration development 

• Ease of maintenance 

• Detectors available 

• Instrument qualification/validation 

• Operator training and qualifications 

• Operating qualification guidelines 

Systems may contain space for anywhere from 20 to 80 samples. 
A trade-off may have to be made depending on usage criteria. If a 
system holds a minimum number of vials yet provides excellent capa-
bilities for method development, it probably could meet the needs of 
the development laboratory. For the support of products created for 
widespread commercial use, sample throughput is generally more 
important. Some instruments have sampling systems that support 
method development experiments, in that the sample holder area 
permits the use of one set of vials from each vial holder for purging 
the capillary and run buffers. This makes it very suitable for method 
development because a set of runs may be automated. Such 
properties as the pH of the buffers or solvent modifications can be 
varied through the use of the solution vial pairs. This can be thought 
of as somewhat analogous to solvent programming for LC. Designs 
for sample placement tend not to be specific to instrumentation. This 
will be a recurring theme as other aspects of system design are 
discussed. Much of the automated LC equipment available today is 



CE IN PHARMACEUTICAL DEVELOPMENT 435 

somewhat modular, allowing for upgrades and evening the swapping 
of instrumentation from system to system. Automated capillary 
electrophoresis systems tend to be built as integrated systems. 

Capillary placement and temperature control are unique consider-
ations for CE system evaluation. Capillaries used for separation in 
commercial systems range from the very straightforward (cut the 
silica capillary, place into system) to very high-tech cartridges and 
cassettes. Again, the type of usage for the system will be important. 
Simple systems in which capillaries may be rapidly exchanged can be 
quite useful in the early stages of method development. Once a 
method is developed, cartridge holders offer advantages in capillary 
placement. They range from the very simple to those with bar-coding 
that is read by the instrument each time the cartridge is inserted into 
the instrument. This allows tracking of the number of injections and 
the instrument conditions that were used with that particular capil-
lary. It provides a history of the capillary and is good documentation 
for Good Manufacturing Practices (laboratory) in the pharmaceutical 
industry. 

Capillaries may be purchased with many tjrpes of configurations 
(cartridges, built-in bubble cells for detection, etc.) and chemistries 
(internal wall derivatized or coated, gels, etc.). Many analysts invest 
the effort in preparing their own capillaries (with and without car-
tridges) for separation. As with the early development of LC columns 
(when laboratories packed their own columns), many capillaries are 
developed and prepared in-house. As techniques for capillary manu-
facture develop, it will probably become more cost effective for scien-
tists in the industrial pharmaceutical laboratory to purchase commer-
cial capillaries to ensure reproducibility and ease of use. Monetary 
investment versus time investment will control the development and 
use of commercial capillaries in the industrial laboratory. 

An important aspect of CE system design is the method used to 
maintain the capillary temperature. This is much more important in 
capillary electrophoresis than in LC. Cooling may be accomplished by 
forcing air into a defined and insulated space in which the capillary is 
placed. There are systems with refrigeration units and those that 
have the temperature control system built around the capillary itself 
to ensure very controlled temperature (and capillary purchase). 
While system temperatures may be controlled anywhere from sub-
ambient to 60°C, the type of system required will depend upon 
laboratory needs; however, the better the system for temperature 
control, the better the method reproducibility will be. 

All injection modes (vacuum, gravity, pressure and electrokinetic) 
are available in most of the commercially available instrumentation. 
As reproducibility is of the highest importance in the development and 
validation of analytical methods, vacuum and pressure injection, 
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which can be precisely controlled by system electronics, should be 
available for the system chosen. 

2.2, Detectors 

Detection is one of the many challenges in designing a integrated, 
commercially available capillary electrophoresis system. Most sys-
tems feature single or multi-wavelength UVA^is detectors. Some 
systems offer rapid scanning and UVA^is diode-array detectors. There 
may be a trade-off between the higher sensitivity and quieter baseline 
of a multiwavelength unit and the information content of the diode 
array. Most commercial manufacturers are working on ways to 
increase sensitivity and improve traceability of lamp use. These 
include such ideas as remote location of the lamp from the capillary 
to help decrease localized heating due to the UV lamp source, "Z 
cells" and bubble type cells to increase detector pathlengths, and self-
calibrating UV detectors with energy readouts so that the lamp life 
can be tracked. The issues with the use of UV-Vis detectors for CE in 
the pharmaceutical laboratory are the same as those found for LC. 
While there is broad use of UV detection in pharmaceutical labora-
tories for such functions as drug substance purity evaluation, this 
technique does not tend to have the requisite sensitivity or selectivity 
for determination of the same substances in biological matrices. 

While much research work has been completed, mass spectro-
metric, laser fluoresence, and conductivity detectors at this point are 
available for very few commercial instruments. A commercial 
electrochemical detector is not available as of the publication of this 
chapter. As the technique matures and demand increases, so will 
options for commercial instruments. 

2.3, Automation and Data Manipulation 

Commercial suppliers have taken advantage of what has been 
previously developed for liquid chromatography systems and have 
applied this knowledge to the development of computer interfaces to 
control CE instrumentation and evaluate data. The user does not 
necessarily have to take advantage of the automation and data 
manipulation packages available for the systems (and these tend to 
be changing as fast or faster than the computers themselves). In the 
industrial environment, the cost of the computer systems is generally 
considered to be outweighed by the time savings, as well as the need 
for consistent operator training. 
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At this time, CE-specific software for commercial instrumentation 
is still being developed. Since most computer systems were adapted 
from systems currently used for LC, some training may be required 
to ensure that the laboratory analyst does not confuse the two sepa-
ration techniques. CE-specific software that utilizes CE terms such as 
migration time versus retention time should be considered. This 
helps the analyst to think about CE as a separation method different 
from liquid chromatography. This is particularly helpful for the 
novice user, and will more than likely be addressed as CE matures as 
a technique. As concepts and applications are still being developed at 
a rapid rate, there is a need to determine what the user actually 
wants or needs a system to do versus what is available. 

Manufacturers of capillary electrophoresis systems are creating 
niche markets in sample separation and method development. This 
promotes consumer loyalty and can make certain techniques avail-
able for the novice user who may not have a significant background in 
the field. Currently available kits include premade kits for chiral, 
anion and cation separations. Prepackaged systems for certain bio-
logical marker determinations are also available. 

2A. Instrument Validation and Qualification 

When evaluating an instrument manufacturer, one must consider 
what they can provide in terms of instrument validation/qualification 
for their product. In addition, if the user does not have an intimate 
understanding of the instrumentation and the CE technique, software 
and hardware support should be carefully assessed. It is often as 
useful to research the background of the instrument manufacturer 
(technical support, ISO 9000 certification, training, history and future 
financial viability of the organization) as the properties of the instru-
ment being evaluated for purchase. 

Validation and qualification of instrumentation begin prior to ship-
ment from the factory. One should consider that it is better to 
actually be built into the development and manufacture of the 
instrument. Documentation of each step for development and manu-
facture is crucial. This should include testing of the hardware and 
software to current standards. 

At installation, it is necessary to ensure that the system is being 
set up according to specific standard operating procedures. The 
instrument manufacturer should provide detailed information con-
cerning site requirements for the installation of the instrument. Pur-
chasing an instrument has become a partnership with the manufac-
turer; the instrument should not just show up in a box. It is gener-
ally useful to integrate the system into the laboratory environment. 
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The validation program should begin with the development of mainte-
nance logs for the documentation of installation, preventive mainte-
nance, repairs and recertification performed on the equipment. Soft-
ware validation requires traceability and security of data, plus docu-
mentation of actual analysis parameters and errors. 

On-site revalidation ensures both regulatory compliance and 
continued adequate system performance. Under routine operation, 
equipment should be revalidated at least annually and perhaps more 
often. In integrating the system into the laboratory environment, its 
level of use and history of maintenance should be seriously evaluated. 
Revalidation should also be performed after maintenance or repair, or 
as appropriate for a particular laboratory protocol. All equipment 
should be revalidated to original factory specifications using certified 
testing procedures. These tests should include wavelength accuracy, 
baseline stability, linearity for detectors, etc. In today's pharmaceu-
tical laboratory you are not necessarily purchasing an instrument— 
you are purchasing methods to ensure laboratory compliance for that 
instrument. 

3. Method Validation 

Validation of an analjrtical method is a process through which one 
demonstrates that an analytical method is suitable for its intended 
purpose. It was introduced as a regulatory requirement in the United 
States in 1978 (Federal Register, 1978) and has since become a part of 
registration applications for pharmaceuticals in many other countries. 
Any analjrtical procedure used to assess the quality of a pharmaceuti-
cal intended for human or animal consumption is subject to validation. 
The process includes the preparation of a validation protocol, testing, 
and documentation. Although currently there are differences in the 
technical requirements among various regulatory agencies, a guide-
line entitled "Validation of Analytical Procedures" prepared by the 
International Conference on Harmonization of Technical Require-
ments for Registration of Pharmaceuticals for Human Use (ICH) out-
lines the parameters that should be considered during the validation 
exercise. These parameters are selectivity/specificity, accuracy, 
linearity, range, sensitivity, precision, and robustness (ruggedness). 

Capillary electrophoresis has been regarded as an alternative and 
complementary technique to LC for the analysis of small molecule 
pharmaceuticals (McLaughlin et aL, 1992). Demonstrated applications 
have included identification of components (Altria et al., 1993), 
quantitation of the active moiety (Thomas etal., 1994) and determina-
tion of impurities (Altria et al., 1993), as well as chiral separations 
(Novotny et al., 1994). When a CE method, typically in a capillary 
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zone electrophoresis (CZE) or a micellar electrokinetic (MEKC) mode, 
is employed for quality control of pharmaceuticals, its performance 
characteristics fall into the same category as those of LC and GC 
techniques. Thus, the validation principles for chromatographic 
methods also apply to CE methods. Among those validation param-
eters described in the ICH guideline, sensitivity and precision are 
sometimes more difficult to validate for CE methods than for chro-
matographic methods. This is due mainly to the intrinsic limitations 
of the CE technique, such as nanoliter sample load, less precise injec-
tion mechanisms, and short pathlength for UV detection. Finally, the 
establishment of adequate system suitability tests that define the 
minimum performance criteria that a system must meet prior to 
usage (United States Pharmacopoeia, USP, XXIII, 1995) may be more 
complicated for the CE system. 

The preparation of a validation protocol for a CE method may 
follow the ICH guideline. Each validation parameter described in the 
guideline could require the evaluation of several different param-
eters, and each may need to be addressed in a different manner, 
depending on the intended application of the method. Validation 
parameters pertinent to CE methods are discussed below. 

3,1 Specificity / Selectivity 

Specificity is the ability to assess unequivocally the analyte of 
interest in the presence of those components which may be expected 
to be present in the sample matrix. Specificity is the most critical 
parameter of any analytical method used for stability and assay deter-
minations for new pharmaceuticals. It is in general the first valida-
tion parameter addressed in the establishment of analytical methods 
for the determination of assay. The U.S. Pharmacopoeia defines the 
specificity of an anal5^ical method as its ability to measure accurately 
and specifically the analyte in the presence of components that may 
be expected in the sample matrix (USP XXIII). 

Selectivity is generally applicable to all chromatographic tech-
niques. Since the performance characteristics of CE as a separation 
method resemble those of an LC method, the term selectivity is 
addressed in this discussion. The selectivity of a CE method is typi-
cally validated by demonstrating that the separation of analytes is 
free of interferences under nominal method conditions. The source of 
interferences could be impurities, degradants, and sample matrix. It 
is generally desirable that the resolution between the analyte and its 
nearest peak be greater than 2. One of the advantages of CE is its 
high efficiency. Separation of several anslytes may be achieved within 
a short period of time frame. Therefore, the repeatability of migra-
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tion time for each analyte is very important. For practical routine 
applications, efficiency must be accompanied by a suitable precision. 
The migration time window for peak identification should be estab-
lished based on the instrument repeatability and should be free of 
interferences. Factors affecting the selectivity need to be identified. 
An allowable range for variation of each factor must be investigated 
and established as part of the validation protocol. Selectivity is an 
important criterion for the evaluation of method robustness. 

3.2 Accuracy 

All quantitative test methods must be validated for accuracy. In 
the ICH guideline, accuracy is defined as "the closeness of agreement 
between the value which is accepted as a conventional true value or 
an accepted reference value and the value found." It is a process of 
measuring the bias of the analytical method. In the analysis of small 
pharmaceuticals using CE, the sample is typically quantitated against 
a reference standard. The procedure gives a purity value relative to 
the standard rather than an absolute true value. Bias usually occurs 
when the sample and standard matrices are different. For bulk drug 
substance assay, the sample matrix is essentially the same as the 
standard matrix. The accuracy of the assay test may be measured by 
spiking the sample with impurities. Depending on the method pre-
cision and the specification limits for assay test, spiking impurities at 
several levels may be necessary to demonstrate the accuracy. For 
example, for a method that determines drug substance assay within 
97-103% with less than 1% precision (repeatability), the accuracy can 
be evaluated by testing samples spiked with 2%, 3%, and 4% of 
impurities. The bias for a drug substance assay should not be greater 
than 1% (Canada, Drugs Directorate Guidelines, 1992). 

For drug products, the sample matrix contains excipients from 
the formulation and can sometimes be quite different than the 
standard matrix. The differences between sample and standard 
matrices may affect the CE performance and cause bias in the 
method accuracy. The normal approach to validate the accuracy of 
drug product analysis is to analyze samples of placebo excipients 
spiked with known amounts of active. The spiking range of at least 
80% to 120% of the label claim is appropriate. A bias of less than 2% 
(Canada, Drugs Directorate Guidelines, 1992) is usually acceptable for 
drug product assay. 

If the quantitation of impurities, metabolites or degradation 
products is done by an external standard method, then the validation 
of accuracy is similar to those for drug substance and drug product 
assays. Depending on the method sensitivity, accuracy should be 
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demonstrated from the limit of quantitation to about 200% of the 
specification limit. A bias of less than 5% may be considered accept-
able for impurity analysis. 

The results of accuracy studies on spiked samples can also be 
used to demonstrate the linearity and repeatability. However, the 
minimum amount of data required for each parameter is different. 
Data from triplicate determinations at each of at least three concen-
tration levels spaced equidistantly over the spiking range are neces-
sary for accuracy and repeatability validations. For linearity valida-
tion, at least five concentration levels with duplicate determinations 
at each level are required. 

Accuracy of the method is indicated by the closeness of 100% 
recovery. The bias and the repeatability of the method can be derived 
from the mean and the standard deviation of the percent recovery 
data. For linearity, the data should be analyzed by linear regression 
analysis. Then the correlation coefficient (r) provides the measure-
ments of the linearity, the y-intercept is a measure of the potential 
method bias, and the slope represents the sensitivity of the analyte 
response. All of these results should meet the criteria set forth for 
each parameter. 

When the peak area percent method is used for the quantitation, 
such as for impurity or enantiomeric purity assessments, bias of peak 
area measurements due to analyte mobility differences should be 
evaluated and addressed. Correction of peak area with migration 
time has been shown to improve the accuracy (Altria, 1993). 

3.3. Linearity 

Linearity is a validation parameter for quantitative tests. The 
linearity of a method is its ability to achieve test results that are 
directly proportional to the concentration of analyte in the sample. 
Linearity should be established across the concentrations that encom-
pass the range of the method. The linearity range may vary depend-
ing on the application. Typically for assay tests of drug substance and 
drug product, linearity in the range of 50-150% of the nominal 
sample concentration should be demonstrated. For impurity deter-
mination, the linearity is validated in the range from the limit of 
quantitation to about 200% of the specified limit. When the peak area 
percent method is used to assess the impurity, the linearity of both 
the impurity and the reference compound should be established. 

For the establishment of linearity, data from at least five concen-
tration levels equidistant over the range are necessary. Results from 
the accuracy study may be used here if there are enough data points. 
Test samples can be serially diluted solutions containing the analj^e 
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at proper concentrations or solutions of synthetic mixtures with 
proper amounts of analyte added. 

Data are to be analyzed by linear regression analysis. The linear-
ity is measured by the correlation coefficient (r), which should be 
greater than 0.999. The y-intercept indicates the potential bias of the 
method. The 95% confidence intervals of the y-intercept should 
include the method bias determined under Accuracy. 

3.4. Range 

The range of the method is the interval between the upper and 
lower concentrations of analyte in the sample for which it has been 
demonstrated that the analytical procedure has a suitable level of 
precision, accuracy, and linearity. All quantitative tests need to 
specify the range. The range specification must be based on the 
results of linearity, accuracy, and repeatability studies. 

3.5. Sensitivity 

3.5.1. Limit of Detection 

Limit of detection (LOD) is a validation parameter for limit tests. 
It is the lowest concentration of analyte in a sample that can be 
reliably detected. For a CE method, the LOD of an analyte can be 
defined as the concentration at which the analyte peak is approxi-
mately two to three times the noise (USP XXIII). 

3.5.2. Limit of Quantitation 

Limit of quantitation (LOQ) is a validation parameter required for 
quantitative measurement of impurities. It is the lowest concentra-
tion of analyte in a sample that can be quantitatively determined with 
suitable precision and accuracy. For a CE method, the limit of quanti-
tation can be defined as the concentration at which the analyte gives 
a signal-to-noise ratio of approximately 10:1, or the concentration at 
which the analj^e can be measured with a relative standard deviation 
of approximately 10% (Canada, Drugs Directorate Guidelines, 1992), 
whichever is lower. 
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3.6. Precision 

Precision is the closeness of agreement between a series of 
measurements obtained from multiple sampling of the same homoge-
neous sample under the prescribed conditions. It may be a measure 
of the degree of repeatability, intermediate precision, or reproducibil-
ity. Precision is represented by the values of the standard deviation 
or the relative standard deviation (RSD) of the replicate analyses. 
The precision requirement of a CE method depends on its intended 
usage. For drug substance assay determination, typical acceptable 
repeatability is less than 1% RSD. Typical acceptable repeatability for 
drug product assay is less than 2% RSD, and for impurity determina-
tion is less than 5% RSD (Canada, Drugs Directorate Guidelines, 
1992). For a CE method, the precision can be improved by using 
internal standards and by correcting the peak area values with 
migration times. 

3.7. Repeatability 

Repeatability is the precision of the method within a laboratory 
under the same operating conditions (same analyst, same instru-
ment) over a short interval of time. It can be assessed by using the 
results of the accuracy study, percent recovery data of at least nine 
determinations over the range tested, or at least six determinations 
of a sample at 100% of the nominal concentration. Standard deviation 
and relative standard deviation of the multiple determinations are 
calculated. 

3.8. Intermediate precision 

Intermediate precision expresses the within-laboratories varia-
tions due to different analysts, different days, and different instru-
ments. This can be measured by duplicating the repeatability study 
using a different analyst on a different day with a different instru-
ment. A pooled standard deviation and relative standard deviation 
indicate the intermediate precision. 

3.9. Reproducibility 

Reproducibility is the measure of the variations between labora-
tories. It can be assessed by pooling the repeatability or intermediate 
precision results from different laboratories. 
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3.10. Robustness (Ruggedness) 

Robustness is a measure of the capacity of the method to remain 
unaffected by small, but deliberate variations in method parameters, 
and provides an indication of its reliability during normal usage. 
Typically, method performance parameters such as specificity/ 
selectivity, accuracy, sensitivity, and precision are used to assess 
robustness. For a CE method, robustness may be evaluated by 
varying the following method parameters: 

pH, ionic strength, and the modifiers of the running buffer 
Voltage 
Capillary oven temperature 
Different capillaries 
Capillary flushing procedures 
Injection modes 
Detection 
Sample preparation procedures 
Sample solution stability 

Both the main effect of each individual method parameter and the 
interaction effects among method parameters should be investigated. 
An experimental design approach can be very helpful in identifying 
the critical parameters and assessing their impact on method perfor-
mance. Allowable variations of each method parameter should be 
specified in the method. 

3.11. System suitability tests 

The establishment of a system suitability test (United States 
Pharmacopoeia, USP, XXIII, 1995) is also important for a CE method. 
System suitability tests define the minimum performance criteria that 
a CE system must meet for the intended usage. For the day-to-day 
laboratory operations, system suitability tests are performed prior to 
analysis to demonstrate adequate CE system performance and to 
ensure the validity of the test results. 

System suitability tests are an integral part of the CE method. 
Their purpose is to verify the adequacy of the integrated system, 
including sample, equipment, and operations for the intended 
analysis. They may include tests for resolution, peak tailing, repeat-
ability, sensitivity, and any performance characteristics that are sensi-
tive to slight variations of the system. The tests are to be established 
based on the results of the validation studies, especially the robust-
ness study. The minimum performance criteria that a CE system 
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must meet for the intended application must be specified in the 
method. In essence, the operator must determine that every portion 
of the system is in compliance with the parameters in the method 
developed. This includes not just software and instrument hardware 
but, for CE, the capillary characteristics as well. As shown in Fig. 4, a 
method that can provide excellent resolution of two enantiomers can 
be adversely affected by the shape of the capillary inlet. If system 
suitability (evaluating the resolution of enantiomer standards) had not 
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Fig. 4. Effect of the physical shape of the inlet of 
a gel-filled capillary on the resolution of 
naproxen enantiomers. Test solute: 0.1 
mg/mL (R)-naproxen and 0.01 mg/mL (S)-
naproxen in water. (A) Properly cut (per-
pendicular to the axis of the capillary) 
column inlet and (B) oblique (45°) cut 
column inlet. (Reproduced with permis-
sion from Guttman and Schwartz, 1995). 
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been performed prior to a sample analysis in this case, the con-
taminating isomer might have gone undetected. By evaluating the 
system suitability prior to beginning an analysis, one can be certain of 
all analj^ical results obtained from a method. 

4. The Use of CE to Address Challenges in the Development of 
Pharmaceuticals 

4,1, Preclinical Studies and the Use ofCE 

As mentioned in the overview of the drug development process, it 
is desirable to determine the physical and chemical characteristics of 
a drug candidate as early as possible in this process. Knowledge of 
these properties is often invaluable in preformulation and formulation 
work, yet physicochemical characterization in early development is 
often incomplete due to the scarcity of material dedicated to this 
objective early on (especially for proteins) or not predictive due to the 
limited relevance of the applied characterization techniques to real-
life conditions. 

The pharmaceutical analytical community first became interested 
in CE to assist in the important separations necessary for the evalua-
tion of proteins and peptides of biochemical interest (Nielsen et aL, 
1989). In the early development of recombinant proteins, very little 
material was available for study, and available chromatographic 
methodology could require the complete supply for a single analysis 
and still not provide the needed resolution to determine closely 
related synthetic impurities. Figure 5 depicts analytical results from 
a pharmaceutical laboratory where capillary electrophoresis was 
applied to this type of problem and offered a significant amount of 
information quite rapidly (less than 10 minutes). 

Several of the inherent features of capillary electrophoresis offer 
advantages for physicochemical determinations compared with 
classical or other chromatographic methods. First, the small sample 
amounts required by CE allow a limited quantity of sample to be 
apportioned for a wider variety of determinations. Second, CE can be 
performed at extremes of pH and can therefore be used to charac-
terize the behavior of strongly acidic or basic analytes. This contrasts 
with LC characterization, which is t3npically limited to pH 2-8 due to 
degradation of the stationary phase silica backbone outside this range. 
(Although there are LC stationary phases resistant to degradation, 
they often do not possess the favorable efficiency and peak symmetry 
found in silica-based stationary phases.) Third (and this is also an 
advantage over LC), the typical absence of organic modifiers in CE 
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Fig. 5. Biosynthetic human insulin (BHI) and various 
derivatives. CZE separation of BHI from 
derivatives which could accompany crude pro-
duction lots of BHI before preparative isolation 
is completed. (A) BHI mixed with a small 
amount of four BHI derivatives. (B) The BHI 
derivative mixture alone. Peaks: (1) [diarginyl-
B31-B32] BHI; (2) [arginyl-AO] BHI; (3) [des-
alanine-B30} porcine insulin; and (4) [desamido-
A21] BHI; 500 mV = 0.01 AU. (Reproduced with 
permission from Nielsen et al., 1989). 

electrolyte buffers allows examination of analyte behavior in an 
environment that more closely resembles a physiological system. 

A number of applications of CE to the determination of ionization 
constants (pKa) have been documented (Beckers et al., 1991; 
Cleveland et al., 1993,1994; Gluck and Cleveland, 1994a,b). This 
approach is predicated on the conversion of the concentration terms 
in the Henderson-Hasselbach equation to electrophoretic mobilities. 
CE measurements of mobility as a function of electrolyte buffer pH 
give sigmoidal plots from which the ionization constants can be esti-
mated (Fig. 6). Results correlate well with those determined by other 
methods, such as spectrophotometry. 

An analogous approach is used to determine the isoelectric points 
(pi) of acidic and basic proteins (Yao et al., 1994). Here a plot of mobil-
ity as a function of electrolyte buffer pH is used to determine the pH 
at which the mobility is zero, which by definition is the isoelectric 
point. Interference caused by non-specific protein adsorption with 
capillary silanol groups when pH < pi is eliminated by coating the cap-
illary with a polycationic reagent. The results are comparable with 
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Mobility 
60 

Fig. 6. Plots of mobility (me x 10^ cm^ V s) vs. pH 
for bases with superimposed curve fits. • = 
Pyridine; O = aniline; • = p-bromoaniline; O 
= o-bromoaniline. (Reproduced with per-
mission from Cleveland et al., 1993). 

those obtained by isoelectric focusing, but do not require the time and 
effort expended on manipulating gels in the older technique. 

MEKC shows utility for estimation of n-octanol-water partition 
coefficients (Herbert and Dorsey, 1995). Correlation is demonstrated 
between the MEKC capacity factor (k') at pH 7.0 and partition coef-
ficients (Kow) taken from the literature. Examination of the k'-Kow 
relationship for subgroups divided according to ionizability at pH 7.0, 
ability to hydrogen bond, and functional class shows the distinct influ-
ences of these properties. 

An unusual application of CE is the measurement of the viscosity 
of liquids and solutions (Bello et al., 1994). This is based on measuring 
the time it takes for the boundary between two liquids, one of known 
viscosity and the other the analyte of interest, to migrate through the 
capillary from injector to detector. The viscosity calculation is derived 
by application of the PoiseuUe equation to both liquids in the capillary. 

4,2. Separation of Enantiomers—Chiral Separations 

Regulatory interest in chiral drugs is due to the known differences 
found in pharmacodynamic, pharmacokinetic and toxicologic proper-
ties of drug enantiomers. Traditional approaches for measuring enan-
tiomeric excess involve direct (such as polarimetry) and indirect 
(derivatization of a mixture with an optically active reagent, which is 
then separated into the resulting diastereomers) methods. These 
techniques seemed to provide sufficient information. However, in 
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1992, the FDA announced the availabihty of a poUcy statement on the 
development of stereoisomeric drugs (De Camp, 1993). This state-
ment had been in preparation for many years. In fact, other coun-
tries had previously made similar statements about the issues raised 
when a stereoisomer is being developed as a pharmaceutical. What 
was becoming apparent was that these regulatory statements would 
have a significant impact on how pharmaceutical analytical chemists 
would perform their work. It became necessary to develop analytical 
methodologies for chiral drug substances and products that would be 
equivalent in accuracy and precision to all other methods for the 
determination of related substances. These methods would have to 
be validated and would need to be run on a routine basis. These tests 
are needed to evaluate the drug substance and the finished dosage 
form, both on initial release and over their labeled shelf-life. In addi-
tion, regulatory agencies were concerned about the fate of chiral 
drugs in vivo. Was the chemical entity stereochemically stable in 
vivo? Would a chirally pure enantiomer racemize? If so, what would 
be the extent of the racemization? These issues required the analyti-
cal chemist to develop methodologies that could more readily address 
these critical questions. 

Although indirect derivatization procedures are applicable to these 
types of studies, there are several drawbacks. This technique is 
somewhat time-consuming and not always reproducible; in addition, 
the methods require validation of the derivatization times and the 
purity of the derivatization reagent as well as all other parameters. 
To address these issues, a significant amount of effort has been 
directed toward the development of direct liquid chromatographic 
methods for chiral resolution. This direct separation mode depends 
on the formation of labile diastereomers (performed via hydrogen 
bonding, dipole-dipole, n-n, and/or hydrophobic interactions) between 
the enantiomers and the chiral environment with which they interact. 
One way of accomplishing this is by adding reagents capable of these 
interactions to the LC mobile phase. While this was shown to work, 
the quantities of reagents required generally made the use of this 
technique prohibitive on a routine basis. A significant advance from 
this came in the design of stationary phases that resulted in on-
column transient interactions that allowed for separation. These 
"chiral" columns provided the tool needed to evaluate enantiomeric 
purity on a routine basis. While all of these methods provide the 
technology to answer the questions described above, there are still 
several obstacles to be overcome. These include the time required 
for preparation and separation, the resolution that the systems are 
capable of, and the cost of the "chiral" columns. While preparing 
bonded chiral stationary phases eliminates the need for the quantities 
of reagents required for use in a mobile phase, the materials used are 
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quite expensive. In addition, the columns can be very sensitive to 
minor changes in mobile phase content, and do not necessarily have a 
long lifetime. 

It has been demonstrated that capillary electrophoresis tech-
niques may be able to overcome some of the disadvantages found 
when using direct methods for enantiomer measurement with liquid 
chromatography. The method in which CE and chromatography are 
combined is known as electrokinetic chromatography (EKC). This 
technique is discussed in detail by Foley and Ahuja in Chapter 3. 
Among the several modes of EKC, micellar EKC (MEKC) permits the 
separation of neutral or nonionic compounds. As MEKC involves the 
use of a pseudostationary phase, direct chiral separations may be per-
formed. Since the volume of solution required for MEKC is very 
small, adding special chiral recognition agents directly to the carrier 
electrolyte is not costly. Optically active bile salts, cyclodextrins, 
crown ethers, and chiral molecular micelles are added to the mobile 
phase, and enantiomeric resolution by stereoselective interactions 
with the solute occurs. This has been one of the most important 
research areas in capillary electrophoresis (Nishi and Terabe, 1993). 

Many different reagents that have been investigated have pro-
vided chiral recognition during MEKC (see Table 4). A significant 
amount of work has been done, and to cite each work here would be 
impractical, so a single example is provided for each. The mechan-
isms by which these reagents work can be placed in many different 
categories. These include inclusion complexes (I), host-guest com-
plexion complexes (HG), chiral surfactant (CS), complexation agent 
(CA), indirect derivatization agents (IDA) and ionic and hydrophobic 
interactions (IHI). It should be noted that there are a significant 
number of reagents that have been investigated and not all mechan-
isms of action are well defined. 

As can be seen in Table 5, perhaps the most popular chiral recog-
nition agents are cyclodextrins and modified cyclodextrins. These 
cyclic oligosaccharides consist of either 6, 7 or 8 (a, p, y) interior 
glucose units, which form a cone containing hydroxyl units at the 
entrance of the cavity and with an interior which is relatively hydro-
phobic. When an analyte forms inclusion complexes in aqueous solu-
tion differential hydrogen bonding of an analyte with the hydroxyl 
units at the outer rim of the cyclodextrin allows for resolution of 
enantiomers. Often, the quality of a resolution will be determined by 
the concentration of the cyclodextrin in the electrolyte solution. This 
is demonstrated in Fig. 7, which illustrates the chiral resolution of 
aminoglutethimide. Without the addition of cyclodextrins, no separa-
tion is seen. When using a-cyclodextrin some resolution is obtained, 
but the concentration required for a baseline separation is twice that 
required when using y-cyclodextrin (Anigbogu et aL, 1995). Since the 
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Table 4. Some Reagents used for Chiral Separations by Capillary 
Electrophoresis. 

Reagent Reference 

P-Cyclodextrin (I) 

Y-Cyclodextrin (I) 

Carboxymethyl-p-cyclodextrin (I) 

Hydroxypropyl-p-cyclodextrin (I) 

Methyl-p-cyclodextrin, 

Heptakis(2,3-di-0-acetyl)-p-cyclodextrin(I) 

Cyclodextrins in liquid gels (I) 

Copper (Il)-aspartame (IDA) 

Copper (II)-L-histidine (IDA) 

DL-Marfey's Reagent (IDA) 

N-Dodecanoyl-L-amino acids (CS) 

Heptakis(2,6-0-niethyl)-p-cyclodextrin(I) 

Bile salts (CS) 

10% mylose (I) 

Crown ethers (HGC) 

Mucopolysaccharides 

Otsuka and Terabe 
(1993) 

Prunonosa et aL 
(1992) 

Anigbogu et aL (1995) 

Noroski et aL (1995) 

Matchett e^aZ. (1995) 

Cruzado and Vigh 
(1992) 

Gozel e^aZ. (1987) 

Gassmann et aL 
(1985) 

Tran et aL (1990) 

Dobashi e^aZ. (1989) 

Branch e^aZ. (1994) 

Nishi e^aZ. (1990b). 

D'Hulst and Verbeke 
(1992) 

Kuhn et aL (1992) 

Nishi e^aZ. (1990) 

most basic forms of cyclodextrins (a, p, y) have limited solubilities, 
derivatized cyclodextrins have become quite popular and are very 
useful. The derivatized cyclodextrins are much more soluble in aque-
ous and organically modified electrolyte solutions and have demon-
strated interesting EKC selectivities. 
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Fig. 7. Neutral cyclodextrin-modified CE (CD-CE) separations of 
the enantiomers of aminoglutethimide. Running buffer: 
NaH2P04-Na2B407 (pH 3) at 15 kV applied voltage. (A) no 
cyclodextrins added; (B) conditions the same as in (A) with 
10 mM a-cyclodextrin; and (C) conditions the same as (A) 
with 5 mM y-cyclodextrin. (Reproduced with permission 
from Anigbogu et al., 1995.) 

Using chondroitin sulfate (sodium salt) and heparin (sodium salt), 
which are both mucopolysaccharides, Nishi et al. (1995) have demon-
strated that the use of ionic interactions and hydrophobic interactions 
can lead to very elegant chiral separations when used in conjunction 
with electrokinetic chromatography. As shown in Fig. 8, these species 
are charged, linear, sulfated polysaccharides having very large 
masses. When used with capillary electrophoresis in the EKC mode, 
several chemical entities (neutral and basic) with pharmacologic 
activities were shown to be enantioseparated. Critical factors for 
achieving separation included concentration and pH of the electrolyte. 
In addition, this separation technique was applied to the "real-world" 
situation by evaluating the determination of contaminating enan-
tiomers in optically pure drug substances. Figure 9 shows the resolu-
tion of 0.2% of the RR-form of diltiazem from the active SS-form. 
Although this can also be accomplished using direct chiral liquid 
chromatography, this example is one of many that demonstrates the 
utility of chiral separations using capillary electrophoresis. When 
using liquid chromatography, the column must be dedicated to enan-
tiomeric separations. When using EKC to perform chiral separations, 
the capillary may cleaned and reused for other applications. 

For a more detailed discussion of the separation mechanisms used 
for optical resolution by micellar EKC, we recommend any of several 
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Fig. 9. Optical purity testing of diltiazem hydrochloride: (A) stan-
dard diltiazem hydrochloride (SS-Form) and (B) 0.2% RR-
form spiked into standard diltiazem. Conditions: 3% chon-
droitin sulfate C in 20 mM phosphate-borate buffer (pH 
2.4); separation capillary 75 |im i.d. x 57 cm (effective length 
50 cm); applied voltage, 20 kV; detection 235 nm; tempera-
ture 23°C. Injection times of standard solutions are 6 s. 
(Reproduced with permission from Nishi et al., 1995.) 
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excellent review articles that have previously been published (Issaq, 
1994; Rogan et al, 1994; Nishi and Terabe, 1995). It should be noted 
that because enantiomeric separations using CE is one of the most 
dynamic areas of research in separation science, one should continue 
to refer to the current literature for recent developments. 

4.3, Determination ofAnalytes in Biological Fluids, 

There is considerable interest in the analysis of drugs, metabo-
lites, proteins, and other constituents of biological samples (urine, 
serum, etc.) from research, diagnostic, therapeutic, and forensic per-
spectives (Thormann et aZ., 1993; Deyl et al,, 1994). However, there 
are some practical difficulties associated with obtaining such informa-
tion. Very often large numbers of clinical or forensic samples need to 
be processed with reasonably rapid turnaround. Sample volumes are 
typically quite limited and contain very low levels of the analytes of 
interest. Furthermore, biological samples are by nature complex 
matrices, and there is significant potential for assay interference. 

Although other techniques (LC, GC-MS, immunoassay) for analyz-
ing biological samples exist, CE possesses several advantages, some 
unique and some shared with other approaches. CE is amenable to 
automation, high sample throughput, and multiple detection modes. 
The low sample volume requirements meet the need for a technique 
that works with little available sample. The very low flow rates used 
and the consequent minimal dilution of the sample in the CE elec-
trolyte buffer provide high mass sensitivity and allow the detection of 
drugs and metabolites at very low levels. This is in contrast to LC, 
where a few microliters of injected sample are diluted in a relatively 
large volume of flowing mobile phase and the mass sensitivity is 
considerably lower. (The concentration sensitivities of the two tech-
niques are approximately equivalent because LC detection flow cells 
are much larger than the optically transparent capillary section serv-
ing the same purpose in CE. Samples with concentration levels low 
enough to require sample preconcentration for LC typically also 
require it for CE.) Femtomole mass (ng/mL concentration) limits of 
detection are achievable in biological samples for analytes (or their 
derivatives) sensitive to appropriate detection techniques, such as 
laser-induced fluorescence (LIE) {Soini etal,, 1992; Gonzalez ê  a/., 
1993). (See Chapter 4 for a detailed discussion of LIE in CE.) 

Possibly the most important advantage of CE in the analysis of 
biological samples is its very high efficiency and resultant separating 
power. With capillaries containing several hundred thousand or more 
theoretical plates, separations of the analytes of interest from a com-
plex matrix, or of closely related analytes from each other, can be 
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effected. The separating power of CE often simplifies and sometimes 
eliminates sample preparation before analysis. This can be a substan-
tial benefit when isolation of analyte from a complex matrix is compli-
cated by limited sample volume. CE with limited or no sample prepa-
ration is also an attractive alternative to analytical techniques requir-
ing complex sample preparation before analysis. This is evident from 
examples where both reversed-phase LC and MEKC were used to 
determine analytes in the same samples (Wolfisberg ê  aZ., 1993; 
Caslavska et al, 1994). In one case, LC sample preparation included 
liquid-liquid extraction, centrifugation, evaporation to drjmess, and re-
constitution of the residue. For the MEKC analysis, samples were 
either injected directly or diluted with water before injection. In 
another case, a CE method using sample preparation requiring depro-
teinization and centrifugation steps was clearly preferable to either of 
two LC methods. The first LC method has a sample preparation step 
involving a triple extraction before analysis while the second involves 
no sample preparation but column life is limited to fifty injections 
(Garcia and Shihabi, 1993b). 

The analyst must also address the requirements for sample 
throughput. Generally, it is expected that a large number of samples 
will be required for the demonstration of efficacy in humans of any 
biologically active compound. The faster that samples may be evalu-
ated for the levels of active drug and metabolites, the faster results of 
clinical trials may be understood. Examples, exist in the literature 
(Perret and Ross, 1995) where total analysis times available using 
capillary electrophoresis have been reduced to less than 1.5 minutes 
in human saliva (Fig. 10). 

In addition, the bioanalytical chemistry may be used to evaluate 
the level of inorganic ions (Wildman et aL, 1991), organic acids (Shirao 
et al., 1994) and other smaller molecules. These are species which, 
while not man-made, could be a significant indication of the bioanalyti-
cal effects of man-made chemical entities used for their pharmaco-
logic actions (Fig. 11). 

Although the examples above are clear-cut and by no means 
unique, it is an oversimplification to assume that sample preparation 
for CE can be totally dispensed with. The same procedures (extrac-
tion, protein precipitation, ultrafiltration, etc.) used to prepare bio-
logical samples for other analytical techniques yield the same advan-
tages when used with CE. These would include simpler CE method 
conditions, shorter run times, and decreased chances of capillary con-
tamination. Sample matrix effects, which can affect analyte migration 
times and quantitation relative to standards and cause electrophoretic 
interferences, are also reduced. For example, ultrafiltration of serum 
and saliva samples eliminates electrophoretic interferences from pro-
teins in MEKC of some drugs, but is also used to obtain cleaner and 
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Fig. 10. Fast CE analysis of antipyrine in saliva. Conditions: buffer 
25 mM SDS pH 9.6; capillary 30 cm (23 cm to detector) x 50 
|Lim i.d., bare fused silica; detection UV 200-300 nm; load 10 
s hydrodynamic; run 25 kV; temperature 15°C. (Repro-
duced with permission from Perrett and Ross, 1995). 

1 

D 
< 
CNI 
CN 
O 

d 

UL 
4 

2.30 Minutes 

" 1 
3.60 

Fig. 11. Electropherogram of inorganic analytes determined in 
human urine. Conditions: capillary, 60 cmx50 |im i.d. 
fused silica; electrolyte, chromate at pH 8.0 with 
NICE-Pak OFM Anion-BT (patent apphed for); injection, 
hydrostatic for 60 s; detection, indirect UV at 254 nm; 
potential, 20 kV. Dilute urine (50Xin deionized water; 
solutes: 1 = chloride (109 ppm); 2 = sulfate (7.9 ppm); 3 
= citrate (3.2 ppm); 4 = phosphate (16.2 ppm); 5 = 
carbonate (12.2 ppm). (Reproduced with permission 
from Wildman et aL, 1991.) 

more consistent electropherograms even in those cases where the 
protein does not interfere with detection and quantitation of the drug 
(Caslavska et aL, 1993; Thormann et al, 1993; Deyl et al, 1994). A 
more detailed discussion on sample preparation can be found in 
Chapter 7. 



CE IN PHARMACEUTICAL DEVELOPMENT 457 

Ruggedness is a desirable characteristic for analytical methods. 
For CE of biological samples, ruggedness is critical in two senses. 
The term implies not just the optimization of the separation, but also 
the degree of resistance to sample matrix effects. CZE and MEKC 
are the two CE modes most widely used and preferred for biological 
samples, although other modes, such as capillary isotachophoresis, 
have also been investigated for this purpose (Caslavska et al., 1993). 
In CZE, selectivity is achieved mainly through manipulation of injec-
tion parameters (time and electrolyte content), applied voltage, and 
electrolyte buffer type, concentration, and pH. These conditions 
require careful optimization during method development (Garcia and 
Shihabi, 1993a,b; Shihabi, 1993) to both optimize the separation and to 
insure that sample matrix effects on analyte migration time and 
quantitation are minimized. The major disadvantage of CZE for 
analysis of biological samples is the tendency of proteins in the 
sample to adhere to the walls of the silica capillary and affect 
subsequent injections, causing problems with later electropherograms 
and requiring frequent capillary washes. 

MEKC is typically more amenable than CZE to direct injection of 
biological samples with little or no sample preparation. This is due to 
solubilization of proteins by micelles, which eliminates protein-capil-
lary interactions and improves the consistency of analyte migration 
time (Nishi and Terabe, 1990; Nishi et al, 1990). MEKC also offers a 
wider variety of operating parameters to use in method optimization, 
since separation depends on both analyte ionic character and hydro-
phobicity. In MEKC, the analyst manipulates all of the parameters 
listed previously for CZE, and can also optimize the type and concen-
tration of both the micelle and, if used, additives such as organic 
modifiers and salts (Lee et aL, 1993). It is more of a challenge to bal-
ance these additional parameters, but MEKC broadens the variety of 
analytes amenable to CE to include nonionic species. In cases where 
difficulties are encountered with both CZE and MEKC, polymeric 
modifiers, cyclodextrin-polyethylene oxide-polydextran) can be added 
to the electrolyte buffer to accomplish separations (Soini et al, 1994). 
An alternative to such rigorous method development is to attempt 
the cancellation of matrix effects by preparing standards in the 
biological fluid matrix, but this is useful only when the matrix does 
not cause electrophoretic interference. 

The majority of the CE literature of biological samples encompas-
ses work with serum, plasma, saliva, and urine. Forensic, diagnostic, 
or therapeutic investigations of hair (Tagliaro et al., 1993), cere-
brospinal fluid (Hiraoka et al., 1994), renal tissue (Fig. 12) (Phillips -
and Kimmel, 1994), tumor cells (Shao et al., 1994), brain tissue (Yoo 
et al., 1993; Schmerr et al., 1994) (Figs. 13 and 14), and drain fluid 
from the lungs (Wolfisberg et al., 1993) have also been reported. 
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Fig. 12. Capillary electrophoresis of microdissected renal glomerular 
tissue extracts following filtration through (A) an Mr 30,000 
cut-off membrane filter and (B) an Mr 10,000 cut-off 
membrane filter. Separation performed in a 75 cm (60 cm 
to detector) X 75 |im i.d. polyimide-coated capillary at 15°C. 
Voltage: 27 kV; buffer: O.IM phosphate, pH 7.0; detection 
at 200 nm, 0.02 AU. Peaks: 1 = IL-6; 2 = ylFN; 3 = TNFa; 
4 = IL-1; 5 = IL-8; 6 = KANTES (Regulated on Activation, 
Normal T-cell Expressed and Secreted); 7 = MCP-1 
(monocyte chemotactic protein-1). (Reproduced with 
permission from Phillips and Kimmel, 1994). 

CH|ON 

CNOH 

CHOH HC-CHOH / Stearic sphingasine 
acid 

[c] H 
Fig. 13. Structures of some representative brain gangliosides. 

GMI : 1,11, HI, IV, A. Goia: I, II, HI, IV, A, B. Gnib: I, 
II, III, IV, A, C. Grib: I, II, III, IV, A, B, C. (Reproduced 
with permission from Yoo et al., 1993). 
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Fig 14. Electropherograms of gangliosides 
in biological matrices: (A) deer 
antler; (B) apricot seed; (C) rat 
brain. Conditions: . Peaks: I = 
GMI; I I =GDia; III = Goib. (Repro-
duced with permission from Yoo, 
etal, 1993). 

4,4, Routine Applications in Pharmaceutical Analytical Laboratories 

Since capillary electrophoresis in its many forms is essentially a 
rather young technique, any applications involving analytes of phar-
maceutical interest have generally been considered sufficiently inter-
esting for publication. However, it has not necessarily become clear 
exactly in what ways CE will displace LC and/or become favored as 
the separation method of choice in the pharmaceutical laboratory. 
The technique certainly has many possibilities, but LC is an estab-
lished technique (as outlined in Table 5) while CE is relatively new. 
Whether the advantages will be seen to provide benefits of significant 
quality to warrant replacing current techniques remains to be seen. 
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Table 5. Capillary Electrophoresis Techniques Compared to those of 
Liquid Chromatography in the Pharmaceutical Industry. 

Rapid sample throughput, speed of analysis (CE+) 
Amoimt of sample required for analysis (CE+) 
Amount of reagent required to complete analysis (CE+) 
Improved automation (LC+) 
Ease of training in use of technique (LC = CE) 
Reproducibility of technique (instrument-to-instrument, 

capillary-to-capillary) (LC+) 
Ease of transfer of the technology from the development 
laboratory into the commercial support laboratory (LC+) 
Ease of maintenance of instrumentation (CE = LC) 
General applicability to many products (LC+) 
Regulatory acceptance (LC+) 

An important aspect will be the acceptance in full by worldwide 
regulatory agencies and pharmacopoeias. This is not necessarily as 
straightforward as it might sound. It should be noted that FDA 
laboratories are publishing their observations on the use of the 
technique (Flurer, 1995). This study illustrated the use of CE for the 
identification and quantification of selected aminoglycoside antibiotics 
and suggested it as a potential alternative method to the assays given 
by the U.S. Pharmacopoeia. This trend can be considered an impor-
tant step forward in CE methodology acceptance. Numerous papers 
have been published on other applications. To find the application for 
a specific drug tjrpe or particular condition, we suggest a search of the 
current literature. Table 6 provides some examples of other pharma-
ceutical analytical challenges that have been addressed using various 
forms of capillary electrophoresis. 

4.5. Future Trends. 

The use of capillary electrophoresis in the pharmaceutical 
industrial laboratory will expand as research and development 
laboratories continue to demonstrate applications. As with most 
techniques in an industrial setting, it will be necessary to prove that 
capillary electrophoresis provides an adequate competitive advantage 
for the development of new chemical entities. Since the major ana-
lytical technique in the laboratory is liquid chromatography in its vari-
ous forms, it is in response to the disadvantages of this technique that 
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Table 6. Additional Examples of Capillary Electrophoresis in Pharma-
ceutical Development 

Application in Pharmaceutical Development 

Methods to Evaluate and/or Improve the 
Accuracy of CE for the Quantitative Analysis 
of Pharmaceuticals and Related Substances 

Development and Validation of Methods for 
Determination of Ions as Counter-ions and 
Impiuities in Drug Substances, in Drug 
Products, and in Biological FMds 

Comparison of Liquid Chromatography and 
Capillary Electrophoresis Applied to 
Pharmaceutical Analysis 

Determination of Impiuities in Drug 
Substance 

Applications to Dosage Forms, including 
Excipients and Preservatives 

Applications to Pharmaceutical/Biotech-
nology Projects 

Reference 

1. 
2. 

3. 

4. 

5. 

1. 
2. 
3. 
4. 
5. 
6. 

1. 
2. 
3. 

4. 

1. 
2. 
3. 
4. 

5. 

1. 
2. 
3. 
4. 
5. 

1. 

2. 

3. 

Altria (1993a) 
Jxmappanen and 
Riekkola (1995) 
Hettiarachchi and 
Cheung (1993) 
Taylor and Reid 
(1994) 
Bechet et al. (1995) 

Swartz (1993) 
Wue^aZ. (1993) 
Janini et al. (1994) 
Altria ê  a/. (1994) 
Nair and Izzo (1993) 
Harrolde^a/. (1993) 

Cheung e^aZ. (1993) 
Lozano et al. (1995) 
Wilhams et al. 
(1993) 
Corran and Sutcliffe 
(1993) 

Dawson et al. (1995) 
Altria (1993b) 
Hsieheia/. (1994) 
Shah and Quinones 
1995) 
Qin et al. (1992) 

Dang e^aZ. (1993) 
Tsai et al. (1992) 
Ling eiaZ. (1992) 
Fanali et al. (1992) 
Bullock (1993) 

Watson and Yao 
(1993) 
Langenhuizen and 
Janssen (1993) 
Hughes and 
Richberg (1993) 
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capillary electrophoresis will compete. As establishment of capillary 
electrophoresis in the pharmaceutical laboratory will require a 
significant monetary investment, it would be most useful to 
demonstrate saving of analysis time and resources. In addition, there 
can tend to be a "foUow-the-leader" mentality in this industry, so it 
will be necessary to demonstrate that the technique is sanctioned by 
regulatory authorities worldwide as an acceptable analytical method. 
In certain applications, such as those described in above, this has 
been successfully accomplished. For CE to expand its usage and 
become as ubiquitous in the pharmaceutical analytical laboratory as 
liquid chromatography, a significant amount of communication 
concerning the technique and definitive proof that this is indeed a 
better mousetrap will be required. 
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Single Cell Analysis and Mcrodialysis Sampling 
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1. Introduction to in vivo Analysis 

The use of capillary electrophoresis (CE) to monitor biological 
events is an expanding area. CE has been used for monitoring diTigs 
and their metabolites in tissue as well as endogenous compounds in 
single cells. Recently, CE has been employed for both on-line and off-
line analysis of microdialysis samples. This chapter will provide a 
discussion of recent advances in the use of CE for in vivo analysis. 

Many pharmaceutical and biomedical scientists conduct studies 
using whole animals, tissue homogenates, isolated organs or tissue 
culture. Each level of biological organization offers differing types of 
in vivo information. The higher levels provide information on the 
complex biochemical interactions occurring between cells, tissues and 
even whole organs. However, such information may be difficult or 
impossible to interpret fully due to the highly interdependent nature 
of these interactions. As a result, a biological process under study 
may be observed or even quantitated in a whole animal, yet funda-
mental questions regarding the origin or progression of a process may 
not be easily understood or explained. 

Studies at lower levels of biological organization, such as tissue 
culture, can provide information that is more easily interpreted but 
does not account for all potential interactions and thus may not 
necessarily supply a complete model of the actual in vivo process. 

467 
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Obviously, complete knowledge of the chemical and biochemical 
mechanisms of important biological processes such as genetic control 
of disease, immune regulation, and the aging process is not achiev-
able. However, obtaining clear cause and effect relationships at the 
cellular level will provide a great deal of insight into many biological 
processes. Once cellular data are obtained, more complex inter-
actions such as those between heterogeneous cell types within a 
tissue, communication among cells and, eventually, interorgan 
associations could be incorporated into the model describing the 
biological process. A wide variety of analytical tools are needed to 
help provide in vivo information at different levels of biological 
organization. These include: 

1. tools for the determination of analytes at systemic levels, 

2. tools for determination of specific tissue levels of analytes within 
a living animal, and 

3. tools that permit the study of the biotransformation of sub-
stances within isolated organs, tissues or cells. 

2. Definitions 

Pharmacokinetics is the study of the temporal profiles of in vivo 
drug absorption, distribution, metabolism and excretion (Gibaldi and 
Perrier, 1982). In the study of drug absorption, pharmacokinetics can 
be utilized as a quantitative tool to improve the design of biological 
experiments and clinical treatments. This is because pharmaco-
kinetics sheds light upon the relationship between the dosage param-
eters of a drug and its ultimate efficacy (or toxicity). The clinical appli-
cation of pharmacokinetics reduces the uncertainty inherent in the 
dosage/efficacy relationship. Similarly, pharmacokinetic studies can 
provide useful information concerning the absorption and elimination 
of a drug. In order to gain access to this important information, how-
ever, analytical methodologies capable of accurately determining drug 
and metabolite species in a biological matrix are required. 

Drug metabolism and distribution studies can also benefit from 
improved methods of in vivo analysis. The body chemically modifies 
foreign compounds (including drugs) in an attempt to enhance the 
detoxification and elimination of these species. For example, some 
species that are ultimately carcinogenic are not carcinogenic in the 
original form in which they enter the body. These species are 
metabolized by normal "detoxication" pathways to reactive intermedi-
ates that are responsible for deleterious effects (Horning, 1983). Toxi-
city resulting from the formation of reactive intermediates during the 
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metabolic process is of particular interest to the pharmaceutical and 
biomedical community. 

Because much of the neurochemical functioning of the mammal-
ian brain remains an enigma, workers in the neurosciences also 
benefit from improved methods of in vivo analysis. Two very signifi-
cant areas of neurochemical study currently relate to the basic func-
tioning of the neurotransmission process itself and the relationship 
between neurotransmission and behavior in an unperturbed animal. 
Several authors have described the anal3^ical challenges inherent in 
the study of neurochemical systems (Adams, 1976; Justice, 1987; 
Wightman et aL, 1988). 

It is clear that in vivo analytical techniques have an impact upon 
a wide variety of scientific disciplines and that improved in vivo ana-
Ijrtical methods will provide many benefits to society. 

2.1, Goals and Motivations for in vivo Analysis 

An ideal in vivo monitoring system would incorporate a number of 
characteristics, such as: 

1. Analytes involved in biological processes will be monitored 
with suitable accuracy and precision. 

2. The temporal resolution of the in vivo monitoring systems 
will be significantly greater than the frequency of the bio-
logical process. 

3. The in vivo monitoring system must be applicable to many 
analytes with suitable sensitivity. 

4. The biological system under study must be perturbed only 
minimally during the experiment. 

5. The in vivo monitoring system should be automated and 
should minimize the need for sample preparation. 

6. The in vivo monitoring system should have the capability to 
probe multiple physiological sites in an animal simultaneously. 

7. The in vivo probes should be small enough to provide suffici-
ent spatial resolution to monitor chemical events in hetero-
geneous tissue (e.g., the brain). 

No analytical device currently possesses all of these character-
istics, although advances have been made toward the general goal of 
improved in vivo analysis. 
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2,2. Classical in vivo Analysis 

The types of analytical techniques utilized for analysis of in vivo 
species vary considerably with the region of the body involved and the 
compounds being studied. The physiological nature of the biological 
process of interest also has a bearing upon the technique required. 
This section will focus on classical methods of obtaining in vivo infor-
mation in neurochemistry and pharmacokinetics/drug metabolism. 

2,2,1, Neurochemistry 

The study of the functioning of the central nervous system poses 
a number of complex scientific questions, for example: What chemi-
cal species are involved in the neurotransmission process? What are 
the in vivo concentrations of these species and in which specific 
regions of the brain are these species found? At what rates do the 
processes of neurotransmitter release, uptake and metabolism occur? 
How do external stimuli and observed behavior correlate with 
neurotransmitter dynamics, which occur on sub-second time scales? 
It is not surprising that a single analytical method cannot provide 
answers to such a wide variety of difficult questions. 

Dynamic chemical processes such as neurotransmitter uptake 
and release are commonly probed via techniques such as in vivo 
voltammetry (Adams, 1976; Wightman et al,, 1988) and implanted 
ion-selective electrodes (Ammann, 1986). These techniques provide 
sub-second response and analysis times compatible with the transient 
nature of the neurotransmission process. One drawback of this 
approach is that any electroactive species within the extracellular 
fluid (ECF) of the brain can potentially interfere with the determina-
tion since no physical separation of analyte from matrix is performed. 
Several advances have been made using selective membranes and 
waveforms. However, this chapter will focus not on methods for 
obtaining highly transient chemical information using single analyte 
biosensors but on CE-based techniques that provide excellent chemi-
cal selectivity with somewhat less rapid temporal resolutions. 

Obtaining chemical information with less stringent temporal 
restrictions, such as determining the identity and average concentra-
tion of species present in a specific region of the brain over a given 
length of time, is generally best addressed via a dialysis or perfusion 
sampling methodology in conjunction with an analytical separation 
and detection system. Such methods provide the excellent selectivity 
necessary for the unambiguous identification of analytes. However, 
temporal resolutions are limited, and these methods are normally 
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restricted to tracking processes with times scales on the order of five 
minutes to several days. 

Sampling and analyzing compounds from within specific regions of 
the brain can be an extremely challenging task. Because the brain is 
quite heterogeneous, neurochemists may wish to sample from very 
small, deeply buried locations. Early methods of determining the 
concentration of a given species within a brain region consisted of 
sacrificing the animal, surgically removing the desired region, homog-
enizing the tissue, and analyzing the resulting mixture. This 
approach has clear disadvantages in terms of monitoring dynamic 
processes. Death and dissection of the animal can affect the observed 
concentrations of the analytes. It can also be difficult to accurately 
determine concentration of analytes within discrete brain regions. 

In order to circumvent problems with tissue sampling, perfusion 
and dialysis sampling techniques were developed. One of the earliest 
perfusion sampling devices was the cortical cup (Dodd and Bradford, 
1974). It consisted of a cylinder filled with artificial cerebral spinal 
fluid (ACSF) firmly positioned against the cerebral cortex of the 
experimental animal. Analyte species within the cortex diffuse into 
the ACSF and are then collected for analysis in a periodic or continu-
ous fashion. The technique is relatively convenient and can be used 
on awake animals. However, due to the design of the apparatus, 
studies of structures deep within the brain cannot be performed. The 
temporal resolution of the method is 10-20 min per sample. 

An alternate method is push-pull perfusion (Fox and Hilton, 1958; 
Gaddum, 1961; Delgado, 1962). One common design of the push-pull 
cannula consists of a concentric arrangement of two tubes, one being 
somewhat shorter than the other. Two pumps are used to control 
the flow of ACSF through the cannula. One delivers ACSF into the 
brain region while another withdraws it at an equivalent rate. This 
technique can be used to probe deep brain structures in awake 
animals. However, the turbulence and flow associated with the 
pumping of liquid directly upon exposed cells increases tissue trauma 
near the tip of the cannula. The temporal resolution of this method 
is on the order of 5-20 min per sample. 

Dialysis-based sampling techniques were developed to address 
some of the perceived shortcomings of push-pull perfusion methods. 
Early dialysis measurements consisted of implanting a macroscopic 
semi-permeable dialysis sac filled with isotonic saline in the brain of 
the experimental animal (Bito et al., 1966). Species equilibrated 
through the dialysis membrane and were collected within the sac. At 
the desired sampling time, the sac was surgically removed and its 
contents analyzed. This method is limited to obtaining a single 
sample per experimental animal and, due to its integrative nature, 
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provides poor temporal resolution. An improved version of this tech-
nique is microdialysis, in which a hollow dialysis fiber is implanted 
within the brain and perfused with ACSF. Species equilibrating across 
the fiber membrane are collected off-line as discrete volume samples. 

2.2.2. Metabolism and Pharmacokinetics 

Classical metabolism studies of drugs and other xenobiotics have 
often been conducted in tissue preparations. Samples are analyzed at 
discrete time intervals to provide information on the formation of 
metabolic products. However, because cellular compartments are 
ruptured during the homogenization of the prepared tissue, the drug 
may interact with enzymes or other species in the tissue preparation 
that it would not normally have encountered in vivo. Such inter-
actions may have a dramatic effect on the outcome of the experiment. 
Another limitation of tissue preparations is that they cannot account 
for the many interactions affecting drug metabolism that occur 
between different tissues and organs. 

The pharmacokinetics of a drug are most commonly determined 
by delivering a known dose of the drug to an experimental animal 
and subsequently removing blood samples at discrete time intervals. 
These blood samples are then analyzed for drug content to provide a 
concentration versus time curve for the drug. Typically, total drug 
levels rather than the more physiologically relevant free non-protein 
bound drug levels are determined. Also, enzymatic degradation of 
the drug can occur during sample collection and storage, complicating 
the interpretation of the data. A related problem is that in order for 
samples to be separated by liquid chromatography (LC) or other 
methods, a protein precipitation step is generally needed prior to 
analysis. 

To investigate tissue levels of a drug as a function of time, the 
classical approach is the sacrifice of one or more experimental 
animals at each temporal point upon the concentration-time curve. 
The tissue is then surgically removed and analyzed for drug content. 
Clearly, the use of experimental animals should be minimized for 
financial and ethical reasons. Better precision can also be obtained by 
carrying out the entire pharmacokinetic experiment in a single 
animal, since substantial animal-to-animal variation in metabolism of 
the drug may exist. As seen here, an opportunity exists for improved 
analytical techniques that can provide in vivo analyses for both 
neurochemical and pharmacokinetics/drug metabolism studies. The 
use of microdialysis sampling as an in vivo analysis method will now 
be described. 
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2.3. Introduction to Microdialysis 

Microdialysis sampling is an in vivo perfusion sampling technique 
useful for monitoring the extracellular chemistry of selected physio-
logical regions. It was initially investigated by Bito et al. (1966) and 
Delgado et al. (1972) and developed in its modern form by Ungerstedt 
et al. (1982). A number of excellent reviews detailing the principles 
and applications of microdialysis have appeared (Ungerstedt and 
Hallstrom, 1987; Benveniste, 1989; Benveniste and Hiittemeier, 
1990; Lonnroth and Smith, 1990; Bamberger et al., 1991; Lonnroth, 
1991; Lunte et al, 1991; Ungerstedt, 1991; Westerink, 1992). To 
conduct microdialysis sampling, a 1-4 mm length of hollow, semi-
permeable dialysis tubing (0.3 mm dia.) is implanted in the biological 
tissue of interest. Capillary tubes are connected to the ends of the 
hollow membrane and are used to perfuse physiological salt solutions 
through the tubular membrane. The flow turbulence associated with 
the perfusate is now completely contained within the dialysis 
membrane. Thus, there is minimal trauma to the tissue after the 
initial implantation of the probe. Low molecular weight substances in 
the extracellular space diffuse into the interior of the probe and are 
carried away, much as if the dialysis probe were functioning as a 
capillary blood vessel. In addition, it is possible to deliver a substance 
to a specific organ or tissue by including the substance of interest in 
the perfusing fluid. The perfusing fluid is collected externally and the 
concentration of the species of interest determined. Temporal infor-
mation is obtained through correlation of the analyte concentration 
with its collection time. 

Microdialysis is carried out by first implanting a dialysis probe 
within the organ or tissue of interest. A number of different micro-
dialysis probes exist. The most popular design is the concentric 
probe, shown in Fig. 1. Others include the flexible probe, linear and 
shunt designs. The probe body is composed of an inert material such 
as stainless steel or fused silica. Commonly used dialysis membrane 
materials include polycarbonate, polyacrylonitrile, and regenerated 
cellulose. Molecular weight cutoffs of 5 to 20 kD are common. 

Perfusate compositions that precisely match the composition of 
the ECF being sampled are generally utilized. It is also possible to 
include a drug species in the perfusate to achieve local delivery of the 
species to a specific tissue. Metabolites can then be recovered via the 
same probe or another probe placed in close proximity to the first. 
Such an experiment provides information on local metabolism with-
out delivering a systemic dose of the drug. 
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Fig. 1. Design of a concentric microdialysis probe. Species 
in the extracellular space equilibrate across the 
dialysis membrane and are collected in the 
dialysate leaving the probe. (Reproduced with 
permission from Ungerstedt, 1991.) 

Microdialysis experiments require a system for animal restraint 
and handling (especially for studies with awake animals) and a high-
precision syringe pump for delivery of the perfusate. Analysis may be 
performed off-line or on-line. For off-line analysis, the sample collec-
tion system may involve simply capturing dialysate in microvials or 
may include the use of a refrigerated fraction collector. On-line 
analysis of microdialysis samples requires a valve or interface to 
couple the microdialysis system directly to the analysis system and 
will require some form of central control unit, typically a microcom-
puter. A typical experimental apparatus for microdialysis studies is 
shown in Fig. 2. 

Several important points are relevant to the overall success of 
the microdialysis experiment. The rate of diffusion of the analyte 
from the extracellular space into the probe body is dependent upon 
the flow rate of the perfusate. For this reason, a highly stable 
(generally low) flow rate must be employed in order to obtain quanti-
tative and reproducible estimates of the concentrations of the ana-
lytes within the in vivo environment. Well-regulated syringe pumps 
are thus required. 
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Fig. 2. System for on-line microdialysis sampling and analysis. 1, 
Dialysis probe; 2, "Bee Keeper" container; 3, syringe pump; 4, 
switch for changeover to new syringe; 5, on-line injector; 6, 
presentation of data as a pharmacokinetic curve. (Reproduced 
with permission from BAS, West Lafayette, IN.) 

Studies on awake, freely moving animals require animals to be 
housed in an awake animal system in order to permit free range of 
motion while making it impossible for the animal to destroy the 
implanted probe or its associated tubing. Studies on anesthetized 
animals are much simpler since the behavior of the animal need not 
be considered; however, it is known that anesthetics can have signifi-
cant effects upon pharmacokinetics of drugs or levels of neurotrans-
mitters. Anesthetized animals should be placed on a heating pad or 
under a heating lamp to help maintain proper body temperature dur-
ing the experiment. 

In order to obtain data that accurately reflect in vivo conditions, 
the microdialysis sampling system should maintain the temporal 
integrity of the sampled dialysate. Therefore, mixing of the dialysate 
stream must be minimized and care should be exercised in the selec-
tion of the tubing, valves and connecting fittings to minimize extra-
column zone broadening and dispersive effects. 

One substantial analytical advantage of microdialysis sampling 
over biosensors is that samples collected off-line may be analyzed by 
any suitable analytical technique, or even by multiple techniques. A 
number of separation and detection methods, including LC, CE, mass 
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spectroscopy (MS) (Deterding et al,, 1992; Caprioli and Lin, 1994), 
immunoassay (Maidment et al,, 1989) and enzymatic techniques (Roda 
et al., 1991; Van der Kuil and Korf, 1991; Boutelle et al., 1992 have 
been used for the analysis of microdialysates. The most commonly 
employed method is LC with electrochemical or fluorescence detec-
tion. It is often used for studies of brain chemistry, for example in the 
analysis of neurotransmitter species such as dopamine, norepineph-
rine, y-amino butyric acid (GABA), aspartate, glutamate, and taurine. 

2.4. Calibration 

Quantitatively relating the concentrations of species in the dialy-
sate to the actual extracellular concentration in the region sampled is 
not a trivial matter. Microdialysis does not obtain actual samples of 
the EOF, so the system must be calibrated to provide accurate abso-
lute in vivo concentration values. The challenge involved in deter-
mining the actual concentrations of analytes present within the organ 
of interest lies in the fact that the analytes are collected as they 
diffuse through a semipermeable membrane due to the influence of a 
concentration gradient. The dialysate and the extracellular environ-
ment are not in complete equilibrium. Recovery of analyte across the 
probe is customarily not 100%. Therefore, the concentration of ana-
lyte in the collected perfusate is generally a fraction of the concen-
tration in the ECF. The final concentration of analytes within the 
collected dialysate will depend upon a number of physical parameters 
such as perfusion flow rate; surface area; molecular weight cutoff and 
composition of the dialysis membrane; the temperature and diffusive 
characteristics of the tissue in which the probe is implanted; the 
elapsed time from probe implantation to onset of the experiment; the 
rate of metabolism and transport of the analyte through the tissue; 
any "drainage" or depletion of the analyte from within the environ-
ment surrounding the probe due to the effects of the probe itself; and 
the physical and chemical properties of the specific analyte species. 

Relative recovery is defined as the ratio of analyte concentration 
in the collected dialysate to its concentration in the extracellular envi-
ronment (Zetterstrom et al., 1982). Absolute recovery is defined as 
the mass of analyte recovered from the dialysate per unit time. 
Unless otherwise indicated, the term recovery as used herein will 
refer to the relative recovery. 

The most dramatic and easily controlled experimental parameter 
that affects recovery is the perfusate flow rate. Recovery is inversely 
and exponentially related to flow rate, as seen in Fig. 3. The absolute 
recovery, or the flux across the membrane, does not increase 
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dramatically at flow rates above the 2-3 |il/min region. However, at 
very high flow rates, there can be a loss of analyte due to 
ultrafiltration. The relationship of flow rate and recovery is especially 
important as it affects the temporal resolution of microdialysis. The 
slower the flow rate, the more concentrated the sample, but also the 
less sample per unit time. High flow rates provide larger volumes 
per unit time, but the analyte in the dialysate is less concentrated, 
putting more stress on the analytical method. Analysts typically 
must choose between improving temporal resolution through the use 
of increased perfusate flow rates or improving detectability by 
lowering perfusate flow rates to increase recovery levels. 
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Fig. 3. Relationship between relative recovery and 
perfusate flow rate. Low perfusate flow 
rates (roughly 1 |Lil\min) are required to 
maintain high probe recoveries. (Reproduced 
with permission from Wages et al., 1986.) 
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2,5, Applications of Microdialysis 

Many early applications of microdialysis involved neurochemistry. 
Microdialysis was developed for neurochemical applications for 
several specific reasons. The cell layer between the interior of the 
blood vessels within the brain and the brain itself, known as the 
blood-brain barrier, prevents the rapid transport of most hydrophilic 
species between the brain interstitial space and the bloodstream. 
Thus, chemistry in the brain, unlike in other organs, cannot be 
monitored by collecting blood samples. Another complicating factor in 
neurochemical analysis is that the brain is known to be very hetero-
geneous. Each site may control different physiological functions and 
possess differing extracellular chemical concentrations. Gathering 
accurate chemical information regarding the extracellular composi-
tion of these complex sites requires a method such as microdialysis, 
which provides good spatial and temporal resolution. 

2,6, Offline Analysis Of Microdialysis Samples by CE 

A number of groups have demonstrated the application of 
capillary electrophoresis (CE) separations to the analysis of collected 
microdialysis samples. Hernandez et al, (1991) evaluated the perfor-
mance of off-line CE separations for the calibration of microdialysis 
probes used in the study of the effects of cocaine, lidocaine and 
procaine delivered locally to the nucleus accumbens of a rat. The 
effects of the delivered species on dopamine levels were assessed by 
collecting dialysate samples at 20 min intervals and determining the 
dopamine by LC with electrochemical detection. Capillary electro-
phoresis with electrochemical detection (CEEC) has been used for the 
analysis of i.v. microdialysis samples collected for pharmacokinetic 
studies of L-dopa in the rat (O'Shea et al,, 1992a). The detection limit 
for L-dopa was 3.9 ng/ml (98 amol). The method exhibited the poten-
tial for improved temporal resolution relative to LC analysis, as only 
nanoliter volumes of sample were injected, though in this study 
samples were collected at 5 min intervals. 

O'Shea et al, (1992b) also utilized a CEEC system to determine 
extracellular levels of aspartate, glutamate, and alanine in micro-
dialysis samples from rat brain. The amino acids were derivatized off-
line with naphthalene-2,3-carboxaldehyde. The method was used to 
monitor changes in levels of excitatory amino acids upon an influx of 
a high K^ concentration in the microdialysis perfusate. Temporal 
resolution was again 5 min per sample. Fig. 4 shows the effectiveness 
of this technique in providing this information. 
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Fig. 4. Concentration-time curves of (A) alanine and glutamate 
and (B) aspartate in rat brain. Amino acids were deriva-
tized off-line with naphthalenedialdehyde (NDA) and 
analyzed via CE-EC. The arrow indicates application of 
potassium stimulation. (Reproduced with permission 
from O'Shea et aL, 1992b.) 

Tellez et al, (1992) described the use of CE for the off-line analysis 
of microdialysis samples collected for pharmacokinetic studies of 
phenobarbital. Probes were implanted in both the blood and brain of 
a rat, and pharmacokinetic curves were obtained simultaneously. 
Temporal resolution was 10 min. Hernandez has performed the 
analysis of aspartate and glutamate in brain microdialysates in less 
than 2 min (Hernandez et aL, 1991). 

More recently, Malone et aL (1995) reported the use of CEEC to 
determine the release of kynurenine and tryptophan in rat brain. 
The application of CEEC as the analysis system permitted the use of 
slow flow rates and, therefore, higher recoveries in the dialysis probe 
(72.5% for tryptophan). Temporal resolution was 15 min/sample. 
Once basal levels were determined, a 100 mg/kg of tryptophan was 
administered i.p., and the increase of tryptophan and kynurenine in 
the ECF was monitored. Tryptophan was found to increase three- to 
fourfold following loading, and a concentration of 2-3 mM (n=3) was 
reached approximately 90 min after administration. 

The use of CE for the off-line analysis of collected dialysate 
samples does have some advantages over LC. CE separations are 
typically of higher resolution and are more rapid and CE also requires 
only nanoliters of injected sample in order to conduct a separation. 
Therefore, the same 5 |il sample can be analyzed several times with-
out appreciable loss of volume. Due to its small sample volume 
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requirements, CE has the potential to dramatically improve the 
temporal resolution of microdialysis experiments. However, a system 
for handling the sub-microliter samples would be necessary. This can 
be accomplished using on-line microdialysis-CE. 

2.7. On-line Analysis Of Microdialysis Samples 

Off-line analysis of microdialysis samples is limited by the sample 
volume requirements of the analytical method. For conventional 
HPLC, approximately 10 |il of sample is usually needed for analysis. 
In order to maintain high recoveries of analyte, the perfusate flow 
rate must be kept low, typically on the order of 1 |il/min. Therefore, 
if a 10 |il sample is needed for the analyses, the temporal resolution is 
10 min. 

On-line analysis allows the manipulation of smaller volume 
samples. In 1986, Wages et al. reported using a microbore (1 mm 
i.d.) LC column for on-line analysis of dialysate samples obtained from 
rat brain using a push-pull perfusion system. The small sample vol-
ume requirements of the system allowed the use of flow rates of 0.1 
|Lil/min. These very low flow rates produced recoveries of dopamine of 
over 90%. These enhanced recovery levels significantly improved the 
detection of dopamine, which is present in the extracellular space at 
the 10-50 nM level. Extensions of this basic on-line microdialysis-
micro-LC concept now allow the routine measurement of 20 nM 
dopamine in freely moving animals at sampling intervals of 5 min 
(Church and Justice, 1987). Rapid sampling intervals such as these 
are important for the characterization of transient biological 
processes, such as the release of neurotransmitters during behavioral 
experiments. Recently, microdialysis has been coupled to fast micro-
bore LC for pharmacokinetic studies. Separations of 40 s have been 
reported (Chen and Lunte, 1995). Although a 500 nl sample loop was 
used, the sample volume required for reproducible injections was 1.5 
III. In this case, the temporal resolution is limited by the separation. 

2.8. Analysis of Microdialysis Samples with On-line CE Separations 

In order to permit the automated analysis of nanoliter volumes of 
biological fluids, a on-line microdialysis-CE system is required. The 
first on-line microdialysis-CE system was reported by Hogan et al. 
(1994). The experimental layout of such a system is shown in Fig. 5. 
A microdialysis sampling system perfuses the probe with perfusate 
supplied by pump 1, collects dialysate from the experimental animal 
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Fig. 5. Experimental arrangement of on-line microdialysis-CE 
system. Dialysate from the probe fills the valve sample 
loop, which is flushed by buffer from pump #2 at each 
sampling interval. Dialysate plug is flushed to the 
interface where a fraction of the plug is injected onto 
the CE system for separation and laser based detection. 
See text for details of equipment. (Reproduced with 
permission from Hogan et al., 1993.) 

and then fills the 60 nl loop of a LC sampling valve with the dialysate. 
Fresh CE running buffer is continually flushed through the second 
loop of the valve and through the transfer line leading to the 
interface by pump 2. At specified periods, the valve is switched and 
the 60 nl bolus of dialysate is flushed by the flowing CE buffer stream 
to the interface. An expanded view of the interface is shown in Fig. 6. 

The injection interface consists of a reservoir containing the elec-
trophoretic buffer into which the CE capillary and transfer line are 
placed. The capillaries are aligned so that effluent from the transfer 
line continuously flushes across the face of the CE capillary. Repro-
ducible alignment of the capillaries in the interface is provided by a 
set of four guide tubes. The gap between the capillaries is maintained 
at 50 |im and can be measured directly via optical microscopy. Opti-
mization of interface parameters such as interface geometry, transfer 
buffer flow rate, and valve switching interval has been accomplished. 
The valve and interface described allow the efficient sampling of 
nanoliter volumes of dialysate collected directly from an in vivo 
setting. 
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Fig. 6. Expanded view of interface between microdialysis sampling 
system and CE separation system. Plug of dialysate is 
flushed across the orifice of CE column where a portion of 
sample is injected electrophoretically onto the column. 
Remainder of sample is flushed out of the 50 |im gap 
between transfer line and CE capillary. (Reproduced with 
permission from Hogan et al., 1993.) 

As the sample exits the transfer line, it is automatically injected 
electrophoretically onto the CE capillary which is operating continu-
ously at high voltage. The running voltage of the CE system does not 
necessarily require adjustment during the injection process and is 
typically held at -25 to -30 kV. The analytes are injected at the 
grounded electrode of the CE system. Consequently, the injection 
valve and transfer line are not at high potential and no voltage gradi-
ent exists within the transfer line. 

On-line microdialysis-CE has been used for the determination of 
the pharmacokinetics of a novel antineoplastic agent, 3-amino-l,2,4-
benzotriazine-l,4-dioxide (SR4233), using laser-induced fluorescence 
detection. Resolution of SR4233 from its main metabolite, 3-amino-
1,2,4-benzotriazine-l-oxide (SR4317), was accomplished in 60 s, with 
total sampling time and temporal resolution at the 90 s level as 
shown in Fig. 7. The entire pharmacokinetic curve for the parent 
drug can be obtained in this fashion, as shown in Fig. 8. 

The temporal response of the coupled microdialysis-CE system 
was tested by the use of rapid in vitro concentration shifts at the 
probe. The system was able to faithfully monitor essentially instan-
taneous concentration changes at the probe with sampling intervals 
at the 90 s level. Elapsed time from the occurrence of a specific event 
within the rat to the monitoring of that event by the microdialysis-CE 
system is on the order of 5-7 min. 
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Fig. 7. Typical results from on-line microdialysis-CE system. 
A, Electropherogram obtained prior to dosing of animal; 
B, electropherogram obtained after 4 mg/kg dose of 
SR4233 to animal. Peak 1, SR4233; Peak 2, SR4317. 
(Reproduced with permission from Hogan et al., 1993.) 
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Fig. 8. in vivo pharmacokinetic results obtained from on-
line microdialysis-CE system. Typical concentra-
tion-time curve obtained for a 4 mg/kg dose of 
SR4233 in the anesthetized rat. (Reproduced with 
permission from Hogan et al, 1993.) 
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This work demonstrates physical separation and quantitation of 
analytes from an in vivo setting at sampHng rates significantly faster 
than chromatographic separation methods. Clearly, the potential for 
substantially improved separation speed exists. With further instru-
mental improvements, the microdialysis-CE system should be capable 
of providing total analysis times at the 30-45 s level. This is an 
important milestone as such an analysis time would then begin to 
reach the same temporal level as the diffusion process of the analytes 
through the extracellular space and probe membrane. Further 
instrumental improvements must be directed toward enhanced 
selectivity and resolution with maintenance of separation speed 
rather than a reduction in total retention time. 

The applicability of the on-line microdialysis-CE system described 
above is limited by the number of naturally fluorescent analytes 
available. The system utilized a He-Cd laser with an excitation wave-
length of 442 nm. In order to provide a more generally applicable 
system, Zhou et al (1995) developed a microdialysis-CE system into 
which on-line derivatization was integrated. This variation adds non-
fluorescent primary amines to the list of possible analytes that can be 
studied by this method. On-line derivatization was achieved by pump-
ing naphthalenedialdehyde (NDA) and cyanide (CN) separately into a 
premixing tee (Fig. 9). This mixture is then transferred into a mixing 
cross where the dialysate is also being introduced via sheath flow. A 
microinjection valve alternately sends the derivatized sample and the 
CE run buffer to the injection interface and ultimately to the CE 
separation column for separation and detection. In this study, aspar-
tate and glutamate from rat brain microdialysates were derivatized 
with NDA/CN and analyzed on-line at two min intervals. Changes in 
aspartate and glutamate following a 10 min high K+ stimulation were 
monitored to evaluate the response time of the system (Fig. 10). 
Nearly a fivefold increase in the responses for both aspartate and 
glutamate was observed. 

An interface previously developed by Lemmo and Jorgenson 
(1993) to couple capillary LC and CZE has been modified by Lada et al 
(1995) for use as an interface between microdialysis sampling and 
CZE. This interface is made from two steel plates separated by a 75-
mm thick polytetrafluoroethylene (PTFE) spacer and is held together 
with screws. A flow channel is created by cutting a slit in the spacer. 
The outlet of the dialysis probe is positioned directly across from the 
inlet of the CE separation capillary with the gap distance being de-
fined by the thickness of the spacer. Two additional ports allow flow 
of the electrophoresis buffer perpendicular to the dialysis and CZE 
capillaries (Fig. 11). Gating flow is maintained during a CZE run to 
provide electrophoresis buffer to the separation capillary and to pre-
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Fig. 9a. Schematic diagram of microdialysis-CE system 
with on-hne derivatization. (Reproduced v^ith per-
mission from Zhou et al., 1995.) 
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Fig. 9b. Schematic diagram of the on-line derivatization 
apparatus. Inset: Expanded view^ of on-hne reactor. 
(Reproduced w îth permission from Zhou et al., 1995.) 

vent the introduction of dialysate. Use of this system w âs evaluated 
by monitoring ascorbic acid in rat brain with UV detection at 265 nm. 
Basal levels were determined to be approximately 50 mM in the ECF. 

The two on-line systems described in this section differ mainly in 
their methods of injection. Injections on gating flow systems are 
made by stopping the gating flow with a valve and turning the elec-
trophoresis voltage off so that dialysate builds up near the separation 
capillary (10 s delay). The injection voltage is then applied (+1.0 kV 
for 10 s) to make an injection, after which the gating flow is resumed 
and the separation voltage applied. The systems previously described 
(Hogan et al,, 1994; Zhou et al., 1995) utilized a valve to send a plug of 
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10. Plot of aspartate and glutamate release during 
stimulation of brain by high K"̂ . (Reproduced 
with permission from Zhou et al., 1995.) 
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Fig. 11. Block diagram of microdialysis-CZE system with gating 
interface. (Reproduced with permission from Lada et 
aL, 1995.) 
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dialysate to the separation capillary where the separation voltage is 
continually being applied. The gating flow interface has a smaller 
dead volume than the microinjection valve, making it possible to 
perfuse the microdialysis probe at very low flow rates to achieve high 
recoveries (98%) while still having good temporal resolution. The use 
of these low flow rates eliminates many of the calibration issues. 

It is of interest to extend the on-line microdialysis-CE work 
described here to the study of the correlation between release of 
neurotransmitters and behavior on rapid time scales. Such neuro-
chemical studies could provide multiparameter information not avail-
able from biosensors, which are typically limited to the analysis of a 
single species. Such experiments require the development of alter-
nate detection modes such as electrochemical and MS to enlarge the 
number of potential analytes available for analysis. 

Application of this type of technology is not limited to study of 
pharmacokinetics or neurochemistry. The high temporal resolution 
and rapid feedback of these systems make them interesting candi-
dates for use in monitoring highly transient clinical events, such as 
those involved in trauma or surgery. Improved temporal resolution 
for microdialysis methods as discussed in this chapter will expand the 
scope of biochemical processes amenable to study by this technique. 
Of course, such instrumentation would also be suitable for the 
generation of nearly any pharmacokinetic curve, as the elimination 
half-lives of most drugs would be substantially longer than the 
roughly 1 min sampling periods discussed here. 

3. Use of CE Separation Techniques for the Analysis of Iso-
lated Biological Cells 

3,1. Introduction 

Analytical methodology has evolved for the study of the chemical 
composition and functioning of small numbers of identified biological 
cells or even of single isolated cells. The use of microseparation 
techniques such as CE for the analysis of the cytoplasmic contents of 
cells has become extremely important. 

One aim of the study of biological processes at the cellular level is 
to provide a more complete understanding of important and poorly 
understood cellular mechanisms. These would include aspects of pro-
tein synthesis, cell division and embryonic development. A thorough 
understanding of biochemical cause and effect relationships within the 
cell and throughout the body will be necessary to properly identify 
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therapeutic targets, optimize drug delivery concepts, and effectively 
eradicate pathogenic conditions while minimizing undesirable side 
effects. The study of isolated cells and tissues permits a number of 
types of investigations critical to our understanding of important cel-
lular functions. Several examples of these types of investigations are 
given in Table 1. Clearly, in order to expedite the study of complex 
and unknown cellular processes, uncontrolled cell-to-cell interactions 
must be eliminated. As fundamental understanding of intracellular 
processes develops, more complicated cell-to-cell and even inter-
organ interactions may eventually be modeled. 

Table 1. Investigations Requiring Single Cell Analysis 

1. Study of cellular property (composition, function) without 
interference from or misidentification with other cells. 

2. Study of the distribution of a cellular property among the 
cells of a given cellular population. 

3. Study of intracellular events 

Upon close inspection, it is clear that unilateral assumptions of 
biological homogeneity of tissue cannot be made. A high degree of 
cellular heterogeneity plays an important role in understanding 
fundamental health-related questions. Other examples can be drawn 
from the fields of genetics, immunology and neuroscience quite 
readily. In fact, members of the neuroscience community have been 
involved in the development of methods capable of probing the chemi-
cal basis of neuronal activity at the single cell level for over 50 years. 

3,2. Challenges to Cell Analysis 

As biological cells vary greatly in size and morphology, the 
analytical challenges inherent in the analysis of the contents or func-
tioning of isolated biological cells varies greatly. The approximate cell 
diameters and volumes, where available, of some selected biological 
cells are given in Table 2. 

Obviously, a wide range of cell diameters and volumes exists in 
nature. Many cells have important, but poorly understood functions 
that could be better elucidated with improved analysis techniques; 
however, most mammalian cells are not large enough to permit 
simple and comprehensive analyses. 
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Table 2. Cell Diameters and Volumes of Selected Biological Cells 

Cell 

Invertebrate neuron 
(Helix aspersa) [1] 
AdrenomeduUary cell [2] 
Lymphoc5rte 
Erythrocyte 
E. coli [7] 

Length 
(nm) 

125 

13-16 

8-14 [3] 

8-9 [5] 

0.7-1.5 

Volume 
(10-151) 

106 
1-2 X103 

172-204 [4] 

53-87 [6] 

0.5-1.5 

[1] Kennedy et al. 1987 [5] Weinstein, 1974 
[2] Cooper et aL, 1992 [6] Lushbaugh et al., 1962 
[3] Albritton, 1952 [7] Kubitschek, 1958 
[4] Ben-Sassone^aZ., 1974 

An analytical instrument well suited for the analysis of single cells 
or small numbers of isolated cells would possess a number of charac-
teristics. These would include: 

• Non-destructive, with in vivo capabilities 
• Detection limits compatible with levels of minor components 

present 
• Temporal response compatible with that of cellular events 
• Ability to spatially discriminate between analytes present within 

distinct cellular compartments 
• High rate of analysis to allow statistical surveys of cell populations 

Few analytical techniques can satisfy more than two of these 
restrictions, much less the entire group. However, a battery of tech-
niques having a range of useful capabilities in given situations has 
evolved. It is not possible here to survey all techniques providing 
intracellular information. 

3.3, Classical Cell Analysis Techniques 

As stated previously, neurochemists are especially interested in 
probing the biochemical and functional properties of discrete regions 
of the brain, so a battery of separation techniques for the analysis of 
single neurons has evolved. However, due to the small cell sizes of 
most mammalian neurons, it has been necessary to utilize large 
invertebrate neurons as analogous neural models of much smaller 
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mammalian neurons. Techniques such as micro-thin-layer chroma-
tography (Osborne et aL, 1973), LC (Lent et al, 1983), gas chroma-
tography (GO-MS (McAdoo, 1978) and enzymatic radiolabeling 
(McCaman et aL, 1973) have been developed to provide analytical 
information at this level. In general, these cell analysis techniques 
are of limited utility because they a) require several neurons to be 
pooled for analysis, b) require the analyst to pre-select the com-
pounds to be detected, and c) are difficult to perform. 

Analysis techniques which do not incorporate a physical separa-
tion of the cellular species can have advantages over separation-based 
measurements in terms of spatially and temporally resolved cellular 
measurements. However, a clear demand exists for separation-based 
methods that can provide multiparameter biochemical information for 
quantitative mapping and multi-analyte analysis of the contents of 
isolated cells. Obtaining quantitative chemical information regarding 
a number of unambiguously identified analytes determined simultane-
ously is of significant importance, but is difficult to accomplish. 

3.4. Use of Microcolumn Separations for the Analysis of Single Cells 

The most direct route for obtaining chemical information on the 
contents of a cell would seemingly be disruption of the cell and analy-
sis of its contents with modern analytical separation instruments in 
much the same manner that any ordinary sample would be analyzed. 
This approach, though clearly one with many advantages, is a consid-
erable analytical challenge. The minute cellular volumes (femtoliter 
to picoliter) and complex biological matrices of mammalian cells lead 
to extraordinary sample handling, preparation and analysis require-
ments due to the need for micromanipulation and microanalysis. The 
motivation for attempting such separation-based analyses is that 
these methods are capable of providing much more detailed chemical 
information than are techniques which do not utilize a separation. 
Physical separations are performed upon the contents of the cells; 
previous methods relied upon the chemical specificity of a reagent for 
selectivity. Thus, separation-based methods are expected to supply 
multiparameter information on specific intracellular species of meta-
bolic and biochemical importance that cannot otherwise be easily 
obtained. Several reviews have covered the topic of the analysis of 
cellular samples via microseparation techniques (Kennedy et aL, 
1989; Ewing et aL, 1992; Hogan and Yeung, 1993; Yeung, 1994; 
Jankowski et aL, 1995). 

Advances in microcolumn separation techniques have made pos-
sible the direct separation and detection of the contents of single cells. 
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Kennedy et al. (1987) analyzed the content of an invertebrate neuron 
from the snail Helix aspersa by open-tubular liquid chromatography 
(OTLC). The cell was transferred into a glass microvial using a speci-
ally designed micropipette. It was then dispersed and centrifuged, 
and the supernatant was injected onto the OTLC system. The neuro-
transmitters dopamine and serotonin and their amino acid precursors 
tyrosine and tryptophan were determined in individual neurons. 
Voltammetric detection was used to provide qualitative as well as 
quantitative information on the analytes. The results suggested that 
dopamine and serotonin coexist in individual neurons at similar con-
centration levels, which contradicts existing neurobiological theory. 

Wallingford and Ewing (1988) employed CE for single cell analysis. 
In this case, a tapered microinjector was constructed at the injection 
end of a CE capillary. A schematic diagram of the microinjector, 
which had been characterized for separation efficiency and contribu-
tions to band broadening (Wallingford and Ewing, 1987a), is shown in 
Fig. 12. It was used to pierce the cell membranes of an intact neuron 

Fig. 12. Schematic diagram of microinjector. The labels correspond to 
the following parts: A is the chromatographic column, B is 
the column positioning stage, C is the stereomicroscope, D is 
the micropipette, E is the micromanipulator, F is the connect-
ing tubing, G is the spring-loaded syringe, and H is the 
micrometer. The darkened areas are those that are filled 
with mercury. The inset shows the pipette inserted into the 
column read for injection. Note that the pipette fits tightly 
again the column. (Reproduced with permission from 
Kennedy etal., 1987.) 
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from the snail Planorbis corneus. A sample of cellular cytoplasm was 
drawn into the capillary and was analyzed by capillary electro-
phoresis. CEEC was employed for the analysis (Wallingford and 
Ewing, 1987b). A variety of peaks were obtained from the cytoplasmic 
analysis, but were not identified. 

In 1989, Kennedy et aL demonstrated the separation and detec-
tion of CBI-derivatized amino acids isolated from neurons of Helix 
aspersa via CE with laser-induced fluorescence detection (Fig. 13). 
The resulting derivatives are efficient fluorophores whose absorption 
matches the 442 nm emission of the He-Cd laser. No attempt was 
made to quantitate the peaks obtained; however, the large signal-to-
noise ratios obtained implied that further miniaturization of the 
technique to mammalian cells may be possible. 

34 5 
\ i / 

\J LJ 
18 27 

Time (min) 

Fig. 13. CZE-LIF run of NDA derivatives of an E4 cell. 
The numbered peaks correspond to NDA-labeled 
amino acids as follows: 1, Trp; 2, Gin, His, He, 
Leu, Met, Phe; 3, Asn, Thr, Tyr, Val; 4, Ser; 5, 
Ala; 6, Gly; 7, Glu; and 8, Asp. Conditions of the 
run were as follows: capillary had an ID of 25 
|im and was 104.5 cm long; detection was done 
79.5 cm from the injection end; buffer was 0.01 
M borate, 0.04 KCl, pH 9.5; the apphed potential 
was -25 kV (-8 jxA). Injection was made at the 
grounded end of the capillary. (Reproduced with 
permission from Kennedy et aL, 1989.) 
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Further studies by Chien et al, (1990) allowed the determination 
of cytosolic and vesicular dopamine in the same snail. Their results 
suggested that more than 98% of the dopamine was bound in vesicles 
and was not free within the cytoplasm. These results highlight the 
ability of separation-based techniques to provide spatially resolved 
chemical information at the single cell level. Olefirowicz and Ewing 
(1990a,b, 1991) have demonstrated direct detection of cytoplasmic 
levels of dopamine in single neurons using CE. Hydrofluoric acid was 
used to etch the outer diameter of the injection end of a 2-5 |Lim 
capillary to a point with an o.d. of 5-10 |im Fig. 14A). This point was 
then used to pierce the cell membranes and analyze the contents. 
Volumes of cytoplasm as small as 270 femtoliters could be withdrawn 
from invertebrate neurons. 

Alternatively, CE capillaries of larger i.d. (25 |im) can be used to 
construct larger microinjectors to inject entire cells (Fig. 14B). The 

0.2-0.4 mm \ ^ I —S-IOpm 

Sum i.d. silica 

25 ^m i.d. silica 

[ — 5Q]xm 

Fig. 14. Schematic depiction of two etched 
microinjectors. A: Injector for acquir-
ing and injecting cytoplasmic samples, 
constructed at the high voltage end of a 
5-|Lim i.d. electrophoresis capillary. B: 
Injector for acquiring and injecting 
whole cells, constructed at the high 
voltage end of a 25-|im i.d. electrophor-
esis capillary. (Reproduced with permis-
sion from Olefirowicz and Ewing, 1991.) 
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cells can then be lysed inside the capillary and their contents separat-
ed via electrophoresis. Using CEEC with these injectors, Olefirowicz 
and Ewing determined catecholamine and indoleamine neurotrans-
mitters in single cells. Concentration detection limits for dopamine 
from a 50 picoliter injection are the order of 10-^ M. These injection 
systems are relatively simple and uncomplicated, thus enhancing 
their utility. However, a limitation of this method is that the injectors 
are too large to penetrate very small mammalian cells. 

Human erythrocytes are among the smallest of mammalian cells 
and do not possess any extraordinarily high concentrations of electro-
active or fluorescent species. Thus, a method having the capability to 
analyze the contents of an erythroc3^e should make it possible to 
analyze nearly any mammalian cell, not simply very large inverte-
brate neurons or those containing high concentrations of electro-
active species. The separation of hemoglobin species from single 
erythrocytes has been previously demonstrated by micro-electro-
phoresis on planar medium; however, the method was incapable of 
separating and detecting any of the low-molecular weight species 
present (Matioli and Niewisch, 1965). In addition, separation efficiency 
was quite low and no quantitation was attempted. In 1992, Hogan 
and Yeung reported direct separation and detection of cytoplasmic 
constituents of a single human erythrocyte by CE. 

The experimental apparatus required for the analysis of single 
erythrocytes is shown in Fig. 15. Cells are manipulated and injected 
at the grounded end of the CE capillary. This end of the capillary is 
permanently mounted under the field of view of a microscope; a vial 

GND 

LD HV 

Fig. 15. Experimental layout of single-cell CE system. The CE 
system is operated with the grounded end (GND) of the CE 
capillary (C) immersed in the sample (S) placed under the 
field of view of the microscope (M). Detection is carried out 
on-column (LD) at a location close to the high voltage (HV) 
orifice of the column immersed in the running buffer (B). 
(Reproduced with permission from Hogan and Yeung, 1993.) 
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of running buffer completes the electrophoretic circuit. An expanded 
view of the injection region of the system is shown in Fig. 16. The 
capillary and the ground electrode are permanently mounted in 
three-dimensional micromanipulators so the analyst can control their 

f^ 

Fig. 16. Expanded view of the cell injection region of the CE system. 
A, ground electrode; B, lOOX microscope; C, CE capillary. A 
cell is selected for injection by manually positioning the ori-
fice of the capillary close to the cell of interest and applying a 
pulse of vacuum to the capillary. (Reproduced with permis-
sion from Hogan and Yeung, 1992.) 

motions while viewing the capillary under the microscope. A cell is 
injected for analysis by applying a pulse of vacuum to the opposing 
end of the capillary when the injection orifice of the capillary is near 
the cell of interest. Once within the capillary, the cell typically 
adheres to the fused silica walls of the capillary and can then be 
lysed. The contents of the cell are then separated by electrophoresis 
and detected via laser-induced fluorescence. 

Laser-induced fluorescence detection is a technique with the 
ability to detect both quite low concentrations of analyte (10-12 M) 
and very small absolute quantities of analyte (10-21 moles) (Chen et 
al., 1991). Unfortunately, few compounds possess appreciable innate 
fluorescence at easily accessible excitation wavelengths. One method 
of circumventing this limitation is to derivatize the analyte species of 
interest. However, the 90 femtoliter cell volume of the erythrocyte 
makes ordinary derivatization procedures problematic. 

One novel approach to micro-derivatization is to use the semi-
permeable membrane of the cell to regulate the flux of species 
through the "reaction vessel," i.e., the cell itself. Small non-polar 
derivatization reagents applied to the macroscopic exterior phase 
surrounding the cell readily partition through the lipophilic cell mem-
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brane where they are available for reaction with the appropriate 
analyte functionalities. The exterior phase with its excess reagents 
and contaminants is removed via centrifugation. The derivatized 
product, if larger or more polar than the original reagent, will not 
migrate back through the cell membrane. As an example of the 
utility of this concept, monobromobimane (mBBr) was used to deriva-
tize thiol-containing species within functioning erythrocytes at physio-
logical conditions. Figure 17 shows an electropherogram of the free 
intracellular thiols within a single human erythrocyte after mBBr 
derivatization. The lower limit of detection for the method was 5.9 
attomoles (4.8 x 10-^ M) of injected GSH standards. 

1 

2 

1 1 

3 | 

'"'v .̂̂ -NM^wy .̂̂ -y 

1 

1 i 

10 12 
TIME (MINUTES) 

Fig. 17. Electropherogram of mBBr-derivatized contents of 
a single human erythrocyte using direct fluores-
cence detection. The peaks are: 1 = peak associ-
ated with unreacted mBBr; 2 = unidentified intra-
cellular thiol; 3 = glutathione (GSH). (Reproduced 
with permission from Hogan and Yeung, 1992.) 

It must be recognized that derivatization methods, regardless of 
their degree of refinement, will not be useful in all instances. 
Indirect detection methods permit the sensitive detection of species 
that have no inherently useful detection properties and offer the 
potential for general detection of charged species. Of particular 
interest are those intracellular species which possess no useful 
detection properties, such as inorganic ions. Indirect fluorescence 
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detection records the passage of a non-fluorescent analyte through 
the detection zone by the charge displacement effects of the analyte 
upon the fluorescent co-migrating buffer ions (Kuhr and Yeung, 
1988a,b). Figure 18 shows the results of a determination of sodium 
and potassium from a single erythrocyte (Hogan and Yeung, 1992). 
The determination of Na+ and K+ within single erythrocytes via 
indirect fluorescence detection can be achieved with minor 
instrumental modifications to the apparatus described here. 

As the erythrocyte is among the smallest of mammalian cells, 
this method should be widely applicable to nearly any mammalian 
cell. The microderivatization concepts introduced may allow simple 
derivatization of species such as amino acids, proteins, and thiols with-
in mammalian cells. Indirect fluorescence detection shows promise 
for the general detection of species lacking useful detection properties 
without undertaking the process of derivatization (Fig. 18). 

5.00 7.00 

TIME (MINUTES) 
9.00 

Fig. 18. Electropherograms using indirect fluorescence detec-
tion. A: 2 s electroinjection of 45 )LIM standards 
where 1 = Li (11.7 femtomoles injected), 2 = Na (10.7 
femtomoles injected), 3 = K (6.5 femtomoles injected). 
B: 1 human erythrocyte injected. C: blank of extra-
cellular matrix. (Reproduced with permission from 
Hogan and Yeung, 1992.) 
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The limitations of this single cell analysis method are the 
requirement for low ionic strength CE running buffer solutions for 
indirect detection and the physiological restrictions on reaction 
conditions available for micro-derivatization. On-column derivatization 
methods involving non-physiological conditions could provide 
additional flexibility in the types of species amenable to this approach. 

3.5 Strengths and Limitations of the Use ofCE for Cellular Analysis 

The use of CE has allowed the extension of cellular analysis to 
the scale of the single human erythrocyte. CE analysis of the con-
tents of isolated cells is helping researchers to quantitate a variety of 
organic species simultaneously from within single isolated cells. This 
multiparameter information should provide clues to biochemical pro-
cesses that other single parameter techniques are unable to supply. 

Limitations of the use of a separation technique to probe the 
contents of cells include a generally limited degree of spatial resolu-
tion within the cell itself. Also, these separation techniques provide 
no temporal dynamics since they represent only snapshots of the 
physiological status of the cell at a given point in time. 

Future work could provide insight into many cellular processes of 
interest by applying similar techniques to the study of important 
mammalian cells such as tumor cells, cells of the immune system, 
and mammalian neurons. Such applications would provide clear 
benefits in the understanding of such heterogeneous tissues. 

Likewise, applications of various detection schemes to allow the 
quantitation of a wider variety of intracellular species would be of 
considerable utility. Electrochemical detection has proven useful for 
the detection of the catecholamine neurotransmitters, yet the range 
of analytes accessible to this method should be extended. Fluores-
cence derivatization of intracellular species has been demonstrated 
only on cellular thiols. Determination of peptides, proteins, amino 
acids, and nucleic acids from within the cellular matrix is also of con-
siderable interest. It should be noted that UV-excited native fluores-
cence of proteins (Lee and Yeung, 1992a) and nucleic acids (Milofsky 
and Yeung, 1993) has been demonstrated at levels compatible with 
single cell detection. In fact, Lee and Yeung (1992b) have now 
demonstrated the analysis of proteins within erythrocytes. Native 
protein fluorescence was used to detect the analytes, removing the 
need for derivatization of these tyrosine- and tryptophan-containing 
proteins. Methods of detecting a wide variety of species without 
derivatization should be useful if properly incorporated into an ana-
lytical instrument. Likewise, the use of indirect detection methods 
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may find utility in these applications due to the excellent mass detec-
tion limits of the technique. Substantial improvements in system 
stability and resistance to matrix effects will be required before 
rugged assays can be developed for such complicated in vivo 
environments. 

4. Conclusions 

Methods described for monitoring the chemistry of single cells and 
small localities within an in vivo environment are essential for a full 
understanding of the mechanisms involved in biological activity. An 
integrated use of these tools could provide clearer views of cellular 
roles in physiology and disease, as well as providing clues to syner-
gistic effects between cellular populations. 
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