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Preface

v

Since the advent of the clinical laboratory in the 20th century, the need to
report more accurate results, faster, and at a lower cost has driven technol-
ogy. One area that has lagged behind the rest of the laboratory is electro-
phoretic separations of analytes that are clinically relevant. Because of this,
electrophoresis has been relegated to the very specialized sections of the
laboratory, limiting its use in patient care.

Electrophoresis, as we use it today, was first described by Tiselius in his
PhD thesis in 1937. In pioneering experiments that have led to the methods
used today, he used a U-shaped quartz tube to show the zonal separation of
serum in free solution using Schlieren optics to monitor the migration of the
protein bands. Driven by the desire to make electrophoresis easier, a number
of matrixes—such as paper, cellulose acetate, agarose, starch gel, and poly-
acrylamide—were investigated and, in one form or another, are still used
today. From the basic method described by Tiselius a number of innovative
electrophoretic methods have now been developed, including immunoelec-
trophoresis, isoelectric focusing (IEF), isotachophoresis (ITP), and size
separation by gradient electrophoresis.

Tiselius’s basic concept of using a tube for electrophoretic separation
received little notice until the late 1960s when Hjerten described the first
capillary electrophoresis (CE) apparatus. In spite of the pioneering work by
Hjerten, CE remained relatively unknown until 1981 when Jorgenson and
Lukacs described the separation and fluorescent detection of amino acids,
peptides, and urine proteins by capillary zone electrophoresis. Since then,
all of the classical separation techniques—IEF, ITP, zone electrophoresis,
and micellar electrokinetic chromatography (MEKC)—have allowed CE to
rival the versatility of high pressure liquid chromatography (HPLC). MEKC,
which in its simplest form is the addition of detergent to the buffer, has
enabled CE to be used in an area once thought impossible for electrophore-
sis techniques, the separation of small, electrically neutral molecules.

CE has come a long way since it was first described. Current methods
are capable of being automated, and, because it is a microtechnique, the
method conserves precious samples and minimizes the use of hazardous
organic chemicals. Although CE has not made inroads into the clinical
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laboratory that many anticipated, we expect that, in the future, it will find its
“proper” place. Because this “proper” place may surprise everyone involved
in the clinical applications of CE, this book is not meant to give an in-depth
methodological description of the use of CE in the clinical laboratory, but to
give an overview of its current use.

We arranged Clinical and Forensic Applications of Capillary Electro-
phoresis into six main sections. Section I covers the history and some of the
potential applications of CE. This section also covers the principles neces-
sary for the clinical laboratory scientist to understand the basics of CE. Sec-
tion II covers the separation of proteins, probably the first use of CE in the
clinical laboratory. The section describes the potential problems and solu-
tions when using CE to separate proteins, along with outlining how CE has
been used to separate serum and CSF proteins, detect serum and urine
paraproteins, and separate lipoproteins and hemoglobin variants. Section III
covers metabolic diseases, which are usually detected by abnormalities in
small molecules, such as amino acids, organic acids, or steroids. Section IV
covers the use of CE in immunoassay, where CE is used as a separation
method. Although this may seem trivial at first glance, it opens up the possi-
bility of simple, yet highly sensitive, analysis at the point of care. Section V
describes what may be the future of CE in the clinical laboratory, the use of
CE in molecular diagnostics, both for the detection of diseases and
quantiation of viral loads and its use in the forensic DNA identification labo-
ratory. Finally, Section VI describes how CE can be used in conjunction
with mass spectrometry, its potential use in detection of heavy metal poi-
soning, therapeutic drug monitoring, and clinical and forensic toxicology.

John R. Petersen
Amin A. Mohammad
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1
Capillary Electrophoresis

General Overview and Applications in the Clinical Laboratory

Manjiri Lele, Subodh M. Lele, John R. Petersen,
and Amin Mohammad

1. INTRODUCTION

Electrophoresis was first described by Arne Tiselius (1) in 1930, for
which he received a Nobel Prize in 1948. In this pioneering experiment, he
used a U-shaped quartz tube to show the separation of different proteins in
free solution as contiguous bands. His work was published in 1937 (1) but
received little notice until the late 1960s, when Hjerten (2) described the
first capillary electrophoresis (CE) apparatus. Hjerten’s apparatus consisted
of three units: 1) a high voltage power supply; 2) a detector; and 3) a unit
holding a 1–3 mm ID quartz capillary tube, which was immersed in a cool-
ing bath (2). He used this apparatus to prove numerous theoretical concepts
in CE and was able to separate inorganic ions, proteins, nucleic acid, and
microorganisms by capillary zone electrophoresis (CZE) or capillary iso-
electric focusing (CIEF). In spite of the pioneering work by Hjerten, CE was
still relatively unknown until Jorgenson and Lukacs (3–5) published a series
of papers in 1980. The availability of polyiimide-coated fused silica capil-
laries with a 75–100-µm internal diameter, in addition to sensitive absor-
bance detectors developed for micro-bore high-performance liquid
chromatography (HPLC), were instrumental in the development of com-
mercial CE applications. The smaller internal diameter eliminated band
broadening caused by convection, whereas the plug flow characteristics of
the electroosmotic flow (EOF) allowed efficiencies reaching hundreds of
thousand of theoretical plates. Since the landmark publication in 1980 by
Jorgenson and Lukacs research dealing with the applications of CE has
grown exponentially. Consistent with the theme of this book, this chapter
will try to provide a general overview of current and future applications of
CE in clinical chemistry. It is not meant to be a comprehensive review of
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general literature, but instead an attempt to give a reader a flavor of its
potential power in solving some of the challenging problems that arise in a
clinical laboratory.

2. INTERGRATION OF CE INTO THE CLINICAL LABORATORY

Clinical laboratories had evolved considerably since the early 1980s and
will continue to do so during the next millennium. Reduced turnaround time,
convenience, patient satisfaction (quick diagnosis), and physician satisfac-
tion (improved real-time clinical decision-making) are some of the benefits
gained from having more clinical testing to be done in the hospital labora-
tory. At the same time economies of scale, reduced cost, regionalization,
and continuity of care are responsible for outsourcing laboratory testing to
reference laboratories. These two opposing forces have placed tremendous
pressure on clinical chemists to develop assays that are inexpensive, fast,
amenable to laboratory automation, while still being accurate and precise.
Thus the million dollar question is: “Can capillary electrophoresis fulfill
some or any of these conditions?” This is a key question that every labora-
tory director, laboratory manager, or administrative director must answer
before introducing a new technology for patient testing. Let us now examine
applications of CE from this perspective.

2.1. Cost
Because CE is a separation technique, it will compete with more traditional

chromatographic techniques such as gas chromatography (GC) and HPLC.
However, unlike the classical chromatographic techniques, CE can also com-
pete with classical electrophoresis, such as agarose gel and isoelectric focus-
ing. Table 1 gives a typical cost comparison for the procedures that CE could
replace in a clinical laboratory. As shown in this table, in certain instances CE
can be less expensive. The main cost savings comes from the use of fused
silica capillaries, which are less expensive than HPLC or GC columns. For
instance, the cost of an HPLC column used for clinical testing can range from
$250 to 300, whereas a 10-m piece of CE fused silica capillary will cost about
$80. Assuming that a CE method will use a 57-cm piece of fused silica capil-
lary and that the capillary will last ~200 injections, a very conservative esti-
mate, one can expect at least 1800 injections from 10 m of fused silica capillary
instead of 800 injections for an HPLC column. Even neutral-coated capillar-
ies, which are appreciably more expensive than uncoated, fused silica capil-
laries, are less expensive than reverse-phase (RP) or ion exchange HPLC
columns. It should be noted that in this analysis we did not account for the
labor component because in our experience, the hands-on labor for CE is com-
parable to traditional chromatographic and electrophoretic techniques.
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Table 1
Comparison of Cost of Capillary Electrophoresis Methods
vs. Current Clinical Methodology

Instrument Technical Reagent cost
Technique cost service (per 100 tests)

Tricyclic HPLC $46,000.00 $5000.00 $1150.00
antidepressant

CE $45,000.00 $5000.00 $700.00
Serum protein Gel electrophoresis $20,000.00 $2200.00 $200.00

electrophoresis CE $45,000.00 $5000.00 $20.00
Immuno fixation Gel electrophoresis $10,000.00 $1200.00 $360.00

electrophoresis
Immuno subtraction CE $45,000.00 $5000.00 $400.00
Hemoglobin variant HPLC $46,000.00 $5000.00 $140.00

CE $45,000.00 $5000.00 $20.00

2.2. Speed
It is well-established that capillary electrophoretic separations are much

faster than routine gel electrophoresis. This is because of the high electric
field (800 V/cm) that can be reached in CE, whereas in slab gel electrophore-
sis the electric fields are limited to 15–40 V/cm. The field strength that can be
applied to slab gels is low owing to Joule heating (for a detailed discussion of
Joule heating, see Subheading 1.2.3. in Chapter 2), which is directly related to
surface-to-volume ratio. Applying higher field strengths in slab-gel electro-
phoresis results in a significant increase in temperature, causing irreproducible
separations. For example, a 14 × 11.5 × 0.15-cm slab gel will have a surface to
volume ratio that is 40 times greater than that of a typical 57 cm × 75 µm ID
fused silica capillary. This high surface-to-volume ratio in CE allows efficient
dissipation of joule heat allowing the use of very high electrical fields. This is
best illustrated by comparing the ability of CE to perform a serum protein
electrophoretic separation in less than 1 min whereas a similar separation by
agarose gel electrophoresis requires 20–25 min. The one advantage that gel
electrophoresis holds over CE is the ability to analyze as many as 90 samples
simultaneously, overcoming the limitation of slow separation speed. This is
probably the main reason why CE has not been widely used for routine analy-
sis of serum proteins in clinical laboratories.

2.3. Potential for Automation
Commercially available capillary electrophoresis systems are remarkably

simple from an instrumentation point of view. The basic instrument consists
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of four parts: 1) a fused silica capillary holder, 2) a high voltage power supply,
3) a detector, and 4) a safety interlock. Most instruments also provide a
mechanism to control the temperature in the capillary. This may be con-
trolled either by air cooling, using a peltier device, or by enclosing the cap-
illary in a cartridge, which is filled with a coolant that is maintained at a
constant temperature. All components of the CE are monitored or controlled
by computer software. This allows the end user to develop methods and then
analyze the separated components, post-electrophoresis. In this respect cur-
rent CE instruments compare favorably with automated HPLC systems used
in the clinical laboratory. However, unlike the highly automated instruments
found in a clinical laboratory, the operation of CE instruments requires an
above average amount of technical expertise. In other words, these instru-
ments are not black boxes that just require an operator to push a switch and
then wait for a result to be generated. Most importantly, in order for CE to
be used routinely in the highly automated clinical laboratory, primary sample
tube sampling, the ability to read a bar code, and a bidirectional interface to
Laboratory Information System are required. With the exception of
Beckman Paragon CZE 2000®, no other CE system has this capability.

2.4. Accuracy, Sensitivity, and Precision
In CE, accuracy has never been an issue because the analyte is usually

separated from interfering substances. However, the limit of detection
(LOD) has been and still is the main problem with CE. Various manufactur-
ers of commercial CE units have tried to address this problem by using modi-
fied capillaries (i.e., bubble-cell or z-shaped cells) or by using laser-induced
fluorescence (LIF). Typical detection limits range from 1 × 10-6 M for UV
detection to 1 × 10–9 M for LIF. Alternatively, sensitivity can also be
enhanced by sample stacking. Chien et al. (6) has comprehensively reviewed
sample stacking in capillary zone electrophoresis and its applications for
routine analysis. Typically, sample stacking involves a movement of sample
ions across a boundary, which divides regions into high (low-conductivity
sample solution or water plug) and low (high-conductivity separation solu-
tion) electric fields inside the capillary. The sample is usually dissolved in a
buffer having an ionic strength that is 1/10 that of the run buffer. As a result,
the electric-field gradient across the sample zone is relatively high, causing
the analyte ions to migrate rapidly until they reach the interface between the
sample buffer and the run buffer. On reaching the interface, the ion mobility
drops, causing stacking of sample at the boundary of two solutions giving a
5- to 10-fold increase in signal-to-noise ratio. Because sample stacking relies
on the enhanced electrophoretic velocities of ionic species in the low-con-
ductivity or high-electric field region, neutral analytes are not concentrated
unless they are compartmentalized in an ionic micelle. Quirino et al. (7)
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described an exceptional narrowing of neutral analytes zones in electro-
kinetic chromatography that allowed a 5000-fold concentration of neutral
analytes, such as steroids, racemic herbicides, and other biologically impor-
tant compounds. This special preconcentration phenomenon, dubbed as
sweeping, works for all charged and neutral compounds. Detection limits
ranging from 1.7 to 9.6 ng/mL have been reported by these authors for vari-
ous clinically important steroids. Although very promising, the technique
needs to be applied to real patient samples. It may also require a prior sample
clean up in order prevent the interference of unwanted proteins and other
analytes present in the sample that also under go preconcentration.

The ability to measure precisely (analytical imprecision) an analyte is
very important in a clinical laboratory. Coefficients of variation (CV) <5%
are routinely observed for various analytes, such as electrolytes, enzymes,
proteins, and so forth, on automated analyzers. The various factors that can
affect both with in- and between-run imprecision in CE are listed here (a
more in-depth discussion on these factors can be found in Chapter 2):

1. Capillary surface: The inner surface of the capillary, which participates in the
separation process, can be a major factor in the cause of imprecision in CE.
Not only does the sample, and therefore the various analytes, come in contact
with the surface, but the analytes can also bind to the surface, changing the
properties of the capillary. For the most part, it is best to try and eliminate any
interaction of the analyte with the surface of the capillary. This can be done by
deliberately changing the surface by treating with polymers, various deter-
gents, or simply by changing the buffer or buffer concentration.

2. Current: When a CE instrument is “turned on” a current is generated. It is
extremely important to control this current, because a variation in the current
can cause a change in the temperature. A change in the temperature can result
in a change in pH, which can then lead to a change in the current, the original
variable that was being controlled. With the power sources available today,
controlling the current is not an issue.

3. Capillary conditioning: In order to ensure good reproducibility in bare and
coated fused silica capillaries, daily conditioning with a series of buffers is
required before a capillary is used. In our experience, a daily rinse of 30 min
for serum protein electrophoresis, 30 min for hemoglobin variants using capil-
lary isoelectric focusing, 15 min for steroids using coated capillary, and 45
min on a bare fused silica capillary are very typical. Furthermore, the rinsing
time is very dependent on the capillary surface and can change from one lot of
capillaries to another. Most of the buffers used for capillary conditioning are
quite stable if protected from the atmosphere and stored at 4°C. Hence, buffer
stability is not much of an issue. For IEF, preconditioning the capillary with a
0.04% methylcellulose and ampholine solution is extremely important to
ensure reproducible migration times. In our hands, the CV for migration
time increased from <5 to >20% when the pre-rinsing time is shortened from
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30 min to 10 min for the analysis of hemoglobin variants using capillary iso-
electric focusing on a bare fused silica capillary.

4. Buffer: Although the capillary wall can significantly affect the separation, the
separation also takes place in the presence of a buffer. This buffer has multiple
purposes, one of which is to control the pH. It is extremely important to con-
trol pH because analyte charge, EOF, and heat production all change with
even small changes in pH. The actual buffer used can also have an affect on
the separation process because of interaction between the buffer and the
analyte. In addition some buffers, i.e., borate or zwitterionic buffers, carry less
current than mono-functional buffers like phosphate. Buffer concentration is
also important because higher buffer concentrations will lessen the interaction
of the analyte with the capillary wall.

5. Temperature: Control of the temperature within the capillary is extremely
important. However, temperature control is complicated by the generation of
heat (Joule heating) when current passes through a buffered solution. As men-
tioned previously, multiple factors (temperature, pH, and current) are interre-
lated. In other words, what affects one will potentially affect the other. With
current instruments, the temperature is controlled either by air cooling, a peltier
device, or by enclosing the capillary in a cartridge, which is filled with a cool-
ant maintained at a constant temperature. For most applications, the use of a
coolant will control temperature better than air-cooling.

6. Sample Injection: In the past, sample injection was a major source of error for
traditional CE systems. However, with the use of high-precision pressure
valves, this problem has been significantly reduced.

2.5. Modes of CE
CE is highly versatile, with numerous modes of operation, which are

accessed, in many instances, by altering the buffer composition. The com-
monly used modes of CE include CZE, capillary gel electrophoresis (CGE),
CIEF, and capillary isotachophoresis (CITP) (8).

2.5.1. Capillary Zone Electrophoresis (CZE)
CZE, the simplest form of CE, requires filling the capillary with only run-

ning buffer. In this form of CE, the ionic solutes migrate with different veloci-
ties (as determined by their charge-to-mass ratio) forming discrete zones in
the running buffer. By using the electroosmotic flow (EOF), separation of
many of the cationic and anionic solutes is possible. Neutral solutes, which
move with the EOF, are not separated (8). Applications of CZE include analy-
sis of amino acids (see Chapter 9), peptides (see Chapter 16), protein analysis
(see Chapters 4, 5, 6, 7, and 8)—including screening of proteins variants and
evaluating protein purity—and forensic applications (see Chapter 20).

2.5.2. Micellar Electrokinetic Chromatography (MEKC or MECC)
MEKC is a combination of electrophoresis and chromatography in which

both neutral and charged solutes can be separated (9). This form of CE takes
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advantage of a property that when the concentration of some surfactants
reach the critical micelle concentration, aggregates (micelles) are formed
that help separate neutral species. These spherical micelles contain the
hydrophobic tails of the surfactant molecules directed towards the center
and charged heads directed toward the outside buffer. The micelles are thus
charged and migrate, depending on their charge, after application of a
potential field across the capillary. Solutes are partitioned between the
micelles and liquid phase leading to differential retention and separation of
the solutes (10). The physical nature of the micelle can be changed using
different types of surfactant thus altering the selectivity of the micelle. Some
applications of MEKC include separation of amino acids (see Chapter 9),
heavy metals (see Chapter 18), nucleotides, vitamins, drugs (see Chapters
17 and 18).

2.5.3. Capillary Gel Electrophoresis (CGE)
“Gels” used in CGE are a polymer network of compounds such as bis-

polyacrylamide, agarose, or methylcellulose, and separate high molecular
weight compounds by the sieving effect of the polymer network. CGE can
separate DNA and denatured proteins (11). CGE has been applied in the
analysis of polymerase chain reaction (PCR) products (see Chapters 13 and
14), purity of oligonucleotides, sequencing of DNA, and so forth.

2.5.4. Capillary Isoelectric Focusing (CIEF)
CIEF is a technique that separates peptides and proteins on the basis of

isoelectric point (pI) and can separate proteins with a pI difference of as
little as 0.005 pI units (12). This technique is applied to the separation of
hemoglobins and hemoglobin variants (see Chapter 8), protein isoforms, and
immunoglobulins that are difficult to separate by other methods.

2.5.5. Capillary Isotachophoresis (CITP)
CITP is a moving boundary electrophoretic technique that uses a combi-

nation of two buffer systems to create a state where the separated zones
move at the same velocity. These zones are sandwiched between leading
and terminating electrolytes, making it possible to separate either anions or
cations, but not both, in a single experiment. CITP can be used to concen-
trate the solutes before CZE, MEKC, or CGE (13). When used in this man-
ner it is known as transient CITP.

3. APPLICATIONS OF CAPILLARY ELECTROPHORESIS
IN CLINICAL SETTINGS
3.1. Serum and Urinary Proteins

Serum proteins that are routinely analyzed by thin-layer agarose gels can
be separated and analyzed with greater precision by CZE (see Chapters 4
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and 5). A combination of CZE and immunosubstraction has been shown to
be well suited for routine serum protein analysis in the clinical laboratory.
This system can detect different paraproteins at levels of 500 mg/L for IgG,
750 mg/L for IgA, and 750 mg/L for IgM. Using computer software avail-
able with current CE instrumentation, it is possible to magnify different
regions of the electropherogram, improving the ability to distinguish abnor-
mal peaks in the -globulin region. One drawback of this system, however, is
inability to detect -lipoproteins and mini monoclonal bands that show up as
faint bands on agarose gels (14). Ethanol precipitation for concentrating urine
samples has been found to be an effective method to analyze urine proteins,
including Bence-Jones proteins by CZE (15). It is also possible to detect
Bence-Jones proteinuria (range 0.04–9.7 g/L), intact immunoglobulins, and
Tamm Horsfall proteins in unconcentrated urine samples by CE (16).

3.2. Lipoproteins

CITP has been used to perform serum lipoprotein analysis (17) and is
discussed in more detail in Chapter 7. CITP can be used to directly identify
apolipoprotein A-I (apoA-I) from serum, although identification of
apolipoprotein A-II (apoA-II) requires some sample preparation because it
migrates with the albumin. By plotting a graph of peak areas vs standard
concentration it is possible to quantitate the two apolipoproteins. Thus, it is
possible to predict the risk of development of premature atherosclerosis by
determining the ratio of apoA-I and apoA-II (18). Although useful in
research studies, the method lacks the simplicity offered by photometric or
immunoassays available in the clinical laboratory.

3.3. Analysis of Organ Function Tests

MEKC has been used to determine antipyrine levels in saliva or plasma
after oral administration to assess liver microsomal enzyme activity (19,20).
CZE and MEKC methods have been developed to identify different pheno-
types for hydroxylation and acetylation enzymes involved in metabolism of
drugs by determining levels of different drug metabolites in urine (21,22).

3.4. Serum and Urine Steroid Levels

Determination of levels of different hormones in serum is important for
diagnosing various endocrinological disorders. MEKC can effectively sepa-
rate and quantify a variety of corticosteroids such as corticosterone, corti-
sone, cortisol, aldosterone, 21-deoxycortisol, 1-dehydroaldosterone, and
17-isoaldosterone (23). CE can also identify and separate estrogens such as
urinary estrone and estriol, but not 17 -estradiol, because its concentration
is too low to be detected by this method (24). A competitive solution-phase
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immunoassay has been developed for separation and quantitation of serum
cortisol by CE combined with laser-induced fluorescence (25,26). An assay
for urinary free cortisol, unaffected by other urinary metabolites, has also
been shown to detect cortisol concentrations as low as 10 µg/L (27). Chapter
11 contains a detailed discussion of the use of CE in the detection of steroids
whose levels, when measured, are clinically useful.

3.5. Vitamins and Minerals
By using CZE, vitamin A and vitamin A binding protein can be detected

from one or two drops of blood or from air-dried blood samples that have
been collected on filter paper. This can be a useful tool for screening vita-
min A levels in infants and young children (28,29). CE can detect vitamin
C levels in urine, serum, and even fruit beverages (30). It is also possible
to identify and quantitate trace amounts of iron in human serum by CE.
This method, which is sensitive enough to detect iron in as little as a single
drop (10 µL) of serum, could be suitable for diagnosing iron-deficiency
anemia (31).

3.6. Serum Bilirubin
MECC in conjunction with LIF can separate and detect four bilirubin

species, the unconjugated form, monoester and diester conjugates of
bilirubin, and bilirubin covalently linked to albumin, directly from human
serum. This method can also detect bilirubin at concentrations much lower
than that detected by routine visible light absorption methods (32).
Although it is possible to use CE to separate and detect various forms of
bilirubin, it is unlikely that a CE assay will be used in the clinical labora-
tory. This is because at present, CE methods cost appreciably more than
current automated methods.

3.7. Cytokines
Detection of cytokines involved in inflammation in pathological tissue

samples can be a good indicator of persistence of disease in addition to help
gauge its severity. Microdissection followed by CZE of frozen sections of
renal biopsy material obtained from patients with acquired immune defi-
ciency syndrome (AIDS) has been developed to identify tissue bound
inflammatory cytokines, such as interleukin-1 (IL-1), interleukin-2 (IL-2),
tumor necrosis factor- (INF- ), and so on. This was done to study the
pathobiology of renal disease in AIDS and showed higher levels of IL-1,
TNF- and IL-6 in the glomerular and interstitial tissue of patients with
HIV-associated glomerulonephritis as compared to non-HIV associated
glomerulonephritis (33). Although useful in research, cytokine assays have
not found a routine use in the clinical laboratory.
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3.8. Hemoglobin and Its Variants
Capillary isoelectric focusing (CIEF) has been helpful in making the dif-

ferential diagnosis of S/beta thalassemia, G-Philadelphia trait, S/C-Harlem
disease, and HbH disease (see Chapter 8). In addition, CIEF can identify
hemoglobin-oxidation products, which can bias HbA1c results, produced
by improper storage. Another important use of this method was in the detec-
tion of minor hemoglobin variants like HbA2', an indicator of an alpha
globin mutation. CIEF has also been shown to be useful in the neonatal
screening for hemoglobin variants using blood samples collected on filter
paper (34).

3.9. Porphyrins
CZE or MECC with fluorescence detection can separate and quantitate

porphyrin and its precursors in urine (35). Although cost-effective and
potentially useful in the diagnosis of porphyria, CE has not yet found its
way into laboratories involved in the study of porphyrin metabolism.

3.10. Inorganic Ions

CE can separate inorganic cations such as potassium, calcium, sodium, and
magnesium in a single run from serum. It can also detect calcium, ammonia,
sodium, magnesium, lithium, barium, and creatinine in urine. Biologically
active ionized calcium and total calcium can also be identified and quantitated
by CZE in human serum using indirect photometric detection in a single run
(38). The ability to detect many components in one run can give CE an advan-
tage over autoanalyzers (36,37). However, owing to the highly automated
nature and speed of analyzers present in the clinical laboratory, it is highly
unlikely that CE will be used as the method of choice for these analytes.

Nitrite and nitrate, oxidation products of nitric oxide, which is an important
agent in shock and organ failure in critically ill patients, can be determined by
CZE in plasma and urine samples without any pre-treatment of the samples
(39,40). The clinical usefulness of such an assay is still to be determined.

3.11. Inborn Errors of Metabolism

CE allows easy, rapid identification and quantitation of organic acids (see
Chapter 10) such as methylmalonic, pyroglutamic, and glutaric acids in urine
or serum. These organic acids can be increased owing to deficiency of
enzymes in amino-acid metabolism (41). Methylmalonic acid can also be
increased when there is a deficiency of folate or Vitamin B12.

CZE can also effectively separate purine bases and nucleosides, such as
adenine, guanine, hypoxanthine, and uric acid from neonatal plasma (42).
Deficiency of adenylosuccinate lyase in the purine metabolism pathway
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leads to accumulation of succinyladenosine and succinylaminoimidazole
carboxamide riboside in body fluids that can be identified by CE (43).

3.12. Serum and Urine Analysis of Drugs

MEKC has been applied to therapeutic drug monitoring. Using MEKC
theophylline and its analogues have been separated in plasma. In addition, it
has been used to detect and quantitate serum levels of digoxin (44,45).
MEKC can also efficiently separate and quantitate antiepileptic drugs that
are used in combination, especially ethosuxamide, phenobarbitol, pheny-
toin, and carbamazepine (46). (See Chapter 17 for a detailed discussion of
the use of CE in therapeutic drug monitoring.) CE has also been used in the
clinical and forensic arena (see Chapter 19). In these cases, the use of urine
to identify intoxication and/or drug abuse of opiates, barbiturates, benzodi-
azepines, stimulants, and doping screening is possible within a few minutes
(47–51). It is also possible to use CE to screen post mortem fluids for illicit
drugs or elevated levels of legal drugs (see Chapter 20). CE has also been
applied to determine the tissue concentration of 5-Fluorouracil (5-Fl) in
tumor and subcutaneous adipose tissue microdialysates from patients with
primary breast cancer (52).

3.13. Urine Myoglobin

CE has been used separate myoglobin from hemoglobin, another pig-
mented protein in urine. It can detect and quantitate myoglobin in urine
obtained from patients with muscular dystrophy, severe trauma, infections,
and intoxication. This helps in monitoring muscle dystrophies, trauma, and
acute myocardial infarction (53).

3.14. Cerebrospinal Fluid (CSF)

CZE can play an important role in the biochemical diagnosis of central
nervous system (CNS) diseases identifying and quantitating lactate, pyru-
vate oxalate, fumarate, acetate, glutamate, and ascorbate in CSF. Increased
ratios of lactate and pyruvate have been observed in cerebral infarction and
bacterial meningitis. CZE can also identify ascorbic acid in CSF, which is
decreased in inflammatory conditions of CNS (54). In addition, CZE has
been shown to useful in detecting oligoclonal banding in unconcentrated
CSF (see Chapter 6).

3.15. Analysis of PCR Products

Future trends are toward using combined PCR and CE for clinical analy-
sis of PCR products. PCR can be used to amplify genomic material; how-
ever, it can not quantitate it. In conjunction with CE, reasonably rapid
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quantitation is possible. A good example of this is how CE has been used
along with PCR to quantitate the viral load in HIV patients (see Chapter 13).
CGE can also effectively separate DNA restriction fragments and specific
amplified DNA sequences from HIV-1 virus in blood (55). Reverse tran-
scription products generated from the RNA of poliovirus can be separated
and quantitated by CGE (56). DNA sequencing by CGE is one of the fastest
techniques in DNA analysis (57).

4. CONCLUSION
CE is a sensitive and versatile technique and represents an inexpensive

and practical method for the determination of many clinically important
analytes. Body fluids represent a complex matrix with high levels of pro-
teins and salt that can modify the capillary surface, resulting in variable
migration times. In addition to the problems associated with migration times,
CE has the additional problem of sensitivity. For the most part this can be
overcome by pre-concentration (either on or before the capillary) or by the
use of special flow cells. Using these methods, sensitivities close to that of
the HPLC can be obtained. In addition, several relatively simple methods
for sample stacking on the capillary for CZE and MEKC have been described
in the last few years. However, owing to the need to measure drugs at lower
and lower serum levels there is still a need for further studies addressing
new stacking methods, flow cells, and detectors (i.e., LIF).

The use of CE in combination with immunoassay opens up some interest-
ing avenues of investigation, specifically in the ability to screen and detect
multiple analytes simultaneously. The development of CE-based
multianalyte immunoassays is limited only by the ability to separate the
analytes from each other and from the Ab-Ag complex. In combination with
microchips and LIF, the multianalyte CE-based immunoassay could be
extremely rapid and sensitive.

CE use in molecular biology and forensic DNA laboratories is also
increasing because of its speed and automation. In fact, multichannel fluo-
rescence CE systems have become the instrument of choice for STR analy-
sis in many DNA-typing laboratories primarily because of the appealing
aspect of unattended operation, freeing forensic scientists for other duties.

For therapeutic drug monitoring, CE has been found to be most useful in
the analysis of new drugs rather than for those with established immunoas-
says. This is because the cost to operate a CE is much less than that of HPLC.
In addition to analyzing a drug and its metabolites, CE can be used for analy-
sis of the bound, free drugs, isomers, and measure the physicochemical prop-
erties. Overall, it is our opinion that analysis of newly developed drugs by
CE will be an area of growth, owing to the need to monitor serum levels of
these new drugs.
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Serum protein electrophoresis by CE offers many advantages in labor-
saving cost per test and reproducibility compared to the agarose gel proce-
dures. It also offers an alternative way of evaluating serum samples for
paraproteinemias. The main advantage of CZE is its ability to screen large
numbers of specimens with very little hands-on time at a relatively low cost
per test. This is because only buffer and rinse solutions are needed to sepa-
rate proteins.

CE has made significant progress in the field of bio-separations. With the
recent advances in coating chemistries and capillaries, the technique has
become more robust, particularly for protein analysis. The benefit of
improved separation efficiencies, recovery, and reproducibility of protein
separations using coated capillaries translates into wider acceptability of CE.
As the demand for recombinant drugs increases, the need for analytical tech-
niques that give complementary results increases and the utility of CE in
this area is anticipated.

CE has the advantage of extreme analytical flexibility, using small quan-
tities of low-cost separation buffer, ability to use a variety of detection
modes, small sample size (nanoliter), high speed, efficiency, and reproduc-
ibility. It is also possible to install fully automated procedures. Furthermore,
CE allows a rapid change from one buffer system to another; in other words,
changing from one analytical procedure to another. In the future, with a
multi-capillary instrument and on-line sample pretreatment, it could be more
competitive than other separation methods, such as electrophoresis, HPLC,
and GC, in the analysis of clinical relevant analytes. However, for broader
acceptance of CE, three things are needed: 1) The development of chemical
reagent kits, instruments and software suitable for daily clinical laboratory
use; 2) An increase of sensitivity and sample throughput; and 3) Compari-
son and evaluation of various applications with current laboratory methods
under daily laboratory conditions. Many of these areas are being investi-
gated. For example, commercial 96-capillary array instruments will soon be
available, which should dramatically improve sample throughput capabili-
ties. Thus, as the number and variety of applications increase, a greater role
for CE in the future of the clinical laboratory can be anticipated.
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Basic Principles and Modes
of Capillary Electrophoresis

Harry Whatley

1. BASIC PRINCIPLES OF CAPILLARY ELECTROPHORESIS

1.1. Fundamentals of Electrophoresis

Capillary electrophoresis (CE) is a special case of using an electrical field
to separate the components of a mixture. Electrophoresis in a capillary is
differentiated from other forms of electrophoresis in that it is carried out
within the confines of a narrow tube. To understand the behavior of mol-
ecules under the influence of an electrical field inside a capillary it is essen-
tial to understand the phenomena that result from the geometry of a capillary.

1.1.1. Basic Principles
It has long been known that molecules can be either positively or nega-

tively electrically charged. When the numbers of positive and negative
charges are the same, the charges cancel, creating a neutral (uncharged) mol-
ecule. If given the freedom to move, charged particles will seek regions,
such as an electrode, having an opposing charge; in other words, opposites
attract. Figure 1 illustrates a simple example of electrophoresis. In this
example a mixture of ionic substances is dissolved in a suitable solvent,
such as water. In the absence of an electrical field, the motion of these ions
is essentially random. When the electrical field is applied, charged species
begin to move. A crude separation occurs, resulting in a less random distri-
bution of charged particles. Cations (positively charged ions) move toward
the cathode (negatively charged electrode), and anions (negatively charged
ions) move toward the anode (positively charged electrode).

Figure 1 also illustrates another aspect of electrophoresis in solution, the
significance of the mass charge ratio (m/z). In this figure there are actually
four types of charged particles: large and small positively charged and large
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and small negatively charged. If each particle has only a single charge, then
the absolute value of the force on each particle will be the same. The accel-
eration created by this force can be determined by the relationship Force =
mass × acceleration (F = ma). The viscosity of the separation medium
opposes the acceleration with the result that a steady velocity is achieved
under constant conditions. This means that the system can not only separate
particles having opposite charges, but can also separate particles of the same
charge if there are other differences between them. The science of electro-
phoresis is largely concerned with creating systems that exploit the differ-
ences between the molecules. Alternatively, the analyst may wish to develop
a system that creates differences between molecules. Varying the pH of the
separation method is an example. At pH = 10.0, glycine and acetic acid will
have the same charge (–1). At pH = 7.0, glycine will have a very small net
charge whereas acetic acid will still have a charge of –1. Separation of these
two molecules would therefore be different at pH = 7.0 and at pH = 10.0.

Numerous other factors besides pH affect electrophoretic separations.
These include the hydrodynamic radius of the molecules, the viscosity of the
separation medium, and temperature. In real systems there are other forces, in
addition to the electrical field, acting on the charged molecules, e.g., the entire
fluid mass may be moving relative to the vessel in which it is contained. Some
of these factors can affect the electrophoresis in a very complex manner;
for example, the passage of current through a liquid can raise the tempera-
ture of that liquid. This change in temperature can influence the electrical
resistance of the system (and hence the current), the viscosity, and the
velocity of the molecules moving in the field. These factors will be dis-
cussed later in the specific context of CE. Janini and Issaq presented a
detailed discussion of the theoretical underpinnings of these factors (1).

Fig. 1. Simple electrophoresis.
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1.1.2. Electrophoresis in a Capillary
The electrophoretic process in a capillary has all of the features previ-

ously described. In addition, the small diameter of the capillary and its large
aspect ratio (length/width) contribute additional factors. What actually
defines a capillary? For this chapter the discussion will be limited to capil-
laries formed from fused silica and having an inner diameter (i.d.) of 100 µm
or less. The usual range of inner diameters is from 20–100 µm. Typically the
capillaries that are used in CE are circular in cross-section. However, capil-
laries with square cross-sections have been produced. These may offer some
advantages in terms of thermal regulation and detection sensitivity (2), but
to date they have not been widely used.

1.1.2.1. ADVANTAGES OF THE CAPILLARY

Capillaries were introduced into electrophoresis as an anti-convective and
heat controlling innovation. In wide tubes thermal gradients cause band mix-
ing and loss of resolution. The use of glass capillaries of 200–500-µm i.d.
was reported by Virtanen (3) in 1969. Jorgensen’s (4) introduction of 75 µm
capillary tubes was the start of modern “high-performance” CE.

Figure 2 illustrates the separation of a mixture of two components (both
negatively charged) in a capillary. A small plug of sample is introduced into
one end. When an electrical field is applied, the components begin to move
in the field as previously described. The narrow capillary reduces lateral
diffusion and insures that temperature differences between the center of the
capillary and the wall are quite small. Because the two components in this
example move at different velocities, they can be separated. The geometry
and other properties of the capillary electrophoretic separation also lead to a
condition known as plug flow. Under ideal plug flow conditions, the only

Fig. 2. Capillary electrophoresis.
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factor leading to sample dispersion is diffusion. This contributes to the high
efficiency of CE separations.

1.1.2.2. ELECTROOSMOSIS

The small diameter of the capillary contributes to another aspect of the
separation process. This is the phenomenon known as electroosmosis,
electroendoosmotic flow, or simply EOF. EOF exists in any electrophoretic
system. It will occur whenever the liquid near a charged surface is placed in
an electrical field resulting in the bulk movement of fluid near that surface.
Because the surface to volume ratio is very high inside a capillary, EOF
becomes a significant factor in CE.

The velocity of the electroosmotic flow through a capillary is given by
the Smoluchowski equation (5) (Eq. 1),

veo f = -( /4 )E (1)

where is the dielectric constant of the electrolyte, is the zeta potential
(Volts), is the viscosity (Poise), and E is the potential applied (Volts/cm).
In CE the zeta potential ( ) is a measure of the charge on the wall of the
capillary. This charge arises from both the nature of the material that com-
poses the capillary and the composition of the electrolyte (buffer). The most
commonly employed capillary material is fused silica. The surface of a fused
silica capillary can be hydrolyzed to yield a negatively charged surface as
described in Section 1.2.1. The negatively charged wall attracts cations that
are hydrated from the electrolyte solution, creating an electrical double layer.
In an electrical field they migrate toward the cathode, pulling water along
and creating a pumping action. The zeta potential increases with the density
of the charge on the surface. For fused silica and many other materials charge
density will vary with pH (6). Bare fused silica behaves much like a weak
acid with a pKa of 6.25. The relationship between EOF and pH is shown in
Fig. 3. EOF also decreases with the square root of the concentration of the
electrolyte, i.e., increasing buffer concentration decreases the velocity of
EOF. Although the aforementioned discussion has focused on bare fused
silica capillaries, other types of surfaces can be chemically created from
fused silica. The new surface may be positive, negative, or neutral. The
direction of the electroosmotic flow will therefore depend on the sign of the
charge on the wall of the capillary. Flow is always toward the electrode that
has the same charge as the capillary wall. Thus an uncharged wall will have,
in theory, no EOF. In reality this is difficult to accomplish.

In the narrow confines of the capillary the velocity of liquid is nearly
uniform across the i.d. of the capillary resulting in what has been termed
“plug flow” (4). This is in contrast to the laminar flow exhibited by pumped
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systems, which creates a velocity profile across the diameter of the tube. On
the other hand, plug flow greatly reduces the band broadening seen in sys-
tems (such as high-performance liquid chromatography [HPLC]) that are
pumped by a pressure differential. A comparison of laminar flow and plug
flow is shown in Fig. 4.

In the example shown in Fig. 2 the EOF is assumed to be zero. In practice
it is very difficult to completely eliminate EOF, although it can be reduced
to a value near zero. In many separations it is a significant factor, and it may
affect the net movement of the analyte molecules more than does the elec-
trophoretic force. The movement (vectors) due to the electrophoretic and
electroosmotic forces may even be in opposite directions. Figure 5A shows
a separation of two negatively charged species in a fused silica capillary at
pH 8.3. Both analytes have a charge of –1 under these conditions. The EOF

Fig. 4. Flow profiles.

Fig. 3. EOF as a function of pH.
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in this case is toward the cathode, while the analytes are moved electro-
phoretically toward the anode. The EOF contribution is larger than the elec-
trophoretic, so that the net movement is toward the cathode. The small peak
labeled H2O represents the water in which the sample was dissolved. This
water plug does not have any electrophoretic mobility; the movement of this
plug is due solely to electroosmotic flow, and it is the first peak to pass the
detector. The next peak to emerge, A, has the higher mass/charge ratio of
the two analytes. This is in contrast to the case of Fig. 1 (no EOF) where the
first peak to emerge had the lower mass/charge ratio. Note also that the
polarity of the electrodes has been reversed compared to Fig. 1. Figure 5B
shows a snapshot of the inside of the capillary during the separation but
prior to any peak reaching the detector (D). Because A and B are influenced
by both the EOF and the electrophoretic force, their net movement is the
sum of the electroosmotic and electrophoretic vectors.

1.1.2.3. CAPILLARIES

Many materials have been suggested and tested for the construction of
capillaries for CE. These include fused silica, borosilicate glass, and
polytetrafluoroethylene (Teflon*). Fused silica is now the preferred material
for the construction of capillaries. The silica used is of very high purity,

Fig. 5. Separation with EOF.

*Teflon is a registered trademark of DuPont.
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similar to that used to produce silicon chips for electronic components.
Tubes of silica are heated to over 1000°C, then stretched to produce the final
dimensions. Fused silica capillaries are extremely brittle. To facilitate han-
dling they are coated with a layer of polyimide 10–25 µm thick, rendering
the capillary very flexible. It can easily be wound on a spool 2.5 cm in diam-
eter without breaking. The coating, however, has the disadvantage of being
virtually opaque to UV light. It must be removed to create a “window” to
allow on-capillary detection. This makes an area that is very fragile, war-
ranting careful handling to prevent breakage.

The thickness of the wall of the capillary and the polyimide coating is
generally much greater than the i.d. of the capillary (7). A typical capillary
will have an external diameter of 350 µm. If the internal diameter is 50 µm,
this leaves a wall thickness of 150 µm. The thickness of the wall is critical,
because the heat that is produced when an electrical current passes through
the electrolyte must be removed through this wall. Reducing the wall thick-
ness increases the fragility of the capillary at the same time as it increases
the heat transfer capacity. External diameter is thus a trade-off between
strength and heat transfer. Heat transfer will be discussed in more detail in
Subheading 1.2.3.

1.2. Variables in CE

CE offers many directions from which to approach an analytical prob-
lem. This can be advantageous because as the number of options avail-
able increases, the likelihood that a solution to the analytical problem can
be found also increases. This can also be a disadvantage, particularly to the
newcomer, because the wide choice of options can appear daunting. This is
compounded by the interactive nature of some of these factors. For example,
a change in pH can affect the current; a change in current can affect tem-
perature; a change in temperature can affect pH, the factor we were trying to
vary in our experiment. Understanding these key factors will contribute to
successful analysis.

1.2.1. The Capillary Surface

The inner surface of a capillary is an extremely important factor in CE.
The inner wall is in contact with the separation chemistry and the samples.
As noted earlier, the capillary wall is the site of the mechanism by which
EOF is created. In order to understand how to control the effect of the sur-
face on the separation, it important to understand the behavior of the capil-
lary surface. The inner surface of a CE capillary is more analogous to the
surface of the particles packed inside an HPLC column than it is to the HPLC
column wall. Unlike the wall of an HPLC column, the capillary wall partici-
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pates in the separation process. In CE the goal is usually to prevent interac-
tion between the analytes and the inner wall of the capillary while simulta-
neously controlling EOF. In order to have control over the separation process
it is necessary to have control over this surface.

1.2.1.1. SURFACE MODIFICATIONS

The nature of the surface of a bare fused silica capillary depends some-
what on the treatment it has experienced (8). A freshly manufactured silica
capillary has a surface similar to that shown in Fig. 6A. Most of the surface
is in a siloxane form; there are few groups present that can create a charged
surface. Treatment with base (NaOH or KOH) causes the hydrolysis of the
siloxane group, creating the surface shown in Fig. 6B. Sometimes referred
to as an etched surface, this layer is rich in silanol groups, which are the
weak acids referred to in the discussion of EOF. To convert completely the
surface of the capillary into this form may require long periods of expo-
sure with 0.1–1.0 M base at elevated temperatures. Incomplete conversion
may lead to poor reproducibility in peak migration times.

Not all separations can be optimized using bare silica. However, the silica
surface is chemically reactive and can be derivatized in a variety of ways.
Silane derivatization reactions are commonly employed to link other groups
to silica. This can result in a linkage through a Si-O-Si-C bond or through a
Si-C bond depending on the chemistry employed. The Si-C bond is said to
be the more stable of the two at high pH values (9). Using a molecule that
has a silane at one end and a second functional group at the other allows a
second layer to bond. This approach allows more complex coatings to be
applied in layers. In this way many types of coatings have been created
including polyacrylamide (9,10), polyvinyl alcohol, polyethylene glycol
(11), and polyvinylpyrolidone (12). Each of these coatings will have differ-

Fig. 6. Silica surface chemistry. Surface of fused silica before (A) and after (B)
NaOH hydrolysis.
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ent properties of charge and adsorptivity. Most were designed to reduce pro-
tein binding to the capillary wall. Basic proteins, being positively charged,
are particularly difficult to analyze in untreated capillaries because they bind
tightly to the negatively charged wall (13). Coatings are also employed to
modify the charge of the wall such that EOF is drastically altered or reversed.

Presently, the analyst seldom prepares covalently coated capillaries, as
many types are commercially available. With commercially available fixed
coatings, it is possible to obtain charges ranging from acidic to neutral to
basic and from hydrophilic to hydrophobic. The analyst may also wish to
incorporate noncovalent coatings into a separation method using a bare silica
capillary. These transient or dynamic coatings rely on ionic interactions to
hold them on the capillary wall. Polyamines will stick to the negatively
charged silica, effectively shielding the negatively charged wall from the
solution and creating a positively charged surface (14). In such a capillary,
the EOF will be toward the anode. Coatings of this type may be stable for
several runs. Cationic detergents such as tetradecyltrimethylammonium bro-
mide (TTAB) can be used to form a positively charged surface as well (15).
Such coatings are actually bilayers. The first layer has the positively charged
head of the detergent attached to the negatively charged silanol surface. The
hydrophobic tails of the molecules extend radially inward, forming a hydro-
phobic surface. A second layer of detergent forms with the hydrophobic
tails in contact with the tails of the first layer and the positively charged
heads forming the inner surface of the capillary. Again, EOF will be toward
the anode. These detergent bilayers are easy to form but lack stability. They
are easily disrupted by organic solvents and usually require that the deter-
gent be added to the run buffer (where it may interact with analytes).

Whenever a capillary is used, the buffer being used modifies the surface.
Most workers have come to recognize that capillaries perform best when
they are “dedicated” to a specific type of buffer species. For example, if a
capillary that has been equilibrated with a phosphate buffer is used with a
borate buffer of similar concentration and pH the migration times will drift
from run to run until a new equilibrium condition has been established.
Although neither borate nor phosphate would be expected to form a coating
on the capillary wall, it is apparent that the capillary does “remember” the
buffer it has held. This dedication of a capillary to one type of system is a
relatively inexpensive way to improve results.

1.2.1.2. CAPILLARY REGENERATION

Regeneration is the process of creating the same surface on the inner wall
of the capillary prior to the start of every analytical run with a given method.
Although it is only necessary to recreate the same surface condition every
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time, it is in fact easier in the long run to fully regenerate the surface. There are
two goals to regeneration: 1) to clean the capillary of any residual buffer and
sample from the previous analysis; and 2) to create the same surface from run to
run, thereby enhancing reproducibility. If the method has been properly designed
these steps should not be necessary. If sample components are sticking to the
capillary wall in sufficient quantity to affect subsequent runs, it is advisable
to change the method to prevent the sample from sticking (perhaps by using a
coating or by increasing the buffer concentration) rather than incorporating a
cleaning procedure. In practice this can be difficult to accomplish, particularly
with samples containing protein (such as serum) that is inherently troublesome.

This chapter will focus on the regeneration of bare silica capillaries. The
special handling of coated surfaces will be discussed in Chapter 3. How-
ever, when using commercially coated capillaries, it is important to follow
the manufacturer’s instructions for cleaning and regeneration. This is
because coated capillaries are easily converted into bare silica capillaries.

Freshly purchased fused silica capillaries, even those sold as “ready to use,”
may not be clean when first received. Therefore, some variation of the fol-
lowing procedure should be used whenever a new piece of bare silica capil-
lary is used.

1. Flush the capillary with methanol. This will remove any organic residues (such
as oil) and will aid in the subsequent wetting of the surface.

2. Flush with water.
3. Flush with 1 N hydrochloric acid. This removes any residual cations.
4. Flush with water.
5. Flush with 1 N NaOH. This step hydrolyzes the siloxanes to create the charged

silanol groups that provide EOF.
6. Flush with water.
7. Flush with electrolyte.

Many variations on this procedure exist. For example, a second hydro-
chloric acid wash can be added after the NaOH if the removal of residual
sodium is desired (as prior to a sodium analysis). The time and temperature
of each step is important. A minimum of three capillary volumes should
be used over at least 5 min (Section 1.3.1. will describe how to calculate
fluid delivery). Static soaking should be avoided in favor of a continuous
flow. As expected, the use of elevated temperature (35–40°C) will enhance
the cleaning rate. The final flush with electrolyte, although critical to obtain
assay reproducibility, is often neglected. The procedure described above
creates a virgin surface that may change as analysis proceeds. There is usu-
ally an equilibration between the capillary wall and even simple buffers,
such as sodium phosphate. Applying voltage to the capillary facilitates the
exchange of ions at the surface after filling with the electrolyte.
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The regeneration process between sample runs can be milder than the
initial cleaning, particularly if the method is not detrimental to the surface
and the samples are not sticky. In the best of cases it is only necessary to
flush with fresh run buffer. At other times exposure to acid or base, or even
an organic solvent, may be required to restore the surface to the original
condition. The regeneration procedure, however, should be matched to the
separation method. For separations using sodium borate buffer, pH 8.3,
regeneration with NaOH is appropriate. For separations using phosphate
buffer, pH 2.5, the use of NaOH or other base rinses should be avoided. At
low pH, EOF is suppressed because the silanol groups are poorly ionized.
Using NaOH to regenerate the capillary will increase the time needed to re-
equilibrate the surface with the low pH electrolyte (phosphate), thus rinsing
with a higher concentration of low pH buffer or even with 1 N acid (i.e.,
phosphoric) will generally give better results.

Rinsing coated capillaries adds a further complication, in that the coating
itself may be labile in the presence of the cleaning solution. Exposure to
NaOH will strip many covalently bonded phases from the capillary surface.
It is critical to follow the manufacturer’s recommendations for cleaning and
regenerating coated capillaries. Dynamic coatings such as TTAB should be
reconstructed by rinsing with a more concentrated solution of the coating
material than is used in the run buffer. For example, if the running buffer
contains 0.5 mM of detergent, a pre-rinse with 20 mM detergent followed by
the actual running buffer would be appropriate.

1.2.2. Separation Buffers
The significance of the capillary wall in controlling the process of separa-

tion in CE cannot be overstated. The separation, however, takes place in the
separation buffer. It is here that the conditions are such that the differences
in mobility can exist. Buffers can either be made or purchased. Buffer qual-
ity is independent of the instrument system used. However, even the best
instrument system will not perform properly with a poorly prepared buffer.

1.2.2.1. SIGNIFICANCE OF PH
The most common measurement in analytical chemistry is probably the

measurement of pH. It is also the measurement that is most often made
improperly. In CE it is extremely important to properly control pH since it
affects analyte charge, electroosmotic flow, and, by affecting current, heat
production. Thus small changes in pH tend to have greater impact in CE
than do comparable pH variations in HPLC.

Figure 3 shows the titration curve of the silica surface, which behaves as
a typical weak acid (e.g., acetic acid). The ionization of acetic acid (pKa =
4.76) is shown in Eq. 2. At the pKa, the analyte will be 50% charged. This
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does not mean that each molecule carries one-half of a charge, but rather
that at any point in time one half of the molecules are charged and the other
half are uncharged. A titration curve like that shown in Fig. 3 represents the
probability than any given molecule will be charged at a given pH.

H3C-COOH     H3C-COO(-) + H(+) (2)

When the molecule is uncharged it is under the influence of the electroos-
motic flow but not the electrical field. When charged the molecule responds
to both forces. As the fraction of the time the molecule spends in each state
varies with pH, the net migration velocity will change. As discussed earlier,
the EOF also changes with pH. Failure to properly control pH is one of the
major causes of poor reproducibility in CE.

1.2.2.2. BUFFER SPECIES

Buffers are compounds that are used to control the pH of a solution. They
are generally weak acid or bases that can accept or donate protons. Buffers
reduce the change in pH that is caused by the introduction of additional acid
or base; CE buffers are selected on the basis of the pH range that is to be
maintained, as well as other factors.

A wide range of buffers has been employed in CE systems. The most
commonly employed are phosphate, borate, citrate, acetate, and Tris
(trishydroxymethylamino methane). The zwitterionic buffers that have been
recommended by several authors have the advantage of carrying less cur-
rent than do mono-functional buffer molecules. However, the selection of a
buffer for CE should be based on several factors, including: 1) pH value
desired; 2) operating temperature; 3) charge of the buffer relative to the
analytes and the capillary wall; and 4) effects on detection. These factors
are further described as follows:

1. For any buffer the effective buffering range is defined as within one pH unit of
the buffers pKa. Thus a buffer with a pKa of 5 would be usable from pH 4.0 to
pH 6.0. For CE it is much better to have the pH as close to the pKa of the buffer
as possible, certainly within ± 0.5 pH units, to reduce the buffer’s contribution
to variability.

2. Buffer molecules exhibit a temperature coefficient. The pH of a buffered sys-
tem will tend to change with temperature. In addition, buffers tend to differ in
their sensitivity to temperature. For example, phosphate has a low temperature
coefficient compared to Tris. The temperature coefficient of the buffer is also
important because during electrophoresis the analyst has only limited control
of the temperature inside the capillary. This is discussed in more detail in
Subheading 1.2.3.

3. Interaction between the buffer and the analytes can change the effective charge
on the analyte molecules, changing their migration velocity. Ion pairing can also
occur between the buffer molecules and the analytes affecting the separation.
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4. Buffers differ widely in their absorbance spectra. This is much less of a prob-
lem in CE than in HPLC because of the short path-length in CE detection.
However, for high-sensitivity work the background absorbance may become
an issue.

Once the buffer composition has been selected, it is essential that it be
prepared properly. In order to make a buffer consistent it is critical to make
the buffer the same way every time. For example, preparing a 50 mM sodium
phosphate buffer by starting with 50 mM sodium phosphate and adjusting
the pH with phosphoric acid will result in a buffer with a phosphate concen-
tration higher than 50 mM. Such a buffer is best prepared by titration of
phosphoric acid with NaOH.

A buffer that has found wide application in CE is sodium borate. How-
ever, the preparation of borate buffers can be confusing because boric acid
combines with sodium hydroxide according to Eq. 3.

4 H3BO3 + 2 NaOH Na2B4O7 + 7 H20 (3)

Four moles of boric acid react with sodium hydroxide to form one mole
of sodium tetraborate. A borate buffer will contain both boric acid and
tetraborate. In discussing these systems it is customary to refer to the con-
centration of Boron. Thus, 4 M boric acid and 1 M sodium tetraborate have
the same concentration of boron.
1.2.2.3. BUFFER CONCENTRATION

Increasing the concentration of a buffer will increase the buffering capac-
ity of the system, making it less likely to change pH with the addition of acid
or base. In addition, there are other factors in CE that can be affected by the
concentration of the buffer (16,17). These factors can be critical when try-
ing to achieve optimum resolution and reproducibility.

If the composition of the sample plug is different from the composition of
the buffer in the capillary, the phenomenon of stacking may occur (18,19).
Properly exploited stacking can result in sharper peaks and greater sensitiv-
ity. One way to achieve stacking is to keep the conductivity of the sample
lower than the conductivity of the running buffer by reducing the concentra-
tion of the sample buffer relative to the run buffer. To understand this phe-
nomenon, consider the buffer filled capillary as a wire. If the buffer
concentration is uniform from one end of the capillary to the other end, the
voltage drop will be linear. Inserting a plug of dilute sample is like inserting
a resistor into the wire. The voltage drop now becomes steeper in the region
of the plug than it is elsewhere. Since velocity is proportional to the voltage
gradient, the velocity of the analytes will be faster in this region. Analytes
will move rapidly until they reach the boundary between the dilute sample
plug and the more concentrated running buffer. On reaching this point they
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will stack, increasing the local concentration of analyte and creating a zone
that is narrower than the original injection plug. This is illustrated in Fig. 7.

Because stacking is caused by a difference in conductivity between the
buffer and the sample, it might be assumed that dissolving the sample in
pure water would create the highest peak efficiencies. In practice, however,
this is not usually the case. The resistance across a plug of nearly pure water
can be so high that localized heating results. This heating causes convective
mixing and de-stacking. There should be always be some buffer ions in the
sample plug; keeping samples at about 1/10 the concentration of the running
buffer is a good rule of thumb (20).

One way to maximize stacking would be to increase the concentration of
the buffer, particularly if the samples as received are high in salt. As stated
in Section 1.1.2.2., EOF decreases with the square root of the buffer concen-
tration. If EOF is to remain constant it will be necessary to increase it in
some other way, such as a change in pH, temperature, or voltage. If desired,
EOF can be reduced simply by increasing the buffer concentration. How-
ever, by increasing the buffer concentration the current that passes through
the capillary will also increase. This in turn will increase the heat generated
inside the capillary and, if not adequately dissipated, a variety of problems
can result. Without adequate cooling the ability to exploit higher buffer con-
centrations is limited.

When trying to separate basic compounds or proteins that tend to interact
with the capillary wall using bare silica capillaries, problems are frequently
encountered. In extreme situations they may be totally adsorbed on the cap-
illary wall and never pass the detector. In other cases the wall may provide a
drag force that results in peak tailing, loss of resolution, and decreased sig-
nal-to-noise ratio. Although coated capillaries are one solution to this prob-

Fig. 7. Sample stacking. (A) In an injected sample plug the analyte molecules
are distributed randomly. (B) When the voltage is applied the entire sample plug
begins to move under EOF. The analytes in the sample move more rapidly than the
bulk flow due to the difference in ionic strength between the sample plug and the
run buffer. (C) Before the analytes begin to migrate out of the sample plug they
have been concentrated. Note that the length of the sample plug is unchanged.
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lem, merely increasing the concentration of the electrolyte can often reduce
these interactions (15,21). Figure 8 shows the effect on a protein separation
of increasing the phosphate concentration.

Peak shape in many modes of CE differs from the bell shape that is com-
monly seen in HPLC and other chromatographic separations. In open capil-
lary modes (such as capillary zone electrophoresis [CZE]), it is not
uncommon to see peak shapes like those in Fig. 9. In CE the electrical field
influences the buffer ions just as it does the analyte ions. The peak shape in

Fig. 9. Peak shape in CZE mode. The peaks shown here are indicative of varia-
tions between the mobility of the analytes and the mobility of the buffer ions. Peak
shapes such as these do not necessarily indicate adsorption phenomena.

Fig. 8. Effect of buffer concentration on peak shape. The proteins in this sample
interact strongly with the wall of the capillary. Increasing the buffer concentration
can reduce this effect.
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these separations is due to the relative migration rates of the buffer ions and
the analyte ions. The degree of asymmetry will increase with increased dif-
ference in mobility. Buffer mismatch can so distort the peak shape that
analytes may be difficult to quantitate or may even be lost.

Because the buffer ions migrate in the electrical field, the concentration
of the buffer ions in the inlet and outlet vials will change over time. Using
buffer vials that are too small (i.e., do not contain an adequate volume of
buffer) or running too many samples without replacing the buffer can result
in ion depletion. This process can result in a change in the sample migration
times or resolution.

1.2.2.4. ADDITIVES

Other reagents are frequently added to the buffer systems used in CE. The most
common are detergents, such as sodium dodecyl sulfate (SDS) (22), viscosity
modifiers, such as linear polyacrylamide (23), organic solvents, such as acetoni-
trile (24), denaturants, such as urea (25), or combinations of these additives.

The addition of detergent to a buffer used in CE can change dramatically
the separation properties of the system. Detergents can aid in solubilizing
analytes and in reducing analyte-wall interactions. They may also bind to
the capillary wall, affecting the EOF. If the detergents are above their criti-
cal micellar concentrations (CMC), they can create a pseudostationary
phase. Under these conditions the separation mechanism is referred to as
micellar electrokinetic chromatography (MEKC), which is discussed in Sec-
tion 2.5. Detergents for CE may be anionic, cationic, or nonionic. Protein
separations can also be achieved with detergents. By titrating the concentra-
tion of SDS in the run buffer it is sometimes possible to achieve protein
separations based on differential binding of the detergent to different pro-
teins. This is not a separation by MEKC because the protein molecules are
too large to be included in the micelle (26).

Viscosity modifiers provide a physical retardation to the movement of
molecules. Suitable viscosity modifiers include polymers, such as linear
polyacrylamide or soluble cellulose derivatives, as well as small molecules
like urea. By retarding large molecules more than they do small molecules
the dimension of size separation is added to the electrophoretic separation.
This is exploited fully in capillary gel electrophoresis (CGE) which is dis-
cussed in Section 2.2. At lower concentrations, viscosity modifiers can aid
in the separation of very similar analytes. Viscosity modifiers can also have
significant effects on EOF, both by the change in viscosity and by interact-
ing with the capillary wall (27).

Organic additives routinely used include acetonitrile, methanol,
formamide, and dimethylformamide. These solvents improve the solubility
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of organic molecules that would otherwise be poorly soluble in an aqueous
system. At sufficiently high concentrations, they can also reduce the degree
of ionization of charged analytes. In MEKC they can alter the relative
hydrophobicity of the micellar and non-micellar phases. Organic additives
can also affect viscosity and wall charge (and hence EOF). The effect of
solvents on viscosity can be complex. Acetonitrile has a lower viscosity
than water, and any combination of water and acetonitrile will have a vis-
cosity between that of water and acetonitrile. Methanol also has a lower
viscosity than water, but combinations of water and methanol can be sub-
stantially more viscous than either solvent alone. In nonaqueous CE
(described in Section 2.7.) organic solvent completely replaces water in the
separation solution.

1.2.3. Temperature

Temperature control is crucial to reproducible separations in CE. However,
temperature regulation is complicated by several factors. First is that the pas-
sage of electrical current through the buffer-filled capillary results in the pro-
duction of heat. This self-heating effect is inherent in electrophoretic
separations and is called Joule heating. Thus temperature control in CE is as
much a task of removing heat as it is maintaining a constant temperature envi-
ronment. Second is that the temperature of the contents inside the capillary is
difficult to measure. A layer of silica and a layer of polyimide separate the
small fluid volume inside the capillary from the thermostatted medium. Any
heat must be transferred to and from the separation buffer through these layers.

Although the temperature inside the capillary cannot easily be measured
it can be estimated. Equation 4 is used to estimate the Joule heating (Q). In
this equation

Q = E2 c (4)

Q is the Joule heat generated ( /cm3), E is the voltage gradient (V/cm), 
is the molar conductivity of the electrolyte (cm2 mol-1 W-1) and c is the con-
centration of the electrolyte (mol/L). Since the conductivity of the electro-
lyte will vary with temperature, a positive feedback mechanism occurs. In
other words, as the temperature increases, the current will also increase.
This in turn generates more heat thus generating more current. This feed-
back loop is moderated by the ability of the cooling system to remove heat
and thus limit current. Because the cooling system must act at the surface of
the capillary and not internally, a temperature gradient exists from the cen-
ter of the capillary to the outside, which is illustrated in Fig. 10.

The temperature gradient within the capillary is parabolic. The difference
in temperature between the center of the capillary and the wall will increase
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with increasing capillary internal diameter. Current will also increase as the
diameter increases (current radius2). The combination of these two factors
can lead to the conclusion that heating will cause band broadening and that
the band broadening will increase as the internal capillary diameter
increases. In systems with adequate temperature control, this thermal band
broadening does not become a problem unless the capillary diameter is larger
than about 100 µm. A more detailed discussion of heat transfer in CE can be
found in an article by Knox (28).

A second temperature gradient can also exist in poorly designed systems
if the entire length of the capillary is not maintained in the same thermal
environment. The regions of the capillary that are in buffer vials, passing
through cartridge walls, or in detector cells are frequently much less effi-
ciently cooled than are other regions of the capillary. Depending on the sys-

Fig. 10. Theoretical radial temperature profile. Joule heating occurs when cur-
rent passes through the buffer-filled capillary. The temperature can be expected to
be highest in the center of the capillary. Each layer through which the heat must
pass will have its own thermal conductivity leading to a complex pattern such as
that illustrated here. Adapted from Knox (28).
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tem and the capillary length, this uncooled region can account for as much
as 25% of the capillary’s effective length and can account for much of the
variation in performance seen between instruments of different design.

Dynamically cooled CE systems are conveniently divided into two
groups: those employing gas and those employing liquid as a heat exchange
medium. Liquid cooling is generally considered to be more efficient than
gas cooling simply because the heat capacity of liquids exceed that of air.
The most effective liquid coolant would be water because of its enormous
heat capacity. However, when dealing with electrical equipment, the use of
water as a heat exchange medium is not advisable. The requirements of
safety has led to the use of perfluorinated organic molecules, having the
general formula (F3C-[CF2]n-CF3), because of their very low electrical con-
ductivity. Because of their greater heat capacity, liquids tend to be slower to
adjust to changes in temperature than gases. Liquid cooling also necessitates
sealed recirculating systems, adding to the expense and complexity of the
instrument. Whatever the cooling medium, most modern instrument sys-
tems use computer controlled Peltier devices to control the temperature of
the cooling fluid. Peltier devices are semiconductor mechanisms that can be
made to heat or cool by reversing the direction of current flow through them.

Changes in temperature can also impact other factors inside the capillary.
For most liquids, an increase in temperature causes a decrease in viscosity.
For example, water has a viscosity of 1.002 centipoise at 20°C. This drops
to 0.798 centipoise at 30°C. In the absence of any other changes this change
in viscosity will result in a substantial increase in EOF. In addition, the pH
of a buffered solution may also change with temperature. A 10°C change in
temperature will cause a 0.3 pH unit change in the pKa of Tris. This may be
sufficient to change both EOF and the charge on the analyte molecules.

A simple way to determine if a CE system is capable of coping with the
heat that will be produced during separation is by creating an Ohm’s Law
plot. Ohm’s Law states that V = IR. If we vary voltage (V), the current (I)
should change in a linear manner so long as resistance (R) remains constant.
An increase in temperature within the capillary generally results in a
decrease in resistance (and hence an increase in current at constant voltage).
By measuring the current at a variety of voltages a graph of current vs volt-
age can be created. Regardless of the type of cooling system the current will
become nonlinear at some voltage. For the buffer system being considered
the point at which the line deviates from linearity indicates the maximum
voltage possible for that buffer system/capillary combination on that instru-
ment. In practice it is possible to run at somewhat higher voltage if it is
understood that the temperature within the capillary is higher than the
thermostatted temperature under these conditions. It is good practice to
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monitor current during a run because an increasing current during a run may
indicate that the heat dissipation capacity of the instrument is being
exceeded. In the worst case the heat in the capillary may become sufficient
to boil the buffer locally, usually at some poorly cooled location. This usu-
ally breaks the electrical circuit (and sometimes the capillary).

1.3. Volume Relationships
The dimensions employed in CE are much smaller than those with which

most chemical analysts are accustomed to work. Capillary diameters typi-
cally are measured in microns and as such the entire volume of a capillary is
usually a few microliters. Injected sample volumes are in nanoliters (10–9 L).
At these scales the tolerances required of instrument systems are extremely
small and difference of 1 µm in the diameter of a capillary can create very
large differences in the results of an analysis.

1.3.1. Flow Dynamics
Most often the sample being analyzed by CE is injected into the capillary

by pressure. To calculate the volume of liquid injected it is necessary to use
the Poiseuille equation (Eq. 5), which estimates the flow of liquid through a
cylinder.

V = ( Pd4 t)/(128 L) (5)

In this equation, P is the pressure drop down the length of the cylinder
(Pascals), d is the cylinder’s inside diameter (m), t is time the pressure is
applied (s), is the fluid viscosity (Pascal-seconds), and L is the total length
of the cylinder (m). This equation has wide applicability in fluid dynamics
and can be used to calculate fluid flow in CE capillaries, blood vessels, or a
water main. It shows that the delivery of fluid into a capillary by pressure is
directly proportional to the pressure that is applied and the length of time the
pressure is applied. Fluid delivery is inversely proportional to the liquid vis-
cosity and the length of the capillary, and proportional to the fourth power
of the diameter. Temperature is indirectly involved in this relationship
because the viscosities of most fluids change with temperature.

Table 1 exemplifies the volumes typically encountered in CE. This
example assumes the viscosity of water at 25°C (1.000 centipoise). Typi-
cally injection and rinse pressures are 0.5 and 20 psi, respectively.

As predicted by Eq. 5, the volume of fluid delivered at a given pressure
increases dramatically as the diameter of the capillary increases. Doubling
the diameter of the capillary increases the delivered volume 16-fold. The
implications of this are significant. As shown in Table 2, the volume injected
under constant condition changes dramatically when the capillary diameter
changes over a narrow range. Because tolerances of 1–2 µm are not uncom-
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mon in commercially available capillary, selecting different pieces of capil-
lary nominally 20 µm in diameter could give peak areas that vary substan-
tially. Cutting pieces from a large spool of capillary is no guarantee of
uniformity because the diameter may vary along the length of the spool.

The injection plug length in Table 1 is the linear distance within the cap-
illary that is occupied by the injected sample volume. An injection plug that
is too long may result in wide bands and loss of resolution, particularly if the
analytes cannot focus. Increasing the capillary diameter allows the injection
of substantially larger volumes of sample without increasing the plug length.
Because the volume of a cylinder increases with the square of the radius a
doubling of the capillary diameter will allow the injection of four times as
much sample without changing the plug length.

The viscosity of the fluid being delivered is the most difficult parameter
to know with accuracy. The aforementioned examples have assumed the
viscosity of water at 25°C. Within the range of temperatures typically used
in CE separations (15–60°), the viscosity of water varies in a nonlinear man-
ner from 1.138 to 0.467 centipoise. Almost anything added to the water will
alter both the viscosity and the temperature-viscosity relationship. The addi-

Table 2
Injection Volume Variability with Capillary Internal Diametera

Diameter (µm) 18 19 20 21 22

nL/s @0.5 psi 1.99 2.47 3.03 3.69 4.44

aCapillary for CE is typically manufactured to tolerances of +/- 2 µm.

Table 1
Typical Volumes Encountered in Capillary Electrophoresisa

Diameter Length Capillary Injected nL/s Injection Rinse nL/s
(µm) (cm) volume (nL) @ 0.5 psi plug (mm) @ 20 psi

20 25 79 0.060 0.19 2.43
20 50 157 0.030 0.09 1.21
25 25 123 0.148 0.30 5.93
25 50 245 0.074 0.15 2.96
50 25 491 2.37 1.2 94.92
50 50 982 1.18 0.6 47.46
75 25 1104 12.0 2.71 480
75 50 2209 6.00 1.35 240
100 50 3927 18.9 2.41 759

aThese values were calculated using Eq. 5.
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tions of macromolecules, such as cellulose derivatives or acrylamide poly-
mers, are extreme cases. These molecules display remarkable viscosity
behavior with changes in flow rates. Linear polymers, for example, can
extend and align themselves when forced through a capillary. They can show
a reduction in viscosity with increased flow. Other systems may increase in
viscosity with flow because of polymer entanglement. Even systems as
simple as methanol-water can show complex behavior. For example, a 1:1
mix of methanol and water has a higher viscosity than either pure solvent.
It is also important to remember that when calculating volumes injected into
fluid-filled capillaries, the viscosity of the fluid in the capillary is usually
more significant than the viscosity of the sample (unless one is analyzing
highly viscous samples).

Entering the Poiseuille equation into a spreadsheet program simplifies
fluid delivery calculations such as these. There is also a Windows*-compat-
ible computer program called “CE Expert” that can perform these calcula-
tions (this program is currently available at no cost directly from Beckman
Coulter, Inc.).

1.3.2. Sample Handling
Four basic strategies are used to deliver these fluid volumes into capillar-

ies: Positive pressure, vacuum, gravity, and electrophoresis. Positive pres-
sure and vacuum have been the most common methods of filling and rinsing
capillaries. Positive pressure up to 100 psi (7 bar) has been used for rinsing.
This pressure is delivered either from a source of compressed gas, such as
nitrogen, or from an on-board air pump that applies pressure to the headspace
of a buffer reservoir. Vacuum delivery is limited to 10 psi or less but can be
useful for drawing fluid from containers that cannot be made pressure tight.

Gravity and electrophoresis are not practical for filling and rinsing capil-
laries, but they are used, along with pressure and vacuum, for injecting
samples into capillaries. Gravity injection (sometimes called hydrostatic
injection) is accomplished by inserting the inlet end of the capillary into the
sample vial and raising the vial and capillary relative to the outlet end.
Reproducible gravity injection requires that the vial be raised to the same
height for the same duration of time at each injection (gravity itself being a
fairly reliable source of motive power). Pressure and vacuum injections are
more complicated. Regardless of how the pressure differential is created, a
finite time is required for the pressure to reach a steady state. Changes in
pressure on the order of 0.05 psi can be significant at the low pressures
commonly employed (0.1–1 psi). Systems that rely on pressure or vacuum

*Windows is a trademark of Microsoft.
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must have some sort of feedback mechanism to compensate for these varia-
tions. These systems either adjust the delivered pressure or the delivery time
to maintain the desired product of pressure and time. In well-engineered
systems a 3-s injection at 1 psi and a 10-s injection at 0.3 psi should give
identical results, because both are 3 psi-second injections. In practice the
longer, lower pressure injection usually gives better performance because it
allows a longer time for the system to respond to variances.

Electrophoretic or electrokinetic injections do not conform to the
Poiseuille equation. In this method of sample introduction, the inlet of
the capillary is inserted into the sample and the outlet into a buffer vial.
Voltage is briefly applied. Through a combination of electrophoresis and
electroosmotic flow sample is drawn into the capillary. This technique is
valuable when delivering sample to a gel-filled capillary or when pressure
delivery is not possible. There is a possibility of bias when using this tech-
nique (29). Components that migrate more rapidly in the electrical field will
be over-represented in the sample compared to slower moving components.
To maximize the volume injected, the sample should be at a considerably
lower ionic strength than the run buffer. Subsequent injections will show
reduced peak areas because each injection delivers salts from the capillary
buffer into the sample vial, raising the ionic strength of the sample. This
effect can be minimized (and injected quantity increased) by pre-injecting
from pure water immediately prior to the sample injection.

Most commercial systems employ some sort of carousel or X-Y-Z robotic
system to move the buffer and sample vials to the capillary. These systems
may also provide refrigerated storage for labile samples. In this case the
sample storage temperature should be regulated independently of the capil-
lary thermostatting system.

1.4. Detection

In order to gain useful information from the separation technique, it is
necessary to detect and measure the analytes. Detection may be qualitative
and/or quantitative. Most CE detection is done on-capillary; that is, a sec-
tion of the capillary is linked to the detection device and the capillary itself
is the detection cell. It is also possible to couple to detectors that are outside
of the separation capillary although this does require a specialized interface.

1.4.1. Geometry and Path-Length
The most frequently used method of detection involves absorbance of

energy as the analytes move through a focused beam of light. The scale of
the detection apparatus and of the signal produced has created some unique
challenges for the instrument developer.
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On-capillary detection eliminates the problems of coupling the capillary
and its power supply to flow cells or other devices. However, detection
through the capillary is complicated by the curvature of the capillary itself.
The capillary and the fluid it contains make up a complex cylindrical lens.
The curvature of this lens must be accounted for in order to gather the maxi-
mum amount of light and thereby maximize signal-to-noise ratio. The effec-
tive length of the light path through the capillary is actually about 63.5% the
stated i.d. of the capillary. Thus a 50-µm capillary has an effective path
length of only 32 µm. This can be compared to typical HPLC detectors that
have detectors in the 5–10 mm range. Because of this very small light path,
the absorbance signal obtained from a CE system is also correspondingly
small. Therefore, a peak with an absorbance of 0.002 AU is a significant
peak. Noise levels are correspondingly small and are usually measured in
microabsorbance units. The maximum absorbance of typical CE detectors is
0.2 AU. The capillary lumen occupies only a small part of the diameter of
the capillary; the remainder is transparent silica. This geometry allows for
large amounts of stray light to enter the detector so that a fully opaque sample
would not reduce the light passing through the capillary to zero. This factor must
be considered in the design of effective CE detector hardware and software.

Several novel approaches have been taken to increase the path length (and
the sensitivity) of CE detectors. One approach has been to use a specially
constructed low-volume flow cell. These cells carry the analytes through
two right-angle bends (30). The segment between the bends, which may be
over 1000 µm long, is thus at right angles to the direction of the capillary
and parallel to the direction of the light beam. Properly designed, these cells
can dramatically increase sensitivity but at the risk of some loss of resolu-
tion. Another approach has been to create a wide zone or “bubble” in the capil-
lary at the window (31). A 50-µm i.d. capillary may have a window that is 150
µm in diameter, giving a sensitivity increase of approximately threefold.

1.4.2. Absorbance

Absorbance detectors are the most commonly encountered types of
detector in CE instrument systems. They rely on the absorbance of light
energy by the analytes. This absorbance creates a shadow as the analytes
pass between the light source and the light detector. The intensity of the
shadow is proportional to amount of material present.

The simplest absorbance detector, shown in Fig. 11A uses only portion of
the available energy. The broad-spectrum light from a source lamp is passed
through a filter or diffracted by a grating so that a narrow range of the
spectrum is used. In some cases lamps (such as hollow cathode types) are
used, that produce light at only a few discrete wavelengths. Monochromatic
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absorbance detectors are relatively inexpensive and rugged. However,
because only a part of the spectrum is used, information may be lost from
complex samples that have components with differing absorbance maxima.

Another type of absorbance detector looks at changes over a wide range
of wavelengths simultaneously. The photodiode array detector (PDA) shown
in Fig. 11B delivers the entire spectrum of light available from the source

Fig. 11. Comparison of single wavelength (A) and photodiode array (B) absor-
bance detectors.
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lamp to the capillary window. The light passing through the capillary is
diffracted into a spectrum that is projected on a linear array of photodiodes.
In this manner it is possible to record the entire absorbance spectrum of
analytes as they pass by the detector window. PDA-type detectors are more
expensive and less rugged than are monochromatic detectors. Because the
spectrum can be divided into as many as 512 channels the amount of data
acquired in a single run can be very large. The PDA type detector, however,
is not suitable for all applications because nearly all the energy of the source
lamp is focused onto a very small region of the capillary. Some capillary
coatings and buffers will decompose under this onslaught of energy unless
some of the energy is filtered out. Despite these limitations the information
provided by the PDA detector can be valuable for confirming the identity of
analytes. By comparing the change in spectral signature across a peak it is
possible to estimate peak purity (32).

1.4.3. Fluorescence
Fluorescence detectors do not rely on the measurement of shadows. These

systems use an external energy source to excite the analyte molecules to a
higher energy state. When these excited molecules return to the normal state
they emit energy of a lower wavelength, which can be detected and recorded
as evidence of the passage of the analytes. Fluorescent detectors in CE sys-
tems often use lasers as the source of the excitation energy (LIF detection,
Fig. 12). Lasers have the advantage of producing intense light at a single
wavelength. The intensity of the light contributes to good excitation effi-
ciency. In addition, the monochromatic nature of the laser beam makes it

Fig. 12. Laser-induced fluorescence detector.
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easy to filter out any stray laser light to keep it from interfering with the
detection of analytes. Analytes will vary in their excitation and absorbance
wavelengths so that a fluorescent detector will not see all the components
that may be in a sample. For analytes that are fluorescent or can be made
fluorescent by a chemical reaction, the sensitivity of this type of detector
can be 10–1000 times better than an absorbance detector (33).

1.4.4. Amperometry and Conductivity

These two detection techniques potentially can offer a high degree of sen-
sitivity and be applied to a wide variety of analytes, including those without
appreciable UV absorption. Amperometry and conductivity are difficult to
do in practice, and to date these devices are not commercially available.
Both of these detection schemes require the use of sensing electrodes that
are scaled to the dimensions of the electrophoresis capillary. In addition,
these detectors place some limitations on the type of separation buffer
employed.

In amperometric detection, an electroactive analyte undergoes an electro-
chemical reaction inside a detector cell (34). The CE separation is generally
carried out at microampere currents and kilovolt potentials, whereas the
detection cell must operate at picoampere currents and millivolt potentials.
The two circuits must therefore be isolated, usually by connecting the capil-
lary to the high voltage at a point prior to the end of the capillary where the
detection cell is located. This system depends on EOF to carry the analyte
past the high voltage electrode to the detection cell. Amperometric detectors
have been used successfully for the detection of biogenic amines at levels as
low as 10–8 m (35). With continued advances in microfabrication this type
of detector should become routinely available.

There are two types of conductivity detector (36,37). Both require that
two electrodes be placed within the separation capillary. In the first type a
short distance down the length of the capillary, separates the electrodes.
Because there is a voltage gradient down the length of the capillary a portion
of that voltage gradient can be measured between the two sensing electrodes.
The presence of analyte zones will change the potential drop in the area
of the zone. This change in potential will be sensed as the zone passes
the electrodes. In the other arrangement the electrodes are placed opposite
one another across the diameter of the capillary. In this case there is no
voltage drop between the two electrodes. A circuit is constructed that passes
a sensing voltage across the capillary diameter. If the conductivity of the
system changes as analytes pass between the electrodes, there will be a
change in the current in the sensing circuit. Conductivity detectors work
best when there is a substantial difference between the conductivity of the
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analyte zones and the background buffer (38). These conditions are not
optimized for peak shape and lead to unacceptable peak asymmetry. Vari-
ous schemes have been described for avoiding this problem. Conductivity
detectors have been used for the measurement of inorganic ions and in
isotachophoretic separations (Section 2.4.).

1.4.5. Capillary Electrophoresis-Mass Spectrometry
Hybrid systems such as CE-mass spectrometry (CE-MS) offer an addi-

tional dimension of analysis in addition to detection. CE data consists of
migration time, quantity, and (using a PDA detector) spectral signature. MS
adds the additional data of molecular weight and, using collision dissocia-
tion and MS-MS systems, structural information as well. This combination
of techniques provides an orthogonal approach to analysis in a single ana-
lytical run.

The predominant form of MS that has been coupled to CE has been
electrospray MS (39). A more in-depth discussion of CE-MS can be found
in Chapter 15. This section will focus on that technique. The outlet end of
the CE capillary is inserted into the electrospray interface. Because the vol-
ume of liquid emerging from the capillary is very small, a make-up liquid is
pumped through an axial needle. This sheath flow also provides a return
connection to the high-voltage power supply of the CE system. The liquid is
mixed with a flowing gas stream and nebulized into a spray. The spray
vaporizes and the ionized analyte particles are carried into the MS detector.
The MS system is usually set to scan across an expected range of mass val-
ues. Because the width of peaks in CE can be very small, the MS instrument
must be able to scan across the desired mass range very rapidly or peaks
may be missed.

Most mass spectroscopists prefer to use buffer systems that are volatile, such
as ammonium formate, in order to reduce the accumulation of buffer salts inside
the MS instrument. These buffers may not be optimized for the separation of
the analyte mixture, although an incomplete separation can be acceptable in
CE-MS because the MS systems provide an additional dimension of separation.

Many of the existing commercial CE systems have been interfaced to
commercial MS systems. The design of these systems allows the use of UV
or other detectors prior to the MS interface, but usually require quite long
and awkward reaches of capillary to connect the two systems. Unlocking
the true potential of this method will require the development of a CE sys-
tem that is fully integrated with the MS system.

1.4.6. Indirect Detection
In the previous discussions it has been assumed that detection will be

direct, that is, the presence of the sample in the detector cell or window will
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cause an increase in the output signal. This is not always the case. There are
certain applications where the decrease of the background signal provides
evidence of the passage of analytes through a detector. In some cases a
detector that is useful for indirect detection would not detect the analytes in
direct mode. An example of this is the detection of inorganic ions such as
sodium or sulfate with a UV detector.

To detect such analytes, the capillary is filled with a buffer that has
mobility close to that of the analytes and also has a significant UV absor-
bency. The buffer/chromophore must carry the same charge as the analyte.
For the analysis of sulfate, a buffer containing sodium chromate is used
(40). In the area of the capillary occupied by the sulfate band the chromate
is displaced, creating a chromate depleted region. Because chromate absorbs
light at 254 nm, by monitoring background electrolyte absorbance at this
wavelength the presence of sulfate will be indicated by a negative peak,
with an area corresponding to the amount of chromate displaced and hence
to the amount of sulfate present. Most CE data analysis packages can invert
these negative peaks, producing a normal-appearing electropherogram.

1.4.7. Data Analysis
The collection and analysis of CE data has many characteristics in com-

mon with other chromatography-like analyses. Many analysts have utilized
data systems developed for HPLC and GC systems. These data systems may
not be optimal for CE for three reasons:

1. The signals obtained from CE are usually very small. A typical HPLC peak
may have a maximum absorbance of 0.2 AU, whereas a CE detector may have
a full range of 0.2 AU. A typical peak in CE may have a maximum absorbance
of 0.002 AU.

2. CE peaks can be quite narrow with a width of only a few seconds. Some older
data systems (particularly HPLC systems) cannot respond sufficiently fast to
deal with this data. If data is to be collected digitally, it must be collected at a
high data rate to define adequately the peak shape.

3. CE peaks are often non-Gaussian. Because of the low band broad spreading in
CE and the effects of electrofocusing CE peaks tend to be more triangular and
less bell-shaped than peaks in HPLC and GC. At times CE peaks may have
one edge that is nearly vertical. Some data systems have difficulty locating the
peak start and stop times for these shapes.

Two types of peak-detection methods dominate analytical data analysis:
slope sensitive algorithm and the moving median filter algorithm. Slope sen-
sitive algorithms look at the slope of the baseline over some interval of time.
When the slope exceeds a pre-determined value, a peak is said to have begun.
The point at which the slope goes to zero identifies the peak apex, and the
point at which the slope returns to the starting value defines the peak end.
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The slope-sensitive method looks for peaks independently of the baseline
shape. Most commercial software packages use this method.

Moving median filter algorithms take a different approach. Peaks are rela-
tively high frequency (impulse) events when compared to baseline drift.
These algorithms seek to define how the baseline would look in the absence
of peaks by filtering out all impulse events. Whatever differs from the
baseline is defined as a peak. In practice, the algorithm makes several passes
through the data set (iterations) to determine the best fit. This type of algo-
rithm, commercially available as “Caesar,” is more successful at dealing with
the abrupt slope changes in CE data than are slope-sensitive algorithms (41).

A data system for CE needs to include some calculations that can be
deemed “CE specific.” These include the calculation of mobility (a measure
of the velocity of an analyte through the capillary) and corrected peak area.
Corrected area is necessary because the peaks passing through a CE detector
do not all pass through at the same velocity. Early eluting peaks move
through more rapidly than do later eluting peaks. This is unlike the situation
in HPLC where the velocity through the detector cell is dependent only on
the flow rate and not on the retention time. Because later eluting peaks are
moving more slowly, they appear to be larger relative to earlier eluting
peaks. Corrected peak area normalizes peak area to unit migration time and
allows accurate comparison of the components in a mixture.

1.4.8. Fraction Collection
Fraction collection is placed under the heading of detection under the

assumption that fractions are being collected for analysis outside the CE
instrument. At first glance, fraction collection in CE appears to be analogous
to fraction collection in HPLC, but there are significant differences (42).

The velocity of peaks through the HPLC detector is constant if the flow
rate is constant. This is not true in CE where earlier eluting peaks are mov-
ing more rapidly than later eluting peaks. The delay time between peak
detection and elution (the time for transit from the window to the capillary
outlet) will therefore vary, becoming longer with each successive peak. This
time can be quite long. Consider a capillary 60-cm long with the window
located 10-cm from the outlet end. If a peak passes the detector at t = 5 min
it will not emerge from the end of the capillary until t = 6 min. A peak
detected at t = 10 min will emerge at t = 12 min. Peaks that pass the detector
between 5 and 10 min will all be in the outlet segment of the capillary
between t = 6 and t = 12 min. A further complication is that collection
requires that the outlet of the capillary be moved to a new collection vial for
each peak that is to be collected. At each move the circuit will be broken.
The time needed for the power supply to ramp down and ramp up at each
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move, and the diminished peak velocities during the ramping segments cannot
be disregarded. Complex algorithms are needed to do this process smoothly.

A more serious limitation to the collection of fractions from CE is the
very small amount of sample that the fraction will contain. Consider a cap-
illary 100 µm in diameter and 50 cm long, with the window located 10 cm
from the end. A 5 psi-sec injection into this capillary will inject about 189
nL of sample (see Section 1.3.1.). If the analyte concentration is 1 mg/mL in
the starting sample and the peak is collected with 100% efficiency, the
recovered sample will be 189 ng. Repeating this run 10 times would yield
less than a two micrograms of product. Although fraction collection in CE is
possible, one must question whether it is worth the effort.

2. MODES OF SEPARATION IN CE

A CE system can be operated in several different modes. These modes
offer the analyst a variety of ways to approach an analytical problem. The
choice of mode will be based on the analytical problem under consideration.
This section will describe the major modes of capillary electrophoretic sepa-
ration that are currently in use and provide some applications for each.

2.1. Capillary Zone Electrophoresis (CZE)

2.1.1. Mechanism

Section 1 of this chapter dealt almost entirely with this form of CE. CZE
is characterized by the use of open capillaries and relatively low viscosity
buffer systems. Analyte molecules move from one end of the capillary to the
other according to the vector sum of electrophoresis and electroosmotic
mobility.

2.1.2. Applications

CZE is the most widespread mode of CE. It has been used for analytes as
diverse as sodium ions, drugs, and protein molecules. Analyte species can be
separated by CZE if they migrate at different velocities in the electrical field.

2.2. Capillary Gel Electrophoresis (CGE)

2.2.1. Mechanism
Capillary gel electrophoresis (CGE) is separation based on viscous drag.

In this mode of CE the capillary is filled with a gel or viscous solution. EOF
is often suppressed so that the migration of the analytes is solely by electro-
phoresis. Larger molecules tend to be retarded more by the viscous separa-
tion medium than are smaller molecules, so that the separation is effectively
based on the molecular size.
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2.2.2. Applications

This is the method of choice for molecules that differ in size but not in
mass/charge ratio. DNA molecules, for example, can vary greatly in length,
but the charge per unit length is quite constant. In a pure CZE separation, all
the molecules move at very nearly the same velocity and no separation
results. In a viscous medium, the longer molecules are retarded more than
shorter molecules. Thus shorter pieces of DNA pass the detector sooner
than do larger pieces of DNA. See Chapters 13 and 14 for a more detailed
discussion of DNA separation by CE.

Protein molecules are composed of more complex subunits than DNA
molecules. Even though proteins vary widely in their size, the wide range
of charge states possible in a protein sequence complicates size separa-
tion. In order to separate proteins by size, it is necessary to mask the native
charge and create a more nearly uniform charge-mass ratio. This is done
by treating the proteins with the detergent SDS. Although there are excep-
tions, typically proteins bind to a constant number of SDS molecules per
unit length. Because the SDS molecules are highly negatively charged the
amino acid subunit charge contributes little to the mobility of the mol-
ecules and a separation based on chain length is possible. This technique
of SDS-CGE is exactly analogous to SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE).

2.3. Capillary Isoelectric Focusing (cIEF)

2.3.1. Mechanism

Molecules that carry both positively and negatively charged groups exhibit,
at a specific pH, an equal number of positive and negative charges. At this pH,
known as the isoelectric pH or pI, the molecule, although charged, behaves as
if it is neutral because its positive and negative charges cancel each other. The
molecule, therefore, has no tendency to migrate in an electrical field. In iso-
electric focusing, special reagents called ampholytes are used to create a pH
gradient within the capillary. These ampholytes are mixtures of buffers with a
range of pKa values. In an electrical field, ampholytes will arrange themselves
in order of pKa; this gradient is trapped between a strong acid and a strong
base. Analytes introduced into this gradient will migrate to the point where
the pH of the gradient equals their pI. At this point the analyte, having no net
charge, ceases to migrate. It will remain at that position so long as the pH
gradient is stable, typically as long as the voltage is applied.

2.3.2. Applications
Capillary isoelectric focusing (cIEF) is used almost exclusively for the

separation of closely related protein species. Hemoglobin can be separated
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into several bands by this technique, whereas separation by SDS-CGE usu-
ally results in a single form being identified. In this application, the protein
sample is mixed with the ampholyte solution and the mixture is pumped into
the capillary. When voltage is applied, the proteins and the ampholytes
migrate to their appropriate positions in the gradient. When focusing is com-
plete, the proteins in the mixture are distributed throughout the length of the
capillary. In order to detect the proteins it is necessary to mobilize them so
that they pass by the detector in turn. There are two ways to accomplish this
mobilization. Pressure mobilization utilizes positive pressure applied to one
end of the capillary to drive the entire fluid column through the window. In
order to prevent band distortion, this pressure must be applied carefully,
preferably while the voltage is still being applied. Chemical mobilization
requires that one end of the capillary be transferred to a salt solution after
focusing has taken place. Upon application of voltage, salt will migrate into
the capillary, disrupting the pH gradient and allowing the proteins to migrate
past the detector by electrophoresis.

cIEF is also widely used for examining the distribution of carbohydrate
isoforms of glycoproteins. In other techniques, such as SDS-CGE or CZE,
these proteins tend to move as diffuse bands and to generate broad peaks.
cIEF can often resolve these bands into peaks that differ by as little as one
charged sugar group.

2.4. Capillary Isotachophoresis (cITP)

2.4.1. Mechanism
In this technique the sample plug is introduced between two different

buffers. One of these, the leading electrolyte, has the highest mobility in the
separation. The second, trailing electrolyte, has a mobility lower than any-
thing else does. The sign of the charge on the analytes and the buffers must
be the same. When the voltage is applied the ions in the sample form dis-
crete zones that are not separated into peaks; one zone is adjacent to the
next. The concentration of the analyte within a zone is constant within that
zone and the length of the zone is proportional to the concentration within
the zone. Because the voltage drop is uniform within a zone, isotacho-
phoretic methods are quite compatible with conductance detectors (see Sec-
tion 1.4.4.).

2.4.2. Applications

Capillary isotachophoresis (cITP) of peptides and proteins has been used
with MS detection (43). Since this mode of separation delivers zones of
uniform concentration to the MS, it may be an ideal separation mechanism
for this detection technique.
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2.5. Micellar Electrophoresis

2.5.1. Mechanism
Electrophoresis is not possible for analytes that are not charged. In order

to analyze such analytes, it is necessary to employ some agent in the separa-
tion buffer that will transport them through the capillary. The most com-
monly used mode of CE for these analytes is MEKC. In this technique a
suitable charged detergent, such as SDS, is added to the separation buffer in
a concentration sufficiently high to allow the formation of micelles. These
micelles are arrangements of detergent molecules that have a hydrophobic
inner core and a hydrophilic outer surface. Micelles are dynamic and con-
stantly form and break apart. For any given analyte, there is a probability
that the molecules of that analyte will associate within the micelle at any
given time. This probability is the same as the partition coefficient in classi-
cal chromatography. When associated with the micelle, the analyte mol-
ecule will migrate at the velocity of the micelle. When not in the micelle, the
analyte molecule will migrate with the EOF (if any). Differences in the time
that analytes spend in the micellar phase will determine the separation.

2.5.2. Applications

MEKC is useful for a wide range of small molecules such as drugs, pesti-
cides, and food additives that are not charged and are sufficiently hydropho-
bic to associate with the micelle. While SDS is probably the most widely
used detergent for this purpose, cationic detergents such as TTAB can also
be employed. Nonionic detergents by themselves do not provide mobility to
uncharged analytes, but in combination with charged detergents they will
modify the separation. Some detergents are useful in specific applications.
For example, sodium cholate is useful in the separation and analysis of a
variety of steroids. The micelles formed in this case are not the classical
spherical shape but are probably sodium cholate molecules arranged on each
other like a stack of coins. Different uncharged steroids differ in their ten-
dencies to participate in these stacks.

2.6. Chiral Electrophoresis

2.6.1. Mechanism
Chiral molecules are molecules that can exist in two stereo-specific forms.

These chiral forms or enantiomers are identical in molecular weight and
chemical formula but differ in the arrangement of the atoms in space. Sepa-
ration of these enatiomeric forms depends on the tendency to associate dif-
ferentially with other chiral molecules known as chiral selectors. By
incorporating a chiral selector into the CE buffer, it is often possible to sepa-
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rate enantiomers of a chiral molecule. This is analogous to MEKC described
previously. The complex of the analyte and the selector will migrate at a
different rate than will the analyte alone. Because one of the two enanti-
omers associates more strongly with the selector than does the other form a
separation can be achieved.

2.6.2. Applications
The most commonly employed chiral selector in CE is cyclodextrin, ring

shaped carbohydrates made up of 6, 7, or 8 D-glucose subunits.
Cyclodextrins may be chemically modified to alter their hydrophobicity or
charge. Uncharged cyclodextrins are not suitable for the analysis of
uncharged analytes since the complex will move with the EOF. However,
cyclodextrins modified to carry a charge by addition of sulfate groups, can
serve both as chiral selectors and as carrier molecules (similar to the deter-
gent in MEKC). Other molecules, such as the antibiotic vancomycin, have
also been employed as chiral selectors.

Chiral CE can be used to separate the enantiomeric forms of pharmaceu-
ticals as well as natural substances, such as amino acids. Impurities as small
as 0.1% are easily detected by this method.

2.7. Nonaqueous Electrophoresis

2.7.1. Mechanism

Electrophoresis usually is considered to occur only in aqueous solutions.
However, CE can be performed using nonaqueous systems based on such
solvents as acetonitrile, methanol, formamide, and dimethylformamide, to
which are added small amounts of anhydrous acid or buffer salts. The
separation is by simple electrophoresis as EOF is very low under these
conditions.

2.7.2. Applications

There are times when two analytes have the same charge to mass ratio
and are not easily separated. In some cases this same analyte pair can be
separated in a nonaqueous environment where they may have different pKa
values than those expressed in water. The degree of solvation, and hence the
radius of the solvated species, may also differ in aqueous and nonaqueous
environments. Hence, nonaqueous CE offers an alternative for analytes that
are difficult to separate under aqueous conditions. In addition, some analytes
are difficult to solubilize in aqueous systems but dissolve readily in organic
solvents, thus nonaqueous CE offers an alternative to MEKC for these
analytes. Separations by nonaqueous CE have been reported for drugs, dyes,
preservatives, surfactants, and inorganic ions.
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2.8. Capillary Electrochromatography
2.8.1. Mechanism

Capillary electrochromatography (CEC) is a hybrid technique between
liquid chromatography and electrophoresis. It is a partitioning technique in
which molecules distribute between a stationary and a moving phase. As
described for MEKC, different analytes will tend to associate to a greater or
lesser extent with the stationary phase, effecting a separation.

CEC capillaries are packed with particles like those used in HPLC columns.
Unlike conventional LC techniques, CEC uses electroosmotic flow to drive the
mobile phase down the column. The resulting plug flow improves the separa-
tion efficiency over that of the laminar flow of pressure driven systems.

2.8.2. Applications

As of this writing, most of the work done on CEC has used model sys-
tems, such as polyaromatic hydrocarbons. A great deal of effort is underway
to identify applications where this technique can be the method of choice.
Because the buffers used are typically high in organic content and hence
volatile, CEC may be useful when coupled to mass spectroscopy (CEC-MS).
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Capillary Coatings for Protein Analysis

Kannan Srinivasan, Chris Pohl, and Nebojsa Avdalovic

1. INTRODUCTION

Protein analysis has become very important to the biotechnology, phar-
maceutical, and food industries. Analytical techniques that provide fast,
automated analysis, but still give high resolution separation of proteins
derived from various sources, such as plasma, blood, and vaccine products,
are in high demand. Chromatography and electrophoresis continue to be the
preferred means for analyzing proteins. Capillary electrophoresis (CE), a
micro-format of electrophoresis, has been successfully used for separating
various proteins. A major problem encountered in CE analysis of proteins
using a fused silica capillary is the interaction of basic analytes, such as
proteins, with exposed surface silanol groups on the capillary wall. This inter-
action results in loss of efficiency and irreproducible separations. Several
groups have worked on evaluating protein interactions with the silica sur-
face and have reported mathematical models and computer simulations of
these interactions (1–3). Typical approaches in addressing the aforemen-
tioned problem include working at conditions where the silanol groups are
either unionized (4) or fully ionized (5). However, these conditions require
working at extremes of pH and which may be unsuitable for many analytes.
In addition, silica dissolves at extreme pHs, another limitation of this
approach (6). Other approaches in addressing the aforementioned problem
include adding compounds (7–9) that compete with the analytes for the sites
of interaction on the capillary wall. These additives, however, may adversely
affect the separation of analytes.

Other researchers have worked with coatings that are either physically
adsorbed or chemically attached to the capillary surface (10–25). These coat-
ings mask the presence of surface silanols, enhancing separation efficiency.
The adsorbed coatings, however, suffer from limited stability and require
repeated replenishment for effective operation (10). Recently, Gilges et al.
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(10) showed excellent separation of basic proteins using a polyvinyl-
alcohol (PVA) coated capillary. The PVA was immobilized on the capil-
lary wall by a thermal treatment. Although this PVA coated capillary gave
a low electroosmotic flow up to pH 9.0, only 40 runs were possible at pHs
>8.5 without loss of efficiency. In addition, buffers such as borate, Tris-
HCl, and Tris-phosphate did not provide good separation of proteins with
this coated capillary, limiting its utility. A review of the literature on coat-
ings for CE revealed numerous examples of chemically modified capillar-
ies that were designed to minimize the effect of surface silanols and reduce
analyte interactions. These modifications involve attaching or creating one
or more polymeric layers on the capillary surface through various cou-
pling chemistries (11–25). In this chapter we will review some interesting
developments in coated capillaries for CE and the potential utility for pro-
tein separations.

2. ELECTROOSMOTIC FLOW (EOF)

Electroosmotic flow (EOF) is a result of ionization of the surface groups
on the fused silica capillary. Typically, this ionization begins above pH 2.0.
The negatively charged surface silanols attract cations from the electrolyte
and forms an electrical double layer. On applying a field (oriented from the
positive to the negative electrode), the cations in solution start migrating
toward the cathode, carrying the water of hydration. The resulting bulk flow
is termed EOF and is similar to an in situ pump that allows fast separation of
anions and cations in the same run (for many analytes). EOF also occurs in
polymeric capillaries, as cited by Schutzner and Kenndler (26). Here the
EOF is thought to occur from surface-dissociative groups such as carboxyl
or from adsorbed species on the capillary wall.

The EOF component is similar to an escalator, that carries passengers. In
a manner similar to an escalator the velocity can be measured by measuring
the time it takes a stationary passenger to move between two points. For a
capillary, the EOF can be measured by injecting neutral molecules such as
acetone or benzyl alcohol into the capillary and determining the migration
time. Cationic analytes move faster than the EOF in the presence of the
field, much like passengers who walk on the escalators and move faster.
Anionic analytes move slower because they want to move backward towards
the anode, but the EOF is stronger and keeps moving them forward. This
scenario is similar to passengers who occasionally try to move in the direc-
tion opposite the escalator and, hence, move slower. If the anionic species
moves faster than the EOF, it is not detected because it exits the capillary at
the inlet side.
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The apparent mobility of an analyte is described as the vector sum of the
electrophoretic mobility of the analyte and the EOF mobility.

µapp  =
µ

  +
µ (1)

In this case when µeo is very small (the case when the capillary surface is
coated with a neutral polymer coating) then µapp = µ, the true electrophoretic
mobility of the analyte under the test conditions. The apparent mobility of a
species is described by the following equation:

µ = v (2)
      E

where µ is the mobility in units of cm2/V.s, v is the velocity in units of cm/s,
and E is the field strength in V/cm.

The velocity and field strength are experimentally derived or known from
the CE run.

v = Id (3)
      tm

where Id is the length of the capillary from the inlet to the detection point in cm
and tm is the migration time of the species in seconds.

E = V (4)
      lt

where V is the voltage applied across the entire capillary length in volts and
lt is the total length of the capillary in cm.

The EOF mobility can be easily determined from Eq. 2–3 by plugging in
the value for tm, the migration time of a neutral marker such as benzyl alco-
hol. It is clear from the aforementioned expressions that CE separations can
be optimized in terms of analysis time and resolution by varying the EOF
mobility. Coating the capillary with a suitable (anionic, neutral, or cationic)
coating, on the other hand, could modify the EOF mobility. A more in-depth
discussion on EOF and mobility can be found in refs. 27–29, in addition to
Chapter 2 and will not be discussed here.

3. NEED FOR A COATING

As previously discussed, a fused silica capillary becomes ionized above
pH 2.0, making it difficult to eliminate the undesirable interactions of
the surface silanol groups with analytes, such as proteins. These undesir-
able interactions result in poor peak shapes, loss of efficiency, lack of reso-
lution, and irreproducible separations. Since proteins, being made of amino
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acids, are amphoteric in nature and vary substantially in pI, it becomes diffi-
cult to tailor separations by optimizing only the pH. In addition, operating at
extremes of pH is undesirable for many proteins. Another serious limitation
of operating with uncoated fused silica capillaries is that the EOF is
irreproducible. This limitation can be exaggerated when analyzing proteins,
since they can interact with and modify the capillary surface and, conse-
quently, the EOF properties. To overcome these limitations and allow
operation under physiological pH, numerous researchers have investigated
various coatings and chemistries (11–25).

4. REVIEW OF COATINGS

It is well-established that covalently coated capillaries have a longer
operational lifetime and are preferred to noncovalent methods for minimiz-
ing the effect of surface silanols. Typically, the coating protocol for
covalently coated capillaries involves a step to activate the surface groups
of the fused silica capillary. The goal of this activation is to make available
a high density of surface silanols that are ionized. The activation step is
followed by a silanization reaction that leaves reactive groups able to bind
(react) with other monomers or polymers. The most popular silanization
reagents are bifunctional silanes such as allyltrimethoxy silane, 3-aminopropyl-
trimethoxysilane, -methacryloxypropyltrimethoxysilane, and 3-glycidoxy-
propyltrimethoxysilane. Other suitable silanes are listed in refs. (30) and (31).

In 1985, Hjerten (11) developed a two-step coating process, first by attach-
ing a bifunctional silane to the surface of the capillary; this was then followed
by in situ polymerization of monomer containing a vinyl group. The coating
process involved activation of the surface groups prior to attachment after
which the surface silanols were reacted with a bifunctional silane, such as 3-
methacryloxy propyl trimethoxy silane in acetic acid. The reaction occurred
between the surface silanols and one or more trimethoxy groups to yield a
reactive 3-methacryloxy propyl layer attached through Si-O-Si linkages. Any
residual unreacted trimethoxysilane groups were hydrolyzed to silanols. A
dilute solution of suitable vinyl monomers such as acrylamide was then
pumped into the capillary and polymerization initiated to yield a polymer coat-
ing of linear polyacrylamide on the capillary surface.

Although the aforementioned coating yielded capillaries with minimal
EOF, some researchers found that the coating procedure was not optimal,
particularly for protein separations. For example, Strege and Lagu (12)
showed that although the aforementioned coating had a very low EOF, it did
not give good separations of a mixture of proteins. The poor peak shapes
obtained with this capillary were attributed to electrostatic or hydrogen
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bonding interactions of the proteins with either the capillary wall or coating.
It was necessary to incorporate a surfactant in the CE run buffer in order to
achieve good separations of the protein mixture. Similarly, a crosslinked
in situ polymerized polyacrylamide coated capillary gave poor separation
efficiencies for basic proteins when tested with no added cationic additives
in the buffer (13).

An alternative approach to in situ polymerized coatings is that obtained
by reacting silanes having appropriate reactive groups with the reactive end
groups on prederivatized polymers. Herren et al. (14) showed that these coat-
ings minimized or reduced EOF. They discussed several synthetic proce-
dures for creating various derivatives of dextran (15) and polyethyleneglycol
(PEG) (16) and their utility in several applications. They showed that the
EOF could be controlled by the size of the polymer chain attached to the
capillary surface. The longer the polymer chain, the lower the EOF. How-
ever, data on the pH stability of this coating and its performance with pro-
teins as test analytes were not shown. Using a similar approach, Hjerten and
Kubo (17) discussed the attachment of several polymers (e.g., methylcellu-
lose and dextran) after a pre-derivatization step. The polymer coupling pro-
cess was dependent on a high yield of the pre-derivatization reaction.

Recently, Malik et al. (18,19) adapted a gas chromatography (GC)-type
static coating procedure by depositing a mixture of polymer, initiators, and
silane reagent on the capillary surface using a low boiling-point solvent.
The capillary was then heat-treated to cross-link the surface film. They found
that the coating thickness affected both the EOF and capillary performance.
In comparing data from Malik et al. (18,19), polymer coated capillaries
tested under identical conditions gave different migration times and mobili-
ties, indicating problems with the reproducibility of the coating process.

The aforementioned coatings were all attached through a Si-O-Si-C
linkage. To overcome the limited pH stability of the Si-O-Si bond, several
researchers attached polyacrylamide by in situ polymerization through a Si-
C linkage (20) or a hydrolytically stable derivative of acrylamide by in situ
polymerization (21). These approaches enhanced the coating stability rela-
tive to Hjerten’s original approach and provided better efficiencies for basic
proteins. However, multiple reaction steps with stringent conditions were
required during the coating process. For example, the approach by Cobb et
al. (20) required anhydrous solvents and anhydrous conditions during the
Grignard reaction step. Similarly, the work by Chiari et al. (21) required
synthesis of a special monomer to achieve an acceptable coating. Other
approaches involved cross-linking or attaching several polymeric layers on
the capillary surface, which was expected to diminish interaction of the
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analytes with the exposed surface silanols. Smith et al. (22) showed separa-
tions of proteins in coated capillaries that had a primary silane layer with
several polymeric layers adsorbed on top of the primary layer. Huang et al.
(23) showed separation of proteins using a cross-linked, immobilized,
hydrophilic polymer layer atop a hydrophobic, self-assembled, alkyl silane
layer. Schmalzing et al. (24) showed excellent separations of basic proteins
in a multilayered cross-linked coated capillary. In situ polymerization of a
monomer on top of a crosslinked primary silane layer resulted in a hydro-
philic polymeric layer that was subsequently crosslinked. All the above
approaches were multistep processes and, in some cases, required additional
crosslinking steps (24).

A simple method for coupling pre-formed polymers on the surface of a
fused silica capillary was recently disclosed by our group (25). No addi-
tional derivatization of the polymer was required prior to coupling. The
coating was achieved by the formation of polymer macro-radicals under
polymeric crosslinking conditions. These macromolecules reacted with the
surface of a silane treated capillary through a radical mechanism.
Crosslinking between the polymer chains and coupling to the silane
occurred simultaneously. The resulting coating was a highly cross-linked,
stable layer on the capillary surface. The coating process was insensitive
to the molecular weight change and concentration of the polymer. Separa-
tion of a variety of proteins with high efficiencies was demonstrated using
neutral capillaries prepared by the previous approach. It was also possible
to separate acidic proteins using a cationic polymer-coated capillary using
reversed polarity (27).

In the above coupling process, it was not necessary to have stringent control
of reaction conditions for the reproducible generation of the coating layer, since
the polymer was already formed (30). In situ polymerized coatings, on the other
hand, require stringent control of such variables as oxygen levels and tempera-
ture, because the polymerization has to occur at the capillary surface (32).

4.1. Example of a Coating Procedure

The following is a capillary coating procedure that was adapted from a
recent publication (25)

1. Activation: Fused silica capillaries (50-µm ID, 360-µm OD) were first rinsed
with 1 M NaOH for 1 h, followed by rinsing with deionized water, and then
with 1% (w/v) acetic acid in water for 2 h.

2. Silanization: The aforementioned treated capillary was filled with a 1% silane
solution (e.g., 3-methacryloxypropyltrimethoxysilane) in 1% acetic acid (or
2% chlorodimethyloctylsilane in ethanol). The silane was allowed to react for
1 h with continual replenishment of solution under a pressure of 10 psi. The
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capillary was stored in the silane solution for 24–48 h and then rinsed with
deionized water.

3. Polymer bonding step: A polymer solution was prepared at the required con-
centration in water (e.g., 4% PVP in water) and 5 µL of TEMED and 50 µL of
a 10% ammonium persulfate were added to 10 mL of the polymer solution. In
place of the persulfate, a solution of 61.5 µL of a 10% solution (w/w) of 4,4'-
Azo-bis-(4-cyano pentanoic acid) in methanol could also be used. The solu-
tion was then pressurized into the capillary, which was then sealed end-to-end
with a Teflon tube (0.012” ID, 0.033” OD, Zeus Industrial Products, Inc., NJ)
and placed in an oven at 80°C for 18 h. The unattached portion of the polymer
solution was removed by rinsing with deionized water, leaving a cross-linked
polymer layer covalently linked to the capillary wall.

4.3. Evaluating Capillary Coatings

A typical evaluation of a coated capillary involves measuring the EOF
with a suitable flow marker. When evaluating capillaries with neutral coat-
ings, we found that an EOF of <2 × 10-5 cm2/V.s was acceptable. Because it
is well known that a low EOF is not the only criteria to identify acceptable
coated capillaries that are useful for protein separations, it is important to
run a test mixture comprising standard proteins to verify the acceptability of
the capillary coating. The CE electrolyte pH should be optimized to ensure
that the proteins are charged under the test conditions to ensure efficient
separations. Lower efficiencies can be obtained for proteins with pIs close
to the pH of the electrolyte. This is because the proteins have no or minimal
nets charge under these conditions and migrate with the EOF. Some
researchers have also reported that electrophoretic runs were needed to
ascertain pH stability of a coating, rather than mere contact of the coated
surface with high pH electrolytes (24,25).

5. APPLICATIONS OF COATED CAPILLARIES

Free solution separations of proteins remain the most widespread appli-
cation of coated capillaries. A few examples are discussed later and also
shown in Table 1. Basic protein separations (pI > 7) are typically done under
acidic conditions because they carry a net positive charge. Under both high
and minimal EOF conditions the applied polarity is positive. Figure 1
demonstrates a high-resolution, high-efficiency separation (500,000 plates/50 cm)
of a mixture of five basic proteins using a preformed polymer-coated capil-
lary. Acidic proteins (pI < 7) are typically run under basic conditions and
carry a net negative charge. In neutral coated capillaries, where the EOF is
minimized, these separations are normally done under negative or reversed
polarity conditions. Mixtures of acidic and basic proteins are typically run
under pH conditions that facilitate ionization of all the proteins while avoid-
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Table 1
Protein Applications Using Various Coated Capillaries

Capillary coating Proteins tested Reference Comments

Polyvinylpyrollidone Standard proteins varying McCormick (1988); (4) Electrolyte: 38.5 mM H3PO4,
coated capillary in pI from 4.5 to 11 and in size 20 mM NaH2PO4, pH 2.0

from 12–77 kDa
Epoxy-diol coating Standard basic proteins at pH 4.0 Bruin et al. (1989); (33) Electrolyte: phosphate buffer
Maltose coating Standard basic proteins at pH 4.0 at pH 4.0; 35,000–50,000

plates achieved in a 52 cm
capillary at an applied voltage
of 20 kV Electrolyte: phosphate
buffer at pH 4.0.; 25,000 plates
in a 39.5 cm capillary at an
applied voltage of 10 kV

Polyethyleneimine coating- Standard basic proteins at pH 7.0 Towns et al. (1990) (34) Electrolyte: 20 mM hydroxylamine-
(cationic coating) HCl at pH 7.0

Polyacrylamide-coated Model protein separations (mainly Cobb et al. (1990) (20) Electrolyte: 50 mM glutamine;
capillary through Si-C bond acidic) at pH 9.5 ranging in pI triethylamine at pH 9.5; 30 mM

of 4.3–7.6; model protein separations citric acid (pH 2.7 adjusted with
(mainly basic) at pH 2.7 ranging 1 M NaOH). (Note: Electrolyte
in pI of 4.5–10.7. at pH 9.5 has an amine additive

that can potentially interact with
residual unmasked silanol groups)

Alpha lactalbumin Model protein separations Maa et al. (1991) (35)
coated capillary (mainly basic and myoglobin)

Allyl-methyl cellulose Model protein separations (acidic) Hjerten and Kubo (1993) (17) Electrolyte: 50 mM glycine-NaOH
coated capillary at pH 9.8; Model protein separations pH 9.8; 50 mM Tris-HCl pH 7.0.

Allyl-dextran coated capillary (basic) at pH 7.0 stable coating Cited to be pH and detergent
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Crosslinked multilayer Model protein separations Smith and Rassi (1993) (22) Electrolyte: 100 mM Phosphate
methylcellulose based (basic proteins) at pH 3.0 and 4.5 adjusted to pH 3.0 and 4.5.
coatings (neutral coating) 400,000-550,000 plates/80 cm

at an applied voltage of 18 kV
Multilayer PEG-based Model protein separations— Acidic proteins Electrolyte: 100
coating with anodal flow acidic proteins at pH 6.5 (crude trypsin mM phosphate adjusted to pH 6.5;

inhibitor) and basic proteins at pH 3.0 80,000 plates/80 cm at an applied
voltage of 18 kV. Basic proteins.
Electrolyte: 100 mM phosphate
adjusted to pH 3; 80,000 plates/
80 cm at an applied voltage of 18kV

Hydrophilic-coated capillary Milk proteins – caseins (as1CN, as2CN, Jong et al. (1993) (36) Electrolyte: 10 mM sodium
(SGE, Milton Keynes, UK) bCN, kCN); Serum proteins phosphate containing 6 M urea
or Celect P1 (Supelco, ( -lactoglobulin and -lactalbumin) and 0.05% methylhyroxyethyl
Belmont, PA) cellulose (pH 2.0–3.0).

Hydroxypropyl cellulose 1. Tryptic digests of cytochrome c Huang et al. (1995) (23) 1. Electrolyte: 25 mM Tris-HCl,
based coating 2. RNase A and RNase B  1-propanol.

  glycoform separations 2. Electrolyte: 25 mM Tris-HCl,
3. Horseradish peroxidase isoenzymes  pH 3.0, by addition of 2% (v/v)
4. Ovlabumin glycoforms  pH 3.0, by addition of 2% (v/v)

 1-propanol
3. Electrolyte: 50 mM Tris-HCl,

 pH 2.8, by addition of 2% (v/v)
1-propanol 4. Electrolyte: 50 mM

 AMPD/H3PO4 pH 9.1.

(continued)
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Polyacrylamide coated capillary, Hemoglobin variants; Antibodies- Wu et al. (1998) (37) Capillary isoelectric focusing
Fluorocarbon capillary, anti- 1-antitrypsin; Human IgG separations
J&W Scientific (Folsom, CA)
C18-coated capillary, Human growth hormone precursor Jorgensen et al. (1998) (38) Electrolyte: 150 mM Tricine, 7.5%
Supelco; ISCO (Lincoln, NE). Pre-bhGH (v/v), methanol, pH 7.55. Precision

of less than 2% was demonstrated
for runs done with 5 coated
capillaries.

Polyacrylamide polymer Model protein separations (basic proteins); Srinivasan et al. (1997) (25) Electrolyte: 50 mM sodium acetate,
coated capillary, Hemoglobin variants pH 4.5. 500,000 plates/ 50 cm at

Polyvinylpyrollidone polymer Milk proteins (acidic proteins) an applied voltage of 20 kV;
coated capillary 650,000 plates /65 cm at an applied

Polyacrylamide polymer Model protein separations (basic proteins); voltage of 20 kV for hemoglobin
coated capillary. Poly(ethylene) Acidic proteins variants separations
oxide polymer coated capillary Eluent: 100 mM Sodium phosphate,

Copolymer of acrylamide and pH 8.4, with 6 M urea
(methacrylamidopropyl) Electrolyte: 50 mM sodium
trimethylammonium chloride acetate, pH 4.5; 300,000 plates/ 50 cm
polymer coated capillary. capillary for basic proteins at an

applied voltage of 20 kV
Electrolyte: 25 mM phosphate buffer

at pH 7.0>200,000 plates/50 cm at
 an applied voltage of 20 kV

Table 1 (continued)
Protein Applications Using Various Coated Capillaries

Capillary coating Proteins tested Reference Comments
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ing extremes of pH, because this can denature the proteins. Several coated
capillaries have been employed for protein separations with mixed success.
Table 1 cites some examples of protein separations done using coated
capillaries.

5.1. Separations of Hemoglobin Variants

Literature shows several examples of separations of hemoglobin variants
using capillary isoelectric focusing (cIEF) with coated capillaries (32,39) or
capillary zone electrophoresis with coated capillaries (25,32) (see Fig. 2).
An additional mobilization step is required when using cIEF, adding another
step to the process and increasing the analysis time. Some researchers have
also reported problems in the reproducibility of the mobilization process
(32). The aforementioned technique is also sensitive to the presence of salt
in the samples. In some instances, prior knowledge of the salt concentration
in the sample is required for optimizing the focusing conditions. A recently
developed whole-column detection scheme overcomes some of the afore-

Fig. 1. Separation of basic proteins using a polymer coated capillary. Condi-
tions: 50-cm total length; 45 cm to detector; 50 µm i.d.; Electrolyte: 50 mM sodium
acetate, pH 4.5; 20 kV (400 V/cm); gravity injection 50 mm × 10 s; detection UV
210 nm; sample concentration, 100 µg/mL. Peak identification: (1) lysozyme
(chicken egg white) (2) cytochrome c (bovine heart) (3) ribonuclease A (bovine
pancreas), (4) myoglobin (horse skeletal muscle) and (5) -chymotrypsinogen A
(bovine pancreas).
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mentioned problems and has shown to detect proteins without the mobiliza-
tion step (32). However, this approach is complicated in terms of instrumen-
tation. Capillary zone electrophoresis (CZE), on the other hand, offers a
simpler means of achieving the same separations without the limitations
noted. Separation of hemoglobin variants in single human erythrocytes was
shown using a fluorocarbon-coated capillary and fluorocarbon surfactant
added to the CE buffer (32). This approach, however, suffered from lack of
reproducibility due to coating deterioration over time. In a recent publica-
tion, a PVP polymer-coated capillary and 50 mM sodium acetate electrolyte
at pH 4.5, showed efficiencies of >650,000 plates/65 cm for the separation
of the four common variants of hemoglobin (25). The high efficiencies ob-
served in the above approach demonstrate that there was minimal interac-
tion of the analytes with the surface of the capillary.

5.2. Transferrin Isoforms

Using CE along with coated capillaries, it has been possible to monitor
changes in the structures of the isoforms of transferrin (see Fig. 3). By gel
electrophoresis it is not possible to resolve the isoforms of transferrin (32),
however, using CE separation of the isoforms is possible (32,39). CE has

Fig. 2. Separation of four commonly occurring hemoglobin variants using a poly-
mer coated capillary. CE conditions were same as in Fig. 1.



Capillary Coatings for Protein Analysis 73

also been used to monitor the unfolding of human serum transferrin using a
denaturing buffer and a coated capillary (32). Under free solution condi-
tions, Srinivasan and Avdalovic (40) have shown that iron-free “Apo” trans-
ferrin migrated slower than the iron-rich “Holo” transferrin. The“ Holo” and
partially saturated samples migrated almost identically, although the num-
ber of isoforms were different. The difference in migration was attributed to
the difference in sialic acid/sialylated oligosaccharide content. These sepa-
rations were done using a proprietary neutral polymer-coated capillary with
10 mM borate buffer at pH 9.0.

5.3. Milk Proteins

Excellent separations of milk proteins (serum proteins and caseins) were
demonstrated using a coated capillary and a sodium phosphate or sodium
citrate buffer in the presence of a cellulose additive and urea (32) (see Fig. 4).
Separation and identification of the genetic variants of casein and –lacto-
globulin has also been done with various types of bovine milk. Using this
method it has also been possible to identify the possible adulteration of
bovine milk with milk from other species, such as goat or sheep. Recently,
we demonstrated excellent separations of milk proteins using a PVP poly-
mer-coated capillary without adding any polymer additives to the run buffer.
The effect of heat treatment on milk proteins was also studied (40). In some
instances polymer additives may be needed in some applications to reduce

Fig. 3. Separation of transferrin isoforms using a polymer coated capillary.
CE conditions were same as in Fig. 1 except the applied voltage was –30 kV
(600 V/cm). Electrolyte: 10 mM borate, pH 9.0.
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further the EOF or to re-coat the surface to compensate for the lack of coat-
ing homogeneity.

5.4. Miscellaneous Applications

In addition to being useful for the free solution separation of proteins,
peptides, and a number of amino acids, coated capillaries are also useful in
size-based separations of proteins. In this application, a sieving or sizing
medium in combination with SDS is used similar to SDS-PAGE. Several
examples of size-based separations of proteins have been shown in litera-
ture (32,33). In these applications the polymer solution is viscous, and thus
to some extent it inhibits EOF. The use of a coated capillary in these appli-
cations improves peak shapes and the reproducibility of the separations.
Again, the role of the capillary coating was to provide a noninteracting envi-
ronment for the separations.

A number of papers have discussed the utility of CE with coated capillar-
ies in peptide-mapping applications (32,33), where the protein samples were
enzymatically or chemically digested to generate representative peptide
maps. The utility of CE in combination with coated capillaries in looking for

Fig. 4. Separation of milk proteins using a polymer-coated capillary. Conditions:
50-cm total length; 45 cm to detector; 50 µm i.d.; Electrolyte: 100 mM sodium
phosphate, pH 8.4, with 6 M urea; –30 kV (600 V/cm); gravity injection 150 mm ×
30 s, detection, UV, 210 nm. Peak identification (1) -lactalbumin, (2) -lactoglobin
A and B, (3) -caseins (4) -caseins, and (5/6) -caseins.
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subtle structural changes in synthetic peptides and proteins, such as
deamidation, dephosphorylation, and acetylation is also anticipated.

6. CONCLUSIONS

CE has made significant progress in the field of bioseparations. With the
recent advances in coating chemistries and capillaries the technique has
become more robust, particularly for protein analysis. The benefit of
improved separation efficiencies, recovery, and reproducibility of protein
separations using coated capillaries translates into wider acceptability of CE.
As the demand for recombinant drugs increases, the need for analytical tech-
niques that give complementary results increases and the utility of CE in
this area is anticipated.
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1. HISTORICAL PERSPECTIVE

In 1937 Tiselius (1) reported on a methodology that was to become one of
the most novel ways by which proteins could be separated from one another.
His apparatus, although large in size relative to current systems, established
the serum protein profile still used today. The apparatus, a U-tube, separated
the serum proteins in the liquid phase into five fractions, albumin, -1, -2,

, and globulins. Through the years chemical pathologists and clinical
chemists have refined both the methodology and the apparatus. The driving
forces behind the development of newer modifications and innovations to
his methodology was dependent on:

1. Building a more compact and less expensive form of instrument.
2. Recording the resultant separation, on solid, visible media that could be stored,

and that was capable of visual interpretation.
3. Densitometric scanning, so that semi-quantitative values might be assigned to

the separated components.
4. Making the apparatus available through commercial channels to make it widely

available.

Later, Kunkel and Tiselius (2) described the first separation on solid media
using buffer-saturated filter paper strips. This method was replaced when
cellulose acetate strips were used by Kohn (3) and then subsequently minia-
turized by Grunbaum (Microzone System®) (4). Johansson (5) later devel-
oped a system using agarose and ionagar, resolving additional protein bands.
Starch gel electrophoresis was developed by Smithies (6) and modified by
Marsh (7) allowing further improved separation. Starch gel electrophoresis,
however, was very time consuming. Finally, in 1966 Elevitch (8) proposed
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a thin layer agarose method that is the basis of the serum protein electro-
phoresis procedure used in most clinical laboratories today.

In the early 1980’s Hjerten (9) and Jorgenson (10) established the useful-
ness of microcapillary electrophoresis for protein separation, returning to
the use of a liquid phase during separation. In essence, the U-tube was
inverted, its surface components changed, and the tube miniaturized. Instead
of protein bands being detected because of changes in diffraction of the liq-
uid phase, peaks are detected by the change in absorbance at 214 nm. It is
critical to remember that no matter what apparatus or separation media is
used, a person is ultimately charged with the interpretation of the resulting
serum protein pattern. This interpretation is based on changes from the “ref-
erence control” pattern, which one must use to access either visually or quan-
titatively a dysproteinemia.

A number of papers have been written on the comparison of the separa-
tion of serum proteins by high resolution agarose gel electrophoresis
(HRAGE) with various capillary zone electrophoresis (CZE) instruments
(11–28). My experience has been with both a single-capillary instrument
as well as a fully automated seven-capillary system. In the original report,
my group confirmed that CZE worked well for the elucidation of serum
proteins on a single-capillary system (11). In 1997 our findings were
reported using a multi-channel instrument (12). Both reports found that
either instrument was capable of giving serum protein separation patterns
comparable to HRAGE. These findings have also been confirmed in reports
from other investigators (13–28).

Various techniques and instrumentation are available for separation of
serum proteins by CZE. Instrument manufacturers have developed sys-
tems sold as kits that contain all necessary components to separate serum
proteins, such as ready-to-use buffer and capillary wash solutions. As of
this writing there are only two manufacturers that make CZE instruments
dedicated to the separation of serum proteins. They are the Bio-Rad
BIOFOCUS 2000TM (Fig. 1) and the Beckman Coulter Paragon CZE®

2000 (Fig. 2) systems. However, research platforms have also been used
and are included in Table 1 with the particulars of each method. The
Beckman Coulter Paragon 2000® Clinical Capillary Electrophoresis
instrument is currently the only available commercial instrument that is
fully automated and is capable of producing 48 serum electrophoretic pat-
terns per hour. It also has the capability of generating a report form that
can be sent to the chart for later review by the clinician. This is extremely
helpful to those institutions that must process a large daily serum protein
electrophoresis (SPE) workload.



Clinical Serum Protein CZE 81

Fig. 2. Beckman Coulter Paragon CZE® 2000 Clinical Capillary electrophoresis
system.

Fig. 1. Bio-Rad BIOFOCUS 2000 Capillary electrophoresis system.
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Table 1
Chronological List of Serum Protein Studies by Capillary Electrophoresis

 Detection
Year      Author    Instrumentation        Capillary                Buffer       Sample    voltage  Absorbance

1990 Chen et al. Research platform Single fused silica pH 10.0 Proprietary buffer Serum N.G. 200 kV/cm 214 nm
Beckman Coulter 100 cm L
(Fullerton, CA) 25 µm I.D.

360 µm O.D.
1991 Kim et al. Research platform Single fused silica 30 mM/L sodium borate Serum 30 kV CV 200 nm

Beckman Coulter 100 cm L Sodium
50 mm I.D. borate
360 mm O.D.

1994 Klein et al. P/ACE 2100 Single fused silica Borate Serum 6 min 214 nm
Beckman Coulter 20 cm L Dil 1:20 10 kV

75 µm I.D. PBS
365 µm O.D.

1994 Chen et al. P/ACE 2100 Single fused silica Borate N.G. 800 v/cm 214 nm
Beckman Coulter 25 cm L

20 µm I.D.
1994 Reif et al. P/ACE 2000 Single fused silica 40 mM Borate, pH 10.0 N.G. 15 kV 214 nm

Beckman Coulter 27 cm L
50 µm I.D.

1995 Jenkins et al. Applied Biosystems Single fused silica Borate Serum 18 kV 200 nm
Model 270A HT 75 cm L Dil 1:49 15 min
(Foster City, CA) 50 µm I.D. Borate buffer

1995 Dolnik et al. Crystal C.E. System Single fused silica Single fused silica 10 mM 30 kV 200 nm
Model 310 ATI 55 cm L Methyl
UNICAM 75 µm I.D. glucamine
(Cambridge, UK) 360 µm O.D. 5 mM

Lauric acid
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1995 Jenkins et al. Applied Biosystems Single fused silica 50 mM Borate, Serum Dil 1:49 18 kV 200 nm

Model 720A HT with 1 mM Calcium with buffer 15 min
1995 Lehman et al. Bio-Focus 3000 Single fused silica 30 mM Borate, pH 10.0 Dil 1:30 20 kV 220 nm

Bio-Rad CE 50 cm L 15 min
(Hercules, CA) 50 µm I.D.

1995 Landers et. al. Research platform Single fused silica Borate, pH 8.3 Dil 1:9 P.B.S. 10 kV 214 nm
Beckman Coulter 20 cm L 24°C

25 µm I.D.
1996 Lehmann et al. Dionex CES I Single fused silica N.G. N.G. 18 min 195 nm

Iastein, Germany 50 cm L
50 µm I.D.

1996 Wijnen et al. P/ACE 5500 Single fused silica 100 mM Borate, pH 10.2 Serum  PBS 10 kV 200 nm
Beckman Coulter 20 cm L Dil 1:39 10 min

50 µm I.D. 1/2 ionic strength
1996 Clark et al. P/ACE 5510 Single fused silica Borate 1:10 PBS 20 kV 2114 nm

Beckman Coulter 27 cm L
20 µm ID

1997 Doelman et al. P/ACE 5000 Single fused silica 150 mM/L Sodium borate, 1:4 PBS 12.5 kV 214 nm
27 cm L pH 10.1  20C
25 µm ID

1997 Jellum et al. Paragon CZE 2000 Seven fused silica 5% Sodium borate Serum Dil 1:7 9 kV 214 nm
Beckman Coulter 20 cm L and 1:20 Buffer 24°C

25 µm ID 4.3 min
1997 Jolliff et al. Paragon CZE 2000 Seven fused silica Borate Serum Dil 1:7 9 kV 214 nm

Beckman Coulter 20 cm L and 1:20 Buffer 24°C
25 µm ID 4.3 min

1998 Bossuyt et al. Paragon CZE 2000 Seven fused silica Borate Serum Dil 1:20 9 kV 214 nm
Beckman Coulter 20 cm L <1 nL 24°C

25 µm ID 4.3 min
1998 Bienvenu et al. Paragon CZE 2000 Seven fused silica Borate Serum Dil 1:20 9 kV 214 nm

20 cm L <1 nL 24°C
25 µm ID 4.3 mm
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2. COMPARSION OF CZE AND HRAGE

The investigators listed in Table 1 have all determined that CZE will give
results comparable to HRAGE for routine the electrophoretic separation of
serum proteins in the clinical laboratory. However, as with any procedure,
correlation between methods depends on many factors. As such, normal ranges
should be established in each individual laboratory. As a comparison, normal
values obtained by CZE vs HRAGE in my laboratory are given Table 2.

We found that for the five standard fractions of a normal serum control
the within-capillary precision (coefficient of variation or CV) over 10 runs
ranged from 0.6 to 3.4%. As expected, this was dependent upon the fraction
analyzed. This can be compared to the between-run precision for HRAGE
that had CVs in a range of 3.8–8.0% (12). In addition, Petall et al. (23) found
the between individual variations of the protein bands, albumin, 1, 2, ,
and , were similar being 6, 21, 19, 14, and 18%, respectively, by the CZE
2000 and 5, 10, 17, 18, and 22%, respectively, for Paragon HRAGE.

3. DYSPROTEINEMIAS

Serum protein patterns reflect many categories of dysproteinemia. What
is disturbing is the apparent disregard by many that are charged with the
interpretation SPE patterns to report only changes in the peak values of the
electrophoretic pattern. In many instances interpretation of SPE patterns
have been reported as “no gamma globulin spike detected” or in some
instances no interpretation is given at all, leaving the physician to try to
interpret the pattern without the experience to do so.

Interpretation of patterns comes with experience gained over years of
correlating patterns with the pathophysiology. Electrophoresis, especially
on agarose, is not a quantitative procedure. First the pattern on the gel is
visually compared with a “normal” control gel. It is then necessary to look

Table 2
Normal Ranges: HRAGE and CZE Compared

Paragon® HRAGE (2 SD)* Paragon CZE® 2000 (2 SD)
Serum fraction      Relative percent (%)       Relative percent (%)

Albumin 56.0–72.0 52.0–67.0
-1 1.8–4.5 3.8–8.3
-2 7.3–15.0 5.0–12.4

6.1–11.5 9.8–13.0
7.8–18.2 9.3–20.4

*Standard deviation.
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at the densitometric tracing and be certain that the percentages of the sepa-
rated proteins are within the limits established by the laboratory. Reporting
the individual peaks (albumin, and so forth) in g/L is not necessary. It is
adequate to report as a percentage of the total protein. When a case of para-
proteinemia is found, reporting the peak in g/L serves to help the physician
when treating the monoclonal gammopathy. Quantitation of monoclonal
proteins by nephelometry should not be done, as it is inaccurate (29) possi-
bly giving the physician a false sense of the patient’s condition.

Dysproteinemia identification, in many instances, may be a clue for the
physician of some previously undiagnosed condition, or at least verify his
diagnosis (30). Some years ago, I prepared a classification system of
dysproteinemia (31) to help those who are starting interpretation of SPE
patterns. This classification will help the beginner; however, the best way to
learn to interpret SPE is still to run serum samples on patients with known
clinical conditions to see how the condition affects the SPE pattern.

CZE, when compared with HRAGE, showed a 96% concordance in the
study of 240 patients with dysproteinemia (12). Because CZE does not detect
the -lipoprotein band, conditions such as hyperlipidemia, diabetes melli-
tus, and nephrotic syndromes may not be detected. Paraprotein concordance
between CZE and HRAGE was also 100% when the paraprotein was in the
detectable concentration range (see Chapter 5).

The CZE separation pattern of serum proteins is shown in Fig. 3. Although
CZE compares very well with HRAGE (12), it was still necessary to iden-
tify the proteins in the various peaks. Attempts at identification by adding
purified proteins were useless due to the impurities in these preparations.
Thus, it was necessary to identify the proteins found in each peak by using
the technique immunosubtraction (32–34).

Figure 4A–F shows examples of various dysproteinemias as compared to
those obtained by HRAGE. Examples of paraprotein specimens are shown
in Chapter 5. Since the data collection for the CZE method is computer con-
trolled, it is possible to superimpose the patient’s pattern over a normal
serum pattern for a better visualization of increases or decreases in the vari-
ous peaks. Also when doing an SPE on children, age related “normal” serum
must be used. An additional advantage of the Beckman Coulter CZE 2000
system is the ability to generate a computer-derived simulated gel on the
screen, which can aid in the interpretation process.

Protein dye binding in HRAGE is not equal for all of the separated proteins.
This can mean inconsistency in staining of the proteins if times in the staining
procedure are compromised. In CZE the proteins separated in the liquid phase
are detected at 214 nm (absorbance maximum of the amide bond). From this
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absorbance the protein concentration can be estimated ensuring consistency
within a run as well as between runs. Time, temperature, dye content, washing,
drying, and destaining are parameters in the HRAGE procedure that are no
longer a factor for error in the CZE procedure. However, unlike HRAGE,

-lipoprotein and fibrinogen do not appear on the CZE serum or plasma patterns.
In addition, if the serum is highly lipemic and liposol (lipid removing reagent) is
used to clarify the serum it is important to remember that the -1 fraction will
also be removed. Also the major bands in a fresh serum in the -globulin region
are transferrin and C3. In older specimens, the C3 band will disapear because of
activation by endogenous serum enzymes. It is also important to remember
that -2 macroglobulin is more anodic than haptoglobin, thus in elevations of

-2 macroglobulin the -2 band may well be skewed towards the anode.

4. CZE INSTRUMENTATION

4.1. Advantages

CZE instrumentation offers a semi-automated (Bio-Focus 2000) or com-
pletely automated (Paragon CZE 2000) system. These instruments elimi-

Fig. 3. Protein identification of separation on the Paragon CZE 2000 instrument.
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nate many of the errors mentioned in the previous section that are associated
with conventional HRAGE methods. Labor costs are also decreased with

Fig. 4. Dysproteinemias as identified by CE.
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CZE since there is no time spent in specimen application, fixing, staining,
washing, and drying of the gels. Both methods, however, require visual and
densitometric, as well as interpretation of the patterns.

Sample throughput for CZE is also higher than for HRAGE being able do 40–
50 samples per hour. In addition, scan patterns for CZE can be enlarged to better
study the peaks and delimit them if necessary. The ability to overlay a simulated
normal gel on that of the patient’s also makes pattern interpretation easier.

4.2. Disadvantages
Because -lipoproteins and fibrinogen cannot be seen with the CZE

method, the interpretative clues to hyperlipidemia, diabetes mellitus, neph-
rosis and some coagulinopathies are not as clear. Also due to the short sepa-
ration time the gamma globulin area may be somewhat narrower than on
HRAGE, making it more difficult to recognize and interpret the - bridg-
ing normally seen in cirrhosis. In addition certain amino acids and contrast
dyes that may absorb at 214 nm can interfere, resulting in poor scans (27).

From my experience, it may be necessary to delimit peaks more often than
seems necessary. However, with new software that allows multitasking or the
bidirectional relay of the information to another stand-alone computer, pattern
interpretation should not interfere with the operation of the instrument.

Currently the Beckman Coulter Paragon CZE 2000 instrument has been
designed to evaluate only serum protein and immunosubtraction results.
Urine proteins must still be performed on HRAGE or on an instrument with
the capability to accomplish this task. Additionally, hemoglobin electro-
phoresis also must be performed on an instrument that has the capability of
detection at 415 nm.

5. CZE IMPLEMENTATION

When instituting any new procedure in the clinical laboratory, compara-
tive studies between the old and new methodology must be run. When com-
paring HRAGE and CZE, one should not expect separation of proteins on
instrumentation as different as these two methods to give identical results.
Because of the difference of detection methods of HRAGE and CZE (dye
binding vs absorbance at 214 nm), the inter-individual variations by CZE
were less than HRAGE (23). However, variations in patient populations do
occur and each laboratory should establish reference ranges. As a point of
reference, normal ranges for adult serum protein electrophoresis (CZE) in
various laboratories are shown in Table 3.

For the laboratories having a high volume of protein electrophoresis, CZE
can offer a welcome change. If analyses other than serum protein or
immunosubstraction are desired then a smaller unit might be needed.
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Table 3
Adult Reference Ranges for Serum Protein Electrophoresis
on Capillary Instruments (CZE)

Author Ref. Albumin % -1 % -2 %  %  %

Jellum (26) 54.7–68.7 3.7–7.8 5.2–10.7 8.6–13.7 10.7–19.2
Klein (11) 51.2–63.2 2.7–5.1 6.5–12.7 Trfa 7.7–9.8 9.3–20.4

and Jolliff C3b 3.8–7.0
Jolliff (12) 52.0–67.0 3.8–8.3 5.8–12.4 9.8–13.0 9.3–20.4

and Blessum
Petal (23) 38.1–68.1 3.24–8.01 5.53–12.1 11.1–19.5 9.08–19.7
Bossnyt (27) cM 41.7–52.3 2.6–4.5 3.4–6.4 5.8–9.5 5.3–13.2

dF 37.4–49.8 2.6–5.1 3.9 – 6.4 5.5–8.7
Bio-Rad (33) 51.3–66.6 3.8–6.6 6.8–13.0 8.8–15.7 9.4–19.5

cM, Male.
dF, Female.
aTrf, Transferrin.
bC3, C3 Component of complement,

Although it will have a slower output, the smaller unit will have the capabil-
ity to change times, temperature, capillary sizes, and detection parameters,
making the instrument more versatile.

6. CONCLUSION

The CZE procedure offers many advantages in labor saving, cost per test,
and reproducibility compared to the HRAGE procedure. The literature on
this procedure, in which comparative studies with HRGE have been
reported, have been extremely favorable for its adaptation in the clinical
laboratory for serum protein separation. Although it may make sense to
replace HRAGE with CZE, the laboratory should not totally discard HRAGE
because it will be useful as a backup confirmation method when patterns
difficult to interpret occur.
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Serum and Urine Paraprotein

Capillary Electrophoresis

Carl R. Jolliff

1. INTRODUCTION

Most requests for serum and urine electrophoresis occur because of the
reversal of albumin/globulin ratios in the general chemistry profile or the
presence of protein in the urine. The suspicion of possible myelomatosis by
the physician also alerts him/her to rule out the presence of a monoclonal
gammopathy in the serum or light chain in the urine. Because of the
increased sensitivity afforded by the newer electrophoresis systems,
paraproteins are found more often. Their appearance in a number of condi-
tions exhibiting a B-cell lymphoproliferative response has renewed the
interest of oncologists, hematologists, nephrologists, rheumatologists,
internists, and neurologists.

Historically, the procedures for clinical electrophoresis have progressed
through the techniques discussed in Chapter 4. To date, the most commonly
used method is thin layer agarose electrophoresis to identify the presence of
proteins of restricted mobility. Once identified, more definitive techniques,
such as immunofixation electrophoresis, are used to classify the proteins
involved.

2. IDENIFICATION OF PARAPROTEINS BY CAPILLARY
ZONE ELECTROPHORESIS (CZE)

Capillary zone electrophoresis (CZE) has the potential to replace agarose
electrophoresis in the identification of paraproteinemia. However, it was
first necessary to determine whether this procedure would be able to detect
paraproteinemia and paraproteinuria with the sensitivity of high-resolution
agarose gel electrophoresis (HRAGE). In addition, it was critical to find out
whether CZE or a modification thereof could be used to replace the agarose
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immunofixation method used in the identification of paraproteins. It was
also important to determine if CZE could be used to detect the presence of
protein in urine, especially free-light chain or Bence Jones protein (BJP).

The answer to these questions came after considerable research was done
in the academic as well as commercial environment. To date there are two
instruments on the market that have been approved by the United States Food
and Drug Administration (FDA) for the separation of serum proteins, the Bio-
Rad Bio-Focus 2000TM and Beckman Coulter’s Paragon CZE 2000. Only one,
the Beckman Coulter Paragon CZE( 2000, is approved for the identification of
paraproteins. To date neither instrument has been approved for the identifica-
tion of protein in urine or other body fluids (e.g., cerebrospinal fluid). Various
authors, however, have reported methods on research platforms that can mea-
sure urine proteins as well as cerebrospinal fluid proteins.

Monoclonal gammopathies (MG) are seen as bands of restricted mobility
after separation of serum has been completed. However, not all proteins of
restricted mobility (PRM) are MGs. MGs are produced when a single clone
of a cell proliferates producing an immunoglobulin molecule, or portion
thereof. These proteins are also known as paraproteins, monoclonal (MC)
proteins or simply (M) proteins.

If seen in the serum MGs are an indication of “B” lymphocyte expansion,
which may indicate monoclonal gammopathy of undetermined significance
(MGUS), multiple myeloma (MM), Waldenstrom’s disease, plasmacytoma,
heavy chain disease, light chain disease, lymphoproliferative disorders, or
primary amyloidosis. They may be also related to immune complexes such
as seen in cryoglobulinemia, pyroglobulinemia, and various antigen/anti-
body complexes.

With the increased sensitivity of the new electrophoretic methods, small
PRMs are being found more often. Often the question is asked, “Are these
small PRMs seen in the gamma or near gamma gobulin region important
enough to alert the clinician of their presence?” The answer to this question
is always yes. In most instances the patient history or symptomology is not
available to the laboratorian, nor is it known if a condition that could be just
starting has been found. If this condition has just started it needs to be fol-
lowed over subsequent months/years. Small PRMs may also be an indica-
tion of “B” cell lymphoproliferative disease, primary amyloidosis,
light-chain disease, or other previously undiagnosed disease. When a PRM
is found,the laboratorian should follow up with some type of identification
procedure. The incidence of the PRMs, which is usually a MGUS, is approx
1% of people over 50 yr of age and 3% in those over 70.
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Kyle (1) has reported that 20–25% of MGUS patients will develop some
type of malignant disease within a 24–35 yr time-span. Once identified fol-
low-up studies should be performed every 3 mo for the first year. If no
change has occurred during that period, tests should be repeated every year
or else left up to the discretion of the physician. The important consideration
is that the monoclonal protein has not increased over 5 g/L between studies.
Treatment of the patient is usually not instituted unless this elevation occurs
because of the possibility of exacerbating the clonal expansion.

The measurement of MC proteins is best done by serum protein electro-
phoresis (SPE) and not by immunoassay, for the reasons mentioned in Chap-
ter 4. This is because immunoassay may not give an accurate measurement
of the levels of MC. Also, because of problems with immunoassay, com-
parison of the levels of the MC by SPE and immunoassay should not be
made, because the levels may not correlate. In addition, MC over 50 g/L
should be diluted 1:2 (2).

The evaluation of urine for MC is also mandated when the SPE pattern
exhibits hypogammaglobulinemia, that may signal light-chain disease. In
this situation, it is necessary to obtain a 24-h specimen or at least a first
morning specimen for urine electrophoresis. If the electrophoresis is nega-
tive for a peak in the gamma or beta region, immunofixation to look for free
kappa and lambda light chains is indicated. This is because free light chains
may not be seen by electrophoresis alone.

3. COMPARISON OF CZE WITH HRAGE

Chapter 4 discussed the classification of serum protein dyscrasias using
CZE and HRAGE. This chapter covers paraproteinemia and the comparison
of CZE vs HRAGE. CZE appears to offer an alternative to HRAGE for the
detection of paraproteinemias in serum. When we used the Paragon CZE
2000, we obtained a 100% concordance between CZE and HRAGE in the
detection of monoclonal gammopathies (3). However this was only when
the paraproteins were within the detection limits of HRAGE: IgG 0.5 g/L,
IgA 0.75 g/L, and IgM 0.75 g. In instances when the paraprotein band falls
within the transferrin band it is sometimes difficult to identify by HRAGE.
However, with CZE it is usually obvious due to a separate peak being seen
along side the transferrin band. As discussed in Chapter 4, with computer
accusation of the data it is possible to magnify specific areas in the
electropheorgram making it is possible to see the separate banding. (Fig. 1A–E)

In a recent study of 1,518 serum samples CZE detected a MC protein in
204 CZE patterns vs 195 by HRAGE (4). It was reported that the increased
sensitivity of CZE as a screening test was due to the detection of 3 IgA M
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proteins in the beta region, 4 small monoclonal free light chains and 4 small
M proteins superimposed on a polyclonal background. None of these were
seen on HRAGE, giving sensitivities for CZE and HRAGE of 95% and 91%,
respectively.

Fig. 1. (A) Agarose vs CZE patterns of an IgG lambda monoclonal gammopathy.
(B) Agarose vs CZE patterns of an IgA kappa monoclonal gammopathy. (C) Aga-
rose vs CZE patterns of an IgM kappa monoclonal gammopathy.
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Heskens et al. (5) used the Beckman Coulter P/ACE 5000 system to detect
70 of 74 MC proteins as detected by agarose gel electrophoresis. Similar
results were seen by Bossuyt et al. (6) who looked at 58 serums that had
been previously identified as having an M component. They detected MC
proteins in 93% of the serums using Beckman Coulter’s Paragon CZE 2000
unit compared to 74% by cellulose acetate electrophoresis and 86% by
HRAGE. Clark et al. (7) also examined 305 serum samples for the presence
of a monoclonal gammopathy using the Beckman P/ACE 5510 unit and com-
pared the results with those found by HRAGE. They found that CZE detected
100% of the paraproteins detected by HRAGE.

Jenkins et al. (7) were able to correctly identify all 76 paraproteinemic
samples, previously identified by HRAGE, using an Applied BioSystems
CZE unit. They claimed that the CZE procedure was more sensitive in the
detection of IgA paraproteins in the beta region. However, two cases of an
IgM paraproteinemia were not detected by their procedure that were identi-

Fig. 1. (continued) (D) Agarose vs CZE patterns of a biclonal IgG kappa
gammopathy. (E) Agarose vs. CZE of an acute inflammatory pattern with a
pseudomonoclonal gammopathy that is identified as C-reactive protein.
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fied by HRAGE. In another report by Jenkins et al. (9) the results obtained
by CZE and HRAGE were compared for 1000 clinical specimens that con-
tained 362 specimens containing monoclonal proteins whose concentrations
ranged from 1 to 71 g/L. They found a correlation of 0.96 between HRAGE
and CZE. In this case three IgA M proteins were detected by CZE but not by
HRAGE because of their presence in the transferrin band. However, two
IgM monoclonal bands were detected by HRAGE but not by CZE. In addi-
tion, one of 11 light chains was not detected by CZE.

Doleman et al. (10) in a study of 250 outpatients reported excellent con-
cordance between HRAGE and CZE. However, 19 patients had an IgM para-
protein that was not detected by CZE. Once identified by HRAGE, however,
the paraproteins were visible on the CZE electrophorogram. This implies
that there is a steep learning curve in CZE interpretation that must occur
before it can be used as an alternative to HRAGE in the clinical laboratory.

It is evident from the published data that CZE offers an excellent alterna-
tive to HRAGE for the screening of serum samples to detect paraproteinemia.
However, one must realize that any one method may not be acceptable as a
final interpretative procedure for paraproteinemia. Reliance on a back-up
procedure, such as immunofixation electrophoresis, HRAGE, polyacryla-
mide gel electrophoresis, and two-dimensional electrophoresis, may be nec-
essary for the study of any paraprotein.

4. IMMUNOFIXATION ELECTROPHORESIS
VS IMMUNOSUBTRACTION

Immunofixation electrophoresis (IFE) is in all probability the “gold stan-
dard” for the detection of monoclonal gammopathies in the clinical laboratory
and to identify the type as well as the heavy- and light-chain class. It has also
replaced the classical immunoelectrophoresis because of its simplicity of
interpretation. In addition, it is also an extremely sensitive procedure because
of the combination of two proteins, antigen and antibody, which increases the
amount of dye uptake almost 10-fold. Such sensitivity must be utilized when
looking at an extremely small amount of protein or one hidden in an otherwise
heterogeneous amount of background immunoglobulin. However, as with any
immunologic method, attention to the Heidelberger equivalency curve of
antigen or antibody excess must be considered when interpreting the procedure.
Either antigen or antibody excess may render the precipitin band unreadable.
This is especially true with Bence Jones proteins in urine IFE studies.

In capillary electrophoresis (CE), the technique of simple IFE was not
practical. However, modification of the immunosubtraction electrophoresis
method of Aguzzi et al. (11) by Klein et al. (12) allowed specific protein
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identification by CZE. This method of immunosubtraction uses IgG, IgA, IgM,
kappa- and lambda-specific antibodies attached to sepharose beads. The serum
is mixed and incubated with sepharose beads coated with antiserum to spe-
cific proteins. After removal of the sepharose beads along with the specific
protein attached to the beads, the remaining serum proteins are separated by
CZE. The absence of the specific protein identifies the protein of restricted
mobility when compared to the original CZE pattern (see Fig. 2A–C).

Using this technique for identification of monoclonal peaks has also
allowed for the possibility of automation. This time-saving addition was
welcome in laboratories performing large numbers of these procedures. IFE,

Fig. 2. (A) Immunosubtraction patterns of an IgG lambda monoclonal
gammopathy.
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however, still remains as a necessary back up if the MC protein falls below
the detection limit of the CZE.

5. URINE PROTEINS

Currently, no CZE methods have been approved for the separation of
urine proteins by the FDA. Various authors, however, have developed tech-
niques that have used CZE to separate urine proteins. These reports may
well help in the eventual introduction of such methods. A limiting factor
appears to be salt concentration of urine as well as degraded protein frag-
ments, which can present a very confusing picture.

Fig. 2. (B) Immunosubtraction patterns of an IgA lambda monoclonal
gammopathy.
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Jellum et al. (13) used a Hewlett-Packard HP 3D CZE unit with a built-in
diode array detector to analyze urine. The capillary had an effective length of
56 cm (injector to detector) with an internal diameter of 50 µm. The light path
was 150 µm using a bubble cell at the detector site. The buffer used was 300
mM borate, pH 8.3, and a potential of 30 kV employed. The urine was injected
into the capillary without preconcentration or pretreatment. Because there was
no preconcentration the method did not detect albumin, transferrin or other
proteins that are usually observed in glomerular or tubular proteinemia. Rather,
only metabolites that are found in various metabolic disorders were detected.

Fig. 2. (C) Immunosubtraction patterns of an IgM kappa monoclonal
gammopathy.
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The most promising work in the detection of urine proteins by CZE has
been by Jenkins et al. (14) who identified albumin and Bence Jones protein
in urine. The results were compared to HRAGE with correlation coefficients
of 0.93 and 0.95, respectively. A BioSystems CZE model 2027A HT was
used and urine concentrated 100× in a Minicon B-15 concentrator, after
which it was diluted 1:50 in the assay buffer. Anionic species were then
removed from the specimens with Dowex 2 ion-exchange resin obtained
from Sigma (St. Louis, MO) (1 g in 1 mL of deionized water). A 1:1 mixture
of urine and Dowex is prepared and allowed to stand for 30 min. After cen-
trifugation at 9500g for 2 min, 20 µL of supernatant is mixed with 60 µL
assay buffer. Separation time was 18 min at 18 kV in a fused silica capillary,
72 cm × 50 µm I.D with detection was at 200 nm. The buffer was 150 mM
boric acid and 1 mM calcium lactate at pH 9.7. This method is used rou-
tinely in their laboratory for the quantitative analysis of urinary proteins.

6. ADVANTAGES AND DISADVANTAGES OF CZE
For the separation of paraproteins in serum, CZE is comparable to

HRAGE. The separations obtained by CE in the beta globulin region where
transferrin can potentially interfere with IgA MC proteins appear to be supe-
rior to HRAGE. This also appears to be true for IgM MC proteins.

No application artifacts are seen with the CZE procedure and the concen-
trations of the proteins in the individual peaks are not dependent on staining
differences for the individual proteins. This is particularly important in fol-
lowing patients with monoclonal disorders. Coefficients of variation within
capillaries and between capillaries are low and well within acceptable lim-
its. In addition, the ability to overlay a normal serum and to generate a gel-
simulated pattern on the Beckman system, as well as being able to magnify
an area, is especially helpful in examination for paraproteinemia.

The immunosubtraction procedure is excellent and compared well with
immunofixation on agarose. However, the agarose IFE will detect smaller
amounts of protein and is superior for the detection of small amounts of
Bence Jones protein in urine or serum. Small monoclonal bands in the IgM
region are also been best seen by immunofixation on agarose.

MC arising in the very cathodic portion of the HRAGE patterns may not
be detectable on CZE (15). This may be a phenomenon of lipoprotein bind-
ing to the MC protein because these particular proteins stain with lipid dyes
on agarose gels (16). This can be circumvented as indicated by Jenkins et al.
(15). Also there are no commercial kits available that can check for IgD and
IgE MC proteins if only a light chain is seen on the serum CZE pattern. This
is not too important in that such conditions are rare and can be ruled out by
immunofixation on agarose with the specific antiserum.
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Finally, identification of urinary paraproteinuria is at the present time not
available on existing CZE units in the United States. This can be a disadvan-
tage with the specifically dedicated serum protein units since another smaller
unit would be needed in investigate the urine.

7. CONCLUSION

CZE offers an alternative way of evaluating serum samples for
paraproteinemias. The two automated instruments available and approved
by the FDA offer a time saving and labor saving approach to these assays.
There are a number of other instruments that have greater flexibility with
regard to various parameters such as temperature, time of separation,
changes in buffer, and capillary size. However, these instruments are con-
sidered research platforms and as such can offer a great number of methods,
examining such analytes as hemoglobin, amino acids, drugs, and other clini-
cally important substances.

The main advantage of CZE is its ability to screen large numbers of speci-
mens with very little hands-on time at a relatively low cost per test. This is
because only buffer and rinse solutions are needed to separate proteins. IFE/
immunosubtraction on the other hand, requires the use of anti-immunoglo-
bulin sepharose bead units and increases the time necessary to produce a
result. However, immunosubstration CZE can still produce results faster
than the current IFE used in the clinical laboratory.

Not only is the detection of the paraproteinemias automated by the
Beckman Coulter Paragon CZE 2000 instrument, but also their classifica-
tion. In our hands, as well as in others, excellent correlation with the HRAGE
is obtained. Instruments for urine, cerebrospinal fluid, and other body fluids
will no doubt be forthcoming in the future on the two available clinical models,
which will further aid in the detection and classification of the para-
proteinemias.
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Cerebrospinal Fluid Protein Electrophoresis

John R. Petersen and Amin A. Mohammad

1. INTRODUCTION

Cerebrospinal fluid (CSF), a clear colorless fluid with a viscosity similar
to water, is produced at a rate of approx 500 mL p/d. The volume averages
135–150 mL in an adult and approx 40 mL in neonates with a turnover rate
of 6 h. Approximately two-thirds of the CSF is secreted by the choroid plex-
uses, whereas the rest comes from leakage of plasma from the capillary bed
found in the central nervous system (CNS) and the metabolism of glucose
by cells in the CNS.

The normal protein concentration in the CSF is 150–450 mg/L. These
proteins are mainly plasma proteins that passively diffuse across the blood-
brain barrier (1)  at a rate that is dependent on the plasma and CSF concen-
trations, is inversely proportional to the molecular weight, and is dependent
on molecular charge. The remainder is locally synthesized within the CNS.
Lower molecular weight substances that are uncharged, such as glucose,
urea, and creatinine, freely diffuse across the blood–brain barrier, but equili-
bration can take several hours. Charged small molecules—Na+, K+, Ca2+,
Mg2+, Cl , H+, and bicarbonate—are actively regulated by specific transport
systems.

2. CLINICAL UTILITY OF CSF PROTEIN MEASUREMENT

The analysis of CSF proteins can be useful in the diagnosis and manage-
ment of a variety of neurological diseases that fall in the following general
classifications:

a. Inflammatory conditions that cause a breakdown in the blood–brain barrier;
b. Destructive brain diseases, and
c. Immune response within the CNS.



106 Petersen and Mohammad

Of these conditions, the most important is detection of an immune
response within the CNS. This is because many diseases produce local
immune responses leading to an abnormality of the proteins within the CNS.
Analysis can be done either directly, by determining the IgG index to deter-
mine if interthecal synthesis of immunoglobulins is occurring, or by electro-
phoretic methods. In order determine the IgG index, it is necessary to
measure the immunolglobulin and albumin levels in the serum as well as the
CSF. If the ratio (Eq. 1) is greater than a pre-set level that is established by
an individual laboratory (usually between 0.64–0.85) then IgG synthesis is
occurring within the CNS.

CSF IgG index (CSF IgG/CSF Albumin)/(serum IgG/ serum albumin) (1)

Diagnostically, the significance of the IgG index is based on the observation
that 70–90% of patients with multiple sclerosis (MS) have an elevated index
when first diagnosed (2). Refinement of the index by calculation of specific
immunglobulin synthesis has also been developed (3). However, in most
instances the original IgG index gives adequate information to the clinician.

The immune process may also produce a polyclonal and, perhaps more
importantly, discrete bands (oligoclonal) in the gamma region when CSF is
subjected to electrophoresis. The most important application in the fraction-
ation of CSF is in the diagnosis of MS. It has been found that greater than
90% of all patients with MS have oligoclonal bands, whereas only 70–90%
have an elevated IgG index (2). However, by combining oligoclonal band-
ing with the IgG index, >95% of MS cases will be abnormal. Oligoclonal
band may also be present in 90% patients with subacute sclerosing
panencephalitis (4), 60% of patients with neurosyhilis (5), and 40% of
patients of patients with viral or bacterial meningitis (6). Discrete bands in
the immunoglobulin region may also be seen in patients with infections or
other diseases (e.g., multiple myeloma), thus it is advisable to evaluate serum
at the same time as the CSF.

3. ELECTROPHORESIS METHODS

3.1. Gel Electrophoresis

Multiple methods such as agarose gel (4), polyacrylamide (8), isoelectric
focusing (8,9), and two-dimensional (10) electrophoresis have been described
to measure the protein profiles associated with the various diseases of the
CNS. All of these methods are labor intensive and require an approx 40-fold
preconcentration of the CSF in order for the protein bands to be visualized
with the stains used (e.g., Coomassie brilliant blue). Because of problems
associated with preconcentration, a method using unconcentrated CSF and
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silver staining was developed (11). This method has not been used routinely
in the clinical laboratory due to the technical difficulties associated with
silver staining of the gels. At present of all the methods used for the detec-
tion of protein profiles in CSF, agarose gel electrophoresis is probably the
most sensitive and routinely used method in the clinical laboratory

3.2. Capillary Electrophoresis (CE)

More recently, capillary electrophoresis (CE) has been used to provide a
fast, yet sensitive, method to analyze CSF (12–14). The authors of these
articles used a variety of different approaches to analyze CSF.

Crowdrey et al. (12,13) analyzed unconcentrated CSF using pH 10.0
borate, buffer, and methylcellulose to minimize electroosmotic flow (EOF).
They were able to separate and identify between 20 and 25 peaks (Fig. 1),
which included proteins and other components of CSF, under these condi-
tions. Migration of the components of the CSF using these conditions

Fig. 1. Typical CSF protein profile using an bare fused silica capillary. Separa-
tion buffer was 40 mM borate, pH 10.0, containing 0.4 gL of methyl cellulose. The
capillary was 50 µ × 55 cm (35 cm to detection), voltage 25 kV, 30°C, with a 4 s
injection of unconcentrated CSF. Reproduced with permission from ref. (12).
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depends on the charge-to-mass ratio, which means that the more acidic com-
ponents had longer migration times. Using CSF samples from 30 randomly
chosen patients, they were able to show differences in the CSF samples.
They made no attempt, however, to correlate these differences with disease
states. The method was not able to distinguish the fine features in the gamma
region when the electropherogram was compared to a serum profile (Fig. 2),
making this method unlikely to be used when evaluating a potential MS
patient for oligoclonal bands. They were, however, able to detect abnormal
proteins in the acidic region (Fig. 3), which may prove to be useful in iden-
tifying the underlying pathology of neurologic diseases.

Recently, Sanders et al. (14) modified a procedure that had been used to
separate serum proteins in order to see if CE could detect oligoclonal bands

Fig. 2. Typical serum protein profile using a bare fused silica capillary. Separa-
tion buffer was 40 m borate, pH 10.0, containing 0.4 gL of methyl cellulose. The
capillary was 50 µ × 55 cm (35 cm to detection), voltage 25 kV, 30°C, with a 4 s
injection of a 1:5 dilution of serum. Reproduced with permission from ref. (12).
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in CSF from patients with MS. Similar to Crowdrey et al. they also used a
high pH (9.25) borate buffer. However, to control EOF they used polyethyl-
ene glycol (PEG; MW 8000) and O-phosphorylethanolamine (O-PEA)
instead of methylcellulose. Using this buffer combination to compare the
electropherogram from the CSF (40-fold concnetration) and serum from the
same patient they were able to identify oligoclonal bands (Fig. 4). This
method gave a concordance of 87% with high-resolution agarose gel elec-
trophoresis (HRAGE) in detection of oligoclonal banding. This is excellent
because many times detection of oligoclonal banding between laboratories
using the same electrophoresis methods may not compare as well.

Fig. 3. CSF protein profile that show an abnormal grouping of acidic proteins at
approx 11 min using an bare fused silica capillary. Separation buffer was
40 mM borate, pH 10.0, containing 0.4 gL of methyl cellulose. The capillary was
50 µ × 55 cm (35 cm to detection), voltage 25 kV, 30°C, with a 4 s injection of
unconcentrated CSF. Reproduced with permission from ref. (12).
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Sanders et al. (14) also evaluated the ability of CE to identify banding in
unconcentrated CSF (Fig. 5). However, because of the lack of sensitivity of
their instrumentation, they had to increase the injection volume three- to
sixfold over that used for the concentrated CSF. This resulted in a loss of
resolution and thus the ability to detect the oligoclonal bands. The authors
did speculate that with the newer detection cells (i.e., extended pathlength)
that would increase the sensitivity 5–10-fold, a decreased volume of CSF
could be injected that may allow detection of the oligoclonal bands.

An interesting feature of the CE method, which uses absorbance at 214 nm
to detect the proteins, is the ability to calculate a CSF Ig index. By knowing
the total protein concentration of the serum and CSF, the concentration of the
albumin and immunoglobulin region can be estimated. Substituting these val-
ues into Eq. 1 gives the CSF Ig index. When this result was compared to the
result obtained using nephelometry, a good correlation (r = 0.934) was

Fig. 4. Separation of CSF (A and C) that was concentrated as compared to
serum (B and D) that was diluted 1:10. Injection was by pressure (0.5 psi) for 10 s
(CSF) or 5 s (serum) in a 75 µ × 87 cm (80 cm to detection) bare fused silica
capillary. Separation buffer was 129 mM borate, pH 9.25, 0.5% PEG, 75 m
O-phosphorylethanolamine. Electrophoresis was at 20 kV with a temperature of
25°C. Reproduced with permission from ref. (14).
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obtained with only 2 discordant results out of 24. This is quite good consid-
ering that the immunologic method used unconcentrated CSF, whereas the
samples analyzed by CE used CSF concentrated 40- to 60-fold.

4. CONCLUSION

Analysis of proteins and protein profiles in CSF can play an important
role in helping the physician identify and sometimes follow the treatment of
a disease state. CE may play an important part in speeding up this process by
giving additional information that was not previously available, while at the

Fig. 5. Comparison of concentrated (50-fold) CSF (A) injected for 20 s at 0.5 psi
vs unconcentrated CSF injected for 60 s at 0.5 psi. in a 75 µ × 87 cm (80 cm to
detection) bare fused silica capillary. Separation buffer was 129 mM borate, pH
9.25, 0.5% PEG, 75 m O-phosphorylethanolamine. Electrophoresis was at 20 kV
with a temperature of 25°C. Reproduced with permission from ref. (14).
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same time reducing the cost of analysis. Although the use of CE to evaluate
the protein profiles for abnormalities, such as oligoclonal banding, in CSF
appears very promising, it is still in its infancy. Much more work is required,
especially in the comparison to current technology (i.e., agarose electro-
phoresis), in order for CE to be used as a routine method for CSF protein
analysis in the clinical laboratory.
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Lipoprotein Analysis

Rainer Lehmann

1. INTRODUCTION

In the four decades since the first description of the plasma lipoprotein
transport system (1), there has been an explosion of knowledge about its
component parts, operation, and regulation. Increasingly, the medical com-
munity has become aware that defects in lipoprotein metabolism are inti-
mately involved in the pathogenesis of coronary vascular disease (CVD),
the major cause of death in most Western countries. Investigations have
been made on a broad front, ranging from intensive clinical investigations to
fundamental studies on apolipoproteins, the nature and metabolism of lipo-
protein, and the action of enzymes and receptors that control the course of
lipoprotein metabolism.

The first step in diagnosis of hyper- and hypolipoproteinemias is to define
a phenotype (plasma lipoprotein pattern) by chemical analysis of plasma
lipids and lipoproteins. Lipoproteins have been separated in at least five
different ways, depending on physical, chemical, and immunological
properties of the lipid–protein complexes. Lipoproteins are macromol-
ecules with lower hydrated densities than the other plasma proteins, there-
fore ultracentrifugation (UC), which is also the reference method, has been
used to separate various fractions on the basis of differential density (2–7).
Lipoproteins can also be separated by gel electrophoresis based on their dif-
fering surface charge and molecular size (8–10). They also form insoluble
complexes with polyanions and divalent cations and will precipitate by
appropriate choice and concentration of polyanions and metal ions (11–14).
Lipoproteins may also be separated on the basis of their molecular size by
gel or membrane filtration (15,16) or isolated by reaction with antibodies to
apolipoproteins (14,17,18). Quantification of the various apolipoproteins is
predominantly performed by immunoassays (19,20).
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The aim of this chapter is to provide a short introduction in the topic of
lipoprotein metabolism and the clinical relevance of lipoproteins, followed
by details of the potential analytical impact of capillary electrophoretic (CE)
techniques in this important field. CE methods required for studies on the
molecular biology of lipoproteins have not been included (for details on
molecular diagnostics, see Section 6. or ref. [21]).

2. BIOMEDICAL BACKGROUND

2.1. Structure, Classes, and Metabolism of Lipoproteins

Medieval physicians first observed lipoproteins (milky serum) in asso-
ciation with diabetes mellitus, nephrotic syndrome, and overindulgence of
alcohol. In the early 1900s studies focused on the metabolism of plasma
cholesterol and triglycerides. This approach quickly gave way to the study
of the various lipoprotein classes after it was recognized that lipids and cho-
lesterol were merely cargo and that apolipoproteins on the surface of lipo-
protein particles were involved in their metabolism.

All of the major lipoprotein particles consist of a shell of amphipathic
proteins (apolipoproteins), unesterified cholesterol and phospholipids
(hydrophilic on one face and hydrophobic on the other), and a core of trig-
lycerides and cholesterol esters. However, the concentration and character-
istics of these particles differ as shown in Table 1. They are classified
according to increasing density; chylomicrons (<0.95 g/mL), very low-
density lipoproteins (VLDL, 0.95–1.006 g/mL), intermediate-density lipo-
proteins (IDL, 1.006–1.019), low-density lipoproteins (LDL, 1.019–1.063),
and high-density lipoproteins (HDL, 1.063–1.210). Chylomicrons, which
are synthesized by and released from the intestinal epithelial cells, consist of
more than 80% of triglycerides and are responsible for transporting dietary
fat. After release from the epithelial cells, the chylomicrons are metabolized
to remnants that are composed mainly of cholesterol. The remnants bind to
the hepatic chylomicron-remnant receptor and enter the liver cells, where the
proteins are catabolized and cholesterol released. VLDL is a large triglycer-
ide rich particle synthesized by the liver. Normally most of the VLDL is
converted to smaller LDL particles through the “VLDL remnants” known as
IDL. LDL, a small cholesterol-rich lipoprotein containing only
apolipoprotein B-100, has a longer half-life than its precursors, VLDL and
IDL. LDL accounts for about 70% of total cholesterol in plasma and is
removed from plasma by LDL receptors, which are specific for Apo B-100.
The rate of uptake determines plasma LDL concentration and therefore the
measured plasma cholesterol concentration. LDL delivers cholesterol to all
nucleated cells via endocytosis by the LDL-receptor. HDL, on the other
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Table 1
Composition and Properties of Major Lipoprotein Classes

Composition (% mass) Prot./lipid- Molecular weight (Da)
Lipoproteins Chol PL TG Prot Apoliproteins quotient and diameter (nm) Function Source

Chylomicrons  6  4  87  1 A-I, A-IV, B-48,  1:100 400,000 kDa Transport  Intestine
 (CI-III, E)a > 70 nm of dietary fat

VLDL  8–13  6–15  64–80  8–10 A-IV,B-100,  1:11 10,000–80,000 kDa Transport of Liver
C I-III, E 25–70 nm endogenous fat

LDL  45  25  10  20  B-100, (C, D, E)a  1:5 ~2300 kDa Transport of
19–23 nm chol. to VLDL

peripheral (via IDL)
tissues

Regulate de
novo chol.
synthesis

HDL  20  30  2–5  48 A-I, A-II, A-IV, ~1:1 ~180–1000 kDa Transport of Liver intestine
C I-III, E 4–10 nm cholesterol

from
peripheral
tissues

Chol, cholesterol; PL, phospholipid; TG, triglyceride; Prot, protein.
aThe apolipoproteins in brackets are acquired after secretion.
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hand, plays an important role in reverse cholesterol transport. A gradient of
reverse cholesterol transport is maintained, either by the liver taking up HDL
or by transfer via cholesterol ester transferase protein (CETP) of HDL cho-
lesterol ester to Apo B-containing particles, which are also subject to rapid
uptake by the liver. Lipoprotein (a) (Lp [a]), whose function is unknown, is
also produced by the liver, is similar to LDL, but distinct due to the presence
of Apo(a), a glycoprotein with significant homology to plasminogen (22).

Most lipoprotein classes can be separated as discrete subpopulations, e.g.
HDL exist in plasma as HDL1, HDL2, and HDL3. These differ in density,
size, composition, and physiological function (4,16,23,24). In normal hu-
man plasma, the two major subpopulations are HDL2 and HDL3. LDL, how-
ever, has been separated into at least 12 subfractions (25–27) with particle
size decreasing with increasing density. The smaller, denser LDL particles
seem to be more atherogenic than the larger, lighter particles. Based on the
experimental findings, smaller LDL particles have been found to be more
susceptible to oxidation in vitro, have a lower binding affinity for the LDL
receptors and a lower catabolic rate. They also have a higher concentration
of polyunsaturated fatty acids and potentially interact more easily with
proteoglycans of the arterial wall (27). For IDL two subpopulations of over-
lapping density have been isolated (28). Both subpopulations seem to be
precursors of two different LDL subclasses. The VLDL subpopulation can
be divided into two subspecies, large triglyceride-rich particles and smaller
cholesterol ester enriched particles (28). Each of these various classes and
subpopulations of lipoproteins play a more or less pivotal role in the patho-
genesis of atherosclerosis, some as a risk factor, other as a protective factor.
An overview of lipoprotein metabolism is shown in Fig. 1.

2.2. Clinical Relevance and Evaluation of Atherosclerotic Risk
In the 20th century, coronary vascular disease (CVD) has been the major

cause of death in the United States. Despite a 26.7% decline in death rates
from CVD during the last decade, CVD is still the major cause of death in
the Western world (29). In 1995, about one million Americans died of heart
and blood vessel diseases (455,152 male deaths and 505,440 female deaths),
whereas cancer killed a total of 538,455. The cost of cardiovascular diseases
and stroke in 1998 has been estimated at $274.2 billion.

Atherosclerosis is the principal cause of CVD. It is a chronic disease char-
acterized by the focal accumulation of plaque (consisting of cholesterol, lip-
ids, leukocytes, macrophages, smooth muscle cells, and extracellular matrix)
in the vessel wall that ultimately leads to obstruction of the lumen through
gradual progression, plaque rupture with intraluminal thrombosis, or both
(30). If left untreated, atherosclerosis can lead to peripheral vascular dis-
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Fig. 1. Pathway of the lipid metabolism (smaller letter size of the apolipoprotein
represents lesser quantity). Abbreviations: LPL, lipoprotein lipase; CETP, choles-
terol ester transferase protein; LCAT, lecithin:cholesterol acyl transferase; HDL,
high-density lipoprotein; VLDL, very low-density lipoprotein; LDL, low-density
lipoprotein; B100, apolipoprotein B-100; E, apolipoprotein E; B48, apolipoprotein
B-48, A-I, apolipoprotein A-I; A-II, apolipoprotein A-II, C, apolipoprotein C; R,
receptor.

ease, heart attack, or stroke. Unfortunately, it is a “silent” disease develop-
ing without any symptoms over a long period of time, possibly beginning in
childhood. Consequently, early diagnosis to identify individuals at risk is
essential.

The importance of serum lipoprotein disturbances as an etiological factor
in the development and potentiation of atherosclerosis is now supported by
a considerable body of evidence, direct as well as circumstantial, amassed
from epidemiological and population studies (31–35). Individuals with ath-
erosclerotic CVD usually have one or more of the four lipoprotein abnor-
malities: 1) increased LDL, 2) decreased HDL usually associated with
increased levels of VLDL, 3) increased level of IDL and chylomicron rem-
nants, and 4) high levels of Lp(a) (20). These abnormalities can be explained
by genetic variations in proteins controlling lipid transport: apolipoproteins,
processing proteins (lipoprotein and hepatic lipases, cholesterol ester trans-
ferase protein, lecithin:cholesterol acyl transferase), and receptors (LDL,
chylomicron remnants, and scavenger). LDL oxidation, generated by endot-
helial cells during LDL transport through arterial walls may also play a
proatherogenic role (22,36,37). A new, recently recognized factor associ-
ated with a high risk of atherosclerosis is mild hyperhomocysteinemia (38–41).
HDL appears to play a protective role by removing cholesterol from periph-
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eral tissues and preventing lipid accumulation in arterial wall. Other main
risk factors are hypertension, increasing age, physical inactivity, obesity,
smoking, and diabetes mellitus (42).

Lipoprotein metabolism is of particular interest to clinicians involved in
diagnosis and treatment of atherosclerosis. Progress resulting in easy-to-
handle methods and more detailed informations about the quantitative com-
position of the various lipoproteins should increase our knowledge and,
hopefully, point toward new lines of protection and/or therapy. New ana-
lytical methods should facilitate the development of improved screening
strategies to help identify individuals that have an increased risk of athero-
sclerosis.

3. CONVENTIONAL LIPOPROTEIN ANALYSES

In addition to careful history and physical examination, laboratory tests
are very important in recognizing and classifying disorders of lipoprotein
metabolism by describing lipoprotein profiles and their relation to the risk
of CVD. However, measurement of lipids and lipoproteins are among the
more difficult and sophisticated clinical laboratory tests and has always pre-
sented a challenge to the laboratory.

As a heterogeneous mixture of lipids and proteins, the lipoproteins are not
easily defined because significant overlap can exist in the physical properties
of the major lipoprotein classes. For example, physical separation, such as
chemical precipitation or UC, is the basis for measuring HDL. However, an
easy method for the direct measurement of HDL in blood does not exist.

After visual observation of the specimen, the next most useful and reli-
able tests are determinations of triglyceride and total cholesterol concentra-
tions. These are used as a decision point for the logical progression in the
evaluation of a patient suspected of having an abnormality of plasma lip-
ids. However, triglyceride and cholesterol values alone do not address
the equally important lipoprotein deficiency states (e.g., decreased HDL
levels). It also carries the uncertainty that the atherosclerotic risk will be
overestimated in patients with a high cholesterol because of a high HDL
cholesterol.

Routine lipoprotein profile consists of measurement of serum cholesterol,
triglycerides, LDL-cholesterol (LDL-C), and HDL-cholesterol (HDL-C).
This is supplemented in special clinical settings by Lp(a), Apo A-I, and Apo
B-100 determination. The routine procedure for lipoprotein quantification
is to determine HDL-C in the supernatant after precipitation of
apolipoprotein-B-containing lipoproteins (VLDL and LDL), e.g., with dex-
tran sulfate (11). Convenient methods for directly measuring LDL suitable
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for mass screening are in progress, but not available yet. Currently most
routine clinical laboratories estimate LDL-C indirectly using the Friedewald
formula: LDL-cholesterol = [total cholesterol] – [total triglycerides/2.2] –
[HDL-cholesterol] (mmol/L). This equation holds for triglyceride levels up
to, but not above 4.5 mmol/L (400 mg/dl) and becomes inaccurate with
increasing IDL levels (43–46). This situation occurs in familial dysbetalipo-
proteinemia, diabetes mellitus, chronic renal failure, atherosclerotic vascu-
lar disease, and primary biliary cirrhosis. In general, when classifying
subjects into categories of CVD risk, LDL cholesterol calculation methods
should be used with caution. Perhaps a better, though less used method to
quantify HDL-C, Lp(a)-C, VLDL-C, and LDL-C is agarose gel electro-
phoresis with enzymatic staining for cholesterol (10). All four lipoprotein
fractions can be obtained in one run and quantified by a densitometric scan
(see Fig. 2). This procedure is more time-consuming than precipitation meth-
ods, however the method distinguishes between Lp(a)-C and LDL-C and is
more accurate than precipitation with respect to LDL-C (10).

Apo A-I and Apo B are usually measured by immunochemical methods.
One drawback of immunochemical assays is the influence of the antiserum
used, as antibody specificity can lead to appreciable differences in
apolipoproteins quantification. Even introduction of an international refer-
ence material did not reduce inter-laboratory variability (47).

Epidemiological studies have also suggested that individuals with lower
HDL2-C levels are predisposed to early development of CVD. Thus a sig-
nificant amount of work has been directed to adapting the polyanion-pre-
cipitating reagent technique to HDL subfraction analysis (12). So far,
however, no high-throughput method for the analysis of lipoprotein
subfractions in clinical routine exists.

Fig. 2. Agarose gel electrophoresis of sera with different lipoprotein phenotypes
(visualization by enzymatic staining of cholesterol). LDL, low-density lipoprotein;
VLDL, very low-density lipoprotein; Lp (a), lipoprotein (a); HDL, high-density
lipoprotein.
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In order to understand the complexity of lipoprotein metabolism, meth-
odological advances are required to produce homogeneous lipoproteins in
their native forms and to characterize these with respect to both particle size
and composition. CE possesses the potential to contribute substantially to a
sophisticated diagnosis, prevention, therapy and understanding of athero-
sclerotic diseases (see Section 4.2. and Table 2).

4. LIPOPROTEIN AND APOLIPOPROTEIN ANALYSIS
IN RESEARCH AND CLINICAL SETTINGS BY CAPILLARY
ELECTROPHORESIS

4.1. Sample Matrix

The matrices of the samples analyzed for lipoprotein and apolipoprotein
determination are frequently very complex, e.g., a high total protein concen-
tration, a high content of lipids, a high ionic strength, and so on. Thus, when
developing methods it is necessary to focus not only on component separa-
tion but also on possible matrix effects. Thus, methods quantifying lipopro-
teins and apolipoproteins in or isolated from biological specimens have to
be sensitive, selective, reproducible, robust, and, for routine clinical use,
able to allow a high sample throughput and yield reliable results even in
complex matrixes.

A major difficulty in the analysis of highly hydrophobic apolipoproteins
is poor solubility or even insolubility in aqueous buffers. This problem can
be solved by the use of detergents or organic solvents in the sample buffer
(e.g., 20–70% 2-propanol). When using buffers containing organic modifi-
ers, it is crucial to remember that increasing concentrations of organic modi-
fiers decreases the electroendosmotic flow in CE. Thus, at concentrations of
50% of organic solvent, highly hydrophopbic proteins migrate very slowly,
resulting in long analysis time and causing peak broadening and reduced
mass flow to the detector (48).

The use of detergents to dissolve lipoproteins can also cause problems.
This is because the binding of detergent to proteins, including
apolipoproteins, alters the Stoke radius and with ionic detergents, the charge
of the protein. The number of protein binding sites and the amount of deter-
gent bound in apolipoprotein–detergent complexes are also very important
(49–51). When using detergents it is important to realize that the lipids
released in the delipidation process can interact with the surfactants in the
running buffer. This can produce lipid-loaded micelles generating additional
peaks and background in the electropherogram (52). This phenomenon is
critical in the CE analysis of the apolipoproteins of VLDL and LDL but can
be ignored for HDL (52,53).
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4.2. Lipoproteins

4.2.1. Capillary Isotachophoresis

Currently, the major classes of lipoproteins are separated electrophoreti-
cally based on their charge, as well as their size, shape, and interaction with
supporting medium. The lipoproteins are detected after electrophoresis by
nonspecific lipid staining, precipitation with polyanions (54), or enzymatic
cholesterol staining (10,55).

In the 1970s and 1980s isotachophoresis in open polytetrafluorethylene-
tubes was the dominating “capillary” technique (56–58). As shown in Table
2, it is also the primarily method in the analysis of the various lipoprotein
classes by CE (59–67). Capillary isotachophoresis (CITP) is based on the
same principle as CZE, except that a discontinuous buffer system is used.
This condenses lipoproteins in zones between the leading and terminating
constituents. For better separation performance, spacer compounds can be
added (68). Quantification is based on the measured zone length, which is
proportional to the amount of sample present (58).

Analysis of lipoproteins in “capillaries” was first described in 1981 by
Bon et al. (69), demonstrating the preparative isotachophoretic separation
of HDL2 and HDL3 in a 30-cm long plastic column. In this method the two
HDL subclasses were separated into six and ten subfractions. Since then the
application of CITP to the analysis of lipoproteins and their subfractions has
been intensively evaluated (59–67). A mixture of spacers, such as different
mixtures of aminoacids, dipeptides, modified nucleosides, 3-(n-
morpholino)-2-hydroxypropanesulfonic acid, and so on, have been tested,
enhancing separation (see Table 2). Both the composition and concentration
of the various spacers define the position of the separated lipoprotein
subfractions in CITP. In the first communication on the CITP separation of
lipoproteins by Schmitz et al. (59), the resolution of the subfractions was
better than the traditional electrophoresis techniques. However, without
spacers the separation was not adequate (59). Since then, with a mixture
of spacers and different leading and terminating electrolytes, the same group
separated 14 distinct lipoprotein subfractions using whole serum or plasma
(60–65). Six HDL fractions, chylomicrons, large triglyceride-rich VLDL,
small VLDL, IDL, and four LDL fractions were detectable. Visualization of
the bands was achieved by pre-incubation (30 min at 4°C) of the serum or
ethylenediaminetetraacetic acid (EDTA)-plasma with the nonpolar dye Sudan
Black B before injection onto the capillary. The detection was at 570 nm.

CITP-analysis of lipoprotein subclasses isolated by UC from normal,
hypercholesterolemic, and hypertriglyceridemic subjects showed that
mobility of subclasses does not always correspond to the flotation proper-
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Table 2
Survey of Capillary Electrophoretic Applications with Lipoproteins

Running conditions Detection
Detected compounds Sample Buffer and capillary mode Ref.

Chylomicrons and Serum Leading electrolyte: 5 mM HCl; 100 µA for 6 min, 570 nm (59)
subfractions of HDL, 0.2% HPMC, pH 6.5; then 50 µA for (prestained
VLDL, LDL terminating electrolyte: 10 mM 6 min 500 µm i.d. with Sudan

-alanine, 10 mM histidine, pH 9.0 × 25 cm (PTFE- Black)
capillary)

HDL, VLDL, LDL, Serum, microsome Leading electrolyte: 5 mM H3PO4; 0.25% Started with 150 µA, 570 nm (60–65)
chylomicrons (all extracts, plasma HPMC; 20 mM ammediol, pH 9.2 than 100 µA, (prestained
together 14 membranes Terminating electrolyte: 100 mM valine; and finally 50 µA with Sudan
subpopulations), 20 mM ammediol, pH 9.4 400 µm i.d./15 cm Black)
membrane proteins Spacer (0.2 mg/mL of each): glycylglycine, (PTFE-capillary)

alanylglycine, valylglycine,
glycylhistidine, histidylleucine, serine,
glutamine, methionine, histidine, glycine,
3-methyl-histidine, pseudouridine

Lp (a), HDL, LDL, Commercial standards 50 mM borate, 3.5 mM SDS, 20% acetonitrile 17.5 kV 75 µm i.d. 214 nm (71)
Apo (a) and UC-isolated × 50 cm (uncoated

lipoproteins FS-capillary)
HDL, LDL Commercial standards Various buffers (sodium-borate, TAPS, Different voltages 214 nm (72)

and so forth) with different SDS contents 75 µm i.d. × 57 cm,
(uncoated FS-capillary)
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LDL and in vitro UC-isolated LDL 40 mM methylglucamine-Tricine, pH 9.0 20 kV 75 µm i.d. × 57 cm 200 nm (76)

oxidized LDL (uncoated FS-capillary) and 234 nm
HDL, VLDL, LDL, Serum Leading electrolyte: 5 mM HCl; 20 mM 18 kV 180 µm

chylomicrons ammediol; 0.25% HPMC, pH 6.5 i.d. × 37 cm; 566 nm (66)
(all together 14 Terminating electrolyte: 20 mM 3-(cyclohexylamino)- (coated FS-capillary) (enzymatic
subpopulations) 1-propane sulfonic acid, pH 10.5 cholesterol-

Spacer (final concentration: 56 µg/mL of each): or
asparatic acid, N,N-bis(2-hydroxyethyl)glycine, triglyceride-
N-[2-hydroxyethyl] piperazine-N- specific
9,3-[propane sulfonic acid], glutamine, MOPSO, staining
serine, TAPS, TAPSO, TES, alanylglycine,
valylglycine, glycylhistidine

HDL, VLDL, LDL, Serum Leading electrolyte: 10 mM HCl, 0.3% HPMC, 10 kV 180 µm Ex: 488 nm (67)
chylomicrons (all 17 mM ammediol, pH 8.65 i.d. × 27 cm, Em.: 510 nm
together 9 Terminating electrolyte: 20 mM alanine, (coated FS-capillary) (LIF), NBD
subpopulations) 17 mM ammediol, pH 10.5 staining

Spacer: ACES, octansulfonic acid, glucuronic acid,
N-Tris (hydroxymethyl)methyl-2-aminoethansulfonic
acid, N-Tris(hydroxymethyl)methylglycine,
N-Tris(hydroxymethyl)methyl-2-aminopropansulfonic
acid, serine, glutamine, methionine and glycine

i.d., inner diameter; PTFE, polytetrafluorethylene; HPMC, hydroxypropylmethyl cellulose; FS, fused silica; MOPSO, 3-(n-morpholino)-2-hydroxypropanesulfonic
acid; NBD, 7-nitrobenz-2-oxa-1,3-diazole ceramide in ethylene glycol/DMSO (9:1; v/v; TAPS, N-tris(hydroxymethyl)methyl-3-aminopropane sulfonic acid; TES, n-
tris (hydroxymethyl) methyl-2-amino ethane sulfonic acid.
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ties of these lipoproteins (65). It was also found that the concentration of the
different fractions varied between individuals. Additionally, CITP was able
to classify the typical phenotypes of hyperlipoproteinemia (65) according to
the Frederickson classification (70) and World Health Organization (WHO)
recommendation. The effects of therapeutic interventions have also been
analyzed using CITP (65). It was possible to observe the effects of a 3-
hydroxymethylglutaryl (HMG)-CoA reductase inhibitor alone and in com-
bination with bile-acid sequestrants on individual lipoprotein
subpopulations. Subpopulations of Apo B-containing lipoproteins in the
electropherograms were also shown to be significantly reduced by the HMG-
CoA reductase inhibitor. By taking bile-acid sequestrants in addition to the
HMG-CoA reductase inhibitor, a further reduction of the Apo B-containing
lipoproteins was seen in the CITP separation pattern (65).

Recently, two new approaches of CITP to detect lipoproteins have been
described. One, developed by Zorn et al., is to use enzymatic specific stain-
ing of the cholesterol or the triglyceride present in the lipoproteins (66). The
other method by Schmitz et al., introduced a lipophilic fluorescent dye to
stain the lipoproteins (67). Both investigations have been driven by the fact
that the lipophilic dye Sudan Black B shows no saturation in lipoprotein
staining (66,67).

Following staining of the lipoproteins with cholesterol-specific (choles-
terol dehydrogenase and 4-nitrobluetetrazolium) as well as triglyceride-spe-
cific staining (glycerol, dihydroxy-acetone, gyceraldehyde, and
4-nitrobluetetrazolium) 14 lipoprotein subfractions were separated by CITP
(Fig. 3) with detection at 566 nm. Peaks 1–5 have been identified as HDL
subfractions, peaks 8–14 belong to LDL subfractions, and peaks 6–8 include
the VLDL fraction and chylomicrons. Peak 8 contains one VLDL and one
LDL-fraction. Using triglyceride-specific staining the peaks of the VLDL
and chylomicrons dominate (peaks 6–8) whereas cholesterol-specific stain-
ing (see Fig. 3) causes an increased intensity of the peaks 1–6 (HDL) and
8–14 (LDL).

Following a high lipid diet the electropherograms demonstrate a clear
increase in the triglyceride content of peak 6 and 7 (chylomicrons and
VLDL) with no significant changes in the HDL and LDL region. After 8 h
the triglycerides in subfractions 6 and 7 (VLDL and chylomicrons) shifted
to subfractions 8–14 (LDL). In addition, the transition from hypothyroid-
ism to hyperthyroidism also showed a decrease in the cholesterol content of
all lipoprotein fractions with the cholesterol-specific staining.

Various fluorescence tagged phospholipid analogs can also be used for
specific labeling and quantification of individual lipoprotein classes. The
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compound, 7-nitrobenz-2-oxa-1,3-diazole ceramide (NBD-ceramide), was
identified as a good compromise, with respect to saturation and to specific
surface area- or particle size-dependent staining. NBD-ceramide, an uncharged,
lipophilic dye, labels the phospholipid/cholesterol membrane (67).

The addition of nonfluorescent spacers allows the discrimination of 9
individual lipoprotein subpopulations monitored with laser-induced fluores-
cence (LIF) detection (ex. 488 nm; em. 510 nm). Four peaks are the result of
HDL subpopulations (peak 1–4), one represents chylomicrons (peak 5), and
four represent Apo-B containing particles, including VLDL, IDL, and LDL
(peak 6–9). An interesting aspect is that analytical CITP is currently the
only automatic technique to quantify chylomicrons and IDL particles in
human serum. This could be applied to the investigation of the VLDL/IDL
subpopulations in patients with CVD (67). The ineffective conversion of
VLDL/IDL to LDL by hepatic lipase in CVD patients could also be detected
by CITP using LIF detection. Thus CITP allows estimation of highly athero-
genic IDL particles simultaneously with HDL and LDL cholesterol levels,
improving the estimation of atherosclerotic risk factors (67).

Results of lipoprotein analysis by CITP of 52 patient samples were com-
pared with routine techniques for HDL and LDL quantification (67). Com-

Fig. 3. Capillary isotachophoretic serum lipoprotein profile (enzymatic staining
of the cholesterol-content of each lipoprotein subpopulation). Capillary: coated
fused silica (37 cm × 180 µm); running conditions: 18 kV; leading electrolyte: 5
mM HCl; 20 mM ammediol; 0.25% HPMC, pH 6.5; terminating electrolyte: 20 mM
3-(cyclohexylamino)-1-propane sulfonic acid, pH 10.5; various spacer have been
added to the sample (for details, see Table 2); detection: Vis at = 566 nm; equip-
ment: Beckman P/ACE 5500. (This figure was kindly provided by Dr. U. Zorn,
University of Ulm, Germany.)
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parison of the results gave correlation’s of r = 0.9 and 0.91, respectively, for
HDL-C and LDL-C (equations: HDLCITP = 3 + total cholesterol × relative
peak areaHDL/1.53; LDLCITP = –25 + total cholesterol ( relative peak areaLDL/
0.73). CITP enables the simultaneous quantification of HDL- and LDL-cho-
lesterol within 7 min (67) and can be performed on whole serum, plasma, or
other biological fluids. Furthermore, CITP analysis of serum lipoprotein
patterns may significantly improve the diagnosis of disorders in lipoprotein
metabolism (compare Figs. 2 and 3).

In addition to quantification of various lipoprotein subpopulations, CITP
allows insight into plasma lipoprotein metabolism. This is done by estima-
tion of the major lipolytic enzyme activities by looking at the appropriate
precursor and product. This means the ratio between precursor and product
lipoprotein peaks is influenced by a specific lipolytic enzyme thus allowing
estimation of lipoprotein conversion rates.

Currently it is difficult to directly quantify HDL by conventional tech-
niques. Most laboratories estimate HDL levels by measuring cholesterol
after precipitation of VLDL and LDL with various polyanions (e.g., heparin
and manganese chloride). Using CITP prestained (Sudan Black B-, enzy-
matic-, or fluorescence-stained) serum, lipoproteins can be separated into
9–14 subpopulation and quantified within 7–15 min. The ability of CITP to
separate the various lipoproteins is far superior to the results of the current
routine procedures. Whether interpretation of this very complex lipoprotein
separation pattern adds anything to every day clinical practice has yet to be
determined.

CITP has the potential to improve the classification of lipoprotein pat-
terns and to relate it to the risk of CHD. It could permit new insight into
pathobiochemistry, etiology, and diagnosis of disorders of lipoprotein
metabolism. Furthermore, it has the potential to be used for lipoprotein
monitoring during drug therapy, as well as micro-preparation of various
lipoprotein subpopulations for further investigations.

4.2.2. Micellar Electrokinetic Capillary Chromatography
and Capillary Zone Electrophoresis

Micellar electrokinetic capillary chromatography (MEKC) and capillary
zone electrophoresis (CZE) represent other options for the analysis of lipo-
proteins (see Table 2). The addition of a micellar agent, such as sodium
dodecyl sulfate (SDS), to the running buffer allows the solubilization of
neutral, hydrophobic analytes as well as ion pairs with opposite charge. Two
basic principles have to be kept in mind when analyzing lipoproteins by
MEKC or CZE: 1) operating at pH values above the pI of the lipoprotein
particles, leads to negatively charged lipoproteins, keeping them from com-
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ing in contact with the surface of the fused silica capillary due to repulsion
by the negatively charged surface, and 2) the addition of a detergent like
SDS to the running buffer at a concentration that will not cause delipidation,
enhances the migration of the lipoprotein particles due to incorporation of
the detergent.

Cruzado et al. tested various buffers and detergent additives, as well as
organic modifiers to achieve an adequate MEKC separation of the various
lipoprotein fractions (52,53,71–73). They found that at high pH values HDL
and LDL were found to have nearly identical mobilities in different buffers
and ionic strengths (72). Addition of SDS or acetonitrile was found to influ-
ence significantly the electrophoretic behavior of HDL (high surface polar-
ity) and LDL (low surface polarity). Decreasing the polarity of the running
buffer by the addition of acetonitrile resulted in the retaining of an increased
amount of SDS by the more hydrophobic LDL particles over the HDL par-
ticles. This increases the difference in electrophoretic mobility of both par-
ticles. Other lipoproteins like Lp(a) and its reduction products, Lp(a-) and
Apo(a), can also be separated with sodium borate buffer containing SDS
and acetonitrile (for details, see Table 2). Under these conditions, LDL and
HDL have consistent electrophoretic mobilities that are significantly differ-
ent from both Lp(a) and Lp(a-) (52,71).

Oxidative modifications of LDL appear to be the pathophysiological
mechanism implicated in early atherogenesis. Oxidized LDL may also
induce several pro-atherogenic mechanisms, such as the regulation of vas-
cular tone by interfering with nitric oxide, in addition to the stimulation of
cytokines, chemotactic factors, and transcription factors (74). In view of
increasing interest in the role of LDL oxidation in the pathogenesis of ath-
erosclerosis, there is clearly a need for improved methods to evaluate lipo-
protein oxidation (75). A recent report by Stocks and Miller (76) described a
sophisticated CZE procedure using methylglucamine-Tricine buffer to
monitor the in vitro oxidation of LDL, which can be initiated by incubation
with transition metal catalysts such as Cu2+ ions or by exposure to free-
radical generating agents. LDL oxidation is characterized by an increase in
the electrophoretic mobility as previously shown in agarose gels (77) and an
increase in absorbance at 234 nm (76). CZE showed a marked improvement
in peak resolution and recovery of LDL relative to earlier MEKC methods
(52,71–73). The procedure provides a rapid, sensitive, and precise way of
measuring the electrophoretic mobility of LDL (one of the more reliable
indicators of LDL modification) with a very high precision (coefficient of
variation < 1%). The progressive increase in the electronegativity of LDL
particles that occurs during Cu2+-catalyzed auto-oxidation of LDLs, or dur-
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ing reaction with malondialdehyde, can be readily monitored by CZE (76).
In addition, the spectral changes, induced by an increase in absorption at
234 nm resulting from the oxidation of fatty acids and cholesterol, can be
monitored simultaneously. However, the applicability of the CE technique
for the investigation of changes in LDL in vivo has yet to be proved.

Although MEKC is a much easier procedure to run than CITP, the resolv-
ing power is not as good. Similar to lipoprotein analysis by agarose gel elec-
trophoresis (Fig. 2), the lipoproteins HDL, VLDL, LDL and Lp(a) can be
separated as single peaks, but the subfractions cannot be detected (52,71–
73). So far experiments have been performed only with mixtures of UC-
isolated lipoproteins. Because the plasma HDL content is usually quantified
indirectly as HDL-cholesterol, the MEKC analysis of lipoproteins in serum,
prestained plasma, or directly by UV detection, would have a potentially
great impact on the routine clinical laboratory diagnosis of dyslipidemias.
Contrary to precipitation procedures, the linear relationship of protein con-
centration to absorption between 195–230 nm guarantees valid quantifica-
tion. This is because the signal is mainly dependent on the absorption of the
peptide bond concentration as long as “Beer-Lambert law” is valid (78).

The conventional way to measure the increase in absorption of oxidized
LDL spectrophotometrically can lead to conflicting results, as the com-
pounds added to inhibit or promote oxidation can also contribute signifi-
cantly to UV absorption. Using electrophoretic separation of the oxidized
LDL particles by CZE, these effects can be avoided.

4.3. Apolipoproteins

Apolipoproteins play a pivotal role in lipid homeostasis. Recent publica-
tions have suggested that cardiovascular risk profile may be more reliable
based on apolipoprotein levels rather than lipid composition of the lipopro-
teins (32,79). Usually apolipoprotein levels are measured by automated
immunoturbidimetric or immunonephelometric assays (80,81) For smaller
amounts of sample (e.g., in biomedical research) radial immunodiffusion
(82,83), rocket electroimmunoassay (83–86), enzyme-linked immuno-
sorbent assay (87–91), or radioimmunoassay (89,92) can be used. A general
drawback of all immunological determinations of apolipoproteins is caused
by the differences in the antibody specificities and epitope recognition
(19,93–95). In addition, lipids may mask antigenic sites affecting
immunoreactivity (19,96,97). Thus, quantification of apolipoproteins is
influenced by the antisera, sample, and methodology used in a particular
assay system. This can result in appreciable differences in the amount of
each apolipoprotein measured. Examples of completely different, antibody-
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independent ways to quantify apolipoproteins are: 1) the semi-quantitative
densitometric evaluation of stained protein bands on a gel (98,99), and 2) to
measure the direct UV signal of the polypeptide bonds at 195–230 nm. In
general, the most popular techniques to separate and detect proteins directly
nowadays are high-performance liquid chromatography (HPLC) and CE.

Surfactants are the main features of CE analysis of apolipoproteins (see
Table 3), because the electrophoretic behavior of apolipoproteins is strongly
influenced and can be modified by addition of detergent or organic solvents
to the running buffer. At concentrations of 3.5 mM SDS, lipoproteins are
delipidated (100). Knowing this, careful attention should be paid to the fact
that lipids released in the delipidation process can associate with the surfac-
tants in the running buffer, producing lipid-loaded micelles. This can gener-
ate additional peaks and increased background in the electropherogram (52).
This phenomenon is crucial for the apolipoproteins of VLDL and LDL but
can be ignored for HDL (52,53).

Tadey and Purdey (51,101) performed the fundamental experiments at
the beginning of the 1990s. They investigated the influence of various deter-
gents and detergent concentrations, as well as pH on the MEKC separation
profile and the migration behavior of apolipoproteins A-I, A-II, B-100, B-
48, and C-III from HDL, VLDL and LDL (51,101). The analyses were per-
formed on UC-isolated lipoproteins. Optimal resolution of HDL and LDL
apolipoproteins can be achieved by the use of anionic surfactants. Both
anionic and cationic detergents (SDS and cetyltrimethylammonium bro-
mide) improve the separation profile of VLDL apolipoproteins. Seven differ-
ent components of VLDL could be distinguished (not all have yet been
identified).

Since then a number of reports using CE to analyze apolipoproteins has
followed (52,53,73,86,102–106). The apolipoproteins from HDL (Apo A-I
and Apo A-II) gave a very fast and clear-cut separation (51–53,73,86,101–
104,106). Using MEKC Apo A-I is separated into two peaks (one major and
a small peak) and Apo A-II can be separated into four different fractions
(Fig. 4). The heterogeneity in Apo A-II has been previously observed by
isoelectric focusing (IEF) showing one major and several minor isoforms
(107). Cruzado et al. confirmed this by a detailed characterization of the
apolipoproteins from HDL by using a combination of MEKC, reversed-
phase HPLC (RP-HPLC), and matrix assisted laser desorption/ionization
mass spectrometry (MALDI-MS) (53). They also looked at electrophero-
grams of HDL before and after delipidation and found no differences, mean-
ing that prior delipidation is not required for analysis of these
apolipoproteins (53). On the other hand, delipidation of VLDL and LDL
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Table 3
Survey of Capillary Electrophoretic Applications with Apolipoproteins

Running conditions Detection
Detected compounds Sample Buffer and capillary mode Ref.

Apo A-I, Apo A-II, Commercial standard Borate buffer with various 25 kV 75 and 80 cm 220 nm (51,101)
Apo B-100, and UC-isolated detergent additives (Triton X-100, in length, (uncoated
Apo B-48, lipoproteins SDS, sodium deoxycholate, and PAA-coated
Apo C-III tetradecyltrimethylammonium bromide, FS-capillary)

cetyltrimethylammonium bromide)
Apo A-I, Apo A-II Standards and UC- eCAP SDS 14-200 kit 14.1 kV 100 µm i.d. 200 nm (102)

isolated HDL (Beckman instruments) × 47 cm, (PAA-
coated FS-capillary)

Apo A-I, Apo A-II UC-isolated 50 mM sodium borate, 17.5 kV 75 µm × 214 nm and (53)
HDL and LDL 3.5 mM SDS (70% purity), 56.8 cm (uncoated MALDI-MS

20% (v/v) acetonitrile, pH 9.7 FS-capillary)
Apo A-I, Apo A-II, Commercial LDL, Apolipoprotein separation: 50 mM 17.5 kV 75 µm i.d. × 214 nm and (52)

Apo C I-III, UC isolated Lp(a) sodium borate, 3.5 mM SDS (70% 56.8 cm, (uncoated ESI-MS
Apo B-100, purity), 20% (v/v) acetonitrile, pH 9.1 FS-capillary)
Apo(a), LDL, Lipoprotein separation: 50 mM sodium
VLDL, HDL, borate, 0.5 mM SDS (99% purity), pH 9.1
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Apo B-100, LDL UC-isolated LDL 50 mM sodium borate, various detergents 17.5 kV 75 µm i.d. × 214 nm (73)

(SDS, sodium myristyl sulfate, sodium 56.8 cm,
cetyl sulfate, sodium decyl sulfate, pH 9.1 (uncoated FS)

Apo B-48, UC-isolated DSCE protein analysis kit, SDS content 15 kV 50 µm × 25 cm, 220 nm (105)
Apo B-100 lipoproteins increased to 1% (Bio-Rad laboratories) (uncoated FS-

capillary)
Apo A-I, Apo A-II, Commercial standards, eCAP SDS 14-200 kit (Beckman 11 or 15 kV 100 µm × 214 nm (86)

Apo A-IV, Apo E UC-isolated HDL instruments) or 50 mM Tris, 50 mM 27, 37 or 47 cm,
Tricine, 6 M urea, pH 8.0 (coated FS-

capillary)
Apo A-I, Apo A-II Commercial standards, BioRad evaluation buffer 20 kV 50 µm × 195–220 nm (103,104)

UC-isolated HDL, (Bio-Rad laboratories) 50 cm, (uncoated FS-
serum capillary)

Apo A-I Serum 30 mM borate, 0.1% SDS, pH 9.0 12 kV 50 µm × 195 nm (106)
33 cm, (uncoated
FS-capillary)

i.d., inner diameter; FS, fused silica; ESI-MS, electrospray ionization mass spectrometry; MALDI-MS, matrix assisted laser desorption/ionization mass spectrom-
etry; PAA, polyacrylamide; SDS, sodium dodecyl sulfate; UC, ultracentrifugation.
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increase the background and generates additional peaks due to the interac-
tion of the released lipids and the surfactant in the buffer (52). This high
background prevents the detection of low level apolipoproteins (e.g., Apo E
or Apo Cs) (52). To circumvent this problem, they developed a multiple-
step procedure in which lipoprotein separated by UC were transferred to a
C18 reversed-phase liquid-chromatography cartridge. After a series of elu-

Fig. 4. Capillary electropherogram of a mixture of apolipoprotein A-I and A-II.
Capillary: fused silica (50 cm × 50 µm); running conditions: 20 kV; buffer: Bio-
Rad LLV evaluation buffer; detection: UV at = 220 nm; equipment: Bio-Rad
BioFocus 3000 capillary electrophoresis system.
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tions, a solution of apolipoprotein in acidified acetonitrile was obtained.
During this process, however, Apo B-100 was lost. Goux et al. could dem-
onstrate that in addition to qualitative analyses of HDL apolipoproteins,
MEKC could also be used to quantify Apo A-I and A-II (102). Additionally,
our group has developed a procedure for the quantification of Apo A-I
directly in serum (103,104,106) although Apo A-II could not be quantified
in serum samples due to the overlap of the albumin and Apo A-II peaks.

Recently we developed a MEKC to analyze routinely Apo A-I levels in
human serum. In this study, the MEKC results from 100 samples were com-
pared to the results obtained by a commercial immunonephelometric assay.
As shown in Fig. 5, the separation was completed within 8 min, with a rea-
sonable analytical performance (106). Although the detection modes are
completely different (CE vs nephelometry) the Apo A-I levels show a linear

Fig. 5. Serum sample separated by micellar electrokinetic capillary chromatog-
raphy. Capillary: fused silica (33 cm × 50 µm); running conditions: 12 kV; detec-
tion: UV at = 195 nm; equipment: Bio-Rad BioFocus 3000 capillary
electrophoresis system.
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relationship (slope = 0.93; intercept = + 60; r = 0.59), but the Apo A-I levels
for the nephelometric assay are approx 42% higher (mean nephelometry =
160 mg/dL; mean CE = 113 mg/dL). In the area of decreased Apo A-I levels
( 110 mg/dL), associated with a higher atherosclerotic risk, the discrepancy
was more obvious. At these levels nephelometry gave values as much as
250% higher than those obtained by CE. At higher levels of Apo A-I both
methods gave similar values. Using a certified international Apo A-I refer-
ence standard, it was found that the nephelometric results were incorrect.
Therefore, it was speculated that individual sample effects, influencing the
scattering of light in nephelometry, may be affecting the measurement,
especially at low Apo A-I concentrations. The immunonephelometric assay
may also be influenced by various polymorphic apolipoprotein forms (over-
or underestimation of a specific variant), turbidity of any kind, unspecific
binding of the antibody, cross-reactivities, or influences of the sample back-
ground (19,93–97). Interference due to hemolysis (free hemoglobin 3 g/L)
or hyperbilirubinemia (bilirubin 714 µmol/L) did not affect the CE results.
Also highly lipemic sera (triglyceride 27.1 mmol/L), which can not be ana-
lyzed by routine immunoassays, gave a well-separated and easy to quantify
Apo A-I peak in CE.

Very recently Stocks et al. compared the levels obtained by CZE and
MEKC of Apo A-I and Apo A-II isolated by UC from 17 human HDL
samples to rocket immunoelectrophoresis (86). Both, the commercial MEKC
kit and CZE gave values for Apo A-I and Apo A-II concentrations in human
HDL that were in good agreement with those obtained by rocket immuno-
electrophoresis. In addition, they showed that the patterns and migration
times of rabbit, rat, bovine, and human HDL apolipoproteins (Apo A-I, Apo
A-II, Apo A-IV and Apo E) are identical. This is a very important point
especially for research projects dealing with animals, because species-spe-
cific antibodies that can be difficult to obtain are needed for reliable immu-
noassay results.

Quantification of Apo B-48 and Apo B-100 may also be useful for meta-
bolic studies, e.g., the potential impact of chylomicron-derived lipids on the
hepatic production of lipoproteins (108). The MEKC analysis could be an
easy, alternative way to assess chylomicron metabolism in vivo. Currently,
the most widely used method (an indirect determination) is to monitor the
incorporation and clearance of dietary vitamin A from plasma (109). The peak
due to Apo B-100 is not a symmetric peak as demonstrated in other references
(52,73), but it is the first time that Apo-B 48 can be directly detected in 1 mL
of plasma following an UC-isolation of the lipoprotein fractions.

In 1998 Cruzado et al. described the use of MEKC to study delipidation
of LDL by surfactants in conjunction with the development of a method to
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quantitate Apo B-100 in VLDL and LDL after isolation by UC. A detergent
mixture containing 70% SDS, 25% sodium myristyl sulfate, and 5% sodium
cetyl sulfate was found to delipidate the LDL particle more effectively than
pure SDS or sodium decyl sulfate. The validity of the results were tested
against commercial LDL and plasma standards and gave an accurate deter-
mination of Apo B-100 levels within the precision of the standard. In com-
bination with UC-based separation this method bears the potential for the
precise determination of Apo B-100 by eliminating systematic error associ-
ated with precipitation, resolubilization, losses associated with lipid
removal, and variability in chromogenicity and immunoreactivity within the
Apo-B-100 protein.

Immunoassay or CE: which method is better? As shown in Table 4 there
are a number of pros and cons for both techniques. Currently immuno-
assays are the generally accepted methods for the routine quantification
of apolipoproteins in the clinical and research laboratories. Although
reproducible within a particular laboratory, the inter-laboratory comparabil-
ity is not good. With CE the major drawback is sequential operation that can
be overcome by the use of a multi-capillary instrument. Currently a CE
instrument with seven capillaries in parallel for routine serum protein analy-
sis is offered on the market (110–112). On the other hand, for laboratories
running smaller numbers of samples, a sequential CE instrument is adequate

Table 4
Test Performance of Capillary Electrophoresis
and Immunoassays for the Quantification of Apolipoproteins

Capillary
Features electrophoresis Immunoassay

Analysis time 8–30 min 6–180 min
Analytical mode Sequential Parallel
Detection mode Direct (UV-signal) Indirect (immune reaction)
Interferences ? Lot variations of antibody specifity

and influences epitope characteristic (e.g.
on determination polymorphic forms of Apo A-I)

Sample volume 10 µLa 5–220 µL
(death volume
included)

Costs per test ~ $0.02b ~ $2c

aNanoliter injected for analysis.
bConsists of a few µL of buffer and a cheap capillary. Calculation based on commercial

capillaries (life-time 400 runs) and self-made solutions.
cConsists of antibodies, diluent, etc. Estimated commercial price.
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for the overnight analyses of 30 apolipoprotein samples. As described ear-
lier, the CE methods should give comparable results between laboratories.
However, the apolipoprotein results by CE are not identical to those using
nephelometry. In a time with increasing health care costs and lower budgets
for research, the price per result also has to be considered. Since the costs of
an analysis using CE are extremely low, when compared to immunoassay,
apolipoprotein determination using CE should be considered as an economi-
cal alternative (see Table 4).

5. CONCLUSION AND FUTURE PERSPECTIVES

Lipoproteins, in addition to apolipoprotein identification and quantifica-
tion, will continue to play an important role in the understanding of the
pathogenesis of atherosclerosis for many years. Further development efforts
will be directed towards the development of increasingly affordable, rapid,
reliable, and automated technologies. CE with its various modes has several
advantages when compared to the current procedures for lipoprotein and
apolipoprotein analyses. These advantages are extreme analytical flexibil-
ity, using small quantities of low cost separation buffer, ability to use of a
variety of detection modes, small sample size (nanoliter), high speed, effi-
ciency, and reproducibility. It is also possible to install fully automated pro-
cedures. Furthermore, CE allows a rapid change from one buffer system to
another: in other words, change from one analytical procedure to another.

In this chapter it becomes obvious that use of CE for lipoprotein analysis
is still in its infancy. LDL, which is routinely only detected as one fraction,
can be subdivided in up to six fractions by CITP that may yield new insights
in the pathophysiology of the LDL-subfractions. It is possible that new areas
in the study of atherogenesis may be achieved by the analysis of HDL
subfractions. Since CE first separates then detects the lipoproteins, immuno-
assay problems caused by antibodies are eliminated. In addition, since mul-
tiple apolipoproteins can be determined in one run, CE is a good alternative
to procedures like gel electrophoresis or UC. In the future, with a multi-
capillary instrument and with on-line sample pretreatment, it could well be
competitive to automated special analyses. For broader acceptance of lipo-
protein and apolipoprotein analysis by CE, three things are needed: 1) The
development of chemical reagent kits, instruments, and software suitable for
daily clinical laboratory use; 2) an increase of sensitivity and sample
throughput; and 3) comparison and evaluation of various applications with
current laboratory methods under daily laboratory conditions. In addition
special attention needs to be paid to accuracy, reproducibility, speed, and
susceptibility to disturbances (methods, capillaries, CE instruments). Other
important criteria are ease of use in routine work situations, possibly auto-
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mation, low cost per test, inexpensive and long-lasting reagents, widely
accessible methodology, and clinically relevant reference ranges. Until now
the number of reports evaluating these applications in comparison to the
traditional procedures is low, however, this is likely to change in the near
future.

Taken together, high-efficiency separations based on charge-to-mass ratio
have been achieved through a combination of buffer modifiers and uncoated
or permanently coated capillaries. Use of dynamically coated capillaries and
separations based on the molecular weight have not yet been tested, but may
further improve separation of the lipoproteins. CE offers more than simple
improvement in quantitative and qualitative analyses of lipoprotein and
apolipoproteins. It also offers the possibility of monitoring the reaction rates
of apolipoproteins with different surfactants, lipoprotein degradation, lipo-
protein metabolism, as well as therapeutic effects on lipoprotein classes.
The use of CITP in the analysis of lipoproteins may facilitate the development
of new clinical screening methods, possibly leading to new diagnostic mark-
ers or patterns, better prognostic evaluation, and new therapeutic modalities.
Of course, as with all new developments, it is likely that some things may
not turn out to be as important as expected. But I am also confident that
many as yet unanticipated discoveries will be made as a result of the
increased performance of this analytical technique. Nevertheless, the impact
that these additional CE applications will have on diagnosis and treatment
of atherosclerosis greatly depends on the success of transferring them from
the academic research laboratories to the commercial marketplace.
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Clinical Analysis of Structural Hemoglobin
Variants and Hb A1c by Capillary Isoelectric

Focusing
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and Randall D. Craver

1. INTRODUCTION

Capillary isoelectric focusing (cIEF) for analysis of hemoglobin (Hb)
variants has two major clinical applications: 1) diagnosis and management
of congenital hemoglobinopathies, and 2) assessment of glycemic control in
subjects with diabetes. For congenital Hb disorders, like sickle-cell disease
or beta thalassemia, the specific identification and precise quantification of
both normal and abnormal structural Hb variants is required. Assessment of
glycemic control for diabetes management, on the other hand, requires sepa-
ration and quantification of a post-translational variant, Hb A1c, that is a
chemically modified (glycated) form of normal adult Hb A.

A major benefit of the cIEF format for the clinical laboratory is that both
of these applications can be fulfilled using the same analytical instrument,
cIEF procedure, and set of simple and inexpensive reagents. Operated by a
single medical technologist or other trained laboratorian, cIEF in this format
can meet the routine diagnostic needs of many hospital laboratories for
analysis of both structural Hb variants and Hb A1c. With newer CE instru-
ments, advanced software, and higher capacity autosamplers, high-through-
put applications are possible. Despite clear diagnostic and economic
advantages, dedicated commercial CE systems have not been developed for
these clinical applications. The purpose of this chapter is to describe the use
of cIEF for the analysis of both structural and post-translational Hb variants,
and to describe the advantages of using a single instrument and analytical
procedure for both Hb variant and Hb A1c analyses in a clinical laboratory
environment.
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2. cIEF OF HEMOGLOBINS

Human hemoglobins are tetrameric peptides consisting of two globins,
and either two , , or globins that make up normal Hb variants, Hbs A,
F, and A2, respectively (1,2). During electrophoresis, the tetramers migrate
as , , or dimers that are separated by cIEF due to differences in
molecular surface charge (1). Amino acid substitutions or deletions, or the
post-translational modification of the dimers by complexation with other
compounds can alter the charge and thus the migration of the Hb variant.

A detailed description of our method has been presented elsewhere (3).
Briefly, a coated capillary is filled with carrier ampholytes (mixture of pH
6–8 and 3–10) in a liquid polymer (methylcellulose) solution. A small vol-
ume of hemolyzed blood is pressure-injected (10 s) into the capillary inlet.
The inlet is immersed in dilute phosphoric acid solution at the anode while
the capillary outlet is immersed in dilute sodium hydroxide solution at the
cathode. Constant voltage (30 kV) is applied across the electrodes generat-
ing an electric field of 1111 V/cm. A linear pH gradient is established within
2–3 min, and each Hb variant becomes concentrated (focused) in a narrow
band at its isoelectric point (pI). Pressure is then used to mobilize the focused
protein zones (with the voltage still applied) past the detector window where
absorbance at 415 nm (specific for heme moieties) is measured. Detector
output is collected by a computer and displayed on-screen as a series of
absorbance peaks. Data analysis software is used to integrate the absorbance
output to determine the area under the curve above the baseline for each Hb
variant peak. The amount of each variant present is then expressed as a pro-
portion (%) of total Hb, i.e., the area of each peak is divided by the total area
of all peaks. Because most Hb variants have different pIs, they can be iden-
tified by where they focus in the capillary. Peak identification is based on
the calculation of the pI of the unknown peaks from a by linear regression
equation of pI vs elution time of known Hb variants in a standard sample.
The entire process takes about 18 min per sample, with analytical sensitiv-
ity to 0.5% of total Hb, and specificity based on pI ± 0.01 pH units.

3. DIAGNOSIS OF CONGENITAL
HEMOGLOBIN DISORDERS BY cIEF

3.1. Overview of the Application

Structural hemoglobinopathies and thalassemias are congenital hemoglo-
bin disorders that cause anemia, morbidity, and mortality resulting from
abnormal Hb function (1,2). These diseases arise from genetic mutations
that alter the amino-acid composition, structure, and function of the , , ,
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and/or globins that make up hemoglobin tetramers. The presence of abnor-
mal structural hemoglobin variants, like Hb S (sickle hemoglobin), is
commonly used to determine Hb phenotype and diagnose structural hemo-
globinopathies like sickle cell disease. In contrast, thalassemia syndromes
are caused by mutations or gene deletions that alter the production or pro-
cessing of normal globin. Only normal structural globins are produced, but
in abnormal proportions such that quantification of normal Hb variants in
the blood, especially Hbs A2 and F, can be diagnostic of thalassemia
syndromes.

The need for analytical methods to identify and quantify structural Hb vari-
ants is primarily confined to hospital laboratories, commercial reference labo-
ratories, and state-supported neonatal screening laboratories. Although there
are over 600 known mutations in the genes that regulate hemoglobin structure
(4), most of the demand for analysis of structural Hb variants is for diagnosis
and management of a limited number of hemoglobinopathies. For example,
mutations in the  globin gene produce Hbs S, E, and C, the three most com-
mon abnormal hemoglobin variants in the world. In the homozygous state,
these mutations cause sickle-cell disease, Hb E disease, and Hb C disease,
respectively. Most routine assays performed by clinical laboratories in the
United States are related to the diagnosis and management of these diseases,
which may occur in heterozygous combinations or with  thalassemia.

3.2. Comparison of cIEF to Conventional Methods
To meet the diverse needs of a clinical laboratory, tests used to evaluate

patients with suspected congenital hemoglobin disorders must be able to 1)
identify many normal and abnormal structural Hb variants and 2) precisely
measure the proportions of these variants in the blood. In this regard, the
information provided by cIEF for the diagnosis of hemoglobinopathies and
thalassemias is vastly superior to that provided by conventional clinical
assays (5–8). Conventional methods include alkaline electrophoresis, acid
electrophoresis, or gel IEF for the identification of major Hb variants,
minicolumn ion exchange chromatography for analysis of Hb A2, and alkali
denaturation for quantification of Hb F. The information provided by all of
these assays is provided by a single cIEF assay. Autosampling and com-
puter-assisted data collection give cIEF automation features comparable to
HPLC, but with the added advantages of lower sample and reagent require-
ments, low-cost consumables, and protocol simplicity.

3.3. Clinical Application of cIEF Laboratory Results
A detailed description of the method we use and its diagnostic advan-

tages and limitations for routine Hb variant analysis has been published (3).
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We have also demonstrated elsewhere the practical use of cIEF in the hema-
tological evaluation of patients with common congenital Hb disorders that
make up the bulk of the analytical workload for most laboratories, i.e., sickle
cell disease, Hb C disease, and thalassemia (5–8). Hb E, commonly found
in patients of Asian ancestry, cannot be separated from Hbs O-Arab and C-
Harlem by cIEF, but a probable identification can be made on the basis of
the pI of the unknown variant, the results of a sickle solubility test for Hb C-
Harlem, and family history. Minor variants like Hb Constant Spring and Hb
A2' are easily detected and measured by cIEF (8). As a result, cIEF is the
only analytical procedure needed for the primary laboratory examination of
patients with suspected hemoglobinopathies. The need for follow-up testing
is minimal so that use of a specialized reference laboratory is an economi-
cally viable way to identify rare unknown Hb variants or to confirm a pre-
liminary identification made by cIEF.

3.3.1. Monitoring Patients with Known Hemoglobinopathies
Over the last 5 years, 31% of the samples sent to our laboratory were for

longitudinal monitoring of the efficacy of hypertransfusion, chemotherapy,
or bone-marrow transplantation in patients with known Hb disorders, espe-
cially sickle-cell disease. The goal in each treatment for sickle cell disease is
to decrease the proportion of Hb S in the blood and increase the proportions
of functional Hbs, especially Hbs A and F, to limit sickling. Rapid turn-
around of test results can be important for patients where more than one
transfusion may be needed before a surgical procedure. Easy analytical run
setup and the ability to insert a sample into a priority position after the
beginning of a run is one of the benefits of cIEF.

The use of cIEF for 1) diagnosis of sickle-cell disease; 2) assessing the
effects of transfusion of normal blood into a patient with sickle-cell disease;
and 3) evaluation of a subject with sickle-cell disease treated with hydrox-
yurea, a chemotherapeutic agent used to upregulate the expression of 
globin genes and the production of Hb F is shown in Fig. 1. The levels of
Hbs S, A, and F are also monitored in subjects with sickle-cell disease fol-
lowing bone-marrow transplantation to replace erythrocyte progenitor stem
cells. Similarly, assessment of Hb F level can help in the diagnosis of chronic
myelogenous leukemia.

3.3.2. Assessment of Patients with Suspected Hemoglobinopathies

In addition to common Hb variants, cIEF can also detect many uncom-
mon abnormal structural Hb variants, even if the exact identity of the variant
cannot be immediately determined. A good example of the diagnostic power
of cIEF is demonstrated in Fig. 2, which shows an electropherogram of the
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Fig. 1. Monitoring patients with known hemoglobinopathies. These electrophero-
grams show the structural Hb variants present in blood from three patients with sickle
cell disease that were either untreated (A), undergoing hypertransfusion with blood
from a donor with normal Hb phenotype (B), or treated with hydroxyurea to induce
Hb F synthesis (C). The goal of both transfusion therapy and hydroxyurea chemo-
therapy is to reduce the proportion of Hb S and increase the proportions of Hbs A or
F, respectively. Acetylated fetal Hb Fac, a normal post-translational modification of
Hb F, is also apparent in the patient treated with hydroxyurea.

Hb variants present in the blood from a patient with an unusual Hb disorder.
In this case, the electropherogram showed three large peaks migrating in
positions similar to that expected for Hbs C (~7.9 min), S, and A. The pat-
tern was similar to what might be observed in a subject with Hb S/C disease
undergoing hypertransfusion, except that the proportions of Hbs C and S
would be expected to be more similar. Unlike less sensitive conventional
assays, however, cIEF provided additional information that facilitated a
more comprehensive determination of the Hb phenotype. Two other abnor-
mal peaks were also seen, including a very small peak eluting at around 6 min,
and a larger peak partially separated from Hb S and appearing as a shoulder
anodal to the Hb S peak. Except for Hbs A2, S, and A, none of the other
peaks in this sample could be identified based on pI by comparison to Hb
variants previously encountered in our laboratory. Although the Hb pheno-
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type of this patient could not specifically identified, we could inform the
physician that the patient exhibited the sickle-cell mutation in one  globin
gene, and an unknown mutation in one globin gene. Identification of a 
globin mutation was based on the following evidence. First, unusual minor
cIEF peaks present at less than 1% of total Hb are usually either or
variants of Hb A2. Second, a mutation in a single globin gene results in the
production of an abnormal variant that represents about 25% of the nor-
mal variant. With Hbs A2, S, and A identified based on pI, the proportions
and migration positions of the three unknown peaks could only be inter-
preted to be evidence of three variants, one variant for each of the three
common Hb variants present. The sample was sent to a reference laboratory
(Mayo Laboratories, Rochester, MN) where the unusual major Hb variants
were identified as Hb Aida and Hb S/Aida hybrid. The Hb phenotype was
thus that of Hb S trait/Hb Aida trait, a rare double heterozygous condition
with a clinical presentation similar to that of Hb S trait.

This example shows the power of cIEF by providing the information
needed to identify both routine and unusual Hb phenotypes. One can expect
to at least detect, if not tentatively identify, most unusual variants due to the
high-resolution and peak detection sensitivity of cIEF. The calculated pI of
Hb variants in an unknown sample is a very reproducible and specific indi-

Fig. 2. Identification of uncommon Hb variants. Hb S trait/Aida trait is a rare
compound heterozygous condition with a clinical presentation similar to that of Hb
S trait. cIEF analysis of the patient’s blood indicated a phenotype including one
normal globin allele (Hb A), one abnormal globin allele (Hb S), 6 Glu–(Val),
three normal globin alleles, and one abnormal globin allele (Hb Aida, 64 
Asp–(Asn). This combination of normal and abnormal alleles produced four major

Hb variants, including Hbs A, S, Aida (pI = 7.188, apparent as a large shoulder
anodal to Hb S), and S/Aida hybrid (pI = 7.430, apparent as a small peak anodal to
Hb A2). Two minor Hb variants are also apparent, including normal Hb A2 and
an  variant of Hb A2 (Hb A2', pI = 7.617).
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cator of the identity of all of the more common Hb variants. Because cIEF
for Hb variant analysis is relatively new, however, there is limited informa-
tion about the pI of many unusual Hb variants. Nevertheless, a probable
identity can often be inferred by comparing relative focusing positions on
cIEF to that reported by gel IEF (9–11) or alkaline electrophoresis (2,4).
We have reported the pI of a number of common and uncommon Hb vari-
ants analyzed by cIEF in our laboratory (8) using commercially available
control samples, samples verified by a reference laboratory, and proficiency
testing samples.

3.3.3. Neonatal Screening
Neonatal screening to identify individuals with congenital Hb disorders

is well-established in many countries because of the prevalence of these
diseases, and because early diagnosis and intervention can markedly
improve the outcome of sickle-cell disease and other hemoglobinopathies.
We have previously shown that cIEF can be used to perform rapid assays
(<4 min) to identify Hbs S and A in blood dried on filter paper (5). The use
of high-resolution cIEF for identification of an unusual Hb phenotype in a
neonatal screening application is shown in Fig. 3. In this electropherogram,
six Hb variants are shown in blood from a single subject dried on filter paper
and sent to our laboratory for analysis. The thought process to identify the
underlying Hb phenotype was as follows. Only two structural Hb variants

Fig. 3. Neonatal screening by cIEF. Blood collected on filter paper for neonatal
screening was extracted in hemolyzing reagent and analyzed by cIEF. The sample
was observed to contain Hb A ( ), Hb C ( C, a variant of Hb A), Hb G-Phila-
delphia ( G , an variant of Hb A), Hb F ( ), an variant of Hb F ( G ), and an

variant of Hb C ( G C). With further development, cIEF has potential for both
high-throughput screening and for follow-up confirmation of abnormal variants
identified by a screening method.
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are normally expressed in neonates, Hbs F and A (evident as and
dimers). Homozygous abnormal alleles of both maternal and paternal globin
genes, like the mutations that give rise to sickle-cell disease, would also give
rise to only two structural variants, e.g. Hbs F and S. Three structural Hb
variants would be expected in neonates with one normal and one abnormal
allele of the globin gene because both normal and abnormal globin vari-
ants would be present along with Hb F. In contrast, four structural Hb variants
would be expected in subjects with one mutation in the four globin genes
because both normal and abnormal  variants of both Hbs F and A would be
present. In the present case (Fig. 3), the six variant peaks separated by cIEF
are attributable to the combination of two mutations in two different globin
genes. Four peaks (Hbs A, F, C, and G-Philadelphia) were identified by
comparing the calculated pI to pIs previously determined for known Hb vari-
ants. The identities of the remaining two variant peaks were then deduced
based on what would be expected in a neonate with the double heterozygous
phenotype of Hb C trait/Hb G-Philadelphia trait.

Although high-resolution cIEF is analytically suitable for neonatal screen-
ing, its role in very high-throughput analysis (e.g., 500 samples/d in many
neonatal screening laboratories) has not yet been shown to be technically or
economically feasible. The main reason is that autosampler capacity on early
generation cIEF instruments was unsuitable for high-throughput applica-
tions. In addition, there has been little interest in pursuing this market by
manufacturers of capillary electrophoresis (CE) instrumentation. This is
regrettable because cIEF could clearly be run on newer generation instru-
ments with higher capacity autosamplers (e.g., 96-well plate format) serv-
ing as a low-cost and precise method for high-throughput screening of Hb
variants from blood dried on filter paper.

A secondary role for cIEF in current neonatal screening programs as a
confirmatory analytical method may be indicated, however. Most high-
throughput screening programs presently use high-performance liquid chro-
matography (HPLC), gel electrophoresis, or gel IEF. The trend has been
toward increasing use of automated HPLC, however, the higher cost per
test compared to conventional gel systems has proven prohibitive to full-
scale conversion to HPLC. High-efficiency separations are not as important
as cost for neonatal screening because most laboratories only report specific
identification for a limited number of abnormal Hb variants, e.g., Hbs S, E,
C, and Bart’s. A designation as “other” is sufficient for all other uncommon
Hb variants because once identified as abnormal by the primary screening
method the samples are usually re-analyzed by a secondary method to con-
firm and/or identify the Hb phenotype. The cIEF method described here
would work well as a secondary identification assay for neonatal screening.



Structural Hemoglobin Variants 153

4. MONITORING GLYCEMIC CONTROL
IN DIABETIC PATIENTS

Our research with Hb variants clearly indicated that the same cIEF meth-
odology used for the analysis of structural Hb variants could also be used for
the analysis of posttranslational or chemically modified Hb variants. Post-
translational hemoglobins include oxidation products (8) like methemoglo-
bins and Hb A3 (glutathione adduct), and glycation products like Hb A1c.
Adding additional tests to an existing platform and reagent system is attrac-
tive because of the potential for decreasing the instrument cost per test. Oxi-
dation products, however, are only measured in a small number of
specialized laboratories to help diagnose congenital methemoglobinemias,
a class of disorders resulting in the oxidation of heme iron and decreased
heme oxygen binding (2,4). However, many laboratories, including ours,
measure Hb A1c as an indicator of the long-term glucose control in diabetic
patients. The following is an initial report of our research and development
of cIEF for the analysis of Hb A1c and its clinical use in the evaluation of
diabetic patients.

4.1. Overview of the Application

Diabetes causes chronic high blood glucose leading to 1)
hyperglycosylation of proteins and cellular structures, and 2) accumulation
of toxic metabolites because of abnormal glucose metabolism (12). These
metabolic disruptions lead to retinopathy, neuropathy, nephropathy, and
other complications of the disease such that diabetes is the leading cause of
blindness, end-stage renal disease, and lower-extremity amputations. Treat-
ment of these disorders in the 16 million people in the United States with
diabetes costs at least $100 billion annually, accounting for approx 15% of
the national health care budget and 25% of Medicare costs (13). The Diabe-
tes Control and Complications Trial (DCCT) (14) showed conclusively that
intensive management of blood glucose, through frequent administration of
insulin, markedly decreases the long-term complications of diabetes. The
DCCT also concluded that glycohemoglobin is a good long-term indicator
of average blood glucose and is therefore a good laboratory test of glucose
status (15). It is now widely accepted that optimal diabetes management
should include frequent assessment of glycohemoglobin to evaluate the effi-
cacy of each patient’s individual glycemic management program.

Significant controversy remains, however, regarding the best way to mea-
sure glycohemoglobin. Part of the problem relates to analyte heterogeneity
since glycohemoglobins are a diverse group of compounds with a variety of
different sugar moieties bound to hemoglobin at a number of different
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molecular sites (12). Glycohemoglobin fractions that have been measured
clinically to assess glycemia include total glycohemoglobin (e.g., by affin-
ity chromatography) and various subcomponents like Hb A1c, a posttransla-
tional modification of adult Hb A where glucose is nonenzymatically bound
to the N-terminal valine of globin in a stable ketoamine arrangement. It
is the most abundant glycohemoglobin, representing around 5–7% of total
hemoglobin in nondiabetic individuals, and over 25% in poorly controlled
diabetic subjects. Hb A1c is easily separated by most charge-based assay
systems, and was the specific analyte used to monitor glycemia in the DCCT.
Thus, largely because of the DCCT and despite continued controversy, Hb
A1c has become the de facto gold standard laboratory test for assessing gly-
cemic control in diabetic individuals.

4.2. Comparison of cIEF to Conventional Methods
Even if one accepts Hb A1c as the best indicator of long-term glucose

status, the selection of a specific method to measure Hb A1c remains prob-
lematic. The choice is confounded by the wide variety of commercial ana-
lyzers that measure Hb A1c based on different structural or charge-based
separation protocols. This includes chromatography (both ion-exchange
and affinity), electrophoresis, and immunoassay, each of which is subject
to characteristic interferences and problems (12). For example, immunoas-
says provide no information about the Hb phenotype of a patient. This
represents a particular problem for the management of patients with sickle-
cell trait or other abnormal Hb phenotypes because these individuals have
inherently lower proportions of Hb A1c as a result of the presence of other
Hb variants.

Most of the commercially available tests for Hb A1c are HPLC-based sys-
tems in hospital and reference laboratories and immunoassays in physician’s
offices. Because test results are widely variable with different analytical
methods, national and international programs have been developed to stan-
dardize glycohemoglobin results (16–18). Standardization is considered
important because of the importance of longitudinal assessment of diabetic
patients and standardization of management practices. The apparent need
for standardization, however, also reflects the instability of the analytical
market for Hb A1c testing.

To our knowledge, cIEF is the only method that, in addition to analyzing
for Hb A1c, can also identify and quantify structural Hb variants using the
same reagents. Some commercial HPLC systems can be used for both Hb
A1c and Hb variant analysis, however, different columns and/or buffers are
needed. Currently CE kits, which include all necessary reagents, are now
commercially available for analysis of both Hb variants and Hb A1c by capil-
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lary zone electrophoresis (CZE) (19–21). These assays are both rapid
(<6 min) and relatively precise (CV < 6%), but separate proprietary buffer
systems are used to analyze Hb variants and Hb A1c.

4.3. Method Development of cIEF for Hb A1c Analysis
The analytical properties of the cIEF method we have used to assess struc-

tural Hb variants appeared suitable for the analysis of Hb A1c, including
separation and quantification. However, prior to clinical application of the
method it was necessary to select a method for eliminating interference from
labile Hb A1c, an unstable aldimine intermediate that is the precursor in the
formation of the stable ketoamine. A more detailed report of the analytical
properties of the cIEF method described here, including normal ranges, pre-
cision, linearity, and so on, will be published.

4.3.1. Removal of Labile Hb A1c

Stable Hb A1c, not the labile fraction, reflects long-term average blood
glucose and thus glycemic control. Because labile and stable Hb A1c are
similarly charged, they coelute or comigrate in most charge-based separa-
tion systems. Detailed accounts of the analytical implications of this inter-
ference have been reported (22–24) and have led to the development of a
number of protocols for eliminating the labile fraction based on dissociation
of the unstable complex, like erythrocyte (RBC) hemolysis and incubation
at low pH or RBC incubation in saline.

4.3.1.1. EFFECTS OF LOW PH
We determined that low pH incubation was unsuitable for removal of

labile Hb A1c because of the formation of oxidation products that affect the
quantification of Hb variants. Although incubating RBC hemolysates at low
pH, rapidly (<30 min) and efficiently removed labile Hb A1c, low pH also
promoted the oxidation of heme iron (Fe2+ Fe3+) and the post-transla-
tional formation of methemoglobin. We examined the formation of these
oxidation products in a series of buffers over the wide pH range of 4.0–7.5,
including buffers prepared in our laboratory and the commercially available
hemolyzing reagent used with the Bio-Rad Diamat HPLC. Our results indi-
cate that the same pH conditions that promoted the rapid dissociation of
labile Hb A1c also promoted heme iron oxidation.

The effect of low pH on Hb oxidation is clearly demonstrated in Fig. 4. In
this experiment, RBCs were hemolyzed in Bio-Rad Diamat hemolyzing
reagent at 37°C for 30 min, then repeatedly analyzed 25 times in succession
over a period of over 10 h. The electropherograms shown in the figure were
obtained at 0 and 3 h, and clearly show the increase in methemoglobin inter-
mediate fractions with time. These results highlight the instability of the Hb
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at low pH and the adverse effects of low pH on analytical reproducibility. It
is important to note that increasing oxidation over time would prohibit auto-
mation of the sampling process since a variable time between hemolysis and
analysis would affect reproducibility.

There are two main reasons for questioning low pH as a method for elimi-
nating interference by labile Hb A1c. First, the effects of low pH on heme
iron oxidation and the optical properties and quantification of Hb are well-
documented (25–28). In this case Hb with iron in the oxidized state has a
lower extinction coefficient than Hb with iron in the reduced state. This
means that a solution containing oxidized Hb will have lower absorbance at
415 nm than a solution containing the same concentration of Hb in the
reduced state. Thus, the presence of low pH-induced methemoglobin in a
sample will lead to underestimation of total Hb as measured by any method
using absorbance at 415 nm. If the estimate of total Hb is inaccurate, then
the measurement of Hb A1c expressed as a percent of total Hb will also be
inaccurate.

A second reason to question the use of low pH incubation for removal of
labile Hb A1c is that increased production of posttranslationally modified
Hb variants leads to analytical speciation. This is a problem because conver-
sion of native Hb variants into distinct subcomponents, i.e., methemoglobin
fractions, is concentration dependent and can markedly affect analytical
results. For example, Hb A is sufficiently abundant such that oxidation leads
to the production of enough stable methemoglobin fractions of Hb A to
become detectable above baseline in the absorbance plot (see Fig. 4).
Although Hb A1c is also oxidized under similar conditions, methemoglobin
A1c fractions either coelute with other species (e.g., Hb A) or are not detect-
able above baseline.

The analytical problems presented by Hb oxidation at low pH are not
unique to cIEF. Any assay using absorbance detection can be expected to be
susceptible to similar interference. It should be noted that this problem would
go unnoticed, however, in assays that cannot separate oxidized and reduced
Hb subcomponents. The effect of methemoglobin on measurement of Hb
A1c when using low pH to remove interference by labile Hb A1c needs more
attention and further study. It seems obvious, however, that low pH incuba-
tion simply replaces the interference of labile Hb A1c with the equally prob-
lematic interference caused by methemoglobin formation.

4.3.1.2. SALINE INCUBATION

Because rapid removal of the labile component by hemolysis of RBC at
low pH appeared analytically unsuitable due to the presence of treatment-
induced oxidation products, we evaluated saline incubation as an alternative
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method for removing the labile Hb A1c fraction. Initially we used a modifi-
cation of the commonly used method of adding 100 µL of RBC to 1 mL of
saline (1:10) and incubating the cells in a water bath overnight (18 h) at
37°C. However, overnight incubation resulted in the production of detect-
able amounts of oxidation products, including some methemoglobin but
more importantly Hb A3, the glutathione adduct of Hb A (8). In a series of
experiments, we evaluated the production of oxidation products and the dis-
appearance of labile Hb A1c over time and at different temperatures. We
observed that 1) labile Hb A1c was not efficiently removed at room tempera-
ture (~25°C), 2) oxidation products were not usually detected in samples
hemolyzed in a solution containing 10 mmol/L KCN and 5 mmol/L EDTA
until after more than 8 h of incubation at 37°C, and 3) removal of labile Hb
A1c was relatively complete within 5–6 h of incubation at 37°C. Based on
these results, we adopted a 6–8 h incubation of RBC in saline (1:10 v/v) at
37°C as our protocol for removing labile Hb A1c. Although somewhat cum-
bersome in an 8 h work day, we have used this method for over two years

Fig. 4. Removal of labile Hb A1c by low pH: formation of Hb oxidation prod-
ucts. Labile Hb A1c must be removed from blood prior to the measurement of
stable Hb A1c for assessment of long-term glucose control. A common method
used to eliminate interference by labile Hb A1c is incubation of erythrocytes at
low pH (~ pH 5.0) to dissociate glucose from labile Hb A1c. These electrophero-
grams show the time-dependent effect of low pH on Hb in erythrocytes incubated
in Bio-Rad Diamat hemolyzing reagent for 30 min then analyzed by cIEF. Small
amounts of methemoglobin (MetHb) intermediates were observed even when the
sample was analyzed immediately (0 h). Markedly more MetHb was observed when
the same sample was analyzed 3 h later. Repeated analysis of the sample over 10 h
showed that the measured amount of Hb A1c progressively decreased from 12.3–
9.7% while MetHb progressively increased from 1.0 to 10.0% as the sample simply
sat at low pH in the autosampler. This indicates that low pH is not a suitable method
for the removal of labile Hb A1c.
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with good clinical results to analyze the relatively small number of samples
routinely received by our laboratory (usually <40/wk).

The efficient removal of labile Hb A1c by this saline incubation protocol
is demonstrated in Fig. 5. In this case, blood was collected from a diabetic
subject in poor control and analyzed by cIEF both before and after saline
incubation for 6 h. Prior to incubation, two small, partially resolved peaks
were observed anodal to Hb A. These peaks were attributed to stable and
labile Hb A1c, respectively, by comparing relative focusing positions to that
previously reported with gel IEF (29). Moreover, the more anodal peak was
not present following saline incubation, as would be expected by the disso-
ciation of labile Hb A1c. It should be noted that this sample contained an
unusually high proportion of labile Hb A1c, and that in most samples the
labile fraction appears merely as a shoulder on the stable Hb A1c peak. It is
also possible that an intensive effort to improve cIEF separation for on-line
resolution of stable and labile Hb A1c could abolish the need for sample
pretreatment to eliminate the labile fraction.

4.3.2. Correlation with Hb A1c Analysis by HPLC
After selecting a 6-h saline incubation for the removal of labile Hb A1c,

we next compared cIEF quantitative results with those obtained by ion-
exchange HPLC on the same samples. This was made possible thanks to the
cooperation of Dr. Randie Little (Department of Child Health, University of
Missouri School of Medicine, Columbia, MO). Samples analyzed by the
HPLC method (30) were shipped as whole blood on ice to our laboratory
and immediately analyzed by cIEF. In one comparison, erythrocytes from
40 different samples were incubated in saline overnight (~15–18 h) at 37°C
prior to analysis by both HPLC and cIEF. In the second comparison, the

Fig. 5. Removal of labile Hb A1c by saline incubation. Hb A1c in blood from a
diabetic subject was analyzed by cIEF before and after the erythrocytes were incu-
bated in isotonic saline for 6 h at 37°C. Labile Hb A1c migrated slightly anodal to
stable Hb A1c and was efficiently removed by incubation in saline for 6 h.
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same incubation protocol was used for 21 samples analyzed by HPLC, but
using a shorter 6-h incubation for samples analyzed by cIEF.

Figure 6 shows the correlation of the HPLC and cIEF results in these two
experiments. Excellent correlation (R2 0.94) was observed between the
HPLC and cIEF methods in both experiments, regardless of the duration of
saline incubation. A positive proportional bias (1.07 vs 1.33) was observed
for the cIEF assay in both experiments, whereas a more variable fixed bias
(+1.28 vs –1.40) was found in samples incubated in saline for 18 and 6 h,
respectively. It seems likely that the lower proportional bias compared to
the HPLC reference method observed in the 18 h incubation experiment was
attributable to the similar incubation protocol used by both laboratories.
Because of the problems with oxidation products described above, however,
we chose to use the shorter 6 h incubation in our laboratory.

4.3.3. Longitudinal Assessment of Individual Patients with Diabetes
The use of cIEF to monitor Hb A1c in children with Type I diabetes at

scheduled quarterly clinic visits over a 2-yr period is shown in Fig. 7.
Patients in “good control” actively monitor their glycemic status and adjust
their diet, exercise, and insulin as needed to keep blood glucose at or near-
normal levels. Consequently, these patients tend to have consistently near
normal Hb A1c values over time. In contrast, patients in “poor control” are
usually noncompliant, do not monitor blood glucose, skip clinic visits, and

Fig. 6. Correlation of cIEF and HPLC results. Hb A1c results were compared in
two sets of samples analyzed by cIEF and ion exchange HPLC. Samples in both (A)
and (B) were prepared from erythrocytes incubated in saline overnight prior to analy-
sis by HPLC. Samples analyzed by cIEF were prepared from erythrocytes incubated
in saline for 18 h (A) or 6 h (B) prior to analysis. Good correlation was observed in
both comparisons, though both proportional (slope) and fixed (intercept) bias were
affected by the duration of saline incubation prior to analysis by cIEF.
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take little or no action to control their chronic hyperglycemia. As a result,
these patients tend to have high and often variable Hb A1c values at each clinic
visit. Individuals recently diagnosed with Type I diabetes initially have a very
high Hb A1c at their first clinic visit due to poor control of glycemic status
prior to diagnosis. This is frequently followed by a “honeymoon period” of
low Hb A1c values for about a year after glycemia management is imple-
mented, then an increase in Hb A1c as the body adjusts to a state of controlled
chronic hyperglycemia. Diabetic subjects with sickle-cell trait have inherently
less Hb A1c than those with normal Hb phenotype when expressed as a per-
centage of total Hb. These results clearly indicate the clinical relevance of
cIEF for measuring Hb A1c to monitor glycemic control over time.

5. CONCLUSION
Our institution is a 200-bed pediatric hospital. We offer both Hb variant

and Hb A1c analyses three days a week throughout the year. With our present
procedure, sample to sample run time is approx 18 min including all rinses
and injections, or about 3 samples/h. With a P/ACE 2200 (Beckman Instru-
ments, Fullerton, CA) samples can run unattended during the day or over-
night, with a maximum of 20 samples (~7 h) loaded on the autosampler at
one time. This means about 40 samples can be analyzed in one working day.
This number of samples would require 2–3 technologist hours per day for
instrument setup, data reduction and reporting, and routine administrative
responsibilities.

Fig. 7. Using cIEF to monitor long-term glucose status in diabetic subjects. Hb
A1c measured by cIEF was used to evaluate diabetic children over a 2-yr period.
Examples of the clinical application of the results include patients: (A) in poor
control with chronic elevated Hb A1c; (B) with newly diagnosed diabetes where the
first observation was from blood collected prior to the advent of insulin therapy;
(C) in good control with near normal Hb A1c levels; and (D) in a subject with both
diabetes and sickle-cell trait Hb phenotype.
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Annually, we perform approx 400 tests to diagnose or monitor congenital
hemoglobinopathies, especially sickle-cell disease, and over 1000 tests for Hb
A1c to manage diabetic patients. Reagents and consumables, including capil-
laries, cost only a few cents per test. Controls are inexpensively prepared in
our laboratory from RBC and can be stored at –70°C (not at –20°C) in hemo-
lyzing reagent for at least 2 yr. Between-run imprecision (% CV) for a normal
control containing 2.7% Hb A2 and 97.3% Hb A was 3.5 and 0.1%, respec-
tively, based on 50 replicate analyses performed on different days over a 5-mo
period with multiple capillaries (8). Between run imprecision for controls con-
taining 8.3 and 15.6% Hb A1c was 2.3 and 2.0% CV, respectively, in 40 repli-
cate analyses performed on different days over a 5-mo period.

Given the advantages of capillary electrophoresis for the analysis of he-
moglobin variants, including both structural and posttranslational variants,
it is surprising that a major manufacturer of analytical instrumentation has
not yet had the foresight to develop a commercially available system for
these applications.
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Amino Acid Analysis

Mary Kathryn Linde

1. INTRODUCTION

Sequencing of biological or synthetic peptides has sparked interest in the
separation and quantitation of amino acids by capillary electrophoresis (CE).
Because amino acids comprise a group of negatively charged, positively
charged and neutral molecules, it has been difficult to separate and quanti-
tate all amino acids using a single procedure. Today many proteins and pep-
tides that require sequencing are frequently available in only microgram (µg)
quantities necessitating quantitation of the amino acids at extremely low
concentrations. Although a few amino acids contain aromatic groups that
strongly absorb in the ultraviolet (UV) range, the majority lacks strongly
absorbing chromophore groups. This lack of sensitivity further complicates
the ability to separate amino acids.

CE does offer advantages in solving some of these problems. Specifi-
cally, CE requires only a small sample size, although nanomolar (nM) are
still required, and the separation can be finished quickly, sometimes within
minutes.

Jorgenson and Lukacs (1,2) first used CE to separate and detect amino
acids in 1981. They demonstrated rapid separation and fluorescent detection
of both peptides and amino acid derivatives. After derivatization with 5-
dimethylaminonaphthalene-1-sulfonyl chloride (dansyl) they were able to
separate a mixture of dansylated amino with a separation efficiency of
approx 250,000 theoretical plates (2). They also demonstrated that the
separation was proportional to voltage applied and that by increasing the
voltage up to 30 kV, efficiencies exceeding 400,000 theoretical plates can
be achieved within 10–30 min (1). This pioneering work demonstrated that
the simple, rapid separations found with CE can be an alternative to high-
performance liquid chromatography (HPLC).
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Amino acid identification and quantification is of prime importance for
medical diagnosis (3,4) as well as biomedical and industrial research. Thus,
as methods and instrumentation have become available throughout the
1980s, the use of CE for amino acid separation and identification has
expanded.

2. DETECTION

Derivatization to produce either a strongly UV absorbing or fluorescent
chromophore prior to injection onto the capillary have been investigated to
enhance the detection of amino acids.

2.1. Ultraviolet
In early studies, UV absorption was the most common method to detec-

tion amino acids or amino-acid derivatives separated by CE. There were,
however, several drawbacks. The short pathlength of the capillary and the
low molar absorptivities of the amino acids or derivatives limited the detec-
tion limits. Even so, the strong UV absorbance of the coenzyme
pyrroloquinoline quinone was shown to provide sensitive detection of
derivatized amino acids (5). Additionally, cyclic 3-phenyl-2-thiohydantoin
derivatives that absorb strongly at 254 nm are produced by the reaction of
phenylisothiocyanate and amino acids (6). However, the formation of the
thiohydantoin derivatives from the amino and carboxylic acid groups of the
amino acid eliminates one of the properties (the zwitterionic charge) that
helps in the separation of many of the amino acids.

2.2. Fluorescence
Fluorescence, both lamp based and laser induced, has been found to be

more useful for the highly sensitive detection required for amino acids sepa-
rated by CE (7). During the 1980s, most investigators used lamp based fluo-
rescence (1,8–10). Albin et al. (11) described a lamp-based fluorescence
detector to measure amino acid derivatives of 9-fluorenylmethyl
chloroformate at concentrations as low as 10 ng/mL. Lui and coworkers
(12) synthesized 3-(4-carboxybenzoyl)-2-quinolinecarboxyaldehyde to pro-
duce fluorescent isoindole products and were able to effectively detect 17
amino acids with lamp-based fluorescence.

Laser-induced fluorescence (LIF) dramatically improved sensitivity but
because of the limited number of commercially available lasers the number
of derivatizing agents were limited to those with excitation spectra that
match those of commonly used lasers. The argon ion laser has been the most
popular in LIF because of its output at 488 nm that matches the excitation
maxima of fluorescein isothiocyanate (7). Lui et al. (13) used a chiral
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reagent, 4-(3-isothiocyanatopyrrolidin-1-yl)-7-nitro-2,1,3-benzoxadiazole
to produce fluorescent diastereomeric derivatives with a 488 nm excitation
maximum. A helium-cadmium laser with emission lines at 325 or 442 nm
has been used (14) in some applications. Tetramethylrhodamine
isothiocyanate amino-acid derivatives have been sucessfully detected using
a helium-neon laser (15). In additon, laser modifications have resulted in a
semiconductor laser (15) and diode laser (16), both of which are reported to
improve efficiency. Timperman et al. (17) have also reported a highly sensi-
tive LIF wavelength-resolved detection system

A sheath flow cell was used as a post-column reactor for fluorescence
derivatization by Cobel and Timperman (18). They described a simple laser-
induced fluorescence detection method for proteins and amino acids in
which fast-reacting o-phthaldialdehyde-2-mercaptoethanol was added to the
sheath fluid for derivatization. Fluorescent excitation using a helium-
cadmium laser (325 nm excitation) allowed emissions to be collected with a
microscope objective and focused through a slit to a photon-counting photo-
multiplier tube. Lowest limits of detection were for glycine which showed
detection limits at 2.3 × 10–8 M. A UV (krypton fluoride) laser (244 nm
excitation) was used by Chan and associates (19) for measurement of native
tryptophan fluorescence after separation by micellar electrokinetic chroma-
tography (MEKC).

2.3. Indirect Fluorescence

Some investigators reported measurement of native amino acids by
indirect fluorescence detection (9,10). The principle of this method of
detection is dependent on the presence of a strongly fluorescing back-
ground electrolyte to produce a high background signal. The nonflorescent
analyte passing through the detector displaces some of the fluorescing-
background electrolyte, resulting in a decrease in background signal. Indi-
rect detection was described by Bruin et al. (20) using salicylate at pH
11.0 as the background electrolyte to detect underivatized amino acids.
The method was reported to be more sensitive for low electrolyte concen-
trations. Ma and coworkers (21) also studied the use of quinine sulfate as
the background electrolyte for detection of cationic amino acids. In addition,
Lee and Lin (22) studied nine different background electrolytes for detec-
tion of underivatized amino acids. They found -amino salicylic acid and
4-(N,N-dimethyl)aminobenzoic acid in a basic solution to be the most use-
ful. They also found that adding cationic surfactants reduced the electro-
osmotic flow. In a later study (23), they added cyclodextrins in reduce
electroosmosis and enhance selectivity.
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2.4. NMR

Sweedler et al. (24) found proton nuclear magnetic resonance (NMR) a
useful detection system. They circumvented the inherently low sensitivity
of NMR, which requires the use of large diameter flow cells, by wrapping a
microcoil directly around the capillary to construct a 5.0 nL cell. Even
though the sensitivity was less than that of UV detection systems, NMR
detectors can provide an alternative for on-column detection.

2.5. MS

Electrospray ionization to create gas phase ions from the nonvolatile com-
ponents separated by CE allowed structural analysis through mass spectros-
copy (MS). This combination of CE and MS was reported by Garcia and
Henion (25). They attempted to overcome the incompatibilities between the
two systems by the use of gel-filled capillaries to decouple the electrophore-
sis buffer from the ionization source. They provided much structural infor-
mation on separated dansylated-amino acids.

2.6. Electrochemical

Although most underivatized amino acids are not electroactive, some
reports of electrochemical detection methods do appear promising.
Underivatized amino acids were detected by electrochemical detection using
a copper electrode above pH 12.0 (26). Dinitrophenyl-derivatized amino
acids have also been detected using a reductive electrochemical system (27).
O’Shea et al. (28) described the use of carbon-fiber electrodes with an elec-
trical isolation circuit. Using this system, they were successful in detection
of glutamic acid and aspartic acids, which are easily oxidized following
reaction with naphthalene-2,3-dicarboxaldehyde.

2.7. Other

Waldron and Dovichi (29) reported a thermooptical detector system that
used a krypton fluoride laser as the energy source. The method was found to
be sensitive at the 1 µM level for 3-phenyl-2-thiohydantoin-amino acids.
Other workers investigated chemoluminescence (30,31) and nucleation
light-scattering (32) detection.

3. DERIVATIZATION

Although derivatization alters the electrophoretic properties of amino
acids, it has been the only method to detect amino acids at the concentra-
tions required (pM). This has led to a plethora of derivatizing agents
(see Table 1).
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3.1. Pre-Column

The dansyl amino acids derivatives, as described by Jorgenson and
Lukacs (1,2), have been the most frequently reported, especially in early
studies. The dansyl derivatives are still used as the standard to assess the

Table 1
Common Agents for Amino Acid Derivatization

Derivatizing agent Reference

5-dimethylaminonaphthalene-1-sulfonyl chloride (dansyl) (1,2,25,47,49,
55,56,58,

62,64–66,68,
73–77,114)

Fluorescein isothiocynate (11)
Fluorescamine (11)
Pyrroloquinoline quinone (5)
3-phenyl-2-thiohydantoin (6,52)

-phthaldialdehyde (11,40,42–44,
92)

Naphthalene-2,3-dicarboxaldehyde (16,44)
9-fluorenylmethyl chloroformate (35,70,77,110)
(+)- and (-)-1-(-fluroenyl) ethyl chloroformate (36)
3-(4-carboxybenzoyl)-2-quinolinecarboxaldehyde (12)
4-(3-isothiocyanatophrrolidin-l-yl)-7-nitro-2,1,3-benzoxadiazole (13)
6-aminoquinoyl-N-hydroxysuccinimidyl carbamate (37,71,77)
Tetramethylrhodamine isothiocyanate (15)
Pyronin succinimidyl ester (38)
Dicarbocyanine succinimidyl ester (39)

-phthaldialdehyde in tandem (40)
with dicarbocyanine succinimidyl ester

1-methoxycarbonylindolizine-3,5-dicarbaldehyde (41)
2-(9-anthry)ethyl chloroformate (36)
Tetramethylrhodamine thiocarbamyl (57)
(S)-1-(1-naphthyl)ethyl isothiocyanate (67)
(S)-1-phenylethyl isothiocyanate (67)
N-tert-butoxycarbonyl (69)
N-acetylcysteine and o-phthaldialdehyde (86)
2,3,4,6-tetra-O-acetyl-1-thio- -D-glucopyranose (87)

to o-phthaldialdehyde
(+)-OO-dibenzoyl-L-tartaric anhydride (88)

-phthaldialdehyde-2-mercaptoethanol (18)
Phenylthiocarbamyl (32,98)
Monobromobimane (104)
4-aminosulfonyl-7-fluoro-2,1,3-benzoxadiazole (112)
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utility and efficiency of new techniques or modifications of previous meth-
ods. The fluorescence is easily detected and, although quantum yields are
reduced in the aqueous environment of CE (8), results are reproducible.

Fluorescein, another popular fluorescent label for biochemical molecules
in early CE studies, has both excitation and emission spectra in the visible
wavelength range (11) allowing for easy detection. However, undesirable
side reactions of fluorescein isothiocynate (FITC) used in the derivatization
process have prevented its widespread use when the molecule of interest is
at low concentration. Another fluorogenic molecule, fluorescamine, which
has similar properties to FITC has also been used (33). The problem with
this label was that the sensitivity was insufficient for many applications.

A substituted isoindole ring, formed through the reaction between anime
group on an amino acid and o-phthaldialdehyde, results in derivatives that
show both a strong absorbance at 260 and 340 nm (11) and also fluoresce at
475 nm. Unlike FITC, o-phthaldialdehyde does not produce florescent side
products, making it a more usable reagent. However, when compared to
another popular fluorogenic derivatizing agent, naphthalene-2,3-dicarboxal-
dehyde, the derivatives formed with o-phthaldialdehyde are much less
stable. Naphthalene-2,3-dicarboxaldehyde derivatives, like fluorescein, have
excitation and emission spectra in the visible range, 462 nm and 490 nm,
respectively. They became popular in chiral separations (see Section 4.2.)
(34) even though the narrow Stokes shift presented a potential source of
error on some instruments.

The fluorogenic label, 9-fluorenylmethyl chloroformate, forms amino
derivatives that strongly absorb at 265 nm and fluoresce at 315 nm. Both
primary and secondary amines can be derivatized with this reagent (35).
Wan and associates (36) used a related agent, (+)- and (-)-1-(-fluroenyl)
ethyl chloroformate, in the analysis of amino-acid enantiomerics (see Sec-
tion 4.2.). Liu and others (12) reported a highly sensitive method for separa-
tion of primary amines derivatized with 3-(4-carboxybenzoyl)-2-
quinolinecarboxaldehyde. They used LIF as the method of detection (see
Section 2.). In another study (13) these same investigators separated amino-
acid residues labeled with the reagent, 4-(3-isothiocyanatopyrrolidin-l-yl)-
7-nitro-2,1,3-benzoxadiazole, which has an excitation maximum of 480 nm.

Many of these amino-acid derivatives are unstable, which prevented long-
term storage of the compounds, thus limiting the ability to have purified
standards for unknown identification. Improved stability was achieved using
6-aminoquinoyl-N-hydroxysuccinimidyl carbamate (37) as the derivatizing
agent. Amino-acid derivatives were prepared with this reagent using pro-
tein or peptide hydrolysates were much more stable in both HPLC and CE
applications.
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LIF (see Section 2.) because of its sensitivity, sparked investigations with
many fluorophores was used to produce amino-acid derivatives. The 540 nm
optimal excitation wavelength of Tetramethylrhodamine isothiocyanate
[15]), produced by a helium–neon laser, allowed a low-cost detection
method. A synthesized label, pyronin succinimidyl ester, was excited with a
semiconductor laser (38). Mank and Yeung (39) labeled amino acids with
the dicarbocyanine using dicarbocyanine succinimidyl ester. A diode laser
(667 nm emission) was used in this study to produce the excitation wave-
length along with a low-cost detection method.

3.2. On-Column
Although most derivatizations have been developed using pre-column

techniques, on-column and post-column derivatizations have also been
investigated. On-column derivatization has been achieved at the inlet of the
capillary column where derivatizing reagent and sample were allow to react
for a period of time before the electrophoresis was begun. Two variations
have been described (8). In one method, the tandem mode, a plug of the
derivatizing reagent was injected into the capillary inlet preceding a plug of
the sample solution. In the sandwich mode, a plug of derivatizing reagent
was injected at the capillary inlet, followed by a plug of the sample solution
and then by another plug of the derivatizing reagent. Taga and Honda [40])
used o-phthaldialdehyde in a tandem mode with dicarbocyanine
succinimidyl ester that capitalized on the mobility differences in of the two
reactants. Although derivatization was enhanced, there was a loss in resolu-
tion. Another fluorescent-derivitizing reagent, 1-methoxycarbonylin-
dolizine-3,5-dicarbaldehyde (excitation at 409 nm and emission at 482 nm),
has been used in a sandwich mode to produce a highly sensitive method (41).

Gilman and Ewing (16) demonstrated amino-acid, on-column
derivatization and detection of separated amino acids from injected intact
cells. Single cells were injected into the column inlet. Once in the capillary,
the cells were lysed and the released amino acids derivatized with naphtha-
lene-2,3-dicarboxaldehyde. The amino acids within the cells were able to be
detected and quantitated at attomole concentrations.

3.3. Post-Column
Pre-column and on-column derivatization allows for several potential

errors. For example, the derivatizing agent may react more efficiently with
one amino acid than another, thus quantitative errors may occur. At the same
time derivatized standards may not directly relate to the same level of amino
acid in an unknown mixture (8) because of matrix differences and/or differ-
ences in affinity of the derivatizing agent. Derivatized amino acids may show
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different migration rates relative to each other as compared to their
underivatized form, allowing possible qualitative problems. By using post-
column derivatization, many of the potentially erroneous results of pre-
column and on-column derivatization can be eliminated.

As with other derivatizing modes, the most extensively studied post-
column agents have been fluorogenic. Albin and workers (11) introduced
o-phthaldialdehyde by differential electroosmotic flow at a gap junction
reactor, which was further modified by Gilman and Ewing (42) to allow
introduction of the derivatizing agent by diffusion. Both o-phthaldialdehyde
and naphthalene-2,3-dicarboxyaldehyde, along with LIF, were used to
develop a highly sensitive analytical method for glycine. Zhu and Kok (43)
introduced o-phthaldialdehyde through a porous tube connecting the capil-
lary and the reactor tube. Using a lamp rather than LIF, they were able to
detect amino acids at concentrations of 2 µm. Using a coaxial design, Zhang
and Yeung (44) constructed a reactor that used a power source separate from
that used by the CE instrument. Using o-phthaldialdehyde as the post-
column derivatizing agent and LIF, they were able to detect concentrations
of 2.2 × 10–8 M for six amino acids. These and other post-column
derivatization methods for fluorescence and chemiluminescence detection
was reviewed by Zhu and Kok (45).

4. METHODS OF SEPARATION

4.1. Micellar Electrokinetic Capillary Chromatography (MEKC)

Pure mixtures have been used in the great majority of the studies involv-
ing separation of amino acids. However, low-peak capacity of the methods
used limited the use of CE in separating more complex mixtures. Using
micellar electrokinetic capillary chromatography (MEKC), separation of
neutral along with charged components was possible based on their parti-
tioning between the aqueous phase and a pseudo-stationary phase (46).
MEKC was shown very effective in separation of complex mixtures of
amino acids. Ong and coworkers (47) successfully separated 15 dansylated
amino acids in less than 30 min using 40 mM sodium docecyl sulfate (SDS)
in a phosphate-borate buffer. The first separation of all 20 natural amino
acids was reported by Skocir and coworkers (48) using 102 mM SDS in
20 mM borax buffer, pH 9.2, and a column temperature of 10°C. Matsubara
and Terabe (49) subsequently resolved 24 dansylated amino acids in 70 min at
pH 2.4 using a neutral surfactant and a Tween 20-phosphate buffer (Fig. 1).

Terabe and his coworkers (50) also showed that addition of urea to SDS
buffers enhanced separation of amino acids derivatized by 3-phenyl-2-
thiohydantin. Using this derivatizing agent, Castagnola and associates (51)
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Fig. 1. Separation of 24 dansylamino acids. Dansylamino acids are represented by three-character abbreviations of the corresponding
amino acids (_-Lys is _-dansyllysine, O-Tyr is O-dansyltyrosine, Cys is didansylcystine and Lys and Tyr are didansyl derivatives).
A fused silica capillary, 25 µm × 34 cm (19 cm to detector) was used for the separation. Electrophoretic buffer is 100 mM Tween-20,
25 mM sodium phosphate, pH 2.4; applied voltage was 16 kV; detection was at 200 nm.
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studied the effect of various buffer conditions, SDS concentrations, and
amount of derivatizing agent added. By optimizing the conditions, they were
able to resolve 18 amino acids simultaneously in 15 min. Furthering this
work, Kim and coworkers (52) compared the surfactants, SDS and
dodecyltrimethyl ammonium bromide, and indicated that SDS gave the best
separation for analysis of Edman degradation products using 3-phenyl-2-
thiohydantin as the derivatizing agent. Using a 50 mM SDS in 25 mM phos-
phate buffer, they could resolve all natural amino acids except leucine and
isoleucine. Still another study demonstrated the use of mixed cationic-
anionic micelles for separation of these derivatized amino acids (53).

MEKC separation and resolution of other derivatized amino acids were
also investigated. Ueda and coworkers (34) found that using naphthalene-
2,3-dicarboxaldehyde they were able to separate the derivatized amino acids
in about 25 min using SDS buffer to which -cyclodextrin was added.
DeSilva and Kuwana (54) subsequently used cyclodextrin-modified MEKC
to separate several amino acids using naphthalene-2,3-dicarboxaldehyde.
They assessed the importance of SDS for the separation in addition to the
effect of neutral hydroxypropyl beta-cyclodextrin and charged carboxy-
methyl beta-cyclodextrin on the resolution. Chan and associates (35) sepa-
rated 18 amino acids derivatized with 9-fluorenylmethyl chloroformate
using a SDS-borate surfactant at pH 9.2. Wan et al. (36) used a SDS-phos-
phate-borax-urea system to separate 2-(9-anthry)ethyl chloroformate
derivatized amino acids. Mank and Yeung (39) separated 18 amino acids
derivatized with dicarbocyanine using SDS-borate-MeOH at 30 kV.

Although fused silica capillaries work well and are easier to use, coated
capillaries have the potential to improve the separation of derivatized amino
acids. In this regard Sun et al. (55) synthesized and evaluated anionic-poly-
mer-coated capillaries with a pH-independent electroosmotic flow to sepa-
rate dansylated amino acids. In addition, Janini et al. (56) developed a
technique called reversed-flow MEKC in which polyacrylamide coated cap-
illaries were used to suppress the electroosmotic flow (EOF). Reversing the
polarity of the instrument was necessary because the SDS micelle migration
was anodic and the EOF was negligible under these conditions. Using this
system with SDS-acetate, pH 4.2, was used to separate 15 dansylated amino
acids. They also studied the effect of cetyltrimethyl ammonium bromide.

Other modifications have been reported to improve separation and reso-
lution of amino acids that were difficult to analyze. Culbertson and
Jorgenson (57) used flow-counterbalanced CE to control the analyte migra-
tion to separate components with closely related mobilities, such as leucine
and isoleucine derivatized with tetramethylrhodamine thiocarbamyl. Simul-
taneous pH and ionic-strength effects and buffer selection were investigated
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by Camillari and Okafo (58), who reported improved separation of
dansylated amino acids when using D2O to increase the viscosity.

4.2. Chiral Separations

Amino acids have at least one chiral carbon and, with few exceptions,
exist in two optically active enantiomeric forms, dextrorotatory (D) and
levarotatory (L). These optical isomers behave differently in biological sys-
tems. For example, enzyme activity is often specific for a particular optical
isomer and different enantiomeric forms of a drug may produce different
therapeutic effects. In living organisms, proteins contain the D-enantiomeric
form of amino acids, whereas nucleic acids contain the L form. The fact that
the enantiomeric amino acids have different properties and functions of
enantiomers make their separation critically important (see Table 2 for a
listing of the chiral separation of amino acids). Separation and quantitation
of these forms has been achieved by a variety of methods, such as anionic-
polymer-coated capillaries (55), addition of an optically active molecule to
the migration buffer, which acts as a chiral selector, and by chiral
derivatization prior to analysis creating a diastereomer.

Studies by Wan and associates (36) using (+)- and (-)-1-(-fluroenyl) ethyl
chloroformate, showed that after converting enantiomers of amino acids into
diastereomers, separation, identification, and quantitation of the optical iso-
mers was possible at 3 × 10–8 M. In another set of experiments Liu and
others (13) used CE to separate D- and L-amino acid residues using the fluo-
rescent chiral reagent 4-(3-isothiocyanatopyrrolidin-l-yl)-7-nitro-2,3-
benzoxadiazole. Using 25 mM acetate buffer, pH 4.0, 10 mM Triton X-100
they were able to separate derivatized D,L-proline and D,L-valine. Without the
addition of Triton X-100, no separation was seen; thus, they suggested that
the partitioning coefficients for the various diasteromers between the
micelles and the solution was of prime importance in their separation. They
applied this method to the determination of D- and L-amino acids using the
peptide, gramicidin D, as the test case. This study demonstrated that CE
showed higher efficiencies than HPLC under the same conditions.

Gassmann and associates (59) separated dansylated D- and L-amino acids
by the interaction between the respective amino acid and a Copper (II) com-
plex of L-histidine present in the support electrolyte. They reported separa-
tion and detection of femtomole amounts of racemic mixtures of dansylated
amino acids within 10 min. In a later study (60), Copper II-L-aspartamine in
the run buffer was also shown to be an effective chiral selector. Direct chiral
resolution of underivatized amino acids by ligand-exchange capillary zone
electrophoresis (CZE) was described by Vegvari and coworkers (61). Using
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N-(2-hydroxy-octyl)-L-4-hydroxyproline/Cu (II) as a selector, amino acids
containing aromatic residues and histidine were resolved. In all the cases, in
situ diasteromers were formed enhancing separation. Cohen et al. (62) was
also able to separate dansylated D- and L-amino acids using the chiral deter-
gent, didecyl-L-alanine, dissolved in a solution of SDS, forming mixed
micelles. The chiral detergent incorporated in the SDS micelles with the
hydrophilic chiral L-alanine regions orientated to the surface where an inter-
action with chiral amino acids could occur.

Table 2
Common Chiral Selectors Used for Separation of Enantiomers of Amino Acids

Chiral selector Reference

L-histidine/Cu II complex (59)
L-asparatamine/Cu II complex (60)
Didecyl-L-alanine (62)

-cyclodextrin (63)
-cyclodextrin (36,63,67,76)
-cyclodextrin (36,63,70,71)

Heptakis-(2,6-di-o-methyl)- -cyclodextrin (63)
-cyclodextrin and sodium deoxycholate (64)
-cyclodextrin and urea (66)

Heptakis-2,3,4-tri-O-methyl- -cyclodextrin (67)
Hydroxypropyl- -cyclodextrin (69)
Hydroxypropyl- -cyclodextrin (69)
n-alkyl- -D-glucopyranosides (72)
Sulfobutyl ether- -cyclodextrin (73,74)
Bovine albumin and dextrins (75)
Restocetin (77)
Vancomycin (78)
Sodium-N-dodecanoyl-L-valinate (79)
Sodium-N-dodecanoyl-L-serine (80)

-escin (83)
Digitonin (83)
Sodium-N-dodecanoyl-L-glutamate (81,82)
Digitonin and sodium taurodexycholate (82)
Digitonin and sodium docecyl sulfate (83)
Seriodal-glycoside surfactant-borate complex (84)
L-phenylalanine anilide and methacrylic acid (85)
L-phenylalanine anilide and 2-vinylpyridine (85)
Triethanolamine-phosphoric acid with -cyclodextrin (89)
Teicoplanin (90)
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Early studies of Snopek et al. (63) showed the simple and robust utility of
cyclodextrin as stereospecific selectors or electrolyte modifiers. They
showed that -, - and -cyclodextrin as well as heptakis-(2,6-di-o-methyl)-

-cyclodextrin were effective in chiral separation for both CZE and
isotachophoresis. They used a poly(tetrafluoroethylene) capillary and a con-
ductivity detector to resolve model isomeric compounds. Terabe et al. (64)
advanced this work by a modification of the MEKC technique for enantio-
meric separation by adding a mixture of -cyclodextrins and -cyclodextrins.
They then applied this technique for the separation of 10 pairs of dansylated-
amino acids. The best separations, however, were achieved using a mixture
of both cyclodextrins in SDS. Good separations were also achieved with
addition of -cyclodextrins, -cyclodextrins, and with mixtures of -
cyclodextrin and sodium taurodeoxycholate. Penn and coworkers (65) also
studied the mechanisms involved in micelle-assisted separations using -
cyclodextrins in SDS to separate dansylated amino acids.

The use of urea was also found to enhance the separation of dansylated
amino acids with -cyclodextrins (66). In addition, Bonfichi et al. (67)
achieved efficient chiral separations using heptakis-2,3,6-tri-O-methyl- -
cyclodextrin and -cyclodextrin. These workers used (S)-1-(1-naphthyl)-
ethyl isothiocyanate and (S)-1-phenylethyl isothiocyanate for derivatization
prior to separations.

Chiral separations of dansylated amino acids have also been accomplished
by adding high molecular weight anionic and cationic surfactants to
cyclodextrins (68). The modified cyclodextrins, hydroxypropyl- -
cyclodextrin and hydroxypropyl- -cyclodextrin, were also shown to improve
the chiral separations of N-tert-butoxycarbonyl amino acids (69). In addi-
tion, Wan and associates (16) studied various combinations of SDS, 2-pro-
panol, -cyclodextrins, and -cyclodextrins in the enantiomeric separation
of 2-(9-anthry)ethyl chloroformate derivatized amino acids. They were able
to resolve 12 and 13 amino acids with various surfactant combinations.
Riester et al. (70) reported on the chiral separation of 9-fluorenylmethyl
chloroformate derivatives of amino acids using -cyclodextrins along with
SDS. Swartz et al. (71) described the simultaneous MEKC separation of a
mixture of six amino-acid enantiomers derivatized with 6-aminoquinoyl-N-
hydroxysuccinimidyl carbamate. The use of n-alkyl- -D-glucopyranosides
to separate enantiomers has described by Desbene and Fulchic (72).

Many variations of MEKC have been used to separate enantiomers of
dansyl-amino acids. For example, negatively charged sulfobutyl ether- -
cyclodextrin was found to be useful by Desiderio and Fanali (73) to separate
the enantiomers of dansylated amino acids. Similarly, Janini et al. (74) used
sulfobutyl ether- -cyclodextrin to separate enantiomers of 12 dansylated



180 Linde

amino acids. In addition, Sun and coworkers (75) explored the use of affinity
interactions between macromolecules and amino acids using bovine albumin
and dextrins to separate dansylated amino acids. Dansylated amino acids have
also been separated with N-methylformamide and -cyclodextrin (76).

Armstrong et al. (77) introduced the use of the macrocyclic antibiotic,
ristocetin, as a chiral selector. Using this antibiotic the chiral separation of a
large groups of amino acids derivatized with 5-dimethylaminoaphthalene-
1-sulfonyl chloride, 6-aminoquinoyl-N-hydroxy succinimidyl carbamate, or
9-fluorenylmethylchloroformate was possible. Resolutions equal to or
greater than those of cyclodextrin were achieved. Another macrocyclic anti-
biotic, vancomycin, was also found to be an effective chiral selector (78).

Amino acids derivatized with 3-phenyl-2-thiohydantoin have also been
separated in MEKC using chiral surfactants, such as sodium-N-dodecanoyl-
L-valinate (79), sodium-N-dodecanoyl-L-serine (80), and sodium-N-
dodecanoyl-L-glutamate (81). The formation of mixed micelles using
sodium-N-dedecanoyl-L-glutamate along with a mixture of digitonin and
sodium taurodexycholate (82) or digitonin with SDS effectively separated
phenylthiohydantoin-amino acids (83). Others showed that chiral micelles
consisting of steriodal-glycosides borate complexes could also be used (84).
Additionally, Lin and coworkers (85) reported on the highly specific separa-
tion of amino-acid enantiomers using an on-column prepared molecular
imprinted polymer. L-Phenylalanine anilide was used as the print molecule
and methacrylic acid and/or 2-vinylpyridine as the functional monomers to
prepare the on-column polymer.

Investigators have also designed procedures that produce derivatized
amino acids that were diastereomers (39,59), thus separation did not
need to be chiral selective. Houben et al. (86) used N-acetylcysteine and
o-phthaldialdehyde to derivatize D,L-valine forming diastereomers prior to
separation. Tivesten and Folestad (87) produced diastereomers by adding
2,3,4,6-tetra-O-acetyl-1-thio- -D-glucopyranose to the o-phthaldialdehyde
for precolumn-labeling of D- and L-amino acids. They added polymer modi-
fiers to achieve optimal conditions for the separation of 17 labeled amino
acids. Scheutzner et al. (88) optimized conditions by adjusting pH and sol-
vent composition to separate diastereomer derivatives of (+)-OO'-dibenzoyl-
L-tartaric anhydride in CZE.

The critical need to determine optical purity of raw materials as well as
final products prompted the chiral separation and quantitation of tryptophan,
a frequent starting material in pharmaceutical synthesis. In this regard Altria
et al. (89) not only detected but quantitated 0.1% L-tryptophan in the pres-
ence of the D-enantiomer using a triethanolamine-phosphoric acid contain-
ing -cyclodextrin. A good example of this type of separation is shown in
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Fig. 2. Tesarova et al. (90) also compared separation of N-tert-butyloxy-
carbonyl (t-Boc) amino acids, important precursors in peptide synthesis, and
their nonblocked analogs on a teicoplanin-based chiral stationary phase. The
mobile-phase composition was optimized using various ratios of acetoni-
trile and 1% triethylamine/acetate buffer to achieve separation in 8–12 min.
The retention and enantioresolutions were compared and the investigators
concluded that native unblocked amino acids have better interaction with
the teicoplanin stationary phasse, were better enantioresolved than blocked
amino acids, and finally that the amino group plays an important role in the
steroselective stationary phase-analyte interaction.

Direct chiral resolution of underivatized amino acids by ligand-exchange
CZE was described by Vegvari and coworkers (61). Using N-(2-hydroxy-
octyl)-L-4-hydroxyproline/Cu (II) as a selector, amino acids containing aro-
matic residues and histidine were resolved.

5. MICROCHIP TECHNOLOGY

The challenges of microchip technology have also been applied to CE
analysis of amino acids. By fusing a cover glass over glass or quartz plates

Fig. 2. Separation of tryptophan in the presence of highly sulfated -cyclo-
dextrin. The instrument was a MDQ system from Beckman Coulter Inc. A fused
silica capillary, 50 µm × 31.5 cm, was used for the separation. Buffer was 25 mM
TEA phosphate, pH 2.5, to which was added 5% highly -cyclodextrin; voltage
was 15 KV (reversed polarity). The sample was pressure injected at 0.3 psi for 4 s
with UV detection at 200 nm.
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into which small channels were micromachined, tiny capillary channels are
formed. Such channels function as open-tubular capillaries on the micro-
chip and was used by Seiler et al. (91) to rapidly separate phenylthio-
carbamyl amino acids in <2 min. Amino acids, derivatized with
o-phthaldialdehyde have been separated within a few seconds using either a
chip-based precolumn (92) or a chip-based postcolumn (93) derivatization
reaction. The micromachining of CE injectors and separation on glass chips
has also been studied by Fan and Harridan (94) by studying the flow at the
capillary junction under various defined conditions. Von Heeren and associ-
ates (95) have used MEKC on microchips. They were able to separate six
FITC-labeled amino acids in a few seconds. On-column sample gating was
described by Monning and Jorgenson (96). In their system most of the
sample, which was continuously introduced into the capillary, was destroyed
by photolysis, but that which survived became the sample plug. FITC-
labeled amino acids were separated in about 1.5 s. In a later study, 5-FITC-
labeled amino acids were separated in 120 ms (97).

6. CLINICAL AND BIOMEDICAL APPLICATIONS

The most useful application for CE in amino-acid analysis is elucidating
the structure of both natural and laboratory-synthesized proteins and
polypeptides. In 1991, Bergman and associates (98) demonstrated the utility
of CE for preparative purposes because of its reproducibility. These workers
also demonstrated that amino-acid composition and sequence analysis of
proteins could be achieved using phenylthiocarbamyl derivatized amino.
Rapid, reliable results on extremely small sample accelerated industrial
adaptations. For example, the aromatic amino acids in citrus juice were mea-
sured by Cancalon and Byran (99) and in cheddar cheese by Strickland et al.
(100) using CE.

Although the utility of amino-acid identification and quantitation in bio-
logical samples is more limited than for industrial uses, their measurement
in specific cases can give crucial information about the disease state. Sepa-
ration of amino acids in biological fluids is also much more difficult than
when using pure substances. There is the potential for matrix interference,
such as the reaction of the derivatizing agent with other components, and in
addition, difficulty in comparing solvent-based standards to amino acids in
the samples. Thus amino-acid separation and quantitation in biological
samples is more problematic than analysis of model laboratory mixtures.
Methods developed using model mixtures frequently do not work when
applied to biological samples, making assay modifications necessary.
Dankava and Kaniansky (101) assessed limitations of various modes of CZE
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in the separation of enantiomers in model and urine matrices. Tryptophan
was used as the model analyte and a 90-component mixture of UV light-
absorbing organic anions served as the model matrix. Using on-line coupled
isotacophoretic sample pretreatment for high sample-load capacity, they
were able to separate samples corresponding to 3–6 µL of undiluted urine.

Cerebrospinal fluid analysis to monitor amino-acid levels using MEKC
was reported by Berquist et al. (102) using an on-line derivatization and
microdialysis sampling technique. Continuous in vivo monitoring of
glutamate and aspartate in neurotransmitters of rats using CZE has been
reported by Zhou and coworkers (103). An automated procedure for in vivo
monitoring cysteine and glutathione in rat caudate nucleus was also reported
by Lada and Kennedy (104). In this study, microdialysis was coupled
on-line with CZE. The dialysates were derivatized on-line with monobromo-
bimane and transferred to the capillary by a flow-gated interface. Separated
thiols were measured on-line by a helium-cadmium LIF. Glutamate in
microdialysates of striated muscle were measured with CE in an off-line
procedure (105). Additionally, phenylthiohydantoin derivatives of 3- and
4-hydroxyproline were separated using MEKC in bovine skeletal muscle
collagen (106).

Diagnostic applications of CE for amino-acid analysis have also
expanded. Glutamine measured by CZE and LIF detection in cerebrospinal
fluid of children with meningitis was reported by Tucci and coworkers (107).
They found glutamine concentration was lower in children with viral and
bacterial meningitis and proposed that the lower concentrations might be
caused by glutamine use by the bacteria. They confirmed the diagnostic util-
ity of this analytical method in the critical differentiation of meningitis.
Shihabi and Friedberg (108) and Lehmann et al. (109) reviewed amino-acid
analysis in serum, urine, other body fluids and tissues.

Jellum and coworkers (110) described a multi-component analytical sys-
tem to determined diagnostic metabolites, such as cysteine and homocys-
teine, in urine of patients with various aminoacidopathies and other
metabolic disorders. They used a diode-ray detector for fluorescence detec-
tion of metabolites derivatized with 9-fluorenylmethyl chloroformate and
separated by CZE. They modified and expanded this study using gas chro-
matography-mass spectroscopy (GC-MS) in a study on sera of patients col-
lected prior to disease symptoms and held in the Janus-bank (111). Kang et
al. (112) determined 4-aminosulfonyl-7-fluoro-2,1,3-benzoxadiazole-
derivatized homocysteine, glutathione, and cysteine in plasma. Causse et al.
(3) separated and determined homocysteine in plasma using FITC as the
derivatizing agent and an argon ion laser for detection. The detection of this
intermediary metabolite in the methionine pathway is useful to detect not
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only genetic metabolic disorders, but also the potential risk for atherosclero-
sis and some thromboembolic diseases.

Tagliaro et al. (4) used CZE in the determination of serum phenylalanine
in a rapid, inexpensive method for diagnosis of phenylketonuria. Also, cys-
teine in human blood, plasma and urine has been separated and quantitated
at the attomole level using an end-column amperometric detection with a
gold/mercury amalgam electrode (113). In addition, enantiomeric forms of
amino acids derived from novel depsipeptide antitumor antibiotics were ana-
lyzed by a metal chelate MEKC method using a cyclodextrin (114). The
amino acids were hydrolyzed and derivatized with either dansyl chloride for
UV-absorbance detection or with FITC for LIF detection. Enantiomeric
identities of serine, beta-hydroxyl-N-methy-valine were confirmed and a
nonchiral aminoacid, sarcosine, was found.

7. CONCLUSION

CE is used for separation and analysis of amino acids, however, its use
has mainly been outside the clinical arena. CE has been shown to be
extremely useful in the food, wine, and biotechnology areas. Although CE
provides faster separation and turn-around time, the driving force in clinical
laboratories, HPLC and GC, are still the mainstays. Perhaps as more diag-
nostic applications using CE are developed, it will replace HPLC as the
method of choice for rapid amino-acid analysis.
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Organic Acids

Kern L. Nuttall and Norberto A. Guzman

1. INTRODUCTION

Organic acids are a heterogeneous class of low-mol-wt metabolites that
contain at least one carboxylic acid group. Several hundred compounds may
be included, depending on how expansive a definition is used. Normally,
amino acids are not included, although some organic acids contain nitrogen.
The wealth of clinical information obtained by analysis of organic acids has
tended to be ignored for a number of reasons. The primary clinical applica-
tion has been limited to the diagnosis of inborn errors of metabolism.
Also, traditional analysis has been performed using gas chromatography-
mass spectrometry (GC-MS), which is expensive and technically demand-
ing. With the advent of less expensive methods of analysis such as capillary
electrophoresis (CE), organic-acid analysis is finding many previously
underutilized and unrecognized clinical applications. The current state of
the art still requires organic acid profiling for inborn errors of metabolism
by GC-MS analysis, however, this is unlikely to remain the case much
longer. Already CE methods for the short-chain organic acids have been
published and more comprehensive profiling methods are certain to be
developed. The real promise of CE for organic acids, however, lies in fast
and inexpensive assays for newer applications, several of which are dis-
cussed here.

Many of the CE applications for organic acids share a number of features
to improve separation and detection. These include: 1) Flow reversal of the
electroosmotic flow (EOF), 2) the use of indirect photometric detection or
direct detection at short wavelengths, and 3) the need for specimen prepara-
tion, particularly at low concentrations of analyte. These features are dis-
cussed briefly in Sections 1.1.–1.3. below.
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1.1. Flow Reversal
In the standard configuration, cations pass the detector first, followed by

neutral compounds and then anions. Reversal of the EOF produces much
faster separations for anions such as organic acids. Although not all assays
for organic acids use flow reversal, the majority do. Flow reversal is
achieved by two basic methods, use of coated capillaries or uncoated fused-
silica capillaries with a cationic surfactant added to the electrolyte. In gen-
eral, coated capillaries require less conditioning and give more stable
performance characteristics.

1.2. Detection Methods
Because commercially available instruments are equipped with photo-

metric detection, many of the applications for organic acids use direct pho-
tometric detection at short wavelengths (185–200 nm) or indirect
photometric methods. These detection methods are adequate and can be used
for virtually any compound. One limitation is that identification depends
entirely on the compound’s characteristic migration time. Direct detection
at longer wavelengths (>200 nm) offers more positive identification, but is
limited to those organic acids that absorb strongly at these wavelengths.
Other detection methods, such as fluorescence, have found fewer applica-
tions, mainly due to the limited number of organic acids that fluoresce or
can be efficiently conjugated to a fluorogenic reagent (11), in addition to the
cost of the detector. Electrochemical methods are just beginning to be
applied to organic acids (2), and promise to provide good quality, sensitive,
yet inexpensive detection methods in the future.

1.3. Specimen Preparation
Like many low-mol-wt compounds, organic acids may require specimen

preparation to achieve adequate assay reproducibility (3). This may be criti-
cal when detection of levels on the order of µmol/L is needed. To account
for variation in sample recovery, addition of an internal standard is highly
desirable. Internal standards also allow for the calculation of a relative
migration index, increasing the precision of the assay. Currently specimen
preparation for organic acids remains relatively unsophisticated, often rely-
ing on dilution, filtration, and simple forms of extraction prior to injection
onto the capillary. More efficient methods such as on-line analyte concen-
tration will undoubtedly prove useful in the future (4).

2. APPLICATIONS FOR THE CLINICAL LABORATORY
The applications discussed in this chapter start with methylmalonic acid,

since this is the one with which the authors have the most experience. An
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assay for urine methylmalonic acid has been operating on a routine basis in
the first author’s clinical laboratory since 1994. Several other applications
share many characteristics with methylmalonic acid, and are discussed next,
including succinic acid, oxalic and citric acids, and the simple short-chain
organic acids. Most of these assays use either indirect detection or direct
detection at short wavelengths. In contrast are the applications for orotic
acid and xanthurenic acid, which rely on direct detection at longer wave-
lengths. Positive identification of these compounds can be enhanced by the
use of diode array detection and spectral matching.

2.1. Methylmalonic Acid

Measurement of methylmalonic acid levels in urine or serum is an excel-
lent way to assess vitamin B12 (cobalamin) status (5,6). Vitamin B12 in the
form of 5-deoxyadenosylcobalamin is an essential cofactor in the enzymatic
conversion of methylmalonyl-CoA into succinyl-CoA. In vitamin B12 defi-
ciency, methylmalonic acid rises early, often reaching 10–100 times the lev-
els seen in normal individuals. In contrast, anemia and macrocytosis (6) and
even serum vitamin B12 immunoassays are relatively insensitive markers.
Because of cost and availability of automation, immunoassays are routinely
used as the preferred screening method, although it is well-established that
low normal vitamin B12 levels do not exclude vitamin B12 deficiency.
In contrast, assays for methylmalonic acid, the most sensitive marker for
vitamin B12 deficiency, is many times more expensive, particularly when
using GC-MS. Because vitamin B12 deficiency is now recognized as being
more common than previously thought (5), an efficient and economic
method for methylmalonic acid analysis is becoming increasingly important.

Methylmalonic acid is a deceptively simple dicarboxcylic acid (HOOC-
CH-CH3-COOH), but the analysis is challenging due to the number of
closely related organic acids. Methylmalonic acid contains no strongly
absorbing constituents, therefore, analysis by CE is currently based on two
approaches, derivatization (7) or indirect detection (8,9). Derivatization
offers two advantages: 1) less specimen is required, and 2) the limit of
detection is superior. Alternatively, indirect detection is faster and less
expensive. Direct detection at 200 nm without derivatization is discussed
further in Section 2.4. This method does not have adequate sensitivity to
detect levels found in normal individuals. Its use, therefore, is limited to the
detection of inborn errors of metabolism.

2.1.1. Methylmalonic Acid Derivatization

Schneede and Ueland (7) described a method using CE to quantitate lev-
els of methlymalonic acid in serum. The assay used 1-pyrenyldiazomethane
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to react with acids present in serum producing a fluorescent 1-pyrenylmethyl
monoester. After separation the products are detected by laser-induced fluo-
rescence (LIF). Serum preparation requires addition of ethylmalonic acid as
an internal standard, deproteinization with methanol, followed by a 12-h reac-
tion with the derivatizing agent. Extensive dilution, needed to reduce matrix
effects, is possible because of the sensitivity of the LIF method. Separation is
based on a capillary (ID 75 µm) coated with a linear polyacrylamide to elimi-
nate the EOF. The electrolyte consists of 30 mmol/L Tris-citrate buffer, pH
6.4. An organic modifier (50% dimethylformamide) and 0.1% hydroxypropyl
methylcellulose are added to inhance separation and to suppress residual EOF.
The specimen is introduced onto the capillary by pressure injection with a run
time of about 26 min. The assay has a throughput of about 50 specimens per
day. Reproducibility of the assay is acceptable with a coefficient of variation
(CV) of 12% at 0.13 µmol/L and 5% at 4.3 µmol/L.

This method is adequate for routine analysis and the authors report having
analyzed several thousand specimens at the time of publication. Although it
represents a significant improvement over traditional GC-MS, the method
requires a relatively lengthy specimen preparation and derivatization, in addi-
tion to an expensive method of detection. The HeCd laser is reported to be a
major contributor to the cost. Use of ethylmalonic acid as an internal standard
can also be problematic, since it can be found in some routine clinical speci-
mens, although this is less of a problem for serum than for urine.

2.1.2. Methylmalonic Acid by Indirect Detection
Methods for the indirect detection of methylmalonic acid have been

described in assays for urine (9), and serum (8). These assays are similar,
employing phthalic acid as the indirect detection agent, electrolyte, and
buffer. Because the serum and urine assays use the same basic technology,
only the serum assay will be described in the following paragraph.

Specimen (0.5 mL) preparation begins with addition of a dimethyl-
succinic acid as the internal standard, acidification, and extraction with
ethylacetate. The solvent is then evaporated, reconstituted in water, filtered,
and injected electrokinetically (5 kV for 25 s). Separation employs an
uncoated fused silica capillary (ID 75 µm). Flow reversal is accomplished
by addition of cetyltrimethylammonium bromide (CTAB), a cationic sur-
factant. The electrolyte is composed of 3.3 mmol/L phthalic acid at pH 6.0,
0.46 mmol/L CTAB, and 35% acetonitrile (v/v). The organic modifier,
acetonitrile, is added to improve resolution. The phthalic acid background
signal is monitored by a diode array detector at 210 nm against a reference
signal at 320 nm. Run time is about 6–7 min, and a batch of 15 specimens
can be prepared and run in about 4 h. The limit of detection (LOD) is
0.2 µmol/L with a CV of <10% at 0.3 µmol/L.
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The LOD of 0.2 µmol/L using indirect detection and phthalic acid is close
to the reference limit of 0.4 µmol/L, the upper limit seen in normal individu-
als. Because methylmalonic acid rises dramatically (10–100 times normal
levels) in vitamin B12 deficiency, the assay is adequate for clinical pur-
poses. Indirect detection, however, depends entirely on migration time for
identification. There is always the possibility that a coeluting compound
could be hidden in the methylmalonic acid peak, falsely elevating the value.
When methylmalonic acid is elevated, dilution should be used to reduce the
possibility of interference by coeluting compounds. Also plasma specimens
collected with citric acid as the anticoagulant cannot be analyzed with this
assay. The massive peak due to citric acid will overwhelm all other peaks in
the vicinity, including the one for methylmalonic acid (see Fig. 1). EDTA
plasma does not cause a similar problem. Specimen preparation is based on
an organic phase extraction, representing a significant amount of the total

Fig. 1. Indirect photometric detection of serum methylmalonic acid using
phthalic acid at pH 6.0 and monitored at 210 nm (6); the signal has been reversed to
make descreased phthalic acid absorbance appear as peaks. The numbered peaks
correspond to: 1) bromide, 2) chloride, 3) nitrate and nitrite, 4) oxalate, 5) uniden-
tified, 6) citrate and malate, 7) dibromosuccinate internal standard, 8) succinate, 9)
methylmalonate (0.6 µmol/L), and 10) glutarate.
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assay time. Although the extraction method is acceptable, a more efficient
method of specimen preparation would be a considerable improvement.

2.1.3. Indirect Methylmalonic Acid Assay Improvements
The assay of Franke et al. (8) has undergone a number of improvements

to make it more robust for routine operation (10). These include: 1) use of an
amine-coated capillary rather than the combination of an uncoated capillary
with surfactant, and 2) use of an electrolyte at pH 2.5 rather than the combi-
nation of an electrolyte at pH 6.0 with an organic modifier consisting of
35% acetonitrile. The reasons for these changes are discussed later, as are
the advantages of using an instrument with a diode array detector and one
with fluid-type cooling.

2.1.3.1. DIODE ARRAY FOR INDIRECT DETECTION

Most often indirect detection is used with a simple single-wavelength
detector. This type of detector tends to be more sensitive in absolute terms
than a diode array detector, in addition to being less expensive. However, it
is the experience of the authors that a diode array produces better results
when using indirect detection. In the assay described earlier, a single-wave-
length detector (210 nm) produced a baseline that was relatively noisy giv-
ing a LOD of 1 µmol/L. Using the same conditions, a diode-array detector
(210 nm against a reference wavelength of 300 nm), gave a baseline that
was relatively flat with a LOD of 0.1 µmol/L. Because indirect detection
operates in the setting of high background absorbance, noise may become
the limiting factor for assay sensitivity as it is here.

2.1.3.2. CAPILLARY THERMOSTATING

Capillary thermostating to remove heat generated by the high voltage (Joule
heating) used in CE is provided by two basic methods, air or fluid cooling. Air
cooling is adequate for many purposes but it is not as efficient at removing
heat as fluid cooling. It might be assumed that in a relatively low ionic-strength
buffer, such as that used in the present assay (3.3 mmol/L phthalic acid), air
cooling would be adequate. Direct comparison between commercially avail-
able air- and fluid-cooled instruments is difficult because instruments are con-
figured differently. However, when this method was run in a fluid-cooled
instrument, better overall assay performance was found. The clearest example
of this was that larger samples could be introduced onto the capillary before
broadening of the analyte peaks occurred. Presumably, this was due to inad-
equate heat-induced dispersion in the air-cooled instrument.

2.1.3.3. COATED CAPILLARIES

Replacing the uncoated capillaries with an amine-coated capillary and
removing the surfactant from the electrolyte improved migration time sta-
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bility considerably. It is known that surfactants are excellent at coating sur-
faces. However, they can also be difficult to keep in solution. Thus the use
of a surfactant inevitably gives an electrolyte that tends to change composi-
tion with time, causing stability problems with the migration time. Using an
amine-coated capillary (ID 50 µm) improved the reproducibility and dura-
bility of the methylmalonic acid assay.

2.1.3.4. PH
When investigating methods to separate anions, it is known that lowering

the pH reduces the number of compounds that are ionized. These unionized
compounds will be swept along with the EOF, thus, fewer anions will be
present to cause potential interferences. For this reason, separation in acidic
environment has the potential to reduce interfering compounds to a mini-
mum. Although this approach has obvious limitations, it works well with
methylmalonic acid (pKa1 3.07). At pH 2.5, methylmalonic acid showed an
electropherogram with significantly fewer interferences. Succinic acid (pKa1

4.60), for example, is found in the EOF at this pH. Phthalic acid (pKa1 2.89),
used as electrolyte and indirect detection agent, still retains significant buff-
ering capacity at this pH.

2.1.3.5. ORGANIC MODIIFIERS

In the original assay (11), an organic modifier consisting of 35% acetoni-
trile was added to the electrolyte to improve resolution between
methylmalonic and succinic acids (see Fig. 1). Although organic modifiers
can enhance resolution significantly, they can also cause unwanted side
effects. One obvious problem is that the solution is prone to differential
evaporation that can contribute to assay variability. When changing the pH
from 6.0 to 2.5, succinic acid migrated with the EOF and an organic modi-
fier was no longer required.

2.2. Succinic Acid
Succinic acid (HOOC-CH2-CH2-COOH) is a closely related isomer of

methylmalonic acid, although clinically, the utility of these two organic acids
is much different. Succinic acid is a major metabolite in the tricarboxylic
acid cycle and can be used to monitor mitochondrial function (12). Interest-
ingly, succinic acid is also formed stoichiometrically as a product of the
enzymatic synthesis of peptidyl hydroxyproline and it can be used to moni-
tor increased collagen biosynthesis (4). As with many of the organic acids,
analysis has been performed with GC-MS and studies on the clinical signifi-
cance has been limited by the relatively high cost and difficulty of the analysis.

As expected from the similarity of the assays, many of the applications
developed for methylmalonic acid and other related short-chain organic
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acids can also be used to detect succinic acid (e.g., Fig. 1). The assay of
Franke et al. (8) for methylmalonic acid required little modification for use
for serum succinic acid (12). Because the concentrations normally present
are higher, succinic acid is a less demanding analyte. With the availability
of a relatively easy and less expensive assay, increased investigations of the
clinical utility of succinic acid can be expected in the future.

2.3. Oxalic and Citric Acids
Oxalic and citric acids are important analytes for the evaluation and treat-

ment of urinary-tract calculi. The prevention of further stone formation is a
major goal in the treatment of these individuals requiring an evaluation of
the risk factors for calculi formation (13). Elevated oxalic-acid excretion is
a risk factor for the formation of calcium oxalate stones and treatment
includes removing sources of oxalic acid from the diet. In contrast, elevated
citric-acid excretion is a protective factor that tends to prevent urinary cal-
cium from precipitating. Thus, recurrent stone formers with low urinary cit-
ric acid may benefit from treatments to increase urinary citric acid levels.

Holmes (14) describes an indirect detection method for oxalic and citric
acid in 24 h urine collections. These compounds are also present on the
electropherograms of many related assays (e.g., Fig. 1). Because oxalic and
citric acids are present at relatively high concentrations in urine, specimen
preparation is minimal, and consists of acidification, centrifugation, and
dilution (100-fold). Dilution is required primarily to reduce the chloride con-
centration, which is also detected by the indirect method used for this assay.
Separation employs an uncoated capillary (ID 75 µm), an electrolyte and
indirect detection agent consisting of sodium chromate (10 mmol/L), and a
flow reversal agent consisting of 0.5 mM tetradecylammonium bromide
(TTAB). The detection limit was 7 mg/L for both oxalic and citric acids,
which compares favorably to standard enzymatic assays. Although standard
enzymatic methods test for oxalic and citric acids separately, the method of
Holmes (14) measures both simultaneously. In addition, the assay can also
be used to detect a number of related anions in urine, including chloride,
sulfate, nitrate, phosphate, glycolate, and urate. All these components are
potentially useful for the evaluation of the risks of urinary stone formation.

2.4. Profiling Short-Chain Organic Acids
The analysis of organic acids in urine is a well-established procedure for

the diagnosis of inherited errors of metabolism (15,16). The large number of
organic acids and the complexity of the urine matrix makes separation and
quantitation difficult. Currently, GC-MS is the most reliable technique for
this purpose. However, GC-MS is also expensive, labor intensive, and gen-
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erally limited to referral laboratories. On the other hand, CE can provide a
simple and rapid alternative. The benefits of a method, such as CE, that is
widely available and that provides rapid analysis, is apparent in such situa-
tions as the critically ill newborn presenting with coma and metabolic aci-
dosis. In such cases, rapid diagnosis facilitates appropriate treatment.
Although CE is limited at the present time to the analysis of the short-chain
organic acids, this is changing rapidly.

The methods for the small short-chain organic acids, originally devel-
oped from applications in the food sciences (9,17), share many characteris-
tics, such as detection of similar compounds and migration orders. Both
direct and indirect detection methods have been used. Direct detection is
generally based on wavelengths from 200 to 185 nm, and are generally less
sensitive than indirect methods.

2.4.1. Indirect Detection of Short-Chain Organic Acids
Chen et al. (18) described an indirect detection assay for 14 short-chain

organic acids in serum and urine. The migration order was oxalic, citric,
malonic, tartaric, methylmalonic, ketoglutaric, succinic, ethylmalonic,
methylsuccinic, glutaric, adipic, methylglutaric, lactic, and pyruvic acids.
Serum (0.5 mL) preparation consisted of deproteinization with methanol,
centrifugation, drying the supernatant, and redissolving in water (250 µL) to
provide concentration. Urine preparation consisted of filtration to remove
particulates and a fivefold dilution. Ethylmalonic acid was used as an inter-
nal standard in both specimen types. Of the capillaries evaluated, polyacry-
lamide-coated capillaries showed superior performance. Phthalic acid was
used as the indirect detection agent in a carbonate buffer; however to avoid
interferences seen at shorter wavelengths, 230 nm was selected as the moni-
toring wavelength. The limit of detection was between 6 and 28 µg/mL for
citric, methylmalonic, succinic, glutaratic, and lactic acids.

2.4.2. Direct Detection of Short-Chain Organic Acids
Shirao et al. (19) described an assay for 12 short-chain organic acids in urine

based on direct detection at 185 nm. The migration order was: oxalic, formic,
malonic, fumaric, succinic, -ketoglutaric, citric, acetic, pyruvic, lactic, isova-
leric, and hippuric acids. The limits of detection were given as 5 µg/mL for all
but hippuric acid, which was 100 ng/mL. Urine was centrifuged and passed
through a C18 column prior to hydrostatic injection. Separation was based
on an uncoated capillary (ID 75 µm), with an electrolyte and buffer of 50
mM borate at pH 10.0 with addition of a commercial flow-reversal agent.

Hiraoka et al. (20) described a similar assay for cerebrospinal fluid based
on direct detection at 185 nm. Compounds detected included (in migration
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order): oxalic, fumaric, acetic, pyruvic, lactic, and glutamic acids. However,
unlike urine, ascorbic acid was also seen.

Jariego and Hernanz (21) also described an assay for 10 short-chain
organic acids in urine based on direct detection at 185 nm. The migration
order was methylmalonic, glutaric, 3-methylglutaric, N-acetylaspartic, 2-
aminoadipic, propionic, lactic, 2-oxoisovaleric, isovaleric, and homogenti-
sic acids. The limits of detection were between 5–15 µmol/L. Urine was
prepared by passing through a centrifuge-type filter, and diluted to a creati-
nine concentration of about 1 mmol/L prior to introduction of the sample
onto the capillary by pressure. Separation was accomplished using a
polyimide-coated capillary (ID 75 µm). The electrolyte consisted of sodium
sulfate, calcium chloride, and a commercial additive for flow reversal.

Barbas et al. (22) described an assay for 10 short-chain organic acids in
urine employing direct detection at 200 nm. The migration order was:
fumaric, malic, methylmalonic, citric, pyruvic, acetoacetic, propionic, lac-
tic, butyric, and 3-hydroxybutyric acids. Urine preparation consisted of
passing through a centrifuge-type filter, followed by introduction of the
sample onto the capillary by pressure. Separation was achieved on a neutral-
surface capillary (ID 75 µm) using an electrolyte of 200 mmol/L sodium
phosphate buffer at pH 6.0 with 100 mL/L methanol. The organic modifier
was added to resolve methylmalonic, propionic, and lactic acids. A varia-
tion on the method of Barbas et al. in which a total of 27 organic acids are
identified in urine has been described by Garcia et al. (15).

2.4.3. Orotic Acid

Orotic acid is an intermediate in the biosynthesis of pyrimidines and an
important analyte in the examination of a number of inborn errors of
metabolism (23). The disorder most associated with elevated orotic acid is
ornithine transcarbamylase deficiency, an inborn error of the urea cycle. In
contrast, orotic acid is normal in the urea-cycle defect consisting of carbam-
oyl-phosphate synthase deficiency. Orotic acid can also useful for the evalu-
ation of a number of other conditions including hereditary orotic aciduria
and lysinuric protein intolerance.

Orotic acid has a distinctive absorbance signal in the region of 200–320 nm
that makes direct detection possible. Unlike indirect photometric detection
(and direct detection at very short wavelengths), direct detection in the mid-
range UV offers the advantage of matching the obtained spectra with a spec-
tral library for a more positive identification. Like fluorescence, this type of
detection is obviously limited to compounds having a suitable absorbance.

Franke and Nuttall (23) describe an assay for orotic acid based on direct
detection at 278 nm. Use of a diode-array detector allowed for automated
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spectral matching to monitor the purity of the orotic acid and internal stan-
dard peaks. Separation was on a polyvinyl alcohol-coated capillary (ID 50
µm), and an electrolyte consisting of 100 mM phosphate buffer at pH 3.0.
Migration time at 20 kV was about 10 min at 35°C and about 14 min at
25°C. Above 20 kV, the Ohm’s law plot deviated from linearity, although
this was probably owing to the limitations of an air-cooled instrument. The
migration time showed a coefficient of variation <1%. Urine-based control
material showed a coefficient of variation <8% at 17 µmol/L (normal control).

2.4.3.1. SPECIMEN PREPARATION

Specimen preparation consisted of adding an internal standard (2,4-
dinitrobenzoic acid) and barbituric acid buffer at pH 4.4 to the urine speci-
men, passing it through a single-use C18 reversed-phase column, and
injecting the eluate. Although relatively complex, without preparation of
the urine specimen, the migration time and assay precision did not have
adequate reproducibility. Poor reproducibility resulting from minimal speci-
men preparation has been reported in a variety of circumstances (24), par-
ticularly when the concentrations are in the µmol/L range.

2.4.3.2. COATED CAPILLARIES

A polyvinyl alcohol-coated capillary was used to provide flow reversal,
and performed well in this application. The capillaries were easily condi-
tioned in under 10 min, required no additional conditioning between speci-
men injections, and proved to be durable. It is worth emphasizing that the
performance of coated capillaries far outstripped that of uncoated capillar-
ies, which required lengthy pre-conditioning in addition to re-conditioning
between specimens.

2.4.4. Xanthurenic Acid

Xanthurenic acid is a metabolite that can be used to evaluate vitamin B6
status (25,26), much as methylmalonic acid can be used as a sensitive indi-
cator of vitamin B12 status (5,6). Xanthurenic acid is a metabolite of tryp-
tophan via the kynurenine pathway. This is also referred to as the
tryptophan-niacin pathway. Several enzymes in this pathway require vita-
min B6 as a cofactor. As a result, high levels of several tryptohan metabo-
lites, including xanthurenic acid, accumulate when vitamin B6 is deficient.
Xanthurenic acid also has a strong absorbance signal making it suitable for
direct photometric detection. Significantly, xanthurenic acid has limited
solubility below pH 8.0. This requires operating at higher pH, increasing the
potential for interfering anions. However, as with orotic acid, direct detec-
tion and spectral matching can be used for positive identification of the xan-
thurenic acid peak.
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Separation of serum xanthurenic acid was based on a polyvinyl alcohol-
coated capillary (ID 50 µm), similar to the orotic acid assay (23). Instead of
an acidic electrolyte, however, 200 mM glycylglycine was used to provide
buffer capacity at pH 8.2. Specimen preparation started with 0.5 mL serum,
addition of Tris acetate buffer at pH 9.0 (including an internal standard of 3-
nitrobenzoic acid), and addition of urea and ethanol to completely solubilize
xanthurenic acid. After mixing, this mixture was passed through a centri-
fuge-type filter, and pressure injected. A diode array detector was used to
monitor peaks at 243 nm, and automated spectral matching was employed to
monitor peak purity. The limit of detection for xanthurenic acid was 1 µmol/
L with a coefficient of variation was < 9% at 10 µmol/L.

An assay that includes xanthurenic acid is described by Weber et al. (27),
and discussed briefly in Section 2.5.8.

2.5. Other Applications

Many organic acid assays can be found in the literature. Many are useful
for applications in the food sciences (17) and for research purposes, but
fewer have been developed with the specific needs of the clinical laboratory
in mind. Reviews of biomedical applications are available (3,16,28–30), but
are inevitably incomplete by the time of publication.

2.5.1. Ascorbic Acid
Koh et al. (24) describe an assay for ascorbic acid (vitamin C) in fruit

beverages using direct detection at 254 nm. Urine and plasma were also
examined briefly.

2.5.2. Bile Acids

Yarabe et al. (31) describe an assay for the separation of 15 bile acids in
serum based on indirect detection.

2.5.3. Electrochemical Detection

DeBacker and Nagel (2) describe a potentiometric method of detection
for short-chain organic acids that may be useful for future studies.

2.5.4. Fatty Acids

Assays for saturated and unsaturated fatty acids in food products use
indirect detection (32,33).

2.5.5. Nicotinic Acid and Metabolites
Zarzycki et al. (34) describe an assay for nicotinic acid and its metabo-

lites in human plasma. Nicotinic acid is related to the tyrptophan pathway,
and the assay shows some similarities with that of Weber et al. (27) in that
direct detection at 254 nm is used.
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2.5.6. Phenylketonuria
Dolnik (11) described the separation of the acids of phenylketonuria based

on direct detection at 260 nm. The specific organic acids identified were
phenylpyruvate, 2-hydroxyphenylacetate, phenylacetate, mandelate, 4-
hydroxyphenylpyruvate, and phenylalanine.

2.5.7. Profiling Organic Anions
Schoots et al. (28) described an assay based on direct detection at 254 nm

for profiling organic anions in the serum of uremic patients. The quantitation
of hippuric, p-hydroxyhippuric, and uric acids was emphasized. Specimen
preparation consisted of deproteinization with centrifuge-type filtration, and
dilution (10-fold). Separation was based on a Teflon capillary (ID 200 µm).
Analysis required 8 min, which was a significant improvement over the 90
min required for similar HPLC methods. Petucci et al. (35) described an
assay for profiling organic anions in serum and hemodialysate fluid from
uremic patients using direct detection at 210 nm. Compounds identified
included hippuric acid, tryptophan and tryptophan metabolites (indican,
kynurenic acid, nicotinic acid), tyrosine, purine, and pyrimidine metabo-
lites. Specimen preparation consisted of passing through a centrifuge-type
filter to remove proteins. The filtrate was then pressure-injected. Separation
was based on an uncoated capillary (ID 50 µm) and an electrolyte of 150
mM borate buffer at pH 9.0. Run time was about 16 min and did not use flow
reversal. A similar assay based on micellar electrokinetic CE (MEKC) has
also been described (36).

2.5.8. Quinolinic Acid and Other Tryptophan Metabolites
Weber et al. (27) described an assay for tryptophan and 10 of its metabo-

lites in urine using direct detection at 254 nm. Tryptophan metabolites are
an interesting group of compounds that have not been fully exploited for
their diagnostic potentials, and include xanthurenic acid (discussed in Sec-
tion 2.4.4.) and quinolinic acid. Quinolinic acid appears to be toxic to neu-
rons, and may have important implications for the development of some
neurological diseases.

3. CONCLUSIONS
CE is a sensitive and versatile technique and represents an inexpensive

and practical method for the determination of organic acids. Applications
include far more than the traditional investigation of inborn errors of
metabolism. From the applications discussed previously, several general
conclusions can be drawn concerning organic-acid assays.

Given the complex nature of biological specimens and the stringent
requirements of the clinical laboratory (3), significant specimen preparation
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prior to injection is often needed to achieve stable migration times and good
analytic precision, particularly when low concentrations are involved. The
use of more sophisticated specimen preparation will undoubtedly make
many applications more practical (28).

The analysis of anions such as organic acids is faster when flow reversal
is used. Flow reversal with coated capillaries performs better than uncoated
fused silica capillaries in combination with cationic surfactants. Coated cap-
illaries require less conditioning, and give more stable migration times. Rela-
tively large-diameter capillaries (ID 75 µm) are being used in most
applications, primarily to maximize the limits of detection. Air-cooled
instruments are adequate for many applications, although fluid-cooled
instruments dissipate heat more efficiently and may give better assay char-
acteristics. This is particularly true when larger diameter capillaries are used
to increase detection limits.

Assays for the organic acids also tend to be sensitive to small pH changes
(8,9,18), and may therefore be more reproducible when there is adequate
buffering. When possible, operating at an acidic pH tends to reduce the num-
ber of potentially interfering anions.
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1. ADRENAL GLAND

1.1. Morphology

The adrenal glands are paired structures situated above the kidneys that are
approx 2–3 cm wide and 6 cm long and weigh approx 5 g. The glands consists
of a yellow, outer cortex that constitutes approx 80% of the adrenal gland and
a gray, inner medulla (1). The adrenal cortex consists of three distinct layers
or zones of cells. The outermost layer, the zona glomerulosa, is the site of
aldosterone synthesis, the principal mineralocorticoid produced by the human
adrenal cortex, and corticosterone synthesis. The wider, middle zone is the
zona fasciculata, and the innermost layer is the zona reticularis. The two inner
zones of the adrenal cortex can be considered a single functional unit, where
cortisol, along with some corticosterone, and dehydroepiandrosterone
(DHEA) are synthesized. The glucocorticoids have widespread effects on car-
bohydrate and protein metabolism. Androgens secreted by the adrenal cortex
pay a less important role than the androgens, which are secreted by the gonads.

1.2. Steroid Synthesis

The human adrenal cortex produces and secretes glucocorticoids (corti-
sol and corticosterone), a mineralocorticoid (aldosterone), biosynthetic pre-
cursors of three end products (progesterone, 11-deoxycorticosterone, and
11-deoxycortisol) and androgenic substances (DHEA and its sulfate ester).
The synthesis of adrenal cortical steroids begins with cholesterol, which is
converted to pregnenolone (see Fig. 1). A cholesterol hydroxylase and des-
molase mediate this rate-limiting step. ACTH stimulates this conversion and
also increases the uptake of lipoprotein, which is the major source of adrenal
cholesterol, by the adrenal cortex and stimulates the hydrolysis of choles-
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terol esters to free cholesterol. Many of the intermediates of steroid synthe-
sis are secreted to some extent, but the steroids that are found in physiologi-
cally significant amounts are aldosterone, cortisol, corticosterone, DHEA,
and androstenedione.

Fig. 1. Enzyme deficiencies causing different forms of congenital adrenal
hyperplasias (CAH).
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2. PHYSIOLOGICAL EFFECTS OF GLUCOCORTIOIDS

Of the naturally occurring steroids only cortisol, corticosterone, corti-
sone, and 11-dehydrocorticosterone have appreciable glucocorticoid activ-
ity. Cortisol, which is found in the highest concentration, accounts for most
of this activity. About 75% of plasma cortisol is bound to cortisol binding
globulin (CBG, an alpha globulin), 15% is bound to plasma albumin, and
10% is unbound (free), representing the physiologically active portion. CBG
also has a high binding affinity for progesterone, deoxycorticosterone, and
some synthetic analogs.

2.1. Anti-Inflammatory Effects

Glucocorticoids inhibit inflammatory and allergic reactions. They do this
by stabilizing the lysosomal membranes, inhibiting the release of proteolytic
enzymes, and by increasing capillary permeability. This in turn reduces dia-
pedesis of leukocytes. Glucocorticoids also reduce the number of circulat-
ing lymphocytes, monocytes, eosinophils, and basophils. The decrease in
the number of basophils accounts for the fall in blood histamine levels and
the reduction of the allergic response. There is also an increase in the num-
ber of inflammatory cells (neutrophils) caused by a decrease in the migra-
tion from the capillaries and an accelerated release from bone marrow.
Glucocorticoids also inhibit the ability of neutrophils to marginate to the
vessel wall. In addition, they cause impairment of the lymph nodes, thymus,
and spleen that directly leads to decreased antibody formation.

2.2. Antigrowth Effects

Large doses of cortisol have been shown to antagonize the effect of active
vitamin D metabolites on the absorption of Ca2+ from the gut, inhibit mito-
sis of fibroblasts, and cause degradation of collagen. All of these effects can
lead to osteoporosis, which is a reduction in bone mass per unit volume.
Glucocorticoids can also delay wound healing because of the reduction of
fibroblast proliferation. Connective tissue is reduced in quality and strength.
In addition, chronic supra-physiologic doses of glucocorticoids will sup-
press growth secretion and inhibit somatic growth.

2.3. Vascular Effects

Cortisol in pharmacological doses will enhance the vasopressor action of
catecholamines. Thus, corticosteroids have a role in maintenance of normal
arterial systematic blood pressure and volume through their support of vas-
cular responsiveness to vasoactive substances. Cortisol also enhances cat-
echolamine synthesis via activation of the epinephrine-forming enzyme.
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2.4. Other Effects

Glucocorticoids, unlike mineraldocorticoids, restore glomerular filtration
rate (GFR) and renal plasma flow to normal following adrenalectomy. They
also facilitate free-water excretion (clearance) and uric-acid excretion. Of
Glucocorticoids have also been found to have psychoneural effects follow-
ing chronic hyper- or hypo-cortisol secretion. In these cases patients may
initially become euphoric and then psychotic, paranoid, and finally
depressed. In addition, cortisol increases gastric flow and gastric secretion,
while it decreases gastric mucosal-cell proliferation. The latter two effects
can lead to peptic ulceration following chronic cortisol treatment.

2.5. Metabolic Effects

2.5.1. Carbohydrate Metabolism

Cortisol, the main glucocorticoid present in circulation, is a carbohydrate-
sparing hormone exerting an anti-insulin effect, which can lead to hypogly-
cemia and insulin-resistance. In addition, glucocorticoids maintain blood
glucose and the glycogen content of the liver by promoting the conversion
of amino acids to carbohydrates and the storage of carbohydrate as hepatic
glycogen.

2.5.2. Protein Metabolism

The most important gluconeogenic substrates are amino acids that are
derived from proteolysis in skeletal muscle. Cortisol enhances the release of
amino acids from proteins in skeletal muscles and other extra hepatic tissues
including the protein matrix of bone. The amino acids released are trans-
ported to the liver and then converted to glucose. This increased in glucose
production via gluconeogenesis causes an increased urea production
because of the conversion of amino-acid nitrogen to urea, accounting for
the increased urinary nitrogen excretion. The proteolysis in skeletal muscle
brings about a negative protein balance since the amino acids taken up by
the liver that would have been used in the synthesis of new protein are
instead used to form glucose or glycogen. This anabolic effect is an impor-
tant exception to the overall protein catabolic effect of cortisol.

2.5.3. Fat Metabolism

Glucocorticoids enhance the lipolytic actions of other hormones, such as
growth hormone, catecholamines, glucagon, and thyroid hormone. Gluco-
corticoids also help in the mobilization of fatty acids from adipose tissues to
the liver, where the metabolism of fatty acids inhibits glycolytic enzymes
and promote gluconeogenesis. As a result of increased fatty acids oxidation,
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glucocorticoids may lead to increased ketosis, especially in patients with
diabetes mellitus.

3. CONGENITAL ADRENAL HYPERPLASIA

Congenital adrenal hyperplasia (CAH) also known as the “adrenogenital
syndrome” can be considered as a family of inborn error of steroidogensis
(see Fig. 1). All CAH variants are inherited as autosomal recessive traits.
Each member of this family is characterized by a specific enzyme deficiency
that impacts cortisol production by the adrenal cortex, and if severe enough
can lead to sexual ambiguity in both males and females. The enzymes usu-
ally affected are 21-hydroxylase (types I and II), beta hydroxylase (type III),
3 beta-hydroxylase (type IV), 17 hydroxylase (type V) and cholesterol
20-alpha hydroxylase (type VI). The most common syndromes are types I
and II, which are caused by a 21-hydroxylase enzyme deficiency. The iden-
tification of the specific enzyme deficiency relies heavily on laboratory find-
ings since all variants affect the glucocorticoid (cortisol) pathway in some
manner. Although formation of cortisone and cortisol are blocked in type I
and II CAH, precursors are still being manufactured, causing elevations of
17-hydroxyprogesterone. Normal basal serum 17-hydroxyprogesterone lev-
els, however, cannot exclude late-onset CAH. Response to adrenocorti-
cotrophic stimulation, however, clearly distinguishes this disorder from
carriers of the classical disease (2).

In addition to being precursors of cortisone, many of the early intermedi-
ates are also estrogenic compounds. In the presence of abnormally high pro-
duction of androgens, secondary sexual characteristics are affected. If this
condition is manifested in utero, pseudohermaphroditism (masculinzation)
of external genitalia occur in girls and macrogentisomia praecox (accentua-
tion of male genitalia) occurs in boys. If the condition is not manifested until
after birth, virilism (masculinization) develops in girls and precocious
puberty in boys. In CAH variants IV, V, and VI, there is also some degree of
interruption of the adrenal pathway, so that the external appearance of the
female genitalia is not significantly affected and subsequent virilization is
minimal or absent.

In CAH, the adrenal glands themselves increase in size because of hyper-
plasia of the steroid-producing adrenal cortex. This is because the level of
cortisone and hydrocortisone produced by the adrenal gland controls normal
pituitary production of ACTH through a negative-feedback mechanism. In
variants of congenital adrenal hyperplasia, cortisone production is partially
or completely blocked, prompting the pituitary to produce more ACTH in
an attempt to increase cortisone production. This continues until the adrenal
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cortex tissue becomes hyperplastic under the continual ACTH stimulation.
Also when the mineralocorticoid pathway leading to aldosterone is blocked
(CAH types II, IV, VI), salt losing crises similar to those of Addison’s dis-
ease occur.

In CAH, the correct identification of the enzyme affected is achieved by
observation of clinical symptoms reflecting distinct hormonal patterns lead-
ing to the measurement cortisol, which should be low, as well as increased
levels of steroids proximal to the suspected blocked step.

Two rounds of polymerase chain reaction (PCR) and amplification-cre-
ated restriction sites (ACRS) analysis may provide important information
for genetic counseling, prenatal diagnosis, and management of families at
risk for CAH (3). The data from one study suggest that the steroidogenic
acute regulatory protein amino acid replacement mutants that cause lipoid
CAH are inactive because of fairly the inability of the enzyme to fold prop-
erly, which may be caused by the loss of salt bridges that stabilize the ter-
tiary structure (4).

Some governments have done studies to evaluate the benefits of neonatal
screening for CAH. One such study was done in Sweden from January 1989
to December 1994. The study concluded that the main benefits of screening
was avoidance of serious salt-losing crises, earlier correct gender assign-
ment in virilized girls, and detection of patients who would otherwise have
been missed in neonatal period (5). Screening also prevented deaths due the
decreased steroid production in the neonatal period.

4. USE OF CAPILLARY ELECTROPHORESIS (CE)
IN THE SEPARATION AND DETECTION OF STEROIDS

Clinically the evaluation of steroid levels is of great interest. There are
many disorders that have been identified as being caused either by under or
over secretion of steroids, e.g., CAH, Cushing’s syndrome, Addison’s dis-
ease, acromegaly, hirsutism, and adenomas. The ability to simultaneously
measure multiple steroids in the urine and/or serum of these patients would
be helpful in making the diagnosis of their disorder. However, the structural
similarity and low concentrations of steroids have made rapid, yet accurate,
analysis a problem. Radioimmunoassay (RIA), although extremely sensi-
tive, requires extraction and purification by high-performance liquid chro-
matography (HPLC) to provide the required specificity (6–8). Thus, to
analyze multiple steroids by RIA requires the same number of RIAs as ste-
roids, limiting this application to specialized laboratories and, increasing
the turnaround time. Other analytical methodologies based on chromato-
graphic separation, such as gas chromatography (GC), gas chromatography-
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mass spectrometry (GC-MS), and HPLC, have also been used for steroid
testing. These procedures also require extraction, concentration, and deriva-
tion to enhance sensitivity and specificity, limiting their routine use because
they are time-consuming and expensive.

Ideally, methodologies suitable for determination of steroids in clinical
samples should meet the following criteria (9) to be clinically justified. The
methodology should:

1. Not require large sample volumes (typically <1 mL of plasma or serum should
be used);

2. Have high sensitivity with detection limits in the 0.1–10 nmol/L range;
3. Be highly specific but retain the ability to detect and quantitate multiple ste-

roids in the presence of other structurally similar compounds;
4. Have minimal derivation and/or prior sample preparation;
5. Provide a high sample throughput with a reasonable turnaround time;
6. Be relatively inexpensive; and
7. Be automatable.

In many ways capillary electrophoresis (CE) fit these criteria since it has
the unique features high resolution, high mass sensitivity, low sample vol-
ume requirements, and over all versatility (10).

4.1. Serum
Steroids are neutral compounds and therefore would not be mobilized or

separated when subjected to electrophoretic conditions. To overcome this
inherent problem of neutral compounds, micellar electrokinetic capillary
chromatography (MEKC), which uses ionic micelles to effect separation,
was developed by Terabe et al (11). The separation principle of MEKC is
similar to that of chromatography, except that MEKC utilizes electrokinetic
phenomena to perform the chromatography instead of a liquid-delivery
pump.

Using this technique, Abubaker et al. (9) succeeded in developing a
method to separate rapidly steroids whose measurement gives clinically use-
ful information (see Fig. 2). They found excellent resolution for eight ste-
roids by using a buffer of sodium dodecyl sulfate (SDS) and acetonitrile
with a neutral capillary. A similar resolution was achieved with a fused silica
capillary using a dodecyl trimethylammonium bromide (DTAB) buffer,
although the time required for separation was increased six- to seven-fold.
The steroids separated were testosterone propionate, progesterone, 17-hydroxy
progesterone, testosterone, 11-deoxycortisol, 21-deoxycortisol, hydrocorti-
sone, and cortisone. Three of these hormones (11-deoxycortsol, 17-OH
progesterone, and 21-deoxycortisol), are known to be important in helping
to establish the diagnosis of CAH. Thus, using these methods to separate
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and quantitate these steroids could be very useful in screening newborns for
CAH. However, the sensitivity was found to be inadequate without
preconcentration.

The issue with sensitivity can potentially be overcome by using the
on-line concentration techniques of stacking with reverse-migrating
micelles or the field-enhanced sample injection with reverse migrating
micelles developed by Quirino et al. (12,13). Both techniques used the
separation of ng/mL levels of testosterone and progesterone to demonstrate
that this was a fast, effective, and easy way to concentrate neutral analytes
inside the capillary. More work is still needed in this area to show its utility
with serum.

4.2. Urinary-Free Cortisol

The total cortisol level in a 24-h urine represents the integrated or mean
concentration of free cortisol in plasma over this 24-h period and provides
an excellent diagnostic sensitivity and specificity for the detection of the
increased secretion of cortisol by the adrenal glands (Cushing’s syndrome)
(14). In contrast, total serum cortisol levels are not always an accurate mea-
sure of an overactive adrenocorticoid function and can be elevated in preg-
nancy, obesity, diabetes, or hyperthyroidism. Urinary free cortisol (UFC)

Fig. 2. Separation of testosterone propionate, progesterone, 17-hydroxy-
progesterone, testosterone, 11-deoxycortisol, 21-deoxycortisol, cortisol, and corti-
sone (all at 10 µg/ mL) from a serum ultrafiltrate. All buffers and electrophoresis
conditions are as stated in ref. (9).
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measurement is therefore the most reliable single approach for screening
patients for Cushing’s syndrome (14). Currently the methods available for
measuring UFC are associated with long turnaround times and interferences
present in urine.

Lokinendi et al. (15) used solid-phase extraction in conjunction with
MEKC as a method for the separation and detection of UFC. The addition of
an internal standard was found to be necessary for accurate and reliable
quantitation of the free cortisol in urine. The internal standard, corticoster-
one, was chosen because it did not coelute with the various compounds
present in the extracted urine (see Fig. 3). The authors evaluated the overall
performance and feasibility of the method. In addition, they also evaluated
linearity, recovery, and lower limit of detection of free cortisol in human
urine and compared the results with a commercially available immuno-
assay. They found an excellent correlation (R = 0.95 and slope = 0.934)
with the immunoassay with little, if any, interference from endogenous urine
substances.

4.3. Congenital Adrenal Hyperplasia

CAH as discussed earlier is a group of autosomal recessive disorders
involving the adrenal glands, in which the primary defect is a deficiency of

Fig. 3. Separation of Internal Standard (IS) (corticosterone) at 100 µg/dL and
cortisol 21-acetate, cortisol, cortisol 21-sulfate, and cortisol 21-glucosidonate at
20 µg/dL in urine. The urine (15 mL) was spike with the various steroids and
extracted using a 3M Empore disk cartridge. After washing with deionized water
and 10% acetone/water, the steroids were eluted with acetonitrile followed by
10 mM SDS. All buffers and electrophoresis conditions were as stated in ref. (15).
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one or more enzymes involved in the biosynthesis. The main three steroids
that are measured to help in making the differential diagnosis are 17-hydroxy
progesterone, 21-deoxycortisol, and 11-deoxycortisol. In frank CAH the
serum levels of these steroids can reach levels such that detection by CE is
possible. The real challenge, however, is in the detection of normal levels in
order to differentiate between patients who have a partial blockage and
normals. The highest levels that these steroids are normally found in serum
are 138 ng/dL and 155 ng/dL for 17-deoxy progesterone and 11-deoxy-
cortisol, respectively (16). MEKC can separate these structurally similar
steroids rapidly, however, detection of normal serum levels is not currently
possible with the conventional UV absorbance detectors available with most
CE instruments (17). Using UV absorbance, the lower limit of detection for
these steroids by MEKC is 0.05 mg/dL (17). Thus, a 3000-fold pre-
concentration is needed to detect normal levels, which may be achieved
using field-enhanced sample injection methods (12,13).

5. CONCLUSION

It is possible to use CE to separate and detect steroids in body fluids
(serum and urine). The problems (limitation in sensitivity and the sample
matrix) associated with CE are similar to those outlined in the other chapters
in this book. Bodily fluids represent a complex matrix with high levels of
proteins and salt that can bind to or precipitate inside a capillary. This can
result in variable migration times as the result of change in the capillary
surface or actual blockage of the capillary. In addition to the problems asso-
ciated with migration times and capillary occlusion, CE has the additional
problem of sensitivity. Thus, preconcentration of samples, either by liquid-
liquid or solid phase extraction becomes very important in the development
of a CE assay for determination of steroids.
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1. INTRODUCTION

Immunoassay is a procedure that involves an antigen–antibody reaction
to estimate the concentration of an analyte in a sample. Over the years there
has been a tremendous advancement in sensitivity and reliability of immuno-
logical assays. This was accomplished by the development of specific
ultrasensitive antibodies along with automation to improve quality of results,
precision, and efficiency. Initially, analytes were measured by agglutination,
complement fixation, or neutralization. Focusing on the kinetics and sto-
ichiometry of antigen–antibody reactions has allowed improvements on
these basic methods. Because of these improvements, immunoassay has
become a method of choice for a wide variety of clinical, pharmaceutical,
environmental, and toxicological analysis.

1.1. Radioimmunoassay

The introduction of radioimmunoassay (RIA) led to the ability to quanti-
tate low molecular weight analytes with an appreciable degree of sensitivity
and precision. RIA also provided the needed template for numerous immu-
nochemical studies. This increased our knowledge of the kinetics of solid-
phase antigen–antibody interactions, the role of affinity, the half-life of the
immune complexes, and the nature and liability of antigen epitopes.

1.2. Solid-Phase Immunoassay

The major constraint of RIA was the separation of the bound and unbound
antigen. This led to the development of solid-phase immunoassays in which
the analyte–antibody complex is bound to a solid matrix allowing the free
(unreacted) analyte to be easily removed (e.g., by simply decanting the solu-
tion). The solid-phase matrix could be the surface of plastic ware, mem-
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branes, beads (e.g., microparticles), microtiters plates, and so on. The use of
microparticles as a solid phase has subsequently gained widespread use in
clinical laboratory because of easy automation, precision, shorter turnaround
tine (TAT) and most importantly, increased sensitivity.

Immobilization of reactants on a solid-phase occurs in one of three ways:
1) adsorption to hydrophobic surfaces; 2) covalent attachment to activated
surface groups; or 3) non-covalent, electrostatic, and hydrophilic bonds
between another molecule immobilized using method 1 or 2. Immobilization
of reactants, however, is a heterogenous system and can vary with the
analyte, type of matrix surface, and also the conditions used during the
immobilization. The major drawback of solid-phase immobilization is
the potential for conformational changes of the proteins (specifically antibod-
ies) following immobilization on the solid phase. This can be reflected as a
decrease in affinity or avidity of the antibody depending on the type of solid-
phase, concentration, and method of immobilization resulting in a loss of
assay sensitivity. Additionally, a number of variables, such as pH, types of
binding forces involved, concentration of reactants, and so on, can affect the
adsorptive capacity of the solid-phase matrix. Even after all of these factors
have been minimized, separation of bound and free antigen is still required.

1.3. Types of Immunoassay
The types of immunoassay range from homogenous to heterogenous

immunoassays. Homogenous assays require no physical separation of bound
and unbound antigen, making them readily adaptable to existing clinical
analyzers. A greater efficiency is achieved by the avoiding the use of a dedi-
cated immunoassay analyzer along with a shorter TAT. The main limitation
of homogenous assays is the size of analytes that can be detected. Only low
molecular weight analytes that are found in relatively high concentrations
(>µM) can be detected.

Heterogenous assays, on the other hand, can measure both small and large
analytes. With this type of assay, unbound antigen is physically separated,
eliminating many of the interference’s plaguing homogenous assays.
Although much more sensitive than homogenous assays, heterogenous
assays are more labor-intensive, time-consuming, and usually require a dedi-
cated immunoassay analyzer. The need for an effective yet fast separation
technique on instruments that have multiple uses has led to the investigation
of capillary electrophoresis (CE)-based immunoassay.

2. CE-BASED IMMUNOASSAY
CE evolved from the investigation of column electrophoresis by Hjerten

(1) and Castimpoolas (2). Later, Martin and Everaets developed a capillary
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isotachophoresis system that became commercially available in the mid-
1970s. Subsequently, Jorgen and coworkers demonstrated the analytical
potential of CE using 75-µm fused silica capillaries (3–5) leading to the
adaptation and modification of CE for specific applications. The main
advantage of CE when used as a separation technique is the small sample-
size requirement, minimal sample preparation, rapid TAT, and the potential
for automation (6). Currently, nonimmunological CE-based assays are
increasingly being used in toxicological drug screening and confirmation
for drugs of abuse in urine (7–10). Preliminary confirmation is by on-col-
umn, multiwave length UV detection of the solutes with comparison to
normalized standard spectra with final confirmation by gas chromatography-
mass spectrometery (GC-MS). These CE-based methods rely mainly on cap-
illary zone electrophoresis (CZE) and micellar electrokinetic capillary
chromatography (MEKC). Separation of enantiomers can also be achieved
by addition of a chiral selector such as cyclodextrin (11,12). This is impor-
tant in the detection of banned substances having therapeutic enantiomers
such as anabolic steroids and ephedrine/norephedrine (13). However, the
level for many drugs, such as tacrolimus and digoxin, fall far below the
detection limits of CE without extraction and preconcentration. This lack of
sensitivity has increased the need for better and more sensitive methods of
detection.

Responding to this issue, Chen and Evangelista (14) described an immuno-
assay that used CE as the separation method. By coupling immunoassay,
CE, and laser-induced fluorescence (LIF), they were able to separate and
detect simultaneously several drugs (see Fig. 1). As with other immuno-
assays, this method involves the reaction of antibodies of known specificity
with antigens in the presence of a labeled tracer. Because of the ability of
CE to separate multiple components in a mixture, it is now possible to
simultaneously detect multiple analytes using small amounts of samples
(20–50 µL). When combined with fluorescence, extremely sensitive CE-based
immunoassays can now be developed. The advantages include highly effi-
cient separation, small quantity of sample required per analysis, minimal
nonspecific interference, and, when screening for multiple constituents in a
single sample, a reduced TAT. Usually CZE is used as the separation
medium for CE-based immunoassay. The format can either be in a competi-
tive or a direct-binding format. In all cases, CE- based immunoassays are
used as a screen, complementing other chromatographic methods, such as
CG-MS (7) or high-performance liquid chromatography (HPLC) with multi-
wavelength detection (8) that are typically used for confirmatory testing.

The long-term success of CE immunoassay will depend on the ability to
automate the method by using multicapillary instruments or microchips.
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Although both of these methods will probably be developed, the underlying
principle will be the same. Thus this chapter will focus only on the prin-
ciples behind the technique along with examples of how it has been used.

2.1. Competitive Binding Immunoassay

The competitive binding assay is the most widely used immunoassay for-
mat used with CE. In this method, the sample containing the analyte, anti-
body or antibody fragment, and fluorescent-labeled tracer are mixed and
incubated. The tracer competes with the analyte in the sample for a limited

Fig. 1. CE-LIF competitive immunoassay of four drugs in urine. This figure
refers to the separation of four drugs in urine. A fused silica capillary 27 cm × 20 µ,
was used for separation. Buffer was 200 mM borate, pH 10.2, with LIF detection
(633 mn excitation an 665 nm detection), voltage was 15 kV. The top figure is
blank urine and the bottom figure is a urine spiked with the four drugs of interest.
Cy5 is a negatively charged fluorescent cyanine dye. The drug concentrations were
73 nM (25 ng/mL) for THC-COOH, 100 nM (243 ng/mL) for PCP, 1 mM (285 ng/mL)
for morphine, and 860 nM (248 ng/mL) for benzoylecgonine. Reproduced with
permission from A. Chen, Beckman Coulter, Inc.
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number of antibody binding sites. After equilibrium is reached, the mixture
is injected onto a column, where the free tracer and the Ab-Ag complexes
(including fluorescent Ab-Ag complexes) are electrophoretically separated
and detected by on-column LIF. For this type of immunoassay, the concen-
trations of tracer and antibody injected onto the CE column are essential for
valid quantitation of the analyte (15).

The immunoassay of insulin was the first reported competitive CE-based
immunoassay using an antibody fragment (fab) (16,17). However, the
microheterogeity of the fab fragments produced two peaks during separa-
tion, making it difficult to interpret the assay results. In addition, the detec-
tion limit (3 nmol) could not be improved because the covalent attachment
of the label to the amino acid on insulin reduced the affinity of the antibody
for the tracer. Optimization of the assay subsequently led to the develop-
ment of an on-line CE immunoassay device. This allowed for analysis of the
insulin content of single islets of Langerhans in addition to the quantitation
of glucose-stimulated insulin release (18). For this assay, three independent
channels were used, one each for the labeled insulin, intact monoclonal
antibody (MAb), and sample containing unknown levels of insulin. The con-
tents of the channels were mixed where the channels intersect. The mix-
ture was then directed to the reaction capillary through a stopper to a
flow-gated interface. Incubation took place at the reaction capillary and the
samples injected onto the column. The electropherogram typical of com-
petitive immunoassays was obtained for insulin with a clear separation of
the Ab-Ag peak and the fluorescent-labeled insulin peak. Because of the
competition between the insulin in the sample and the labeled insulin for a
limited number of antibody binding sites, quantitation of the insulin was
possible. This assay generated a standard curve typical of a competitive bind-
ing immunoassay where high insulin levels produce a small Ab-Ag peak,
whereas low insulin levels generate a large Ab-Ag peak.

In a manner similar to insulin, multianalyte drug assays have been devel-
oped using the competitive- based CE immunoassay format. In this type of
assay, clear separation of free and bound tracer was observed (14) (see Fig.
1). Similar to the insulin immunoassay, the peak heights of the free tracers
were also found to be concentration-dependent. Most of these assays have
used the fluorescein-labeled tracer from fluorescence-polarization assay kits.
Employing equal volumes of urine, tracer, and antibody CE-based immu-
noassays for methadone (19), benzoylecgonine, and amphetamine/metham-
phetamine (20) have been developed. An immunoassay that can separate the
four analytes (methadone, morphine, benzoylecgonine and D-amphetamine)
with sensitivity comparable to Abbott’s TDx FLx FPIA assays has also been
developed (21).
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Caslavka et al. (22) developed a CE-based immunoassay using 50 mM
borate buffer, pH 9.3, for the simultaneous detection and quantitation of
methadone (M), morphine (O), benzoylecgonine (C), and D-amphetamine
(A). Using the fluorescein tracer from a tricyclic antidepressant FPIA assay
kit (Abbott Diagnostics) as the internal standard (I.S.), the electrophero-
grams in Fig. 2 were obtained for a blank urine, low-level control urine (19-
fold dilution), low-level control urine (10-fold dilution), low-level control
urine, and medium-level control urine (from bottom to top). These data
reveal that peak heights for all free tracers increase with increasing drug
concentration. The ratios of the tracer peak heights with peak height of the
I.S were used for multilevel internal calibration. The typical calibration

Fig. 2. MOCA multianalyte immunoassay. This figure refers to the separation of
methadone (M), morphine (O), benzoylecgonine (C), and D-amphetamine (A). The
L and M refer to low- and medium-level multiconstituent controls, respectively. A
fused silica capillary, 47 cm (40 cm to detector) × 75 µ, was used for the separation.
Buffer was 50 mM borate, pH 9.3, with LIF detection (488 nm excitation and 520
nm emission), voltage was 13 kV, and the capillary was kept at 20°C. Reproduced
with permission from ref. (22).
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curves are shown in Fig. 3. This assay was found to be more sensitive
than the enzyme multiplied immunoassay technique (EMIT) d.a.u. assay
used in the authors’ routine drug-assay laboratory.

Other examples of CE-based multianalyte immunoassay include analysis
of urinary morphine, PCP, THC, benzoylecgonine (23), salicylate and
paracetamol (24), theophylline and quinidine in serum (24), morphine and
PCP in urine. The main limitation in multianalyte assays is the ability of CE
to separate labeled antigen from each other and from the antibody–antigen
complex. Using Abbott’s TDxFLx FPIA reagents, as in the MOCA assay, a
significantly increased response for free tracer was obtained. Ninefold dilu-
tion of all mixed fluids showed decreased responses when compared to three-
fold dilution.

2.2. Direct CE
For direct CE-based immunoassay, fluorescent- or enzyme-labeled anti-

body or antibody fragments are added in excess to a sample. After incuba-
tion, a small aliquot of mixture is injected onto the CE column and the
fluorescent complex (antigen-antibody) is separated from excess-labeled

Fig. 3. Calibration graph of the MOCA multianalyte immunoassay. Data are
based on peak height ratios divided by the peak height of the internal standard.
Reproduced with permission from ref. (22).
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antibody with detection by LIF. Only the signal for the complex (Ab-Ag) is
used for quantitation and total amount of antigen present is determined by
comparing the peak height and or peak area of complex to the linear range of
the calibration curve. Interferences have been found to be minimal since CE
separates the potential interfering substances from the Ab-Ag complex. In
addition, the different spectroscopic properties of the components relative
to the Ab-Ag complex allow interfering substances to be separated and
identified (25). A variant of the sandwich format was also introduced to
improve the separation. This involves using a matched pair of antibodies to
perform independent binding to the analyte and subsequent mobility tailor-
ing (26). The first antibody is the tracer (fluorescent- or enzyme-labeled) is
for detection whereas the second is to modify mobility (highly charge modi-
fied). After equilibrium is reached the complex (Ab-Ag-Ab) is quantitated.
Another version of the direct assay uses fluorescein-labeled protein G to
quantitate IgG in human serum (27).

2.3. Microchip-Based CE

Microchip-based CE was developed by Manz and Harrison in 1992
(28,29). The procedure is based on micro-machining technology and
involves chemical etching, photolithography, and water binding to build
channels in glass or fused silica substrates. The chip can then be used to
electrophoretically separate analytes. This is faster, more flexible, and can
have an enormous sample throughput relative to conventional CE. The first
adaptation of immunoassay on the microchip was by Koutny et al. (30).
Using microchips, the authors developed an assay that could quantitate the
levels of serum cortisol. Microchips provide have many performance-
enhancing features (such as lower reagent consumption), faster separations,
integrated sample handling steps (such as on-chip mixing, dilution, and
labeling), as well as parallel multianalyte analysis by microfabrication of a
multichannel device (31). High performance on-chip separations by CE have
also been readily achieved using glass substrates (32,33). With the micro-
chip, it is possible to control the flow of fluid at channel intersections using
the electrokinetic and electroosmotic flow (EOF). Electrical and reagent
leakages at intersections were also eliminated by application of bias
voltages (34,35). Complex biochemical quantitations and reactions can be
affected with microchips. Various modifications have been made in an
attempt to adapt the microchip CE technology to the clinical laboratory
including interfacing multiple-channel glass chips to an electrospray ioniza-
tion mass spectrometer (36).
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3. CONCLUSION

The use of CE in combination with immunoassay opens up some interest-
ing avenues of investigation, specifically in the ability simultaneously to
screen and detect multiple analytes. The development of CE-based
multianalyte immunoassays is limited only by the ability to separate the
analytes from each other and from the Ab-Ag complex. As with other CE
methods, the multianalyte CE-based immunoassay is rapid, sensitive (if
using LIF), and reliable for screening purposes. In addition, custom-made
reagents, such as antibodies and tracers that have specific, yet different,
mobilities, can be prepared and used to detect a variety of antigens. The
method can also be extended to the simultaneous detection of a variety of
fluorescent tracers, e.g., fluorescein in combination with rhodamine, along
with LIF detection using multiple laser lines. This, along with wavelength
resolved fluorescence detection as proposed by Thormann et al. represents
some interesting approaches to the simultaneous separation and detection of
multiple analytes.

Finally, microchips made from inexpensive materials, such as glass or
plastic, will make the device inexpensive. This could be an area where
CE in combination with immunoassay will fit into the clinical labora-
tory. It is quite conceivable that in the future microchips will be adapted
to point-of-care uses.
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Quantitation of Viral Load

Jill M. Kolesar

1. INTRODUCTION

Viruses, the world’s smallest organisms, are a large group of single cell
organisms comprised of nucleic acid surrounded by a protein coat. Patho-
genic viruses play an important role in many human diseases, including
hepatitis, cancer, and AIDS, as well as the common cold. These viruses are
of particular concern for patients who are immune compromised, those
undergoing transplant procedures with donor organs, and/or those receiving
blood from human sources.

Because of the intracellular nature of viral diseases, it was very difficult
to diagnose and monitor disease progress. With modern immunological tech-
niques, which rely on detection of the host response to the virus, by produc-
tion of specific antibodies, it is now possible to detect viral infection. With
the advent of molecular biology, it is now possible to detect viral particles
(also called viral load) present in the host. Measurement of viral loads is an
emerging technique for the diagnosis and monitoring of viral disease.
Although treatment options currently are limited for many virally mediated
diseases, improved diagnostic and monitoring techniques may lead to
improved treatment options in the near future.

Current methods for assessing viral loads generally rely on an amplifica-
tion step followed by detection of a fluorescent, chemiluminescent, or
radioactive label. Capillary electrophoresis (CE) with laser induced fluores-
cence (LIF) is a method that allows for sensitive, reliable, rapid and auto-
mated quantitation of nucleic acids. Although not currently used for routine
analysis of viral loads, further research may reveal it to be an important
advance in the diagnosis and monitoring of viral disease.
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2. CLINICAL VIROLOGY

2.1. DNA and RNA Viruses and Human Disease

Viruses are infectious particles generally composed only of nucleic acid sur-
rounded by a protein coat (see Fig. 1). Viruses survive by infecting a host cell,
where viral proteins take over host cellular machinery to produce viral progeny.
The host cell may be killed in the process, as in the case of most adenoviral
infections, or harbor a latent viral infection, such as herpes simplex virus (HSV),
for many years. The type of nucleic acid and the presence or absence of an
envelope categorizes viruses (see Table 1). The nucleic acids may be DNA or
RNA and double-stranded, single-stranded, sense, or antisense.

Analysis of viral loads, which estimates the virus particles present in the
host serum at a given time, may be very important in diagnosing, treating, and
monitoring viral illness. In particular, viral loads may be very useful in detect-
ing the presence of latent infections, when low copy numbers of virus are
present (as in early viral illness) and to determine response to antiviral therapy.

2.2. Clinical Utility of Viral Loads

2.2.1. DNA Viruses: CMV

Human cytomegalovirus (CMV) is a DNA virus associated with signifi-
cant human disease. CMV is a pathogen in immunocompromised (1) indi-

Fig. 1. Schematic representation of a adenovirus made up of a icosohedral pro-
teins surrounding a dsDNA genome. Viruses are obligate intracellular parasite com-
prised of a DNA or RNA genome surrounded by a protein coat. Immunoassays
detect a host response toward a viral protein or antigen. Viral loads measure the
quantity of virus present by detecting viral nucleic acid.
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viduals, especially those with end-stage AIDS (2), solid organ (3), and allo-
geneic bone marrow transplant recipients. Risk factors associated with seri-
ous CMV infection include; 1) degree of immunosuppression, and 2) the
presence of CMV viremia.

Quantitative nucleic acid detection methods, including polymerase chain
reaction (PCR), branched-DNA assay, and the DNA hybrid capture assay
for CMV, have been developed in recent years. The DNA hybrid assay is
able to detect viral particles present in the pg/mL range, corresponding to
675 copies for the lower limit of detection and 1446 copies for the lower
limit of quantitation (4–8).

Due to their high sensitivity, these assays can detect CMV early, and quantitation
may be able to predict disease risk and monitor the effect of antiviral therapy.
Generally, a high systemic viral load is correlated with CMV disease (9,10). This
correlation is strong in the HIV-infected population and in solid-organ transplant
recipients but less clear in allogeneic marrow transplant recipients (11).

Table 1
Classification of Viruses Associated with Human Disease

Virus family Nucleic acid Sense Envelope Example of human disease

Picornaviridae RNA + – Polio
Calciviridae RNA + – Gastroenteritis
Togaviridae RNA + + Rubella
Flaviviridae RNA + + Hepatitis C
Coronaviridae RNA + + Avian infectious bronchitis
Rhabdoviridae RNA – + Rabies
Paramyoxoviridae RNA – + Mumps, measles,

pneumonia,
Orthomyxoviridae RNA – + Influenza
Filoviridae RNA – + Ebola
Bunyaviridae RNA – + Hantaan
Arenaviridae RNA – + Lassa fever
Reoviridae RNA ds + Diarrhea, encephalitis
Retroviridae RNA – + AIDS (HIV)
Hepadnaviridae DNA – + Hepatitis B
Papovaviridae DNA ds – Genital warts
Adenovirus DNA ds – Colds
Herpesviridae DNA ds + Cold sores (HSV1),

shingles, Chicken pox
(HSV3), Genital
ulceration (HSV2)

Poxviridae DNA ds + Smallpox
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Alternatively, viral loads may be measured at specific anatomic sites (12).
This may be a more accurate method to assess disease activity in clinical
situations where the systemic viral load does not correlate with disease
activity. A reduction of the systemic CMV load also correlates with a
response to antiviral treatment. Quantitative CMV detection techniques are
used widely to direct and monitor antiviral treatment, however, reproduc-
ibility and standardization of the various assays needs further analysis. In
addition, the FDA has not approved to date a viral load assay for CMV.

2.2.2. DNA Viruses: Hepatitis B
Hepatitis B is a blood-borne disease representing a serious, worldwide

public health problem. More than 1 million individuals in the United States
alone are infected the virus. Hepatitis B is endemic in China, Southeast Asia,
and the Middle East as well as parts of Africa and South America. In addi-
tion to the acute manifestations of hepatitis, individuals infected with hepa-
titis B may develop chronic hepatitis and are at increased risk of liver cancer.
The risk of liver cancer appears to be higher for patients with higher viral
loads, indicating actively replicating virus, whereas viral titers (indication
of the host immune response to the virus) are not predictive of progression
to liver cancer (13).

In the United States, the primary routes of transmission are through direct
contact with infected blood and body secretions and the clinical use of
infected blood products. Routine screening of the blood supply for the hepa-
titis B surface antigen (HbsAg) has virtually eliminated post-transfusion
hepatitis B infection. However, other blood products, such as clotting fac-
tors produced from blood concentrates, can still transmit infection. Cur-
rently, viral loads are not used routinely to screen blood, blood products, or
donated organs. Analysis of viral loads may, however, be useful in decreas-
ing transmission of infection (14,15). Viral loads are also often quantified to
assess response to therapy with interferon (IFN) or lamivudine. Lower viral
loads are associated with an increased rate of seroconversion for patients,
which lowers the risk for clinical disease progression (12,16). Lower viral
titers are also associated with a decreased frequency of mutations associated
with resistance.

2.2.3. RNA Viruses: Hepatitis C

Hepatitis C is an RNA virus and like hepatitis B is transmitted via contact
with infected blood or other body fluids. Infection with hepatitis C results in
chronic hepatitis in up to 70% of individuals and cirrhosis in approx 50% of
those developing chronic hepatitis. Currently, the only treatment of patients
with hepatitis C is with IFN and more recently IFN in combination with
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ribavirin. In chronic hepatitis C infection, a high viral load per liver cell
predicts long-term response to therapy. Loss of viremia at the second week
of therapy is the strongest predictor for a long-term IFN response, followed
by the initial viral load and loss of viremia at the fourth week of therapy. It
may be possible to predict a long-term response as early as at the second and
fourth weeks after the start of therapy by screening for HCV-RNA. Patients
unlikely to respond to therapy could be discontinued after 2 wk, decreasing
the adverse effects and associated cost of prolonged therapy (12).

2.2.4. RNA Viruses: HIV
Primarily infection with the human immunodeficiency virus type 1 (HIV-

1) and less frequently by HIV-2 cause acquired immune deficiency syn-
drome (AIDS). AIDS, first identified as a clinical syndrome in 1981, is
currently a worldwide epidemic (17,18). The CDC estimates that 1.2 mil-
lion individuals are infected in the United States and the WHO reports
2.5 million cases of AIDS worldwide.

Viral loads are routinely assessed in AIDS patients and are the single best
predictor of disease progression (19–23). A major advance in monitoring
has been development of plasma HIV RNA assays of increased sensitivity,
which have a detection range of approx 20–50 to approx 50,000 copies/mL
of plasma. These assays are suitable for monitoring the majority of patients
on anti-retroviral treatment. Assay precision at lower limits is usually poor
with CVs approaching 90% making quantitation at these levels question-
able. Current methodology, however, can be viewed as a detection tool at
the 50-copies/mL lower limit. Assays will likely improve even further
regarding lower limits of sensitivity, reliability, and quantitation as described
in the following sections on capillary electrophoresis (CE).

The International AIDS Society-USA panel recommends anti-retroviral
therapy for any patient with established HIV infection and a confirmed
plasma HIV-1 RNA level greater than 5000–10,000 copies/mL and willing-
ness to undergo the complex, long-term therapy (24,25). Viral load is a
strong, independent predictor of clinical outcome. Degree and durability of
viral response correlates directly with plasma HIV-RNA level and CD4+
cell count at diagnosis. For asymptomatic patients with low (e.g., <5000–
10,000 copies/mL) plasma HIV-RNA level and high CD4 counts, deferral
of therapy with close follow-up may be recommended. These individuals
may be categorized as potential long-term nonprogressors. For those with
low HIV RNA level and low CD4+ cell count, initiation of therapy is rec-
ommended, since the CD4 count gives independent prognostic information
and data from clinical trials document the benefit of initiating therapy when
the CD4 count is low.



242 Kolesar

The goal of antiretroviral therapy is to reduce plasma HIV-RNA below
the detection limit of the most sensitive assays. Even modest reductions in
viral load (e.g., 0.5–1 log reductions) provide clinical benefit, therefore regi-
mens that provide maximal suppression of HIV replication are expected to
improve survival and decrease morbidity via continuous suppression of HIV
replication. A combination of three drugs, including a nucleoside reverse
transcriptase inhibitor (nRTI) (zidovudine, didanosine, zalcitabine,
lamivudine, and stavudine), a nonnucleoside reverse transcriptase inhibitor
(nnRTI) (nevirapine and delavirdine), and protease inhibitor (PI) (ritonavir,
indinavir, nelfinavir, and saquinavir) is commonly used as initial therapy.
These regimens result in virologic success rates of 60–90% in anti-retroviral
naive patients, as determined by plasma HIV-1 RNA level <500 copies/mL
at 24 wk or beyond. Currently, the combination of a potent PI and 2 nRTIs
should remain the primary consideration, based on clinical trials document-
ing the efficacy and durability of responses.

Since clinical outcome clearly correlates with disease activity and anti-
retroviral treatment is made based on viral-load determinations, the most
sensitive assays available are recommended with viral-load monitoring
every 2 mo for patients treated with antiviral therapy. Ongoing viral replica-
tion is reported for patients with a consistent viral load between 50 and
500 copies/mL. For patients with levels <50 copies/mL, development of
resistance is decreased, although low levels of viral replication may persist.
The strictest definition of treatment failure is that of confirmed detectable
plasma HIV RNA (i.e., >50 copies/mL) in an compliant patient who had
achieved a viral-load level below the detection limit and has not experi-
enced a recent acute infectious illness.

Clearly, viral diseases play a significant role in the health of individuals
worldwide. Currently, viral loads are used to monitor disease progression
and response to therapy for patients with HIV. Viral loads may also play an
emerging role in assessing the response to therapy for patients with hepatitis
B, hepatitis C, and CMV. Other potential applications include instances
where early and very low-level detection is required. Examples of these
include screening of donor blood, organs for transplant, and very early
infection after exposure to an infected individual.

3. METHODS OF VIRAL-LOAD ASSESSMENT

Current methods for assessing viral loads generally rely on amplification
reactions of either the viral nucleic acid (PCR) and reverse-transcription
(RT-PCR) or the signal (bDNA) and are labeled with fluorescence or chemi-
luminescence probes for analysis in plate readers or by slab gel electrophore-
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sis. Quantification by current assays is relative and quantitative results
obtained by different methods are not interchangeable.

3.1. Immunoassays
Many viral diseases are routinely diagnosed by immunological testing

(26). These tests screen for an antibody generated by the infected host against
the viral pathogen (see Fig. 2). As such, immunological-based tests are
evaluating a host response to an infection, rather than the infectious organ-
ism itself. This type of testing was initially developed because isolation and
culture of the infecting virus was very difficult. Antibody tests have the
advantages of being relatively inexpensive, rapid and accurate with speci-
ficities often in excess of 99%. For the HIV-enzyme-linked immunosorbent
assay (ELISA) reported sensitivities range from 93 to 97%.

The limitations of antibody testing are:

1. Inability to detect early infection when the virus is present while the immune
response is still being generated. Patients have a viral load but will test nega-
tive by antibody testing. Since most diseases are more curable at an early stage,
diagnosis at this stage would be advantageous.

2. When there are low levels of infection or immunological response indicating
that the level of infection may be inadequate to stimulate a host immunologi-
cal response, or if a patient is immunosuppressed, they may not be able to
mount an immunological response. In both these situations, the patient may
test negative by antibody testing, while still having an active disease process.

Fig. 2. Schematic representation of an immunoassay. When infected with a virus,
the host will produce antibodies directed against the virus. These antibodies are
then detected by ELISA or similar assay, indicating indirectly the presence of a
viral infection.
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3. When quantitative results are required. Since an antibody test measures a host
response to an infection, it does not give a quantitative measure of virus
present.

3.2. Nucleic Acid-Based Assays

3.2.1. PCR and RT-PCR
The primary limitation to genetic analysis prior to the conception of PCR

was the small quantity of nucleic acid available for analysis. PCR is in
essence a nucleic acid xerox machine, making many genetic analyses rou-
tine. Initially, primers flanking the region of interest are designed and syn-
thesized (see Fig. 3). The PCR reaction is set-up in a microcentrifuge tube
with the reaction components consisting of the template DNA, primers,
nucleotide bases, TAQ polymerase, and the appropriate buffer and salt con-
centration. The tube is heated to approx 95°C, allowing denaturation of the
target DNA and attachment of the primers. TAQ polymerase then uses the
nucleotide building blocks to fill in the space between the primers, creating
an exact replica of the target DNA and doubling the amount of target DNA
strands. This process is repeated again and again, making a large number of
fragments, all which contain the DNA region of interest.

PCR requires DNA for a template, however, RNA can also be used. RNA
isolated by standard methods is reverse-transcribed into cDNA by the
enzyme reverse transcriptase. The cDNA can then be amplified by PCR as
described earlier. PCR and RT-PCR can also be used to increase the quan-

Fig. 3. The PCR process. Target nucleic acid is amplified by primers directed
towards the region of interest, generating sufficient DNA for analysis. After one
cycle of PCR there are two copies of the target gene. The second cycle generates
four copies and the third eight copies. Because each subsequent cycle produces a
copy of each target DNA, amplification is exponential.
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tity of nucleic acid present to amounts that are easily detectable. PCR prod-
ucts are then run on a gel matrix, which separates by molecular size and are
visualized by ultraviolet (UV), radiolabeled, or fluorescence detection (27).

3.2.2. Other Nucleic Acid-Based Detection Techniques Relying on Amplification

Branched DNA (bDNA) is a technique that relies on the amplification of
the signal rather than the amplification of the target nucleic acid (see Fig. 4).
Target nucleic acid is hybridized to a probe that is attached to a platform.
Bound probe is then hybridized to additional probes, with a fluorescent or
chemiluminescent label, which amplifies the signal. This approach is com-
mercially available as the Quantiplex assay. This technique relies on ampli-
fication to detect very low levels (50 copies/mL plasma) of HIV virus (see
Table 2). The DNA hybrid capture assay is an alternative approach using an
RNA probe directed towards a DNA virus. An antibody with a chemilumi-
nescent label then recognizes the resulting DNA/RNA hybrid (see Fig. 5).
Since a large portion of the genome is probed, there are multiple sites for
antibody attachment. The long probe, which increases the number of antibody
binding sites serves as the signal amplification step in this technique.

3.2.3. Direct Detection

In direct detection, target viral DNA or RNA is hybridized with a spe-
cific fluorescent-labeled probe. Excess single stranded RNA or DNA is
then digested away. Because this method does not rely on amplification of
target or signal, variability resulting from amplification is eliminated. The
method does require separation of the hybridized target and since viral

Fig. 4. bDNA assay. Target nucleic acid is hybridized to the capture probe attached
to the platform, which is then hybridized to the label. The label probe is very large
and contains a large quantity of fluorophor, allowing for signal amplification.
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nucleic acids are often present in very small quantities, a highly sensitive
method for detection, such as CE with laser induced fluorescence (CE-LIF) is
required (28).

Table 2
Selected Commercially Available Assays for Assessment
of Viral Loads in Human Disease

Assay
(manufacturer) Test basis Detection limits Clinical use

DNA Hybrid Molecular 675 copies/mL- Monitoring antiviral
Capture Assay hybridization with detection limits therapy for CMV
(Digene/Murex) chemiluminescent 1146 copies/mL- and HepB

detection of quantitation limits
DNA/RNA
complexes

AMPLICOR RT-PCR 50 copies/mL Monitoring therapy
(Roche) for HIV for HBV,

HCV, HIV
Quantiplex Hybridization with 50 copies/mL Monitoring therapy

HCV-RNA amplification of for HIV for HCV,
(Chiron) chemiluminescent HBV, HIV

signal

Fig. 5. Molecular hybridization assay. An RNA probe is directed toward the
DNA virus. An antibody with a chemeluminscent tag against DNA/RNA hybrids is
used to visualize the hybrid. The probe is large in relationship to the target, allow-
ing for multiple binding sites for the antibody and signal amplification.
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4. DETECTION METHODS FOR VIRAL-LOAD ASSESSMENT

A number of assays are currently commercially available for the analysis
of viral loads and are used in clinical laboratories. These include RT-PCR
(Amplicor-Roche), bDNA (Chiron), and molecular hybridization (Digene),
although the FDA has only approved RT-PCR for HIV viral-load assess-
ment, These assays are able to detect as few as 50 copies/mL in serum and
represent an important advance in the diagnosis and monitoring viral dis-
ease. Since most of these assays rely on amplification, variability is intro-
duced and CVs are often high. As such, advances in technology, i.e., CE-LIF,
that improve reliability, quantitation, and detection are needed. CE-LIF
detection that is able to detect attomolar concentrations is highly reproduc-
ible and fully automatable has the potential for improving viral-load analysis.

4.1. Slab Gel Electrophoresis

PCR products are commonly analyzed by slab gel electrophoresis (SGE)
(see Fig. 6), where an agarose gel containing ethidium bromide acts as the
separation medium and products are visualized directly with UV light. Visu-
alization by SGE is a rapid and inexpensive method for the analysis of PCR
products. The major limitation of SGE is a relatively high detection limit,
usually on the order of nanograms. Slab gel electrophoresis with radiolabeled
probes is able to detect 1–5 pg of target DNA with an overnight exposure.
Radioactive-detection methods, however, have significant disadvantages with
respect to safety, stability of the labeled nucleic acids, and automation (29).

Fig. 6. Example of agarose gel electrophoresis of PCR products. The band
present at 269 in lanes 4, 5, and 6 indicates the presence of the gene. Lane 1, pGEM
Markers (2. 6, 1. 6, 1. 2 kb, 676, 517, 460, 396, 350, and 222 bp); Lane 2, Negative
control; Lane 3, CHO; Lane 4, CHO-812; Lane 5, CHO-815; Lane 6, MCF-7.
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4.2. Capillary Electrophoresis with Laser-Induced Fluorescence

High pressure liquid chromatography (HPLC) was initially studied as a
replacement for slab gel electrophoresis, although restricted intraparticle
diffusion of biopolymers resulted in only limited improvement of resolution
and speed (30,31). Alternatively, electrophoretic separations (CE) can be
performed in narrow-bore tubes or capillaries and may be viewed simply as
another mode of electrophoresis (32–34). Originally, CE utilizing
hydroxyethylcellulose and ethidium bromide was shown to have increased
resolving power when compared to HPLC for dsDNA, however, the detec-
tion level still remained in the nanogram range.

CE has since been used successfully in the research setting to separate
and quantitate PCR products of HIV-1, HBV, CMV, and HCV (35–39). The
introduction of CE with LIF and intercalating dyes improved detectability
to the attomole level with sample volumes as little as a few picoliters (40–
43). CE represents a safe and automatable assay system for quantitative
analysis and routine laboratory analysis may soon be the norm.

Capillary gel electrophoresis (CGE) initially used either a fixed or immobi-
lized polymerized matrix which acts as a “molecular sieve” within the capillary
to separate DNA based on size and charge (44–46). Since the mass to charge
ratio of DNA remains constant with increasing mass, separations are made based
on differences in molecular weight. As charged solutes migrate through the poly-
mer network, they are retarded with larger molecules being retarded, more than
smaller ones, allowing for separation based on molecular weight. Initially, CE
used crosslinked agarose and polyacrylamide for the separation of DNA. How-
ever, polymerization of gels within the capillary is difficult and time-consum-
ing. Polymerization that occurs too rapidly, use of impure chemicals and
solutions that are not degassed can lead to bubble formation and unstable gels.
Additionally, these capillaries are very rigid, making hydrodynamic injections
impossible and the capillary susceptible to breakage. Linear polymer solutions
are more flexible and pressure can be used to refill the capillary (47,48). Addi-
tionally, they are much less susceptible to bubble formation and breakage.
Although the polymer structure of the cross-linked gel is much different than
the linear polymer solution, the mechanism of separation is identical and the
ease of use with the replaceable polymer networks have made these the capil-
lary system of choice for most laboratories (49,50). CGE is used most frequently
for the analysis of nucleic acids and will be the focus of this discussion.

4.2.1. CE-LIF Analysis of RT-PCR Products
To quantitate viral load, the measured concentration must be a reliable

gauge of the amount of nucleic acid present in the original sample. This is
usually a two-part process; amplification followed by detection. RNA
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samples are usually amplified by RT-PCR. In this process an internal stan-
dard that will amplify under the same conditions as the target sequence is
introduced prior to amplification. The internal standard is used to control for
variability within the PCR reaction as well as to provide a reference to cal-
culate the initial concentration of unknown (51) (see Fig. 7).

To ensure peak areas reported by CE-LIF are an accurate measure of the
amount of RT-PCR product present in the sample, a calibration curve is
generated by injecting known concentrations DNA. The same solution of
standard DNA fragments can also be used to calibrate the capillary and
determine the molecular weight of fragments based on retention times. In
addition to being an additional step towards the accurate quantitation of gene
expression, this technique offers several advantages. Sample volumes are
small (1–5 µL), sensitivity is high (attomolar), and the hazards associated
with isotopic storage, use and disposal are eliminated. This technique can
also be automated, used for fraction collection, and validated. There are,
however, drawbacks to CE-LIF, including expense. Initially, there is an
investment in equipment, CE, laser, computer and application software that
must be made. In addition, consumable supplies, primarily intercalating dyes
and capillaries can also be expensive and in the case of capillaries, fragile.

Fig. 7. Electropherogram of PCR products analyzed by CE-LIF. RNA obtained
from MCF-7 cells is amplified by RT-PCR and analyzed. DNA elutes at 21 min,
indicating the presence of the target gene in the sample.
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With current CE-LIF technology, samples are analyzed individually (52).
Each sample usually has a 15–45 min run time, whereas multiple samples
can be analyzed simultaneously by SGE. For analysis of a single sample,
CE-LIF may be faster, but when multiple analyses are required, SGE may
be more time efficient. With the multicapillary instruments currently under
development, analysis of multiple samples simultaneously by CE-LIF will
be possible. In addition to requiring a longer time, individual sample pro-
cessing also means that each sample is analyzed separately increasing risk
of bias. Of the steps involved in analyzing PCR products, injection bias is
the most frequent source of error, although this can be minimized by using
hydrodynamic injections. Interassay variation can also be minimized by the
addition of a reference of known concentration into each of the samples
after PCR amplification. DNA fragments of similar, but not identical
molecular weight to the unknown sample are best used as a reference.
Although not currently used for commercial analysis of viral loads, CE-LIF
represents an important avenue for exploration. CE-LIF has been used to
analyze HIV, HBV, HCV, and CMV, in addition to many other PCR-gener-
ated fragments (53,54).
4.2.1.1. EXPERIMENTAL CONDITIONS AND REAGENTS: RNA PURIFICATION

Total cellular RNA and RNA obtained from human tissue samples
including tumor biopsies and whole blood can be obtained by standard pro-
cedures. Alternatively, commercially available system such as Ultraspec II
RNA isolation system (Biotecx, Houston, TX) may be used. This system
isolates total RNA by disruption and homogenization of samples with 14 M
guanidine salts and urea followed by chloroform extraction. The sample is
centrifuged and the upper aqueous phase containing the RNA is isolated
followed by isopropanol precipitation. A proprietary RNATack resin that
specifically binds RNA and then eluted with TE (Tris-EDTA, pH 7.4) buffer
purifies the RNA. The RNA concentration is quantitated spectrophotometri-
cally. The entire isolation can be completed in approx 1 h, which is a signifi-
cant advantage over standard methods. RNA can also be extracted directly
from lymphocytes obtained from whole blood. Concentrations of 10–15 ng
of RNA are routinely obtained from 10 mL of whole blood comparing
favorably to standard methods (55).
4.2.1.2. EXPERIMENTAL CONDITIONS AND REAGENTS: DESIGN OF INTERNAL STANDARD

An internal standard may be designed by purifying, using SGE, the
desired PCR product and identifying restriction sites 30–70 base pairs apart
that will generate compatible ends. Digestion with the appropriate enzymes
and re-ligation generates a DNA fragment that is identical to the target DNA,
but 30–70 base pairs smaller. The primer recognition sites and the sequence
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are identical and the internal standard should amplify under identical condi-
tions. After gel purification and elution in TE, the internal standard is quan-
tified spectrophotometrically and stored at –20°C. The internal standard
concentration is then titrated to determine what concentration is optimal for
amplification, usually 10–6 ng/PCR reaction.

Using a DNA standard has the benefit of ease of preparation and storage,
amplification under identical conditions, and low expense. It does not, how-
ever, control for variability present within the RT step. Thus, RNA stan-
dards are usually introduced prior to reverse transcription to control for
variability throughout the RT-PCR process (51).

4.2.1.3. EXPERIMENTAL CONDITIONS AND REAGENTS: RT-PCR
To improve reproducibility, all RT and PCR steps are done with master

mixes that contain all components except the target nucleotides and Taq
polymerase. Since PCR is by nature prone to contamination and false-posi-
tive results, precautions must be taken to ensure the validity of results. All
reagents should be aliquotted into single use portions and separate pipets
should be set aside to be used only for PCR. Reactions can be set-up in a
biological hood and all surfaces exposed to UV light between reactions.
Adequate controls (both positive and negative) should be used for all reac-
tions (27).

4.2.1.4. EXPERIMENTAL CONDITIONS AND REAGENTS: INSTRUMENT PARAMETERS

Separations are performed on a CE-LIF system, with the temperature held
constant at 20°C. PCR products are detected by LIF in the reversed polarity
mode (anode at the detector site) with excitation at 488 nm and emission at
520 nm. Samples are introduced hydrodynamically using 10-s injections at
0.5 psi into a 100 mm i.d. × 65 cm coated (neutral) capillary filled with TBE
containing replaceable linear polyacrylamide. No sample preparation of
PCR products is required. The capillary is conditioned with buffer contain-
ing 60 µg thiazole orange (an intercalator) per 20 mL and rinsed at high
pressure for 3 min. Separations are performed under constant voltage at 7.0–
9.0 kV for 15–50 min. The capillary is rinsed with gel buffer for 3 min prior
to each injection (51).

4.2.2. Direct Detection of Nucleic Acids
Reliance on an amplification step is the major problem associated with

PCR based methodology (56). Despite the incorporation of internal stan-
dards, quantitation is still problematic, particularly when the target template
is small. To decrease the variability associated with PCR-based assays and
to take advantage of the exquisite sensitivity of CE-LIF, the direct detection
of nucleic acids has been developed.
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A report has attempted to quantify HIV-1 RNA directly from the plasma
by assuming that all plasma RNA is due to HIV-1. However, without spe-
cific HIV-1 probes, plasma samples may contain non-HIV-1 viral RNA
including HTLV-1 (human T-cell leukemia virus Type-1), and hepatitis A,
C, D, and E, which reduces the specificity for HIV-1. Additionally, con-
tamination of plasma with leukocytes or other cells would result in the pres-
ence of nonspecific human RNA.

In an alternative approach, cellular RNA is hybridized with a HIV-1 spe-
cific probe that has been labeled with fluorescene. A complex is formed if
HIV-1 RNA is present and unbound RNA is digested with RNAase I.
Samples are then analyzed by CE-LIF with thiazole orange or other
intercalators present in the buffer system. Two peaks elute if HIV-1 RNA is
present; the first is the DNA/DNA unbound probe complex, followed by the
DNA/RNA hybrid. Although the complexes are the same lengths, the DNA/
RNA complex has a different secondary structure and slightly higher
molecular weight and a subsequently longer retention time (see Fig. 8).

Fig. 8. Electropherogram analysis of hybridization products. RNA samples
obtained from a HIV seropositive patient were hybridized with a HIV specific probe
and analyzed. HIV RNA/Probe complex elutes at 12 min, indicating the presence
of HIV RNA in the patient’s serum.
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Thiazole orange present in the buffer intercalates into 1 out of 2 bp for
DNA and 1 out of 10 bp for RNA. Although the intercalation parameters of
thiazole orange into a DNA/RNA complex is unknown, it is assumed to be
between 10 and 50%, providing a 10–50% enhancement in sensitivity over
the RNA/RNA complex. The addition of a fluorescein label to the probe
provides a double-detection system over the intercalator alone, also enhanc-
ing sensitivity.

The double-detection system is linear from 0.072–21.46 pg, the migra-
tion time precision is <1% and the peak-area precision ranges from 1–11%.
The minimal detectable level is 36 atg, which corresponds to 4 equivalents
(4 copies/mL) of HIV. As little as 19 fg (1710 copies per 1 mL of starting
plasma) of HIV-RNA can be reliably and quantitatively detected. Although
still a research tool, direct detection of nucleic acids may be an important
improvement in assay reliability.

5. VALIDATION AND QUANTITATION ISSUES

5.1. Standardization and Validation Methodology

5.1.1. Determination of the Injection Volume (28)
The injection volume is an important parameter in quantitating samples

by CE-LIF. Based on literature values, the calculated injection volume is 7.
1 nL when a sample is injected onto a 100 µm i.d. capillary at 0.34 Pa for 10 s.
The injection volume can be verified for each system by measuring the mass
difference after injection by placing 20 mcL of hybridization sample in a
microcuvet and weighing on a Sartorius BP 210D balance. After weighing,
the microcuvette containing the sample is transferred to the auto-sampler
tray and injected hydrodynamically at 0.34 Pa for 990 s (99 s × 10 injections,
99 s maximum injection time). The microcuvet is then re-weighed with a
mean decrease in weight after injection of 707 ng (n = 3). Since the hybrid-
ization solution was very dilute, it was assumed to have the specific gravity
of water (1.00 g/L), corresponding to a mean volume of 706. 86 nL/990 s
injection or 7.14 nL/10 s injection (n = 3).

5.1.2. Calibration of CE-LIF: Preparation of DNA Solution for Standard Curve
A commercially available DNA ladder, ranging from 36 to 2645 bases at

a concentration of 1. 0 mg/mL, can be used to calibrate the CE-LIF (Fig. 9).
The DNA standard is aliquotted in 10 µL portions and stored at –20°C. The
solution contains a 222 bp fragment present in a concentration of 129 µg/mL
initially. This solution is diluted 1:10 with DEPC-treated water and injected
for 5–20 s. To generate a standard curve, 10 µL of diluted DNA standard
solution is placed in a microcuvet and six pressure injections at 0.5 psi are
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made from the vial for 5, 10, 12.5, 15, 17.5, and 20 s. Separations are per-
formed based on the parameters detailed under instrument parameters.

To determine the linear range, the peak area reported on the electrophero-
gram vs the concentration of the 222 bp fragment injected is plotted. With
this assay, a linear relationship between the peak area and concentration
exists for the 222 bp fragment over the range 0.5–183 pg. The concentration
of unknown samples can be determined in this range by comparison of the
peak areas obtained to the standard curve.

The same solution of standard DNA fragments can also be used to deter-
mine the molecular weight of fragments based on retention times. Plot the
migration time for each peak vs the known molecular weights and determine
the linear range. The linear range will not be over the entire range of molecu-
lar weights since intercalating dyes such as thiazole orange can affect migra-
tion times at higher (>1000 bp) molecular weights. With this assay, a linear
relationship exists between retention time and molecular weights of the stan-
dard fragments between 126 bp and 460 bp (r2 = 0. 996). This standard can
then be used to determine the molecular weights of unknown samples.

5.1.2. Validation of RT-PCR CE-LIF Assay (51)
To validate the assay, cDNA from two different sources is amplified in

triplicate and analyzed on three separate days generating 18 data points. The

Fig. 9. Electropherogram of DNA standards.
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ratio of the peak area of the internal standard to the peak area of the gene of
interest is calculated. The linear range is then determined by plotting the
ratio vs the starting amount of cDNA. We have found a linear relationship
(r2 = 0.991) over the range of 0–312.5 ng of starting cDNA, (the RNA is
quantitated spectrophotometrically and the RT process is assumed to be
100%). The PCR is no longer linear when more than 400 ng of cDNA is
amplified. This is consistent with data reported by Rossomondo and col-
leagues, who also showed a linear relationship between peak area and start-
ing amount of RNA at low concentrations and a nonlinear relationship when
higher concentrations were amplified.

The mean retention time for the reference peak is determined (we com-
monly analyze the internal standard fragment as well as the target sequence)
and used to calculate interday precision and the intraday precision, a mea-
sure of the method reproducibility. With this assay, we have interday and
intraday migration-time precision of <1.0%. The same samples can also be
used to determine the peak-area precision, a measure that represents the
reproducibility of both the CE and PCR aspects of this assay. The ratio of
the peak area of the gene of interest to internal standard is calculated and
compared. Because PCR with an internal standard is competitive, the peak
area of one or the other product is not representative. This assay has a peak
area intraday precision of 12–15% and interday precision of 10–16%. Strat-
egies to improve assay precision should target the RT-PCR portion and could
include automation and use of RNA standards.

The major limitations to accurate quantitation in the assay are: 1) the
inability of spectophotometric analysis to predict accurately RNA concen-
tration, 2) the assumption that the reverse transcription step was 100% effi-
cient, and 3) the need for accurate calibration of the RNA internal standard.
To overcome these limitations a calibrated RNA internal standard could be
added prior to reverse transcription.

6. CONCLUSION

Viral diseases play a significant role in the health status of individuals
worldwide. Viral loads are used routinely to monitor disease progression
and response to therapy of patients with HIV. Viral-load analysis also plays
an emerging role in assessing the response to therapy of patients with hepa-
titis B, hepatitis C, and CMV. Other potential applications include instances
where early and very low-level detection is required.

A variety of assays are currently commercially available for the analysis
of viral loads and are used in clinical laboratories including RT-PCR, bDNA,
and molecular hybridization. Able to detect as few as 50 copies/mL of serum,
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these assays represent an important advance in the diagnosing and monitor-
ing viral disease. However, since most assays rely on amplification, vari-
ability is introduced and CVs are often high. As such, advances in
technology, such as CE-LIF, that improve reliability, quantitation, and
detection are needed.

Capillary electrophoresis may be an important step in improving viral-
load analysis. CE-LIF offers several advantages over current detection tech-
niques. Required sample volumes are small (1–5 µL), sensitivity is high
(attomolar) and the hazards associated with isotopic storage, use, and dis-
posal are eliminated. Additionally, CE-LIF can be readily automated, used
for fraction collection, and the assay can be validated. Combining CE-LIF
with existing assays for viral-load analysis may improve the reliability,
speed, and sensitivity of viral-load analysis. In addition, CE-LIF can be
applied to the analysis of gene expression, gene therapy, single-stranded
oligonucleotide, and point mutations (57–60).
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14
The Application of Capillary Electrophoresis

in the Analysis of PCR Products Used
in Forensic DNA Typing

Bruce R. McCord and John M. Butler

1. INTRODUCTION

The development of methods for the amplification and detection of spe-
cific regions of the DNA molecule using the polymerase chain reaction
(PCR) has resulted in rapid and dramatic advances in biochemical analysis
(1). With the advent of the PCR it is now possible to easily produce analyti-
cally significant amounts of a specified DNA product. A typical PCR reac-
tion can produce microgram quantities of target DNA, allowing rapid and
efficient screening of genetic defects, cancer susceptibility, and low level
bacterial contamination (2). The sensitivity of the technique has freed bio-
chemists from the many laborious processes necessary to isolate and exam-
ine small quantities of DNA. In the forensic arena, PCR methods have
permitted rapid and specific tests of evidence produced in a crime (2).

The impact of PCR has also resulted in a need for efficient and automated
procedures to analyze the reaction products. For many years it has been rec-
ognized that capillary electrophoresis (CE) has had the potential to fill this
requirement. The capillary system can produce rapid and efficient separa-
tions of DNA, as a result of the efficient heat dissipation of the capillary
when compared to standard slab gel methods. Additionally, the capillary
can be easily manipulated for efficient and automated injections. Despite
these advantages, it has been only recently that dedicated commercial sys-
tems for PCR product analysis have begun to appear.

The slow development of CE systems for PCR analysis has been because
of the scarcity of efficient methods for injection, separation, and detection
of DNA fragments. For example, the high ionic strength of the PCR reaction
mixture is incompatible with CE injection methods. Gel-based separations
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are difficult to implement in the capillary format, and commonly utilized
ultraviolet (UV) detection techniques have poor sensitivity. These problems
have been overcome as a result of better understanding of the nature of the
CE procedure.

This review will focus on the development of capillary systems for the
analysis of PCR products. Advancements in separation, sample preparation,
and detection will be emphasized, and the chapter will conclude with a dis-
cussion of forensic applications.

2. POLYMERASE CHAIN REACTION

In the PCR process, a thermostable DNA polymerase (Taq) is used to
copy small amounts of DNA template by means of a temperature dependent
reaction. The PCR reaction mixture is prepared by combining the target
DNA, oligonucleotide primers, the polymerase and a mixture of four deox-
yribonucleotide triphosphates (dNTPs) in a Tris-HCl buffer containing
approx 50 mM KCl and 1.5 mM MgCl. The primers consist of two short 20–
30 oligomer (mer) segments that are selected to bracket a specific location
of interest on the target DNA. The reaction is initiated using a three-step
temperature program in which the two strands of DNA template are sepa-
rated (melted) by heating at 95°C. The primers are then annealed to the tem-
plate at approx 60°C. The enzyme then extends the primer sequence at
approx 72°C by incorporating the individual deoxyribonucleotide using the
target DNA as a template. By cycling through these temperatures using an
oven that rapidly and precisely alters the reaction temperature, it is possible
to double the amount of target DNA with each cycle. Theoretically, 30 cycles
of heating and cooling the mixture can produce up to a billion copies of the
target DNA from one copy of template (3). In situations where the quantity
of sample is limited, it is also possible to perform amplifications of multiple
loci by simultaneously targeting different regions of the genome in a single
reaction. Such multiplexed reactions are carefully balanced by optimizing
the reaction conditions and primer sequences in order that one locus with its
respective set of primers does not preferentially amplify over the others.
The result of a multiplex amplification is the production of a series of DNA
fragments that must be optimally separated over a specific size range.

3. SEPARATION TECHNIQUES

3.1. Polymer Matrix

One of the earliest efforts to use CE to separate DNA fragments was car-
ried out by Kasper et al. (4), who concluded that effective separation of
large, linear DNA must either be carried out using affinity or gel electro-
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phoresis. DNA fragments have proved difficult to separate because all DNA
fragments have virtually the same charge-to-mass ratio. The logical solution
was to perform sieving experiments by filling the capillary with an agarose
or polyacrylamide gel similar to those used in slab gel electrophoresis (5).
However, it was clear from the beginning that at the high field strengths and
temperatures used in CE, the stability of these “chemical gels” would be a
problem (4). One solution was to attach chemically (cross-link) the gel to
the capillary wall (6). Separations using this procedure with polyacrylamide
gels produced exceptional separations of PCR products with analysis times
typically <30 min. These capillaries can still be purchased from a number of
commercial manufacturers. The problem with the chemical gels is that even
when manufactured under well-controlled conditions, they are still suscep-
tible to such problems as bubble formation and contamination from the
sample matrix. In addition, sample injections were only possible using the
electrokinetic mode. For the CE technique to be truly automated, a replace-
able sieving matrix was required.

The development of replaceable “physical gels” was initiated by Zhu and
coworkers (7). Experiments carried out using hydroxy propylmethyl cellu-
lose, methyl cellulose, and polyethylene glycol (PEG) showed that it was
not necessary to use crosslinked gels in the capillary format. Additionally,
with these physical gels, a variety of injection techniques could be utilized,
and capillaries could be flushed and chemically etched between each analy-
sis. The disadvantage of these gels was that early experimental systems could
not achieve the separation efficiency of cross-linked polyacrylamide. Since
then a large amount of research has been carried out in order to understand
the theory of electrophoresis in physical gels. As a result of this research it
has been shown that at least three different mechanisms have been found to
be responsible for the separation of DNA in these physical gels, transient
entanglement coupling (8), Ogston sieving (9), and reptation (10). The three
different modes of separation in CE are illustrated in Fig. 1. At low polymer
concentrations, separation takes place through a frictional interaction
between the DNA and the polymer strands known as transient entanglement
coupling (8). As the polymer concentration increases, the strands of differ-
ent polymer molecules begin to interact producing a solution of entangled
polymers. The polymer concentration at which this occurs is known as the
entanglement threshold (11). Above the entanglement threshold, DNA frag-
ments separate by sieving through transient pores created in the polymer
mesh. Fragments that are larger than the average pore size reptate or move
in a snakelike manner through the mesh (11). The key to producing an
acceptable separation is to determine a polymer concentration at which the
size of these virtual pores approximates the radius of the DNA in solution.
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Additionally, the polymer length must not be too great or the solution will
become too viscous.

Other characteristics that have been found to be of importance include
the relative stiffness and polydispersity of the polymer (12). With these char-
acteristics in mind, a number of water-soluble polymers have been found to
be particularly useful for DNA separations including linear polyacrylamide
(13), Methyl cellulose (14–19) hydroxyethylcellulose (20–23), hydroxy pro-
pyl methyl cellulose (19,24–27) polyethylene oxide (28), and poly(N-
acryloylaminoethoxyethanol) (29). In addition, a commercial polymer
known as POP4 has also been described (30). Thus, the key to producing an
acceptable separation is to optimize the polymer molecular weight and con-
centration relative to the DNA fragment size and desired resolution.

3.2. Capillary

In uncoated capillary columns, residual charges on the silica surface
induce a flow of the bulk solution toward the negative electrode. This is
known as electroosmotic flow (EOF). The magnitude and direction of the
EOF is dependent of the number and type of active sites on the capillary
surface and the pH of buffer. EOF is generally considered a detriment to
stable DNA separations because its velocity can change from run to run,
making peak migration times irreproducible.

To control the EOF, capillary columns must be coated to mask charged
sites. Two different approaches have been used: 1) dynamic coatings that

Fig. 1. Three different mechanisms for the separation of DNA: at low concentra-
tions of polymer, DNA migration is inhibited through transient interactions with free
polymer strands. As the polymer concentration increases to the point of entangle-
ment, the DNA then is sieved through transient pores created in the polymer mesh.
Larger strands of DNA reptate, passing through multiple pores simultaneously.
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must be periodically replenished or 2) static coatings that are chemically
bonded to the capillary walls. One such method is to periodically rinse the
capillary with acid, which protonates the active silanols on the walls of the
capillary (31). This effectively neutralizes the negative charges on the col-
umn surface, reducing or eliminating the EOF. Recently a novel polymer
POP4, polydimethyl acrylamide has been developed that performs a dual
function, dynamically coating the capillary as well as sieving the DNA
(31a). With such systems, capillaries can routinely last over 100 runs.

A second method of eliminating EOF is to coat the column walls with an
inert substance that masks the charged sites on the capillary walls. Such
coatings must be stable at the pH of analysis and free from contamination.
These coatings include hydrophilic substances such as polyacrylamide and
polyvinyl alcohol, as well as more hydrophobic coatings such as the phenyl
methyl and C18 coatings adapted from gas chromatography (GC) and high-
performance liquid chromatography (HPLC). The key factor in selecting a
coating is its stability and its ability to last under the conditions used in the
separation. With periodic rinsing, coated capillaries can last for months
before needing to be replaced. Continued development in this area is neces-
sary as periodic replacement of capillaries limits the ability of large
multicapillary systems to run unattended.

3.3. Buffer
Buffers commonly used in DNA analysis by CE include Tris-borate, Tris-

acetate, and TAPS in a pH range of 7.0–9.0. These buffers have the advan-
tage of low conductivity, minimizing Joule heating and allowing higher
buffer concentrations to be used. High buffer concentrations also can help
minimize interactions between the DNA and the capillary wall and stabilize
DNA conformation (32). Other buffers have also been examined (24,33).
For example, residual primers and dNTPs are separated better at low pH,
presumably due to differences in charge between the four bases under these
conditions (24).

The choice of buffer additives for PCR analysis is dependent on whether
single-stranded (ssDNA) or double-stranded DNA (dsDNA) is to be ana-
lyzed. In general, ssDNA separations yield higher resolution and are less
complicated by PCR artifacts such as heteroduplex formation and variations
in sequence. Detection of ssDNA requires labeling the DNA through the use
of fluorescent primers or other means (35). The DNA solution is denatured
prior to analysis by dilution in a formamide solution and heating to 95°C
prior to analysis. To prevent reannealing, urea or formamide is added to the
buffer, and the temperature of the separation is increased to greater than
50°C (35). Problems with the use of these additives include the limited shelf
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life of urea solutions, the tendency of urea solutions to sublimate, and the
toxic nature of formamide.

Double-stranded DNA requires less treatment prior to analysis. For both
UV and fluorescence detection, intercalating dyes can be added to the buffer
to enhance resolution (25,36). These dyes have also been shown to mini-
mize the effects of sequence variations on migration time (25,37–39). In
addition, EDTA can be added to the buffer to chelate excess magnesium
from the PCR reaction, and alkaline salts can be used to alter the ionic
strength of the buffer and minimize osmotic flow (20). The use of such salts
may also aid in preventing the formation of secondary structures, as the for-
mation of ion pairs will help to stabilize the DNA molecule in solution.

3.4. Injection and Sample Preparation
One of the major advantages of a CE system is its capability to perform

automated injections. In general, there are two modes of injection: hydrody-
namic and electrokinetic. Hydrodynamic injections are performed using
pressure to force the sample solution into the capillary. This injection tech-
nique can only be carried out using soluble polymer buffers, as pressure
injections into crosslinked gels would disrupt the interior of the capillary.
Hydrodynamic injections are particularly well suited for quantitative analy-
ses. When properly initiated, reproducible quantities of sample may be
introduced onto the capillary. Standard deviations (SD) of injection volume
have been shown to be approx 3% (40). However, the broad injection bands
produced in this technique tend to limit resolution.

Electrokinetic injections are performed using an applied voltage to induce
the sample to migrate into the capillary. Unlike hydrodynamic injections,
this process is a function of the injection voltage, injection time, and sample
matrix. Sample ions with a higher charge-to-mass ratio than DNA will tend
to be injected selectively into the capillary. Thus, the ionic strength of the
sample may alter the applied field. Figure 2 illustrates the difference between
the two injection modes in CE.

The injection of PCR products into a capillary is particularly difficult
because the products are contained in a salt matrix (>50 mM Cl–), which
inhibits the injection. To overcome these problems, PCR samples are purified
by means of dialysis (41), spin columns (42,43), or ethanol precipitation (20).
The dialysis step appears to be the most effective for removing excess salt,
whereas the spin columns are more effective at removing primer peaks,
enzyme, and dNTPs. Dilution of the sample in water or deionized formamide
is another technique for eliminating injection interferences (22,44).

These steps greatly improve the injection by removing interferences, and
by enhancement of a process known as stacking (32). Stacking, also called
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field amplified injection, occurs when the ionic strength of the sample zone
is lower than that of the buffer. Because the current through the system is
constant, the lack of charged carriers in the sample zone produces a strong
electric field that ends abruptly at the interface between the sample zone and
the buffer inside the capillary. DNA molecules mobilized by this field move
rapidly towards the capillary as the injection voltage is applied and “stack”
in a narrow zone at the interface. Stacking allows a large sample zone to be
loaded onto the capillary with a minimum of band broadening. Stacking
also aids in producing efficient separations. The sharper the injection zone,
the less gel media is required to effect a separation. Extremely short col-
umns and microchips have exploited this fact to produce rapid and efficient
separations of PCR products (45,46). Figure 3 illustrates the 45-s separation
of two PCR products overlaid on a 20 bp ladder. The effective length of the
capillary was 2 cm.

4. DETECTION AND DATA ANALYSIS
In early separations of PCR products by CE, UV absorbance was the

method of detection. PCR products analyzed by this procedure required
extensive deionization and concentration prior to analysis (20,41,42). The
relatively short path length and the dispersion produced by the capillary
walls limited sensitivity. Laser-induced fluorescence (LIF) solved the prob-
lem of sensitivity by focusing the light beam directly onto the capillary win-
dow (36,47,48). Detection enhancements of 400-fold or more have been
achieved using LIF as compared to UV detection (36).

Fig. 2. The two injection modes of CE. (A) In hydrodynamic injection pressure
is used to force sample into the capillary. There is no matrix effect in this injection
mode. (B) In electrokinetic injection, the electric field induces sample ions to
migrate into the capillary. Injection is dependent on the charge-to-mass ratio of the
sample and matrix ions.
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Fluorescence detection of dsDNA is primarily achieved through the use
of intercalating dyes. These dyes bind to the DNA molecule by inserting
themselves into the DNA helix, affecting the configuration of the aromatic
rings of the dye and enhancing the fluorescence signal (38,49). Addition-
ally, intercalating dyes help to minimize effects of DNA structure on migra-
tion rate, resulting in better estimates of fragment lengths (39,50). The low
background fluorescence of the uncomplexed dyes allows them to be added
directly to the CE buffer. Monomeric intercalating dyes such as ethidium
bromide, thiazole orange, and oxazole yellow have proven to be the most
useful, providing precise and reproducible estimates of DNA size and quan-
tity (40,51).

Fluorescent dye molecules may also be covalently bound to the DNA
fragments (34). Labeling one or both of the primers prior to the amplifica-
tion step can perform this most efficiently. After completion of the PCR, all
of the target DNA molecules are labeled with a fluorophore. By labeling a
series of different primers with a number of different dyes, several loci may
be targeted, amplified, and labeled in a single multiplexed reaction. These
dyes absorb at similar wavelengths but emit at different wavelengths. A
multichannel analyzer can then identify the specific PCR product by detect-
ing the various emission wavelengths of the bound dye (52).

The development of methods for data analysis by CE is of particular
importance in the examination of PCR products. Precise and reliable meth-

Fig. 3. An illustration of the 45-s separation of two PCR products coinjected
with a 20 basepair sizing ladder. The analysis was performed on a 2-cm coated
capillary at 260 v/cm. The DNA was detected using an intercalating dye and laser-
induced fluorescence (45).
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ods must be developed for product analysis. Slab gel methods permit the
analysis of multiple samples run concurrently. At present, CE is a serial
technique and samples can only be run one at a time. Thus, comparison of
multiple samples requires the addition of internal standards to correct for
the inevitable variations in injection, temperature, and current (22). This
observation is particularly relevant in quantitative methods where variations
in sample injection can limit the usefulness of the technique (40).

When adding internal standards for quantitation, it is important that they
do not interfere with the detection of the PCR product. When intercalating
dyes are used in the analysis, peak intensity is a function of the length of the
PCR product, and corrections for product length may be necessary (53). A
further concern in PCR analysis using these dyes is the effect of buffer deple-
tion on the sample fluorescence intensity and migration time (40,50). For
this reason, buffer vials must be periodically replenished to avoid depletion
of the intercalating dye and pH variations.

Size estimates of PCR products can be performed by interpolation of size
based on the migration of one or more internal standards (22). For products
in the size range from 100–400 bp, a linear relationship exists between size
and migration time (Fig. 4) (54). The size of larger products may also be
estimated using nonlinear, curve-fitting algorithms (50). Specialized instru-
mentation has been developed specifically for DNA analysis utilizing inter-
nal standards that have been labeled with a fluorescence dye different than

Fig. 4. The relationship between DNA size and migration time for native DNA.
The figure illustrates that a linear relationship exists up to 400 basepairs.



270 McCord and Butler

that of the product (52). For such systems, interferences between sample and
standard are much less of a problem, and specific algorithms have been devel-
oped to deconvolute the fluorescence signals and perform size estimates (55).

5. APPLICATIONS
Most applications of CE for the analysis of PCR products have been

adapted from slab gel assays. A number of current reviews have discussed
many of these applications (56–59). Recently, studies have begun to appear
in which the advantages of CE, such as high speed, low sample requirement,
and automation, have been exploited. These advantages, which aid in track-
ing of large databases and permit easy setup and operation of the equipment,
match the needs of the forensic community. They are also responsible for
the increasing acceptance of the technique.

In the next section, the two main applications of the technique, DNA siz-
ing and quantitation, will be covered. The section will conclude with a dis-
cussion of future applications including DNA sequencing, in-line PCR, and
microchip based separations.

5.1. DNA Sizing/Genetic Analysis
DNA fragments above a certain minimum length have roughly the same

charge to mass ratio, making them migrate at approximately the same rate in
free solution. As mentioned earlier, the addition of a sieving agent permits a
separation of the DNA as a function of its size. By correlating migration
time with the molecular weight of the fragments, an estimate of the DNA
size is produced. Conformational differences can create some variations in
this result, especially for dsDNA (39). However, the analysis of DNA used
in forensic analysis has shown precise correlations between DNA size and
migration time (22,54).

Most applications of CE involving DNA sizing utilize PCR to amplify
specific regions in the genome in which changes in length or sequence can
occur. Highly variable, polymorphic sites are located that contain repetitive
DNA in which a particular sequence of bases is repeated multiple times.
This type of polymorphism is known as a variable number tandem repeat
(VNTR). The different alleles, which are produced by the VNTRs used in
forensic testing, are distributed randomly through a population. The fre-
quency of occurrence of a particular allele in a population potentially can be
used to identify the perpetrator of a crime (60). A useful subset of VNTRs
known as short tandem repeats (STRs)contains repeat motifs that are typi-
cally four bases in length. An example of an STR might be the sequence
ATTGC (AATG)n AAGTG. STRs are typically produced with sizes ranging
from 100–400 base pairs in length depending on the primers used.
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Recently, CE has been used to detect STR fragments resulting from reactions
in which several sets of primers are combined. These multiplexed amplifica-
tions allow a series of genetic markers to be probed simultaneously. In situa-
tions where the amount of available DNA is limited, multiplexed amplifications
also allow a larger amount of information to be gathered from a single sample.

The development of commercial CE with multichannel fluorescence
detection has extended such applications by enabling the user to track the
positions of different amplified products individually labeled with specific
fluorescent dyes. The dyes that are used are excited by one or more laser
lines and contain emission maxima that are sufficiently separated to allow
deconvolution of overlapped peaks. Kits have been developed that allow
amplification of 10 or more STR systems simultaneously, which allow iden-
tification of a unique person with probabilities of 1 in 1011 or greater (44).
For these reasons, multiplexed amplification of STRs using multiwavelength
fluorescence is currently being implemented in many forensic laboratories
worldwide (35,60,61). Figure 5 illustrates the separation of a sample

Fig. 5. Dual wavelength detection of a multiplex amplified PCR product consisting
of three genetic loci, D351358, vWA, and FGA. Conditions: 3% HEC, 7 mM urea,
100 mM Tris-borate, pH 8.4, 375 V/cm. The amplified product is labeled with a blue
emitting dye, and the internal sizing standard is labeled with a red emitting dye.
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obtained from the multiplex amplification of four different loci labeled with a
blue-emitting dye. The sample is diluted in purified formamide and denatured.
An internal standard labeled with a red-emitting dye is added to each sample
to estimate fragment size (30,62). The samples are then analyzed using a vis-
cous buffer containing a soluble polymer in addition to 7 M urea to keep the
sample DNA denatured. The analysis temperature is kept at 60°C to melt out
(eliminate) secondary structures that can cause problems with reproducibility.

5.2. Analytical Aspects in Developing a CE Separation
Among the instrumental factors that are important in developing a CE

assay for genetic typing, precision and resolution are perhaps the most
important. These two issues, however, are not dependent on each other. Pre-
cision is determined by the run to run reproducibility of the migration time
of the peak apex, whereas resolution is a function of band broadening and
column efficiency.

The precision of the assay is important because it defines the minimum dif-
ference in allele size that can be determined. For example, if the size of a par-
ticular allele is 200 bases with a standard deviation of 0.17 bases, then 99.3%
of the time that allele will be given a size of 200 bases, assuming a normal
distribution of the data. Such precision is important given the existence of
variant alleles that can differ from the normal 4 base repeat motif by 1–3 bases.
In addition, many forensic samples are mixtures of more than one donor.

The mixture problem also can be a factor when resolution is considered. In
the aforementioned example, the precision of 0.17 bases permits us to distin-
guish between a peak at 200 and 201 bases. However if the resolution,
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between the two peaks is 0.67 or less, it will be difficult to resolve these two
peaks. If the area of peak 1 is more than three times that of peak 2, the two
peaks will appear to co-elute, as the system will not have the capacity to sepa-
rate the two peaks (63). This is illustrated in Fig. 6.

Thus, when developing a protocol for the analysis of mixtures by CE, it is
important to consider both precision and resolution. As mentioned earlier, the

Fig. 6. (opposite page) The analysis of a mixture of two samples of PCR ampli-
fied DNA. The large peak at the right is a mixture of two DNA samples, which
measure 185 and 186 bases in length. At a ratios from 20:1 to 3:1 the software is
unable to distinguish the fact that two peaks exist. At ratios of 1.4:1 and 1:1, the
peak to the right can be distinguished and is colored gray. Conditions: ABI310
Capillary electrophoresis system, POP4 buffer system 15 kV.
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precision is determined by factors that affect the stability of the measurement;
temperature, injection, and sample conformation. The resolution is primarily
affected by the polymer concentration and by the effects of sample stacking
on injection. Both factors must be characterized to achieve optimum results.

A third issue that can be of importance is the determination of peak area.
In situations where mixtures are present, the peak area can help define which
samples are related. With proper control of the PCR conditions, the areas of
related sample alleles will be consistent from one locus to the next, allowing
the user to determine major and minor contributors to the electrophoretic
profile. There are, however, important exceptions to this rule, which arise
from the nature of the PCR reaction and from the injection process. Issues in
the PCR process include artifacts such as stutter, in which a minor product
band is produced one repeat unit shorter than the main allele. Values of
stutter of 4–9% were reported for the vWA locus (64). The presence of stut-
ter can affect the areas of peaks by decreasing the efficiency of amplifica-
tion of the main peak, and by interfering with the areas of nearby peaks.
PCR efficiency can also be affected by low quantities of template and
improper reaction conditions. Another factor to consider is matrix effects on
sample injection. The sample matrix can influence the overall peak area
from one run to the next, however, this effect can be corrected through proper
reference to the internal standard.

At present there have been a number of reports in the literature regarding
the analytical capability of capillary systems for typing STRs (30,62,65,66).
At least three different polymer systems have been reported for multiplex PCR
analysis: hydroxyethyl cellulose, polydimethyl acrylamide, and linear
polyacrylamide. Resolution varies between 1 and 2 bases depending on the
size of the allele and the concentration and type of the polymer. Reported
precision of the estimated allele size as measured by standard deviation ranges
from 0.16–0.23 bases. These results clearly show that 2 base differences will
be easily distinguished by these systems and depending on the allele size and
polymer type, single-base differences may also be distinguished. In an
extensive forensic validation study, Wallin and coworkers demonstrated and
compared the results on the validation of the AmpliSTR Blue locus using both
slab gels and CE (80). In this work, population samples from different racial
groups were examined as well as studies on the effect of environment, sample
matrix, and sample mixtures. Figure 7 illustrates results from this paper in
which two nonprobative sexual assault cases were analyzed by CE using the
POP4 polymer. The results portray an exclusion of the suspect in the first
case: however, in the second case suspect 2 is a potential contributor of the
sample DNA.
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Fig. 7. Two nonprobative sexual assault cases analyzed by CE. In case 1, sus-
pect one is excluded as his DNA profile does not match that extracted from the
condom. In case 2, suspect two cannot be excluded as a potential donor of the
extracted DNA. Conditions: PE/ABI 310 Genetic Analyzer, POP4 polymer, laser-
induced fluorescence detection using the AmpFlSTR Blue (Perkin-Elmer) multi-
plex PCR amplification kit (80).
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5.3. Other Applications for CE in Forensic DNA Analysis

In certain situations, such as the analysis of hair or highly degraded
DNA, there is insufficient nuclear DNA to yield an amplified product of
sufficient quantity to type. In this situation, there may still be enough
mitochondrial DNA to provide genetic information (43). The DNA present
in mitochondria is approx 16,000 bases long and contains a section known
as the control region that contains a number of polymorphic sites, which
are usually point mutations. Amplifying the region of interest and sequenc-
ing the product DNA can identify these polymorhic sites. CE is used in
this process to determine if the amplified product is present in sufficient
quantity and purity to be sequenced (40,67). CE has also been used to
identify these mutations by subjecting the amplified mitochondrial frag-
ments to restriction enzymes. Point mutations present in these products
will affect the fragment patterns produced by the digestion (68). Figure 8
illustrates the analysis of mitochondrial DNA using CE and restriction
fragment digestion. Finally, as CE sequencers become more widespread,

Fig. 8. The analysis of an amplified mitochondrial DNA fragment. (A) The uncut
fragment. (B) The fragment following digestion. The presence of point mutations
can be detected by differences in size of the digested fragments. Conditions: 27-cm
coated capillary at 185 v/cm. Detection conditions as shown in Fig. 3 (68).
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both the product quantitation and the sequence analysis will be performed
via CE.

6. FUTURE TRENDS FOR CE AND DNA ANALYSIS

6.1. Capillary Array Electrophoresis

Because CE is by nature a serial operation, a single capillary system can-
not match the sample throughput available in a multi-lane slab gel experi-
ment. Higher throughput, however, is available with capillary array
electrophoresis (CAE), where multiple capillaries are run in parallel (69).
Separation times are on the order of 15–50 min, but up to 96 samples can be
analyzed simultaneously. Each DNA sample is analyzed in an individual
capillary and migration times are adjusted using an internal lane standard. A
recent demonstration of the throughput capabilities of CAE included the
generation of over 8000 genotypes on a 48-capillary instrument in a matter
of days (61). This type of CAE instrument will probably find application in
laboratories which genotype a large number of samples.

6.2. Automation and CE

Automation of the entire process from extracted DNA to analyzed PCR
product is an important issue for large laboratories. The potential of cou-
pling CE analysis to the previous sample preparation steps of DNA extrac-
tion, PCR amplification, or restriction digestion has already been
demonstrated with robotics (70,71) and microchip fluidics (46,71). The rapid
speed of CE separations cannot be translated into sustainable high-through-
put operations until the entire process, including sample preparation and
data analysis, is fully automated.

6.3. Microchip CE Assays

The advent of photolithography has permitted micromachining of capil-
lary channels in glass (73). Because of the small dimensions of the separa-
tion channels, separations may be performed even more rapidly than with
conventional CE equipment. DNA restriction fragments have been sepa-
rated in a matter of seconds using channels that are only a few centimeters in
length (46,72,74,75,78,79). One of the major challenges in microchip CE
analysis is sample preparation on a scale that is compatible with the small
device. Integration of sample preparation steps with the separation portion
is one solution to this dilemma (76,77). The recent integration of PCR and
CE on a microchip (46) illustrates that such devices may soon be available.
Figure 9 gives an example of the separation of a 4 locus multiplex on a
microchip containing a 3-cm channel (78).
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7. CONCLUSIONS

The advantages of CE, including single-sample analysis speed and automa-
tion, have resulted in its increasing visibility in molecular biology and foren-
sic DNA laboratories. Multichannel fluorescence CE systems have become
the instrument of choice for STR analysis in many DNA typing laboratories,
primarily because of the appealing aspect of unattended operation, a fact that
frees busy forensic scientists to work on other tasks. Recently developed com-
mercial 96-capillary array instruments promise to improve dramatically
sample throughput capabilities. CE is reliable and reproducible when per-
formed carefully, and as the number and variety of applications increase, a
greater role for CE in the future of DNA separations can be anticipated.
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with Electrospray Ionization Mass Spectrometry
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1. INTRODUCTION

Since its first introduction in 1981 by Lucaks and Jorgenson (1,2), capil-
lary electrophoresis (CE) has become a rapidly expanding analytical tech-
nique that has been successfully employed in a wide range of analytical
areas, including pharmaceutical, agrochemical, and environmental fields and
in clinical, pharmacological, and drug metabolism studies (3). The reasons
for this fast breakthrough are the high efficiency, short analysis time, rapid
method development, and simple instrumentation. Other advantages include
the very small sample quantities (e.g., femtomoles) that can be analyzed.
This is particularly important for studies in which sample size is limited. In
addition, exotic and/or expensive background electrolyte (BGE) solutions
can be used with minimal cost and disposal problems because of the low
usage associated with CE compared to liquid chromatography. Because of
the numerous publications in peer-reviewed journals, CE has been estab-
lished as a method that is complementary to the more conventional separa-
tion techniques, such as high-performance liquid chromatography (HPLC)
and gas chromatography (GC).

Ultraviolet-visible (UV-VIS) spectrophotometry has been found to be one
of the better methods for the on-line detection of compounds after separa-
tion by CE (4). (However, the CE-UV bottleneck is a relatively low sensi-
tivity due to the short optical path-length afforded by the small internal
diameters of capillaries.) Several approaches, such as extended path-lengths
in Z-shaped detection cells, bubble cells, or rectangular capillaries, have
been used to enhance sensitivity (5), but usually at the expense of efficiency.
In addition, many important biological substances do not possess a chro-
mophore, thus requiring derivatization to detect them. In an effort to over-
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come this problem, indirect UV detection was developed (6). This technique,
however, has serious sensitivity limitations. Electrochemical detection (EC)
has also been investigated but has found only limited applications since it
depends on the electrochemical characteristics of the specific analyte (7). In
addition, interfacing EC with CE presents two unique problems: electrical
decoupling of CE and EC electronics, and physical alignment of the elec-
trode with the end of the capillary. In order to enhance sensitivity efforts
have recently focused on the use of fluorescence, especially laser-induced
fluorescence (5,8–10), however, this detection mode is limited to compounds
that are fluorescent. As with some of the other detection methods most of
the compounds of interest have to be tagged, e.g., with a fluorophore. Such
procedures require additional expertise, are tedious and generally compro-
mise the advantages of CE. Another problem with spectroscopic detectors is
that peak identity is generally confirmed using migration times. This infor-
mation, however, is often insufficient to unequivocally identify compounds
of interest since real world samples often contain unknown interferences
and the parameters influencing migration time are not easily controlled
in CE (11).

Mass spectrometry, on the other hand, is rapidly becoming one of the
detectors of choice in micro-separation techniques, including µ-LC and CE.
This selective and highly sensitive detector opens up additional possibilities
in analytical techniques by allowing high analysis speed in addition to pro-
viding information about the mass and, potentially, the structure of the sepa-
rated compounds. This information is highly desirable to unequivocally
identify components in complex mixtures. However, as a result of the small
loading capacity and high separation efficiency, coupling of CE to MS is not
without problems.

This chapter will not attempt to review the numerous methods that
researchers have used to overcome the problem in interfacing (hyphenation)
CE to MS since excellent reviews (on the interfacing of CE to MS) have
been published during the last few years (12–24). Instead, this chapter will
focus on practical considerations for successful CE-MS coupling using
electrospray ionization interface with special emphasis on the sheath flow
or coaxial design which is currently applied in most CE-MS combinations.
Practical aspects including background electrolyte composition for effecient
and selective CE preparation as well as optimal ESI-MS detection are devel-
oped. Additionally, representative CE modes, such as capillary zone elec-
trophoresis, nonaqueous CE, chiral CE and micellar electrokinetic
chromatography (MEKC) illustrating the potential of CE-ESI-MS in drug
analysis are discussed. Further, collision-induced dissociation to differenti-
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ate positional isomers which cannot be separated by CZE is also presented.
Finally, a survey of CE-MS analytical applications dealing with small mol-
ecules, such as drugs and metabolites, is included.

2. COMBINING CE WITH ESI-MS

2.1. Electrospray Ionization

Since the first report developed by Olivares and coworkers (25), several
ionization methods have been applied for CE-MS coupling. Matrix-assisted
laser desorption ionization (MALDI), inductively coupled plasma (ICP) ion-
ization, as well as soft ionization techniques, such as continuous flow fast
atom bombardment (FAB) and electrospray ionization (ESI), have been
described for the coupling of CE to MS. However, as indicated by literature,
electrospray ionization (26) is still the most widely used ionization tech-
nique. It has been applied to a large variety of compounds interfacing with
many types of MS, including quadrupoles (25,27,28), magnetic sector (29),
fourier transform ion cyclotron resonance (30), time-of-flight (31,32), and
trapping devices (33).

Electrospray (ES), first introduced by Yamashita and Fenn (34,35), is a
method by which ions present in a solution can be transferred to the gas
phase. Today, it is generally agreed that the ES process involves three steps
prior to mass analysis (36–38):

1. Generation and charging of the electrospray droplets at the ESI capillary tip;
2. Shrinkage of the charged droplets by solvent evaporation and repeated droplet

disintegration, ultimately leading to very small highly charged droplets capable
of producing gas-phase ions; and

3. The actual mechanism by which gas-phase ions are produced from the very
small and highly charged droplets.

The benefits of ESI include the ability to produce extensively multiply
charged ions and direct mass information on virtually all types of mass spec-
trometers (39), small sample requirement, and compatibility with high reso-
lution techniques, such as CE. The ESI technique is especially suited for the
analysis of moderately polar and thermo labile compounds possessing a mass
range from 102 to 105 Daltons.

2.2. CE-MS Interface

The interface between CE and ESI-MS is one of the keys to the success of
CE-ESI-MS technique. Unlike UV-VIS or fluorescence detection, which can
be performed on-column, the effluent from CE must be physically trans-
ported to the mass spectrometer without sacrificing separation efficiency.
Three main interfaces have been described, including liquid–liquid junction
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interfaces (27,40), sheath–liquid interfaces (25,41,42), and sheathless inter-
faces (43,44). However, because of its instrumental simplicity and versatil-
ity, along with the possibility of enhancing the ionization process by
chemical reaction, the coaxial sheath-flow interface is by far the most popu-
lar interface for CE-ESI-MS (45). A concise description of the interfaces
used and their working principle are described in considerably more detail
elsewhere (15,19,22).

However, to successfully interface CE to ESI-MS, a number of points
have to be considered and specific problems overcome, as outline below:

• In conventional CE the capillary ends (at the anode and cathode) are placed in
separation buffer reservoirs and an electric field is applied to achieve electro-
phoretic separation. Thus, the first purpose of the CE-MS interface is to estab-
lish an electrical connection at the capillary terminus, which serves to define
the electric field along the CE capillary. The electrical connection at the capil-
lary terminus also serves to establish an electrospray source voltage difference
(3–5 kV) between the terminus and sample aperture of the mass spectrometer.

• The electrospray process is optimal for an effluent flow rate on the order of
1–10 µL/min. In order for the interface to function properly it is necessary to
closely match the CE flow rate, typically between 0 and 100 nL/min, with the
flow rates generally required by ESI techniques. To overcome this difference
in flow rate, an additional fluid (make-up flow) is added coaxially to the CE
capillary outlet supplementing the CE flow to that required for ESI. The addi-
tion of an external sheath liquid may, however, induce dilution of the sepa-
rated analytes. In this context, the use of micro- or nanospray sources are
interesting alternatives to produce a stable electrospray at the very low flow
rates typical of CE while still providing a highly sensitive and efficient
interface.

• CE-ESI-MS coupling induces some limitations concerning the type and con-
centration of the background electrolyte solution (46). As such, nonvolatile
buffers commonly used in capillary zone electrophoresis (CZE), such as phos-
phate, borate, and citrate, are not compatible with CE-MS. The use of a make-
up flow containing 50–80% organic solvent, however, may overcome this
problem (47). Nonvolatile buffers also adversely affect the performance of the
MS by enhancing the risk of contamination of the ionization chamber and sup-
pressing the analyte signal. In addition, other additives, such as surfactants,
cyclodextrins, as well as ion-pairing agents, commonly used to improve selec-
tivity in CZE, are not suitable for ESI-MS. Because of these problems, volatile
buffers (48,49), such as formic acid, acetic acid, ammonium acetate, ammo-
nium formate, and ammonium carbonate, are often recommended for CE-ESI-
MS (Table 1). The use of capillary electrochromatography (50), partial-filling
technique (51), or nonaqueous media (52) are interesting alternatives to extend
the application range of CE-MS and will be discussed in more detail in the
following section. It is also well documented that efficiency of CZE is best in
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the presence of high ionic strength buffers, the opposite required for optimum
ESI-MS to produce gas phase ions.

• The scan rate of MS may not be adequate to reflect the high separation effi-
ciency (peak width of a few seconds) and resolution of CE. However, by using
selected ion monitoring mode (SIM) on single quadrupole instruments, sig-
nificant enhancement of detection limits compared to those obtained with scan-
ning MS operation is possible. This is because of the greater dwell time for
signal acquisition at each selected m/z value. Thus, if the MW is known prior
to separation, SIM can be used to further improve separation resolution and
reduce detection limits. Another alternative in dealing with the speed of CE is
to use ion trap and time-of-flight analyzers, which can record a full-scan spec-
tra over a large mass range within 100–200 ms (33,53). In addition, using a
reduced flow rate method, Goodlett and coworkers (54) were able to both
improve sensitivity and alleviate scan speed limitations for CE-MS. In this
technique just prior to elution of the first analyte of interest into the ESI source,
the electrophoretic voltage is decreased, slowing solute elution, and thus
allowing more scans to be recorded without significant loss in ion intensity.
This has been found to be particularly useful for polypeptides and proteins
where broad m/z range spectra can be important in determination of the
molecular weight.

Once each of these issues has been identified and resolved CE can then be
interfaced to MS. A typical coaxial interface consisting of three concentric
capillaries is illustrated in Fig. 1 (55). The fused silica capillary is located in
the center of the sprayer and performs the electrophoretic separation. The
middle capillary (usually stainless steel) provides a coaxial sheath liquid
make-up flow to ensure stable electrospray as well as electrical contact at
the capillary outlet. The outer capillary, also in stainless steel, supplies a
nebulizing gas flow to assist in droplet generation and shrinkage during the

Table 1
Suitable CE-MS Buffers

CE-UV CE-MS

Buffers Citrate Formic acid
Phosphate Ammonium formate
Borate Ammonium acetate

Ammonium carbonate
Additives Micelles (e.g., SDS) Partial-filling technique

Chiral selectors (e.g., CDs) Electrochromatography
MeOH/MeCN mixture containing

volatile electrolytes
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electrospray. In contrast to the API sources described so far, the sprayer is
positioned orthogonally to the sampling orifice.

The addition of a nebulizing gas, in combination with a high voltage, is
generally used to assist solvent evaporation, a prerequisite for successful
electrospray ionization. This co-flow reduces the likelihood of ions pen-
etrating from the sheath liquid into the CE capillary. However, the aspirat-
ing (siphoning) effect of a high flow rate of the coaxial sheath gas has been
reported to affect separation quality resulting from a pressure-induced flow
(17,56,57). Moreover, to avoid siphoning effects, CE and MS instruments
must be positioned close together and the outlet end of the CE capillary
maintained at the same height as the inlet end.

Several investigations directed toward optimization of CE-MS perfor-
mance have demonstrated (58,59) that small inner diameter capillaries
(5–10 µm) provided a 25–50-fold gain in sensitivity as compared to 50–
100 µm id capillaries. This sensitivity enhancement was attributed to an
increase in ionization efficiency resulting from a decreased mass flow rate

Fig. 1. Schematic drawing of Hewlett-Packard mass spectrometer including
orthogonal flow sprayer for CE-MS and fragmentation zone in front of the single
quadrupole (55).
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of the background electrolyte for smaller id capillaries. In addition to reduc-
ing the size of the capillaries, Tomlinson et al. (60) described methods for
conditioning the CE capillary as well as configuring the CE-ESI-MS inter-
face to further optimize CE-MS performance. Dimensions of the capillaries
used to construct a typical coaxial CE-ESI-MS interface have also been
shown to affect the sensitivity and stability (61). These studies demonstrated
that thick-walled capillaries can further enhance the system performance.
Additionally, appropriate selection of the sheath liquid may improve sig-
nificantly electrospray characteristics and ionization efficiency (62). Finally,
the positioning of the CE capillary with regard to the spray needle tip was
found to significantly affect CE separation efficiency and resolution
(43,63,64). To achieve the best performance, the CE capillary must barely
protrude from the ESI needle. If the capillary protrudes too much, stability
of the Taylor cone is compromised and electrical contact with the CE capil-
lary may be lost. If the CE capillary is withdrawn inside the ESI needle,
separation efficiency can be dramatically affected, to an extent that the sig-
nal may be lost. Because of this problem commercial CE-ESI-MS interfaces
have been designed to adjust capillary protrusion using a screw.

3. APPLICATIONS

Since CE-MS applications have already been presented and reviewed for
analysis of large macromolecules like peptides (see Chapter 16), proteins,
nucleotides, and oligosaccharides (18,20,23), the present application review
will be restricted to small molecules like drugs, byproducts, and metabolites.

This section will concentrate on four major modes:

1. Capillary zone electrophoresis (CZE);
2. Nonaqueous CE (NACE);
3. Micellar electrokinetic chromatography (MEKC); and
4. Chiral CE.

The use of in-source collision induced dissociation is also addressed.

3.1. Capillary Zone Electrophoresis

CZE, which is strictly based on the electrophoretic properties of the
analyte and buffer solution (see Chapter 2), is powerful and frequently used
for CE-MS coupling. Two specific applications, amphetamines and car-
nitines, will be used to highlight the potential of CZE-MS coupling as well
as the quantitative performance of the technique.

Because of their increasing illicit popularity, amphetamines and related
derivatives are receiving more attention in clinical, pharmacological, and
toxicological science, and monitoring their levels in biological fluids is of
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paramount importance. In our laboratory, a validated CZE method was
reported for the determination of amphetamines and related derivatives sold
on the black market in the form of tablets of various compositions (65).
However, because of the relatively low sensitivity afforded by the short
optical path-length of the capillary, UV detection (UV) of these drugs in
biological matrices (e.g., urine or serum) was a challenge. To overcome the
limitation of sensitivity, CZE was interfaced with ESI-MS for the analysis
of ecstasy and its derivatives. Considering the large number of parameters
involved in CE-ESI-MS coupling, a chemometric approach was carried out
to optimize such factors as nebulization pressure, drying gas temperature
and flow rate, electrospray voltage, skimmer voltage, sheath liquid compo-
sition, and its flow rate (66). After optimization of the CE-ESI-MS param-
eters and using a liquid–liquid extraction procedure, SIM was used to
monitor only (M+H)+ signals, which allowed a sensitive and unambiguous
determination of these drugs in urine samples (Fig. 2).

The other CE-MS application was used to separate free carnitine and
acylcarnitines (carnitine esters), which play an important role in the
metabolism of fatty acids. Many genetic disorders are also characterized by
abnormal production of these compounds in biological fluids. Henion et al.

Fig. 2. CZE-ESI-MS of a spiked urine sample after liquid/liquid extraction
procedure (66). Peak identification: A, amphetamine; MA, methamphetamine;
MDA, 3,4-methylenedioxyamphetamine; MDMA, 3,4-methylenedioxymethyl-
amphetamine; MDEA, 3,4-methylenedioxyethylamphetamine; MDPA, 3,4-methyl-
enedioxypropylamphetamine.
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(75) reported a CE-MS method for the determination of carnitine and sev-
eral of its esters in human blood, plasma, and urine using preconcentration
via sample preparation techniques. They tested a variety of MS detection
modes, including scan, SIM, and selected-reaction monitoring (SRM)
modes. For their application the latter (SRM) was preferred because of better
selectivity and sensitivity. They also developed an abbreviated validation
method to demonstrate the robustness of the SRM CE-MS method. Good
quantitative data were achieved in terms of linearity, precision (0.8–14%),
accuracy (85–111%), and limit of quantitation (0.1–1 nmol/mL). This appli-
cation clearly indicates that CE-MS can meet the acceptance criteria for
bioanalytical determinations and makes it an alternative for acylcarnitine
determination in clinical samples.

The detection of several other classes of substances, e.g., designer drugs,
nonopiod analgesics, nonsteroidal anti-inflammatory drugs (NSAIDs), ben-
zodiazepines, -adrenergic agents, plant metabolites, pesticides, and so forth
have also been investigated (Table 2). Depending on the nature of the com-
pounds, both positive and negative ionization modes have been applied.
Most applications are performed in the presence of volatile buffers to pre-
serve ESI-MS sensitivity and minimize ion source fouling problems. In
addition, organic solvents are often used in the BGE to increase analyte solu-
bility, improve resolution, and lower surface tension, thus enhancing the
electrospray process. Low concentration nonvolatile buffers can be used,
although at the expense of some loss of ionization efficiency resulting from
competition with analytes in ESI.

3.2. MEKC-MS
In addition to CZE, micellar electrokinetic chromatography (MEKC) is

one of the most widely used CE modes. Electrokinetic chromatography sepa-
ration involving micelles was first described by Terabe et al. (145) to extend
application of CE to electrically neutral substances. Today, MEKC is an
accepted method for the simultaneous separation of both neutral and ionic
solutes. The method requires addition of a surfactant, such as sodium
dodecyl sulfate (SDS), to the BGE at a concentration above its critical
micelle concentration. Selectivity is based on the differential partitioning of
solutes between micellar and aqueous phases and differential electrokinetic
migration, including electro-osmotic and electrophoretic mobilities.
Recently, Watari developed microemulsion electrokinetic chromatography
(MEEKC) as an extension of MEKC (146). However, hyphenation of
MEKC with MS is severely hampered by the presence of nonvolatile ionic
surfactants, which often leads to a significant loss of electrospray efficiency
and ion source contamination. The signal suppression mechanism can best
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Table 2
Small Molecules Analyzed by CE-MS

Compounds CE mode Reference

Drugs of abuse CZE-ESI-MS 66–70
(amphetamine and derivatives, CZE-ESI-MS-MS 71–73
LSD, heroin, cocaine) NACE-ESI-MS 57,74

Carnitine, acylcarnitines CZE-ESI-MS-MS 75
Tricyclic antidepressant drugs EKC-ESI-MS 76

NACE-ESI-MS 56
-Adrenergic blocker drugs EKC-ESI-MS 76

(propranolol, alprenolol)
-Agonists (clenbuterol and analogs) ITP-CZE-ESI-MS 77

CZE-ESI-MS-MS 78
Venlafaxine and metabolites NACE-ESI-MS 79

Chiral CE-ESI-MS 80
Tramadol and metabolites Chiral CE-ESI-MS 80,81
Methadone and EDDP Chiral CE-ESI-MS 80

CZE-ESI-MS-MS 82
Haloperidol and metabolites CZE-ESI-MS 52,83–86
Pyrazolacridines NACE-ESI-MS 86,87
Paracetamol, phenacetine, metabolites CZE-ESI-MS 88
Pseudoephedrine, dextrometorphan CZE-ESI-MS-MS 89

phenylpropanolamine, pyrilamine
guaiafenesin, acetaminophen

Benzodiazepines and metabolites CZE-ESI-MS 90,92
CZE-ESI-MS-MS 91,93,144

Nonsteroidal anti-inflammatory drugs CZE-ESI-MS 95
NACE-ESI-MS 94
Chiral CE-ESI-MS 96

Morphine CZE-ESI-MS-MS 143
Sulfonamides CZE-API-MS 90

CZE-ESI-MS-MS 45,97
Terbutaline, ketamine, propranolol Chiral CE-ESI-MS 98,99
Ephedrine Chiral CE-ESI-MS 99
Caffeine and metabolites MEKC-ESI-MS 150,155
Local anesthetics Chiral CE-ESI-MS 100

Chiral CE-ESI-MS-MS 101
CZE-ESI-MS 70

Camphoresulfonic acid, tropic acid, Chiral CE-ESI-MS 102
arylpropionic acid, warfarin

Mifentidine and metabolites NACE-ESI-MS 52,86,103–105
Paracetamol and metabolites CZE-ESI-MS 106
Nonopioid analgesics and metabolites CZE-ESI-MS 107
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Compounds CE mode Reference

Diagnostic metabolites CE-ESI-MS-MS 108
Etilefrine, mianserine, tropic acid Chiral CE-ESI-MS 109
3-Phenylamino-1,2-propanediol CZE-ESI-MS 110
Tamoxifen and metabolites NACE-ESI-MS 111
Macrolides antibiotics CE-ESI-MS 112
Anthracyclines ITP-CE-ESI-MS 113
Antibiotics CZE-ESI-MS-MS 45
Prostaglandins CZE-ESI-MS 114
Opium powder (morphine, codeine, CZE-TOF-MS 115

thebaine, papaverine, noscapine)
Antibacterial alkaloids CZE-IS-MS 116
Berberine, coptisine, palmatine CZE-ESI-MS-MS 117
Monoterpenoid indole alkaloids CZE-ESI-MS 118
Photoberberines, -carboline alkaloids CZE-ESI-MS 118
Rauwolfia alkaloids CZE-ESI-MS 119
Opium alkaloids CZE-ESI-MS 120
Quebracho alkaloids alkaloids CZE-ESI-MS 120
Tropane alkaloids CZE-ESI-MS 121,122
Isoquinolines CZE-ESI-MS 123,124
Isoflavones CZE-ESI-MS 125,126
Sulfonylurea CZE-ISP-MS 92
Alkyl sulfonates CZE-ESI-MS-MS 89
Inositoles phosphates CZE-ESI-MS 127
Phenoxy acid herbicides ITP-CZE-ESI-MS 17

Chiral CE-ESI-MS 128
Triazines CZE-ESI-MS 129

MEKC-ESI-MS 130
Tetramine CZE-ESI-MS-MS 131
Paraquat and diquat herbicides CZE-ESI-MS 132
Quaternary ammonium herbicides CZE-ESI-MS-MS 133
Chlorinated acid herbicides CZE-ESI-MS 134
Marine toxins CZE-ESI-MS-MS 45
Sulfonated azo dyes CZE-ESI-MS 135
Dyestuff degradation products CZE-ESI-MS 136
Food dyes CZE-ESI-MS-MS 89
Laser dyes CZE-ESI-MS 137
Carboxylic acids CZE-ESI-MS 138
Fatty acids CZE-ESI-MS 114
Haloacetic acids NACE-ESI-MS 139
Phospholipids NACE-ESI-MS-MS 140
Chemical warfare agents CZE-IS-MS 141

CZE-ESI-MS-MS 142
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be explained by two factors (147): the reduction in the amount of solution
that can be sprayed by ESI interface at elevated SDS concentrations, and
interference of the transfer of cationic analytes from the droplet to the gas
phase, because of coulombic interactions between analytes and negatively
charged surfactant (SDS) ions. Various approaches have been reported for
the on-line coupling of MEKC with MS and a recent review was given by
Yang and Lee (148). MEKC-ESI-MS using high-molecular-mass surfactants
(e.g., 40,000) to reduce the level of background ions in the low m/z region
has been described (76,149,150). This method was applied to the separa-
tion and detection of a standard mixture of sulfamides. MEKC-MS hyphen-
ation using a chemical ionization interface was also described for the
analysis of aromatic amines (151). These authors pointed out that although
ion intensity was not appreciably affected by the high concentration of
nonvolatile salts and surfactants, the signal was completely quenched in
the ESI mode.

In analogy to the phase-switching approach in liquid chromatography, a
coupled capillary set-up allowing the possibility of voltage switching and
buffer renewal has also been described (152). This system allows the trans-
fer of zones of interest in the MEKC capillary to a second capillary and then
to the MS. Foley and Masucci have also demonstrated that a semipermeable
membrane can selectively allow small analyte molecules to pass through to
a MS while retaining large buffer additives, such as surfactants (153).
Anodically migrating micelles moving away from the ESI-MS have also
been used to prevent micelles from entering the MS interface (154). This
was done by adjusting the buffer pH and was applied to the analysis of
chlortriazine herbicides and barbiturates. Alternatively, the partial-filling
(PF) technique was found to be very useful for MEKC-MS applications
(130,155,156). This technique involves filling the capillary with a BGE
minus SDS, followed by a short period of introduction of enough solution
containing SDS to achieve separation, and finally by a sample injection.
Mechanistic studies of PF-MEKC have been discussed by Nelson and Lee
(156). On-line PF-MEKC-MS applying an APCI interface was demonstrated
for some pharmaceuticals as well as for industrial surfactants.

3.3. NACE-ESI-MS
Recently, the use of nonaqueous NA buffers in CE has been an area of

increasing interest (74,157,158). When compared to water, the different
chemical and physical properties of organic solvents (viscosity, dielectric
constant, polarity, auto-protolysis-constant, electrical conductivity, and so
forth) can improve selectivity considerably (a challenging task in the sepa-
ration science) and reduce Joule heating. Moreover, organic solvents have
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proved to be useful in analyzing hydrophobic compounds as well as drugs
and metabolites, which are difficult to separate in aqueous buffers. Very
high efficiency and resolution, short analysis times, and the ability to selec-
tively increase analyte solubility are the main reasons for this success. The
selectivity differences observed between aqueous and nonaqueous media
have been attributed to changes in solvation of the analytes, dissociation of
both analytes and silanol groups from the capillary surface, as well as pos-
sible ion-pairing effects. Finally, using an organic solvent with a volatile
electrolyte affords MS compatibility because it improves the evaporation of
the electrospray droplets (52,159).

When we were investigating the potential of electrophoretic techniques
for the analysis of amphetamines, NACE was interfaced with ESI-MS and
UV detection at 200 nm (57). This method was optimized and applied to the
analysis of amphetamine derivatives in urine samples (Fig. 3). The quantita-
tive performances of the method were also evaluated and showed high sen-
sitivity as well as good reproducibility in terms of migration time and peak
area ratio. In comparison to aqueous CE-ESI-MS methods previously
described, NACE had different selectivities and resulted in an efficiency
improvement. In addition, the electric current was very low in presence of
the methanol-acetonitrile mixture and allowed good CE-MS compatibility.

Fig. 3. NACE-ESI-MS of RIC of a urine sample spiked with a standard amphet-
amine mixture (57). Peak assignment as in Fig. 2.



298 Cherkaoui

A NACE-ESI-MS method was also developed and successfully applied
to the analysis of several NSAIDs (94). UV detection was performed at
200 nm, 20 cm from the inlet end, whereas ESI-MS detection occurred at
the capillary outlet, which accounts for the apparently greater migration
times for the ESI-MS separation (Fig. 4). Both MS and UV signals from the
DAD were acquired in the same run, allowing peak assignment with a very
high confidence. Moreover, with volatile organic solvents a lower electro-
spray voltage can be applied, considerably reducing the electric discharge
that can be observed in the negative polarity mode. NACE has been success-
fully applied to a large number of clinically relevant compounds (Table 2),
including phospholipids (140), organic acids (139), venlafaxine and metabo-
lites (79), tamoxifen (111), and tricyclic antidepressants (56). NACE-ESI-
MS was also useful in determining the mechanism of the in vitro microsomal
metabolism of pyrazoloacridine, an antitumor drug (86,87), as well as the
in vitro metabolism of H2-antagonist mifentidine (103–105).

3.4. Chiral CE-MS

Enantiomeric separation of chiral molecules is an area of utmost impor-
tance in separation science since enantiomer may have different pharmaco-
logical and toxicological properties. Thus, rapid, efficient, and sensitive

Fig. 4. NACE-ESI-MS of nonsteroidal anti-inflamatory drugs. (A) UV signal;
(B) reconstructed ion current (94).
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analytical methods must be developed for the chiral purity control of drugs
as well as pharmacokinetic and/or clinical studies. Recently, CE has
become an interesting alternative to classical chromatographic techniques,
such as GC and HPLC, for the stereoselective analysis of chiral drugs (161).
Enantioseparations are generally performed by adding a chiral selector to
the running buffer. Various additives acting as chiral selectors, such as
cyclodextrins (CDs), crown ethers, proteins, antibiotics, bile salts, and chiral
micelles, have been reported in the literature. Nevertheless, CDs are by far
the most widely used selectors in chiral CE. Neutral CD derivatives, pre-
senting various functional groups, have been developed to induce different
stereoselective interactions and enhance enantiomeric resolution. Recently,
anionic substituted CDs, such as sulfated, sulfobutylether, phosphated, and
carboxymethylated CDs, as well as cationic CDs, such as quaternary ammo-
nium -CD, have become commercially available and have been applied as
chiral selectors. Just like MEKC-MS, coupling chiral CE with ESI-MS can
be difficult because of the negative effect of nonvolatile chiral selectors on
MS performance.

Using MEKC-MS as a guide, Lamoree et al. described the on-line cou-
pling of CE with MS for the enantioseparation of ropivacaine (100). Chiral
purity determination by CE-MS was also demonstrated for pharmaceuticals,
including terbutaline, ephedrine, ketamine, and propranolol. Under these
conditions (98,99), the suppression effect of CD on the analyte signal was
reported. However, by using the partial filling technique introduction of
chiral selector into the MS was avoided (80,81,96,101,109). Similar to
PF-MEKC, this involves filling a discrete portion of the capillary with a
background electrolyte containing a chiral selector to achieve enantiomeric
separation. Generally, a coated capillary is recommended to avoid any elec-
troosmotic flow. In the case of basic compounds, negatively charged CDs
are chosen since the application of the electric field results in a countercur-
rent process in which the chiral selector and the enantiomers migrate in
opposite directions. This approach was applied in our laboratory for the
enantioseparation of various pharmaceutical drugs and metabolites, includ-
ing methadone (80), venlafaxine (80), and tramadol (80,81). The
stereoselective analysis of tramadol and its metabolites is illustrated in
Fig. 5. In addition, negatively charged CDs add to the already high selectiv-
ity of MS to distinguish between metabolites with the same molecular mass,
such as M1 and M2 as well as M3 and M5. CE-ESI-MS employing partial-
filling technique was also reported in the literature for the separation of
acidic and basic drugs in the presence of CDs (101,109), vancomycin
(96,102), or avidin (102).
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3.5. Collision-Induced Dissociation
Although electrospray is a soft ionization source, ions can be fragmented

and structural information about a particular ion is sometimes available.
Fragmentation can also be performed by means of tandem mass spectrom-
etry (MS-MS), which requires a triple quadrupole or ion trap schemes for
collision-induced dissociation (CID) of specified parent ions. It is, however,
possible to perform fragmentation with a single quadrupole instrument by
increasing the potential between the entrance capillary and the first skimmer
(referred to as fragmentation voltage) within the ion-focusing region.
(Insource CID is often used to provide information for structural elucidation
of unknown compounds and confirmation of target analytes by using the
abundance ratios of several diagnostic fragment ions.) CID with a single
quadrupole system was successfully applied in our laboratory to separate and
identify structural isomers, 3,4-methylenedioxyethylamphetamine
(MDEA), and N-methyl-1-(3,4-methylenedioxyphenyl)-2-butamine
(MBDB) (66,67), as well as plant secondary metabolites, hyocsyamine, and
its positional isomer littorine (121,122). As shown in Fig. 6, in addition to
the protonated molecular ion m/z 290, both MS spectra showed a peak at
m/z 124, which corresponds to the loss of tropic acid and phenyllactic acid

Fig. 5. CE-ESI-MS enantiomeric separation of tramadol and its metabolites (81).
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for hyoscyamine and littorine, respectively. However, at high fragmenting
voltage, the intermediate complex of littorine is less stable and results in the
formation of tropine with a mass of 142. Therefore, at 200 V, this additional
mass at m/z 142 indicates, without ambiguity, the presence of littorine in a
plant extract. These results were assessed by tandem mass spectrometry
(ESI/MS/MS) instrumentation. Thus, up-front CID can either afford struc-
tural information or generate confirmation ions in quantitative analysis with
single MS, which increases result reliability.

4. CONCLUSIONS AND PERSPECTIVES

The coupling of CE (with its high separation efficiency) and electrospray
ionization MS (with its high selectivity and low concentration detection lim-
its) can provide rapid, sensitive, and unequivocal quantification and identi-
fication of drugs and metabolites in body fluids and complex mixtures.
Various laboratories are awaiting this potential for purity testing,
quantitation, elucidation, and confirmation of drug metabolism as well as
pharmacological and toxicological studies.

Fig. 6. MS spectra of hyoscyamine and littorine after CID (skimmer at 200 V).
The daughter ion at m/z 124 corresponds to the loss of tropic acid and phenyllactic
acid for hyoscyamine and littorine, respectively. In the case of littorine, the m/z
142 signal is caused by the loss of phenylacetaldehyde and carbon monoxide (121).
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Combining CE with MS allows efficient separation and identification
of important biological compounds, such as pharmaceuticals, carbo-
hydrates, peptides, proteins, and glycoforms. As more instruments inter-
facing CE with MS become more available, the number of applications
will continue to grow. However, since most of the published applications
have used model compounds, future work should focus on real-life
samples. Moreover, additional studies will be necessary to evaluate
whether this technique fulfills the validation criteria recommended by
official guidelines required for the quantification of drugs and metabo-
lites. Widespread acceptance of CE-MS within the electrophoretic and
chromatographic community, as well as clinical and forensic laboratories,
can only be realized by achieving such objectives.

Future CE-MS development will depend on increased sensitivity
improvements. To overcome the insufficient concentration detection limit
of CE caused by low injection volumes (approx 1–10 nL), several
approaches are under investigation. These include sample stacking,
isotachophoresis, and other sample concentration techniques commonly
used in liquid chromatography, such as liquid–liquid and solid phase extrac-
tion, and more recently nanoelectrospray sources operating at low nanoliter
per minute flow rates. With the advent of nonconventional MS instrumenta-
tion, such as ion-trap and TOF-MS, further sensitivity enhancements can be
expected. Finally, considerable effort is directed toward the miniaturization
of these techniques. Along these lines, direct coupling of compact and
versatile micromachined chip devices to nanoelectrospray mass spectrom-
etry systems is under development in different laboratories to achieve fast,
selective, and sensitive analyses.
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1. INTRODUCTION

Capillary electrophoresis (CE) is characterized by rapid analysis times
and ultra-high resolution capabilities. Indeed, these characteristics, in con-
junction with low sample consumption and improved analyte recovery, were
expected to revolutionize the analysis of complex biological mixtures of
peptides and proteins (1–3). Furthermore, the family of CE separation tech-
niques affords numerous other separation mechanisms that differ from high-
performance liquid chromatography (HPLC) separation of peptides and
proteins. In addition to free solution separations such as capillary zone elec-
trophoresis (CZE) (4), analyte separation of peptides and proteins can also
be effected by isoelectric focusing (IEF) (5–8), isotachophoresis (9),
molecular weight sieving (10), and micellar electrokinetic chromatography
(MEKC) (11).

The use of mass spectrometry (MS) in conjunction with CE for the analy-
ses of peptides and proteins has experienced explosive growth in recent years
(12–17). In large part this can be attributed to the development of
electrospray ionization (ESI) and its miniaturization, microspray ionization
(µESI) and nanospray ionization (nano-ESI) (18–20). These techniques
enable rapid analysis of thermally labile, hydrophilic biopolymers, such as
peptides and protein, in addition to being compatible with CE (18–21). The
development of µESI and nano-ESI enabled the use of very low flow infu-
sion rates (nanoliter/min) of analyte mixtures using only small amounts of
precious peptide and protein sample mixutes (22,23).

As discussed in the previous chapter, CE-MS was pioneered indepen-
dently by Smith using a coaxial sheath liquid approach (24,25) and by
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Henion who developed the liquid-junction interface (26,27). Since the first
report of on-line CE-MS, it has undergone considerable developments in
both instrumentation and applications, and has been the subject of a number
of reviews (28–32). However, the development of on-line CE-MS has not
been without significant challenges. First, optimal analyte resolution on CE
and CE-MS is only achieved when the sample injection volume is <2% of
the total capillary volume (33). Hence, sample injection volumes are usually
in the range of tens of nanoliters for commonly used capillaries (e.g., 50 µm
i.d.) to low picoliters for small internal diameter capillaries (<10 µm i.d.)
(34,35). The concentration sensitivity of CE and CE-MS is, therefore, sig-
nificantly inferior to HPLC, which can accommodate anywhere from 100 µL
to >1 mL sample injection volumes. Thus, a high sample concentration is
critical for CE and CE-MS analysis, which is not ideal for peptides or pro-
tein mixtures present in sample vials. At high analyte concentrations, these
biopolymers often aggregate and then precipitate. In addition, at such high
concentrations, peptides and proteins also readily adhere to pipet tips and
sample vial surfaces, leading to significant sample losses. A variety of
approaches have been developed to overcome this limitation for peptides
and proteins and include analyte stacking (36–38), focusing (39,40), capil-
lary isotachophoresis (41–43), and on-line analyte concentrators that include
solid phase (see refs. 34 and 44 for review), and membrane preconcentration
cartridges (see refs. 34 and 44 for review, see also refs. 45–51). These
approaches will be discussed later.

Another problem associated with CE and CE-MS analysis of peptides
and proteins is that the bare silica of the capillary is not chemically inert.
When filled with an aqueous solution, the silica surface takes on a charge
that is pH-dependent (52). Although this is a primary factor in the develop-
ment of electro-osmotic flow (EOF), it also provides an active surface for
adsorption of peptides and proteins. Hence, the CE and CE-MS analysis of
peptides and proteins often results in significant analyte loss and compro-
mised resolution (53–55). Various approaches have been utilized, including
pH extremes (56); the use of coated capillaries (57), and these approaches
will be reviewed later.

This chapter will focus on the use of CE-MS in the analysis of biologi-
cally active peptides and proteins. In particular, emphasis is placed on the
robustness and sensitivity of the technology needed to analyze complex
mixtures where the constituents are present at very low concentrations.
Furthermore, strategies that facilitate on-line manipulation of samples to
effect isolation, concentration, and analysis of compounds will also be
described.
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2. ANALYTICAL CONSIDERATIONS

Typically, the analysis of biologically active peptides and proteins
requires minimal sample handling and maximum resolution and detection
sensitivity of individual analytes. In this regard CE-MS appears to afford
the "best of all worlds." However, it is important to realize that often times
the biologically active or significant component in the complex mixture is
present at very low concentrations and/or low absolute amounts. It is impor-
tant to consider carefully the sample-handling strategy, as well as the intri-
cacies of the method to be used in analysis of such compounds.

2.1. Method Preparation

Analysis of biologically active peptide and protein mixtures by CE and
CE-MS requires attainment of reproducible migration times. In order to
achieve this, it is necessary to prepare the CE capillary. The simplest
approach is to use a hydroxide (or methoxide) solution to etch and clean the
silica surface, followed by washing first with H2O and, finally, with back-
ground electrolyte solution (58). For peptide analysis, it is usual to condi-
tion the capillary prior to CE separation. Typically, 2–5 analyses of a
standard solution containing a peptide mixture is sufficient. In cases where a
more rigorous cleaning regime is required, we have subsequently shown
that a solution of 70% formic acid/30% n-propanol, followed by condition-
ing, will ensure migration time reproducibility (59).

It has been demonstrated that in free solution, peptide migration is pro-
portional to m2/3/z (where m is mass and z is the charge of the peptide) (60).
A number of predictive programs now exist to correlate the pI of a peptide
with the charge on the molecule at a specified pH. Thus, if the peptide com-
position of a mixture is known, the free solution conditions to effect CE
separation can be predicted. In this instance the most important parameter to
consider is the pH of the background electrolyte (BGE). Obviously, other
important parameters to consider are the ionic strength of BGE, capillary
dimensions, temperature and applied voltages. However, for peptides the
most direct route to optimal separation conditions is to change the pH of the
BGE. It is important that only volatile salts are used in the BGE for CE-MS
(see Chapter 15). Hence, acidic BGEs are usually prepared with mixtures of
NH4OAc and CH3COOH solutions. Basic pH conditions are usually
achieved using mixtures of NH4OAc, NH4HCO3, and NH4OH. It is also
important to note that these solutions do not have high buffering capacity
and this can lead to irreproducible migration times as ions are depleted from
the BGE. In order to overcome this limitation, frequent replenishment of
BGE with fresh solution is necessary (58). We have found that in the analy-
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sis of peptides, a solution of 2 mM ammonium acetate in 1% acetic acid
provides an excellent BGE for analysis by CE-MS (45–47). In addition,
increasing the acetic acid to 5% (v/v) enhances peptide separation, which is
attributed to increased BGE viscosity (18).

As noted earlier, the use of bare fused silica capillaries can lead to signifi-
cant losses in peptide during analysis by CE and CE-MS. Thus, the use of
polybrene-coated capillaries has found significant use in the CE-MS analy-
sis of peptides (18,61). The polybrene coating reverses the charge on the
capillary wall and under acidic BGE conditions prevents peptide adsorption
to the wall. Typically, coating and conditioning the capillary allows optimal
separation performance for 15–20 analyses. The capillary is then completely
stripped and recoated to carry out further analyses. It should be noted that it
is not possible to coat dynamically the CE capillary in the CE-MS analysis
of peptides because this would adversely affect ESI-MS performance.

The development of CE-MS conditions for the separation of proteins is
considerably more complex than for optimization of peptide separations.
Protein denaturation, aggregation, precipitation, and solubility as well as
severe adsorption to the capillary wall can all degrade CE and CE-MS per-
formance (62,63). Therefore, for almost all CE and CE-MS protein analy-
ses, a coated capillary is necessary. We recently evaluated the performance
of a number of coated capillaries in the analysis of proteins derived from
aqueous humor (64). We found that the salt matrix of this physiologically
derived fluid interferred with the separation of the proteins that are present
in this fluid. In most cases, only a single peak was detected. However, use of
a polybrene capillary enabled good resolution of the components of this
important physiological fluid. We have also found that a BGE composed of
ammonium acetate and acetic acid to be very suitable for protein analysis by
CE-MS, with increased acetic acid concentration often improving analyte
resolution (63).

2.2. Sample Preparation

As noted above, extreme caution is required during preparation of dilute
solutions of peptides and proteins. These analytes readily adhere to every
surface that they contact. Therefore, manipulations need to be minimized.
However, biologically relevant peptides and proteins are often most soluble
in solutions of high ionic strength. Such solutions are usually not optimal
for separation by CE. Typically, these solutions will reduce the effect of
stacking mechanisms, or compress the pH gradient in cIEF separations
(7,65). Clearly, the salt concentrations need to be reduced. This, however,
should not be at the expense of analyte concentration. In this regard, use of
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an on-line sample preparation (e.g., solid-phase extraction (SPE)-CE-MS or
membrane preconcentration (mPC)-CE-MS) appears to be most appropriate
(34,44). As described in detail later, these techniques enable analyte
preconcentration and sample cleanup with minimal intervention by
the operator with resulting improved analyte recovery. Furthermore, as we
have found in our studies, the salt in the sample matrix may aid protein
recovery from the solid phase or impregnated membrane (62,63). Also,
traces of salt that remain after on-line cleanup may improve analyte stack-
ing, provided a positively charged capillary is used for analyte separation.
For peptides, the combination of reversed-phase HPLC (RP-HPLC) off-line
with mPC-CE-MS has been proven to be a sensitive method of analysis,
since subsequent sample preparation involves merely removing the organic
solvent from fractions and diluting the residue in a suitable aqueous solvent
(46,47). This method could be further improved by on-line coupling of these
techniques, as has been demonstrated by Jorgenson’s group (66). However,
this tandem technique requires that the mass spectrometer be capable of high
sensitivity at fast scan rates, since the CE separation is usually complete in
just a few seconds. As such, the development of fast-scanning, highly-sensi-
tive electrospray-time of flight mass spectrometers (ESI-TOF-MS) will
make this technology more viable (67).

An area that has received only scant attention is that of on-line digestion
CE-MS (68). Such methodology, demonstrated by Kuhr and his group,
appears to be a useful way of generating peptide maps of small amounts of
biologically relevant proteins (68,69). In conjunction with on-line SPE-CE-
MS or mPC-CE-MS, digestion in an open tubular enzyme capillary, or an
enzyme-modified solid support, would appear to be a powerful methodol-
ogy for proteomic research. In addition, up-front separation by an appropri-
ate chromatographic step (either HPLC or CE) could provide an attractive
method for characterizing the protein composition of a biological system,
that once optimized would need little operator intervention. Hence, analyte
losses and sample contamination should be minimized. On-line, automated
peptide/protein sequencing using tandem MS could also be achieved by this
integrated approach.

2.3. Sample Injection

Typically three modes of sample injection into the CE capillary are used
for analyte analysis with on-line MS detection. These include electrokinetic
injecton, during which high voltage is applied to the sample solution.
Analytes migrate into the capillary according to their electrophoretic mobil-
ity or may be transported by the migration of solvated ions (65). This mode
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of injection is affected by the salt concentration of the sample matrix. Thus
the amount of analyte injected into the capillary can vary from sample to
sample unless care is taken to ensure that each sample is isotonic. In addi-
tion, analytes of differing charge will migrate into the capillary at different
rates introducings selectivity into the analysis. For these reasons, electroki-
netic injection is not particularly useful for the analysis of biologically
derived mixtures of peptides and proteins.

The two other sample injection modes for CE-MS are based on hydrody-
namic flow. In one mode, the inlet of CE capillary is immersed in the sample
vial and raised for a specific period to a predefined height above its outlet
(65). The volume of sample injected is dependent on the back pressure of
the capillary, the height differential between the capillary inlet and outlet,
and the time of the injection. This technique is often used when a homemade
CE system is connected to the mass spectrometer. For commercially avail-
able units, the CE capillary is inserted into a sealed sample vial to which a
nitrogen head pressure is applied for a specific length of time. Sample is
forced from the vial into the capillary. Since both of these techniques are
based upon hydrodynamic flow, all components of a complex mixture are
injected into the CE capillary, minimizing the selectivity observed with elec-
trokinetic injections. However, salt from the matrix of biologically derived
samples will be introduced along with analytes of interest into the capillary.
This will significantly affect the performance characteristics of the separa-
tion, and this subject will be addressed in the sections that follow.

2.4. On-Line Sample Concentration

A significant problem in the CE and CE-MS analysis of biologically
active peptides and proteins is that the analytes are often present at very low
concentration levels. In addition, the low internal volume of CE capillaries
leads to a requirement of high analyte concentration for all CE and CE-MS
studies. Analyte preconcentration can be achieved by off-line sample prepa-
ration, using lyophilization, or adsorption onto a solid phase to enable both
sample cleanup and analyte concentration. However, manipulations of dilute
solutions of peptides and proteins should be minimized since sample losses
can be significant. Therefore, many investigators have attempted to improve
the sample loading capacity of the CE capillary while maintaining optimal
analyte resolution and separation efficiency.

Initially, a variety of electrophoretic concentration methods, including
analyte stacking, (36–38) field amplification (39,40), and transient
isotachophoresis (tITP) (41–43) were developed to preconcentrate analytes
following injection of the sample into the capillary. All of these techniques
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occur as voltage is applied across the CE capillary causing analyte zones to
concentrate due to different field strengths or chemical microenvironments
that form within the CE capillary (65). Consequently, larger volumes can
be analyzed with minimal loss of resolution and separation efficiency. In
the most favorable cases, the sample can constitute up to approx 90% of the
total CE capillary volume with minimal loss of CE performance. However,
since the total capillary volume is small, maximum sample loading is usu-
ally limited to <1 µL. Also, as mentioned earlier, salts in the sample matrix
can disrupt such analyte stacking and focusing processes. Such matrix com-
ponents introduce zones of low electric field within the capillary upon
application of high voltage (34,44,65). Analyte migration velocities are
slower, and this can prevent the analytes from focusing into discrete zones.
Therefore, preprocessing of biologically derived mixtures may be required
to reduce their salt concentration prior to use of these stacking and focusing
techniques. Nevertheless, use of CE-tITP-MS has provided a means for
analyte preconcentration to a level sufficient to allow its use for the analysis
of peptide and protein mixtures (43).

A technique that emerged from single-column tITP was the use of CE-
cITP-MS (70,71). For this approach, cITP separations are performed in
wide-bore (100–200 µm i.d.), larger volume capillaries. Following the cITP
step, analytes are transferred into the CE capillary for further separation,
and subsequent MS detection. This technique permits the analysis of sample
volumes as large as 20 µL, and as such, it provides a practical means of
enhancing the concentration sensitivity of CE-MS. However, this technique
is significantly more complex than other strategies for concentration sensi-
tivity enhancement, and is not well-suited to routine operation.

In another approach, capillary isoelectric focusing-mass spectrometry (cIEF-
MS) enables the analysis of a full capillary volume of sample (5–7,72,75). This
technique has proved to be particularly useful for the analysis of complex
mixtures of proteins. Separations are usually performed in a coated capil-
lary that exhibits negligible EOF. In a focusing step, ampholites, which are
premixed with the sample, migrate through the capillary to form a pH gradi-
ent. Simultaneously, proteins migrate until they reach the pH zone that cor-
responds to their isoelectric point (pI), where they become neutral, hence no
longer migrate. The proteins are focused into discrete zones and
preconcentrated. Ultimately, a stationary state is achieved when all proteins
have migrated into the pH zones that correspond to their pI. Mobilization of
the proteins into the mass spectrometer is achieved using an electrophoretic
approach, hydrodynamic flow or a combination of these techniques. While
cIEF-MS has been shown to be useful for the analysis of proteins, the pro-
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cess of pH gradient formation and analyte focusing are severely compro-
mised by the presence of salts. High salt concentrations lead to excessive
currents during the focusing phase of the experiment, causing ampholyte
zone broadening and a less well-defined pH gradient.

Recently, we have found that use of a 5–10 min gradient application of
voltage facilitates on-line removal of salts (7,75). The current profiles
observed in these experiments led us to conclude that the relatively slow
application of the focusing voltage enables the ejection of highly mobile
salts as the pH gradient is developed and proteins migrate to zones that cor-
respond to their pl. Two protein solutions were analyzed using the same
polyvinyl alcohol coated capillary. First, a solution containing lysozyme,
cytochrome C, myoglobin, carbonic anhydrase, and trypsin inhibitor in water
was analyzed using a standard cIEF approach. All five proteins were baseline
resolved. Subsequently, the same proteins were dissolved in 200 mM sodium
chloride. In this case analysis by a standard cIEF approach failed. As a volt-
age of 20 kV was applied to the capillary (over 30 s) to affect analyte focus-
ing, the current rose to 45 µA and became unstable. It was impossible to
obtain satisfactory results from this system without first removing the
sodium chloride by means of a slow voltage ramp. This technique worked
well and has been reproducible in our hands. As expected, a small shrinkage
of the pH gradient was observed. This occurred during the desalting process
when cations and anions are mobilized from the capillary and are replaced
by counterions of the background electrolyte. While a UV detector was used
to acquire the data described here, we subsequently demonstrated the effi-
cacy of this approach for analysis of physiologically derived protein mix-
tures by cIEF-MS. It the latter study we demonstrated the detection of
glycated hemoglobin chains in diabetic blood and the direct analysis of
cerebral spinal fluid by cIEF-MS (75,76).

Analyte concentrators and membrane preconcentration devices have also
been developed to overcome the relatively poor concentration limits of
detection of CE and CE-MS. This technology was recently the subject of
three extensive reviews (34,44,77). Briefly, such technology is based on the
insertion of a small bed of adsorptive phase or impregnated membrane at the
inlet of the capillary coupled to the MS (see Fig. 1). Analytes are adsorbed
onto the absorptive phase to concentrate them. Injection volumes in excess
of 200 µL are routine with this technology, which corresponds to an increase
in concentration sensitivity of 100–1000 times that of a conventional CE
injection method. In addition, since analytes are adsorbed onto a solid phase
or impregnated membrane, on-line sample cleanup can be effected by wash-
ing with a suitable solvent (46,47). For biologically derived peptide and pro-
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tein samples, this process enables the removal of salt and other hydrophilic
contaminants that interfere with the electrophoretic separation. This elimi-
nates the need for excessive off-line pretreatment, improving analyte recov-
ery, which ultimately enhances concentration sensitivity.

Some of these techniques (e.g., membrane preconcentration) have also
been shown to be compatible with contemporary CE stacking and focusing
chemistries. Indeed, mPC-tITP-CE-MS has been shown to be an optimal
technique for the separation and sequencing of low concentrations of pep-
tides (45–47). A major consideration for optimal mPC-CE-MS performance
is the use of a sufficient volume of an elution solvent (e.g., 80% methanol or
acetonitrile in water) to ensure maximized peptide recovery. However, the
use of an excessive volume of elution solvent severely degrades the perfor-
mance of the analysis. Use of a tITP focusing strategy in conjunction with
membrane preconcentration can overcome this problem, since analytes are

Fig. 1. Schematic of on-line membrane preconcentration-capillary electrophore-
sis-mass spectrometry (mPC-CE-MS), using electrospray ionization with a coaxial
sheath liquid configuration.
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focused into discrete zones as voltage is applied across the capillary. The
tITP condition that we developed for use in conjunction with mPC-CE-MS
is shown schematically in Fig. 2. In a systematic study we have shown that
this stacking/focusing regime is a complex combination of transient cIEF-
tITP and analyte stacking, that needs to be fully optimized for each mPC-CE
capillary used (46–48). However, once optimized, this system works
extremely well.

Although peptide analysis by mPC-tITP-CE-MS can be achieved using
an uncoated fused silica capillary and an acidic BGE, it is our experience
that peptides and proteins are more optimally analyzed using a coated capil-
lary (18,63). In our studies of MHC class I peptides, tear proteins, and the
composition of aqueous humor, we have found a polybrene-coated capillary
is most suitable (18,62–64). Again, the use of tITP in conjunction with mPC-
CE-MS ensures that a larger volume of an elution solvent can be used with
little degradation of performance. Indeed, unless a relatively large volume
of elution solvent is used, proteins are not efficiently recovered from cur-
rently available impregnated membrane. In a systematic study, we found
that the composition of the elution solvent was critical for elution of
proteins from a C2 impregnated membrane (62). Increasing acetonitrile con-
centration from 40 to 80% in water significantly improved protein recovery
from the membrane, and overcame a selectivity problem at the lower aceto-
nitrile concentrations. Furthermore, we demonstrated that there was no
requirement for the addition of an acid to this elution solvent. Addition of

Fig. 2. Schematic of moving boundary ITP after peptide or protein analytes have
been eluted from the adsorptive membrane.  CE voltage applied after analytes have
been eluted in aqueous/organic solvent.
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0.1% trifluoroacetic acid to the 80% acetonitrile elution solvent adversely
affected protein separation. We attributed this result to localized interaction
of the TFA, an efficient ion-pair reagent, with the positively charged
polybrene-coated capillary. In addition, we found that use of a less efficient
ion-pair reagent (such as acetic acid) did not influence protein recovery. We
attributed this result to the fact that gaps are deliberately introduced in mPC
cartridges as they are prepared. This prevents perturbation of EOF by the
cartridge. However, turbulent mixing of injected solvent will occur. Thus,
when using an elution solvent of 80% acetonitrile in water proteins will be
eluted from the membrane by the formation of a solvent gradient. As acetic
acid is a constituent of a typical BGE for this application, the front edge of
the elution solvent will be modified with this reagent. We postulated that
this would be beneficial for the recovery of analytes from the membrane.

From our studies it is clear that mPC-CE-MS analysis of protein mixtures
is still in its infancy, being limited by the choice of impregnated membranes.
This approach will undoubtedly be improved in the future as new impreg-
nated membranes with more appropriate physico-chemical properties (e.g.,
wide-pore polymeric phases, such as PLRP-S 4000 Å) become available. In
addition, further development of affinity capture analyte concentrators will
prove to be very valuable for the isolation and analysis of target proteins.

2.5. Capillary Surface Technology
As noted earlier, CE was initially thought to be a new approach that would

revolutionize the analysis of peptides and proteins. For some applications
(e.g., the sequencing of MHC class I peptides) CE has been proved to be
extremely valuable. However, capillary-surface technology has proved to
be a major challenge for the analysis of these important biopolymers. The
manufacture of fused silica capillaries that exhibit constant surface proper-
ties has been the subject of much industrial research by companies that sup-
ply this consumable to the users of CE. In our own hands, we have found
that although a single CE capillary that is prepared from a bulk supply may
provide high performance, the next length of fused silica may not condition
at all. In addition, there is no way of predicting in advance which piece of
fused silica will work. This can be both frustrating and time consuming. For
peptides and proteins, capillary preparation is further complicated by poten-
tial analyte-wall interactions. As noted earlier, the internal surface of a fused
silica capillary is ionized when filled with an aqueous BGE. While the degree
of ionization is dependent upon the pH of the BGE, the ionized silanol
groups of the CE capillary provide an active anionic surface to which pep-
tides and proteins can adsorb (53–55). This problem is particularly evident
for proteins. These analytes are amphiphilic, having a structure that allows
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the chemical environment to determine their characteristics (e.g., charge,
polarity, and hydrophobicity).

The interactions of proteins at the liquid-solid boundary of fused silica
CE capillaries have been thoroughly investigated (53–55). Forces that are
invoked during these interactions include electrostatic, ion pairing, hydro-
phobic, and the formation of hydrogen bonds. In CE separations, adsorption
equilibrium between proteins and the capillary wall cause severe zone broad-
ening. Peaks also become asymmetric, which leads to decreased analyte
resolution and separation efficiency. Furthermore, a changing capillary sur-
face also affects the magnitude of the EOF causing analyte separations to
become irreproducible.

To negate analyte-wall interactions, major efforts have been directed
toward shielding or inverting the negative charge on the capillary wall. Vari-
ous capillary coatings have been described (for a recent review of this sub-
ject, see ref. 57). These include polymers, such as polyacrylamide (PAA),
polyethylene glycol (PEG), polyethylene imine (PEI), polyvinyl alcohol
(PVA), aminopropyltrimethoxysilane (APS), and C8 or C18 phases that con-
tain siloxane bound anchor groups for covalent attachment to the capillary
surface. Alternatively, static coatings, such as PEI and polybrene, have been
adsorbed onto the capillary surface prior to the analysis of peptides or pro-
teins. Similarly, dynamic coatings, such as PVA, can be added to the back-
ground electrolyte in an attempt to eliminate the interaction of analytes with
the capillary wall. There have also been some investigations on the use of
polymeric capillaries (78–80). However, these were difficult to make with a
consistent small internal diameter and did not readily overcome the issue of
protein interaction with the capillary wall since even polymers can take on a
charge during electrophoresis.

By design, all capillary coatings change the chemistry of the silica sur-
face. Characteristics of the polymer or chemical coating determine the nature
of the capillary surface. For example, hydrophilic neutral coatings (such as
PVA, PEG, and PAA) impart no charge to the capillary wall and effectively
eliminate EOF (57). In these capillaries, analyte resolution is based solely
on the differences of electrophoretic mobility of each analyte. Other coat-
ings, such as PEI, APS, polybrene, or surfactants (such as cetyltrimethyl-
ammonium bromide), reverse the charge on the capillary wall, and EOF
flows from cathode to anode. CE capillaries coated with such positively
charge materials have been shown to be especially advantageous for the
analysis of basic proteins. More recently, we have reported that a polybrene-
coated capillary is very useful for the analysis of the protein composition of
physiologically derived fluids (such as aqueous humor) (62,63). Indeed,



Biologically Active Peptides and Protiens 329

separations in a polybrene-coated capillary were found to be less affected by
the salty matrix of this fluid than other capillary coatings tested. In fact, in
capillaries that were coated with a neutral polymer, we found that the high
salt concentration of these samples prevented the separation of the proteins
that were present in physiologically derived fluids. Often, only one peak
was observed during separations under these conditions.

For CE-MS experiments, the use of a coated capillary further compli-
cates this methodology. If the coating is not sufficiently anchored to the
capillary wall, it can bleed into the MS. Here it may be ionized, thereby
generating a large chemical background, or interfering with the electrospray
processes to impair stability or reduce analyte sensitivity. Hence, in addition
to preventing analyte adsorption, the coating has to be stable and remain in
the capillary. Most of those described above, with the exception of the
dynamic coating strategy, have been successfully used for protein analysis
by CE-MS. In general, coatings that invert the charge on the capillary wall
have been preferred for CE-MS analysis of proteins (16,63,81–87). This can
be attributed to the stability of such coating in acidic background electro-
lytes, which is a regime that also promotes the formation of positively
charged analytes, thereby enabling the use of positive ion MS conditions.

2.6. CE-MS Compatible Buffers

As mentioned earlier, the use of nonvolatile BGE in the CE capillary to
separate analytes can be detrimental to electrospray MS performance
(88,89). Buffers of relatively high ionic strength are often used for CE sepa-
rations, since these help to prevent analyte–analyte and analyte–wall inter-
actions. Involatile salts are also a favorite choice for CE separations when
used in conjunction with detection devices other than MS. In contrast, vola-
tile buffers (e.g., ammonium salts) of low concentration, ionic strength, and
conductivity are typically used for most CE-MS experiments. This is to
ensure stable electrospray conditions and help prevent MS contamination
by salts and ultimately instrument breakdown. For peptides and proteins,
Moseley et al. found that acidic buffers of low ionic strength provided best
CE-MS sensitivity when using a sheath-liquid interface (88). Wahl and
Smith compared the effect of BGE composition on CE-MS using both
sheath-liquid and sheathless electrospray interfaces (89). The results of this
study were in good agreement with theory and showed that CE-MS sensitiv-
ity was reduced with increasing buffer concentration and ionic strength. In
addition, comparison of ammonium acetate/acetic acid and sodium phos-
phate buffer systems indicated that at a 1 mM concentration the latter buffer
provided sevenfold less signal to background than the volatile acetate sys-



330 Naylor and Tomlinson

tem. This was attributed to the difference in ionic strength and volatility of
the BGEs examined. Other results of these studies demonstrated that the
sheathless interface often provided better analyte detectability than a sheath-
liquid interface for most buffer systems. Likewise, a smaller-bore capillary
enabled improved tolerance of the buffer system, and this was attribute to
the lower BGE flow rate. BGE flow rate in a 10 µm i.d. capillary is approx
0.8 nL/min for a 10 mM ammonium acetate/acetic acid BGE (89).

In other studies, organic modifiers have been added to the BGE to aid
analyte solubility (90,91). Use of organic modifiers also changes the physi-
cal properties of the separation solution, which can lead to a reduced EOF.
The organic solvent can alter the thickness of the electrical double-layer at
the capillary wall, and/or change the viscosity of the BGE. As demonstrated
in Fig. 3, a nonaqueous BGE can also offer advantages for CE-MS analyses
of hydrophobic peptides. Here, an ammonium acetate/formic acid BGE sys-
tem dissolved in a mixture containing only acetonitrile and methanol (75:25
[v/v]) was used to separate two hydrophobic peptides, namely, Gramicidine
S and Bacitracin. Both of these analytes are only sparingly soluble in aque-
ous solution, and poor analyte sensitivity was demonstrated using a conven-
tional aqueous CE-MS BGE (data not shown). However, a nonaqueous BGE
enabled efficient analysis of these analytes by CE-MS when using a sheath-
liquid interface (consisting of 5 mM ammonium acetate in 80:20 [v/v]
isopropanol:water). Indeed, we were able to detect a number of minor con-
taminants in the samples of both peptides by CE-MS using the nonaqueous
BGE system (94).

3. CE-MS INTERFACES FOR PEPTIDE AND PROTEIN ANALYSIS

A number of elegant but different approaches have been reported in cou-
pling off-line and interfacing on-line CE with MS. This subject area has
been reviewed extensively (16,17,28–32,92) and is also discussed in some
detail in Chapter 15. In this section we will briefly discuss coupling and
interfacing strategies as they pertain to analysis of peptides and proteins. In

Fig. 3. (opposite page) Nonaqueous-CE-MS (NACE-MS) analysis of gramici-
din S and bacitracin.  The separation buffer is 20 mM ammonium acetate and
114 mM formic acid in acetonitrile and methanol (75:25 [v/v]); 25 kV applied
voltage and 7.5 µA CE current. Capillary 50 µm i.d. × 70 cm; 10-s low pressure
injection of 200 ng/µL mixed standards. Liquid sheath, 5 mM ammonium acetate in
80% 2-propanol and 20% water (2 µL/min flow rate). ESI spray voltage 3.45 kV
and current 3.3 µA. (A) NACE-MS ion electropherogram. (B) NACE-MS spectra
of gramicidin S and minor impurities. (C) NACE-MS spectra of bacitracin and
minor impurities.
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particular the sheath-liquid interface has been one of the most widely used
methods for connecting the CE capillary to the MS. Briefly, the CE capil-
lary is extended through the ion source and is surrounded by a coaxial deliv-
ered sheath liquid used as a make-up flow and analyte entrainment process,
as well as providing the electrical contact point for the ESI voltage (25). In
their studies on protein mixtures, Karger et al. investigated ionic mobility in
CE-MS using a sheath-liquid interface (93). Since ions migrate towards both
anode and cathode, ionic components of the sheath liquid can migrate into
the separation capillary. Both sharp and diffuse ionic boundaries were
detected and resulted in migration delays, inversion of migration order, and
often loss of analyte resolution. Here, while the BGE was the same in the
two experiments, substitution of a sheath liquid containing 1% acetic acid in
50% methanol/water by 20 mM TFA in 50% methanol/water had a dramatic
effect on the analysis of a mixture of these proteins. The time of the separa-
tion was compressed, and protein resolution was significantly different.
Hence, the sheath liquid is a further parameter that requires close attention.
In addition to avoiding the possible detrimental effects on analyte separa-
tion (described earlier), careful selection of the sheath liquid can also lead to
the use of background electrolytes that contain involatile buffers. Ions
present in the sheath liquid can penetrate the CE capillary to prevent such
involatile salts from entering the interface. Furthermore, this process can
effectively remove adducts (e.g., phosphates) from proteins prior to enter-
ing the mass spectrometer. We have also noted on occasion that proteins
may not be detected at the mass spectrometer (even though they have been
seen to migrate past a UV windown that is close to the inlet of the CE capil-
lary) when using a mostly organic sheath-liquid interface. In addition to the
previous explanation, we have postulated that the mostly organic sheath liq-
uid causes the proteins to precipitate as they elute from the CE capillary. As
a result, proteins are neither ionized nor detected.

An alternative approach for coupling CE to MS is with the use of a liquid-
junction reservoir. This approach was pioneered by Henion (26,27) and con-
sists of CE capillary placed in a buffer reservoir and analytes are transported
into the MS via a transfer capillary that acts as an outlet from the buffer
reservoir. One of the advantages of the liquid-junction interface in the analy-
ses of peptides and proteins is its tolerance to involatile buffer agents. Such
buffers are preferentially favored for optimal peptide and protein solubility (28).

More recently the development of the sheathless interface has signifi-
cantly reduced chemical background noise and enhanced MS sensitivity of
analyte detection (18–23,94,95). A number of different designs have been
described and have recently been compared and evaluated (95). Clearly, such
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miniaturized CE-MS interfaces will dominate the way analysis of peptides
and proteins occurs in the future (17).

4. CE-MS AND TANDEM MS: BIOLOGICAL SAMPLES
It is very clear that CE-MS and CE-tandem mass spectrometry (CE-MS/

MS) can play a significant role in the analysis of biologically active peptides
and proteins. However, to date, these techniques have been underutilized
and underexploited. In particular it is interesting to note that in three very
recent general reviews of pharmaceuticals and drugs (96), clinical chemis-
try (97) and forensic science (98), no citation of CE-MS usage was noted in
any of the reviews. We and others have utilized CE-MS and CE-MS/MS in
the analysis of complex peptide and protein mixtures derived from physi-
ological fluids and tissues, and some of these examples are described in this
section of the chapter. Although not all examples are specific to clinical
chemistry, toxicology, or forensic science, it is hoped that the applications
described highlight the usefulness and power of such an approach and will
encourage greater use in the future.

4.1. Biologically Active Peptides
A significant and noteworthy use of CE-MS in the analysis of a complex

peptide mixture from snake venom was carried out by Perkins and Tomer
(99). They took lower molecular mass fractions (<8500 Daltons) from snake
venom of the Jameson’s Mamba (Dendroaspis jamesoni kaimosae) and the
Eastern Coral Snake (Mierurus fulvius) and subjected them to CE-MS with
single ion monitoring to enhance sensitivity detection limits. Using this
approach, they were able to detect the presence of 83 peptides in the venom
of the Jameson Mamba and 49 peptides from the coral snake, all in the
molecular mass range of 6000–8500 Daltons. Their approaches readily dem-
onstrate the excellent resolving capability of CE, coupled with the superb
detection capability of on-line MS. Subsequently, Afifiyan et al. (101) used
a combination of RP-HPLC (and CE in conjunction with MS to isolate and
identify four short chain neurotoxic peptides from the Malayan spitting cobra
(Naja naja sputatrix). In this case, however, cDNA from the cobra were
cloned and expressed in Escherichia coli and the peptides purified and iden-
tified using CE and MS.

More recently CE-MS has been utilized in the analysis of degradation
products from neuropeptide Y (101). Optimal CE conditions were obtained
with high formic acid concentrations (250 mM, pH 2.75) in conjunction with
25–50 mM triethylamine. The degradation products could be readily sepa-
rated from the parent peptide. In addition, CE-MS analysis allowed the
determination of which amino acids had been lost from the parent peptide.
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Finally, Hennebicq et al. (102,103) have used CE-MS in the analysis of
different microsomal preparations obtained from gastric and colonic mucosa
obtained from normal and tumor tissue. They analyzed the O-glycosylated
products obtained from the selected-acceptor substrate peptide (TTSAPTTS)
in the presence of N-acetylgalactosaminyltransferases (GalNAc). Their ana-
lytical data was consistent with the existence of more than one form of
GalnAc transferase, which were expressed differentially in the gastrointes-
tinal tract (stomach or colon). They also showed that levels of enzyme activ-
ity were tissue-specific. Furthermore, they demonstrated using CE-MS that
high dipeptidylaminotransferase activity was present in tumor gastric, as
well as normal colonic tissue. This work indicates the strong potential of
CE-MS in the detection and identification of new markers of disease, as
well as affording a rapid screen for known markers of diseased tissue.

The use of CE-MS/MS in the analysis of biologically active peptides
requires that an on-line preconcentration step of analytes occurs prior to
sequence analysis. Almost all the work in this area has used mPC-CE-MS/MS
and is described in more detail later (see Section 4.3.).

4.2. Biologically Active Proteins
Most approaches for the analysis of proteins have utilized some type of

on-line concentration step prior to CE separation and detection. One suc-
cessful approach has been to use cIEF-MS. This has been demonstrated as a
useful approach for the analysis of proteins by a number of groups including
Lee (73,104), Smith (14,105), and Naylor (7,75). It has been useful in rap-
idly screening protein mixtures derived from whole blood (75), cerebrospi-
nal fluid (75), and E. coli lysate from cultures (105). We have utilized this
approach in the direct one-step analysis of human cerebrospinal fluid and
this is shown in Fig. 4. By determining molecular weight of protein
responses and interrogating the protein database, it is possible to readily
identify proteins present in such a complex mixture. Obviously such an
approach affords a very powerful tool in the clinical diagnosis of disease
using protein markers. The other concentration analysis utilizes on-line
preconcentration-CE-MS and is discussed in more detail in the next section
(see Section 4.3.).

4.3. On-Line Preconcentration-CE-MS of Peptides and Proteins
As noted earlier, most analyses of biologically active peptides and pro-

teins have been carried out using on-line preconcentration-CE-MS (see Sec-
tion 2.4. for details). In particular, the group at Mayo has used on-line
membrane preconcentration CE-MS (mPC-CE-MS) and CE-MS/MS (mPC-
CE-MS/MS) (106). Furthermore, in addition to analyte preconcentration,
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Fig. 4. cIEF-MS analysis of human cerebrospinal fluid (CSF). (A) Reconstructed
ion electropherogram demonstrating the complexity of this physiological sample.
Many analytes have been clearly resolved from this sample. (B) Tentative identifi-
cation of 2-microglobulin within the CSF.  These analytes appear as some of the
most intense within the data. All analytes were identified by molecular weight data.
(C) Identification of human serum albumin (HSA). (D) Identification of

2-microglobulin within the CSF. These analytes appear as some of the most
intense within the data. All analytes were identified by molecular weight data.

mPC-CE can also be used for efficient sample cleanup. Obviously, sample
cleanup is particularly important for biologically active peptides and pro-
teins derived from physiological fluids, such as blood, bile, and urine. The
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presence of high salt concentrations in such fluids can dramatically affect
analyte separation efficiency in CE. Also, these biological matrix compo-
nents can complicate and even degrade electrophoretic stacking and focus-
ing procedures (35,45). The mPC-CE-MS approach is relatively unaffected
by such contaminants and the process actually removes them prior to CE
electrophoretic separation.

4.3.1. Biologically Active Peptides

A number of studies have been undertaken in the use of mPC-CE-MS and
tandem MS for the separation, detection, and sequencing of peptides
(34,44,106). However, the ultimate goal was to develop a microanalytical
technique for the analysis of peptides present in complex mixtures at low
concentration levels (nM–pM), typically found in biological fluids, tissue,
and cell cultures. In this regard, we have investigated the most suitable
preconcentration membrane for use in such analyses (106,107), optimal pep-
tide elution conditions (46,47), moving boundary tITP conditions (45,47),
capillary coatings (18,62,63), and capillary internal diameter (47). Further-
more, we have demonstrated the use of an integrated approach of mPC-
tITP-CE with microspray MS (18), as well as improved tandem MS
sensitivity in conjunction with mPC-CE-MS (47). This is summarized in
Table 1.

Membrane PC-CE-MS has been used in the detection of growth factors
IgF-I and IgF-II derived from cell media (107). However, the primary impe-
tus for the development and optimization of mPC-CE-MS and tandem MS
was in the analysis of MHC class I peptides. These 8–10 amino-acid pep-
tides are important signals in mammalian immune systems. However, char-
acterization and sequence determination of individual peptides presents a
formidable analytical challenge. This because ~10,000–15,000 such pep-
tides, each of unique sequence, can be presented at the cell surface. Also,
many of these peptides are found at very low concentrations (10–12–10–18 M).

The strategy we have developed for sequencing MHC class I peptides has
been described in detail (50,108–110), but, briefly, HPLC fractions (~100
µL) containing MHC class I peptides are collected. The organic solvent
(CH3OH or CH3CN) is removed under vacuum and each fraction is diluted
with CE separation buffer to a total volume of ~150 µL. Approximately 50
µL is loaded off-line via the pressurized bomb (108) and subjected to mPC-
CE-MS for molecular mass determination. Subsequently, precursor ions
(MH+) of antigenic peptides or peptides of interest are subjected to mPC-
CE-MS/MS in order to obtain sequence information. These latter analyses
are carried out using the remaining ~100 µL of sample.
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Table 1
Examples of mPC-CE-MS and Tandem MS Analysis of Peptide and Protein Mixtures

Conditions
Analytes (origin) (detection, membrane, capillary i.d., coating, focusing) References

Peptides
Peptides (standards) mPC-CE-UV; SDB, 50 µm, bfsb, tITP (45)

mPC-CE-MS; SDB, 50 µm, bfs, tITP (46)
mPC-CE-MS;SDB, 25 µm, bfs, tITP (47)
mPC-CE-MS/MS;SDB, 50 µm, bfs, tITP (47)
mPC-CE-MS/MS;SDB, 25 µm, bfs, tITP (47)
mPC-CE-MS(MS)c;SDB, 25 µm, polybrene, tITP (18)

Trypsin digest of -casein mPC-CE-MS;SDB, n.g.d; polybrene (111)
IgF-I and IgF-II (cell media) mPC-CE-MS;SDB, 50 µm, polybrene (107)
MHC class I (Kb EL-4) mPC-CE-MS(MS)c,e;SDB, 25 µm, bfs, tITP (108,109)
MHC class I (Kb EG-7) mPC-CE-MSe;SDB, 25 µm, bfs, tITP (50)
MHC class I (Kb EG-7) mPC-CE-MS(MS)c,e;SDB, 25 µm, polybrene, tITP-microspray (18)
MHC class I (PVG R1 rat spleens) mPC-CE-MS(MS)c,e;SDB, 25 µm, bfs, tITP (44)

Proteins
Proteins (standards) mPC-CE-UV, C-2, 50 µm, polybrene, tITP (62)
Proteins (aqueous humor) mPC-CE-UV, C-2, 50 µm, polybrene, tITP (62)
Proteins-Bence Jones (urine) mPC-CE-MS, SDB, 50 µm, polybrene (50,107)
Proteins (blood dialysate) mPC-CE-MS, SDB, 50 µm, polybrene (44)
Proteins (brain dialysate) mPC-CE-MS, SDB, 50 µm, polybrene (44)
Proteins (CSF) mPC-CE-MS, SDB, 50 µm, polybrene (44)
Proteins (aqueous humor) mPC-CE-MS, C-8, 50 µm, polybrene (50)
Proteins (aqueous humor) mPC-CE-MS, c-2, 50 µm, polybrene, tITP (63)
Proteins (tears) mPC-CE-MS, SDB, 50 µm, polybrene, tITP (44)
Proteins (renal dialysate) mPC-CE-MS(MS)d, SDB, 50 µm, polybrene, tITP (112)

asee refs. 34, 44, for review. bbfs, bare fused silica. cboth MS and tandem MS analysis. dDetails not given. eOff-line sample loading.
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In a specific instance, naturally processed MHC class I peptides were
isolated from ~109 EG-7 mouse tumor cells. This cell line had been
transvected with the ovalbumin gene, along with the actin promoter. The
cells were harvested, lysed, and MHC class I peptides obtained as described
previously (108,110). Subsequently, all HPLC fractions were subjected to a
T-cell stimulation immunoassay (110). Once such fraction exhibited a posi-
tive T-cell stimulation response. This fraction (~50 µL) was then subjected
to mPC-CE-MS analysis to ascertain the number and molecular weights of
peptides present, and this is shown in Fig. 5. A myriad of peptide responses
were detected, indicating that in most cases such analyses should be carried
out in conjunction with a targeted immunoassay or other bioassay approach

Fig. 5. Three dimensional plot of mPC-CE-MS analysis of an HPLC fraction
from ~109 EG-7 mouse tumor cells containing peptide(s) that induced a positive
T-cell stimulation response. Twenty-five microliters of the diluted HPLC fraction
pressure injected and adsorbed onto an SDB membrane. Analyte elution was with
~80 nL 80:20 MeOH:H2O sandwiched between an LSB of 0.1% NH4OH and a
TSB of 1% AcOH followed by separation buffer (2 mM NH4OAc:1% AcOH).
Separation was carried out in bare fused silica capillary (25 µm i.d. × 75 cm in
length) at a voltage of 25 kV.  MS was performed on a MAT 900 over a mass range
300–1300 amu at 3 s/decade, accelerating voltage 4.8 kV and an ESI spray voltage
of 3.4 kV. ESI capillary was 200°C.
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(50). However, in this particular case, a peptide with migration time ~23 min
afforded an ion MH2

2+ = 482.3. This corresponds to the molecular weight of
an ovalbumin peptide, OVA, a known antigen of this particular mouse model
system. Another EG-7 tumor cell preparation was ultimately subjected to
mPC-CE-MS/MS using a polybrene-coated capillary in conjunction with
microspray-MS, in order to achieve maximum sensitivity and sequence data
on the peptide. The ion at m/z 482.3 was subjected to collision induced dis-
sociation conditions previously shown to afford significant fragmentation
of the precursor ion (13), and the resulting product ion spectrum is shown in
Fig. 6. Based on both the clear ‘y’ and ‘b’ series of ions, as well as the
returned SEAQUEST search, the sequence was determined to be SIINFEKL,
confirming the presence of the OVA peptide in this fraction. This overall

Fig. 6. Membrane PC-tITP-CE-microspray-MS/MS analysis of MH2
2+ = 482.3.

Sample obtained from another preparation of ~109 EG-7 tumor cells. Approxi-
mately 10 µL was pressure injected onto an SDB membrane. Peptides were eluted
with ~110 nL of 80% MeOH/H2O followed by a TSB of ~115 nL 0.1% NH4OH.
Separation was carried out in a polybrene coated capillary (75 µm i.d. × 80 cm) at
15 kV with reversed polarity. It was connected via a liquid junction to a capillary
emitter (25 µm i.d. × 15 mm), which was positioned ~15 mm away from the heated
capillary. Separation solvent was 0.05% AcOH in 10% MeOH. Collision induced
dissociation of MH2

2+ = 582.3 was carried out using argon as collision gas at 1 ×
10–5 mbar pressure and a collision energy of 28 eV.



340 Naylor and Tomlinson

strategy has been used to successfully analyze and obtain other peptides
sequence data from Kb EG-7, Kb EL-4, and PVG R1 rat spleen cell lines, and
this is all summarized along with mPC-CE-MS conditions in Table 1.

4.3.2. Proteins from Physiological Fluids

One-step, on-line analysis of physiological fluids (e.g., urine, bile,
plasma, tears) by mPC-CE-MS has substantial potential in the development
of suitable biomarkers for diagnosis of disease states. We have previously
reported the utilization of this approach for the detection of Bence-Jones
protein(s) in urine (107). This protein(s) is a known biomarker for patients
suffering from multiple myeloma. Typically, a 24-h urine sample is col-
lected followed by numerous sample handling and separation steps in order
to detect the presence of the protein. This is in stark contrast to the ~30-min
analysis time of the urine sample by mPC-CE-MS. Approximately 1.5 µL of
urine obtained from a patient suffering from acute multiple myeloma was
subjected to mPC-CE-MS analysis. The mass spectrum revealed a number
of glycoforms of the protein at 23,680, (Parent), 23,941, and 24,144 Daltons
(12,20). It is possible that the ratio of these previously undetected
glycoforms may give further insight into onset and development of the dis-
ease, and this is currently under investigation.

Other demonstrations of the direct analysis of physiological fluids by
mPC-CE-MS have been reported. They include blood and brain dialysate
(44), cerebrospinal fluid (44), aqueous humor (50,63), tears (44), and kid-
ney dialysate (112), and is summarized in Table 1. An analysis of physi-
ologically of such derived fluids affords a myriad of responses, many of
which are unidentified proteins. For example, aqueous humor is the extra-
cellular fluid that fills the anterior chamber of the eye and bathes the lens,
cornea, and trabecular regions. It is composed of inorganic ions, small
organic molecular, and numerous peptides and proteins. It has been pro-
posed that levels of endogenous proteins, as well as the presence of exog-
enous proteins may be of some diagnostic significance. In that regard we
compared the mPC-CE-MS profile of aqueous humor from patients with
cataracts ("normal") to patients suffering from glaucoma. This is shown in
Fig. 7A and B for the base peak ion chromatogram of normal (Fig. 7A)
versus glaucoma (Fig. 7B) aqueous humor. It is clear that the ‘normal’ aque-
ous humor contains many more protein responses than that of the glaucoma
aqueous humor, and we are in the process of attempting to identify indi-
vidual protein constituents in order to understand the comparative differ-
ences. This may give more insight into the basic mechanisms involved in
the onset of glaucoma.



Biologically Active Peptides and Protiens 341

It is clear from the mPC-CE-MS analysis of aqueous humor, described
earlier, that ultimately rapid identification of proteins derived from physi-
ological fluids is necessary. This has recently been described for the identi-
fication of a renal dialysate protein (112). A number of patients at Mayo had
a rare renal tumor that was shown to inhibit renal epithelial phosphate trans-
port. Approximately 200 L of renal dialysate was collected from these
patients and ultimately reduced to ~6 mL. This was achieved through a series
of dialysis and size-exclusion chromatography concentration steps. The
active component(s) was tracked at each stage using an opossum kidney-
cell phosphate (32P-labeled) uptake assay. Approximately 100 µL of the

Fig. 7. Direct analysis by mPC-CE-MS of aqueous humor from a patient under-
going surgery for (A) cataracts, (B) glaucoma by mPC-CE-MS. One microliter of
aqueous humor was pressure-injected onto a C-2 reversed phase membrane. The
membrane was washed with 2 (L of 2 mM NH4OAc in 5% AcOH, and analytes
were subsequently eluted with 60 nL of 80% CH3CN in H2O, followed by a TSB of
60 nL 0.5% NH4OH. Separation was carried out in a polybrene coated capillary
(50 µm i.d. × 80 cm in length) at a voltage of 15 kV.  MS was performed on a MAT
900 over a mass range of 650–2200 amu at 3 s/decade. Accelerating voltage 4.7 kV
and an ESI spray voltage of 3.4 kV. Instrument resolution ~500, analyte detection
with PATRIC detector.
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dialysate active fraction was assigned for mPC-CE-MS and tandem MS
analyses. Initially, 20 µL was subjected to mPC-CE-MS and one major ion
response was detected at Mr = 11,729 Daltons (Fig. 8A). The remaining
~80 µL was then digested with lysine-C proteolytic enzyme and the result-
ing digest subjected to mPC-CE-MS and tandem MS analysis. A series of
peptides were detected including an ion at m/z 574.5, corresponding to the
MH2

2+ = 574.5 shown in Fig. 8B. This spectrum was searched without prior
interpretation using the SEAQUEST database. The resulting peptide
sequence, VEHSDLSFSK was consistent with the peptide being derived
from the protein 2-microglobulin.

Surprisingly, this is a common protein found in human dialysate. At
present it is not clear if the elevated levels of 2-microglobulin interfere
with phosphate uptake in renal epithelial cells or perhaps another minor com-
ponent co-migrates with it. This problem is still under active investigation.
Nevertheless, it is clear that mPC-CE-MS and tandem MS can play a sig-
nificant role in rapidly and unequivocally identifying proteins.

5. FUTURE DIRECTIONS

The analysis of biologically derived peptides and proteins will continue
to be dominated by the need for rapid analyses of complex mixtures at
increasingly lower levels of analytes. This is particularly true for analytes in
arenas such as clinical chemistry, toxicology, and forensics. Further-
more, developing practices in the area of proteomics will inevitably be
more demanding of the sensitivity of analytical methods. Current practices
demand that the sensitivity of protein sequencing methods is comparable to
that of slab gel silver-staining techniques. While these approaches are yield-
ing results, it is likely that many biologically significant proteins will not be
detected or characterized. However, at the sensitivity levels that will be
required in this area of research, sample manipulations become a major chal-
lenge. Both analyte losses and sample contamination by ubiquitous human
proteins (such as keratin) become significant issues at picomolar concentra-
tions. Automated preparation and analysis of low volume, low concentra-
tion samples of high complexity will be required to overcome these issues.
Clean-room technology is also likely to become a major requirement of these
investigations. Figeys and Abersold (17) recently proposed a solution to
these issues. These investigators have suggested the use of coupled
microfabricated, integrated analytical modules with mass spectrometry for
this application, and they have recently proposed MFD-MS as the acronym
for this technology. While research of these devices is in its infancy, such
miniaturized approaches coupled with a sensitive mass spectrometer could
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Fig. 8. Identification of human renal dialysate protein obtained from 200 L of
dialysate by mPC-CE-MS and tandem MS. (A) mPC-CE-MS analysis of active
fraction shown to inhibit phosphate uptake in renal epithelial cells. 20 µL of active
fraction pressure injected onto an SDB membrane.  Protein was eluted with 80:20
MeOH:H2O.  Separation was carried out on a bare fused silica capillary (50 µm ×

78 cm) at a voltage of 15 kV.  MS was performed on MAT 900 under similar
conditions to those described in Fig. 7. (B) mPC-CE-MS/MS of precursor ion
MH2

2+ = 574.5 derived from lysine-C proteolytic digestion of protein (Mr = 11,729
Daltons). 60 µL of lysine-C digest of protein was loaded onto an SDB membrane.
Peptides were eluted with 60 nL 80:20 MeOH:H2O between a LSB of 60 nL of 1%
NH4OH and TSB of 90 nL 2 mM NH4OAc.  All other conditions of CE capillary
and MS/MS as described in Figs. 5 and 6, respectively.
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provide the detection limits required in the next generation of proteomic
studies. Furthermore, with careful design of the array, on-chip protein isola-
tion, digestion, and analysis could be accommodated in this nano-environ-
ment. However, the use of nano-technologies will provide new challenges.
First, creative coupling of the macro world of biochemistry to the nano-
analytical environment will be required. In this regard, the lessons learned
from the development of mPC-CE-MS and SPC-CE technologies should
aid these studies. Particularly in the area of reducing potentially long sample
injection times, caused by slow liquid flow rates in these nano-devices. The
sensitivity of protein sequencing will also require further creative input. In
this area, interfacing the microfabricated array to the mass spectrometer will
need particular attention.

A further technology that is expected to improve MS sensitivity is the
development of the highly sensitive electrospray time of flight (ESI-TOF-
MS), electrospray quadrupole time of flight mass spectrometers (ESI-
QTOF-MS), and quadrupole ion trap coupled with a reflecting time-of-flight
instrument. The development of such instruments is well underway. In addi-
tion to high sensitivity, these instruments have a short duty cycle, which
enables very fast data acquisition, with no loss of sensitivity. These instru-
ments also provide a constant medium resolution (>5000 full width half
maximum [fwhm] definition), and good mass accuracy. The use of isotopic
labeling (as achieved when enzymatic protein digests are carried out in 18O
water) can aid peptide identification since MS/MS instruments allows 18O
enriched ions to be readily identified in spectra, facilitating peptide sequence
identification.

In summary, it is clear that there will need to be a significant pursuit of
more sensitivity for CE-MS. In this regard, MFD-MS may, with further
development and possible coupling to a highly sensitive mass spectrometer
(such as an ESI-TOF-MS), provide the technology that is needed for future
generations of proteomic research. However, lessons learned in the macro
world of CE-MS will need to be heeded as new MFDs and MS interfacing
techniques are developed. In particular, input by material scientists may pro-
vide improved surfaces to prevent interaction and loss of peptides and pro-
teins within the channels of MFDs. Assuming that these challenges will be
overcome, technology for isolation, manipulation, digestion, and sequenc-
ing extremely low levels of biologically active peptides and proteins will
become a reality within the next few years.
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by Capillary Electrophoresis

Z. K. Shihabi

1. INTRODUCTION

Since it was found few decades ago that optimization of serum
antiepileptic drug levels reduced the number of seizures and drug side
effects, the field of therapeutic drug monitoring (TDM) has flourished. His-
torically TDM started with the spectrophotometric analysis of phenobar-
bital and phenytoin. However, due to the inability to use spectral data to
differentiate closely related drugs, chromatographic techniques such as gas
chromatography (GC) and high-performance liquid chromatography
(HPLC) were introduced. These methods required skill, sample preparation,
and a long turn-around time (TAT) from receipt of sample to reporting of
results. Thus despite their high cost, immunoassays, which provided quicker
TAT, have slowly replaced chromatographic methods. Although easier to
perform and suited for automation, immunoassays are usually not available
when a new drug is first released to use in the treatment of patients.

Capillary electrophoresis (CE) is a very versatile technique and can
potentially be used to analyze not only the drug but also its metabolites. In
fact, drug analysis represents one of the best potential applications of CE.
However, as with any analytical method, CE has not only advantages but
also drawbacks. The advantages and disadvantages of CE and the types of
drugs suited for analysis by this technique are discussed in this chapter. In
general, CE offers speed, ease of analysis, low cost of operation, and very
high resolution. CE can also offer basic information on the physicochemical
properties of the drug such as protein binding and ionization. However, it
suffers from matrix effects (especially when using serum), poor detection
limits, and less than desirable precision. To use CE successfully for the
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analysis of drugs, four areas require careful attention: 1) choice of the sepa-
ration type (CZE, MEKC, Chiral); 2) sample preparation (especially critical
for serum samples); 3) instrument setup (optimum voltage, maximum
injection volume); and 4) precision (choice of capillary wash and internal
standards). These points will be discussed in this chapter.

2. COMPARISON OF CE AND HPLC

In the past, small molecules, such as drugs, have not been analyzed by
electrophoretic techniques due to the lack of sensitivity. Generally, drugs
were analyzed by chromatographic techniques, such as HPLC, that are based
on the interaction of the compound with the column packing (e.g., hydro-
phobicity). CE, on the other hand, utilizes charge (directly or indirectly) to
separate and identify the drug of interest.

Several studies have shown that for TDM, CE is better than HPLC, being
faster and easier to use (1–6). CE also has better resolution (7), especially
for polar compounds (5), and costs less to operate (7). Wynia et al. (6) deter-
mined the precision, linearity, ruggedness, and detection limits for CE and
HPLC using the antidepressant drug mirtazapine. They found that the rela-
tive standard deviation (RSD) for CE was higher than that for HPLC, 0.6 vs
0.2, respectively. The linearity for CE (10–1400 µg/mL) was also different
than HPLC (4–800 µg/mL). Altria and Bestford (8) reviewed the analysis of
a variety of pharmaceuticals and found that CE has many advantages over
HPLC. Many researchers have also found that CE has advantages in terms
of reduced sample pretreatment, consumable costs, and analysis time. Addi-
tionally, CE has the ability to separate a wide range of compounds using a
single set of operating conditions. Most workers however, agree that in gen-
eral HPLC tends to give better precision and better sensitivity.

Because CE and HPLC can analyze the same molecules, in many
instances they can seem complementary to each other. CE is better suited
for the analysis of polar or charged compounds with high molar absorbitivity
or those that are present in a relatively high concentration. Nonpolar com-
pounds or those with low molar absorbitivity may be better analyzed by
HPLC. However, by using a combination of stacking methods and special
flow cells with extended light path, CE can achieve sensitivity close to that
found for HPLC.

3. CE PROBLEMS FOR TDM

The poor sensitivity and matrix effects are two major problems that may
seem insurmountable to newcomers to the field of CE. This is especially
true for TDM. In addition, CE also has less than desirable reproducibility.
These problems and how to overcome them are discussed later.
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3.1. Sensitivity

Owing to the narrow path length of the detection window in the capillary,
the absorbance signal in CE is not very strong. Sometimes in order to
improve the separation efficiency (theoretical plate number) or to speed up
the analysis, the capillary diameter is decreased. This in turn causes a fur-
ther decrease in the signal. To overcome this problem, capillaries with an
extended light path, e.g., Z-cell, bubble cell, or the high sensitivity cell, have
been developed for some CE instruments. Even with these new detection
windows, many of the drugs routinely analyzed for TDM are present in
serum at concentration of 0.01–1 mg/L, well below the detection limits.
Thus, the majority of the drugs have to be concentrated before analysis by
CE, either on or outside the capillary. Fortunately electrophoretic techniques
offer a very simple means called stacking to concentrate the analyte directly
on the capillary.

Initial studies with two commonly used drugs, theophylline and phenobar-
bital, have demonstrated that detection of therapeutic levels are attainable
with simple stacking methods and little sample preparation. Some drugs,
however, still require complex extraction and concentration steps.

3.2. Matrix Effects

In CE, unlike most other techniques, many basic parameters such as reso-
lution, plate number, migration time, and precision are greatly affected by
the sample matrix, especially when inorganic ions or proteins are present.
As the sample size increases, matrix effects become more significant (9).
Generally CE easily analyzes pure standards. However, analysis of serum
samples, the usual sample matrix for TDM is more difficult. The salts present
in serum (~150 mmol/L) affect the field strength and consequently the
velocity of the analyte causing band broadening. Proteins in the serum
(~60 g/L), on the other hand, bind to the capillary walls (9), producing sec-
ondary interactions, and affecting the reproducibility of the method.

4. FORMS OF CE USED TO SEPARATE DRUGS

In the analysis of drugs and other small molecules, three basic forms of
CE, capillary zone electrophoresis (CZE), micellar electrokinetic capillary
chromatography (MEKC), and chiral separation are often used.

4.1. Capillary Zone Electrophoresis (CZE)

In CZE, separation is based on charge of the analyte in a buffered solu-
tion. The method is used for analysis of drugs that either have a positive or
negative charge.
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4.2. Micellar Electrokinetic Capillary Chromatography (MEKC)

MEKC is where separation is based on the differential distribution of the
drug of interest between the aqueous phase and micelles formed using a
surfactant such as sodium dodecyl sulfate (SDS). Separation in this system
is based on hydrophobicity. This method can be used for analysis of neutral
as well as charged molecules. Serum can be injected directly, provided the
migration of the serum proteins does not overlap with the drugs being ana-
lyzed. The correct amount of SDS, ionic strength of the buffer, and modifi-
ers are manipulated to achieve this effect (1,10,11).

4.3. Chiral Separation

Chiral separation is a form of CE where special additives, e.g., cyclodextrins
(CD) or proteins, are incorporated into the separation buffer affecting the
migration of one isomer more than the other isomer. Chiral separation by CE
is much easier to perform than by HPLC. To date, it is most often used in the
pharmaceutical industry and has yet to be used in TDM.

5. SERUM SAMPLE PREPARATION

One of the advantages of CE is the simplicity of the sample preparation.
For example, sometimes the sample can be introduced directly without
preparation. However, due to matrix effects, analysis of drugs in serum often
requires special preparation such as dilution, protein precipitation, or
extraction. Drugs such as the antifungal fluconazole have been analyzed
after a variety of sample preparation methods (7) to illustrate the differences
in speed, linearity, detection limits, and precision. For example, direct injec-
tion of plasma or supernatant after protein precipitation by acetonitrile has
detected fluconazole levels of >5 µg/mL. Using liquid–liquid extraction
(dichloromethane), the detection limit is about 1 µg/mL. However by using
disposable solid-phase C18 cartridges and 1 mL of plasma to extract the
drug, levels as low as 0.1 µg/mL can be detected.

For MEKC, if the drug concentration is high enough the serum can be simply
diluted in buffer before injection onto the capillary (direct serum analysis), mini-
mizing the matrix effects. This is because the small amounts of serum are solu-
bilized by the micelles of the surfactant. Thormann and colleagues (12,13) have
successfully applied this technique to the analysis of several drugs such as theo-
phylline, caffeine, and barbiturates by directly injecting serum. Similarly, we
applied this technique in the analysis of the new antiepileptic drug felbamate (1)
(see Fig. 1). The simplicity, high resolving power, and the small sample size
used for the assay render this method suitable for monitoring the levels of these
drugs in pediatric patients (Fig. 1).
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In CZE, small amounts of proteins (<3 g/L) can be tolerated provided the
ionic strength of the buffer is high enough and the capillary is washed thor-
oughly with sodium hydroxide after each injection. Ions in the sample also
decrease the field strength and can cause band broadening. To minimize
these effects, the sample is diluted in a low ionic strength buffer while the
ionic strength of the electrophoresis buffer is increased (typically >100 mM)
(14,15). If the protein concentration is too high, they can bind to the capil-
laries, modifying the surface charge and affect the separation of subsequent
samples. Proteins can be removed before injecting the sample by precipita-
tion with acids, heavy metal ions, or alcohols. However, acids and heavy
metals ions add salt to the sample that can degrade the separation.

To overcome the problem of sample matrix, several strategies have been
developed by using membranes, protein precipitation, and extraction methods.

Fig. 1. Felbamate analysis by CE with direct serum injection after the addition
of an internal standard. Patient receiving felbamate (53 mg/L, F) and phenobarbital
(18 mg/L, P), (I, internal standard). CE Analysis (Beckman CE): equal volumes of
serum and the internal standard (acetacetanilide 200 mg/L,I ) were mixed and
injected on the instrument. Capillary 50 cm × 50 µm. Wavelength 214 nm, fixed
current at 38 uA, pressure injection 5 s. Buffer, boric acid 100 mM, pH 8.4, contain-
ing 55.4 mM SDS. (Adapted with permission from ref [1]).
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5.1. Use of Membranes

Membranes with a low molecular weight cut-off can be used to remove
proteins and other large molecules. However, salts that can interfere in the
separation remain in the filtrate. Membrane filters are also relatively expen-
sive, and can require a long time to filter the serum. As an example, the
membrane filters have been used in the analysis of serum nitrate by CE (16).
Membrane filtration to remove protein bound drugs can also be used to sepa-
rate free drugs for further analysis by CE (17) (see Fig. 2).

5.2. Protein Precipitation

Precipitation of proteins by acetonitrile is an effective and simple method
to pre-treat serum samples for analysis by CZE. In addition to removing
proteins, acetonitrile, also permits injection of a large volume of sample (5–20%
of the capillary volume) leading to 5–20-fold concentration by the capillary
because of “stacking,” as discussed later. The use of this simple method of
concentration allows many drugs to be determined at concentrations of
approaching 0.5 mg/L. Deproteinization also decreases the need for wash-
ing of the capillary between samples, thus speeding the analysis. This
method, however, is limited to analysis of small molecules by the CZE and
is not suitable for MEKC (9,18).

5.3. Extraction

Use of an organic solvent or by a solid phase to extract drugs from serum
also removes the proteins and salts present. In addition to sample clean-up,
extraction methods can also be used to concentrate the drug. In routine analy-
sis, solvent and solid-phase extractions followed by solvent evaporation are
usually avoided as much as possible because of the time, labor, and skill
required. However, drugs present in serum below 1 mg/L usually require
extraction and concentration. Different strategies of sample pretreatment and
methods for direct injection of bio-fluids for drug analysis by CE have been
recently reviewed by Lloyd (19).

6. CONCENTRATION BY CAPILLARY STACKING

As mentioned earlier in this chapter, electrophoretic techniques offer a
relatively simple means to concentrate the sample directly on the capillary
by injecting a large volume of sample. Under nonstacking conditions, the
sample volume is kept below 1% of the capillary volume. However this
volume can be increased to 10–30% of the capillary volume using stacking
conditions. The drug “stacks” at the interface of the injection buffer and the
run buffer (see also Chapter 2 for a more detailed discussion). This helps to
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Fig. 2. Analysis of serum free phenytoin (P) from a patient (1.8 mg /L) using a
Beckman CE Model 2000. Serum was filtered in a Centrifree filter (Amicon,
Beverly, MA), 50 µL of the filtrate was removed, mixed with 100 µL acetonitrile
containing 2 mg/L isobutyl methylxanthine (X) as an internal standard, and
injected on a capillary: 50 µm × 40 cm at 9 kV (N, neutral molecules).The separa-
tion buffer, borate 300 mM, pH 8.7. (A) The patient at loading of 1%, 214 nm.
(B) The patient at 10%. (C) The patient at 10% loading spike with 2.5 mg/L.
(Note that injecting the traditional small volume of sample <1% of the capillary
does not give enough sensitivity to detect the free phenytoin. Increasing the
sample volume to 10% of the capillary gives good sensitivity provided acetoni-
trile is present in the sample. In the absence of acetonitrile (18) the peaks are
short, distorted, and overlap, not shown.)
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alleviate the poor detection limits of CE. Stacking, however, requires care-
ful planning and an understanding of the method. For example, the field
strength should be very high in the injected sample relative to the electro-
phoresis buffer so the drugs migrate rapidly to the solvent interface before
the separation step takes place. Buffers, that do not generate much Joule heat-
ing, such as, e.g., borate, become important for this step (20). Methods have
been described for stacking by: low ionic strength buffer in the sample, stack-
ing by inclusion of acetonitrile in the sample, and isotachophoresis. Stacking
in MEKC is more difficult but a few methods have been described recently.

6.1. Low Ionic Strength Buffers
Dissolving the sample in the separation buffer, but at a 10 times lower ionic

strength, or conversely, by injecting a small plug of water before the sample,
increases the peak height 3–10 times by stacking (9,21) (see Fig. 3B). A simi-
lar stacking can be obtained in the electrokinetic injection (Field Amplified
Injection), provided the sample matrix is free from salts. For example, Zhang
et al. (22) used this technique to increase the sensitivity for amiodarone analysis
by several orders of magnitude. This type of on-column stacking is best suited
for analysis of compounds present in a clean matrix, e.g., extracted samples.

6.2. Acetonitrile-Salt
Addition of acetonitrile to the sample (not in the electrolyte) leads to

stacking, especially when inorganic salts are present at concentration of ~1%
(9,18,20,23). Thus, acetonitrile stacking is useful for samples with physi-
ological amounts of salts and proteins such as serum. The acetonitrile and
salts (~50 mmol/L of NaCl in the final mixture) allow for increasing the
sample size (using hydrodynamic injection) up to 50% of the capillary vol-
ume, yielding a 5–20-fold concentration.

Acetonitrile stacking depends on several factors, such as the pH and ions
in the sample (20), in addition to the ionic strength of the separation buffer
(18). Weakly anionic compounds are easier to stack using acetonitrile in
borate buffer compared to cationic compounds. The latter group stacks
better in buffers containing amines and zwitterions (24). Stacking by aceto-
nitrile, as illustrated in Fig. 3D, allows many drugs to be analyzed in serum
at the low level of ~0.5 mg/L. In this figure, the relative width of the drug
peak to that of the neutral molecules indicates visually the degree of stack-
ing achieved by this method.

6.3. Field-Amplified Injection in Presence of Salts
Recently, we found that electrokinetic injection in presence of physiologi-

cal amounts of salts (~1%) can give sharp peaks provided the sample con-
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Fig. 3. Stacking by acetonitrile. Sample injection is 17% of the capillary volume. The compounds iohexol (1), theophylline (2),
and phenobarbital (3) were dissolved in: (A) the separation buffer (borate 250 mM, pH 8.9, non-stacking), (B) the separation
buffer at 25 mM, (C) acetonitrile-water (2:1 [v:v]), (D) acetonitrile-1% NaCl (2:1 [v:v]),  Adapted with permission from ref. (18).
(Note that usually the sample size is kept <1% of the capillary volume to get sharp peaks. Here, the sample size is increased to
17%.)
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tains 66% acetonitrile. The advantage of this type of injection over the pre-
vious hydrodynamic injection is a better theoretical plate number.

6.4. Transient Isotachophoresis

Isotachophoresis (see Chapter 2 for a detail description) is a powerful
method for concentrating drugs on the capillary. It is well-suited for samples
with a high salt content. However, coupling it to CE is difficult. A transient
isotachophoretic step or self-stacking occurring in the early stages of the
electrophoresis is more practical. Under these conditions a suitable,
complementary ion is added to the sample to act as a leading/terminating ion
(25–27) and a large volume is injected. The conditions for ITP can be ful-
filled before the separation is changed to CZE. Knowledge of migration rate
of the different ions and a clever choice of the buffers are important for the
success of this technique.

6.5. Stacking in MEKC

Stacking in MEKC is more difficult than in CZE. However, several meth-
ods have been described recently by Terabe and others. They are based on
solubilizing neutral molecules in micelles with accelerated micelle migra-
tion using a lower conductivity matrix. For example, Quirino and Terabe
(28) described the use of low conductivity in the sample (dissolved in water)
in the normal injection mode. Liu et al. (29) dissolved the sample in a solu-
tion containing SDS with a concentration lower than the separation buffer
and injected at a negative polarity. After a brief period needed for analyte
stacking and removal of the sample matrix, the polarity is switched to posi-
tive for separation and detection. Quirino and Terabe (30) have also
described a similar stacking method, including the use of high molecular
weight surfactants. They also described  a simpler approach by using
reversed-migration micelles for stacking (31). In this technique, the pH of
the separation buffer is acidic so the micelles have a higher electrophoretic
velocity than the electroosmotic flow (EOF). A large sample, prepared in
water or dilute buffer, is injected under reversed polarity allowing a concen-
tration factor of ~100-fold.

7. PRECISION

The precision of both peak area (used for quantification) and migration
time (used for identification) in CE is not as good as that in HPLC. How-
ever, studies aimed at understanding this problem will improve precision, as
has been the case with other emerging techniques.

In many instances, imprecision in migration time is related to the interac-
tion of the compound with the capillary wall and to changes in the EOF.
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Fortunately, in CE the migration time is more predictable than the peak
height (area). By employing one or more references points or internal stan-
dards, precision can be improved (32). Dose and Guichon (33) reported that
a RSD of 1% for migration time and peak area is possible by using two
internal standards. Siren et al. (34) also showed that using multiple stan-
dards whose migration time closely brackets the compound being analyzed
improves the reproducibility to <1%. Migration time can also be more
reproducible when a constant current is used than a constant voltage (35). In
addition, calculations based on the effective mobility are more reproducible
than migration time giving a RSD of mobility of 0.01–0.03% (36).

Imprecision in peak height or area on the other hand is related to two
factors: injection volume or time and capillary wall effects. It has been found
that the RSD of peak height (area) is inversely related to the sample concen-
tration (37,38). Thus, as the sample concentration increases precision
improves. This is especially true when peak area instead of peak height is
used (32,38,39). Stacking methods that concentrate the sample on the capil-
lary improve the precision for peak area (9). In general, peak area shows less
variation than the peak height with a wider range of linearity (32,38). In the
absence of the sample extraction, internal standards will improve slightly
the precision of peak height or area.

Several other factors can affect precision in CE. Controlling the tempera-
ture of the buffer inside the capillary has been found to be a critical factor in
reproducibility (40). Kunkel et al. (41) compared the RSD of several CE
instruments. They pointed out that the technology for the detector has been
improved and the main source of error for most of the instruments is sample
injection, which can be decreased by using internal standards.

Changes in the capillary surface can also affect precision. A thorough
wash with NaOH (0.1–1 M) (42), phosphoric acid (100 mM), acetonitrile, or
SDS (43) decreases the wall effects and improves greatly the reproducibility
of the migration time and peak height (area). Kelly et al. (44) presented data
on electrolysis of the buffer and its effect on the precision. They found that
high ionic strength buffers at low current or zwitterionic buffers (which gen-
erate low current) improve precision. They also presented several sugges-
tions to decrease the effect of electrolysis. Water injection (2–3 s) after the
sample also improves precision.

8. DRUGS ANALYZED BY CE

A single drug can be analyzed for different purposes, e.g., TDM, meta-
bolic, forensic, pharmaceutical, or pharmacological. In the pharmaceutical
industry CE is used to determine drug purity or to study its metabolism. The
same conditions used for these studies, buffer, pH, voltage, internal stan-
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dards, and so on, can be extended or modified for use in separation of thera-
peutic drugs. However, unlike the pharmaceutical industry, the emphasis in
TDM is on speed, precision, automation, and sample clean up. However, it
turns out many of the methods developed for the different drugs are very
similar to each other. For this reason, Altria et al. described a general CE
method employing a high pH borate buffer, which was validated to allow
analysis of a wide range of acidic pharmaceutical compounds using a vari-
ety of internal standards (45). They also validated a similar procedure for
the analysis of basic compounds (46). Based on our experience for TDM,
anionic drugs are separated best in borate buffer, 200 mmol/L, after sample
deproteinization with 2 vol of acetonitrile. Sample loading can be from 1–10%
of the capillary volume (9). Cationic compounds, on the other hand, are
better analyzed using triethanolamine buffers (24). Neutral compounds can
be analyzed in either borate or phosphate buffers containing SDS (MEKC).
Standards are added to the serum directly to reduce problems with matrix
effects. Obviously it is easier to analyze a single compound than several at
the same time. In most of these methods ultraviolet (UV) detection has been
utilized, although in a few procedures, fluorescence or laser-induced fluo-
rescence (LIF) detection has been used. The majority these methods have
been validated for their linearity, detection limits, accuracy, and precision.
A few of these methods used sample extraction although most injected serum
with or without acetonitrile treatment. Use of on-line sample clean up and
concentration for drugs is a very attractive procedure due to its simplicity
and speed. It has been described by Strausbauch et al. (47) and Morita (48)
and reviewed by Guzman et al. (49).

Growing interest in the analysis of drugs by CE is indicated by the publi-
cation of several review articles (50–54) in addition to a whole journal issue
dedicated to CE and drug analysis (55). The practical aspects of TDM analy-
sis by CE has been described (50). Studies, that have dealt primarily with
TDM are discussed more in detail later, whereas other studies of general
interest are listed in Table 1.

8.1. Anti-Epileptic

The two antiepileptic drugs, phenobarbital and phenytoin, were among
the first drugs to be analyzed by CE for TDM. They have been analyzed
using both CZE and MEKC. Several of the antiepileptic drugs (ethosuxim-
ide, phenytoin, primidone, valproic acid, phenobarbital, and carbamazepine)
were analyzed by MEKC after extraction with ethyl acetate in phosphate
buffer, 25 mM, pH 8.0, containing SDS (56). The separation was completed
in 14 min. Barbiturates, i.e., phenobarbital, pentobarbital, amobarbital, and
butalbital, in serum and urine were measured by Thormann et al. (13) by
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MEKC using borate, phosphate, and SDS at pH 7.8. Serum could be injected
directly on the capillary, whereas urine required extraction. Evanson and
Wikotorwicz (57) also separated several anti-epileptic drugs by MEKC
using a borate buffer, pH 9.3, containing SDS and 30% acetonitrile. Serum
samples were injected after solid-phase extraction with separation completed
in about 15 min. Pentobarbital was analyzed by CZE in about 5 min
after acetonitrile deproteinization using an electrophoresis buffer of 300 mM

Table 1
List of Miscellaneous Drugs Analyzed by CE

Compound Buffer/conditions  Refs.

Amikacin MEKC Phosphate/borate, pH 7.0, (106)
derivatized, fluorescence

Antibiotics Several MEKC phosphate/borate with SDS (107)
Antiarrythmic Several MEKC extraction (57)

-Blockers MEKC SDS 50 mM in 100 mM borate buffer, pH 8.1 (108)
-Blockers CZE phosphate buffer, pH 3.1 (108)
-Blockers  MEKC phosphate, pH 7.0, with (109)

N-acetyltrimethylammonium br.
Cefixime CZE phospahte 50 mM, pH 6.8 (110)
Cyclosporine MEKC phosphate/borate, SDS, acetonitrile, 200 nm
111OH-coumarin CZE Phosphate pH 7.5, extraction, (112)
Cytosine- -D- CZE citrate 40 mM, pH 2.5, extraction (113)

arabinoside
Fosfomycin CZE borate buffer, 254 nm (114)
Fluorocytosine MEKC phosphate/borate, pH 9.2, 210 nm (115)
Glipizide MEKC concentration on the capillary (47)
Glyburide MEKC concentration on the capillary (47)
Heparinoid MEKC phosphate buffer with SDS (116)

mimetics
Methotrexate CZE Tris-MES buffer, pH 6.7, extraction LIF detection (117)
Methoxytacrine CZE serum/urine phosphate 240 nm with (118)

Nicotinic acid CZE borate 10 mM, pH 9.3,
phosphate, 10 mM, pH 2.3, 254 nm (119)

Suramin CZE Capso buffer 63 mM, pH 9.7, 254 nm (120)
Suramin CZE Tris borate, pH 8.6 (121)
Tomoxifin CZE acetate, acetonitrile, methanol, extraction (122)
Tacrine CZE serum/urine phosphate 240 nm (118)
Taxol MEKC Tris-borate, pH 8.5, 100 mM SDS, (123)

extraction, 230 nm
Theophylline MEKC phosphate, 20 mM , pH 11.0, 40 mM SDS (74)
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borate at pH 8.5 (58). The epoxy and the diol metabolites of carbamazepine, diffi-
cult to detect by HPLC or immunoassays, in addition to the parent compound,
were quantitated by MEKC in about 3 min using borate buffer and SDS (59).

Most of the recent antiepileptic drugs, such as gabapentin, felbamate,
zonisamide, and lamotrigine, have not had commercial immunoassays
developed. Gabapentin (neurotin), which is similar to the neurotransmitter
gamma amino butyric acid, can be derivatized by incorporating fluorescamine
into the deproteinization reagent. Separation was achieved within 12 min using
UV detection at 200 nm with a sensitivity of 1 mg/L (60).

Felbamate, a neutral compound, was analyzed by MEKC after addition
of an internal standard and then directly injecting serum into the capillary
(1). The assay was rapid (about 5 min), with sensitivity of 5 mg/L (Fig. 1),
with no interferences noted. Phenobarbital was also analyzed using the same
method. In both cases CE was much faster than the HPLC method.

Zonisamide, a new antiepileptic drug, was determined in serum using
(MEKC) with detection by diode array. A high correlation (r = 0.981) was
found between the zonisamide levels in human serum and those obtained by
HPLC. The serum levels of phenobarbital, phenytoin, and carbamazepine
have also been measured using the same method (61).

Lamotrigine, another antiepileptic drug, is a basic compound. In general,
basic compounds are difficult to analyze by either GC or HPLC, usually
requiring derivatization. CE can analyze most basic drugs quite easily in
pure aqueous solutions. Their analysis in serum, however, is more difficult
than that of acidic compounds. Deproteinization by acetonitrile followed by
the addition of acetic acid to lower the pH below the pKa of the compound
being analyzed and also below the pH of the separation buffer was neces-
sary in order to obtain a good separation.

8.2. Anti-Arrhythmic

The majority of anti-arrhythmic drugs are basic compounds and many
also act as antihypertensive agents. These compounds migrate rapidly and
are seen in the first part of the electropherogram. However, they can be
difficult to separate since they tend to bind to the capillary walls, making
analysis and especially stacking difficult. Recently (24), we have shown
that buffers containing amines and zwitterions are useful not only in analy-
sis but also stacking of these compounds. The analysis of procainamide and
N-acetylprocainamide is a good example of stacking of basic drugs on the
capillary. In this method, which correlated well with immunoassay, about
10% of the capillary volume was injected with sample (63). Using the same
method, urinary procainamide also has been analyzed by CE (64).
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Lukkari et al. (65) separated after urine extraction 10 -adrenergic
blockers, i.e., propranolol, oxyprenalol, and nadolol. CE also determined
Amiodarone, a highly hydrophobic compound, in buffers with a high con-
tent of organic solvents (22,66). Using “Field Amplified Injection,” the sen-
sitivity for amiodarone analysis was increased by several orders of
magnitude (22). The method compared well to HPLC. MEKC was also used
by Evanson and Wikotorwicz (57) to separate procainamide, N-acetyl-
procainamide, disopyramide, and chlorodisopyramide.

8.3. Analgesics
Many analgesics such as ibuprofen, salicylates, and acetaminophen are

available without a prescription. Because of their wide therapeutic windows,
routine monitoring of these drugs is not necessary. However, acetaminophen
overdoses are occasionally encountered and in cases, careful monitoring of
acetaminophen levels and half-life is very important. High doses near the
toxic level of ibuprofen have also been advocated recently for the treatment
of cystic fibrosis (67). Hence, monitoring the serum level is important. Many
methods have been described for the analysis of these drugs in either tablet
or pure form. We measured ibuprofen (68) and ketoprofen (2) in serum by
CZE after acetonitrile deproteinization using borate buffers. Watzug and
Lloyd (11) and Kunkel (69) described the direct serum analysis of acetami-
nophen and salicylic acid by MEKC using borate buffer containing SDS.
Goto et al. (70) measured salicylic acid in serum by CZE and found that the
results compared quite well to fluorescence polarization immunoassay.

8.4. Antidepressants
Antidepressants, such as the tricyclics, trazdone, and Prozac, are com-

monly used to treat anxiety and depression. Since these basic, hydrophobic
drugs are present in serum at low levels they are very difficult to measure
regardless of methodology. In order to separate by HPLC the use of a well-
deactivated column with a high plate number is important. Lomon et al. (71)
used CE to separate seven antidepressant drugs in aqueous media using a
CAPSO buffer at pH 9.5. The zwitterionic buffer, CAPSO, along with
methanol decreases the adsorption of these compounds to the capillary wall.
We have also shown that amine-containing buffers are important for the
stacking of these compounds in order to improve their detection (24). Addi-
tionally, Harrell et al. (72) separated seven antidepressant drugs using a syn-
thetic nonionic forming micelle polymer in about 15 min.

8.5. Anti-Asthmatic
Theophylline, a drug used in the treatment of asthma, has a narrow thera-

peutic window. Because of this narrow window, it is important to know the
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serum concentration in order to determine whether it is in the therapeutic or
toxic range. Additionally, theophylline and the closely related compound,
caffeine, are frequently used to treat apnea in newborns. Like the
antiepileptic drugs, these compounds have been analyzed by either MEKC
or CZE. MEKC allows direct injection of serum, urine, or saliva in a borate
buffer, pH 9.0, in the presence of SDS with separation in about 15 min (73).
We obtained a good correlation (r = 0.98) to immunoassay when theophyl-
line was measured by CZE in borate buffer, pH 8.5 (15). Zhao et al. (74)
determined caffeine and its metabolites by MEKC, and Johansson et al. (75)
used CZE to measure theophylline in phosphate-borate buffers. Caffeine,
dyphylline, theobromine, and theophylline have also been separated by MEKC
in borate buffer, pH 9.3 containing SDS and 30% acetonitrile (57).

8.6. Renal Function and Contrast Agents

In clinical labs, renal function is routinely estimated by measuring the
creatinine clearance. This test is convenient but it is known to be inaccurate
especially when a significant loss (>50%) in renal function occurs. In
research several iodinated compounds such as iothalamic acid and iohexol
are used to provide a better measurement of renal clearance using either
serum or urine. Iohexol was rapidly assayed (<5 min) by CZE after
deproteinization of serum by acetonitrile (76). Values as low as 5 mg/L can
be measured by this technique. Isovue, another candidate compound for the
measurement of renal function, was also measured by CZE after acetonitrile
deproteinization (77). Landers et al. (78) used CE to quantitate iothalamic
acid in serum and in a timed urine collection to measure the glomerular
filtration rate. The test correlated well with an isotopic reference method.

9. CE AND IMMUNOASSAY

Many drugs, such as tacrolimus and digoxin, remain far below the detec-
tion limits of CE or HPLC without extraction and subsequent concentration.
In response to this limitation, Chen and Evangelista (79,80) described a
method that has potential for better sensitivity along with simultaneous
detection of several drugs. This method is based on a combination of immu-
noassay, laser-induced fluorescence (LIF), and CE. In this system, fluores-
cent-labeled drug conjugates antibodies of known specificity and the
unknown samples were mixed. After the reaction is completed, CE sepa-
rates the free drug (including the fluorescent-labeled drug) from the bound.
The quantity of drug in the unknown sample that can be estimated from a
standard curve established using the same methodology. Cortisol, an endog-
enous substance and a drug, has also been quantitated using a similar
approach (81,82).
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Recently, Steinmann and Thormann (83) described an assay using
MEKC, LIF, and commercial Fluorescence Polarization Assay reagents to
separate a variety of drugs. The free and bound tracers for the different drugs
were separated in phosphate-borate buffer containing SDS. The feasibility
of simultaneous determination of several drugs was also demonstrated. A
similar method was also described for the analysis of digoxin using the com-
mercial reagent from an enzyme immunoassay kit (84). Additionally, Chiem
and Harrison (85) described a microchip CE method to separate the reaction
products of a reaction of an antibody and theophylline within approx 40 s.
The buffer system consisted of tricine, pH 8.0, with 0.01% (w/v) Tween 20,
and 40 mM NaCl, allowing adequate separation for theophylline and for the theo-
phylline-antibody complex. Reproducibility of migration times was 1–1.5%.

10. SPECIAL FEATURES OF ANALYSIS

In addition to measurement of the serum drug levels, other pharmaco-
logical parameters are important in TDM such as protein binding, half-life,
ionization, and metabolism. The following represent some interesting stud-
ies related to TDM, which were performed by using CE.

10.1. Chiral Separation
Although isomers have very close chemical structures, they can exhibit

different biological effects or can be metabolized differently (86). These
isomers can also show differential binding to serum proteins. Giacomini et
al. (88) have shown that the coadministration of racemic disoprymide
affected the clearance of the d-isomer due to the more avid binding of its
isomer to serum proteins. Also the S form of verapamil has less binding to
serum proteins increasing its plasma clearance to twice that of the R form
(89). Thus, several proteins, including those found in human serum, such as
transferrin, have been utilized in CE for chiral separation of a variety of
drugs (87).

Chiral separations have generated great interest in CE because of low
cost, ease of analysis, speed, and the high resolution relative to HPLC.
Unfortunately, most of the chiral separations described are performed on
drugs to check for purity in pharmaceutical preparations. A few studies,
however, have been performed on separations from biological samples. For
example, Srinivassan and Bartlett (90) described a stereoselective method
for serum phenobarbital using cyclodextrin and solid phase extraction. Ohara
et al. (91) also described a method using CE to determine the
enantioselective determination of the basic drug verapamil that was not
bound to serum proteins. Nishi (92) reviewed the separation of enantiomers
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of drugs by electrokinetic chromatography using chiral micelles and pro-
teins. In addition, Fanali (93) and Bojarski and Aboul-Enein (94) reviewed
the identification of chiral drugs by CE including those present in biological
fluids. Table 2 lists some of the drugs analyzed in serum for chirality.

D’Hulst and Verbeke (95) and Altria et al. (96) showed that a limit of
detection of <1% and 0.1% of the total drug level, respectively, can be
obtained for the minor enantiomer levels. Thus, CE offers a very rapid, low
cost, and excellent separation for chiral separations, but the reproducibility
falls short of that of HPLC (94,96,97).

10.2. Physico-Chemical Properties of Drugs

The pKa of a compound or drug can also be measured using CE by mea-
suring its mobility as a function of pH (98). Schmutz and Thormann (99)
determined how the physical and chemical properties of 25 drugs would
effect their analysis by MEKC. They found that compounds, which did not
bind tightly to proteins in addition to those with a low pKa, dissociated eas-
ily from the bound proteins and migrated as sharp peaks.

10.3. Free Drugs

Most drugs bind to serum proteins while the unbound fraction (free) of
the drug is thought to be the active form. Thus, it is important to measure
and understand the drug-protein interaction. This is especially important in
such disorders as renal failure where the amount of the free drug changes as
a result of uremia and binding protein concentrations.

The free, bound, percentage of binding, and the binding constant can be
determined based on several well-established techniques such as dialysis,
filtration, and size exclusion. CE can extend these techniques to measure

Table 2
List of Some Drugs Analyzed in Serum/Plasma by Chiral Separation

Drug Comments Refs.

Bupivacaine CD, Extraction (124)
Cicletanine CD, borate with SDS (plasma contained S+;urine R-) (125)
Hexobarbital CD phosphate, pH 7.0 with SDS (126)
Ibuprofen Maltrin M040 (TAPS-Tris pH 7.8) (127)
Phenobarbital Hydroxy propyl CD with solid phase extraction (90)
Warfarin Glucidex Tris phosphate, pH 7.0 (128)
Warfarin Modified CD Phosphate, pH 8.3 (37)
Verpamil Trimethyl- CD at pH 2.5, frontal analysis (91)
Verapamil Trimethyl- CD (129)
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free drugs. For example, several free drugs were measured after filtration
through special membranes (17). The problem with this method of measure-
ment is that free drugs are present at a much lower concentration than the
total drug. Thus, in order to measure these low levels, concentration or stack-
ing steps may be necessary. For example, in the analysis of phenytoin,
acetonitrile is added to the filtrate to concentrate the drug on the capillary
(see Fig. 2).

In addition to the previous techniques, CE based on changes in the elec-
trophoretic mobility (100,101) can measure drug binding. Kraak et al. (100)
described three different methods for measuring protein-drug binding by
CE. The first is based on the Hummel-Dryer method in which the capillary
is filled with a buffer containing the drug giving a large background signal.
The sample, which contains the drug, protein, and buffer, is injected.
The bound drug migrates differently from the free drug, producing a nega-
tive peak. The area of the negative peak is a measure of the bound drug. The
second method is based on the vacancy method where as the capillary is
filled with mixture of the buffer, the drug, and the protein. This also
causes a large background signal. The sample that contains only the
buffer is injected. Both the free and the bound drug migrate separately and
each gives a negative peak. The third method depends on the frontal analy-
sis. In this method the capillary is filled with the buffer. Different concentra-
tions of the drug in the presence and absence of a fixed binding protein
concentration are incubated at 25°C followed by injection of a large amount
of sample (~5–7% of the capillary volume). The free drug, the complex and
the protein gives each a frontal, plateau-shaped peak. The free-drug concen-
tration can be calculated (102) from the height of the frontal peak as follows:

E = (D/S) x P (1)

where D = Height free drug concentration, E = free drug concentration, S =
concentration of the pure standard, and P = drug peak height in presence of
the protein.

The concentration of the bound drug can be calculated by subtracting the
free drug from the total. The percentage and the binding association con-
stant can be also calculated from a Scatchard plot of this data (91,101–103).
Kraak et al. (100) concluded that the frontal analysis appeared to be the
preferred method for drug binding. It is more reproducible and gives a
smooth Scatchard curve compared to the other two techniques.

Binding of drugs to a specific carrier is also a promising approach to
target drugs to specific organs. Protein binding can alter the metabolism or
delivery of the drug to the target organ. Naproxen conjugated to albumin is
an example of such drug targeting. Albrecht et al. (104) have shown that
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naproxen, a nonsteriodal anti-inflammatory drug, can be determined in
serum using MEKC as free, albumin conjugated, and lysine conjugated.
Samples were injected and separated in a borate/phosphate buffer contain-
ing SDS with LIF detection. This method has also been extended to mea-
surement of this drug in liver and kidney tissue (105).

11. CONCLUSION

In general, CE is a versatile analytical technique capable of analyzing a
wide variety of drugs both charged and uncharged. CE is most useful in
TDM to analyze new drugs rather than for those with established immu-
noassays. The cost of operation is much less than that of HPLC. In addition
to analyzing a drug and its metabolites, CE can be used for analysis of the
bound, free drugs, isomers, and measure the physicochemical properties.

As stated in this and previous chapters one of the main limitations of the
CE is poor sensitivity. For the most part this can be overcome by preconcen-
tration (either on or before the capillary) or by the use of special flow cells.
Using these methods, sensitivities close to that of the HPLC can be obtained.
In addition, several relatively simple methods for sample stacking on the
capillary for CZE and MEKC have been described in the last few years.
However, because of the need to measure drugs at lower and lower serum
levels, there is still a need for further studies addressing new stacking meth-
ods, flow cells, and detectors (i.e., LIF).

Precision is the other area of CE that is still in need of improvement. By
addition of multiple internal standards, using mobility data and a better
understanding the sources of the variation, the precision of CE has become
much better. Again the goal is to match or surpass the precision of HPLC.
Although CE is faster than HPLC, shorter and narrower capillaries, (i.e.,
microchips) together with high voltage would further speed analysis.

Overall, analysis of drugs (especially newly developed drugs) by CE will
keep on growing because of the continued need to monitor the serum levels
of these new drugs.
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1. INTRODUCTION

For centuries, many metals, specifically metals such as aluminum, cad-
mium, arsenic, lead, selenium, and chromium, have been recognized as
toxic. Although toxic exposures to large numbers of people are not com-
mon, chronic low-level exposure does occur. This happens more frequently
to individuals than to large population groups. In a study conducted in 1994
(1) on a large general medical population, 0.6% of the patients were identi-
fied has having some physical finding or exposure concern, suggesting a
need to check for an underlying heavy-metal toxicity. Interestingly, the inci-
dence of heavy-metal poisoning appears to be approximately the same as
the more common in-born errors of metabolism. Similar to many of the
in-born errors of metabolism, when identified early the problems caused by
heavy-metal exposure is readily treatable. Conversely, if exposure is not
identified, reduced, and treated, serious, sometimes irreparable, damage
occurs to nervous, renal, and cardiovascular systems. Because metal toxic-
ity is readily treatable if identified early enough, the determination of metal
concentrations in the body fluids or body tissues is of considerable impor-
tance in health care.

Atomic absorption spectrometry with flame or electrothermal atomiza-
tion furnace, inductively coupled plasma emission spectroscopy (2), and
high-performance liquid chromatography-mass spectrometry (HPLC-MS)
(3) are state-of-the-art techniques currently used to measure metals in bio-
logical fluids (4). Ion chromatographic methods, although capable of sepa-
rating all of the important metal ions in one run, has not found widespread
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acceptance because of the difficulty in running the assay. Capillary zone
electrophoresis (CZE), which is fast, uses small sample size, and is rela-
tively easy to perform, should overcome most of the drawbacks of classical
chromatography. It is a highly efficient separation method for ionized spe-
cies based on the combined effects of electrophoresis and electroosmosis. It
is also capable of handling proteinacious samples easier than classical chro-
matography because of the absence of a stationary phase (5).

2. CADMIUM

Cadmium is a metal that is used routinely in industry. It is used in electro-
plating, the production of nickel-based rechargeable batteries, as a common
pigment in organic-based paints, and strangely enough, tobacco products.
Breathing cadmium vapors can lead to nasal epithelial deterioration and
pulmonary congestion resembling chronic emphysema (6). Also accumula-
tion of cadmium in tissues, i.e., chronic exposure, causes renal damage,
which gets progressively worse over time. The chemical forms of cadmium
in tissues can be divided into two groups: metallothionein (MT) bound and
non-MT-bound. Cadmium accumulates in the body mainly as the bound
form. The nonbound form, which is the toxic form of cadmium, can be
detected in tissues before sufficient amounts of MT can be produced to
sequester cadmium or after cadmium exposure greater than the organ’s abil-
ity to synthesize adequate MT. To limit the exposure to cadmium, in 1992
the National Institute of Occupational Safety and Health (NIOSH), man-
dated that employees exposed to cadmium in the workplace be monitored
(7). The concentration of cadmium can be measured in blood (standardized
to liters of whole blood) or urine (standardized to µg of cadmium per gram
urine creatinine). Normally the blood cadmium concentration is <5 µg/L of
whole blood and for urine the cadmium concentration is <3 µg/g creatinine.

Graphite-furnace, atomic-absorption spectrometry is the most widely
used technique for cadmium determination. Although the detection limit of
this method is <0.2 µg/L, analytical difficulties in the analysis of blood cad-
mium are reflected by the lack of consistent results of external-quality
assessment programs (8). Because of the aging that occurs with the graphite
tubes used, significant alterations of tube properties can sometimes lead to
drifting of the signal. Electroanalytical methods based on anodic-stripping
voltametry (9) are also available to quantitate the cadmium level. For this
technique, the detection limit is <0.1 µg/L, although a rather large volume of
whole blood (>0.5 mL) is needed. Isotope-dilution inductively coupled mass
spectrometry (ICPMS) (8) improved both accuracy and precision with
detection limits of 0.11 µg/L. However, after sample pretreatment, which is
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needed to eliminate background absorbance and interferences, the detection
limit is reduced to 0.3 µg/L.

The use of capillary electrophoresis (CE) to separate and detect metals is
currently being investigated. Using micellar electrokinetic capillary chro-
matography (MEKC) Saitoh et al. in 1989 separated a variety of metals using
sodium dodecyl sulfate (SDS) and a complexing agent (4-(2-Pyridylazo)
resorcinol) (10). Cadmium, however, gave poor peak shape, low efficiency,
and poor selectivity. However, after optimizing the conditions (11), cad-
mium, along with eight other metals were well separated with good peak
shapes (Fig. 1). Cheng et al. in 1995 (12) reported a successful separation of
cadmium with a new buffer that contained no complexing agent. By using
an UV active substance, 2-aminopyridine, and a 75 µm i.d. fused silica cap-
illary, the authors reported good separation efficiency with a detection limit
for cadmium of 0.6 mg/L. Tnierbaev et al. (13) were also able to use MEKC
to separate and quantitate nine metal chelates, including cadmium, within
15 min (see Fig. 2)

Fig. 1. Separation of nine metals using HEDTC as auxiliary ligand. Fused silica
capillary 75 um × 60 cm, 52 cm to detector. BGE 60 mM MOPS, 30 mM TRIS,
10 mM SDS, 0.1 mM HEDTC, pH 7.2; applied voltage 20 kV; temperature 2°C;
detection 254 nm; injection hydrostatic 10 s at 10 cm height, 10 µM each metal. 1 =
EOF; 2 = ligand oxidation product; 3 = Cd2+; 4 = Pb2+; 5 = Pt2+; 6 + Co2+; 7 = Ni2+;
8 = Bi2+; 9 = Cr2+; 10 = Cu2+; 11 = Hg2+. Reproduced with permission from ref. (11).
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3. ALUMINUM

Aluminum accumulates in blood and, if not filtered by the kidney, binds
avidly to proteins, such as albumin. It is rapidly distributed throughout the
leads to the accumulation of aluminum at two sites; bone (14) and brain
(15). In patients with normal renal function, serum aluminum is normally

Fig. 2. Micellar CE separation of metal chelates of PAR. Capillary 50 cm; 42 cm
to detector) × 75 µm; 10 mM ammonium phosphate, 75 mM SDS, 0.0001 M PAR,
pH 8.0; voltage 15 kV; injection 30 s (hydrostatic); detection 254 nm. 1 = Cr3+

(0.24 mM); Co2+ (0.06 mM); 3 = Cu2+ (0.08 mM); 4 = Pb2+ (0.08 mM); 5 = Ni2+

(0.08 mM); 6 = Fe2+ (0.08 mM); 7 = Zn2+ (0.16 mM); 8 = Fe3+ (0.08 mM); 9 = Cd2+

(0.24 mM). The first peak is acetone. Reproduced with permission from ref. (13).
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lower than 6 µg/L. However, kidney dialysis patients who are exposed to
high levels of aluminum in the form of oral phosphate binders, albumin
administration, and dialysis water. Since the kidney filters aluminum, it is
very important to monitor aluminum levels in this group of patients to pre-
vent toxicity. Patients with serum aluminum levels >60 µg/L, but >100 µg/L,
have been identified as candidates for late onset of aluminum overload dis-
ease and thus treatment. Since treatment is not without its side affects, it is
important to obtain an accurate measurement. Normally analysis of alumi-
num is routinely performed by atomic-absorption spectrophotometry with
electrothermal atomization after the specimen is mixed with matrix modi-
fier (16). In addition to increases in aluminum concentrations in dialysis
patients, Perl (17) also reported that aluminum is accumulated in the neu-
rofibrillary tangle of the patients with Alzheimer’s disease.

Very little has been done to separate and detect aluminum using CE. In
1993, Shi and Fritz (18), used CZE to separate 27 metal ions in 6 min using
lactic acid as an the complexing agent. However, no peak could be detected
for either Al (III) or Fe (III). Later, the same authors (19) used an acidic pH
of 3.2 and nicotinamide formate buffer, to obtain a good peak for Al (III)
(see Fig. 3).

4. ARSENIC

Arsenic is one of the best-known, and perhaps infamous, of the metal
toxins. It can exist in a number of different forms (20). Some these forms are
toxic, whereas others are not. The toxic forms are the inorganic species, As
(III) and As (V). Monomethyl arsine (MMA) and dimethyl arsenine (DMA)
are partially detoxified metabolites. Serum arsenic is only elevated for a
short time (<4 h) after administration. It then disappears into the phosphate
pool (21). The toxic forms of arsenic, As (III) and As (V), are be found in
urine shortly after ingestion, peaking at 10 h, and returning to normal in 20–
30 h. The primary mechanism for arsenic toxicity is related to sulfhydryl
binding. Arsenic also interferes with the activity of several enzymes of the
heme biosynthetic pathways.

Since urine is concentrated by the kidney it is the sample of choice for
arsenic analysis. Arsenic is routinely analyzed by using ICP-MS (22) or
anodic-stripping voltametry. Although CE has not been used in the rou-
tine analysis of arsenic there have been a few articles that have dealt with
the separation and detection of arsenic. One dealt with separation of arsenic,
arsenate, and organoarsenic anions by CZE (23). From this report, it can be
concluded that separation in the co-electroosmotic mode is preferred with
detection often being direct UV photometric detection (190 nm). The use of
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Fig. 3. (A) Separation of a sample standard mixture using an uncomplexing elec-
trolyte. Electrolyte, 8 mM nicotinamide, pH 3.2, adjusted with formic acid; applied
voltage, 25 kN; injection time 40 s. 1 = K+ (1.5 ppm); 2 = Ba2+ (1.5 ppm); 3 = Sr2+

and Ca2+ (0.8 ppm); 4 = Mg2+ (0.5 ppm) and Na+ (0.8ppm); 5 = Al3+ (0.8 ppm); 6 =
Cu2+ (0.8 ppm); 7 = Li+ (0.2 ppm); 8 = VO2+ (2 ppm). (B) Separation of the same
sample standard mixture using an uncomplexing electrolyte with 18-crown-6. Elec-
trolyte, 8 mM nicotinamide, 0.6 mM 18-crown-6, pH 3.2, adjusted with formic acid;
applied voltage, 25 kN; injection time 40 s. 1 = K+ (1.5 ppm); 2 = Ca2+ (0.8 ppm);
3 = Sr2+ (1.5 ppm); 4 = Mg2+ (0.5 ppm) and Na+ (0.8 ppm); 5 = Al3+ (0.8 ppm); 6 =
Cu2+ (0.8 ppm); 7 = Ba2+ (1.5 ppm); 8 = Li+ (0.2 ppm); 9 = VO2+ (2 ppm). Repro-
duced with permission from ref. (19).
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ICP-MS, employed as a post–column detection technique in CZE, enhanced
sensitivity, and selectivity of the system. With this system, Michalke and
Schramel (24) were able to separate and detect in a single run six arsenic
species. Detection limits were calculated according to IUPAC recommen-
dations to be 15 µg As/L for As (III) and As (V) or 0.015 µg/mL. This is
more than adequate to quantitate levels (0.1–0.5 µg/mL) associated with
chronic poisoning. Separately, Huang and Whang (25) were able to separate
and detect five arsenic species using indirect fluorescence detection with an
assay time of 8 min. The detection limits for their method was between
0.04 and 0.16 µg/mL, and although not as good as ICP-MS, was still adequate
to detect arsenic concentrations (0.1 µg/mL) associated with chronic poisoning.

5. LEAD

Lead is a heavy metal commonly found in the environment with no known
physiological significance in humans (26). It is found in high concentrations
in many paints, leaded gasoline, drinking water, food, soil, and dust. Lead is
absorbed primarily through the GI tract, lungs, after ingestion, or inhalation
of lead-contaminated substances. High doses are known to adversely affect
many systems of the body (27). A typical diet in United States constitutes
approx 300 µg of lead per day, of which 1–10% is absorbed. As per CDC
guidelines (28), a blood level of 10 µg/dL is considered toxic in children.
The WHO has also defined whole blood levels >30 µg/dL in adults as an
indication of significant exposure. Levels of >55 µg/dL can cause death,
brain damage, kidney failure, seizures, and anemia.

Analysis of lead is routinely performed by atomic-absorption spectrom-
etry after the specimen has been mixed with matrix modifier (29). The use
of palladium over magnesium/phosphate modifier has also tremendously
improved the detection limit to 0.1 µg/L for a 10 µL-injection volume. This
can be done with a precision of 2.2%. Stable isotope dilution gas chroma-
tography-mass spectrometry (GC-MS) has also been exploited with a detec-
tion limit of 0.1 µg/L (27). An alternate method currently in use is anodic
stripping voltametry, with an analysis time of 90 s. Although fast, this method
has a lower limit of detection of 1 µg/dL with precision of only 10% (27).

Although CE has not been used to detect the presence of lead in biological
fluids by using an ultramicroelectrode as an electrochemical detector, it is pos-
sible detect and quantitate lead. Polesello and Valsecchi (30) reviewed recent
advances in electrochemical detection in CE for the analysis of inorganic com-
pounds. By using an end-column ultramicroelectrode with a 10–25 µm capillar-
ies a lead-detection limit of 2 × 10-5 M was achieved. Although the sensitivity
needs to be increased by two orders of magnitude to be clinically useful, it does
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show the feasibility of using CE in the detection of lead. Perhaps by using ICP-
MS or indirect florescence detection in addition to a preconcentration step, it
would be possible to achieve the sensitivity needed clinically.

6. SELENIUM

Selenium is both an essential and toxic element, and plays an important
role in environmental analysis as well as in health studies. Sufficient sele-
nium supplementation can protect against heart disease and has a possible
role for cancer prevention (31). The absence of selenium correlates with a
loss of glutathione peroxidase activity and is associated with damage to cell
membranes resulting from accumulation of free radicals. The normal daily
dietary intake of selenium is 0.01 and 0.04 ppm. Selenium is accumulated
such that the normal concentration in human blood is 95–160 µg/L (0.015 ppm).
In the selenium deficiency, the serum concentration is <40 µg/L. Selenium
toxicity in humans is not known to be a significant problem except in acute
overdose cases and selenium is not classified as a human teratogen. Biologi-
cal and toxicological effects of selenium are strongly dependent on its
chemical form (32), thus there is an increasing interest in the differentiation
of selenium species, both organic and inorganic.

Analysis of selenium is routinely performed by atomic-absorption spec-
trometry after the specimen is mixed with matrix modifier (33). The high
resolving power of CE makes it potentially valuable for separation and
detection of the various selenium species. CZE separation of selenium
anions has been the subject of several reports and reviews (23). The pre-
ferred way to separate the various species of selenium is the co-electroos-
motic mode with direct photometric detection. The absorption properties of
selenite (+2 oxidation state) are significantly higher than the selenate (+8
oxidation state) at 200 nm, giving detection limits of 2 and 0.4 ppm, respec-
tively. Indirect photometric detection for the separation of selenate, selinite,
selenocystine, and selenomethionine in combination with electrokinetic
injection, which selectively injects and concentrates ions, provided highly
sensitive detection for inorganic selenium ions. Further, coupling ICP-MS
with CE affords specific multi-element detection, in addition to providing
extremely sensitive detection of the various metals. Thus, use of CE, spe-
cifically CZE, with ICP-MS (32) was applied to selenium speciation providing
the possibility to analyze six selenium species in a single run. With this method,
detection limits were found to be as 10–20 µg/L of inorganic species and 35–
50 µg/L for organic selenium species, which is within the limits needed to be
clinical useful.
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7. CHROMIUM

Chromium is used extensively in the manufacture of stainless steel,
chrome plating, leather tanning, as a dye for printing, and textile manufac-
ture, and as such can possess a significant occupational health hazard (34).
The toxic form is Cr 6+. Inhalation of dust particles containing this metal
causes erosion of the epithelium of the nasal passages and has also been
associated with squamous-cell carcinoma of lung (35). Cr 6+ is rapidly
reduced to Cr 3+, which has no known toxicity (36). Because of the rapid
disaparence of the toxic form of chromium monitoring biological specimens
for Cr 6+ is neither practical nor clinically useful in attempting to detect
chromium toxicity. Thus, measurement of chromium (Cr 3+) in urine can be
used to assess exposure to chromium, although the concentration of Cr 3+
may not indicate specific exposure to Cr 6+. However, monitoring the air at
the manufacturing site for the presence of Cr 6+ is useful way to test for Cr
6+ exposure.

Chromium is also known as “glucose-tolerance factor” since it is
required for insulin activity (37). Existing technology can not measure
chromium deficiency, because the lower limit of normal range of chromium
in blood challenges the detection limit (0.2 ng/mL) of atomic absorption
techniques.

Chromium has been measured by CZE. In this method separation of Cr
(IV) or Cr (III) requires complexation with either cyclohexanediamine-
tetraacetic acid (CDTA) or ethyldiaminetetraacetic acid (EDTA) to to cause
the chromium species to migrate towards the cathode. Using CDTA and
direct detection at 240 nm gave 19 and 59 ppb (ng/mL) detection levels for
Cr (VI) and Cr (III), respectively. About 10-fold lower detection limits noted
when EDTA used (23). Although the limit of sensitivity for the method using
EDTA is good, another one to two orders of magnitude is still required for
CE to be clinical useful.

8. CONCLUSION

In conclusion, CZE analysis of heavy metals is still under research and
development. Although promising, the techniques that have been used still
do not have adequate sensitivity for routine applications in the clinical analy-
sis of biological samples. Depending on the CE technique used, an addi-
tional one to two orders of magnitude increase in sensitivity is still needed.
Perhaps with the newer electrochemical techniques that are being developed
or by using indirect fluorescence techniques additional sensitivity can
be gained.
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Analysis of Illicit and Abused Drugs
in Urine by Capillary Electrophoresis

Wolfgang Thormann and Jitka Caslavska

1. INTRODUCTION: ANALYSIS OF URINARY DRUGS
IN CLINICAL AND FORENSIC TOXICOLOGY

Clinical and forensic toxicology is concerned with the detection, identifi-
cation, and measurement of toxic compounds and their metabolites in human
body fluids and tissues. Most often the toxic compounds are drugs taken
either accidentally or intentionally in quantities sufficient to cause an adverse
reaction or death. Analysis and identification of a possible drug or drug com-
binations, toxicological drug screening and confirmation should encompass
as many different classes of drugs as possible. The most important classes
being salicylate, paracetamol, antiepileptics, antidepressants, neuroleptics,
hypnotics (benzodiazepines, barbiturates, diphenhydramine), digoxin, and
theophylline, as well as many illicit drugs, such as opiates, methadone,
D-lysergic acid diethylamide (LSD), cocaine, and/or its major metabolite
benzoylecgonine, cannabinoids and amphetamines. Currently, urinary drug
monitoring has established itself as the basis of clinical and forensic toxicol-
ogy. It is also the method of choice for drug testing of employees at the
workplace, athletes at sports events (such as the Olympics), and patients in
drug-substitution programs. Since positive urine tests for an illegal drug can
result in severe penalties and drastically change the life of the presumed
abuser, urine drug testing must be as free from error as possible. Positive
results from an initial screening process should always be confirmed by
another method that is more selective and possibly also more sensitive than
that used for rapid screening. Furthermore, monitoring of drugs and
metabolites in urine is a useful approach for the assessment of drug metabo-
lism and to investigate the patient’s compliance.
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Comprehensive approaches, such as immuno- and chromatographic
assays, for the analysis of illicit and licit drugs in urine, have been devel-
oped and are routinely used in clinical and forensic laboratories all over the
world (1–4). Typically, immunological techniques, including those based
on fluorescence-polarization immunoassay (FPIA), enzyme-multiplied
immunoassay technique (EMIT), cloned enzyme donor immunoassay
(CEDIA), and kinetic interaction of microparticles in solution (KIMS), are
employed because of their ease of use (reagents for a number of drugs of
abuse are available in kit form) and speed of analysis. Immunoassays, how-
ever, often lack specificity and sometimes sensitivity. Thus, they are inap-
propriate for confirmation of the presence of a specific drug or metabolite.
Moreover, most commercial immunoassays are by nature unsuitable for the
simultaneous monitoring of multiple drugs and metabolites. Chromato-
graphic approaches, such as thin-layer chromatography (TLC), high-perfor-
mance liquid chromatography (HPLC), and gas chromatography (GC), can
provide results for multiple components. These methods typically require
extensive sample pretreatment, are characterized by a modest sample
throughput, and are difficult to automate. Despite the widespread use of TLC
as a screening method in forensic science, due to difficulties inherent with
the technique, it is not routinely used in clinical laboratories. HPLC, on the
other hand, is widely applied for drug screening (5). Automated HPLC with
multiwavelength detection is commercially available (6) and has been suc-
cessfully employed as a drug profiling system for emergency toxicology
(7). Although these methods are useful for screening, gas chromatography
with mass spectrometry (GC-MS, (8)), and to a minor extent, liquid chro-
matography with mass spectrometry (LC-MS) (9,10), are employed for con-
firmatory testing in clinical and forensic laboratories.

Capillary electrophoresis (CE) has been used to separate and identify
many drugs, including drugs of abuse, in a variety of body fluids, including
urine. Thus many CE-based assays for drugs of toxicological interest have
emerged (11–15). A comprehensive concept for toxicological drug screen-
ing and confirmation has also been developed and applied to the monitoring
of drugs of abuse in patient urine (16–18). In this chapter, CE-based assays
for analysis of illicit and abused drugs and their major metabolites in urine
are described (Table 1). Usually two CE methods are employed: capillary
zone electrophoresis (CZE) and micellar electrokinetic capillary chroma-
tography (MECC). A detailed explanation of these CE methods can be found
in Chapter 2. Examples discussed in this chapter come from data gathered in
our laboratory and were selected to provide insight into the strategies
employed for sample preparation and drug detection. The monitoring of
drugs in blood by CE is discussed in Chapters 17 and 20.
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Table 1
Selected Screening and Confirmation Assays
for Illicit and Abused Drugs in Urine

Urine Solute Reference
Drugs, metabolites CE method(s) preparation  detection assay(s) Ref(s)

Barbiturates MECC EXI UV-MWD EMIT (19)
Barbiturates (butalbital) MECC EXI UV various methods (20)
Salicylate MECC, CZE DSI, dilution UV-MWD Trinder (21)
Salicylic acid, gentisic acid, salicyluric acid MECC DSI, dilution UV,  F, LIF Trinder (13,22)
Salicylic acid, gentisic acid, salicyluric acid Non-aq. CZE EXI, H-EXI UV – (23)
Nonopioid analgesics (paracetamol, CZE, MECC DSI, H DAD, MS – (24)

salicylate, antipyrine, ibuprofen,
naproxen, propyphenazone,
and metabolites)

Paracetamol and metabolites CZE DSI UV, DAD, MS – (25)
11-nor- 9-tetrahydrocannabinol- MECC H-EXI UV-MWD FPIA (26)

9-carboxylic acid
Methadone, EDDP CZE DSI, EXI UV-MWD EMIT, GC-MS (27)
Methadone, EDDP Chiral CZE EXI UV – (28,29)
Methadone, EDDP CZE DSI, EXI UV-MWD, MS GC-MS (30)
Benzodiazepines MECC H-EXI UV-MWD EMIT, GC-MS (31)
Benzoylecgonine, opiates, methaqualone, MECC EXI UV-MWD EMIT (16,17)

amphetamine, methamphetamine
Cocaine and major classes of MECC, CZE EXI UV-MWD EMIT, FPIA, GC-MS (18)

illicit and abused drugs
Opiates (morphine,  codeine, CZE EXI UV HPLC (32)

dihydrocodeine, pholcodine)
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Ephedrine, norephedrine CZE DSI (dilution) UV – (33)
Amphetamine, methamphetamine, CZE EXI UV-MWD EMIT (34)

designer drugs, methadone,
ephedrines, and metabolites

Amphetamine,  methamphetamine, Chiral CZE EXI UV-MWD FPIA, EMIT (35)
designer drugs, methadone and metabolites

Amphetamine and analogs, methadone, EDDP CZE EXI,DSI UV-MWD, MS (36)
MDMA (Ecstasy) and metabolites Chiral CZE DSI, EXI, H-EXI UV – (13,37)
MDMA (Ecstasy) and metabolites CZE DSI, EXI, H-EXI UV – (13)
Methaqualone MECC EXI UV GC-MS (38)
LSD CZE EXI LIF RIA (39)

-blockers (oxprenolol) MECC DSI (dilution), EXI UV  (GC-MS) (40)
Tricyclic antidepressants MECC EXI UV – (41)

and antipsychotics, amiodarone
Furosemide, piretanide MECC EXI UV, UV-DAD – (42)
Diuretics CZE EXI UV GC-MS (43)
Dihydrocodeine and metabolites MECC DSI, EXI, H-EXI UV-MWD (44)
Dextromethorphan, levomethorphan, Chiral MECC EXI UV – (45)

dextrorphan, levorphanol
Dextromethorphan and metabolites MECC, CZE H UV-MWD, UV HPLC (46,47)
Haloperidol (various metabolites) CZE EXI MS, DAD – (48)

Abbreviations: CZE, capillary zone electrophoresis; DAD, diode array detection; DSI, direct sample injection; EMIT, enzyme multiplied immunoassay
technique; EXI, extract injection; F, fluorescence detection; FPIA, fluorescence polarization immunoassay; GC-MS, gas chromatography-mass spec-
trometry; H, hydrolysis; HPLC, high-performance liquid chromatography; LIF, laser induced fluorescence detection; MECC, micellar electrokinetic
capillary chromatography; MS, mass spectrometry; MWD, multiwavelength detection using a fast scanning detector, RIA, radioimmunoassay.
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2. ANALYSIS OF URINARY DRUGS AND METABOLYTES
BY CE WITH OPTICAL DETECTION

2.1. Assays with No or Minimal Sample Detection

When using CE, urine specimens can often be injected directly into the
separation column or may require only minimal pretreatment, such as dilu-
tion, centrifugation, or filtration. The data depicted in Fig. 1 represents
MECC data of a urine from a patient with suspected salicylate intoxication.
This sample tested markedly positive (>1 mM) for salicylate employing the
modified spectrophotometric method of Trinder (21). Using a fluorescence

Fig. 1. Analysis of salicylate, salicyluric acid, and gentisic acid by direct urine
injection and multiwavelength absorbance detection. MECC data for directly injected
(A) and 10-fold diluted patient urine (B,C) obtained in a buffer composed of 75 mM
SDS, 6 mM sodium tetraborate and 10 mM disodium hydrogenphosphate (pH about
9.1). A homemade instrument featuring a 75-µm ID untreated fused silica capil-
lary of 70 cm effective (90 cm total) length and a fast-scanning multiwavelength
detector was employed. Sample was applied via gravity, the voltage was 20 kV, and the
current was about 80 µA. Absorbance data were gathered between 195 and 320 nm with
a 5-nm interval. (D–G) depict spectral identity proofs for uric acid (endogenous
marker), gentisic acid, salicylic acid, and salicyluric acid, respectively.
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polarization immunoassay (FPIA), the serum of the same patient was found
to contain 3.0 mM salicylate, a value that is above the recommended thera-
peutic range of 1.1–2.2 mM. After direct urine injection (Fig. 1A), MECC
revealed an overloaded, completely unresolved electropherogram in which
the presence of salicylate was difficult to identify. However, after 10-fold
dilution (Fig. 1B,C), clear separation of salicylate and two of its metabo-
lites, gentisic acid and salicyluric acid, were obtained. In addition, an en-
dogenous marker substance, uric acid, could also be identified. For all four
compounds, there was excellent agreement of the normalized absorbance
spectra with those of pure compounds (Fig. 1D–G) allowing identification
as well as purity assessment of these zones. Comparison of panels A and B
also reveals the impact of the sample matrix, showing that detection time by
itself is not adequate for analyte identification. However, in conjunction with
multiwavelength detection it is possible to identify analytes unambiguously.
Analysis of the same sample by CZE at pH 8. 3 also gave comparable data (21).

Currently, the most popular optical detection method is on-column UV
absorbance. However, due to the short optical pathlength within the detec-
tion cell, the lowest detectable concentration (without preconcentration or
stacking of solutes) is in the 1–10 µM (low µg/mL) range. This sensitivity is
1–2 orders of magnitude less than found using HPLC. Other optical detec-
tion techniques include fluorescence (F) and laser-induced fluorescence
(LIF). When compared to UV absorption detection, sensitivity enhancement
using F and LIF can be between 10- and 1000-fold, respectively (49). These
two detection modes can also provide increased selectivity that is useful for
identification of selective analytes. This is nicely shown with the data pre-
sented in Fig. 2A, MECC data obtained with 10-fold diluted urine of the
patient with suspected salicylate intoxication. Both UV absorption data
(wavelength of 220 nm) and the fluorescence data (emission wavelength of
450 nm) reveal the presence of salicylate. By using fluorescence detection
molecules of similar structure, including the metabolites salicyluric acid and
gentisic acid, can be recognized. Thus the simultaneous monitoring of UV
absorption and fluorescence provides valuable information for drug moni-
toring as well as for the determination of metabolites. Comparison of Fig.
2A and B shows that LIF detection provides a significantly higher sensitiv-
ity compared to that obtained by UV and F detection. The same urine used
in Fig. 2A was analyzed after 30-fold dilution with water and detected with
a HeCd laser (excitation 325 nm line). Using various narrow bandfilters
(emission), it can be shown that salicylic acid, salicyluric acid, and gentisic
acid have differences in their emission spectrum. Recording multiple elec-
tropherograms with different filters can provide multiwavelength fluores-
cence data, permitting analyte identification. Thus, instrumentation with
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wavelength-resolved fluorescence detection (50,51) (which is not currently
commercially available) would provide straightforward data that could be
employed for spectral identification in a way comparable to UV absorption,
as seen in Fig. 1.

Fig. 2. Monitoring of urinary salicylate and metabolites by CE with fluores-
cence detection. Sample and buffer were the same as for Fig. 1. (A) Simultaneously
collected MECC absorbance (at 220 nm, upper graph) and fluorescence (at 450 nm,
lower graph) data obtained for 10-fold diluted urine. A homemade instrument fea-
turing a 75 µm ID capillary of 50 cm effective (70 cm total) length and a tunable
UV-VIS detector that was adapted for simultaneous fluorescence and absorbance
detection was employed (22). Sample was applied via gravity, the voltage was
20 kV and the current was about 90 µA. (B) MECC data of 30-fold diluted patient
urine obtained with LIF detection having an air-cooled HeCd laser (Liconix, Santa
Clara, CA) which emits at 325 nm (power level: about 5 mW) and bandpass filters
of 366, 405, and 450 nm (from bottom to top, presented with an x-axis offset of
1 min and a y-axis shift of 20 RFU). The data were collected on a P/ACE 5510
capillary electrophoresis system (Beckman Instruments, Fullerton, CA, USA) that
was equipped with an untreated fused silica capillary of 75 µm ID and 40 cm effec-
tive (47 cm total) length. The sample was pressure injected, a constant voltage of
15 kV was applied (current about 70 µA) and the capillary temperature was main-
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Although LIF provides the highest sensitivity, it is of limited use as there
are only a few laser lines available for analyte excitation and there are only
a limited number of the compounds of interest that fluoresce without
derivatization. Using laser-induced resonance energy transfer as described
by Petersen et al. (52), the LIF application range can be expanded to
nonfluorescing solutes. In this approach, the energy absorbed by a donor
molecule is transferred to an acceptor compound (e.g., terbium or europium)
which subsequently fluoresces. The feasibility of this method was demon-
strated in a CZE setup by detecting salicylic acid, gentisic acid, salicyluric
acid and 4-aminosalicylic acid after direct injection of fortified urine. A
HeCd laser (325 nm) was used and the terbium ion luminescence at 547 nm
was monitored (52). In the absence of terbium, no fluorescence at 547 nm
was detected. The analysis of drugs of abuse in real world samples, how-
ever, has not yet been studied. The same is true for CE configurations with
indirect fluorescence or absorbance detection, which have been employed
extensively in other applications (53,54).

2.2. Assays Based on Extraction, Hydrolysis, and Stacking

Analytes that cannot be monitored by direct sample injection or after
minimal sample pretreatment have to be extracted and often concentrated.
Depending on application, analytes may also have to be hydrolyzed (Table 1).
Conventional liquid-liquid or solid-phase extraction procedures are typically
employed when extraction is found to be necessary. Another method that is
being investigated and thus not yet used routinely for analyte concentration
is on-line extraction and preconcentration of analytes (55,56). On-column
preconcentration can also be attained by various electrokinetic injection and
stacking procedures (see below).

To show the impact of sample preparation, CZE data for urinary Ecstasy
(3,4-methylenedioxymethamphetamine or MDMA) is shown in Fig. 3. The
urine was from a patient who received 1.5 mg racemic MDMA/kg body
weight and was collected 12 h after drug administration. After direct injec-
tion of untreated urine, MDMA (22.5 µg/mL) could be determined easily
(Fig. 3A). By using solid-phase extraction (2 mL urine with reconstitution
in 200 µL of 10-fold diluted running buffer) MDMA and its metabolite 3,4-
methylenedioxyamphetamine (MDA) could be detected (Fig. 3B). However,
the major metabolite, 4-hydroxy-3-methoxymethamphetamine (HMMA, a
compound that is mainly excreted as conjugates [37]), could only be moni-
tored after enzymatic hydrolysis prior to solid-phase extraction (Fig. 3C).
These data illustrate the impact of the various extraction procedures. With
extraction, interfering endogenous substances are removed and analytes of
interest concentrated by reconstitution of the dried extract in a volume that
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Fig. 3. CZE assay for Ecstasy (MDMA) and its major metabolites in human urine.
Data shown were obtained after direct urine injection (A), solid-phase extraction (B),
and enzymatic hydrolysis and solid-phase extraction (C) of a urine that was collected
12 h after ingestion of 1.5 mg racemic MDMA per kg body weight. The data were
collected on a BioFocus 3000 capillary electrophoresis system (Bio-Rad Laboratories,
Hercules, CA) that was equipped with an untreated 50-µm ID fused silica capillary of
55.4 cm effective (60 cm total) length. The sample was pressure-injected, a constant
voltage of 22 kV (current about 60 µA) was applied, the temperatures of cartridge and
carousel were maintained at 20°C and detection was effected at 195 nm. A 75 mM
phosphate buffer at pH 2.5 was employed. Solid-phase extraction was executed as
described in (37) and hydrolysis of HMMA conjugates was effected with 60 µL of -
glucuronidase/arylsulfatase from Helix pomatia per mL of urine and incubation at
37 °C for 16 h. MDMA, 3,4-methylenedioxymethamphetamine (Ecstasy); MDA, 3,4-
methylenedioxyamphetamine; HMMA, 4-hydroxy-3-methoxymethamphetamine;
u, unidentified endogenous compound. Reprinted with permission from ref. (13).
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is smaller than the initial urine volume. After hydrolysis, metabolites can be
analyzed that—because of lack of a specific extraction process or lack of
appropriate reference substances—could otherwise not be monitored.

Many assays have been developed that are based on pretreatments
(Table 1). Of particular interest is an assay for multiple classes of drugs that
include opiates, methadone, cocaine, and benzoylecgonine, amphetamine
and analogs, methaqualone, 11-nor- 9-tetrahydrocannabinol-9-carboxylic
acid (THC), benzodiazepines, barbiturates, diphenhydramine, and so on.
This assay was developed in our laboratory and has been used to analyze
urine samples received for drug screening from the local University Hospi-
tal. It is based on a two-step, solid-phase extraction with a copolymeric sor-
bent (17) followed by analysis of the two concentrated extracts by MECC or
CZE with on-column fast scanning polychrome detection. The spectral in-
formation obtained in this approach is used to help identify the substances.
From the same aliquot of urine, the two-step extraction procedure allows
analysis of barbiturates, some benzodiazepines, THC and methaqualone (in
the first eluate), as well as opiates, cocaine and benzoylecgonine, selected
benzodiazepines or their metabolites, methadone and its primary metabolite
2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP), diphenhy-
dramine and amphetamines (in the second eluate) (18). MECC data of a
urine specimen from a hospitalized patient that was found to be 1) markedly
positive for cocaine, opiates, methaqualone, and methadone using EMIT;
2) EMIT negative for amphetamines, barbiturates, and benzodiazepines; and
3) positive for cannabinoids employing an FPIA immunoassay, are depicted
in Fig. 4. Using 5 mL urine and the two-step extraction procedure with
methylene chloride as first elutant (Fig. 4A) and methylene chloride/isopro-
pyl alcohol (80:20) containing 10% NH3 as second elutant (Fig. 4B,C), the
presence of methaqualone, benzoylecgonine, and opiates was confirmed.
Peak assignment was achieved through comparison of retention times and
absorption spectra of eluting peaks with those of computer-stored control
runs (Fig. 4D). The presence of 6-acetyl morphine (peak 13 in Fig. 4B,C)
indicates the possible consumption of heroin. The peak denoted with M
(Fig. 4A) was found to have the same normalized spectrum as methaqua-
lone. Furthermore, peaks M1 and M2 (Fig. 4A,B, respectively) were deter-
mined to have spectra that are very similar to that of methaqualone. Thus,
the assay is assumed to confirm not only the presence of methaqualone, but
also some of its many metabolites. For detection of THC, the urine would
have to be hydrolyzed prior to extraction (18,26). Methadone and EDDP
(which were found in the second fraction) elute in the micelle peak (Fig. 4B,C)
and, therefore, would have to be analyzed by CZE (18,27).
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Compared to GC-MS, CE instrumentation is less expensive and some-
what simpler to operate. However, in addition to the structural information
provided by MS, the GC-MS detection sensitivity is higher than that of
MECC and CZE with on-column UV absorption detection. Nevertheless,
for most compounds, the sensitivity of our MECC and CZE assays (about
50 ng/mL with application of 5 mL urine) is equal to or better than those of
commercial immunoassays, which are typically employed for rapid urine
screening. LSD is an exception as the required cutoff value for that com-

Fig. 4. Screening for and confirmation of urinary drugs of abuse with two-step
extraction and polychrome absorbance detection. MECC electropherograms
obtained after two-step, solid-phase extraction of a patient urine that has been found
positive for methaqualone, opiates, benzoylecgonine, and methadone by screening
with EMIT-dau. MECC data of the first fraction (A), the second fraction (B,C) and
spectral identity proofs (D) for methaqualone (9), benzoylecgonine (1), 6-acetyl-
morphine (13), morphine (2) and codeine (5) are shown. Instrument and buffer
were the same as for Fig. 1. M, M1, and M2 are metabolites of methaqualone.
Reprinted with permission from ref. (13).
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pound is 0. 5 ng/mL. In the two-step extraction procedure, LSD appears in
the second fraction with a comparable detection limit as that for other illicit
substances (data not shown). Thus, this generalized procedure is not
adequate for analysis of LSD in the required concentration range. However,
electroinjection in conjunction with LIF has recently been shown to permit
the determination of urinary LSD in the low ppb concentration level (39).
Also the two-step extraction procedure in combination with CE was found
to be capable of recognizing false-negative results from immunological
screening processes (13,31).

Electrophoretic mass transport is highly regulated, allowing charged sol-
utes to be concentrated (stacked) across an electrolyte discontinuity. This
also includes the boundary initially produced between sample and running
buffer. In CE, this inherent feature of electrophoresis may take place when
the sample compounds encounter isotachophoretic conditions (isotacho-
phoretic sample stacking is based on differences in electrophoretic mobili-
ties) or when the conductivity of the sample is less than that of the buffer
(field-amplified sample stacking). After hydrodynamic sample introduction,
stacking techniques are not only dependent on sample composition, but also
on the sample volume injected and are thus limited by the capillary volume.
Experimentally determined enhancement factors associated with these
on-column stacking techniques typically do not exceed 100. Head-column,
field-amplified sample stacking (also referred to as field-amplified sample
injection) associated with electrokinetic sample introduction takes place at
the tip of the column removing the limitation of injection volume. It is typi-
cally performed with a sample of low conductivity and a short plug of water
at the capillary inlet. During electroinjection, analytes are stacked at the
interface between the low-conductivity zone and the running buffer. With
this type of injection, very little sample solvent is co-injected because the
net electroosmotic velocity is typically much smaller than the local electro-
phoretic transport. Using this approach, a 1000-fold sensitivity enhancement
can easily be obtained and ng/mL drug levels can be determined using UV
absorption detection (57). Based on this principle, a microassay for urinary
dihydrocodeine and nordihydrocodeine (58) employing microliter urine vol-
umes has recently been developed. In addition, Taylor et al. (32) and Wey
and Thormann (59) demonstrated that a lower detection limit is obtained
when extracted opiates are injected electrokinetically instead of hydrody-
namically. The same was found to be true for analysis of urinary amphet-
amines (60). It is important to realize that detection limits in CE are not only
dependent on the type of optical detector used (see Fig. 2), but also on the
matrix of the sample and the injection procedure employed.
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2.3. CE-Based Immunoassays for Urinary Drugs of Abuse

The combination of immunochemistry and CE has lead to the emergence
of a number of competitive binding drug assays using labeled drugs as fluo-
rescent tracers. These procedures incubate small amounts of urine (20–50 µL),
antibody solution, and tracer prior to application of an aliquot of the mixture
onto the capillary. After separation of the unbound fluorescent tracer and
antibody-tracer-complex by CZE or MECC, detection is by LIF detection.
Chen and co-workers reported the feasibilities for immunological determi-
nation of urinary morphine and PCP (61), in addition to morphine, PCP,
THC, and benzoylecgonine (62) by CZE using drug-cyanine conjugates as
tracers and LIF detection with a He-Ne laser (excitation: 543 or 633 nm;
emission: 590 or 690 nm). Other approaches employed fluorescein-labeled
tracers and LIF detection with an Ar ion laser (excitation: 488 nm; emission:
520 nm). Using this approach, monitoring of urinary benzoylecgonine by
CZE (13), urinary methadone (30), and amphetamines (34) by MECC- and
CZE-based immunoassays, and a CZE four-analyte immunoassay for urine
screening (63) using reagents from Abbott’s TDxFLx FPIA kits (see Chap-
ter 12), is possible. Furthermore, Choi et al. described the use of various
antibodies for CZE-based immunological analysis of methamphetamine in
urine (64,65).

Typically the automated solution-based immunoassays for drugs of abuse
that are in widespread use are based on FPIA, EMIT, CEDIA, and KIMS.
All of these methods represent one analyte immunoassays (e.g., for metha-
done or benzoylecgonine) or assays for one group of analytes, such as opi-
ates and amphetamines. Other approaches, such as those with discrete
placement of antibodies in spatially separated zones on a solid support onto
which binding of different antigens can take place (e.g., the Triage 7 and
8 systems comprising immunoassays for seven and eight analytes or group
of analytes, respectively (66)) permit simultaneous screening for multiple
components or multiple groups of analytes. Alternately, the Testcup-5 sys-
tem of Roche Diagnostic Systems combines a cup for urine collection and a
panel with five assays (67). These noninstrumental multianalyte immuno-
assays were developed for on-site testing of drugs of abuse. CE has also
been found suitable for the performance of simultaneous immunoassays of
more than one analyte (or more than one group of analytes) in a single
sample (61–63). Our four-analyte CE-based immunoassay uses four differ-
ent sets of reagents, namely those for methadone (M), opiates (O), the
cocaine metabolite benzoylecgonine (C) and amphetamine/methamphet-
amine (A) and was thus referred to as the MOCA assay. It was applied to the
screening of drugs of abuse in fortified blank urines, commercial-quality
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control urines and patient samples and was validated (63). Data obtained
with the MOCA assay were found to be quantitative and to be in agreement
with data resulting from routine urinary screening using EMIT and FPIA.

Fig. 5. CZE four-analyte immunoassay. MOCA four-analyte immunoassay data
obtained with blank urine (bottom graph), a positive, low-level control sample (cen-
ter graph), and the external quality control urine 106 of the UKNEQAS for drugs of
abuse in urine scheme (top graph) using Abbott’s TDxFLx FPIA reagents for metha-
done, amphetamine/methamphetamine, opiates, and cocaine metabolite. Samples
were composed of 25 µL aliquots of urine, antibody solutions, and tracer solutions.
The data were collected on a P/ACE 5510 capillary electrophoresis system
(Beckman Instruments, Fullerton, CA) equipped with an untreated fused-silica cap-
illary of 75 µm ID and 40 cm effective (47 cm total) length. The applied voltage
was 13 kV (currents about 87 µA) and the capillary temperature was maintained at
20°C. The sample carousel was at ambient temperature. Solute detection was
effected by LIF using an air-cooled argon ion laser (Ion Laser Technology, Salt
Lake City, UT) at 488 nm (operated at 5 mW) and a 520 nm bandpass filter. The
buffer was composed of 50 mM sodium tetraborate, pH 9.3, M, free tracer of metha-
done; A, free tracer of amphetamine; O, free tracer of the opiate morphine; C, free
tracer of the cocaine metabolite benzoylecgonine.
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The electropherograms depicted in Fig. 5 were obtained with a blank urine
(bottom graph), with a low-level control urine containing 300 ng/mL metha-
done, 250 ng/mL morphine, 500 ng/mL D-amphetamine, and 500 ng/mL
benzoylecgonine (center graph) and with the external quality control urine
No. 106 (upper graph). For all four analytes, small peaks for the free tracers
were noted when the urine blank was analyzed. Significantly increased
responses for the free tracers were obtained with both the low-level control urine
and the external-quality control urine that is known to contain all four classes of
drugs (chromatographic data for methadone, free morphine, benzoylecgonine
and amphetamine being 2.29, 5.64, 2.46, and 2.38 µg/mL, respectively) (63).
Thus, the multianalyte CE immunoassay provides meaningful data and can be
used to screen patient urines for the various classes of drugs of abuse. In this
case, threshold values of the peak heights relative to the peak height of an inter-
nal standard should be defined and applied for urine classification (63).

CE-based multianalyte immunoassays are limited by the ability of CE to sepa-
rate labeled antigens from each other and from the antibody-antigen complexes.
CE-based immunoassays are simple, rapid, sensitive, and reliable approaches
for multianalyte screening of drugs in body fluids. The principle employed lends
itself to configure custom-made screening reagents that include the specific
antibodies and the labeled tracers. To increase versatility, but at the expense of
instrumental complexity, strategies with different tagging of tracers together
with LIF detection with multiple laser lines and/or wave-length resolved fluo-
rescence detection could represent interesting approaches for simultaneous
selective detection of many different types of solutes.

3. CHIRAL CE OF URINARY DRUGS AND METABOLITES:
ASSAYS FOR ENANTIOMER SCREENING OF MISUSED,
ABUSED, AND BANNED SUBSTANCES

CE has proven to provide a simple, inexpensive, and effective approach
for the separation of enantiomers after the addition of a chiral selector to the
buffer. The separation by CE of the enantiomers of several drugs of interest
in toxicology and doping control has been investigated. By using various
cyclodextrins it was possible to effect the chiral differentiation of the optical
isomers of racemethorphan and racemorphan (45), amphetamines, cathine,
cathinone, cocaine, and others (68), as well as of urinary mephenytoin and
phenytoin (69), urinary methadone (28,29), urinary MDMA (Ecstasy) (37),
and various amphetamines in urine (35).

Chiral discrimination has a number of possible applications in clinical
and forensic toxicology. For example the antitussive dextromethorphan (an
allowed drug) and the narcotic analgesic levomethorphan (a banned drug), are
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the d-(+) and l-(-) isomers of 3-methoxy-N-methylmorphinan, respectively.
Aumatell and Wells (45) demonstrated that these enantiomers could easily
be distinguished using a chiral CZE assay that was developed for urinary
analysis of the optical isomers of racemethorphan and racemorphan. Dis-
tinction of these compounds is not only of interest in forensic science (such
as the elucidation of the cause of death after intake of levomethorphan), but
also for the treatment of intoxicated patients. In addition, dextrorphan
(allowed drug) and levorphanol (banned drug) can easily be separated by
MECC using -cyclodextrin as chiral selector (45). Other compounds, such
as (+)-propoxyphene (a narco-analgetic and a controlled substance) and (-)-
propoxyphene (an antitussive and an allowed compound), have been sepa-
rated by chiral CE (68). Finally, the ability to separate the enantiomers of
amphetamine and methamphetamine has forensic applications as well (35).
The S-(+) enantiomers (d-enantiomers) of amphetamine and methamphet-
amine have about five times more psychostimulant activity than the R-(-)
enantiomers (l-enantiomers) and are thus banned or controlled substances,
whereas R-(-)-methamphetamine is found in the Vicks Inhaler® sold in the
United States. Furthermore, selegiline (a prescribed drug administrated to
treat Parkinson patients) is known to metabolize to the R-(-) enantiomers of
methamphetamine and amphetamine.

Recently (35) we developed an assay comprising a pH 2.5 buffer contain-
ing 8.3 mM (2-hydroxypropyl)- -cyclodextrin (OHP- -CD) as chiral selec-
tor. This assay was able to separate enantiomers from urinary extracts
containing methamphetamine, amphetamine, methadone together with its
major metabolite EDDP, in addition to 3,4-methylenedioxymeth-
amphetamine (Ecstasy) and other designer drugs (Fig. 6). Enantiomer iden-
tification was based on comparison of UV absorption data (as for Figs. 1
and 4) along with comparison of the electropherograms with those obtained
by re-running spiked extracts. The suitability of the chiral electrokinetic cap-
illary method for drug screening and confirmation is demonstrated with the
data presented in Fig. 6B. Analysis of the unhydrolyzed quality control urine
106 in the achiral buffer revealed the presence of amphetamine, methadone,
and EDDP (top graph of Fig. 6B, (34)). By using the chiral assay it was
possible to show that both enantiomers were present for all three compounds
(bottom graph of Fig. 6B). These data indicate that a much-increased resolu-
tion is obtained with the chiral buffer (Fig. 6A). Furthermore, morphine (Fig.
6B) and other substances found in alkaline urinary extracts can only be moni-
tored in the chiral buffer (35). Using the chiral assay to analyze a urine from
a patient on selegiline pharmacotherapy, the presence of the R-(-)-enanti-
omers of methamphetamine and amphetamine could be unambiguously
identified (35). Thus, ingestion of an R-enantiomer or other drugs that
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metabolize to the R-enantiomers can be distinguished from the ingestion of
S-(+)-enantiomers (due to drug abuse) or prescribed drugs that metabolize
to the S-enantiomers of methamphetamine and amphetamine. The approach
is simple, reproducible, inexpensive, and reliable (being free of interferences
of other major basic drugs that are frequently found in toxicological urines)
and can be used to screen for and confirm urinary enantiomers in a routine
laboratory.

4. ANALYSIS AND CONFIRMATION OF URINARY DRUGS
AND METABOLYTES BY CE-MS

Interfacing a CE with a mass spectrometer (MS) has been shown to be an
attractive approach, analogous to the use of LC-MS (9,10), to gather struc-

Fig. 6. Chiral separations of amphetamines, methadone, and EDDP. Achiral (top
graphs, 195 nm) and chiral (bottom graphs, 195 nm) CE data of (A) a mixture of
standard compounds and (B) the extract of quality control urine 106. For the data of
(A), standard compounds were dissolved in water at a concentration of about 5 µg/mL
(achiral data) and 10 µg/mL (chiral data) of each enantiomer. For the data of panel
(B), alkaline urinary extracts were prepared as described in ref. (35). The achiral
buffer employed was composed of 75 mM KH2PO4 and 1% ethanolamine (adjusted
to pH 9.2 with 1 M HCl, whereas the chiral buffer comprised 75 mM KH2PO4, pH
2.5, and 8.3 mM OHP- -CD. The BioFocus 3000 with 50 µm ID capillaries of
95.4 cm (achiral assay) and 55.4 cm (chiral assay) effective lengths was used. A,
amphetamine; MA, methamphetamine; MET, methadone; MO, morphine. For fur-
ther details, refer to ref. (35).
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tural information of compounds, and to use the MS as a CE detector (70,71).
Currently there are few published articles discussing CE-MS monitoring of
drugs in urine. The best examples are CE-MS determination of urinary N-1-
hydroxyethylflurazepam (the major metabolite of flurazepam) (72), halo-
peridol (48), anti-inflammatory drugs (ibuprofen, flurbiprofen) and their
metabolites (73), paracetamol and metabolites (24,25,74), nonopioid anal-
gesics (24), methadone (30,36), and methylphenidate (75). In addition,
the feasibility of using MS as the detector for the enantiomers of terbutaline
spiked into a urine blank has been demonstrated (76). In this instance the
use of the chiral selector (heptakis (2,6-di-O-methyl)- -cyclodextrin) in
addition to the use of MS gave the selectively needed to verify the chiral
composition in complex matrices.

CE-MS instrumentation employed thus far for urinary confirmation test-
ing of drugs of abuse and/or their metabolites uses CE interfaced to a MS
with atmospheric pressure electrospray ionization. This is followed by iden-
tification of protonated molecular ions and/or their fragments using a triple
quadrupole (30) or an ion trap (36) MS. In the first approach, fragmentation
of methadone and EDDP was determined by MS-MS. Confirmation was
achieved with in-source fragmentation. The first quadrupole was operated
in the selected ion monitoring mode by switching between the respective
parent/daughter ion masses for methadone (m/z = 310, 265) and EDDP (m/
z = 278, 249, 234). The CE-MS-MS approach has been successfully applied
to the confirmation of methadone and EDDP in urines that were positive for
methadone using CE-based immunoassays, FPIA, EMIT, and CE with UV
absorption detection (30). Using an ion trap MS, the presence of amphet-
amine, MDMA, MDA, methadone, EDDP and morphine in urine could eas-
ily be confirmed by the full ion scan mode followed by MS-MS of the
protonated molecular ions (36). An example is the alkaline extract of the
quality control urine 106 in Fig. 7 where the presence of amphetamine,
methadone, EDDP and morphine could unambiguously be confirmed by CE-
MS. In addition, CE-MS was shown to be capable of detecting amphetamine
and nicotine, compounds that co-migrated under the conditions employed.
This was not the case using CZE with UV detection (Fig. 7A) (36). After
sample extraction, urinary drug concentrations of 50–100 ng/mL can be
detected by CE-MS, comparable to that observed by CE with UV detection.
This sensitivity is sufficient for confirmatory testing of most urinary drugs
of abuse. The use of a volatile buffer (Figure 7A) was not found to be a
limitation in the separation. CE-MS instrumentation with a single quadru-
pole MS does not permit unambiguous confirmation since no structural proof
via fragmentation is possible. A single quadrupole MS can, however, be
used as detector.
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Fig. 7. CZE and CE-MS data of urinary amphetamine, methadone, and EDDP.
The buffer employed was composed of ammonium acetate/acetic acid (20 mM each,
pH 4.6). The alkaline urinary extract of quality control urine 106 was analyzed (A) by
CZE with UV absorbance detection using the BioFocus 3000 and (B) by CE-MS with
the Cristal CE system model 310 coupled to the Finnigan MAT LCQ via a CE atmo-
spheric pressure, electrospray-ionization interface. The BioFocus was equipped with
an untreated 50-µm ID fused silica capillary of 60 cm total length (55.4 cm to the
detector), sample was injected by applying positive pressure of 4 psi × s, a constant
voltage of 20 kV (current about 15 µA) was applied, the temperatures of cartridge and
carousel were maintained at 20ºC. CE-MS measurements were made with stabiliza-
tion of the electrospray using a sheath liquid flow of 3 µL/min methanol/water/acetic
acid (60/39/1 [v/v]), a 75-µm ID capillary of 70 cm length, sample injection of
200 mbar for 6 s and a separation voltage of 30 kV. A, amphetamine; MET, metha-
done, NIC, nicotine; MO, morphine.
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5. CONCLUSION

As is shown by the examples presented in this chapter, CE provides high-
quality data that would be of interest to clinical and forensic drug toxicolo-
gists. The obvious tests to be replaced by CE involve methodologies that are
too expensive, inaccurate, and/or prone to interferences. Prime examples
include applications that require enantiomeric resolution, methods that con-
sume high amounts of organic solvents, and assays that lack specificity.
Before widespread adoption of CE assays in clinical and forensic drug toxi-
cology can occur, however, validation and the quality assurance aspects of
CE based assays have to be addressed. This is especially important for assays
that are used for screening and/or confirmation of the presence or absence of
illicit, abused, and banned drugs in urine. Initially, data with quality control
urines was collected and published (34–36,63). In this work, data produced
by electrokinetic capillary assays were found to be in agreement with the
results of other techniques. Despite these encouraging results, additional
efforts in exploring the use of CE in the clinical and forensic areas needs to
be continued. Of critical importance is that analysis of a large number of
external quality control urines, e.g., those offered by Cardiff Bioanalytical
Services (UKNEQAS for drugs of abuse, Cardiff, UK) or College of Ameri-
can Pathologists (CAP), should be undertaken.

Currently the use of optical detection is the most popular detection mode
employed. UV absorbance in the single and multiwavelength formats as well
as fluorescence and laser-induced fluorescence has been successfully used
in a number of publications (Table 1). Also, based upon the commercial
availability of benchtop instrumentation, the use of MS is currently increas-
ing and soon will establish itself as the detection method of choice for con-
firmation testing. Thus far, electrochemical detection (77), which is highly
sensitive and selective, has received only cursory evaluation for detection of
drugs in urine. This is mostly due to the lack of commercial detectors. The
use of amperometric detection, however, has recently been demonstrated
for the analysis of urinary promethazine and thioridazine (78).

Analysis of illicit and abused urinary drugs and their metabolites by CE
offers many attractive features. CE offers separation methods that are ame-
nable to the analysis of ionic (CZE, MECC) and neutral (MECC) solutes,
including compounds that are difficult to analyze by GC. Furthermore, CE
provides extremely high efficiency, resolving power, and separation speed
when compared to HPLC. CE is also complementary to existing analytical
methods, such as HPLC, GC, and high-throughput, automated immuno- and
photometric assays. CE methods performed in capillaries of 25–75 µm ID
are considered nanoscale separation techniques, the capillary and sample
plug volumes being 0.1–5 µL and 1–10 nL, respectively. Versatility, high
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efficiency, and the possibility of direct urine injection or minimal sample
preparation are appealing features for clinical and forensic analysis.
Although CE is appealing for routine clinical and forensic use, the limit of
detection is somewhat not as good as that of other separation techniques
(including HPLC). This often calls for either on-line or off-line
preconcentration of analytes prior to analysis. Fortunately, electrophoretic
techniques feature a unique concentration effect (inherent to electrophoretic
mass transport and very rarely seen in other separation techniques), which
can provide compensation for the lack of sensitivity. Having instrumenta-
tion with a single fused silica capillary (as was the case for all the data pre-
sented in this chapter), sample throughput is limited since analyses can only
be performed in a sequential mode. Having multiple capillaries in parallel
would allow increased sample throughput and/or to permit the simultaneous
analysis of a urinary extract in different buffers (18). Alternatively, the use
of microchips in the single or multilane formats would provide even faster
analyses and thus the highest throughput.
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Screening Biological Specimens for

Drugs of Forensic Significance

John C. Hudson, Murray J. Malcolm, and Mauro Golin

1. INTRODUCTION

Since the introduction of capillary electrophoresis (CE) in 1981 (1), there
has been a marked increase in the number of applications of CE to the analy-
sis of drugs in various situations. For example, the pharmaceutical industry
has made extensive use of CE in analysis of main drug components (2,3), of
drug-related impurities (4), of trace impurities in the process stream (5), and
of the isomeric composition of numerous drugs (6). At the same time, Lurie
(7), and others (8,9) have reported on the analysis of drugs of abuse in street
preparations. Several workers, notably Thormann (10), Eap et al. (11), and
Penalvo et al. (12), have applied CE in one or another of its configurations
to the problems of analysis of drugs in urine or plasma. These efforts have
mainly been directed toward the goals of therapeutic drug monitoring
(TDM), but Caslavska et al. (13) have also addressed the application to emer-
gency toxicology. This chapter will focus on CE as a tool for screening bio-
logical specimens for drugs of forensic significance. Naturally, information
derived from pharmaceuticals, street drugs, and from TDM analysis can be
exploited in the development of a comprehensive screening procedure. In
forensic analysis a screening procedure, as discussed in detail later, must be
comprehensive, fast, inexpensive, and easy to use.

Initially, the screen must be comprehensive. It must detect as many
forensically significant drugs as possible in a single analytical pass. In this
case, "forensically significant" means, in a broad sense, all drugs that might
reasonably be involved in fatal poisonings or in the impairment of human
functions such as driving a motor vehicle. With the notable exception of the
barbiturates, the vast majority of drugs fitting this description are basic
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(nitrogenous) compounds. Examples are, amphetamines, antihistamines,
narcotic analgesics and tricyclic antidepressants. Until recently, comprehen-
sive screens have utilized gas chromatography with nitrogen-phosphorus
detectors (GC-NPD) to screen extracts from biological specimens. Often
extracts must be derivatized to make the compounds more volatile. Our focus
and the focus of this chapter has been to consider the question: “Can CE
replace GC/NPD in a comprehensive drug screen?”

Forensic analysis poses a number of potential problems for any such
screening procedure but possibly the most pressing is the type of sample
analyzed. For a forensic toxicologist the specimen that must most often be
accommodated is whole blood in variable stages of hemolysis and in vary-
ing degrees of putrefaction. Simpler specimens such as urine may be avail-
able in any given case but any screening procedure must first and foremost
be able to handle hemolysed whole blood.

Oda and coworkers (14), note that “in forensic toxicology, the analysis is
required to be only qualitative, but without false positive or false negative
results.” While generally agreeing with this observation most operations
confirm all positive screen results by another analysis, usually mass spec-
trometry. Toxicologists can, therefore, tolerate a few false-positive results
at the screening stage. However, a negative screening result may well end
analysis in the case. Thus, it is more important that false negative results be
minimized. For example, in a GC screen the more precise the retention
behavior, the greater the confidence with which potentially positive results
can be ruled out. In essence this means that the screening procedure must be
reliable and consistent day after day. If CE were to be seriously considered
as replacement for GC-NPD, then migration behavior must be comparably
precise.

Sensitivity of the screen must be high enough to detect drugs found in
forensic specimens at low concentrations. Many of the drugs of forensic inter-
est are used in relatively low dosages which, naturally, give rise to corre-
spondingly low blood concentrations. Therapeutic levels of basic drugs
typically range from a few nanograms per milliliter of blood up to a few hun-
dred nanograms per milliliter. Since such levels are well within the sensitivity
limits of GC-NPD, it is critical that CE has at least comparable sensitivity.

Ideally, any forensic screening procedure must be robust, fast, inexpen-
sive, and simple to use. The screen should be available with a minimum of
fine-tuning, minimal instrument down-time, and low maintenance and oper-
ating costs. These conditions also imply that no extensive sample cleanup or
preparation should be needed. In addition, no derivatization of the analyte
should be required. Such desirable properties are not specific to forensic
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drug screening. However, since GC-NPD is considered the “gold standard,”
these are inevitable points of comparison with any potential replacement.

The use of CE as a method to screen forensic drugs as outlined earlier
will be considered later in more detail. Reference will be made to work done
in this laboratory (15,16) and to the selected reports of others.

2. THE CE SYSTEM

Most commercially available instruments offer similar capabilities. The
main differences appear to be in the degree of automation, sample capacity,
flexibility of injection techniques, and detector options. Our early work was
done on a Beckman P/ACE 5500 equipped with both a single-wavelength
UV and diode array detectors (DAD). More recently, we have used a
Beckman System MDQ with a DAD.

For us, the decision to use CE for drug screening was dictated primarily
by the need for simplicity. Lurie (7) reported separation and detection of
drugs of forensic interest in a micellar electrokinetic capillary chromatogra-
phy (MECC) system. Thormann et al. (10,17,18), Renou-Gonnord and
David (19), and Hyotylainen et al. (20) have also used MECC successfully
for drug detection. Gonzales and Laserna (21), used capillary zone electro-
phoresis (CZE) to screen for banned drugs in sport. Chee and Wan (22) also
showed the feasibility of using CZE to screen for 17 basic drugs in urine and
plasma. Since our major interest initially was on basic drugs, it seemed rea-
sonable to evaluate CZE, the simplest possible CE configuration. Using the
procedure of Chee and Wan, 60 cm (to detector) × 50 µm id at 25 kV or 50
cm (to detector) × 75 µm at 18 kV id uncoated fused silica capillaries were
used. The run buffer was 100 mmol/L sodium phosphate at pH 2.38 along
with electrokinetic injection, typically 10 kV for 8 s, although the injection
time may be varied. Pressure injections have been used but experience sug-
gests that electrokinetic injection is more selective for cations. Considering
the rather straightforward extraction methods chosen, such selectivity is ben-
eficial. Typically, separation voltages of 18–25 kV with normal polarity have
been used giving a total run times of about 25 min.

This approach to a screen for basic drugs clearly excludes those that are
not protonated at pH 2.38. Some of the benzodiazepines (very weak bases)
are not detected in this screen. Tomita and Okuyama (23) have reported,
however, a MECC system (phosphate/borate/SDS/methanol) that can poten-
tially detect and separate benzodiazepines, and presumably other neutral com-
pounds, at concentrations applicable in the forensic toxicology situation.

Detector sensitivity is a matter of great concern in a forensic drug screen
because, as noted earlier, the drugs of major forensic interest tend to be
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present at low concentrations. This places special demands on any analyti-
cal system used to analyze samples without any pre-treatment. CZE, with
the common UV detectors or DAD, monitoring at wavelengths in the range
200–220 nm, are known to be rather insensitive (2,10). From experience we
have found that drug concentrations must be on the order of 0.3 µg/mL of
the injected solution to ensure consistent detection while avoiding expen-
sive detector modifications. This is in agreement with reports in which urine
(21,24,25), and plasma or serum (12,17,26), were injected directly onto a
capillary. Limits of detection in such direct-injection methods have typi-
cally been reported to be approx 1 µg/mL. While this is adequate for most
acidic drugs, in order to be useful in the analysis of basic drugs of forensic
interest, the sensitivity has to be increased 10–100 times. As attractive as
direct sample injection is, it cannot work for most basic drugs in our simple
instrumental configuration. Thus, sample preparation that provides a pre-
concentration step appears to be inevitable.

3. SAMPLE PREPARATION

A useful overview of sample pretreatment has been provided by Lloyd
(28). Although pre-concentration of the analyte is an important reason for
considering extraction as a preliminary step to CE analysis, it is not the only
one. Extraction also eliminates protein, which is important to prevent foul-
ing of the capillary in CZE, and helps to eliminate interferences in MECC
(17). Further, it is noted that liquid-liquid extraction practically eliminates
the inorganic salts present in the original sample, which can interfere with
CE analysis.

The first choice for sample preparation is direct solvent extraction (DSE)
of whole blood with a solvent such as 1-chlorobutane/NH4OH for basic and
neutral drugs (27). This is a simple, relatively quick extraction that has long
been used to prepare samples for chromatographic screening. For GC-NPD
this simple extraction method has been shown to require no additional steps
to separate the complex mixture of neutral compounds from basic drugs.
Thus, it seemed reasonable that sample preparation for CE analysis also be
as simple and easy.

Using 1-chlorobutane/NH4OH, a direct solvent extraction of 1.0 mL
whole blood was performed. The solvent, containing traces of NH4OH, must
be evaporated to about 1 mL before the addition of 10 µL of 1% HCl in
MeOH. The resulting HCl salt of the basic drug is less volatile and more
water-soluble. The remaining solvent was evaporated to dryness. The resi-
due was redissolved in 30 µL of water, with warming. Our experience indi-
cates that 30 µL is the smallest volume that can be conveniently and
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consistently handled. The resulting solution is centrifuged at 12,000 rpm for
20 min in 0.2 mL PCR vials to remove any insoluble material, reducing the
risk of plugging the CE capillary during injection. The centrifugation step
also eliminates filtration that would inevitably results in sample loss. The
solution in the PCR vials can be used directly for electrokinetic injection
without further processing. This procedure provides a simple but effective
cleanup, concentrating the analyte approx 30-fold.

That such a procedure is effective in bringing most basic drugs within the
reach of simple CE detection can be illustrated as follows. In practice, we
analyze a solution of 20 basic drugs (1 µg/mL) dissolved in water as an
instrument performance standard (Fig. 1A). The same drug mixture is also
spiked into whole blood at a concentration of 10 ng/mL for each drug. This
is the whole blood QC standard analyzed with each batch of cases (Fig. 1B).
All drugs are consistently detected in both instances.

Liquid–liquid extraction is not the only way to prepare samples for CE
analysis, and it may not be the best. Solid-phase extraction (SPE) has been
successfully used to replace DSE (29–31) in the preparation of samples. It is
also important to note that SPE is more amenable to automation than is DSE.
This must be taken into consideration when setting up mass screening meth-
ods. In addition to SPE, Palmarsdottir and coworkers (32,33), have demon-
strated use of supported liquid membranes to extract basic drugs from
plasma, an approach that may offer its own unique advantages.

In keeping with the goal of maximizing sensitivity, a number of special
methods of sample injection have been devised. These are techniques by
which a larger fraction of the analyte is transferred onto the capillary than is
generally possible with simple electrokinetic or pressure injections. Such
“preconcentration” methods result in increased sensitivity. Perhaps the sim-
plest of these methods is called stacking, in which sample components are
injected from a matrix of lower ionic strength than the run buffer (see Chap-
ter 2 for a more detailed description). The example procedure described
above in which the sample, dissolved in water, is injected into the run buffer
comprising 100 mmol/L sodium phosphate, pH 2.38, is an example of a
stacking procedure. A more powerful method has been reported by
Palmarsdottir et al. (32), in the analysis of bambuterol where sensitivity was
increased about 400 times by a double-stacking procedure after
preconcentration using a supported liquid membrane (SLM). The reported
limit of detection in this assay was <1 ng/mL of plasma. In addition, Eap et
al. (11) reported a method for determining mianserin in plasma that uses
both liquid–liquid extraction and on-capillary preconcentration to obtain a
limit of quantitation of 5 ng/mL. If such methods can be generally applied,
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Fig. 1. Quality controls for basic drugs. Whole blood samples (1 mL) were
extracted with 5 mL 1-chlorobutane plus 0.2 mL ammonia. The residue is redissolved
in methanol (1% HCl), evaporated, and dissolved in 100 mM phosphate, pH 2.38.
The sample was injected on a 60 cm (50 cm to detector) × 75 µm fused silica capillary
for 8 s at 10 kV. The run buffer was 100 mM phosphate, pH 2.38, a constant voltage
(20 or 25 kV) applied, and the temperature held constant at 25°C. (A) Quality control
sample in water. (B) Quality control extract, 10 ng of each drug in procine blood. (C)
Quality control blank with only 50 ng/mL internal standard added.
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they may offer a simple way to further increase sensitivity of a general drug
screen for basic drugs.

4. SAMPLE QUALITY
Sample quality (i.e., putrid samples), although of little consequence in

most other fields is of considerable concern in forensic toxicology. It is
important to know whether the screening method, including sample prepa-
ration, functions satisfactorily with fresh specimens and putrid samples. To
test the ruggedness of our own sample treatment method, we left spiked
whole blood samples at room temperature and compared the results obtained
by CZE and GC-NPD. The process of putrefaction can generate artefacts
that may mask basic drugs that might be present in the sample (Fig. 2).
GC-NPD detects these artefacts which soon renders the chromatogram
uninterpretable (Fig. 2). However, corresponding electropherograms are
much less affected. This could be due to the fact that most of the artifacts are
neutral or weakly basic compounds that are not electrokinetically injected
or are practically transparent to UV detectors. Figure 3 illustrates typical
case electropherograms including a whole human blood extract from a putrid
case containing an overdose level (Fig. 3C).

5. IDENTITY OF PEAKS
In most toxicology laboratories, final identification of a peak will not be

made from observed retention or migration behavior. But the decision whether
or not to pursue identification will be made solely on the basis of this behavior
in either the GC or CE analytical systems. Thus, it is imperative that retention
or migration behavior be as reproducible as possible. The more precise the
retention behavior, the narrower the window that can be used to decide
whether a given peak is a potential positive result. When using a simple UV
detector, interpretation of electropherograms and tentative identification of
peaks is limited to migration behavior. Use of the DAD adds UV spectral data
to migration data and greatly improves the discriminating power of the screen.
These two aspects of peak identity are discussed later.

5.1. Migration Behavior

It has been often noted that raw migration time is not highly reproducible.
Yang et al. (34), note that this is especially true of micellar systems because
the electroosmotic flow (EOF) is a powerful influence on migration in such
systems. EOF, in turn, is affected by variables, such as the condition of the
interior surface of the capillary, that are difficult to control. Even at pH 2.38
when EOF is reduced almost to zero, raw migration times are less reproduc-
ible than is desirable. Migration times have been found to drift with time,
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presumably as a result of changes occurring to the inside surface of the cap-
illary. In order to have a good screening procedure, it was clear that it would
be necessary to have an expression of migration behavior that was more
reproducible than raw migration time. This could be considered analogous
to the retention index when using GC.

Fig. 3. Whole blood case extracts for (A) therapeutic levels of drugs, (B) an
impaired driving case, and (C) an overdose of moclobemide in a putrid sample.
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The analogy with GC (and thin-layer chromatography [TLC]) suggests
the expression of relative migration time (RM) as a way to obtain more
reproducible results. That is, the migration time of the analyte in question is
divided by the migration time of a reference compound analyzed simulta-
neously. Yang et al. (34), examined the effect of the "migration time ratio",
in which they chose a neutral marker as the reference compound. With their
test mixture of amino acids, the relative standard deviation (RSD) for simple
migration times was 2–5%, whereas the RSD for the migration time ratio in
the same system was 1% or less.

Williams and Vigh (35), took the expression of migration behavior a step
further, discussing effective mobility (µeff). This quantity may be described
as the mobility of the analyte (with dimensions of cm2/v.s) corrected for the
mobility of EOF. For us this appeared to offer the most precise expression
of migration behavior. For example, we have observed RSD for raw migra-
tion time to be about ± 6%, relative migration about ± 2%, and for µeff
<±0.3%. We have not observed that the RSD for relative migration and µeff
are the same. In all our studies, relative migrations have shown more varia-
tion. We have also observed that mobility is independent of capillary diam-
eter and can be reproduced from laboratory to laboratory. Also it should be
noted that Ahuja and Foley (36) suggested calculation of a migration index
for MECC, an index quite analogous to a chromatographic retention index.

In order for a screening procedure based on migration behavior to be use-
ful a list of potential analytes along with their migration data must be avail-
able. In this regard we have reported on some 650 drugs and metabolites,
giving relative migration and µeff for each (16).

5.2. UV Spectra and Searchable Libraries

It is inevitable that a CE screen for basic drugs will show numerous
instances of comigration. Even the best precision noted aforementioned yields,
in any statistically sound window, several possibilities of drugs that could be
present. With detection by single-wavelength UV detector, such migration
information is all that the analyst has to interpret screen results. This does not
present an obstacle to confirmation by MS. However more information on
individual peaks is always useful and it is easily obtained with the DAD.

Kobayashi et al. (37) reported early use of a diode array as a detector for
CE, showing the potential of collecting UV spectra on all emerging peaks.
Caslavska et al. (13) compared three CE methods for rapid determination of
drugs in cases of intoxication. They were able to collect UV spectra on peaks
and provide rapid results of drug screens by CE. UV spectra were not con-
sidered rigorous identification but were sufficient to meet the needs of emer-
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gency toxicology. Quick turnaround in such analyses was shown to be pos-
sible by CE “provided that instrumentation with a database for peak identifica-
tion is available” (13). Lilley and Wheat (24) have reported use of DAD data
and CE, with emphasis on specialized software that allows sophisticated spec-
tral analysis of emerging peaks. This was shown to be particularly effective in
eliminating false-positive amphetamine results without the need for MS. In our
laboratory, the compounds we have listed by µeff and relative migration (15,16)
also have their UV spectra stored in a spectral database. A CE system, such as
Beckman’s MDQ, has software that allows the spectrum from an unknown
sample to be searched against stored spectra. This makes drug screening by CE
even more powerful and discriminating. However, a detection limit of 10 ng/
mL whole blood, referred to earlier, does not apply to searches of UV spectra
generated by DAD. Generally, analyte peaks from samples spiked at 40–50 ng/
mL are required for meaningful library searches. Also the best matches are
obtained, not surprisingly, when the spectra for the unknown and the standard
are collected at approximately the same concentration.

6. CONCLUSION

It is now appropriate to return to the question posed at the beginning of
this chapter: “Can CE replace GC-NPD in a comprehensive drug screen?” It
has been shown (15,16) that CZE is capable of analyzing whole blood speci-
mens, whether hemolysed or putrid, by use of a simple liquid–liquid extrac-
tion. Detection of basic drugs using a simple UV detector or DAD has been
shown to be on the order of 10 ng/mL of whole blood. More powerful sample
stacking methods have been shown to increase the detection limit to about
1 ng/mL. Additional improvement in sensitivity is possible but requires a
new detector or detector cell and more complicated sample preparation. For
a forensic drug screen, however, the ability to detect most basic drugs at
10 ng/mL of blood meets most needs.

The cost of screening basic drug by CE compares favorably to GC-NPD.
Initial instrument costs are roughly similar. However, replacement GC col-
umns cost 20–30 times as much as replacement capillaries (i.e., untreated
fused silica). Operating costs are roughly similar. For example, both CE and
GC-NPD can use the same sample extraction procedure

Total run time of the two methods is, however, significantly different
with the CZE screen taking approx 25% less than the run time in a parallel
GC-NPD screen. This is primarily because of the shorter time needed by the
CZE system to return to initial conditions after an analytical run.
Hyotylainen et al. (20) describe an approach to CE that may permit even
shorter analysis times. Using MEKC, they were able to perform their sepa-
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rations in a short capillary (23 cm). This led to run times of 2 min, an inter-
esting development for those engaged in mass drug screening.

The CZE system can be highly robust, as might be hoped with such a
simple system. Aside from physical breakage, which occurs occasionally,
capillaries appear to be all but immune to hazards common in GC. In our
laboratory, CZE capillaries have been exposed to gross overloading with
very complex samples. Adsorption of analyte or contaminant molecules to
the capillary appears to be reversible, such that with judicious rinsing
between samples with sodium hydroxide, sodium dodecylsulfate, and run
buffers or water (38), complete regeneration of the capillary surface is pos-
sible. Such rinses that are part of routine screens, take up about 15% of the
analysis cycle for each sample. In our hands, one capillary was subjected to
over 10,000 injections of pure solutions of drug standards and of whole blood
extracts before it needed to be replaced. The capillary performance remained
unchanged except for a decrease in the analysis time by about 5 min.

Finally, analyte decomposition, whether due to thermal or other causes,
or irreversible absorption of the analyte to the columns, common observa-
tions in GC systems, are rarely, if ever, observed in the CZE screen.

From the evidence presented here it would appear that CZE, is capable of
providing a comprehensive screen of basic drugs in whole blood and, in
some analytical situations, may be the method of choice.
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PCR separation, 265
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temperature effects, 32, 39, 41
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flow dynamics,  40
fluid delivery, 40
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injection, 40
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evaluation of, 67
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applications, 299
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