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Abstract

As an on-line separation method. capillary electrophoresis (CE)-mass spectrometry (MS) distinguishes analytes
by both their differences in electrophoretic mobilities and structural information. CE-MS combines the advantages
of CE and MS so that information on both high separation efficiency and molecular masses and/or fragmentation
can be obtained in one analysis. During the past few years CE-MS has undergone significant development both in
instrumentation and application. Several ionization methods have been used for CE-MS. These include
electrospray ionization, ion spray or pneumatically assisted electrospray ionization, and continuous-flow fast atom
bombardment. The direct coupling of CE to desorption MS has not yet been reported, although publications have
appeared on the off-line coupling of CE with matrix-assisted laser desorption ionization and *“Cf plasma
desorption MS using fraction collection. Numerous new applications of CE-MS have been published in the areas of
biological sciences. pharmaceutical and drug metabolism, and environmental analysis. The majority of applications
of CE-MS have been in the field of biological and biochemical studies.

Several limitations associated with CE-MS have precluded the technique being widely accepted for routine
analysis. The major limitation is its relatively poor concentration sensitivity. The concentration detection limits of
currently available CE-MS instrumentation are too high for most real-world applications. Other drawbacks with
CE-MS include the fluctuation in analyte migration time and limitations in electrolyte selections. Approaches to
improve the concentration sensitivity of CE-MS include on-line preconcentration either by capillary isotacho-
phoresis or chromatographic methods. Another solution to increasing the sensitivity of CE-MS is the development
of alternative types of mass spectrometers which offer the potential for greater sensitivity, such as ion trap, Fourier
transform ion cyclotron resonance. and time-of-flight (TOF) mass spectrometers. Coated capillaries are useful in
improving separation efficiencies of biomolecules by minimizing their adsorption onto the CE capillary walls.

At present, CE-MS is still not generally considered for routine analysis mainly due to its limited concentration
sensitivity. As a complementary separation method to LC-MS with extremely high efficiency, CE-MS has the
potential for wide acceptance in the future. The popularity of CE-MS will continue to grow, as more sensitive MS
instrumentation and CE-MS interface are developed.
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1. Introduction and historical review

Microscale separation techniques, including
high-performance capillary liquid chromatog-
raphy and capillary electrophoresis have a num-
ber of practical advantages over conventional-
scale analytical separation methods. Among
them are high separation efficiency, high speed.
and economy of sample size. High-performance
capillary electrophoresis (HPCE) is an important
microseparation technique in life sciences. as
well as biotechnology and environmental re-
search areas. Unlike high-performance liquid

chromatography (HPLC), in which separation is
due to the partition of solutes between the
mobile phase and stationary phase, separation by
CE is based on the difference in charge-to-mass
ratio of the analytes. Therefore, a totally differ-
ent selectivity is expected for the analytes pro-
viding a complementary separation method to
HPLC.

Since the first demonstration of high sepa-
ration efficiency with CE [1], the technique has
significantly advanced. CE exhibits unparalleled
resolving power for condensed-phase separa-
tions. It is advantageous in solving problems
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Fig. 1. Generic illustration of a CE-MS instrumental arrangement. HV = High voltage.

where high separation efficiencies are required in
the case of analyzing very complex biological
mixtures and where the sample amount is lim-
ited. An extreme case is the analysis of the
contents of a single cell [2]. However, the limited
loadability of CE also poses high demands on the
detector sensitivity. This has led to a great deal
of effort towards the development and improve-
ment of CE instrumentation. A number of
commercial CE instruments have become avail-
able. As a result, CE continues to attract inter-
est. The subject has been reviewed extensively
by a number of authors. The most recent com-
prehensive review summarizes the latest de-
velopment and applications of the technique [3].

As new applications of CE continue to appear.
the advantages and importance of CE in con-
junction with mass spectrometry (MS) also be-
come better appreciated. Analytical chemists are
faced with the challenge of increasing sample
complexity and decreasing sample quantities.
Because of the complexity observed with most
biological mixtures, there continues to be a need
for the development of a highly efficient sepa-
ration technique in conjunction with a sensitive
and specific detector. The low quantities of
analytes often available require nanoseparation
techniques. The mass spectrometer is a selective
and broadly applicable detector for analytical
separations. It can provide information regarding
the structure of unknown components present in

a sample mixture with high specificity and sen-
sitivity. The coupling of CE with MS combines
the extremely high resolving power and structur-
al information in one system. Like any other
coupled separation technique such as GC-MS
and LC-MS, the principal advantage of CE-MS
is that analytes are identified both by their
differential separation and their molecular mass-
es and/or fragmentation patterns. An analytical
separation that precedes MS analysis is often
necessary to assure correct interpretation of the
mass spectral data.

Since the first demonstration of the coupled
technique {4], CE-MS has undergone significant
development both in instrumentation and appli-
cations. A schematic diagram of CE-MS in-
strumental arrangement is shown in Fig. 1.
Several reviews on the coupling of CE and MS
have appeared [5-7]. A large number of new
publications on the subject have emerged since
the last review. While this review is intended to
be comprehensive, the papers cited here will be
on the basis of publication date with special
emphasis on those appeared during the last two
years.

2. CE-MS interface overview

From an MS perspective, the combination of
CE and MS has relied on interfaces to allow
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efficient transfer of analytes on-line from the
electrophoretic capillary to the mass spectrome-
ter without sacrificing separation efficiency. CE
by its nature is particularly well suited to the
separation of polar compounds readily ionizable
in solution. These types of molecules have posed
a challenge to conventional ionization techniques
such as electron and chemical ionization due to
thermal decomposition of non-volatile or ther-
mally labile compounds. Over the last decade.
several new ionization methods have been de-
veloped including fast atom bombardment
(FAB), thermospray (TSP), atmospheric pres-
sure ionization (API) methods, plasma desorp-
tion (PD) and matrix-assisted laser desorption
ionization (MALDI). All of them except TSP
are capable of producing ions from the con-
densed phase without high temperatures. There
are several interfaces based on the API design,
including electrospray (ESI), pneumatically as-
sisted electrospray or ion spray (ISP). and the
heated pneumatic nebulizer (HPN).

CE-MS requires the direct coupling of the
ionization method to the liquid-phase separation
techniques to allow MS detection. During the
past few years, improvements have been made in
interface reliability and reproducibility. The ioni-
zation techniques which have been successfully
used for CE-MS include continuous-flow FAB
(CF-FAB), ESI and pneumatically assisted
electrospray or ISP. Desorption methods such as
MALDI and PD have also been investigated
although no direct on-line CE-MS results with
these ionization methods have been reported
to-date.

2.1. Electrospray

In ESI, ions may exist in solution as proton-
ated molecules or adducts such as sodium and
ammonium adducts in the positive-ion mode or
deprotonated molecules in the negative-ion
mode. According to Kebarle and Tang [8] there
are four major processes involved in ESI-MS.
Charged droplets are formed at the ESI capillary
tip by an ion separation mechanism. These
charged droplets are rapidly reduced in size by
solvent evaporation and repeated droplet dis-

integration resulting in extremely small and
highly charged droplets capable of forming gas-
phase ions. Two different mechanisms have been
proposed to account for the gas-phase ion pro-
duction. Iribarne and Thomson [9] describe this
process as ion evaporation where gas-phase ions
are “cvaporated” from the highly charged drop-
lets. Schmelzeisen-Redeker et al. [10] suggested
a desolvation mechanism in which single ions are
released from very small droplets by solvent
evaporation. Finally, these gas-phase ions under-
go secondary processes by which they are modi-
fied in the atmospheric and sampling regions of
the mass spectrometer.

ESI was first demonstrated by Zeleny in 1917
[11]. However, the recent breakthrough reported
by Fenn and co-workers [12,13] reported the
observation of multiply charged species with an
ESI interface. This finding has revolutionized the
applicability of conventional mass analyzers of
limited mass-to-charge range to molecular mass
determination and amino acid sequencing in
protein biochemical investigations [14]. ESI has
been successfully used for the coupling of sepa-
ration techniques such as LC and CE. So far,
two types of ESI interfaces known as sheath-flow
and sheathless interfaces have gained general
acceptance for CE-ESI-MS.

2.1.1. Sheath-flow interface

The first successful coupling of CE with MS
was reported by the research group of Olivares
ct al. [4]. In this initial work, the cathode end of
the CE capillary terminated within a stainless-
steel capillary sheath where electrical contact
was made, thus completing the CE circuit and
initiating the clectrospray. While no sheath liquid
was used in this first report, there was a rela-
tively large dead volume at the capillary ter-
minus. An improved version of electrospray CE—
MS interface was developed by the same re-
search group where the metal contact at the CE
terminus was replaced with a thin sheath of
liquid flow {15]. A schematic diagram of ESI
sheath-flow interface is shown in Fig. 2A. Since
the CE capillary extended to the tip of the ESI
interface and no additional mixing volumes and
metal surface were involved, the sheath-flow
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Fig. 2. Schematic diagram of CE-ESI-MS interfaces. (A)
Coaxial sheath-flow configuration, (B) sheathless interface
with tapered and conductive coated CE capillary, and (C)
sheathless interface using a gold wire electrode.

interface provided both good sensitivity and
separation efficiency. This system has been
studied for better understanding and utilization
[16-18]. A significant number of applications of
CE-MS using electrospray ionization with a
sheath-flow interface have appeared over the
past three years, including applications in bio-
logical samples [19-21], drug metabolism [22-
24] and impurity determination [25,26]. So far,
the sheath-flow configuration has been the most
widely accepted interface for CE-ESI-MS appli-
cations.

Perkins et al. [27] reported a comparison study
between CE and nanoscale capillary liquid chro-
matography (ncL.C) in conjunction with MS via a
sheath-flow ESI interface. CE-ESI-MS was
found to be more rapid and to provide better

absolute sensitivity, while ncLC-ESI-MS pro-
vided promise for the analysis of dilute samples.
In a similar study [28], CE-ESI-MS showed
improved peak shapes while ncLC-ESI-MS gave
better chromatographic resolution and was less
susceptible to sample overloading. Both studies
concluded that the two techniques are com-
plementary.

One of the disadvantages associated with the
use of sheath liquid is the unavoidable addition
of ionic and neutral species in the sheath-flow
which compete for available charge in the ESI
process, thus lowering the maximum sensitivity
obtainable [29]. In addition, difficulties have
been experienced with these types of sources for
obtaining a stable electrospray for extended
periods of time, especially with a water sheath.
In addition, studies by Karger and co-workers
[30,31] have shown that the migration times of
analytes in a CE-ESI-MS separation can be
affected by sheath liquid composition. Due to
the potential gradient across the CE capillary,
anions from both the sheath-flow and back-
ground electrolyte migrate towards the anode.
When the anions differ in the two solutions, a
moving ionic boundary is formed inside the CE
capillary. Since the pH may be different within
this moving boundary, the electroosmotic flow-
rates, the effective charge on the analytes and
their migration rates will change once they enter
the boundary. The sheath-flow composition was
found to have changed the migration order of
the analytes, as is shown in Fig. 3 [31].

2.1.2. Sheathless interface

A sheathless configuration for a particular ESI
interface was developed for the characterization
of proteins in aqueous solutions [32]. This early
version of sheathless source was constructed
from a stainless-steel syringe needle -elec-
tropolished to a tapered tip to provide a stable
electrospray for the characterization of proteins
in aqueous solution without pneumatic nebuliza-
tion. Since the onset potential required to obtain
a stable electrospray decreases with a reduction
in the O.D. of the sprayer needle, a sharp
capillary tip allows the spray of aqueous solu-
tions before the onset of a corona discharge. The
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Fig. 3. Effect of liquid sheath on the separation of proteins
by CE-ESI-MS. (A) CE-UYV (214 nm) with no sheath flow:
(B) CE-ESI-MS with 1% acetic acid in methanol-water
(50:30) as sheath flow: (C) CE-UV (214 nm) with 1% acetic
acid in methanol-water (50:50) as sheath flow. Peaks: 1=
lysozyme; 2 = cvtochrome ¢: 3 = aprotinin: 4 = ribonuclease
A; 5 =myoglobin: 6 = a-chymotrypsinogen A: 7 = B-lacto-
globulin B: 8 = B-lactoglobulin A: 9 = carbonic anhydrase.
From Ref. [31].

concept was adopted by Gale and Smith [29]
who used a small-1.D. fused-silica capillary with
an etched tip instead of the stainless steel needle
for a pressure-infusion ESI source. A coaxial
sheath gas of sulfur hexafluoride (SF) was
applied to suppress the corona discharge at the
sprayer tip.

A similar sheathless interface was adapted for
CE-ESI-MS applications [33]. The sheathless
design used a gold conductive coating at the CE
capillary terminus to establish electrical contact
with the CE effluent. Such a sheathless interface
is illustrated in Fig. 2B. A publication by the
same group [34] demonstrated the separation of
a tryptic digest using the sheathless interface and
a 10 um I.D. CE capillary. The electrical contact
was made by applying a silver conductive coating
to the capillary terminus. The interface was
found to produce and maintain a stable electro-
spray signal during a CE-ESI-MS experiment.
The silver coating at the CE capillary terminus
caused the formation of additional peaks which
were believed to be the doubly charged adduct
ion, (M+H+ Ag)**, a phenomenon that may
make molecular mass determination more prob-
lematic. Another sheathless interface, the
“pinhole design” was also briefly investigated
[33]. A microhole was created in the CE capil-
lary wall by short circuit using high voltage. The
microhole was covered with gold coatings. Pre-
liminary results showed good performance with
this interface design.

A sheathless ESI interface was also developed
and coupled to a time-of-flight mass spectrome-
ter by Fang et al. [35]. The electrical contact was
made by inserting a gold electrode into the outlet
of the CE capillary. The electrode was connected
to a needle assembly where voltage was applied
for ESI which completed the CE circuit (see Fig.
2C). By removing the polyimide coating and
sharpening the silica capillary tip, they were able
to increase the sensitivity by a factor of 4to 5. A
stable electrospray current was observed using
90% water in the CE electrolyte, which makes it
possible for the direct transfer of optimum CE
separation condition to CE-ESI-MS. Recently,
Kriger et al. [36] incorporated a sheathless
interface into a CE-ESI-MS system on an ion
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trap mass spectrometer. A 50 um 1.D. fused-
silica capillary was tapered to 45° angle at the
exit tip and then gold-plated. The gold coating
was prepared with a proprietary process and
demonstrated excellent physical and chemical
stability. A good electrospray was obtained with
a wide range of CE electrolytes, including 100%
aqueous solutions and solutions of high ionic
strength. Using the sheathless interface they
were able to demonstrate a detection limit for
leucine-enkephalin in the total ion electrophero-
grams on the order of 20 fmol and 10 fmol in the
extracted ion current profile, indicating the im-
provement in sensitivity without the use of
sheath-flow.

2.1.3. Comparison of sheath-flow and sheathless
configurations

Gale and Smith [2Y] compared the perform-
ance of the two ESI interfaces using pressure
infusion. Their study showed several advantages
of the sheathless version, including great sen-
sitivity, low required flow-rates and long-term
stability. In another study [33], the performance
of a gold-coated sheathless interface was com-
pared with that of a sheath-fliow interface regard-
ing their dependence on buffer system and
concentration, as well as capillary 1.D. The
sheathless interface turned out to offer better
analyte detectability. It was found that the
sheathless configuration also eliminated the pos-
sible interferences from the sheath solvents such
as charge state distribution shift [36].

2.2. lon spray

ISP is closely related to ESI, the difference
being the application of a nebulizing gas which
permits stable electrospray operation at flow-
rates up to 1 ml/min [37] whereas pure electro-
spray has been restricted to flow-rate below 10
wl/min [13]. Tkonomou et al. [38] have published
a comprehensive study on the comparison of the
mechanisms and performance of ESI and ISP.
Since the nebulization of the solvent for ESI is
not dependent on the electrohydrodynamic in-
stability at the capillary tip. ISP is able to

produce charged droplets and mass spectra even
when the capillary voltage is below that required
for the onset of electrospray [38]. In addition,
ISP provides superior sensitivity and signal
stability at higher flow-rates as compared with
pure ESI. ISP provides a mild ionization via an
ion evaporation process which results in primari-
ly molecular mass information in the form of
singly and multiply charged ions. In fact, the
mass spectra of basic compounds are essentially
the same with either ESI or ISP [38]. To-date,
two types of CE-MS coupling have been de-
scribed with ISP interfaces: the liquid junction
and coaxial sheath-flow configurations.

2.2.1. Liquid junction interface

A liquid junction design was developed by
Henion and co-workers [39,40] for the coupling
of CE to MS using the pneumatically assisted
electrospray approach. The liquid junction was
constructed from a stainless-steel tee. The
cathode end of the CE capillary and the end of
the ISP needle were positioned in the center of
the tee opposite each other with a gap of 10 to 25
wm which could be adjusted by tightening or
loosening the capillary fittings. The top opening
in the tee was fitted with a make-up liquid
reservoir while the bottom opening was used for
alignment and adjustment of the gap between
the CE capillary and the ISP needle. A
schematic diagram of the liquid junction inter-
face is shown in Fig. 4A. The interface was
found to compensate for the different flow-rates
required by the ISP and the CE.

The utility of the system was demonstrated by
applications including the determination of a
synthetic mixtures of pesticide [39], peptide
standards and tryptic digests [40,41], sul-
fonylurea herbicides from soil [42], sulfonated
azo dyes in waste water extracts [43], synthetic
drug mixtures and drug residues from human
urine [44]. MS detection was achieved in either
the positive- or negative-ion modes. Separation
efficiencies as high as 300 000 theoretical plates
were obtained indicating negligible peak
broadening due the interface [39]. In addition,
the liquid junction interface was successfully
used for the coupling of gel-filled CE to MS [45].
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Fig. 4. Schematic diagram of CE-ISP-MS interfaces. (A)
Liquid junction and (B) coaxial sheath-flow configurations.

2.2.2. Sheath-flow interface

The ISP sheath-flow interface is similar to that
described for the ESI system with the difference
being the addition of a coaxial nebulizing gas as
is shown in Fig. 4B. It has been described by
Thibault and co-workers [46,47]. Later, Pleas-
ence et al. [48] modified a commercial ISP
interface so that both the liquid junction and
coaxial approaches could be used. Henion et al.
[49] have modified a coaxial sheath-flow ISP
interface for the coupling of CE to a benchtop
ion trap mass spectrometer. The interface
showed excellent stability and sensitivity. Using
finger-tight fittings, the interface allows easy
exchange of the CE capillary when necessary.
More recently, Tetler et al. [50] have studied the
influence of the dimensions of the capillaries in a
coaxial CE-MS interface on the stability and
sensitivity of the systems.

ISP using the coaxial sheath-flow configuration
has been used in numerous applications. Among

them are the separation and characterization of
peptides and proteins [47,51-53], drug—protein
conjugates [54], drug metabolites [55], natural
products [49], inorganic materials [56,57], textile
dyes [58] and degradation products of chemical
warfare agents [59]. CE-ISP-MS has also been
applied to the areas of environmental impor-
tance such as the analysis of paralytic shellfish
poisons in sea food [46,60], and the determi-
nation of agrochemicals and industrial diiso-
cyanates [61].

2.2.3. Comparison of liquid junction and
sheath-flow configurations

Pleasance et al. [48] reported a comparison
study between the liquid junction and coaxial
interfaces with regard to ruggedness, ease of use,
sensitivity, and electrophoretic performance. A
modified commercial ISP interface was con-
structed which allowed the use of both liquid
junction and sheath-flow configurations on the
same source. They found that both interface
designs were capable of providing efficient cou-
pling of CE to MS with the coaxial sheath-flow
configuration being more robust and reproduc-
ible. An additional advantage with the sheath-
flow interface is that it provides the potential for
flow injection analysis since the make-up flow is
delivered independently of the CE effluent.
While the liquid junction CE-MS coupling ap-
proach provided improved sensitivity and ion
current stability when properly assembled, the
optimum setup of this system was more challeng-
ing than that of the sheath-flow system.

2.3. Continuous-flow fast atom bombardment

FAB was first introduced by Barber et al. [62].
This technique dramatically extended the capa-
bility of MS in the early 1980s for the determi-
nation of fragile and polar compounds. FAB was
considered a static analytical technique until Ito
et al. [63] reported continuous-flow (CF) FAB.
The combination of CE with CF-FAB-MS was
first demonstrated by Minard et al. [64]. Since
then there has been a great deal of effort to
improve its performance. The low flow-rates
required to maintain the high efficiencies of CE
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are incompatible with the typical CF-FAB flow-
rates, which require a typical flow-rate of 5 ul/
min. To circumvent this problem, interfaces
using sheath-flow or liquid junction configura-
tions have been introduced to couple CE to
CF-FAB.

2.3.1. Liquid junction interface

The first CE-CF-FAB-MS work was per-
formed using a liquid junction interface [64]. Its
construction involved alignment of the CE capil-
lary and the FAB flow capillary. A 20-um wide
junction between the two capillaries was careful-
ly adjusted and immersed in the FAB matrix
containing methanol or methanol-acetonitrile
with 4 to 20% glycerol. This interface provided
relatively low separation efficiency. Only 6800
theoretical plates were obtained for the sepa-
ration of a synthetic peptide mixture. Reinhoud
et al. [65] have studied the performance of a
similar liquid junction interface in terms of peak
broadening and found that although the liquid
junction resulted in some loss of resolution in
separation, plate numbers over 10000 were
achievable. They demonstrated the concentra-
tion detection limit of 1 ng/ml of dextromethor-
phan. The liquid junction interface has been
redesigned to allow easy mounting and align-
ment of the CE and flow FAB capillaries, as well
as the inter-capillary gap adjustment [66]. The
interface was further modified by Caprioli et al.
[67], who reported CE-CF-FAB-MS and liquid
junction interface for the analysis of synthetic
mixtures of peptides and protein digests. A
liquid junction-like interface was constructed and
was used for the identification of deoxynucleo-
side—polyaromatic hydrocarbon adducts [68].
While similar to the early version in certain
respects, it contained several unique features
including the assembly which consisted of two
Nalgene tees joined by a glass capillary flame-
drawn to a suitable 1.D. to provide a snug
alignment for the CE and FAB capillaries. The
liquid junction interface for CE-CF-FAB-MS is
very similar to those for CE-ISP-MS with the
exception of the absence of nebulizing gas as is
shown in Fig. S5A.

(A)
Xe-gun

R to MS
C e 100

/
N

// FAB matrix Inlet >

/ N

/ N
/ S\
Electrode
p =2
CE capillary
FAB illa:
| EGP ry

Y — X

| .
FAB matrix
tubing -~

FAB capillary

CE capillary
(B)

Stalnless-steel
FAB tip

FASB matrix infet

Fused-slllc;\\ Xe-gun
CE capiltary sheath capillary . e
. * @ V to MS
(4

Stalnless-steel tee

Fig. 5. Schematic diagram of CE-CF-FAB-MS interfaces.
(A) Liquid junction and (B) coaxial sheath-flow configura-
tions.

2.3.2. Sheath-flow interface

The coaxial sheath-flow interface is another
approach to couple CE and CF-FAB-MS, which
was first designed for the coupling of open
tubular liquid chromatography to CF-FAB [69].
The interface was adapted for CE-CF-FAB-MS
analysis [70,71]. The coaxial configuration allows
independent optimization of the composition and
flow-rates of CE effluents and the FAB matrix,
minimal band broadening and precludes any
deleterious effects of the polar. viscous FAB
matrix on the CE separation process. The
sheath-flow interface for CE-CF-FAB-MS is
almost identical to those for CE-ESI-MS with
the exception of sheath flow being a FAB matrix
solution. A schematic representation of sheath
flow CE-CF-FAB-MS interface is shown in Fig.
5B. These initial demonstrations of on-line CE-
CF-FAB-MS using coaxial sheath-flow interface
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showed the separation of peptide mixtures with
separation efficiencies of several hundred
thousand theoretical plates with limits of detec-
tion of less than 10 fmol [71]. In order to
minimize the vacuum induced flow. a small-1.D.
(13 uwm) CE capillary was used with the cnd
being withdrawn several mm back into the
sheath capillary (sce Fig. 5B). The sheath-flow
interface was used for the characterization of
peptide and protein mixtures. as well as protein
digests [72,73].

Comparisons between CE and ncLC in con-
junction with CF-FAB-MS have been reported
[74,75]. These findings suggest that the analysis
time is significantly shorter for CE than for cL.C.
The detection limit by CE in terms of absolute
amount injected is several orders of magnitude
higher than for cLC. The two separations also
gave different elution order of the same analytes.
The main disadvantage of CE is that overloading
occurs at much lower levels than for cLC.

2.3.3. Comparison of liquid junction and
sheath-flow configurations

The two interface configurations for CE-CF-
FAB-MS have been compared in terms of per-
formance and ruggedness [76]. The advantages
of a coaxial interface include no dead volume
and higher theoretical plate numbers. However,
the coaxial interface is difficult to handle and set
up due to the greater manipulation of relatively
brittle capillaries and the problems associated
with high voltage arcing through the thin capil-
lary wall. In addition, ion source vacuum-in-
duced parabolic flow present in the CE capillary
resulted in shorter electrophoresis times and loss
of CE performance. Only small-1.D. capillaries
have been used to minimize the effect associated
with the mass spectrometer vacuum. The vac-
uum-induced flow-rates in a coaxial interface
were found to be 4 ul/min for a 1 m X 75 um
I.D. CE capillary and 3 nl/min for an equal
length of capillary with 13 um L[.D. [70]. The
liquid junction interface was found to offer equal
or greater overall separation efficiencies. It was
relatively easy to set up and operate, and allows
larger-1.D. capillaries to be used to improve the
sample load. The disadvantages of liguid junc-

tion interface are the large dead volume and
lower overall sensitivity. Both interfaces were
found to have degraded a significant degree of
CE performance.

2.4. Comparison of electrospray and ion spray
with continuous-flow fast atom bombardment

Several rtesearch groups have compared the
two ionization methods with regard to the per-
formance of CE-MS [74,77]. There are several
attractive features of CE-MS using the ESI
interface. Since larger-I.D. capillaries can be
used for the ESI interface, the loading capacity
should be greater than those using the coaxial
sheath-flow CF-FAB interface where only small-
I.D. capillaries (ca. 10 wm) can be used due to
the pressure drop at the source region which lead
to hydrodynamic flow within the CE capillary
distorting the plug flow of electroosmotic flow
and causing band broadening. The ESI interface
also gives reduced background noise and higher
sensitivity [78]. In the study conducted by Nich-
ols et al. [77], a micro liquid junction configura-
tion was used for both CF-FAB and ISP inter-
faces for the investigation of the same analytes
which included aromatic sulfonates, quaternary
amines and a synthetic peptide mixture. The two
analytical approaches were found to provide
comparable sensitivity and analytical informa-
tion. However, CF-FAB provided greater peak
broadening (see Fig. 6). Both systems were
considered as less than routine with respect to
analytical ruggedness.

2.5. Other approaches

2.5.1. Other interfaces

A microflow ultrasonic nebulizer interface was
developed by Tarr et al. [79]. The nebulizer was
able to provide stable nebulization and essential-
ly 100% transport efficiency at flow-rates of 5 to
20 w1/min suggesting good potential for applica-
tion in interfacing CE and microcolumn LC to
MS. However, no actual CE-MS experiments
have been conducted with this interface.
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Fig. 6. Total selected ion current and CE-UV (inset) electropherograms of a sulfonated aromatic mixture obtained by (A)
CE-ISP-SIM-MS and (B) CE-CF-FAB-SIM-MS, using liquid junction interfaces. From Ref. {77)].

2.5.2. Off-line CE-MS and MALDI are very useful for the characteriza-
While on-line methods are preferred, they arc tion of large molecules. Molecular masses up to
often not available to interested practitioners. several hundred kilodaltons can be determined

Ionization by desorption methods such as PD by MALDI-MS by irradiation of small sample



678 J. Cai. J. Henion / J. Chromatogr. A 703 (1995) 667692

spots [80]. However, on-line CE coupling of
desorption MS is not yet been reported.
Takigiku et al. [81] described the use of a
“porous glass joint™ near the cathodic end of the
CE column to collect fractions for desorption
MS. Off-line coupling of CE with laser desorp-
tion MS was used by Keough et al. [82] for the
determination of proteins. Weinmann and co-
workers [83.84] have developed a method using
nitrocellulose-coated targets for the isolation and
transfer of polypeptides and proteins from CE
separation for subsequent characterization by

g

“Cf PD-MS. Several modes of off-line coupling
of CE-MALDI-MS have been investigated by
Van Veelen et al. [85]. The best performance was
obtained using a moving belt-like system in a
stepwise manner and a sheath-flow of matrix
solution followed by scanning of laser desorption
target. Tomer et al. [86] have recently described
methodologies for combining CE and affinity
chromatography off-line with MALDI-TOF-MS.
Using a coaxial sheath-flow to avoid memory
effects, CE fractions were collected and then
analyzed by MALDI-TOF-MS. Another ap-
proach was described by Blakley et al. [87],
where a computer-controlled x-y table and an
effluent transfer tube were employed for fraction
collection and MALDI-TOF-MS analysis. A
method for fraction collection from an auto-
mated micellar electrokinetic capillary chromato-
graphic system has been described [88]. Aliquots
of 5 ul of fractions were collected with re-
coveries of more than 75%. However, the ion
suppression effect of sodium dodecyl sulfate
present in the buffer prohibited the direct analy-
sis by FAB-MS.

3. Applications
3.1. Biologically important components

One of the advantages of incorporating ESI-
MS and ISP-MS with the determination of bio-
logical compounds with high molecular masses
lies in the multiple charging of the analytes that
can occur under ESI conditions. The majority of
applications of CE-MS have been in the field of
biological and biochemical studies.

3.1.1. Peptides

A number of reports have appeared on the
characterization of synthetic mixtures of peptides
and proteins by CE-MS [17,41,89]. A CE-ESI-
MS system was optimized for the analysis of
peptide mixtures [20]. Full-scan mass spectra
were acquired using 160 fmol of peptide stan-
dards loaded on-column. A synthetic mixture of
six dipeptides was examined by CE-ISP-MS
[51]. Standard peptide mixtures have also been
characterized by CE-ESI-MS on an ion trap [90]
and TOF ([35] mass spectrometers. Rosnack et
al. [91] discussed the capability of CE-ESI-MS
in the analysis of synthetic peptide impurities, a
practical problem encountered in a peptide syn-
thesis laboratory. Recently, a synthetic 37-res-
idue peptide fragment of a monoclonal antibody
against Herpes virus was characterized by CE-~
ISP-MS and by off-line ***Cf PD-TOF-MS [53].
Five impurities formed in the synthesis were
separated and identified by CE-ISP-MS. Wein-
mann et al. [83] carried out structural characteri-
zation of polypeptides and proteins using off-line
coupling of CE and ***Cf PD-MS analysis. Tom-
linson and co-workers {92,93] described on-line
sample enrichment and/or desalting of peptides
for subsequent determination by CE-ESI-MS
using a precolumn packed with HPLC packing.

3.1.2. Proteins

The determination of recombinant bovine and
porcine somatotropins (rbSt and rpSt) was re-
ported by Tsuji et al. [19]. A detection limit of
100 fmol was obtained. The separation and
determination of a synthetic protein mixture was
presented by Cole et al. [94] using a hydrophilic
derivatized CE capillary. Thompson and co-
workers {30,31] studied the liquid sheath effects
on the CE-ESI-MS separations of standard
proteins in a coated capillary. The same authors
have also investigated on-column transient iso-
tachophoretic sample preconcentration to im-
prove protein detection limits by CE-ESI-MS
[95]. Wahl et al. [17] used the small-diameter-
capillary approach to increase peptide and pro-
tein detection sensitivity in CE-ESI-MS. Volk et
al. [52] demonstrated the rapid and efficient
separation and characterization of closely related
glycoforms of glycoproteins and structurally simi-
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lar proteolytic fragments using CE-ISP-MS. A
synthetic drug—protein conjugate mixture was
analyzed by CE-ISP-MS [54]. Lysozyme and its
conjugates with one to three naproxen molecules
were separated and identified. CE-ESI-MS has
been used for the analysis of a complex mixture
of peptides and small proteins, snake venoms of
Black Mamba [21]. Molecular mass and some
sequence information for those toxins were ob-
tained using CE-selected ion monitoring (SIM)
MS and full-scan CE-MS analysis. Fig. 7 shows
the CE-ESI-SIM-MS electropherograms of
some peptides observed in the whole venom
from Black Mamba [21].

3.1.3. Enzymatic digests

Tryptic digests have been characterized by a
numbers of workers as model systems [41,74,96].
Separation of tryptic digests of bovine Candida
krusei and equine cytochrome ¢ has been re-
ported using CE-ESI-MS and an amino-
propylamine-treated capillary [34]. By using a 10
pm 1.D. capillary, sample amounts in the 30
fmol region were loaded into the capillary.
Tryptic digests of bovine. equine and tuna cyto-
chrome ¢ were characterized by CE-ESI-MS
using a 20 um [.D. capillary [33]. The total ion
electropherograms obtained with these en-
zymatic digests are shown in Fig. 8. The
chymotryptic digest of ubiquitin was studied by
CE-ESI-MS using Fourier transform ion cyclo-
tron resonance (FTICR) MS [97]. Takigiku et al.
[98] presented characterization of protein digests
by CE-ISP-MS. The hydrolysis of protein was
carried out in a fused-silica capillary with im-
mobilized trypsin (capillary microreactor). This
technique may be advantageous for sequencing
minute quantities of protein with minimal sample
handling.

3.1.4. Other biopolymers

Separation and characterization of lipopolysac-
charides from B. catarrhalis and H. influenzae
type B has been demonstrated using CE-ISP-MS
[99]. CE-ESI-MS was used for the analysis of
the oligosaccharides isolated from glycoproteins
[100]. Zhao et al. [101] presented the determi-
nation of a nucleotide and its radiation-damaged
products by capillary isotachophoresis (cITP)-

ESI-MS. Characterization of deoxynucleoside—
polyaromatic hydrocarbon adducts by CE-CF-
FAB-MS was demonstrated by Wolf et al. [68].
The adducts were formed by covalent attach-
ment of four polycyclic aromatic hydrocarbon
(PAH) and amino-PAH compounds to deoxy-
guanosine. Analysis of DNA-carcinogen adducts
by CE-ESI-MS was investigated [102]. A re-
active metabolite of benzo[a]pyrene, benzo[a]-
pyrene-7,8-dihydrodiol 9,10-epoxide metabolite,
was reacted with DNA in vitro to form adducts
which were subsequently cleaved into individual
nucleotides and analyzed by CE-ESI-MS.

3.1.5. Non-covalent binding study

CE-MS has been found to be a useful tech-
nique for the study of biomolecular non-covalent
interactions because it combines separation, and
characterization as well as quantitation in one
operation. Recently, we have investigated the
non-covalent binding of FK506 and rapamycin to
FKBP by CE-ISP-MS [103]. The observed rela-
tive binding affinities of rapamycin and FK506 to
FKBP is 9/1 which is consistent with the pub-
lished K, values of the two ligands. Goodlett et
al. [104] studied the thermal stability of ribonu-
clease S, an enzymatically active non-covalent
complex. by CE-ESI-MS. The intensity of
RNase S molecular ion peaks were observed to
decrcase with the increasing temperatures at
heated capillary—skimmer interface and the in
the sample solution. Uzabiaga et al. [105] have
recently presented a study on the non-covalent
complex of human antithrombin III with the
pentasaccharide SR 90107A by CE-ESI-MS.
CE-ESI-MS was found to be superior to direct
infusion.

3.2. Pharmaceutical and drug metabolism

3.2.1. Drugs

CE-MS is finding increasing applications in
the analysis of sample for pharmaceuticals, ther-
apeutic and xenobiotic metabolites. CE-ISP-MS
was used for the determination of small drug
molecules such as sulfonamides and benzodiaze-
pines using the liquid junction interface [44]. The
analysis of an extract of human urine of a person
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who had received an oral dose of flurazepam
dihydrochloride was demonstrated. The separa-
tion of sulfonamide drugs was also reported
using CE-ESI-MS [27,106]. Parker et al. [28]
reported the analysis of macrolide antibiotics by
nanoscale packed capillary .C and CE-ESI-MS.
An application of CE-ISP-MS in the study of
Chinese herbal medicine remedy in tree barks
and Chinese herbal medicine tablets was pub-
lished using a modified benchtop ion trap mass
spectrometer [49,107]. Quantitative analysis was
carried out using an internal standard.

Impurity determination is also very important
in pharmaceutical preparations. A CE-ISP-MS
system was evaluated for the detection and
characterization of trace impurities in sample
mixtures using model peptides and small drug
molecules [108]. The characterization of chiral
drugs has drawn increased attention in the phar-
maceutical industry community [109]. Chiral
separation by CE has been reviewed recently
[110,111)}. The separation and characterization of
chiral drugs by CE-ISP-MS have been investi-

gated in our research group [112]. Several syn-
thetic chiral drug mixtures were studied using
cyclodextrin as a chiral selector in the elec-
trolyte. Both the protonated molecules of the
enantiomers of terbutaline and their respective
cyclodextrin-drug complex were shown in the
CE-ISP-SIM-MS electropherograms (Fig. 9).

3.2.2. Drug metabolites

CE-MS is gaining popularity in drug metabo-
lism studies. Tomlinson and co-workers [22-
24.,113,114] recently published their applications
of CE-ESI-MS in drug metabolism with a par-
ticular emphasis on neuroleptic drugs. The use of
a non-aqueous solution as electrolyte was em-
phasized due to the low solubility of the drugs in
pure aqueous solutions. Methanol (100%) con-
taining acetic acid and/or ammonium acetate
was used as CE electrolyte [22,23,114]. Shown in
Fig. 10 are the CE-ESI-SIM-MS electrophero-
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Fig. 9. CE-ISP-MS electropherograms showing the sepa-
ration of (A) terbutaline enantiomers and (B) their respec-
tive cyclodextrin-drug complexes. From Ref. [112].
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gram of a metabolite mixture derived from a rat
hepatic microsomal incubation of Mifentidine.
We have demonstrated the identification of me-
tabolites of lysergic acid diethylamide (LSD) in
human hepatic microsomal incubation by both
LC-MS-MS and CE-MS-MS using a sheath-
flow ISP interface [55]. CE-ISP-MS as a com-
plementary separation tool greatly facilitated the
identification of unknown metabolites. A repre-
sentative electropherogram is shown in Fig. 11.

3.3. Environmental

CE-MS has been applied to the determination
of compounds of environmental concern. such as
agrochemicals, pesticides, inorganic compounds
and dyes. A fast CE-ISP-MS determination of
sulfonylurea crop-protection agents was demon-
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Fig. 11. CE-ISP-MS electropherograms for the identification
of metabolites derived from human hepatic microsomal
incubation of LSD. Peaks: 1=LSD: 2 =iso-LSD; 3 =nor-
LSD: 4 =iso-nor-LSD: 5 =lysergic acid ethylamide (LAE);
6 =is0-LAE: 7=2-oxo-LSD; 8-11 = unknown metabolites.
From Ref. [55].

strated by Garcia and Henion [42]. Full-scan
CE-ISP-MS collision-induced dissociation mass
spectra were obtained from 35-pmol levels of
standard injected. The analysis of ionic textile
dyes using CE—ISP-MS and MS-MS was pre-
sented by Lee et al. [43]. In this early study, the
presence of three sulfonated azo dyes in a waste
water extract was confirmed by CE-ISP-MS-MS
experiments. CE-ISP-MS has been used for the
determination of quaternary ammonium her-
bicides [61]. The limit of detection at 5 ppm and
linear calibration graphs were obtained with
correlation coefficients above 0.995. The applica-
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tion of CE-ISP-MS to the analysis of mixtures
containing a variety of antibiotic classes used in
the fish aquaculture industry has been reported
by Pleasance et al. [48]. The presence of several
antibiotics in shellfish extracts was confirmed at
low ppm levels. Lamoree et al. [115] have
demonstrated the application of CE-ESI-MS for
the determination of B-agonists which are being
used illegally in the cattle industry as repartition-
ing agents to increase meat production. By using
on-capillary cITP for loadability enhancement,
concentration detection limits in the ng/ml range
were obtained. The determination of some S-
agonists in spiked calf urine was demonstrated.
Hines et al. [116] have evaluated a CE-ESI-MS
system for the detection and quantification of
Fumonsin B,, the most abundant fumonisin in
corn samples.
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Fig. 12. CE-ISP-MS clectropherograms of ten inorganic
cations. From Ref. [57].

3.4. Other applications

Pleasance et al. [60] reported the application
of CE-ISP-MS to the analysis of paralytic sheil-
fish toxins isolated from marine matrices. The
application of CE~ISP-MS to the determination
of textile dyes has been reported [58,117]. A
CE-ESI-MS system optimization for cationic
and anionic laser dye analysis has been described
using opposite polarities at the injector and
interface [25]. The technique was employed to
evaluate the purity of the laser dyes. Kostiainen
et al. [59] have demonstrated the identification
of degradation products of some chemical war-
fare agents such as substituted organophosphor-
us acids by CE-ISP-MS using the negative
ionization mode. Quantitative analysis was per-
formed with good linearity. Another application
of CE-ISP-MS is the detection of inorganic ions
[56,57]. Example electropherograms obtained by
CE-ISP-SIM-MS are shown in Fig. 12 where ten
inorganic cations are shown separated. The anal-
ysis of an aqueous acidic extract of used aircraft
engine oil revealed high levels of lead as well as
lower levels of other metal ions such as
chromium and nickel [56].

4. Limitations and solutions
4.1. Limitations

Although numerous publications have ap-
peared on CE-MS, this technique is still not
widely accepted for routine use. The major
limitation of CE is the limited sample volumes
that can be analyzed without compromising
separation efficiency. Consequently, the concen-
tration detection limit for CE is usually several
orders of magnitude higher than that of chro-
matographic methods. Using the currently avail-
able instrumentation, CE-MS detection limits
for most applications are too high so that it
seems unlikely for it to be used in routine
analysis. For example, a study was conducted
comparing the performance of CE-MS with that
of microbore LC~MS in the determination of
endogenous amounts of leucine-enkephalin and
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methionine-enkephalin in equine cerebrospinal
fluid using identical sample clean-up and enrich-
ment procedures [118]. CE-MS was found to be
limited in its concentration detection capacity
owing to its much smaller injection volume.

Another drawback with CE-MS is that migra-
tion times tend to fluctuate with a change of
temperature in the environment. Although some
manufacturers have incorporated temperature-
controlling system into their CE instruments,
these devices cannot be effectively utilized in
CE-MS applications because a large portion of
the CE capillary is extended between the CE
instrument and the mass spectrometer. For ap-
plications such as regulatory work or those
involving unknown components in a mixture, the
use of a suitable internal standard would be
necessary [48,49). The chemical condition of the
CE capillary inner walls also plays an important
role in CE separation. The reproducibility and
ruggedness of CE-MS are not currently as good
as those of LC-MS.

Like LC-MS, the use of non-volatile buffers
in CE-MS is generally avoided. Compromises
are often made in choosing appropriate oper-
ational conditions for CE-MS. Sensitivity limita-
tions as well as ion source plugging problems
created by the use of non-volatile buffers have
impeded the direct transfer of CE separation
conditions to on-line CE-MS. Non-volatile addi-
tives such as cyclodextrins are widely used in the
separation of closely related analytes including
optical isomers [110-112]. However, the con-
centrations of these additives are often limited
by practical restrictions [26,119]. The MS sen-
sitivity may deteriorate as the bulk flow of
surfactant enters the mass spectrometer source
region.

4.2. Analytical methodology improvement

4.2.1. On-line preconcentration by capillary
isotachophoresis

A number of techniques have been introduced
to improve the concentration sensitivity of CE.
On-column sample concentration approaches,
particularly on-line analyte focusing by cITP,
have drawn the most attention [95,100.115.119~

125]. In contrast to CE which lacks good con-
centration sensitivity necessary for most real-
world applications while providing very high
separation efficiency, cITP offers excellent con-
centration sensitivity but suffers from the res-
olution required to characterize complex mix-
tures. In cITP, the isotachophoretically stacked
bands may be several orders of magnitude more
concentrated than was originally loaded into the
capillary. Extremely narrow zones, frequently
less than 1 s wide, overlap one another, a
characteristic found in cITP separations with
trace quantities of compounds which requires the
mass spectrometer to scan at extremely high
speed in order to generate useful data. Although
spacers may be used to improve the separation,
it is generally impractical when a complex mix-
ture of unknown components is involved. The
combination of CE and cITP has the potential to
overcome the disadvantages of both techniques
while retaining their advantages.

Some applications using cITP preconcen-
tration involve two separate capillaries
[120,121,124]. In these designs, preconcentration
by cITP takes place in one capillary. The iso-
tachophoretically focused sample plugs are then
transferred into a second capillary where CE
separation takes place. The coupling of cITP and
CE is accomplished by inserting the CE capillary
into the cITP capillary through a septum. A
schematic illustration of the system is show in
Fig. 13. A 200-fold improvement in concentra-
tion sensitivity for the determination of anthra-
cyclines was achieved by Van der Greef and
co-workers [120,124]. The authors have derived
an equation for the calculation of the splitting
ratio of cITP zones into the CE-ESI-MS system
[121].

The coupled use of cITP and CE within the
same capillary approach seems to be more effec-
tive in terms of ease of application and interfac-
ing to the mass spectrometer [95,100,115,
119,122,123,125]. The technique can be applied
to any CE-MS system without modification of
instrumentation. Using on-line transient cITP
preconcentration techniques, the detection limit
of some protein samples was improved by two
orders of magnitude [95,125]. An example full-
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Fig. 13. Schematic illustration of on-line cITP preconcentration for CE~MS using two separate capillaries.

example full-scan CE-ESI-MS electropherogram
of a synthetic protein mixture obtained using
on-line transient cITP preconcentration is shown
in Fig. 14. As much as 750 nl of sample was
injected. Full-scan CE-ESI-MS spectra were
obtained with analytes at concentrations as low
as ca. 107" M, which was 100-fold lower than
CE-ESI-MS without preconcentration. A similar
approach was described by Lamoree and co-
workers [115,123]. A sample volume of 870 nl
test mixture containing several B-agonists was
analyzed without sacrificing separation resolu-
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Fig. 14. Transient cITP-MS full-scan reconstructed ion elec-
tropherogram of synthetic protein mixture with 750 nl injec-

tion. Peak: 1= cytochrome ¢; 2= myoglobin; * = from the
rear boundary of loading buffer. From Ref. [95].

tion. The capability of the cITP-CE~ESI-MS
system was demonstrated for the trace analysis
of a complex matrix such as calf urine extracts.
Recently, several research groups have evaluated
the cITP-CE-ESI-MS approach [100,119,122].
On-line cITP preconcentration has lowered the
concentration detection limits of CE~MS by two
orders of magnitude for the analysis of oligo-
saccharides [100]. Similar results were obtained
by Mosely [122] who observed a 200-fold im-
provement in concentration limits by using the
preconcentration approach, with up to 45% of
the CE capillary being initially filled with sam-
ple. It was found that the greater the difference
in the electrophoretic mobilities between the
terminating electrolyte and the analyte, the bet-
ter the cITP focusing becomes. Analytes with
low electrophoretic mobilities were not precon-
centrated. In all cases, the on-line cITP pre-
concentration has reduced the separation ef-
ficiency. But they were still much better than
those of conventional LC separations.

4.2.2. Chromatographic on-line preconcentration

Another approach for on-line analyte concen-
tration for CE is the chromatographic method.
This technique involves a precolumn, either
having walls derivatized with C,;, and other
functionalities [126,127] or packed with HPLC
packing materials [128,129]. Recently, this con-
cept has been incorporated into CE-ESI-MS
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applications [92,93]. The precolumn was made of
a small bed of HPLC packing in a PTFE car-
tridge attached to the inlet of the CE capillary. It
serves as an on-line device for sample cleanup
such as desalting and preconcentration for sub-
sequent analysis by CE-ESI-MS.

4.2.3. Other analytical approaches

The use of small-1.D. capillaries was found to
have improved the absolute sensitivity of CE-
ESI-MS [16,17]. This improvement in sensitivity
is due to the high ionization efficiency associated
with the very low bulk flow-rate from the small-
[.D. capillary into the mass spectrometer. Since
the ESI ion current is nearly independent of
flow-rate, ESI-MS will operate as a mass-sensi-
tive detection system when the ESI current is
limited by the flow-rate of the charged species in
the solution to the ESI source [34]. This is
illustrated in Fig. 15 where a 25- to 50-fold
increase in absolute sensitivity is obtained by
reducing the 1.D. of CE capillary from 100 to 10
Mm.

Frequently, the high resolution observed with
CE separation results in extremely narrow peaks
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Fig. 15. CE-ESI-SIM-MS total ion current electrophero-
grams of a synthetic peptide mixture using 100, 50, 20. 10 um

[.D. capillaries. From Ref. [17].

and are sometimes not suitable for performing
on-line CE-MS, especially full-scan on-line MS
analysis. By reducing the applied electric field
strength just prior to the elution of the analyte,
the peaks were broadened sufficiently to allow
enough scans be obtained and averaged across
each peak [18,100].

Recently Kirby et al. [130] demonstrated that
by carefully choosing the experimental condi-
tions, surfactants can be used successfully in
CE-ESI-MS with only minimal loss in analyte
sensitivity. They also found that the use of mixed
surfactant resulted in much less analyte signal
suppression than what is expected by using
sodium dodecyl sulfate alone.

4.3. Instrumental developments

4.3.1. Coated capillaries

Coated capillaries are often used in the analy-
sis of biological samples such as basic peptides
and proteins to minimize band broadening and
peak tailing due to adsorption of analytes onto
the capillary walls [131]. The factors that attri-
bute to protein adsorption include ionic, hydro-
phobic, and hydrogen-bonding interactions [3].
The recent advances in CE capillary coatings
have been reviewed [132]. Coated capillaries are
currently available from several commercial
sources. Aminopropyl silylated fused-silica capil-
laries have frequently been used in CE-MS
applications [17,18,20,21,33.34,36,73,74,89,104,
133]. Capillaries coated with polyacrylamide
have been used to minimize protein adsorption
and electroosmotic flow within the CE capillary
for the analysis of proteins by CE-MS
[30,31,95,130]. A different hydrophilic derivat-
ized capillary was prepared for protein analysis
by CE-MS [94]. Kostiainen et al. [54] used a
commercially available deactivated fused-silica
capillary for the determination of a synthetic
drug-protein conjugate mixture by CE-MS.
Thibaulit et al. [47] described an CE-MS applica-
tion using a non-covalent coated CE capillary
with an overall positive charge. The use of
coated capillaries to eliminate the electroosmotic
flow may also be useful in minimizing the flow of
non-volatile additives into the mass spectrometer
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[130]. This may be of particular importance in
applications such as chiral separations by CE-
MS.

4.3.2. Trapped ion mass spectrometers

One solution to improving the sensitivity of
CE-MS is the development of alternative types
of mass spectrometers which offer the potential
for greater sensitivity. Currently the efficiency of
ion transport from the atmospheric pressure ESI
source to the MS detector is low with only
approximately 107" of the ions formed in ESI
being detected [134]. Trapped ion mass spec-
trometers, include the quadrupole ion trap (IT)
and the FTICR mass spectrometer may be useful
for improving CE-MS sensitivity. IT mass spec-
trometers provide significantly higher transmis-
sion efficiencies than beam-type mass spectrome-
ters [135]. The coupling of CE with IT-MS has
been demonstrated in several research groups
[36,49,90,136,137]. Ramsey et al. [136] reported
chemical background and noise reduction in CE-
MS on a quadrupole IT mass spectrometer. By
using the combination of broad-band collisional
activation and resonance ejection, they were
able to significantly reduce background noise in
the CE-ESI-MS total ion electropherograms.
The electropherograms obtained before and
after the background reduction are shown in Fig.
16. Recently we have demonstrated the coupling
of CE to a highly modified benchtop IT mass
spectrometer for quantitative determination
some Chinese herbal remedies [49]. A signal-to-
noise ratio better than 10 was obtained in the
extracted ion current with injected quantities
between 370 to 510 attomole (see Fig. 17).

FTICR-MS has the advantages of high sen-
sitivity, ultra-high resolution and extensive capa-
bilities for tandem MS (MS") [138,139]. The
combination of CE and FTICR-MS has been
reported [97,140,141]. An off-line coupling of
CE and MALDI-MS was demonstrated on a
FTICR mass spectrometer [142]. Hofstadler et
al. [140] have modified a FTICR instrument
which allows rapid cycling between the different
pressure regimes in the trapped ion cell for both
optimum trapping efficiency and high-resolution
detection. The CE-ESI-MS experiments on the
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Fig. 16. Total jon electropherograms (TIC) of a synthetic
peptide mixture obtained (A) without active background
reduction measures and (B) with combined broad-band
collisional activation and resonance ejection. Peaks: B =
bradykinin: X = xenopsin; N = neurotensin. Time in min.
From Ref. [136].
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sion induced dissociation (CID)=152.4 V; 25 pum L.D. capil-
lary: mass range 150-400; 100% = 27 408. From Ref. [49].
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FTICR instrumentation allows fast spectrum
acquisition speed. The potential of the CE-ESI-
FTICR-MS system was further evaluated for a
chymotryptic digest of ubiquitin [97]. The on-line
combination of CE with ESI-FTICR-MS has also
been presented by Johnson et al. [141]. A pulsed
collision gas of nitrogen was used to collisionally
trap ions. Trapping efficiency of ca. 1% was
reported. However, due to the limited pumping
speed, high-resolution mass spectra could not be
obtained immediately after ion accumulation.
The ions were stored in the FTICR cell for 10
min before a reasonably low base pressure could
be reached for high-resolution detection.

4.3.3. Time of flight

TOF mass spectrometers offer very rapid scan
rates with the ability to record a full mass
spectrum from an injection pulse [14]. This
makes it potentially good for on-line applications
such as CE-MS and LC-MS. In addition, TOF
analyzers can provide improved resolution by
using a reflectron configuration. Also, they are
relatively simple and inexpensive, and are well
suited for pulsed ionization techniques such as
MALDI. The use of TOF MS on-line with CE
has been published by Zare and co-workers
[35.143]. The applicability of the system was
demonstrated using a sheathless ESI interface
for the characterization of synthetic peptide
mixtures. Recently, the same research group has
reported a modified ion optics system which
greatly improved ion transmission efficiencies
[144]. Detection limits at tens of femtomole
injected on-column were obtained for synthetic
peptides. The off-line combination of CE and
MALDI-TOF-MS has also been reported using
fraction collection [86].

4.3.4. Use of an array detector

The use of a position and time-resolved ion
counting (PATRIC) detector was found to have
dramatically improved the sensitivity of mass
spectral detection in CE-MS [145]. Such PAT-
RIC array detectors arc available on Finnigan
MAT Model 900 mass spectrometers. While the
static detection mode was found to be useful in
target compound analysis. scanning array detec-

tion was more universal. By using scanning array
detection, a significant gain in sensitivity (10- to
100-fold) can be obtained over a conventional
secondary electron multiplier detector in combi-
nation with scanning. A same instrument
equipped with PATRIC has been used in CE-
ESI-MS applications of drug metabolism studies
[22,24,113,114].
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