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problems in the analysis of unknown samples.
For example, in pharmaceutical samples, metab­
olites or degradation products present at levels
as low as 0.1% of the parent drug must often be
identified. In screening for these substances in
the full-scan mode, the degradation product
peaks are often lost in background signal. This
masking of low-level eluent peaks by background
signal is worst in the low mass range « M,
250-300).

Several approaches for the post-process back­
ground treatment of mass spectral data have
appeared in the literature [13-22]. For LC-MS
data, in particular, the TIC traces do not gener­
ally provide easily observed eluent peaks due to
the abundance of mobile phase ions. Although
peaks of interest can usually be detected by
thorough screening of reconstructed mass chro­
matograms, which is necessary for unknowns,
examination of all reconstructed mass chromato­
grams in a typical full-scan analysis is tedious and
impractical. Furthermore, the traditional back­
ground subtraction routines involving the sub­
traction of a background spectrum from the
spectrum of the analyte of interest is often of
little use for low-level degradation products
masked by chemical noise. This method is fur­
ther complicated with gradient HPLC methods
where the background spectra change with time.

Polynomial smoothing techniques [13] which
can enhance the signal-to-noise ratios of low­
level analyte peaks, improve the appearance of
the profile but are of limited use since they do
not extract significant ions hidden in the chemi­
cal noise. One of the most common approaches
for the extraction of significant peaks from LC­
MS data is contour mapping or "eagle's view"
[14]. By plotting three axes (mass, time, and
intensity) in a two-dimensional display (mass­
time), the elution peaks appear over a few scans
depending on the width of the chromatographic
peak. The background noise in this type of plot
will appear as a continuous band over a wide
time-span, often occurring throughout the entire
analysis time. This technique is most effective at
higher mass ranges (> M, 400) where back­
ground noise is less abundant for most LC-MS
interfaces. Pharmaceutical compounds, however,

are often small molecules which fall in the lower
mass range where background interferences are
high.

An ideal background filter for LC-MS data
would eliminate the contribution of solvent and
buffer ions to the acquired mass spectra, recog­
nize and remove noise spikes caused by ex­
perimental variations, and extract weak eluent
peaks containing significant ions from the overall
TIC trace. This type of approach would provide
a background-corrected TIC trace indicating
low-level eluent peaks as well as other more
visible components. It would also provide
treated mass spectra with enhanced intensities of
significant analyte ions. A background treatment
algorithm, TICFilt, has been developed with the
above criteria in mind. The filtering of LC-MS
data by TICFilt is based on the premise that the
occurrence of background ions is more frequent
than that of ions due to analytes. Its perform­
ance will be compared to the commonly used
contour mapping approach.

2. Experimental

Acetaminophen (M, 151) and propranolol (M,
259) used in these experiments are USP refer­
ence standards obtained from American Chemi­
cals (Rockville, MD, USA), phenothiazine (M,
199) was purchased from Fluka Chemika (Ron
Kon Koma, NY, USA). Compound X (M, 454)
was synthesized in-house. All compounds were
used without further purification. The mobile
phases used in these experiments were composed
of given ratios of HPLC grade acetonitrile and
distilled deionized water and contained 0.1 %
formic acid (approx. 99%, Sigma, St. Louis,
MO, USA). All sample solutions were prepared
in acetonitrile.

The liquid chromatographic system used for
DLI analyses consisted of a Carlo Erba Phoenix­
20 high-pressure syringe pump (Carlo Erba Str.
Milano, Italy) connected to a Valco C14W 60 nL
valve (Valco Instrument Co., Houston, TX,
USA) in order to minimize dead volume be­
tween the pump and capillary tubing or liquid
chromatographic columns. The columns used in
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Fig. 5. Total-ion chromatograms obtained for a 150-ng injection of acetaminophen by LC-DLI-MS.

ment at m/z 134. In spite of their relatively high
intensities, plasma ions at m/z 42 and 83 due to
the protonated monomer and dimer of acetoni­
trile are absent from the treated spectrum (lower
spectrum).

4. Conclusion

The data presented in this comparative study
indicate that peak detection approaches can be
extremely useful in identifying elution peaks of
low-level components in TIC chromatograms
obtained by current direct introduction LC-MS

techniques. Contour mapping types of ap­
proaches can be efficient at higher masses
because background is generally lower but they
are limited at lower masses « M r 250) where
the background generated by the mobile phase is
usually more intense. Background treatment
algorithms such as TICFilt, however, tend to be
efficient throughout the mass range. Further­
more, background treatment algorithms are in­
dependent of the ionization technique and the
composition of the mobile phase used. When
elution peaks or spikes are observed in the TIC,
contour mapping will detect both as elution
peaks varying only in their width. Background
treatment algorithms such as TICFilt can, how-
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Fig. 5. Calibration of peak area (m/z 309) over the concentration range 0.025-1.0 ng/i..tl.

derived from standards in methanol-water at
concentrations of 0.05, 0.20 and 0.50 ng/JLI
which were analysed before and after each batch
of extracts (typically 10). The mean slope was
used in calculations unless large deviations be­
tween the two sets of standards were observed,
in which case the whole batch was re-analysed.

For quality control additional diflubenzuron
standards (0.025-0.50 ng/JLI in methanol-water)
were also analysed at intervals. Over a 5-week
period the measured concentrations had a mean
of 96% of the theoretical value (n = 35), corre­
sponding to a bias of -4%, and a relative
standard deviation of 11 %, thus demonstrating
good accuracy and precision. The mean of re­
sults for standards prepared in blank extract was
92% of their theoretical value (n = 20), corre­
sponding to a greater bias of -8%, and a
relative standard deviation of 10%. Both sets of
data were quantified from solvent standard cali­
brations and the accuracy of the results for the
extract standards justifies the decision to use
solvent based standards for quantitation.

Extrapolation based on a number of determi­
nations of the 0.05 ng/JLI standard prepared in

blank extract gave a limit of detection (LaD) of
0.017 ng/JLI [3 times the total standard deviation
(n = 14)] which is equivalent to 0.0142 mg/kg in
the crop with the extraction method employed
and assuming 100% recovery. This theoretical
LaD was consistent with the observed response
for a 0.025 ng/JLI extract standard.

Fig. 6 shows the channel for the diflubenzuron
[M - H] - ion at m/z 309 for 0.06, 0.12, 0.23 and
0.58 mg/kg spiked extracts and for an extract
blank.

The recovery of diflubenzuron spiked into
mushrooms before extraction at concentrations
from 0.06 mg/kg to 0.58 mg/kg was assessed in a
series of seven replicate extraction batches
(Table 1). The mean recovery was 85.5% with a
relative standard deviation of 14.5% (n = 56).
Allowing for recovery the average limit of detec­
tion of the method was 0.017 mg/kg in the crop.

4. Conclusions

This HPLC-APCI-MS method relies for
quantitation on the deprotonated molecule of
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umn of choice because of their higher sample
loadability as compared to open capillary col­
umns. High sample loadability is important since
low concentrations are expected to be present in
real samples. Determination of diflubenzuron in
real samples usually requires a sample prepara­
tion step including preconcentration and purifica­
tion; however, this was not the subject of our
work.

The halogen-containing diflubenzuron should
be applicable to negative-ion detection in the
MS. The rate constant for ion formation in EC
depends strongly on the collision cross-section
and can exceed 10-7 cm3 S-I for polyhaloge­
nated compounds [14]. In such cases, sensitivity
might be 100 times better as compared to posi­
tive chemical ionization (PCI). ECNI was there­
fore our choice for detection.

Since the standard ion source for electron
ionization (EI) and chemical ionization (CI) was
found to be unsatisfactory for negative-ion detec­
tion [13], the second aim of this study was to
design a better interface-ion source system for
negative-ion detection in SFC-MS

2. Experimental

2.1. Chemicals

Both packing and chromatography were per­
formed using neat CO2 (99.998%) supplied by
Aga Norgas (Oslo, Norway). The solvents used
were CS2 (> 99.0%) from J.T. Baker Chemicals
(Deventer, Netherlands), HPLC grade tetrahy­
drofuran (THF) (Rathburn, Walkerburn, UK)
and pro-analysis grade formamide (Merck,
Darmstadt, Germany). The THF was filtered
through aluminium oxide prior to use. Potassium
silicate solution was purchased from Kebo Lab.
(Oslo, Norway). Analytical grade diflubenzuron
was obtained from the Agricultural University of
Norway (Aas, Norway) and dissolved in THF or
CS2 • MS-calibration was carried out using low
boiling perfluorokerosene (PFK) (Tokyo Kasei,
Japan).

2.2. Columns and restrictors

Fused-silica 320 Jotm J.D. and 450 Jotm O.D.
from Polymicro Tech. (Composite Metal Ser­
vices, UK) was used for the columns. The
packing material was 5 Jotm silica-based Inertsil
Cs (Keystone, USA) or 4 Jotm Nova-Pak CIS
(Waters, USA). Both columns were 60 cm long
and prepared in the laboratory, according to the
method described by Malik et al. [15]. A 2-mm
ceramic frit was used at the outlet of the column.
Valco zero dead volume unions (1/16 in. to 1/16
in.) and one piece fused-silica adapter ferrules
were utilized for column fitting.

The integral restrictor [16] was made from
fused-silica capillary (J.D. 50 Jotm, O.D. 365
Jotm). For the purpose of fast analyses, a flow was
chosen that gave a to value of ca. 3-4 min at 100
bar of pump pressure.

2.3. Instrumentation

Supercritical fluid chromatography was per­
formed with a Model 602 system from Lee
Scientific (Salt Lake City, UT, USA). A CI4W
injector from Valco Instruments (Houston, TX,
USA), equipped with a 0.2-Jotl loop, was used
with timed split injection at room temperature.
A small piece of fused-silica capillary (J.D. 50
Jotm) was used to connect the column to the
injector. In order to prevent backflushing of
packing material, a small stainless-steel frit (No.
24000, Keystone Scientific) was placed in the
union connected to the column entrance. The
whole column was kept in the oven at a constant
temperature of 60°C. The restrictor was attached
directly to the column end union.

The mass spectrometer used for detection was
a JMS-DX303 from JEOL (Tokyo, Japan). It is
a double focusing instrument with EB-geometry.
Ion detection was done by the ion multiplier
equipped with a 10-kV post-acceleration conver­
sion dynode unit. Detector sensitivity adjust­
ments were kept constant while performing these
experiments, making it possible to compare
results. The ion source pressure, as referred to in
this work, was actually the pressure measured by
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typical digests, common charge states are +5 and
less. Unit resolution allows explicit discrimina­
tion between singly- and doubly-charged ions.
For doubly-charged ions, the isotopic peaks are
not completely resolved, but two separate peaks
can clearly be seen. For charge states higher than
+3, isotopes are generally not resolved, but the
unresolved peak width differentiates these ions
from singly- and doubly-charged ions.

As a second application, Fig. 10 shows the
identification of sites of oxidative modification of
glutamine synthetase. Glutamine synthetase is
known to undergo oxidative modification in vivo,
resulting in reduced enzymatic activity [19]. The
enzyme can be oxidized in solution using an
iron-ascorbate system [20]. Glutamine synthe­
tase is known to have three sites of oxidation. In
this applications, endoproteinase Lys C digests
of both native and oxidized glutamine synthetase
were run under identical conditions. Examina­
tion of the MS TIC shows clear differences in the
signal at two specific areas. The first, at approxi-

mately 47 min shows a molecular mass of 2770.
From the previously determined eDNA-based
sequence of glutamine synthetase a Lys C frag­
ment would be predicted with molecular mass of
2784 (L13 + L14). One possible explanation of
the 14 Da discrepancy is a DNA point mutation,
or more probably, a single point error in the
original sequence determination. The fragment
at 47 min was collected and sequenced and found
to have an Ala instead of a Gly at residue 267. In
the oxidized digest, the L13 + L14 fragment
disappears and a peak at a slightly later retention
time appears with a molecular mass of 2786 Da.
The 16 Da difference between the two suggests
an oxidation. Collection and sequencing of this
fragment in the digest of the oxidized form of
glutamine synthetase, the expected His[269] dis­
appeared and a new unidentified peak appeared
between Asp and Ser. Subsequent electrospray
mass spectral analysis of modified amino acid
collected from Edman sequencing indicates a
structure consistent with 2-oxo-histidine based
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Fig. 10. Identification of oxidative modifications in endoproteinase Lys C digests of glutamine synthetase.
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ing Up the analysis is that the mass flow of the
analytes is increased, resulting in lower con­
centration-detection limits. The different volt­
ages applied over the column were set at their
value just prior to injection and switched off
when the analysis was done. In this way re­
producible runs could be performed. Neverthe­
less, it has been observed that with longer
analysis times some time might be needed before
reproducible retention times are obtained. This
effect has also been described in the literature
[11,25]. Still, PEC appeared to be a good alter­
native for gradient elution in reducing the analy­
sis times, particularly when mass-spectrometric
detection is involved.

In Fig. 3 the coupling of PEC to the mass
spectrometer is demonstrated. In the described
configuration, there exists a voltage drop over
the transfer capillary from the column to the
mass spectrometer. This voltage drop is of the
same magnitude as that applied over the column
and opposite relative to the mass spectrometer.
The voltage over the transfer capillary induces a
local electroosmotic flow that can be ten times
higher than in the packed bed of the column
[26]. As a consequence, the mobile phase is
more or less dragged out from the packed bed,
thus reducing the back pressure of the column.
Operating the pump in the constant-flow mode
increased the baseline noise under these con­
ditions, for which reason the constant-pressure
mode was preferred. As a result the hydro­
dynamic contribution to the total flow through
the column has been increased. The reduction of
the analysis time is thus an indirect effect of the
voltage applied and is not due to the electro­
phoresis of the sulfonamides that electromigrate
in opposite direction. This electrophoretic be­
haviour in the detection capillary is not of major
concern for the separation process, which can be
seen by considering the elution order of the
compounds. Although its charge is less positive,
the acidic succinylsulfathiazol elutes in front of
sulfanilamide and sulfathiazole when the voltage
is applied. When the migration order would be
determined by the voltage drop existing in the
detection capillary, this cannot be the case. This
demonstrates that the selectivity in PEC can be

tuned using both the hydrophobic and electro­
phoretic properties of the compounds to manipu­
late the separation process.

As mentioned above, not only increased load­
ability and tunable selectivity belong to the
features of PEC, but also the improvement of
the separation efficiency [15]. Because an elec­
troosmotic flow is most effectively generated at
higher pH values, an alkaline mobile phase is
chosen to demonstrate this effect in PEe.
Combination of both flow profiles decreases the
contribution of convective mixing effects, re­
sulting in less band broadening in comparison
with the normal t-tLC mode. The plate height to
velocity curve is shifted to higher velocities and
presumably has a larger optimum value [26]. In
the example shown in Fig. 4, a nonapeptide with
a negative charge of minus three at pH 8 has
been used. Because of its high charge the elec­
trophoretic velocity of the nonapeptide almost
counterbalances the electroosmotic flow. There­
fore, the change in retention is minimal, imply­
ing that the increase of the plate number by a
factor of two in PEC is mainly caused by the
effect of the electroosmotic flow on the flow
profile. Unfortunately, a substantial electrical
split takes place at the liquid junction on the
injection side of the column caused by the high
electrophoretic mobility of the nonapeptide. As
a consequence, the increase of efficiency as
demonstrated in Fig. 4 did not lead to improved
detection limits. In a closed separation system
without liquid junctions, no electrical split will
take place, and the gain in efficiency will also
result in an improved concentration sensitivity.

4. Conclusions

PEC appears to be an interesting alternative
for isocratic as well as gradient t-tLC, especially
when mass-spectrometric detection is involved.
In contrast with LC gradient elution, no com­
patibility problems with respect to the perform­
ance of the electrospray ionization process have
been observed. The use of a configuration with
liquid junctions in PEC-UV allows to study the
net effects of the application of an electric field
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lower than those obtained with the single-capil­
lary MEKC-UV setup. One reason is that the
applied voltage in the former case was 25 kV,
while in the latter setup 30 kV was used. Since
the efficiencies are directly proportional to the
applied voltage, it may be expected that the
resolution will differ. Taking into account the
different applied voltages, a loss in efficiency of
about 20% should be observed. In fact, the
efficiencies differ about 50%. This can be ex­
plained by additional band broadening in the
coupled-capillary setup caused by the application
of the liquid junction, and partly by the diffusion
of the zones' in the rather long time needed to
empty the connection vial from MEKC buffer
and refill it with CZE buffer. Optimization of
both these aspects is currently under develop­
ment.

4. Conclusions

The coupled-capillary approach described here
enables the micellar electrokinetic separation
coupled to mass spectrometric detection of
charged analytes that are difficult to separate by
capillary zone electrophoresis. During the ex­
periments, no detrimental effects of the presence
of SDS on MS performance has been observed,
ensuring long-term stable operation conditions.
The application of this system to the separation
of neutral compounds is currently under inves­
tigation.

Analogous to the phase system switching de­
veloped in our laboratory [10], the setup used
throughout these experiments opens up possi­
bilities for other capillary electrophoretic sepa­
ration systems which cannot be directly coupled
to the mass spectrometer due to the presence of
certain buffer additives that are necessary to
obtain the required separation. In future re­
search, special attention will be paid to sepa­
ration systems utilizing chiral separators such as
cyclodextrins. Obviously, the coupling of chiral
separation systems to mass spectrometry is of

great interest in pharmaceutical analysis, because
of the necessity of unequivocal mass determi­
nation of analytes paired to the inability of the
mass spectrometer of discrimination between
two enantiomers which are not electrophoretical­
ly resolved.
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Abstract

Combined liquid-liquid electroextraction (EE) and isotachophoresis (ITP) as a fast on-line focusing step in
capillary zone electrophoresis (CZE) prior to electrospray mass spectrometric (ESP-MS) detection is described.
Very high electric field strengths can be applied owing to the low conductivity of the organic phase, which results in
high migration rates. Liquid-liquid electroextraction enables the fast extraction of analyte ions into a small buffer
volume, whereas ITP is used to focus the analytes away from the liquid-liquid interface. As a result, ITP starts
with a small sample volume containing the extracted ions. After reaching the steady state within several minutes,
CZE separation follows. Clenbuterol, salbutamol, terbutaline and fenoterol were used as model compounds.
Concentration detection limits of pure solutions down to 2.10- 9 molll for clenbuterol, salbutamol and terbutaline,
and 5.10-9 molll for fenoterol have been achieved using on-line EE-ITP-CZE-ESP-MS.

1. Introduction

The coupling of capillary zone electrophoresis
(CZE) to mass spectrometric detection (MS) is
advantageous as it combines the high separation
power of CZE and the high selectivity of MS
detection. However, sample loadability and con­
centration sensitivity in CZE still limit its use as
a separation technique prior to MS detection.
Different attempts have been made to enhance
sensitivity in CZE by employing sample concen­
trating techniques prior to the CZE separation,
including chromatographic and isotachophoretic
preconcentration [1].

Isotachophoresis (ITP) has proven to be a
very useful technique for sample enrichment on-

* Corresponding author.

line with CZE [2-11]. As the focusing time in
ITP is determined mainly by the concentration of
constituents and related to this the electric field
strength, the mobility of the analyte and the
migration path length, the time needed for the
concentration of very large sample volumes is
generally longer than 1 h [12,13]. Such long
focusing times are undesirable in routine analy­
ses.

Another approach is the use of liquid-liquid
extraction as an off-line sample-handling tech­
nique prior to CZE [14]. Low detection limits
are obtained using chloroform for the extraction
of doxorubicin from plasma. A back-extraction
to 5 mmol/l phosphoric acid resulted in an
extract of low ionic strength compared to the
CZE buffer. As a result, analyte stacking during
electrokinetic sample injection occurred.

0021-9673/95/$09.50 © 1995 Elsevier Science B.v. All rights reserved
SSDI0021-9673(95)00366-5



OH

A

B

c

o ~~IQO"
OH
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terbutaline, M, 225.1 (B); salbutamol, M, 239.2 (c);
fenoterol, M, 303.1 (D).
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For several decades it has been known that by
using an electric field in liquid-liquid extraction
processes on an industrial scale the mass transfer
in the extraction of ionic compounds is increased
[15-21]. So far, the use of this so-called elec­
troextraction has been limited to bulk processes
only. Recently, this principle has been adapted
and applied to a miniaturized scale in combina­
tion with CZE [22]. The on-line use of combined
EE-ITP enabled the fast extraction of charged
compounds from large volumes of organic sol­
vents (up to several millilitres) into a 100-JLm
J.D. fused-silica capillary owing to the extremely
high local field strength. Automation could easily
be accomplished, as the whole procedure was
performed in a single capillary.

This paper describes the use of on-line EE­
ITP as a novel focusing technique for the im­
provement of sample concentration detection
limits in CZE-MS. Some l3-agonists have been
used as test compounds. After EE into the
terminating buffer of the ITP system only a few
minutes are required to reach the steady state.

2. Experimental

2.1. Chemicals

All chemicals used were of analytical grade.
Aqueous solutions were prepared using water
purified with a Milli-Q system (Millipore, Bed­
ford, MA, USA). Ethyl acetate (EtOAc), potas­
sium hydroxide, ammonium acetate and acetic
acid were obtained from Merck (Darmstadt,
Germany), methanol from Biosolve (Barneveld,
Netherlands), l3-alanine from Aldrich
(Steinheim, Germany), crystal violet from Jans­
sen Chimica (Beerse, Belgium), clenbuterol hy­
drochloride, terbutaline sulphate and fenoterol
hydrobromide (Fig. 1) from Sigma (St. Louis,
MO, USA). Salbutamol sulphate (Fig. 1) was
kindly donated by TNO Institute (Zeist, Nether­
lands).

The leading buffer and sheath liquid consisted
of 50 mmol/l ammonium acetate solution ad­
justed to pH 5 with 3.3 molll acetic acid solu­
tion-methanol (20:80, v/v). The terminating

buffer consisted of a 12 mmol/l l3-alanine solu­
tion adjusted to pH 5 with 3.3 molll acetic acid
solution-methanol (85:15, v/v). Standard solu­
tions of the l3-agonists were made in saturated
EtOAc. For this purpose a 10 mmollll3-alanine
solution, adjusted to pH 5 with 3.3 molll acetic
acid solution; was extracted with EtOAc. Stock
solutions of the cationic species were made in
water-methanol (50:50, v Iv) to a concentration
of 10-2 mollI. Methanol was used for further
dilution of the stock solutions to a concentration
of 10-4 mollI. Finally, saturated EtOAc was
used for further dilution of the obtained metha­
nol solutions.

2.2. Apparatus

Fig. 2 is a schematic representation of the
experimental setup described hereafter. A pro­
grammable injection system (Prince, Lauerlabs,
Emmen, Netherlands) with the possibility of
regulating and fine-tuning both the pressure and
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Step 3
Next, the capillary inlet is placed into the

terminating buffer vial. By applying a voltage of
+ 15 kV during 1 min using an 8-mbar pressure­
induced counterflow, the analytes that are still
present in the terminating buffer zone are accel-

3. Results and discussion

Step 4
ITP continues at + 9 kV during 6 s. A 50-mbar

pressure-induced counterflow is used to push the
EtOAc plug still present in the capillary towards
the capillary outlet (Fig. 4, Bl).

Step 6
CZE is started and performed in leading

buffer [23] by applying a voltage of + 21 kV
(Fig. 4C).

Step 5
Until the current reaches 4.0 JLA, ITP

proceeds at + 9 kV combined with a 23-mbar
pressure-induced counterflow to push out the
greater part of the terminating buffer while
maintaining a steady state. This step usually
takes less than 1 min (Fig. 4, B2).

erated in the direction of the leading buffer,
away from the interface between EtOAc and the
buffer system.

The power of EE-ITP is a result of the high
local electric field strength in EtOAc. Pure
EtOAc hardly conducts electric current. By
saturating EtOAc with an aqueous electrolyte
solution, the conductivity of the organic phase is
slightly increased while the solubility of ionic
species improves considerably. This results in a
somewhat higher conductivity of the organic
phase. Still, the conductivity is about 1000 times
lower than that of the terminating buffer of the
ITP system [22]. As a consequence of the appli­
cation of an electric field, transport of charge via
the migration of ions originating from the aque­
ous phase takes place. As the conductivity of
EtOAc compared to that of the buffer system is
low, the greater part of the applied potential
difference exists over the EtOAc zone. This
results in a high local electric field strength which
is the driving force of migration of ions (Eq. 1),

3.1. Theoretical aspects of electroextraction­
isotachophoresis
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an 8-mbar pressure-induced counterflow to avoid
entrance of EtOAc into the capillary (Fig. 4,
A3). The analyte molecules start to migrate
through the interface between the organic phase
and the buffer system and continue to migrate
through the terminating buffer zone. Simultan­
eously, the analytes are focused between ter­
minating buffer and leading buffer. Thus, ITP is
performed simultaneously and in conjunction
with EE.

Fig. 4. Step-wise representation of the EE-lTP-CZE pro­
cedure. (AI) The capillary, filled with leading buffer (L) and
terminating buffer (T), is placed in the ethyl acetate (E)
sample solution containing the cationic analyte molecules
(A+). (A2) Electroextracton (EE) is performed by applying a
voltage. (A3) During EE, using a pressure-induced counter­
flow (P) in the direction of the arrow, the sample solution is
electroextracted. (HI) The analytes are focused by means of
pressure-induced counterflow ITP, after the capillary is
placed in the terminating buffer vial. (H2) During ITP the
remaining EtOAc plug is pushed out of the capillary, while
reaching the steady state. (C) The capillary is placed in the
leading buffer vial and CZE starts.
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Optimization of conditions for the analysis of a peptide
mixture and a tryptic digest of cytochrome c by capillary

electrophoresis-electrospray-ionization mass spectrometry with
an improved liquid-sheath probe
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Abstract

Capillary electrophoresis (CE) has been interfaced with a quadrupole mass spectrometer using electrospray (ES)
ionization in order to rapi(jly analyze a peptide mixture and a tryptic map of cytochrome c. A sheath liquid probe
has been developed which allows the easy connection of CE with ES and the manipulation of important
experimental parameters such as the position of the CE column exit relative to the sheath flow tube exit. In
addition, the atmospheric region of the ion source has been modified so that glass windows replace the walls of the
chamber, and the electrospray process itself is fully visible during operation. Detection limits for a biologically
active peptide, leucine enkephalin, were determined to be 200 fmol in the scan mode of operation and 1.5 fmol in
the selected-ion monitoring mode of operation.

1. Introduction

Electrospray (ES) ionization has become
widely used as an interface between liquid chro­
matography (LC) separation techniques and
mass spectrometry (MS) detection. The reasons
for this success include the ability of ES ioniza­
tion sources to both ionize and desolvate from
solution the analytes of interest. Frequently,
these compounds are polar, fragile, thermally­
labile species which are subject to decomposition
by conventional ionization methods. The "soft"
ionization process of ES allows for the creation
of ions and successful transfer from the liquid to
the gas phase of important biological species,

such as proteins, which weigh up to several
hundred thousand daltons.

Alternatively, the use of ES ionization for
mass detection with capillary electrophoresis
(CE) has not yet become well-established even
though it has been demonstrated on quadrupole
[1-7], magnetic sector [8,9], Fourier transform
ion cyclotron resonance (FrICR) [10] and time­
of-flight (TOF) machines [11]. The primary
reason for this is the additional technical chal­
lenges associated with CE-ES coupling. First,
the outlet of the CE column is fused-silica, a
dielectric material which itself cannot be electri­
cally incorporated into the ES-MS system. Elec­
trical connection with the CE column outlet is

0021-9673/95/$09.50 © 1995 Elsevier Science B.Y. All rights reserved
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mandatory for both the CE and the ES pro­
cesses. Secondly, the buffers most commonly
employed with CE separations are aqueous and
high in salt concentrations. Both of these solu­
tion characteristics are unsuitable for ES oper­
ation.

An initial solution for this dilemma was of­
fered by Smith and co-workers [1-3] with the use
of a co-axial sheath flow arrangement which
provides for both the electrical connection and
the addition of a solution more ame·nable to ES
ionization. Since that time, other· techniques
have been developed which accomplish these
goals as well. These arrangements include: (i)
the use of a metal-coated, sharpened CE column
outlet [4,12], (ii) the use of a gold wire electrode
inserted into the CE column outlet [11], and (iii)
a liquid-junction interface [6,13]. The metal­
coated CE column tip has the advantage that no
sheath flow is needed and thus no sample dilu­
tion occurs. It has the disadvantages, however,
that ES compatible buffers must be used with the
CE separation and that specialized CE columns
must be prepared. The use of an inserted gold
wire electrode requires neither sheath flow nor a
specialized CE column. It does, however, imply
the somewhat cumbersome and challenging cor­
rect placement of the electrode as well as the use
of ES compatible buffers with the CE sepa­
ration. Finally, the liquid-junction technique
uses an additional buffer reservoir to electrically
isolate the dielectric CE column outlet and a
conductive metal ES needle. This method re­
quires the careful alignment of CE column outlet
and ES needle.

Because of the inherent advantages and ease
of operation of the sheath flow approach, we
have developed a convenient probe based on this
concept and used it to demonstrate the sepa­
ration by CE of biologically active peptides with
ES-MS detection using a quadrupole instrument.
Most importantly, this probe incorporates a
translation device which gives the user the ability
to easily adjust the CE column exit relative to
the sheath flow tube exit so that this crucial
parameter can be easily optimized for maximal
performance. In addition, the atmospheric
chamber where ES actually occurs has been

modified so that windows are present, and the
ES process can be viewed during operation.

2. Experimental

2.1. CE

The CE instrument used was an ATI (Boston,
MA, USA) crystal 300 model with a four-posi­
tion sampler. The CE column was fabricated
from fused-silica, 75 /Lm J.D. x 365 /Lm G.D.
from Polymicro Technologies (Phoenix AZ,
USA) and was 1 meter in length. A potential of
30 kV was used for all separations except for the
tryptic map where 15 kV was used. The sheath
flow was delivered with a Harvard Apparatus
Model 11 syringe pump (South Natick, MA,
USA) and was pure methanol in all cases.

2.2. ES

The electrospray ionization source (Fig. 1) was
from Analytica (Branford, CT, USA). This
system was unaltered from its original form
except for the use of a new CE-ES probe. Large
windows on three sides of the atmospheric re­
gion of the source (PI) allowed for the visualiza­
tion of the electrospray process itself and greatly
aided in the optimization of instrumental con­
ditions necessary to obtain good results. The
source was used with the CE column exit at
ground potential, the cylinder electrode (Vcyl) at
-2500 volts (V), the endplate electrode (Vend)
at - 3700 V and the capillary entrance (Vcap) at
-4500 V. The use of a dielectric capillary having
metal coating on both ends to transfer the ions
generated from atmosphere into vacuum is im­
portant in this case as it allows for the CE
column exit to be maintained at ground po­
tential. ES source designs which depend on the
application of a positive voltage to the spray
needle itself have two disadvantages when CE is
used. First, the CE column exit must be floated
at the required ES potential (several kV) causing
the resulting electric field applied to the CE
capillary to be the difference between the ap­
plied CE voltage and the ES voltages. Secondly,
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Fig. 10. Calibration plots of concentration versus peak areas
for the analysis of microcystin-LR using LC-ESMS (circles),
r' = 0.9992, and CE-ESMS (triangles), r' = 0.9994. Insets
show the peak profiles at the lowest concentration analyzed
by both techniques.

approximately 5:1. In fact, the actual amount of
microcystin-LR introduced to the mass spec­
trometer was approximately 50 pg (50 fmol),
taking into account that a post-column split of
1: 10 was used.

In comparison, the electropherogram obtained
for a 20 nl injection of a 0.5 ILg/ml solution of
microcystin-LR gave a SIN ratio of approximate­
ly 10: 1. In this case, the detection limit for
CE-ESMS was estimated as 0.2 ILg/ml for an
actual injection of 4 pg (4 fmol) of microcystin­
LR. Despite the lower injection sizes typically
used in zone electrophoresis format, the con­
centration detection limit observed for CE­
ESMS was found to be higher than that of LC­
ESMS by less than an order of magnitude. On
the other hand, the mass detection limit ob­
served for CE-ESMS was found to be higher by
at least an order of magnitude compared to that
of LC-ESMS. The enhanced signal strength
observed here is attributed to the higher sepa­
ration efficiencies obtainable with CE-ESMS.
For typical 20 nl injection (17% of the capillary
volume), plate counts obtained for microcystin­
LR were approximately 230 000 over the con­
centration range examined.
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used in Fig. 8 is presented in Fig. 9 for the
dissociation of the precursor ion mlz 981.6 using
CE-MS-MS in MRM mode. The transitions
monitored for the Adda residue (Figs. 9a and
9b) show one peak at 10.5 min for the desmeth­
ylated isomer (mlz 121) and two peaks at 10.0
and 10.2 min for the two isomers containing the
Adda residue (mlz 135). The second component
migrating at 10.2 min was found to contain an
Asp residue, based on the ion profile obtained
for transitions leading to the formation of mlz
272 (Fig. 9c). The desmethyl microcystins-LR
containing a Masp residue were observed at 10.0
and 10.5 min in Fig. 9d. It is noteworthy that
because of the high abundance of the second
component, the peak observed at 10.2 min in
Fig. 9d is probably due to the [Glu-Mdha-Ala +
Hr fragment ion at mlz 285. The final two
transitions used in the MRM experiments (Figs.
ge and 9f) enabled identification of Dha-mi­
crocystin-LR. The transition 982~ 361 showed
one peak at 10.0 min for the expected [C ll H 140­
Glu-dha + H] + fragment ion, whereas Fig. 9f
shows a prominent signal at 10.2 min accom­
panied by a weaker peak at 10.5 min for the two
remaining microcystins, bearing the Mdha res­
idue.

3.4. Quantitation of microcystin-LR by LC­
ESMS and CE-ESMS

The amount of microcystin-LR present in
extracts of M. aeruginosa cells was determined
using both LC-ESMS and CE-ESMS operating
in SIM mode. The dependence of peak area on
sample concentration was examined for a fixed
injection volume of microcystin-LR (10 ILl for
LC and 20 nl for CE). Fig. 10 shows typical
calibration curves for these two techniques. In
both cases, good linearity with correlation coeffi­
cient r2 > 0.9990 was found over concentrations
ranging from two to three orders of magnitude.
The insets in Fig. 10 correspond to traces ob­
tained for concentrations approaching the detec­
tion limits. The LC-ESMS chromatogram corre­
sponding to the on-column injection of 500 pg
(0.05 ILg/ml) of microcystin-LR, using SIM, for
mlz 995.5 gave a signal to noise (SIN) ratio of
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that the impact of the pressure-induced flow on
the plate number and the electroosmotic flow
was significant: with 50 /-tm and 75 /-tm J.D.
capillaries the electroosmotic flows were reduced
to 95 and 85%, respectively, and the plate
numbers were reduced to 70% and 5%, respec­
tively. Fortunately, our CZE apparatus is ca­
pable of programming either a positive or a
negative pressure on the inlet vial during the
electrophoretic separation, thus we can compen­
sate for a deviation from atmospheric pressure in
the source. Nevertheless 50 /-tm I.. D. (or even
smaller J.D.) CZE capillaries are to be pre­
ferred, also because of the lower conductivity.
The negative impact of the pressure-induced flow
on the injection can be simply overcome by
switching off the gases during the injection [13].
In addition one should switch off the ESI voltage
during pressure injection in order to avoid sam­
ple discrimination.

To summarize, for this particular CZE-MS
system we recommend the parameters and set­
tings for negative-ion CZE-MS as shown in
Table 1. Using these settings it is possible to fully
maintain the CZE separation performance, even
up to 1 million theoretical plates as shown in the
following application.

3.2. Fingerprinting of linear alkylsulphates

Linear alkylsulphates are widely used in de­
tergent formulations. Usually they are complex
mixtures of components with the anionic group
in common but with different lengths of the
alkylchain. Fingerprinting of these detergents is
necessary in order to assess the particular appli­
cation area. Liquid chromatography (LC) has

been used for this purpose for many years. Apart
from difficulties in obtaining baseline resolution,
another problem is the absence of a suitable
chromophoric group for UV-absorbance detec­
tion.

However, the use of on-line LC-MS with an
ion spray interface has sho'wn to be a good
alternative for detection problems in this par­
ticular field [19,20]. We used the separation
power of CZE for the analysis of a commercial
detergent, Teepol HB7 [21]. Using a UV-absorb­
ing background electrolyte, we were able to
detect the negative peaks as a characteristic
fingerprint (actually five fingers indeed) of this
detergent featuring baseline resolution, plate
numbers of up to 440 000 and an analysis time of
3 min only [21]. The peaks were identified by
standard addition and found to represent C9-C13

alkylsulphates. These results were confirmed
later by others who also showed the effect of the
buffer cation in these separations [22]. It was
demonstrated by Smith et al. [23] that sodium
dodecylsulphate is very well amenable to CZE­
MS. In this work we have studied the use of
CZE-MS for the fingerprinting and the identifi­
cation of the commercial C9-C13 alkylsulphate
sample. We used a 50 /-tm J.D. CZE capillary
with a 10 mM ammonium acetate buffer of pH
8.9 and a voltage of 30 kV. The actual voltage
difference was 34 kV (400 V/cm) because of the
ESI voltage of -4 kYo

A 1:1000 dilution of the detergent with the
electrophoresis buffer was made and injected at
40 mbar during 0.1 min, followed by the injec­
tion of a similar plug of buffer. Next, the CZE
voltage, the ESI voltage and the gases were
switched on and the MS started scanning from

Table 1
Guidelines for negative-ion CZE-MS using the system as described in section 2

1. Monitor your CZE current during CZE-MS.
2. Use 50 JLm (or smaller) LD. CZE capillaries.
3. Use a nebulizing gas flow of 30 l/h and a drying gas flow lower than 50 l/h.
4. Avoid a height difference between the liquid level in the CZE inlet vial and the probe tip.
5. Use a stable sheath flow of iso-propanol-water (4:1) at 5 JLl/min.
6. Remove the polyimide outerlayer of the CZE capillary at the probe tip and protrude the CZE capillary 0.2-0.3 mm relative to

the sheath flow capillary, and protrude the sheath flow capillary 0.8-1 mm relative to the nebulizing gas capillary.
7. Switch off the drying and the nebulizing gas and the ESI voltage during injection.
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100 to 300 amu in 0.5 s. Fig. 1 shows both the
total ion current (TIC) and the reconstructed ion
electropherograms (RIB) of the [M - H] ions
indicated. The fingerprint can be easily recog­
nized from the TIC, i.e. even without any prior
knowledge of the composition. The separation of
the individual components is quite satisfactory.
The analysis time has almost doubled as com­
pared with our previous work [21] because of the
longer CZE capillary and the lower electro­
osmotic flow in the ammonium acetate buffer
versus the sodium veronal buffer. However, the
most striking result here is the identification of
the C s ([M - H] at m/z 209) and C l4 ([M - H]
at m /z 293) homologues in this detergent sample
which were· not found before. In order to sup­
port the identification, the same sample was
analyzed under different cone voltage settings
thus promoting in-source CID fragmentation
patterns. All components showed the [HS0 4r
ion (m/z 97) upon in-source CID, in addition to
their characteristic [M - H] - ions. The overall
performance of the CZE-MS system was investi­
gated with the same detergent but at a lower
concentration and a smaller injection volume (20
mbar, 0.1 min of a 2000 x dilution). The MS was
scanned over a smaller range at high speed,
215-300 amu in 0.2 s. The total ion current thus
obtained (Fig. 2) is really amazing: ultra-high
resolution and plate numbers ranging from
700000 to 1 000000 (except for C IO alkylsul­
phate: 330000). Two additional peaks were
observed in between the homologues, which
represent, possibly, branched alkylsulphates.
When dispersion in CZE is diffusion-limited
only, the plate number equation is according to
Ref. [1]: N = mV/2D, in which N is the plate
number, m the mobility, V the voltage difference
over the capillary and D the diffusion coefficient.
The plate numbers and mobilities obtained here
correspond with calculated diffusion coefficients
in the order of 0.8.10- 5-1.2.10-5 cm2 s- 1

,

which are very realistic for low-molecular-mass
analytes like these. Thus it can be concluded that
the theoretically maximum attainable plate num­
ber in CZE can be realized in this CZE-MS
system provided that the instrument is optimized
using the guidelines in Table 1 and overloading

of the CZE capillary is being avoided. This
linear alkylsulphate application provides very
reproducible results and is currently used as an
overall performance standard for negative-ion
CZE-MS in our laboratory.

3.3. Analysis of chloramine-T

Chloramine-Tis widely used as a disinfectant
in e.g. the food industry. It can be analyzed by
CZE in its anionic form. CZE-MS was carried
out using a 75 J.Lm I.D. fused-silica capillary and
a sheath flow-rate of 10 J.LlImin, i.e. the CZE­
MS system was not optimized yet with regard to
the guidelines in Table 1. A solution of 0.1
mg/ml chloramine-T in buffer was prepared and
injected by a pressure of 40 mbar, 0.1 min,
which corresponds to 2 ng. The CZE voltage was
switched on and the MS was scanned from 70 to
500 amu in 0.5 s. The total ion current (TIC) and
the reconstructed ion electropherogram (RIE)
are shown in Fig. 3 (left). Despite the non­
optimized conditions, a sharp symmetrical peak,
showing 120 000 theoretical plates, could be
observed in the TIC and is very obvious from the
reconstructed ion electropherogram. The detec­
tion limit using the reconstructed ion electro­
pherogram would be 100 pg (scan mode). In an
attempt to detect the impurities in chloramine-T,
an excess (10 mg/ml) was injected and analyzed
by CZE-MS under the same conditions. The
total ion current (Fig. 3, right) clearly shows an
impurity around 8 min. This result is in good
agreement with preliminary CZE-UV studies
which also showed one impurity in the electro­
pherogram estimated at the 0.1 % level relative
to chloramine-To In the present CZE-MS ex­
periment this corresponds to an injected amount
of 200 pg. The impurity was identified using the
background subtracted mass spectra shown in
Fig. 4. The spectrum of chloramine-T (Fig. 4,
lower left) shows the negative ion at m /z 204
and the isotope cluster of one chlorine atom.
The impurity (Fig. 4, upper left) has a negative
ion at m/z 170 and contains no chlorine at all.
The analysis was repeated at an (absolutely)
higher cone voltage ( - 60 vs. -16 V) in order to
generate in-source CID fragmentation patterns.
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Fig. 9. Background subtracted mass spectra of the four phenoxy acid herbicides in Fig. 8. Top, MCPP; upper middle, DP; lower
middle, MCPA; below, D.

subtracted mass spectra of these peaks are shown
in Fig. 11. The neutral impurity (Fig. 11, top)
shows an [M - Hr ion at m/z 141 and one
chlorine atom (note that m/z 119 and 212 are
background ions). MCP is a good candidate
which will behave as a neutral analyte indeed at
pH 4.8. The next mass spectrum (Fig. 11, mid­
dIe) shows at least four compounds which. co­
migrate at the rear of the MCPP peak and which
show extremely narrow peaks (2 s width) in the
reconstructed ion electropherograms of Fig. 10.
The spectrum contains ions which correspond to
a mixture of the MCPA and DP spectra (d. Fig.
9), extended with m/z 127, 179 and 107. The
latter two do not contain any chlorine, making M
a good candidate. The ion at 127 does contain
one chlorine and must be an acid because of its
position in the electropherogram. The impurity

C (Mr 200) will be a good candidate thus
providing a nice demonstration of the value of
the CID decomposition product at 127, since the
parent compound has the same [M - H] - ion at
m/z 199 and the same chlorine cluster as one of
the other impurities, MCPA. The very high plate
numbers (2-4 million theoretical plates!) of
these compounds are due to a transient iso­
tachophoretic effect [28], as follows. In short,
when a sample contains a high concentration of a
high mobility co-ion and the CZE buffer ion has
a lower mobility than the sample ion, transient
isotachophoresis takes place in which the sample
co-ion acts as the leading ion and the CZE buffer
co-ion as the terminating ion. The sample ion,
having a mobility in between, will be focussed in
a narrow band as long as the isotachophoretic
conditions are maintained. The present situation
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Fig. 10. Impurity profiling of MCPP by full-scan negative-ion CZE-MS. Reconstructed ion electropherograms (RIE) of the
[M - Hj- ions indicated and total ion current (TIC). Injection of 10 mg/ml (in acetonitrile-methanol-CZE buffer, 1:2:2) by
pressure of 40 mbar, 0.1 min, followed by injection of a plug of buffer. Other conditions, see Fig. 8 and text.

is different from Ref. [28] because of the pres­
ence of a strong electroosmotic flow in a direc­
tion opposite to the electrophoretic migration.
Nevertheless similar principles apply in such a
situation [29], the only difference being that the
excess co-ion in the sample should be a low
mobility ion and the CZE buffer should contain
the high mobility ion. In our case, the excess of
MCPP represents the excess (0.05 M) sample
co-ion having a low electrophoretic mobility,
while the acetate CZE buffer ion (0.01 M)
represents the high electrophoretic mobility ion.
The impurities M, C, MCPA and DP have
electrophoretic mobilities in between MCPP and
acetate and will be focussed during the transient
isotachophoretic stage. On the other hand, im­
purities migrating close to the front of MCPP
might be broadened, as can be seen in the

reconstructed ion electropherograms of Fig. 10.
The spectrum of the broadened peak (Fig. 11,
below) shows a mixture of [M - H] - ions at m/z
247 and 227, with corresponding fragment ions at
m/z 175 and 155, the former having two chlorine
and the latter only one chlorine atom. MD and
MMD will be good candidates for these im­
purities. The spectrum of the main component,
MCPP, was already shown in Fig. 9. It is inter­
esting to note that apart from the MD, MCPA
and M impurities found in the past [25] after
spiking of the sample, additional impurities (C,
DP, MCP and MMD) were identified now by
CZE-MS. In-source CID was essential for their
identification and transient isotachophoretic
focussing provided the signal-to-noise ratio re­
quired for the identification of the trace im­
purities C and DP, which were not detectable in
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lead and tin speciation in envi­
ronmental samples (S.J. Hill et at.).
17. Speciation of organotin com­
pounds in environmental sam­
ples by GC-MS (R. Morabito
et al.). 18. Development of
supercritical fluid extraction
procedures for the determination
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of organotin compounds in sedi­
ment (J.M. Bayona). 19. Hydride
generation for speciation analy­
ses using GC/AAS (R. Ritsema
et al.). 20. Single and sequential
extraction schemes for trace
metal speciation in soil and
sediment (A.M. Ure et al.).
21. Methods for the determina­
tion of chlorinated biphenyls in
air (M. Morosini, K. Balschmitter).
22. Sample handling and deter­
mination of carbamate pesticides
and their transformation prod­
ucts in various matrices
(M. Honing et at.). 23. Method
development for the determina­
tion of polycyclic aromatic
hydrocarbons (PAHs) in environ­
mental matrices (J. Jacob).
24. Method validation for the
determination of dioxins
(T. Rymen). Subject index.

©1995 670 pages Hardbound
Price: Ofl. 475.00 (US$279.50)
ISBN 0-444-89955-3

ORDER INFORMATION
ELSEVIER SCIENCE
Customer Service Department
P.O. Box211
1000 AE Amsterdam
The Netherlands
Fax: +31 (20) 485 3432

For USA and Canada:
ELSEVIER SCIENCE
Customer Service Department
P.O. Box 945, New York
NY 10159-0945
Fax: +1 (212) 633 3764
US$ prices are valid only for the USA
& Canada and are subject to
exchange rate fluctuations; in all
other countries the Dutch guilder
price (Dfl.) is definitive. Customers in
the European Union should add the
appropriate VAT rate applicable in
their country to the price(s). Books
are sent postfree if prepaid.



1T~J ~ ELSEVIER
SCIENCE
COMPLETE CATALOGUE

lID~ ~ ~ ~
These catalogues feature all journals, books and major reference works from

Elsevier Science. Furthermore they allow you to access information about the

electronic and CD-ROM products now publish~d by Elsevier Science.

Demonstration examples of some of these prodUcts are included.

ELSEVIER SCIENCEELSEVIER SCIENCE 0 Listings of special issues and volumes

o All the journals, with complete information about journal editors and editorial
~-----------' boards

Catalogue on INTERNET

o Listings of recently published papers:for many
journals

o Complete descriptions and contents lists of book
titles

O· Clippings of independent reviews of published books

o Book series, dictionaries, reference works

o Electronic and CD-ROM products

~-----------' 0 Demonstration versions of electronic products

o Free text search facilities

Catalogue on CD-ROM

o Ordering facilities

o Print options

o Hypertext features

Extra features with the Catalogue on Internet
o Alerting facility for new & forthcoming publications

o Updated monthly

ELSEVIER PERGAMON NORTH
HOLLAND

EXCERPTA
MEDICA





IFllow-1flhurounglhl
(EnG)Clhlemicall §eInsoJrs

By M. Valcarcel and M.D. Luque de Castro

Techniques and Instrumentation in An~yticalChemistry Volume 16

Flow-through sensors are more
suitable than classical probe­
type sensors for addressing real
(non-academic) problems. The
external shape and operation of
flow-through (bio)chemical
sensors are of great practical
significance as they facilitate
sample transport and
conditioning, as well as
calibration and sensor
preparation, maintenance and
regeneration, all of which
result in enhanced analytical
features and a wider scope of
applicatiqn. This is a
systematic presentation of
flow-through chemical and
biochemical sensors based on
the permanent or transient
immobilization of any of the
ingredients of a (bio)chemical
reaction (i.e. the analyte,
reagent, catalyst or product)
where detection is integrated
with the analytical reaction, a
separation process (dialysis,
gas diffusion, sorption, etc.)
or both.

The book deals critically with
most types of flow-through
sensors, discussing their
possibilities and shortcomings
to provide a realistic view of
the state-of-the-art in the field.
The large numbers of figures,
the wealth of literature
references and the extensive
subject index complement the,
text.

Contents: 1. Sensors in
Analytical Chemistry.
Analytical chemistry at the
turn of the XXI century.
Analytical information. What

is a sensor? Sensors and the
, analyti~al process. Types of
sensors. General features of
(bio)chemical sensors.
(Bio)chemical sensors and
analytical properties.

,Commercial availability.
Trends in sensor development.
2. Fundamentals of
Continuous-Flow
(Bio)Chemical Sensors.
Definition. Classification. The
active microzone.
Flow-through cells.
Continuous configurations.
Regeneration modes. Transient
signals. Measurement modes.
The role of kinetics.
Requirements for proper sensor
performance.
3. Flow-Through Sensors
Based on Integrated Reaction
and Detection. Introduction.
Flow-through sensors based on
an immobilized catalyst.
Flow-through immunosensors.
Flow-through sensors based on
an immobilized reagent.
Flow-through sensors based on
an in situ produced reagent.
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4. Flow-Through Sensors
Based on Integrated
Separation and Detection.
Introduction. Integrated gas
diffusion and detection.
Integrated liquid-liquid
separation and detection.
Integrated retention and
detection. Flow-through
sensors for multideterminations
based on integrated retention
and detection. Ion-selective
electrodes (ISEs) and
ion-sensitive field-effect
transistors (lSFETs).
5. Flow-Through Sensors
Based on Integrated
Reaction, Separation and
Detection. Introduction.
Integration of gas-diffusion,
reaction and detection. InKgration
of dialysis, reaction and detection.
Integration of sorption, reaction
and detection. Jndex.
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