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ABSTRACT 

Capillary electrophoresis was coupled off-line with matrix-assisted laser desorption mass spectrometry. Special attention was 
paid to minimizing loss of the achieved electrophoretic resolution, which was realized by appropriate voltage programming during 
the sampling of the analytes migrating out of the capillary. Different modes of coupling these techniques are discussed in terms of 
resolution, sensitivity and ease of handling. 

INTRODUCTION 

Capillary electrophoresis (CE) has since 1981 
grown into a separation technique characterized 
by speed, high efficiencies and small sample 
volumes [1]. Detection usually takes place on- 
capillary using UV absorbance or laser-induced 
fluorescence (LIF), or, more recently, by on-line 
coupling to a mass spectrometer equipped with a 
continuous-flow fast atom bombardment (FAB) 
or electrospray (ES) interface. 

Matrix-assisted laser desorption ionization 
mass spectrometry (MALDI-MS) has since 1988 
rapidly developed into a very sensitive and fast 
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MS technique capable of analysing high molecu- 
lar masses, up to 300 000, by irradiation of small 
sample spots. 

The characteristics of both methods makes 
coupling in principle very attractive. On-line 
coupling is not as easy to achieve as, for exam- 
ple, with ES-MS, which, as a liquid introduction 
system, is easily coupled. Therefore, the off-line 
coupling of CE and MALDI-MS has been in- 
vestigated, with the obvious advantage that both 
techniques can be optimized separately. On-line 
LC-laser desorption MS of some small com- 
pounds (M r < 300) without use of a matrix was 
reported in 1984 [3]. Until now the off-line 
couphng of CE with desorption MS methods, 
such as plasma desorption (PD) MS and MAL- 
DI-MS, has been achieved by fraction collection 
of peptides and proteins, using a porous glass 
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joint to complete the electrical circuit at the 
cathodic end of the column [4,5]. 

We here report the off-line coupling of CE and 
MALDI-MS by collecting the effluent on a 
moving belt-like system, after which the trace is 
subsequently scanned by the laser beam. The 
main objective of the study was to investigate 
whether the high resolution obtained in the CE 
system could be maintained using this off-line 
coupling procedure. The various aspects of this 
approach will be discussed in terms of resolution, 
sensitivity and ease of use. The results using this 
approach are compared with those achieved with 
fraction collection. 

EXPERIMENTAL 

Chemicals  
All chemicals, unless otherwise stated, were 

purchased from Merck (Darmstadt, Germany). 
The buffers used (sodium phosphate, ammonium 
phosphate, ammonium acetate and ammonium 
hydrogencarbonate) were all at 7 mM concen- 
tration and pH 8.5. The/3-endorphins were a gift 
from Organon (Oss, Netherlands), and used 
without further purification. 

which makes the collection and deposition proce- 
dures very reproducible. 

The high-voltage power supply (up to 30 kV) 
was obtained from Lauerlabs, and was set at 30 
kV during the CE separations, with a resultant 
current of 15 /zA, which was measured post 
capillary using a Model 8062 A multimeter 
(Fluke, Tilburg, Netherlands). Deposition of the 
effluent took place directly on a laser desorption 
target, made of stainless steel, which acted as the 
cathode. During the analyte collection and depo- 
sition, normally 5 kV were applied. 

Addition of a sheath flow was accomplished by 
a Model 22 syringe infusion pump (Harvard 
Apparatus, South Natick, MA, USA), with the 
following assembly. The cathodic end of the 
separation capillary was inserted into a 300/.~m 
I.D. fused-silica capillary via a T-piece. The 
matrix solution was added through the annular 
space between both capillaries at a flow-rate of 
0.3 ~l/min. 

UV detection was done using a Kratos 757 
Spectroflow absorbance detector (ABI, Maars- 
sen, Netherlands), in which a home-made detec- 
tion cell with an illuminated volume of about 7 nl 
was installed. 

Capil lary electrophoresis  

CE was performed in untreated fused-silica 
capillaries with an internal diameter of 75 /zm 
(SGE, Milton Keynes, UK). The capillary length 
was 1 m in all cases. The on-capillary UV 
detection was realized by creating a window 
made by burning off the coating of the capillary 
over a length of 5 mm, at a distance of 54 cm 
from the anodic end of the capillary. Effluent 
collection at the end of the capillary was done by 
appropriate timing. Before starting an elec- 
trophoresis run, the capillary was flushed with 
the buffer solution for 30 rains. 

The samples were injected using a PRINCE 
(PRogrammable INjector for CE) purchased 
from Lauerlabs (Emmen, Netherlands). Injec- 
tions were made hydrodynamically by applying a 
pressure of 10 mbar for 10 s (8 nl) in most cases. 
In some cases larger volumes of up to 48 nl were 
injected (60 mbar for 10 s). The PRINCE system 
allows easy and fast switching between several 
voltages and/or pressures in a well-defined way, 

Mass  spec trometry  
The mass spectrometer used was a VISION 

2000 reflector-type time-of-flight laser desorption 
instrument (Finnigan MAT, Bremen, Germany) 
equipped with a Q-switched (5 ns) frequency- 
tripled Nd-YAG laser (Speser 600, Spektrum, 
Berlin, Germany), operating at a wavelength of 
355 nm. The laser beam was focused at the 
sample surface to a spot diameter of 70/~m with 
irradiances between 106 and 107 W/cm 2, close to 
the threshold for obtaining ions in all cases. The 
ions generated were accelerated to a potential of 
5 kV in the ion source and post-accelerated to a 
potential of 10 kV for detection with a secondary 
electron multiplier. Registration of the analogue 
signal was performed with a transient recorder 
(LeCroy 9450) with a 5 ns per channel res- 
olution. The acquired spectra consisted of the 
sum of twenty single acquisitions. They were 
internally calibrated using the known masses of 
the matrix peaks. 

The VISION 2000 offers the opportunity to 
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observe the sample by a camera mounted on the 
end of a microscope with a lateral resolution of 
approximately 10/~m. Thus control of the sam- 
ple and selection of different sites of it during the 
measurement is possible. Every spot on the 
target can be reached for irradiation by means of 
an x - y  manipulator. 

The matrix used was 2,5-dihydroxybenzoic 
acid (DHB) at a concentration of 10 g/1 in water 
[6]. It was added in an approximately 1000-fold 
molar excess to the analytes. After deposition on 
a stainless-steel target, it was air dried and 
introduced into the mass spectrometer. 

RESULTS AND DISCUSSION 

The molecular masses of the three investigated 
/3-endorphins are listed in Table I. As a first 
step, the detection limit of the compounds was 
determined by using the normal preparation, i.e. 
by dripping a dilute solution, both in water and 
in buffer solution, onto the target and adding 
some matrix solution [6]. The detection limits 
were determined in a mixture, since suppression 
effects do not play a significant role in MALDI- 
MS. The detection limits for all compounds of 
interest were 10 fmol, determined from a pure 
water solution as well as from the buffer solu- 
tion. A spectrum is shown in Fig. 1. As can be 
seen, only the sodium and potassium cationized 
molecules were detected. Apparently, the pep- 
tides have a great affinity for these cations. The 
absolute amount of 10 fmol was loaded on the 
target in a 0.5-/.d droplet, corresponding to a 
concentration of 20 pmol/ml. When capillary 
electrophoresis is used as a separation system it 
must be considered, owing to the very small 
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Fig. 1. Matrix-assisted laser desorption mass spectrum ob- 
tained from 10 fmol per component of the /3-endorphin 
mixture using DHB as a matrix. The concentration of the 
loaded sample solution was 2 .10 -9 M. 

injection volumes of about 10-50 nl, that the 
above-mentioned concentration corresponds to 
an absolute amount of material between 200 and 
1000 amol, which is far below the detection limit. 
This means that higher concentrations are neces- 
sary to obtain any signal. 

We used MALDI-MS for qualitative determi- 
nation, i.e. to reveal the identity of the analyte. 

A typical electropherogram of three/3-endor- 
phins using on-capillary UV detection is shown 
in Fig. 2. The plate numbers of the different 
peaks are between 100000 and 150000. This 
electropherogram was recorded using a 7 mM 
sodium phosphate buffer (pH 8.5). This rela- 
tively high pH was used to prevent analyte 
adsorption to the wall since at this pH both the 
wall and the analytes have a negative charge. 

Since this buffer is not very suitable for combi- 
nation with MS, several other buffers containing 
ammonium acetate, ammonium hydrogencarbo- 
nate and ammonium phosphate were studied. 
The separations based on ammonium hydro- 
gencarbonate appeared to be rather poor, while 

TABLE I 

LIST OF THE AMINO ACID SEQUENCES AND THE MOLECULAR MASSES OF THE THREE fl-ENDORPHIN 
FRAGMENTS USED 

Peptide Amino acid Average Average Average 
sequence mass (MH +) mass (MNa +) mass (MK +) 

/3-End 8-17 EKSQTPLVTL 1116.3 1138.3 1154.3 
/3-End 6-15 TSEKSQTPLV 1090.2 1112.2 1128.2 
/3-End 6-13 TSEKSQTP 877.9 899.9 915.9 
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Fig. 2. On-capi l lary  U V  detect ion trace o f  the separat ion o f  
th ree/3-cndorph ins .  V~, i = 8 nl;  [C] = 300 /zg /m l ;  Lc, p = 1 m 
(54 cm to detector) ,  I.D.ca p = 75 /~m; Bu f fe r  = 7 m M  am- 
mon ium phosphate. Plate numbers are between ]00 000 and 
150 000. 

with ammonium phosphate the same results as 
with sodium phosphate could be obtained. 

In the case of PD-MS, buffers which have 
ammonium as a cation are not troublesome [7], 
even if they are not volatile. This is in contrast 
with ES-MS, in which non-volatile buffers can 
contaminate the source. Since in PD-MS and 
MALDI-MS only a negligible fraction of the 
sample is consumed, the enormous excess of 
non-volatile material does not cause contamina- 
tion problems. Therefore, it was decided to 
continue with the ammonium phosphate buffer. 

Off-line coupling of the  CE-separated analytes 
with MALDI-MS was first studied using fraction 
collection, which can take place in several ways. 
The use of a porous glass joint close to the end 
of the capillary, which serves to decouple the 
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high voltage from the capillary outlet [4,5], 
enables the collection of fractions without dis- 
turbing the CE process. The fractions can sub- 
sequently be analysed by mass spectrometry. 

Our first approach was to perform the elec- 
trophoresis until the separated analytes reached 
the very end of the capillary, then switch off the 
high voltage and subsequently apply a pressure 
to the anodic end of the capillary, thereby 
pushing out the separated fractions for fraction 
collection. 

The result is depicted in Fig. 3 for different 
pressures. The situation at the cathodic end of 
the capillary is mimicked by performing the 
analogous experiment in front of the UV win- 
dow. It can be seen that the resolution was 
strongly reduced when pressures between 60 and 
30 mbar were applied, because of the laminar- 
flow profile generated in the capillary. At 20 
mbar, and especially at 10 mbar, there is hardly 
any loss of resolution. The high voltage only 
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Fig. 3. The effect of pressures applied, for pushing out the 
effluent at the capillary outlet, after switching the high 
voltage off, is shown for several pressures. The high voltage- 
only picture is the reference electropherogram run under 
pure CE conditions. 
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electropherogram, i .e.  without pressure, has 
been added as a reference electropherogram in 
the figure. An additional helpful effect o f  the 
application of low pressure is the very low flow- 
rate in the capillary, leading to an expanded 
time-scale, which is favourable for collecting 
such very close peaks. The volumes of the 
various peaks remain the same, and are difficult 
to handle. The various fractions were therefore 
collected in small vials containing 1/xl of matrix 
solution. This solution was subsequently loaded 
onto a MALDI-MS target for further analysis. A 
major disadvantage of this fraction collection 
procedure is the dilution factor, which is approx- 
imately 5. 

Using this method, the resolution is not seri- 
ously affected when the low pressure is applied 
for only several minutes. When the porous glass 
joint approach [4,5] is used, the analytes move 
out of the capillary after passing the electrical 
decoupling point in a laminar-flow mode. When 
30 kV is applied over the separation capillary, an 
electroosmotic flow is generated similar to a 
hydrodynamic flow obtained with a pressure 
drop of 90 mbar (see Table II). This implies that 
during electrophoresis in the post-porous joint 
part of the capillary a laminar flow is induced, 
which causes a dramatic loss of resolution (see 
also Fig. 3). The required resolution for our 
problem and for all closely separated compounds 
will therefore be lost and the method in such 
cases will be less useful. 

TABLE II 

ELUENT FLOW THROUGH THE SEPARATION 
CAPILLARY AS A RESULT OF THE APPLIED ELEC- 
TRICAL FIELD OR AS A RESULT OF DIFFERENT 
APPLIED PRESSURES AT THE ANODIC END OF THE 
CAPILLARY 

Pressure (mbar) Voltage (kV) Flow (nl/s) 

0 30 7.3 
10 0 0.8 
20 0 1.6 
30 0 2.3 
50 0 3.9 
60 0 4.7 
90 0 7.0 

Another way of maintaining resolution during 
fraction collection is by lowering the high voltage 
from, for example, 30 to 5 kV, when the analytes 
have reached the capillary outlet. In principle, 
the contact to the target, which is at earth 
potential, should be maintained all the time. 
However, it appeared in practice this is not 
necessary when the applied high voltage does not 
exceed 10 kV. The contact could be interrupted 
several times, for changing the collection vials, 
without disturbing the resolution of the elec- 
trophoresis. Collection in this way is quite con- 
venient, although still very small volumes must 
be handled. The time scale can be elongated to 
any desired size, analogous to the case in which 
small pressures are applied. 

The last method investigated was deposition of 
the effluent on a moving belt-like system, fol- 
lowed by scanning the deposited electrophero- 
gram with the laser beam in the ion source of the 
mass spectrometer. Deposition of CE effluents 
on a moving belt system has been reported [8,9]. 
In this case the effluent is deposited on a blotting 
membrane and further analysed by protein 
chemical methods. In our case the moving belt- 
like system was a moveable laser desorption 
target, which was part of the electrical circuit. 

Deposition of the effluent can be done in a 
continuous as well as in a stepwise manner, when 
either pressure or a lowered high voltage is 
applied, as described above. It appeared that 
application of a high voltage yields the best 
results. Therefore, this method was used in 
combination with the moveable target system. 

Continuous deposition of the effluent on a 
moving target is in principle the best way of 
maintaining resolution. By appropriate tuning of 
the target speed, the total electropherogram can 
be transferred to the target without loss of 
resolution. Care must be taken not to dilute the 
analytes over a too large surface area. 

In practice, it is easier to deposit the effluent 
by moving the belt in a stepwise manner, and 
break the contact at every step for a very short 
period. As discussed above, the procedure does 
not cause the electrophoresis performance to 
deteriorate, and can be tuned just as well as in 
case of continuous deposition. Since the time- 
scale can be optimized as desired by choosing the 
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appropriate voltage, as in the case of fraction 
collection, this stepwise mode is similar to the 
continuous mode. An advantage of stepwise 
deposition is the resulting higher surface density 
of the collected analytes, which is favourable for 
MALDI-MS. A severe problem that also occurs 
in direct deposition onto a laser desorption 
target is the tiny amount of effluent (approxi- 
mately 1 nl/s at 5 kV). This problem has been 
solved by application of a sheath flow-at a rate of 
0.3 /~l/min. This sheath flow contained the 
matrix needed for MALDI-MS. Depositing new 
droplets every 30 s yielded drops of about 180 nl. 
After drying the droplets, nice crystals were 
observed through the camera mounted on the 

laser desorption instrument. This way of apply- 
ing the sample to the target yields the same 
results as after the normal preparation, in which 
usually larger drops are deposited, and more 
time is available for mixing of analyte and 
matrix, and also for good crystallization. Using 
even smaller sheath flows, down to 0.1 /xl/min, 
yielded very small droplets. However, crystals of 
poor quality were obtained, with consequently 
poor signals in the MALDI-MS experiments. 

The results of the stepwise deposition method 
are presented in Figs. 4 and 5. Absolute amounts 
of 2.4 pmol and 144 fmol per analyte were 
injected into the CE capillary. The corre- 
sponding electropherograms are also shown (see 
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Fig. 4. Mass spectra of the separated compounds collected 
on the moveable target system, after changing the high 
voltage from 30 to 5 kV. As can be seen, the several fractions 
are not contaminated with components of other fractions. 
V,n j = 8 nl, [C] = 300/tg/ml,  corresponding to 2.4 pmol per 
component. The corresponding electropherogram is shown in 
Fig. 2. 
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Fig. 5. Mass spectra of the separated compounds collected 
on the moveable target system, after changing the high 
voltage from 30 to 5 kV. As can be seen, the several fractions 
are not contaminated with components of other fractions. 
Vinj = 48 hi, [C] = 3 /~g/ml, corresponding to 144 hnol per 
component. The corresponding UV eleetropherogram is 
shown in Fig. 6. 
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Figs. 2 and 6). The absolute amounts injected 
corresponds to concentrations of 3000 # g / m l  (8 
nl injected) and 3 /~g/ml  (48 nl injected),  respec- 
tively. As can be seen, an injection of 48 nl 
already decreases the resolution in the electro- 
pherogram. Higher injection volumes cannot 
therefore  be used when maximum resolution is 
needed.  At  lower analyte concentrations (see 
Figs. 1 and 5) only the sodium adducts are 
observed and not the potassium adducts, al- 
though the same buffer is used. So far, we 
cannot  explain this phenomenon.  

The results for the 300 and 30/.~g/ml solutions 
could be easily obtained, while for the 3 / x g / m l  
solutions some problems were met. In this con- 
centrat ion range obtaining the MALDI  mass 
spectra was more difficult, but successful in every 
case, mainly because the sample could be ob- 
served in the mass spectrometer  and because of 
the possibility of selecting different sites during 
operation. 

As can be seen from the electropherograms,  
the limit for UV detection is almost reached for 
the lowest concentrations used. Comparison of  
the data shows that MALDI-MS offers about  the 
same detection limits as UV detection. 
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Fig. 6. On-capillary UV detection trace of the separation of 
three fl-endorphins. V~.j = 48 nl; [C] = 3 /zg/ml. The corre- 
sponding mass spectral are depicted in Fig. 5. 

Future research will be devoted to improving 
detection limits as well as to applying our  find- 
ings to analyse more intricate electrophoretic 
separations by MALDI-MS.  

CONCLUSIONS 

Several modes of performing off-line C E -  
MALDI-MS have been investigated. Deposition 
of  the effluent on a moving belt-like system in a 
stepwise manner,  using a sheath flow of matrix 
solution and subsequent scanning of the laser 
desorption target yielded the best results in 
terms of resolution, detection limit and ease of 
handling. Absolute detection limits are of the 
order  of 100 fmol for some fl-endorphins, corre- 
sponding to l o w / z g / m l  concentrations. 

It has been shown that the high separation 
efficiency obtained in CE can be maintained 
easily in the off-line MALDI-MS detection 
system. MALDI-MS is shown to yield detection 
limits of the same order  of magnitude as UV 
detection. 
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