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Introduction

C ap i l l a ry electro p h o resis (CE) has become popular as an
analytical separation method owing to its high resolution and
microscale capabilities. In most CE separations carried out
with commerc i a l ly ava i l able automated instru m e n t s , U V
i n cluding UV diode-array is used as a detection sch e m e.

These optical absorbance detection systems, h oweve r, a re
sometimes not sensitive nor specific for highly complex
samples or minute sample quantities.

Recently, mass spectrometry (MS) has been recognized as
one of the most powerful detection methods of CE due to
the high sensitivity, high selectivity, and also the availabil-
ity of structural information. Number of reports on on-line
coupling of CE with MS (CE-MS) have been published. In
most CE-MS systems, an electro s p ray ionization (ESI) is
employed as an interface between a CE instrument and an
MS detector. ESI is suitable for the on-line coupling of MS
with liquid phase separation techniques such as HPLC and
CE, because gas-phase ions of the analyte are produced effi-
ciently under the atmospheric pressure [1]. 

Micellar electrokinetic chromatography (MEKC) is one of
the most popular techniques in CE and is capable of sepa-
rating neutral compounds as well as ch a rged solutes by
using a sep a ration solution containing an ionic surfa c t a n t
micelle. Basically MEKC uses the same instrument as other
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CE techniques, so that the same problem applies to MEKC
concerning the photometric detection and on-line coupling
of MEKC with MS is one of attractive detection schemes in
MEKC as well as in CE.

The development of MEKC-MS systems, however, have
not successfully progressed in last couple of ye a rs , s i n c e
most surfactants normally used in MEKC often deteriorate
ionization efficiency and also cause high background signals
in ESI-MS. That is, conventional MEKC system using an
ionic low-molecular-mass surfactant (LMMS) micelle, e.g.,
sodium dodecyl sulfate (SDS), as a pseudo-stationary phase
is hard to be coupled with ESI-MS: SDS generates stable
sodium attached ions in the positive ionization mode in ESI-
MS.

To ove rcome these limitations on MEKC-MS seve ra l
methods has been developed: (1) the use of the partial fill-
ing (PF) technique (PF-MEKC), (2) the use of a high-mol-
e c u l a r-mass surfactant (HMMS) instead of a conve n t i o n a l
LMMS as a pseudo-stationary phase in MEKC, and (3) the
use of the atmospheric pressure chemical ionization (APCI)
method instead of ESI.

In this paper, recent progress in MEKC-MS using these
three techniques are briefly reviewed along with some basic
considerations and applications.

Partial-filling MEKC-MS (PF-MEKC-MS)

The partial-filling (PF) technique was first developed to use
a non-UV-transparent compound as an additive to the sepa-
ration solution in CE [2]. Then the PF technique was applied
to the enantiomer sep a rations by cap i l l a ry zone elec-
t ro p h o resis using proteins as ch i ral selectors [3], and the
t e chnique has been adapted for MEKC-ESI-MS [4-6].
Figure 1 shows the schematic illustration of PF-MEKC: The
separation capillary is first filled with a buffer containing no
m i c e l l e, fo l l owed by the introduction of a micellar zo n e.
And then a sample solution containing two components is
injected. By applying a high electric field to the capillary,
the MEKC separation is performed while the sample passes
through the micellar zone and the separated analytes migrate
into the buffer zone without the surfactant. Finally, the sep-
arated zone reaches the detection end, whereas the micellar

zone does not reach the detection area yet. That is, by stop-
ping the high electric field at this time, the micellar zone
does not reach the detector cell. As for the case in MEKC-
MS, we can suppress the introduction of the micellar zone
into the ESI interface by cut-off of the electric field after the
introduction of the sample zone into the interface.

The first paper of PF-MEKC-ESI-MS appeared in 1995
as a potential technique for MEKC-MS [4]. Recently, sev-
eral papers on the capability and mechanism of PF-MEKC-
MS have been published [5-8,17]. For example, three closely
related neurotensin analogs, [D-Tyr11]-, [D-Phe11]-, and [D-
Trp1 1] - n e u ro t e n s i n s , we re successfully sep a rated and
detected by PF-MEKC-ESI-MS using sucrose mono-
dodecanoate as a pseudo-stationary phase [6], as shown in
figure 2, obtained with a laboratory built ESI interface, a
Jasco CE-990 CE instrument, and a modified Hitachi M-
1000 quadrupole MS detector. In CE-ESI-MS, a sheath 
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Figure 1. Schematic illustration of the partial-filling MEKC (PF-
MEKC) technique: The sample solution contains two compo-
nents. (Reprinted from the Ph. D. Thesis of Ozaki, H., Kyoto
University, March 1998).

Figure 2. Single-ion electropherograms a) and mass spectra b)
of three neurotensin derivatives by PF-CE-ESI-MS using
sucrose monododecanoate. Running buffer, 30 mM ammonium
formate-formic acid (pH 3.0); micellar zone, 100 mM sucrose
monododecanoate in the running buffer filled at 50 mbar for 
15 min; capillary, 50 µm i.d. × 100 cm, 150 µm o.d.; CE applied
voltage, 17 kV; electrospray voltage, 3 kV; sheath liquid flow,
water-methanol formic acid (50:50:1, v/v/v) at 1 µL / m i n .
(Reprinted from Ref. 6).



liquid flow is normally required to make the electric contact
with running solution and to make an electrospray stable.
Here, the coaxial sheath flow was delivered by an HPLC
pump at normally 1 to 10 µL/min. Since the composition
and flow rate of the sheath liquid sometimes affects the MS
intensity and stability, one must optimize the composition of
the sheath liquid flow. A mixture of water and methanol con-
taining small amount of acid, e.g., formic acid or acetic acid,
is usually used for the sheath liquid. In figure 2, a water-
methanol-formic acid (50:50:1, v/v/v) was used as a sheath
liquid. It should be noted that the example in figure 2 is not
the MEKC separation exactly, since the surfactant used was
neutral.

Although in the PF-MEKC the separation window is nar-
rower than the normal MEKC system [8], sufficient separa-
tion was attained by optimizing the micellar zone length. As
for another ex a m p l e, s ep a ration and detection of caffe i n e
and ethenzamide was reported by using SDS-PF-MEKC-MS
along with the theoretically treatment of PF-MEKC [8].

HMMS-MEKC-MS

There have been some papers on HMMS-MEKC [9-16], in
which sodium 10-undecenyl sulfate (SUS) oligomer, sodium
u n d e cy l e n ate oligomer (SUA ) , butyl acry l at e - bu t y l
m e t h a c ry l at e - m e t h a c rylic acid copolymer sodium salt
(BBMA), and diisobutylene-maleic acid copolymer sodium
salt (DMA) were used as pseudo-stationary phases. The crit-
ical micelle concentration (CMC) of HMMS should be
effectively zero and hence, HMMS is expected to be an ideal
p s e u d o - s t at i o n a ry phase of MEKC coupled with ESI-MS
because of the stability or the formation of the micelle at
low surfactant concentration. Also, in contrast to a conven-
tional LMMS such as SDS, the HMMS micelle will hold
unimolecular stru c t u re even in ESI-MS since it is single
covalently bonded.

In a BBMA-MEKC-ESI-MS system, some quat e rn a ry
ammonium salts, alkaloids, and sulfamides [14] and three
xanthine derivat ives [15] (Fi g. 3) we re successfully sep a-

rated and detected. In DMA-MEKC-ESI-MS, a test mixture
i n cluding pheny l t ri m e t hylammonium ch l o ri d e, 1 - n ap h t hy-
l a m i n e, quinine sulfat e, t e t rap h e nylphosphonium ch l o ri d e,
and octaox ye t hylenedodecanol was successfully sep a rat e d
and detected [16]. However, a decrease in the MS signal
intensities were observed with an increase in the concentra-
tions of both BBMA and DMA [16,17]. Details of the ion-
ization mechanism of ESI are complex and some theoretical
studies have been reported [18], although the effects of sur-
factants on the ESI efficiency and mechanism along with the
other factors of the separation solution, i.e., the salt con-
centration, pH, and the organic solvent content, are not clar-
ified yet. The difference in ESI mechanisms between HMMS
and LMMS was also experimentally proposed [19].

MEKC-APCI-MS

The use of the at m o s p h e ric pre s s u re chemical ionizat i o n
(APCI) method in CE-MS instead of ESI has been devel-
oped [20,21]. The APCI interface was originally designed
for liquid chromatography-MS (LC-MS). The APCI inter-
face between CE and MS consists of an electrospray-type
n ebu l i ze r, a vap o ri ze r, and an APCI source using needle
electrode for the corona discharge. Note that the APCI sys-
tem is called electrospray-chemical ionization (ES-CI) inter-
face by the inventors [20]. In the APCI mode, molecules are
ionized by the corona discharge followed by ion-molecule
reactions. When a make-up solution or sheath liquid, e.g.,
methanol, is used, methanol is first ionized by the corona
discharge and then the analyte molecule having a stronger
proton affinity than methanol will be easily protonated by
the ion-molecule reactions. The APCI interface should be
useful for CE-MS including MEKC-MS because ionization
processes in APCI are not significantly affected by the pres-
ence of salt in a back ground CE bu ffe r. Takada et al.
reported CE-APCI-MS using sodium phosphate buffer [20]
and MEKC-APCI-MS using SDS [21]. This implies that
conventional buffer systems, such as phosphate, borate, or
tris, can be used in CE-APCI-MS.

In MEKC-APCI-MS, a micellar solution even containing
SDS can be introduced directly into the ionization area of
the MS detector without a seve re decrease in sensitiv i t y.
Fi rst we successfully demonstrated the MEKC-APCI-MS
separation and detection using BBMA as a pseudo-station-
ary phase [15]. The use of conventional LMMSs including
SDS and sodium cholates as pseudo-stationary phases were
also investigated in MEKC-APCI-MS [16]. Figure 4 shows
an example of MEKC-APCI-MS of three xanthine deriva-
tives, as the same as in figure 3, with SDS [15]. The suc-
cessful sep a ration and detection was obtained even in a 
50 mM SDS solution. Here, a phosphate buffer was used,
and this also shows a usefulness of APCI.

Effects of some experimental conditions, such as micel-
lar concentration, pH, sheath liquid flow rate, desolvation
t e m p e rat u re, and drift vo l t age, on APCI effi c i e n cy we re
investigated for both positive ionization-detection and nega-
tive ionization-detection modes in APCI. The drift voltage is
applied after the desolvation process to produce a single ion-
ized molecule by a collision. As a result, the SDS concen-
tration and sheath liquid flow rate did not affect the MS
intensities both in positive and negative modes. 
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Figure 3. An HMMS-MEKC-ESI-MS detection of three xanthine
derivatives. Separation solution, 1% BBMA in 10 mM ammonium
formate buffer (pH 7) containing 10% methanol; capillary, 50 µm
i.d. × 50 cm; CE applied voltage, 13 kV; electrospray voltage, 
3 kV; sheath liquid flow, water-methanol-formic acid (50:50:1,
v/v/v). (From Ref. 15.)



The signal-to noise ratio was not affected by the change
in the SDS concentration. The desolvation temperature and
drift voltage, however, were found to be critical to the MS
intensities, and optimal conditions were determined [22]. 

Conclusion

MEKC-MS is a promising technique especially for separat-
ing neutral analytes by CE and obtaining the highly sensi-
tive and specific detectability. By using the PF-MEKC and
HMMS-MEKC tech n i q u e s , MEKC-ESI-MS can be estab-
lished. APCI is a useful technique coupling MEKC with MS
even when an ionic LMMS surfactant is used as a pseudo-
s t at i o n a ry phase, as well as CE-MS without micelles. Of
course, these three techniques can be combined, for exam-
ple, as PF-MEKC-APCI-MS [23].

Since our work presented was performed rather old mass
spectrometer and the sensitivity was lower than we expected.
However, modern mass spectrometers can give much higher
s e n s i t ivity at least an order of magnitude and rapid pro-
gresses on instrumentation will bring much higher sensitiv-
ity in near future.
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Figure 4. An SDS-MEKC-APCI-MS detection of three xanthine
derivatives. Separation solution, 50 mM SDS in 25 mM phos-
phate buffer (pH 6.6); capillary, 50 µm i.d. × 40 cm; applied volt-
age, 5 kV; electrospray voltage, 3 k V; sheath liquid flow,
methanol. (From Ref. 15.)


