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On-column pre-concentration of alcohol
dehydrogenase in capillary electrophoresis

The analysis of alcohol dehydrogenase (ADH) at low concentration using capillary
electrophoresis is described. Several simple and effective ways to improve detection
limits and sensitivity are investigated. These include large volume sample stacking,
head column field amplified sample stacking, and sweeping. Results indicate that by
using a combination of head-column field amplified sample stacking and sweeping,
fluorescently labelled alcohol dehydrogenase can be pre-concentrated online by dis-
solving samples in water or other low conductivity matrices, and injecting into a high
conductivity micellar buffer. The abrupt changes in conductivity cause narrowing of
the analyte length and thus enhance the detection sensitivity. Combination of this
approach with laser induced fluorescence detection yields a limit of detection of
5610– 13 M. Both qualitative and quantitative aspects of this method are investigated.
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1 Introduction

Capillary electrophoresis (CE) methods afford high-speed
and high-efficiency separations, utilise relatively inexpen-
sive and long lasting capillary columns, and consume
small volumes of sample and reagent. Since sample can
be introduced into the capillary via electrokinetic mechan-
isms extremely small volumes (pL–nL) can be injected
easily. This results in excellent component resolution and
also a high mass sensitivity. Unfortunately, conventional
absorbance detection methods provide relatively poor
concentration detection limits when compared to high per-
formance liquid chromatography (HPLC) methods due to
the small injection volumes and short optical pathlengths
(25–75 lm) encountered in most systems. This prohibits
the use of CE for trace-level analysis.Laser induced fluor-
escence (LIF) methods have become increasingly popu-
lar recently due to the availability of a diversity of highly
stable, low cost laser sources [1]. These provide for highly
sensitive detection of many analytes at low concentration.

Alcohol dehydrogenase (ADH) is an important protein
found in a wide range of organs such as the liver and the
lining of the stomach. ADH is primarily responsible for the

dehydrogenation of alcohols to aldehydes, whilst also
making important modifications to retinol, steroids, and
fatty acids [2, 3]. Moreover, larger forms of ADH are found
in yeast and many bacteria and commonly used for alco-
hol fermentation [4, 5]. ADH is a relatively stable protein
over a wide range of temperature and pH, with well-char-
acterised activity [6, 7]. In recent studies, it has also been
shown that the addition of a fluorescent moiety (for exam-
ple Cy5, Amersham Pharmacia Biotech UK Ltd.) [8, 9] to
surface amines leads to no significant changes in activ-
ity [10]. Consequently, through use of derivatisation meth-
ods, CE can be employed to analyse ADH with good
reproducibility and detection limits.

To further increase detection sensitivity, on-column pre-
concentration methods are an attractive option. Field-
amplified sample stacking (FASS), first demonstrated by
Burgi and co-workers results from the differential move-
ment of sample ions at the boundary between low and
high conductivity zones [11, 12]. Briefly, sample is initially
contained within a low conductivity solution whilst the
background buffer region is of high conductivity. Upon
application of a voltage, the low conductivity region
experiences a higher electric field in relation to the back-
ground buffer region. Consequently, sample ions move
more quickly in the low conductivity region than in the high
conductivity region. The abrupt change in sample ion
velocity across the concentration boundary results in a
reduction of sample zone length and therefore sample
concentration. There are two primary modes of FASS;
large volume sample stacking (LVSS) and head column
sample stacking (HCFASS). In LVSS, samples are intro-
duced into the capillary hydrodynamically and stacked
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electrokinetically [13–16]. HCFASS, first described by
Zhang et al., involves both injection and stacking of sam-
ple by the application of an electric field [17–19].
HCFASS allows the addition of a large number of analyte
molecules without introduction of a significant amount of
solvent. Cations can be introduced into the capillary using
positive polarity whilst anions are added under negative
polarity [20].

Recently, a new and highly efficient method for sample
pre-concentration, termed sweeping, was introduced by
Quirino and Terabe [21–28]. The underlying phenom-
enon, initially observed by Gilges [29], is defined as the
picking and accumulating of analyte molecules by a pseu-
dostationary phase (PSP) that enters and fills the sample
zone upon application of a voltage. This results in the
stacked PSP carrying neutral or positive charged analytes
at the interface between sample and running buffer zones.
Concentration enhancement for non-ionic hydrophobic
solutes of up to 5000-fold have been observed using
sodium dodecyl sulfate (SDS) micelles [21].

In this communication, we report the analysis of ADH
using CE and LIF detection. Large volume sample stack-
ing, head column field amplified sample stacking, and
sweeping are further assessed to reduce concentration
limits of detection.

2 Materials andmethods

2.1 Chemicals

All chemicals were of analytical reagent grade and ethanol
and acetonitrile were HPLC grade. All solvents were
tested for extraneous fluorescence prior to use. Alcohol
dehydrogenase, from baker’s yeast (ADH, MW 141 kDa)
was obtained from Sigma-Aldrich (Gillingham, Dorset,
UK). All aqueous solutions were made up using high-
resistivity (18 MX) de-ionised water (Elga, Buckingham-
shire, UK) and orthophosphoric acid, DMF, sodium hydro-
xide, acetonitrile, methanol, and ethanol (Merck Chemi-
cals, Dorset, UK) were used as received. BODIPY succi-
nimidyl ester (Molecular Probes Europe BV, The Nether-
lands) wasmade up to 10 mg/mL and stored at –408C.

2.2 Protein labelling

The procedure for the labelling of protein with BODIPY
succinimidyl esters and FITC followed a protocol
described elsewhere [30]. For standard derivatisation,
50–100 lL of labelling dye (10 mg/mL in DMF) is added
to 1 mL of protein (10 mg/mL in 0.05 M phosphate buffer,
pH 9.0) and mixed for 4 to 24 hours at 48C. The resulting
mixture is then filtered using a gel filtration column
(Sephadexm G-25, Amersham Biosciences UK Limited,

Buckinghamshire) and diluted in the desired solvent for
CE analysis.

2.3 Preparation of sample solution and running
buffer

For studies assessing sweeping, BODIPY succinimidyl
ester labelled ADH is prepared in 0.05 M phosphate buffer
(pH 2.8). For FASS and combined sweeping/HCFASS
studies, BODIPY succinimidyl ester labelled ADH is pre-
pared in water, HCl (0.75 lM) and H3PO4 (0.75 lM).
Phosphate running buffer was prepared by mixing appro-
priate aliquots of 0.5 M H3PO4, 1 M NaOH, and 1 M SDS
to the desired concentration and pH.

2.4 Capillary electrophoresis

All experiments were performed on an P/ACE 2050 capil-
lary electrophoresis system (Beckman Coulter, Bucking-
hamshire, UK) equipped with an argon ion laser operating
at 488 nm. A notch filter (488 nm) was employed at the
detection window to eliminate transmission of excitation
radiation. All equipment control and data recording was
performed using P/ACE Station software (Beckman Coul-
ter, Buckinghamshire, UK). Separations were performed
in un-coated fused-silica capillaries with an internal diam-
eter of 50 lm (Supelco, Dorset, UK) and an effective
(total) length of 20 (27) cm. A constant voltage of 16 kV
(600 V/cm, current, 93–104 lA) was used for all analyses
with the positive electrode located on the sampling side.
Sample injection was effected by applying a positive vol-
tage of 8 kV for 40 s and pre-injecting a water plug (by
immersion in a water vial for 5 s). The temperature of the
capillary was maintained at 258C during the course of all
experiments. Prior to use, new capillary columns were
preconditioned by rinsing with 0.1 M NaOH for 30 min, fol-
lowed by water for 10 min and running buffer for 5 min
using positive pressure. In addition, capillaries were
rinsed with NaOH for 5 min followed by running buffer for
2 min between separations. To prevent capillary block-
age, buffers and sample solutions were filtered through
0.2-lm filters (Millisart, Fisher Scientific, Loughborough,
UK) prior to entry. Running buffer and analyte concentra-
tions, sample matrix composition and concentrations
were as stated in each experiment.

3 Results and discussion

3.1 Large volume sample stacking of ADH

Large Volume Sample Stacking (LVSS) with ADH (20 nM)
using HCl (0.75 mM) as the low conductivity sample
matrix was investigated without the removal of sample
matrix by polarity switching. A typical electrophoregram of

O
ri
g
in
al

P
ap

er



1348 Leung, deMello J. Sep. Sci. 2002, 25, 1346–1350

ADH is shown in Figure 1.a. The concentration efficiency
is expressed as the ratio of the solute concentration in the
sample zone and its concentration in the stacking
area [19]. As injection times are increased (Figure 1.b–
d) the peak signal intensity increases and then levels off
due to column overloading. The achieved concentration
efficiency using LVSS is two. Conventionally, the sample
matrix removal step is complicated, involving polarity
switching and precise current monitoring in order to avoid
losing any analyte. A better option for online sample pre-
concentration is (HCFASS).

3.2 Head-column field amplified sample stacking
of ADH

ADH was pre-concentrated using HCFASS (Figure 2.a).
The BODIPY labelled ADH (0.5 nM), dissolved in water
(Figure 2.aii) and phosphoric acid (750 lM) (Figure
2.aiii), were injected electrokinetically (8 kV) and sepa-
rated (16 kV) in phosphate buffer (50 mM, pH 2.8). Both
conditions show considerable enhancement in signal
intensity. A concentration factor of up to 2 orders of magni-
tude was achieved. The long injection time (90 s) allows a
large number of ADH molecules to enter the capillary at
high velocity and stack at the interface between the high
and low conductivity zones. No apparent band broadening
and loss in efficiency were observed.

3.3 Sweeping in a homogeneous electric field

Sweeping of ADH under a homogeneous electric field was
investigated using SDS. An electrophoregram showing
the normal separation ADH (0.5 nM) is shown in Figur-
e 2.bi. The solute was dissolved in a phosphate buffer
(50 mM, pH 2.8) and injected electrokinetically (8 kV) into
a phosphate running buffer (50 mM, pH 2.8) containing
SDS. The conductivity of the sample matrix was adjusted
to match the separation buffer, so no HCFASS occurs
under these conditions. Hence, the pre-concentration
mechanism was purely sweeping. When a voltage is
applied, ADHmolecules enter the capillary under the influ-
ence of EOF. Due to the negative charge on the SDS, it
travels towards the positive electrode (the inlet) and
intrudes into the sample zone. This results in ADH mole-
cules being trapped and accumulated at the interface
between the running buffer and sample matrix after enter-

Figure 1. Analysis of ADH (20 nM) by CE with LVSS. (a) No
LVSS. LVSS with HCl (0.75 mM) with (b) 30 s, (c) 60 s, (c)
90 s (hydrodynamic) injection time. Separation conditions:
uncoated capillary 20 (27) cm650 lm ID; 0.05 M phosphate,
pH 2.8 running buffer; separation voltage, 16 kV; tempera-
ture, 258C.

Figure 2. a) Analysis of ADH (0.5 nM) by CE with HCFASS. (i) No HCFASS. HCFASS with (ii) water and (iii) phosphoric acid
(0.75 mM) as the sample matrix. Separation conditions: uncoated capillary 20 (27) cm650 lm ID; 0.05 M phosphate, pH 2.8 run-
ning buffer; electrokinetic injection, 8 kV, 90 s; separation voltage, 16 kV; temperature, 258C. b) Analysis of ADH (0.5 nM) by CE
with Sweeping. (i) No sweeping, (ii) Sweeping with 20 mM SDS and (iii) Sweeping with 200 mM SDS in the running buffer.
Separation conditions: uncoated capillary 20 (27) cm650 lm ID; sample matrix, 0.05 M phosphate, pH 2.8; 0.05 M phosphate,
pH 2.8 running buffer with (b) 20 mM SDS and (C) 200 mM SDS; electrokinetic injection, 8 kV, 90 s; separation voltage 16 kV;
temperature, 258C.
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ing the capillary. The signal intensity increases signifi-
cantly with an increase in SDS concentration and maxi-
mises at 200 mM (Figure 2.biii) yielding a concentration
factor of up to two orders of magnitude.

3.4 Incorporation of HCFASS and sweeping with
ADH

To further increase sample pre-concentration a combina-
tion of both HCFASS and sweeping was used in the analy-
sis of ADH. ADH (0.5 nM) was dissolved in water. Electro-
kinetic injection (8 kV) was carried out prior to separation
(16 kV) in a phosphate buffer (50 mM, pH 2.8) with SDS
(200 mM). On application of a drive voltage, the ADH
molecules enter the capillary at high velocity. Once ana-
lyte molecules have entered the capillary, they slow down
and stack at the interface between the high and low con-
ductivity zones. At the same time, SDS in the running buf-
fer is driven towards the positive electrode (near the inlet)
and therefore intrudes the ADH molecules. This yields
additional concentration of the analyte by sweeping. The
combination of both effects produces a concentration fac-
tor of approximately 4 orders of magnitude. Figure 3 illus-
trates analysis of ADH (0.5 nM) using this combined
method. The limit of detection for the current system,
based on a minimum signal to noise ratio of three, was
found to be 5610– 13 M for ADH. Reproducibility data
were determined by performing five consecutive analyses
of ADH (0.5 nM). The mean standard deviation and RSD
(%) for migration time and peak height were 10.41 min-
utes, 1.077% and 2.682, 2.189% respectively. Further-
more, it is noted that whilst the migration time of ADH is
identical when using LVSS or HCFASS, it is slightly
increased when sweeping is used for sample pre-concen-

tration. This effect is primarily due to changes in the elec-
trophoretic mobility of ADH caused by association with
SDSmolecules.

4 Conclusions

The studies presented herein demonstrate the analysis of
ADH extracted from yeast using capillary electrophoresis.
ADH molecules were fluorescently labelled with a BOD-
IPY dye and detected by LIF. The fluorescence signal is
enhanced by on-capillary pre-concentration using two
mechanisms. The cumulative effect of sweeping using
SDS was shown to narrow the length of sample zone pre-
pared in a non-micellar aqueous buffer. This enables over
100-fold enhancement in LOD. When the analyte is dis-
solved in a low conductivity matrix such as water, sample
stacking occurs. Consequently, the combination of
sweeping and HCFASS has proved to yield a concentra-
tion factor of up to 4 orders of magnitude with a LOD of
approximately 5610–13 M and no apparent loss in resolu-
tion.
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