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Capillary electrophoresis (CE) with Ru(bpy)3 electrochemiluminescence (ECL) detection system was established to the determination of
ontamination of banknotes with controlled drugs and a high efficiency on-column field-amplified sample stacking (FASS) technique was also
ptimized to increase the ECL intensity. The method was illustrated using heroin and cocaine, which are two typical and popular illicit drugs.
ighest sample stacking was obtained when 0.01 mM acetic acid was chosen for sample dissolution with electrokinetical injection for 6 s at
7 kV. Under the optimized conditions: ECL detection at 1.2 V, separation voltage 10.0 kV, 20 mM phosphate–acetate (pH 7.2) as running buffer,
mM Ru(bpy)3

2+ with 50 mM phosphate–acetate (pH 7.2) in the detection cell, the standard curves were linear in the range of 7.50 × 10−8 to
.00 × 10−5 M for heroin and 2.50 × 10−7 to 1.00 × 10−4 M for cocaine and detection limits of 50 nM for heroin and 60 nM for cocaine were
chieved (S/N = 3), respectively. Relative standard derivations of the ECL intensity and the migration time were 3.50 and 0.51% for heroin and
.44 and 0.12% for cocaine, respectively. The developed method was successfully applied to the determination of heroin and cocaine on illicit drug
ontaminated banknotes without any damage of the paper currency. A baseline resolution for heroin and cocaine was achieved within 6 min.

2006 Published by Elsevier B.V.
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. Introduction

Drug-trafficking frequently involves the exchange of large
ums of cash, which may be contaminated with the drugs. Con-
amination can occur through events that bring banknotes into
irect contact with bulk drugs (primary transfer) or surfaces
earing traces of drugs (secondary transfer) [1]. The presence of
race levels of illicit drugs on banknotes is often used as a part of
he evidence to establish a link between an individual and these
rugs [2]. Heroin and cocaine are representatives of stimulants
hat belong to tertiary amino groups and the molecular struc-
ures are shown in Fig. 1. Several methods for the analysis of
eroin or cocaine on paper currency have been developed. Mass

∗ Corresponding author. Tel.: +86 431 5262003; fax: +86 431 5689711.
E-mail address: ekwang@ciac.jl.cn (E. Wang).

spectrometric methods are most commonly used to detect the
presence of illicit drugs on banknotes [1–3]. Raman microspec-
troscopy was also applied to detect and identify individual drug
crystals on paper currency [4]. Unfortunately, methods such as
mass spectrometry are destructive because the banknotes need
to be incinerated during the analysis procedure and Raman
spectroscopy may suffer fluorescence disturbance from the ban-
knotes.

Ru(bpy)3
2+ ECL has been applied to a wide variety of com-

pounds and ions as a simple but sensitive detection technique. Its
applications have been extensively reviewed [5–7]. Flow injec-
tion Ru(bpy)3

2+ ECL has been used to detect heroin [8,9] and
cocaine in urine [10]. CE possesses the advantages of short anal-
ysis time, small consuming sample, high separation efficiency,
simple experiment operation and so on. All these characteris-
tics make it a new powerful tool of investigation in the hands
of forensic toxicologists. Nonaqueous capillary electrophoresis
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Fig. 1. Molecular structures of heroin and cocaine.

and electrochemical detection was applied to the determina-
tion of illicit drugs [11]. Complementary use of capillary zone
electrophoresis and micellar electrokinetic capillary chromatog-
raphy for mutual confirmation of results in forensic drug analysis
has been reported [12]. Excellent reviews of applications of
CE to forensic drug analysis have been presented [13–15]. CE
has the potential to be a powerful analytical tool that combines
the inherent properties with the sensitivity and selectivity of
Ru(bpy)3

2+ ECL detection. The development of ECL detection
for CE has been critically reviewed [16].

Field-amplified sample stacking (FASS), one of the on-
column concentration techniques, is based on a mismatch
between the electric conductivity of the sample and that of the
separation buffer [17–19]. Applications of FASS-CE to illicit
drug analysis have been reported recently. For example, FASS
has been applied to the analysis of abused drugs in hair [20,21];
FASS capillary zone electrophoresis with �-cyclodextrin and
UV detection was applied to the determination of heroin metabo-
lites in human urine [22]. The sensitivity of simple electrokinetic
injection was insufficient for analysis of heroin and cocaine on
banknotes due to their low concentration in the complex matrix
and the inherent property of heroin was also considered, as
a result, optimized FASS injection before the separation was
applied for this experiment.

In this paper, an original experimental strategy was estab-
lished for the simultaneous detection of heroin and cocaine
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tion cell and as migration electrolyte were phosphate–acetate.
All chemicals and reagents were of analytical grade and used
without further purification. All solutions were prepared with
deionized water processed with Milli-Q ultra-high purity water
system (Millipore, Bedford, MA, USA). They were stored in the
refrigerator at 4 ◦C and filtered through 0.22 �m pore disposable
filter membranes before use.

2.2. Apparatus and equipments

All ECL experiments were carried out with a computer con-
trolled CE-ECL system (Xi’an Remex Electronics Co. Ltd.
Xi’an, China), including a high voltage power supply for elec-
trophoretic separation and electrokinetic injection, an elec-
trochemical potentiostat, a multifunctional chemiluminescence
detector and a multichannel data processor. A three-electrode
configuration was used in the detection cell consisting of a 500-
�m Pt disk as a working electrode, Ag/AgCl as a reference
electrode and Pt wire as a counter electrode. The axes of work-
ing electrode and separation capillary was aligned setting the
distance 125 �m between each other with the aid of a optical
microscope (40× magnification). ECL detection reservoir used
herein is the same as the one reported previously [23].

All separations were performed in a 45-cm-long fused-silica
capillary with 25 �m i.d. and 360 �m o.d. (Yongnian Opti-
cal Conductive Fiber Plant, Hebei, China). The capillary was
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n paper currency. By adopting field-amplified sample stack-
ng CE-ECL, improved sensitivity and lower detection limits of
eroin and cocaine were obtained. And it is possible to deter-
ine whether the banknotes are contaminated with illicit drugs.
xperimental details of the technique are given and an imita-

ional case study is presented. These results exploited a new
cope both for CE-ECL applications and for court judgments of
llicit drug seizures.

. Experimental

.1. Chemicals and materials

Tris(2,2′-bipyridyl)ruthenium(II) chloride hexahydrate was
btained from Aldrich Chemical Co. (Milwaukee, WI, USA).
eroin and cocaine was purchased from the State Narcotic
aboratory (Beijing, China). The buffers used both in the detec-
insed with 0.1 M NaOH overnight, washed for 5 min with 0.1 M
aOH, followed by double-distilled water and equilibrated with

he running buffer for 5 min before use so as to maintain an
ctive and reproducible inner surface. The voltage of photomul-
iplier tube for collecting the ECL signal was set at 800 V in the
rocess of detection. Electrokinetic injections were performed
t 17 kV for 6 s. The inlet end of the capillary was held at a
ositive potential and the outlet end was maintained at ground.
u(bpy)3

2+ (5 mM) with 50 mM phosphate–acetate was added
n the detection cell.

.3. Preparation of standard solutions

The stock solutions of 5 mM heroin and cocaine were pre-
ared by dissolving the standard samples in 0.01 mM acetic acid
olution and stored at 4 ◦C in a refrigerator, respectively. A series
f standard solutions for calibration curve, reproducibility and
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recovery studies were prepared by diluting the solution with
0.01 mM acetic acid and filtered through 0.22 �m pore dispos-
able filter membranes just before use.

2.4. Preparation of samples on banknotes

The mimic case-study banknotes were collected directly from
general circulation within China. One hundred pieces of ban-
knotes were introduced into this model test and exposed to heroin
and cocaine to simulate banknotes that being associated with the
trafficking of drugs. About half of these banknotes were directly
in contact with standard samples of heroin and cocaine so as
to imitate the primary transfer. The rest were used to mimic
the secondary transfer: latex surgical gloves that were contami-
nated with heroin and cocaine worn by the operator, drugs were
swabbed on the surface of the banknotes by counting the paper
currency one by one. As a result, a bundle of banknotes con-
taminated with heroin and cocaine was obtained and placed in
random environment for 5 days. Finally, banknotes sample treat-
ment was as follows:

A random of approximately one-third of the banknotes was
selected for analysis from the top, middle and bottom of the bud-
dle. Analysis can be held for either each banknote or all of the
selected ones. In this experiment, all the chosen banknotes were
soaked together in appropriate amount of 0.01 mM acetic acid
in a beaker to dissolve the drugs on the paper currency. Fifteen
m
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Finally, the banknotes were rinsed with double-distilled water
prior to re-circulation to remove any remanent chemicals such
as acetic acid on the paper currency and without any damage of
the paper currency during the treatment process compared with
mass spectrometric methods with which the banknotes needed
to be incinerated during the analysis procedure.

3. Result and discussion

3.1. Method optimization

3.1.1. Effect of detection potential
The intensity of the emitted light is dependent on the rate

of the light emitting chemical reaction, and this reaction rate
is dependent on the potential applied to the working electrode
[24]. As the oxidation of Ru(bpy)3

2+ needs to be at least 1.0 V, we
measured the ECL intensities at a variety of applied potentials
from 1.05 to 1.3 V. The highest ECL intensities were obtained
at 1.2 V both for heroin and cocaine as shown in Fig. 2, hence,
the applied potential was set at 1.2 V.

3.1.2. Effect of separation voltage
A study of the influence of separation voltage on the emission

intensities were carried out from 5 to 17.5 kV. As can be seen
in Fig. 3, ECL intensities reached highest at 7.5 kV for heroin
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inutes later, the banknotes were drawn out from the solution,
insed with 0.01 mM acetic acid to remove any remanent heroin
r cocaine on the paper currency and the rinsing solution was
lso transferred into the same beaker. Then the mixed solution
as adjusted to 300 mL with 0.01 mM acetic acid to obtain the

ample solution. The solution was filtered through 0.22 �m pore
isposable filter membranes before use. This sampling process
as adopted since the banknotes analysed can reasonably be

aken as representative of the bundle as a whole. The denom-
nation of each banknote with Arabic numerals and analysis
esults were recorded. Thirty-three pieces of banknotes drawn
rom general circulation without illicit drug contamination were
lso prepared using the same procedure to generate the “blank”
olution used for comparison with the contaminated banknotes.
ll the solutions were stored at 4 ◦C in a refrigerator.
To determine the validity of the extraction procedure, four

roups of banknotes from general circulation without illicit
rug contamination were prepared and each group contained 33
ieces of banknotes. The efficiency and reproducibility of the
xtraction procedure were determined by extracting replicate
n = 4) spiked groups of banknotes, which were swabbed with
our groups of different masses of heroin and cocaine (heroin
as 1.2, 3.0, 6.0 and 9.0 mg, respectively; cocaine was 1.0, 2.5,
.0 and 7.5 mg, respectively). And the spiked banknotes were
ealt with according to the same extraction procedure. Then the
xtracts were diluted 10-fold, respectively, four different spiked
oncentrations of heroin and cocaine both at 1.0, 2.5, 5.0 and
.5 �M were obtained, respectively. The extraction efficiency
as estimated by measuring the peak areas of nonextracted

tandard solutions compared with those of corresponding spiked
amples after extracting at each different analyte concentrations.
nd 12.5 kV for cocaine, respectively. ECL reaction occurs in
he diffusion layer near the electrode when Ru(bpy)3

2+ is oxi-
ized to Ru(bpy)3

3+ at the electrode surface and the oxidized
u(bpy)3

3+ contacts the analyte [25]. In CE-ECL system, as
eparation voltage increased, the electroosmosis flow should
ncrease, thus more analyte in the effluent arrives in the dif-
usion layer of working electrode within a given time, higher
CL signal and shorter migration time could be obtained [26].
n the other hand, the strong flow of effluent from the capillary
ay reduce the concentration of Ru(bpy)3

3+ at the electrode

ig. 2. Effect of detection potential on the ECL intensity: (a) ECL intensity
f 10 �M heroin, (b) ECL intensity of 10 �M cocaine. Conditions: running
uffer, 20 mM phosphate–acetate (pH 7.2); 5 mM Ru(bpy)3

2+ with 50 mM
hosphate–acetate buffer (pH 7.2) in the detection reservoir; electrokinetic injec-
ion, 6 s at 17 kV; separation voltage, 10 kV.
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Fig. 3. Effect of separation voltage on ECL intensity and resolution: (a) ECL
intensity of 10 �M heroin, (b) resolution between heroin and cocaine, (c)
ECL intensity of 10 �M cocaine. Conditions: detection potential, 1.2 V; run-
ning buffer, 20 mM phosphate–acetate (pH 7.2); 5 mM Ru(bpy)3

2+ with 50 mM
phosphate–acetate buffer (pH 7.2) in the detection reservoir; electrokinetic injec-
tion, 6 s at 17 kV.

surface and result in the peak broadening as well as resolution
(Rs) between heroin and cocaine decreasing. The Rs between
heroin and cocaine is calculated with the following equation:
Rs = 2(t2 − t1)/(Wb1 + Wb2), where t1 and t2 stand for migration
times of heroin and cocaine, respectively. Wb1 and Wb2 are the
peak widths at half-height of heroin and cocaine. Furthermore,
the analytes may not have enough time or space to react with oxi-
dized Ru(bpy)3

3+ because of the too strong flow rate of effluent,
thereby, the efficiency of light producing reaction was reduced.
Considering all these factors, we chose 10 kV as a separation
voltage in this experiment to ensure high ECL intensities, mod-
erate resolution, as well as better reproducibility.

3.1.3. Effect of buffer pH
The optimal buffer pH in the detection reservoir has been

chosen from a wide range of pH values (from 6.0 to 10.0,
0.4 as a unit). ECL intensities of the sample solutions were
increased with increasing pH value of the buffer in the ranges
of 6.00–7.20 and 7.40–8.80, respectively. The ECL response
decreased when the buffer pH exceeded 8.80. The same phe-
nomenon for both heroin and cocaine was observed. Maximum
intensities were achieved at a neutral condition (pH 7.2) (Fig. 4).
This pH-dependence might be also related to the phenomenon
that maximum ECL activity of tertiary amine occurs at a pH
value lower than the pKa of the amine [27], and the pKa values of
heroin and cocaine are 7.95 and 8.61, respectively. Furthermore,
w
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Fig. 4. Effect of buffer pH in the detection reservoir on ECL intensity: (a) ECL
intensity of 10 �M heroin, (b) ECL intensity of 10 �M cocaine. Conditions: run-
ning buffer, 20 mM phosphate–acetate (pH 7.2); 5 mM Ru(bpy)3

2+ with 50 mM
phosphate–acetate buffer in the detection reservoir; detection potential, 1.2 V;
electrokinetic injection, 6 s at 17 kV; separation voltage, 10 kV.

result, it was also optimized at 7.20. In this condition, moderate
resolution, sharper peaks as well as good reproducibility both
for heroin and cocaine were obtained.

We can conclude that the same pH for separation buffer and
buffer in the detection cell could eliminate the pH changing
when the running buffer arrives in the diffusion layer of the
working electrode. That pH value at the working electrode sur-
face maintains unchangeable ensures good reproducibility and
highest ECL intensities in this experiment.

3.1.4. Choice of background electrolyte
The background electrolyte affects the ECL efficiency, migra-

tion time and the separation resolution between compounds
directly. The most popular buffer for CE-ECL is phosphate,
but as mentioned above, heroin is diacetylmorphine. Heroin
hydrolysates are morphine and acetate when presented to basic
condition as well as morphine and acetic acid when boiled in
acidic solution, respectively. As heroin hydrolysis occurred,
accurate quantification could not be achieved. In this experi-
ment, acetic acid was added to the phosphate buffers in order
to diminish the hydrolysis as little as possible. And there was
also a substantial improvement in peak sharpness and symmetry
compared with the pure phosphate buffers.

Acetic acid was added to the phosphate buffers to pre-
pare different concentrations of 5, 10, 20, 30, 40 and 50 mM
p
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hen the buffer pH exceeded 8.00, there was an unknown peak
ppeared in the electrophoregrams. This unknown peak may be
scribed to the OH− ion, which assumes considerable concen-
ration levels at high pH values. As can be seen from Fig. 1,
eroin is diacetylmorphine, one kind of morphine derivatives.
t can be hydrolyzed to morphine and acetate in the presence
f alkali solution. Considering all these factors, pH 7.20 was
hosen as the optimal buffer pH in the detection reservoir.

As for the running buffer pH, factors considered were similar
o optimization of buffer pH in the detection reservoir. As a
hosphate–acetate buffers, respectively. The effect of running
uffer concentration on ECL intensities and the resolution
etween heroin and cocaine were investigated, and the results
re shown in Fig. 5. When the concentration was below 10 mM,
ower ECL intensities and resolution were obtained as a result
f the lower ionic strength. Although a higher concentration
an decrease the electro-osmotic flow in capillary and improve
he resolution [28], but it also gave longer migration time and
roader peaks. When the concentration was above 40 mM, the
CL baseline became unstable. This result may be ascribed to
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Fig. 5. Effect of running buffer concentration on ECL intensity and resolution:
(a) ECL intensity of 10 �M heroin, (b) resolution between heroin and cocaine,
(c) ECL intensity of 10 �M cocaine. Conditions: detection potential, 1.2 V;
running buffer, phosphate–acetate (pH 7.2); 5 mM Ru(bpy)3

2+ with 50 mM
phosphate–acetate buffer (pH 7.2) in the detection reservoir; electrokinetic injec-
tion, 6 s at 17 kV; separation voltage, 10 kV.

the effect of increased electrophoretic current on the ECL detec-
tor. When the concentration was above 50 mM, the resolution
decreased sharply. This phenomenon is due to the Joule heating
which resulted in band broadening. Considering all influence
factors, the concentration of running buffer was set at 20 mM
for further experiment.

3.1.5. On-column field-amplified sample stacking
Because the low concentrations of illicit drugs present in

the complex matrix of banknotes, on-column field-amplified
sample stacking was applied in this experiment. If the sample
conductivity is lower than that of the background electrolyte
(BGE), the higher electric filed and consequently the higher
migration velocities of the analytes result in an injected sample
plug in comparison with the running buffer, and this produces a
sharpening and stacking of the analyte zone at the boundary with
BGE [20]. Theoretically speaking, the highest samples stacking
was obtained when water was used as sample solvents, but as
can be seen in Fig. 6d, heroin would be hydrolyzed to morphine
during storage and unknown peak was also observed in the
electrophoretogram. In order to increase the sample loading
without excessive band broadening and maintain the optimal
stability of heroin, low-concentration acetic acid solution was
used as sample solvents. In method development, different con-
centrations of acetic acid were tested. The comparison among 1,
0.1 and 0.01 mM acetic acid as sample solvents showed obvious
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Fig. 6. Electropherograms of (a) 0.01 mM acetic acid as sample solvents, (b)
0.1 mM acetic acid as sample solvents, (c) 1 mM acetic acid as sample sol-
vents, (d) water as sample solvents; (1) ECL intensity of 10 �M cocaine,
(2) ECL intensity of 10 �M heroin, (3) ECL intensity of morphine, (4) the
peak of an unknown compound. Conditions: detection potential, 1.2 V; run-
ning buffer, 20 mM phosphate–acetate (pH 7.2); 5 mM Ru(bpy)3

2+ with 50 mM
phosphate–acetate buffer (pH 7.2) in the detection reservoir; electrokinetic injec-
tion, 6 s at 17 kV; separation voltage, 10 kV.

Injection time and voltage were also optimized and the best
compromise between sample loading and efficiency was 6 s at
17 kV.

3.1.6. Repeatability, linearity, detection limit of heroin and
cocaine

Under the optimized conditions: ECL detection at 1.2 V, sepa-
ration voltage at 10 kV, 20 mM phosphate–acetate running buffer
at pH 7.20, 5 mM Ru(bpy)3

2+ with 50 mM phosphate buffer at
pH 7.20 in the detection reservoir, FASS electrokinetical injec-
tion for 6 s at 17 kV, a standard mixture solution containing
heroin and cocaine both at 10 �M was injected consecutively
six times to determine the repeatability of ECL intensity based
on peak area and migration time. Relative standard deriva-
tions of the ECL intensity and the migration time were 3.50
and 0.51% for heroin and 4.44 and 0.12% for cocaine, respec-
tively. The high reproducibility indicates that this approach is
accurate for detection of heroin and cocaine. To evaluate the
linearity of the established method, standard curves were pre-
pared by analyzing different concentrations of mixture of two
drugs between 1 nM and 1 mM. The standard curves were lin-
ear in the range of 7.50 × 10−8 to 1.00 × 10−5 M for heroin
and 2.50 × 10−7 to 1.00 × 10−4 M for cocaine, respectively.
The calibration equations and regression coefficients were:
y = 2.08 × 1010x − 1967.78 and R = 0.9993 (n = 7) for heroin,
y 9

t
t
w

fl
6
e

ifferences in terms of ECL intensities. Fig. 6 summarizes the
esults obtained by injecting heroin and cocaine simultaneously
oth at 10 �M electrokinetically. When acetic acid used, the
nknown peak and morphine, which was observed in Fig. 6d
ere eliminated. A remarkable ECL intensity improvement
as obtained by using 0.01 mM acetic acid as sample solvents
ithout loss of resolution and efficiency, which was about
ve-fold for heroin and 10-fold for cocaine, respectively,
ore than solution using 1 mM acetic acid as solvents. As a

esult, 0.01 mM acetic acid was chosen for sample dissolution.
= 5.23 × 10 x − 4274.40 and R = 0.9990 (n = 9) for cocaine in
erms of peak area response as a function of analytes concentra-
ion. Detection limits of 50 nM for heroin and 60 nM for cocaine
ere achieved (S/N = 3), respectively.
Compared with detections limits of 1.1 �M for heroin by

ow injection electrogenerated chemiluminescence (ECL) [9],
.50 × 10−7 M for cocaine by Tris(2,2′-bipyridyl)ruthenium(II)
lectrogenerated chemiluminescence with solid phase extraction
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sample preparation [10] and 2.6 �g/mL (∼8.5 �M) for cocaine
by nonaqueous capillary electrophoresis with electrochemical
detection [11], improved sensitivity and lower detection limits
of heroin and cocaine were obtained by adopting field-amplified
sample stacking CE-ECL method.

3.2. Applications

The detailed extraction procedure was described in Sec-
tion 2.4. This method was validated through investigating
samples spiked with four different concentrations of heroin
and cocaine. Table 1 shows the recovery rates of heroin and
cocaine after the extraction procedure and corresponding rel-
ative standard deviations. The recoveries at the four different
concentrations for heroin were 97.3, 96.4, 97.6 and 95.2%,
respectively, and the relative standard deviations were 4.73,
5.89, 5.26 and 4.27% (n = 6), respectively; for cocaine were
95.7, 96.8, 95.4 and 96.1%, respectively, and the relative
standard deviations were 3.68, 4.68, 3.47 and 4.42% (n = 6),
respectively.

The optimized field-amplified sample stacking CE-ECL
methods was adopted to the determination of heroin and cocaine
extracted from the contaminated banknotes sample. The sample
showed well-separated and symmetrical peaks of heroin and
cocaine, which were obviously distinguishable from the back-
ground. Heroin and cocaine were quantified by the calibration
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Fig. 7. Electropherograms of (a) the “blank” banknotes extract and, (b)
the banknotes sample extract, (c) the banknotes sample extract spiked with
1.5 × 10−6 M heroin and 1.5 × 10−6 M cocaine; (1) ECL intensity of cocaine;
(2) ECL intensity of heroin; (3), (4) and (5) the peaks of unknown com-
pounds in extract. Conditions: detection potential, 1.2 V; running buffer, 20 mM
phosphate–acetate (pH 7.2); 5 mM Ru(bpy)3

2+ with 50 mM phosphate–acetate
buffer (pH 7.2) in the detection reservoir; electrokinetic injection, 6 s at 17 kV;
separation voltage, 10 kV.

4. Conclusion

In this paper, an original experimental method was proposed
for analysis of banknotes that are under suspicion of being asso-
ciated with controlled drugs such as heroin and cocaine. By
adopting field-amplified sample stacking CE-ECL it is possible
to determine whether the banknotes are contaminated with illicit
drugs. The proposed strategy in this paper avoided the fluores-
cence disturbance from the banknotes as well as any damage of
the paper currency during the treatment process. It was found to
be a suitable approach to analyze illicit drugs on banknotes such
as heroin and cocaine simultaneously. Furthermore, due to fast
separation, lower detection limits, good selectivity, high sensi-
tivity and effective resolution of this method, it has the potential
to be a powerful tool for the analysis of illicit drugs in other
complex matrices in forensic investigations.
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