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capillary electrophoresis Raman spectroscopy (CE-RS)

based on the stacking and sweeping modes
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bstract

A capillary electrophoresis Raman spectroscopy (CE-RS) method based on the stacking and sweeping modes are described. A non-fluorescent
ompound (malachite green, MG; crystal violet, CV) and a doubled Nd:YAG laser (532 nm, 300 mW) were selected as the model compound and
ight source, respectively. In order to carry out a quantitative and analysis of MG, a monochromator was used to collect the specific Raman line at
616 cm−1 (the N-ϕ and C–C stretching, corresponding to 582 nm when the wavelength of the exciting source is 532 nm). The limit of detection

LOD) for MG was 1.6 × 10−5 and 1.1 × 10−5 M, respectively, based on the CZE and MEKC modes. This could be improved to 3.4 × 10−7 and
.3 × 10−9 M, respectively, when the stacking and sweeping modes were applied. The method was also extended to the determination of MG in an
ctual sample.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Laser induced fluorescence and optical UV absorbance are
he most common detection methods used in CE. However, if
he analyte does not emit or absorb UV/visible radiation, alter-
ate types of detection, such as indirect fluorescence/absorbance
etection, refractive index, light scattering, chemiluminescence,
lectrochemistry, even mass spectrometric detection, etc. can be
sed. Although each method has unique advantages and disad-
antages with respect to selectivity, sensitivity, precision and
implicity of use, the typical optical detections used in CE show
ess of selectivity, since the spectra obtained at ambient tem-
erature are broad, and this limits the spectral characteristics
eeded for analyte identification. In contrast to this, Raman
pectroscopy (RS) provides a unique spectrum of an analyte
ith a very high spectral resolution. Thus far, it is a very

seful method, but is seldom used for detection in CE [1–7],
lthough the first demonstration of Raman spectroscopic detec-
or for CE has been reported by Morris and co-workers [8,9].

∗ Corresponding author. Tel.: +886 2 8931 6955; fax: +886 2 2932 4249.
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his is because Raman emission is a very inefficient process,
esulting in poor sensitivity in detection, compared to fluores-
ence/absorbance methods. In this study, we selected malachite
reen (MG) oxalate and crystal violet (CV), two compounds
ith similar chemical structures, as model samples to determine

he extent to which the selectivity can be improved when the
apillary electrophoresis Raman spectroscopy (CE-RS) method
s used. In order to improve the sensitivity when RS is used,
e introduced on-line sample concentration techniques to the
E-RS detection method, including the stacking and sweeping
odes [10–18]. The method was also extended to the deter-
ination of MG in an actual sample. Several experimental

arameters were optimized and the data for these are reported
erein.

. Materials and methods

.1. Chemicals
Malachite green oxalate and crystal violet ([4-[4,4′-bis(di-
ethylamino)benzhydrylidene]cyclohexa-2,5-dien-1-ylidene]-

imethylammonium chloride) were obtained from Acros (NJ,

mailto:chenglin@ntnu.edu.tw
dx.doi.org/10.1016/j.talanta.2006.10.037
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in Fig. 1A and B). A doubled Nd:YAG laser (532 nm, 300 mW)
was used for excitation. The separation mode used was the CZE
mode. Two peaks were observed, corresponding to MG and CV,
C.-H. Tsai et al. / Ta

SA). Sodium dodecyl sulfate (SDS) was obtained from Sigma
St. Louis, MO, USA). Citric acid was purchased from Yakuri
ure Chemical Co., Ltd. (Osaka, Japan), respectively. All other
hemicals were of analytical grade and were commercially
vailable.

.2. CE apparatus

The CE set-up and data acquisition system used were sim-
lar to a previously described set-up [19], but the light source
as changed to a doubled Nd:YAG laser (532 nm, 300 mW).
he laser beam was focused on the CE capillary (fused silica
apillary, i.d., 75 �m; J&W Scientific, CA, USA) by means
f a lens (focus length, 3 cm). The Raman emission was col-
ected at a right angle to the light source by means of a

icroscope eyepiece (10×), passed through a long-pass filter,
ispersed by a monochromator (Acton Research Corporation,
odel SP-300i; detection window was set at 582 ± 0.2 nm),

ollowed by detection using a photomultiplier tube. A com-

ercial Raman instrument (Dilor XY800 Triple-grating spec-

rometer; resolution, 0.1 cm−1) equipped with a charge coupled
etector was also used to assist in the identification of Raman
hifts.

ig. 1. Raman spectra of: (A) malachite green (1.6 × 10−4 M) and (B) crystal
iolet (1.2 × 10−4 M); the insets show their chemical structures.
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. Results and discussion

.1. Improvement in selectivity between malachite green
nd crystal violet

Conventional Raman spectra of malachite green and crystal
iolet are shown in Fig. 1A and B, respectively; the numbers
bove the peaks indicate the Raman shifts, in wavenumbers
cm−1) and are in reasonable agreement with published liter-
ture values; the strongest Raman bands at 1616 cm−1 of MG
nd 1620 cm−1 of CV were assigned to the ring breathing and
-ϕ stretching modes [20]. A further detailed discussion of these

ssignments can be found in the literature [20]. Fig. 2A shows
typical electropherogram of a mixture of MG and CV; the

etection window was set at 582 ± 0.2 nm, corresponding to the
trongest Raman line (1616 ± 7 cm−1; indicated as arrow-marks
ig. 2. Typical electropherogram of a mixture of CV and MG; the detection
indow was set at specific frequencies: (A) 1616 cm−1; (B) 1535 cm−1; (C)
218 cm−1 (indicated as arrow-marks in Fig. 1). CE conditions used are the same
s described in Fig. 3A. Sample concentrations of CV and MG used in frames
A–C): (A) 1.6 × 10−3 and 2.7 × 10−4 M; (B) 6.1 × 10−3 and 2.4 × 10−4 M; (C)
.5 × 10−3 and 1.1 × 10−3 M, respectively. CE conditions: CZE, an aqueous
itric acid (50 mM) buffer (pH 2.2; 512 �S/cm) and the applied voltage was
20 kV.
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espectively. However, when the detection frequency was set at
536 cm−1, only CV was observed (as shown in Fig. 2B). In con-
rast to this, when the detection frequency was set at 1218 cm−1,
nly MG was observed (as shown in Fig. 2C). The concentra-
ions of MG used in Figs. 1A and 2A were different, resulting
n an inconsistent peak height. In principle, the separation effi-
iency is not dependent on the detection frequency. However,
hen the detection frequency is set to a specific Raman line, it

an be used to select a specific analyte from a mixture, and this
s achieved only with difficulty when regular optical methods
re used if the analytes provide similar fluorescence/absorbance
pectra.

.2. Improvement on sensitivity of malachite green

Malachite green, a synthetic dye that is potentially danger-
us to human health, is used to color fabrics and paper, and
as been used illegally in the treatment of certain fish dis-
ases, mainly, against parasites in freshwater and marine fishes.

hus far, the current detection methods for MG include HPLC

21–23], LC–MS [24–26], UV/CE-stacking [27] methods, etc.
n this study, we selected MG as model compound, and inves-
igated its separation and on-line sample concentration condi-

g
c
p
t

ig. 3. Typical electropherograms of MG obtained by the CZE (A), stacking (B), M
escribed as in Fig. 2A; stacking, buffer was the same as that used in the CZE mode b
uffer, with pH and conductivity values of 2.56 and 4.16 �S/cm, respectively. MEK
weeping-MEKC, the same running buffer system as described for the MEKC mode
ithout SDS). The applied voltages used were +20 kV in the CZE and stacking mode
72 (2007) 368–372

ions under the CZE, stacking, MEKC and sweeping-MEKC
odes, respectively. The detection window was also set and
atched with the strongest Raman line (1616 ± 7 cm−1). In

he case of the CZE and stacking modes, optimal conditions
nvolved the use of an aqueous citric acid (50 mM) buffer (pH
.2; conductivity = 512 �S/cm). When the stacking technique
as introduced, the running buffer was the same as that used

n the CZE mode. The sample was prepared in a matrix solu-
ion, obtained by diluting the aqueous citric acid (50 mM) buffer
o 1/100, which lowered the conductivity of the solution (pH
.6; conductivity = 4.16 �S/cm), for use in the stacking mode.
ig. 3A and B show typical electropherograms of MG (sam-
le concentrations used in the CZE mode, 2.2 × 10−4 M; in the
tacking mode, 1.1 × 10−6 M). The buffer conditions were as
escribed in Fig. 2A. Since the detection window was extremely
arrow, the limit of detection (LOD) for MG was 1.6 × 10−5

nd 3.4 × 10−7 M, respectively, based on the CZE and stacking
sample injection length, 16 cm; effective/total length, 61/70 cm)
odes. The linearity of these methods for MG was also fairly
ood and these data (including the calibration curve, coeffi-
ient of correlation, limit of detection values and theoretical
late numbers) are summarized in Table 1. Fig. 3C shows a
ypical electropherogram of MG (5.4 × 10−5 M) based on the

EKC (C) and sweeping-MEKC (D) modes, respectively. CE conditions are
ut the samples were prepared in the matrix solution (diluted aqueous citric acid
C, an aqueous citric acid (50 mM) containing SDS (50 mM) buffer (pH, 2.1);
, but the sample was dissolved in the matrix (50 mM citric acid aqueous buffer
s; −16 and −8 kV in the MEKC and sweeping-MEKC modes, respectively.
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EKC mode. The detection limit for MG was determined to be
.1 × 10−5 M (S/N = 3). Fig. 3D shows a typical electrophero-
ram of MG (2.7 × 10−7 M) obtained by the sweeping-MEKC
ode. The CE buffer system was basically identical to that

sed for the MEKC mode. The sample was dissolved in the
atrix (50 mM citric acid aqueous buffer without SDS) and

n injection length of 22 cm was used (effective/total length,
1/70 cm). When the sweeping-MEKC mode was applied, a dra-
atic improvement in detection sensitivity was obtained, and the

imit of detection was improved to 5.3 × 10−9 M (at S/N = 3).
asically the signal intensity increased with increasing injec-

ion length. However, an optimal sample injection length should
e determined because if a longer capillary column is used for
ample concentration strategies, the subsequent CE separation
ecomes insufficient. The linearity of these methods for MG was
lso fairly good and these data are also summarized in Table 1.

.3. Application to a real-life sample

The sample, water in which marketed fish are kept, was

btained from a supermarket near the campus in Taipei. The
ample was filtered, and a 20 �L aliquot was placed in a vacuum
hamber for drying. The residue was acidified by the addition of
0 �L of citric acid (50 mM) and was used in the subsequent CE

able 1
alibration curve, coefficient of correlation, limit of detection values (S/N = 3)
nd theoretical plate numbers (N) for malachite green by CZE/Raman, stacking-
ZE/Raman, MEKC/Raman, sweeping-MEKC/Raman methods, respectively,
y using a green diode laser

A) CZE/Raman
Equation of the line y = 5.27 × 107x + 9.08 × 102

Coefficient of correlation R2 = 0.9978
Detection range (M) 5.4 × 10−4 to 5.4 × 10−5

Sample injection length (cm) 0.4
LOD (M) 1.6 × 10−5

Theoretical plate number 8.4 × 103 to 3.5 × 104

B) Stacking-CZE/Raman
Equation of the line y = 1.08 × 104x + 1.53 × 104

Coefficient of correlation R2 = 0.9917
Detection range (M) 2.2 × 10−6 to 5.4 × 10−7

Sample injection length (cm) 16
LOD (M) 3.4 × 10−7

Theoretical plate number 6.6 × 103 to 1.8 × 104

C) MEKC/Raman
Equation of the line y = 3.6 × 105 + 1.8 × 106

Coefficient of correlation R2 = 0.9911
Detection range (M) 1.1 × 10−4 to 1.3 × 10−5

Sample injection length (cm) 0.4
LOD (M) 1.1 × 10−5

Theoretical plate number 2.2 × 104 to 4.2 × 104

D) Sweeping-MEKC/Raman
Equation of the line y = 1.5 × 107 + 1.9 × 105

Coefficient of correlation R2 = 0.9905
Detection range (M) 5.4 × 10−6 to 5.4 × 10−9

Sample injection length (cm) 22
LOD (M) 5.3 × 10−9

Theoretical plate number 2.3 × 105 to 3.0 × 105

ight source: doubled Nd:YAG laser (532 nm, 300 mW); detection frequency
as set at 1616 ± 7 cm−1.

Fig. 4. Typical CE electropherograms obtained from an actual water sample, in
which fish were kept in a commercial supermarket, by applying the sweeping-
MEKC mode (conditions, as described in Fig. 3D). Electropherograms a and
b
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show the results obtained before and after spiking with an MG standard
1.1 × 10−7 M), respectively. Electropherograms c and d in the inset show results
btained before and after spiking with an MG standard (2.1 × 10−8 M) by record-
ng all emissions.

eparation. Fig. 4 shows typical CE electropherograms obtained
or an actual sample, obtained from a fish market, by applying
he sweeping-MEKC/Raman mode. The CE conditions are as
escribed above in Fig. 3D. Electropherograms a and b show the
esults obtained before and after spiking with an MG standard
1.1 × 10−7 M), respectively. Herein, the sample was directly
sed without any pretreatment procedures. All of these peaks
ere detected at an emission of 1616 ± 7 cm−1, either native
uorescence or Raman lines. When a single-wavelength set-up
as performed upon Raman emission, it can exclude specific

missions from a number of unknown compounds. Electro-
herograms a and b in the inset also show the results obtained
efore and after spiking with an MG standard (1.1 × 10−7 M).
he entire range of emissions was detected, and, as a result,
broad background was detected in electropherograms c and

. For a comparison of the separation efficiency, an indicated
eak (marked as “*” in electropherograms a–d) was selected for
valuation. In electropherograms a and c, the broken arrow indi-
ates the expected migration time for MG, but it did not show up
n the sample. This indicates that, if it exists, its concentration
s below a certain LOD. Using the standard addition method,
he results were compared and the findings show that the peaks

marked spiking peaks in electropherograms b and d) clearly
ppeared. If it were possible to arrange a CCD detector to record
he entire range of emission, further accuracy in identification
ould be achieved, since characteristic Raman shifts (spectral
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ngerprinting) can be used for the unambiguous identification
f a compound.

. Conclusions

This work successfully demonstrates a new approach for
etecting a non-fluorescent compound by a capillary elec-
rophoresis Raman spectroscopy method combined with an
n-line sample concentration technique. This proposed method
ay solve problems that are frequently encountered for non-
uorescent analytes, even when they are present at low levels.
hus, a combination of a compact high power laser, interference
lters, a PMT detector based on either a CE or microchip sys-

em, would be useful as a rapid-screening tool, in which only a
iniaturized system would be needed. Further applications of

his technique are currently under investigation.
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