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ABSTRACT: An online stacking capillary electrophoresis (CE) method, cation-selective exhaustive injection sweeping micellar
electrokinetic chromatography (CSEI-sweep-MEKC), is developed and optimized for analysis of ractopamine (RP) and its
homologue dehydroxyractopamine (DRP) in porcine meat. Chemometric experimental design was used to achieve the best
possible optimization and reduce the number of trials and errors. The CSEI-sweep-MEKC method enables nanogram per gram
level analysis, with limits of detection (LODs) in meat of 5 ng/g for RP and 3 ng/g for DRP (S/N = 3). A higher conductivity
buffer (HCB) zone was injected into the capillary, allowing for the analytes to be electrokinetically injected at a voltage of 9 kV
for 12 min. Using 125 mM sodium dodecyl sulfate and 15% methanol in the sweeping buffer, RP and DRP were well-separated.
The method was validated with a linear calibration curve of 10−300 ng/g (r > 0.994). In comparison to the normal capillary zone
electrophoresis method (1 psi for 10 s), this stacking strategy resulted in 900 times sensitivity enhancement. This technique was
further applied for analyzing seven kinds of commercial meats, and the residual RP was detected in one (5.76 ng/g of RP). The
data were corresponding to the data analyzed by the commercial testing kit and mass spectrometry spectra. This method was
successfully used on real samples and is considered feasible for serving as a tool for routine examination in markets.
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■ INTRODUCTION

Ractopamine hydrochloride (RP), a β-adrenergic agonist,
works as a repartitioning agent that accelerates protein
synthesis, making the carcass leaner and heavier and enhancing
the feeding efficiency in animals.1 The use of RP as a feed
additive has been approved by the U.S. Food and Drug
Administration (FDA) in 1999 and 2003, to promote leanness
of finishing swine and cattle.2,3 However, the residual RP in
meat becomes consumed by humans. Possible side effects of RP
include nausea, tremor, dizziness, vomiting, and cardiac
palpitations, and in severe cases, it may even cause cardiac
arrest and death.4 The Codex Alimentarius Commission held a
session in 2012 regarding the maximum residual limits (MRLs),
indicating that the maximum amounts of residuals allowed in
matrices of RP were 10 μg/kg for muscles and fat, 10 μg/kg for
liver, and 90 μg/kg for kidneys.5

To comply with strict regulations in certain countries, various
analytical methods for screening, confirmation, and quantifica-
tion of RP have been developed. Liquid chromatography−mass
spectrometry (LC−MS) or liquid chromatography−tandem
mass spectrometry (LC−MS/MS) are the most common
methods that have been used to detect and quantify RP in
meat, plasma, urine, or animal hair.6−9 However, to remove
interferences in the biological matrix, samples often need to go
through cumbersome pretreatments with multiple liquid−liquid
extractions or solid-phase extractions.10−13 Other novel
methods that employ biosensors14 and molecularly imprinted

polymers15,16 also require tedious procedures and have been
found to be relatively expensive.
Capillary electrophoresis (CE) is a powerful analytical tool

that has several merits, including rapid separation, high
efficiency, high resolution, and small sample and solvent
requirements. Until now, only a few researchers have used CE
for detection of RP, and they have not been able to reach
enough sensitivity.17−19 Chevolleau and Tulliez only used the
RP (10 μg/mL) as an analyte to develop their CE method.17

The limit of detection (LOD) of RP analyzed by the CE
method with electrochemical detection was 90 ng/mL.18

Although the CE method equipped with amperometric
detection could be applied for detecting 0.7 ng/mL RP, the
RP sample was not spiked in the biometrics.19 To overcome the
major disadvantage of poor sensitivity in CE, a sensitive online
stacking CE method, cation-selective exhaustive injection
sweeping micellar electrokinetic chromatography (CSEI-
sweep-MEKC), is developed in this work. This technique was
first developed by Terabe and Quirino in 200020,21 and greatly
enhances a hundred- to million-fold of sensitivity when
compared to capillary zone electrophoresis (CZE). Samples
dissolved in water or low-conductivity matrix are exhaustively
electrokinetically injected into a higher conductivity buffer
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(HCB) zone for a long time. Afterward, the analytes can be
swept and separated for detection by micelles, from surfactant-
containing buffers. However, a lot of CE parameters in CSEI-
sweep-MEKC affect the separation efficiency. Thus, the aid of
chemometric experimental design was used to find out the
optimal CE conditions under which RP and its homologue
dehydroxyractopamine hydrochloride (DRP) in porcine meat
should be analyzed and quantified. Fractional factorial design
(fFD) and response surface methodology (RSM) were used as
effective tools to facilitate the process of optimization of
parameters.22,23 In comparison to the univariate approach, by
changing one factor at a time for optimization, the chemo-
metric designs provided better efficiency, productivity, and
lower costs. This method is expected to be a feasible tool for
the detection of residual RP in commercial meat products.

■ MATERIALS AND METHODS
Chemicals and Drugs. All chemicals used were of analytical-

reagent grade. RP, DRP, and cimetidine hydrochloride (IS) (Figure 1)
were purchased from Sigma-Aldrich (Sigma, St. Louis, MO). Sodium
dihydrogen phosphate, sodium acetate trihydrate, ethyl acetate
(EtOAC), methanol (MeOH), sodium dodecyl sulfate (SDS), HCl,
and NaOH were purchased from Merck (Merck, Darmstadt,
Germany). Milli-Q water (Millipore, Bedford, MA) was used for
preparation of the buffer and other aqueous solutions.

Sample Preparation. Stock solutions (1 mg/mL) of RP, DRP,
and IS were prepared by dissolving them in methanol and
appropriately diluting with water for further use. Blank meat was
purchased from a local company with SGS RP-free certification. Real
samples were obtained from various sources, including traditional
markets and supermarkets. All meat samples were kept frozen at −70
°C until analysis. Upon use, 1 g of homogenized meat was weighed
and spiked with an identical amount of RP and DRP and 50 ng of IS
(the amount of 50 ng of IS was chosen according to the appropriate
peak signal), and then the meat sample would be pretreated by
enzyme for digestion and extracted by ethyl acetate according the
following procedures. The fixed amount of 50 ng of IS involving all
procedures of pretreatment and extraction would be used to accurately
reflect the recovery in extraction and quantify the RP and DRP in the
meat.

Pretreatment of Meat Samples. A total of 1 mL of sodium
acetate (200 mM) adjusted to pH 5 by HCl and 10 μL (9.07 units) of
β-glucuronidase/arylsulphatase (Sigma) were added to 1 g of the meat
sample (the portion of ham). Enzymatic hydrolysis was carried out by
incubation at 37 °C for 1 h. After centrifugation (800g for 5 min) to
precipitate the hydrolyzed meat, the supernatant was transferred to
another vial for liquid−liquid extraction. Before liquid−liquid
extraction, the supernatant was alkalized to pH 9 with 10 M NaOH.
A total of 600 μL of ethyl acetate was added for sample cleaning and
extraction. After centrifugation at 15000g for 10 min, 450 μL of the
supernatant was dried in a vacuum centrifuge machine (EYELA CVE-
200D, Japan) and then the sample was reconstituted with water (60

Figure 1. Structures of RP, DRP, and IS.

Figure 2. Electropherograms for analysis of RP and DRP spiked in porcine under (A) 300 mM, (B) 200 mM, and (C) 100 mM phosphate buffer
(pH 2.75) as HCB. Other experimental conditions: separation buffer, 55 mM phosphate (pH 2.75) containing 25% MeOH; sweeping buffer, 55 mM
phosphate (pH 2.75) containing 15% MeOH and 125 mM SDS; sample injection, 9 kV for 12 min; separation voltage, −25 kV; uncoated fused silica
capillary, 40 cm effective length; and wavelength, 230 nm. Conditions: sample concentration, 500 ng/mL; IS concentration, 50 ng/mL.
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μL) and introduced into the CE system. The water matrix in which
there is no interference of ionic molecules is beneficial for
electrokinetical injection of analytes.
A total of seven meat samples (the portion of ham) were collected

from traditional meat stands and supermarkets. These specimens were
stored at −70 °C until analysis using CSEI-sweep-MEKC. Before
analysis, all meat samples were pretreated with enzymatic hydrolysis
and extraction.
CESI-Sweep-MEKC. A Beckman P/ACE MDQ system (Fullerton,

CA) equipped with an ultraviolet (UV) detector was used. The

separations were performed in an uncoated fused-silica capillary
(Polymicro Technologies, Phoenix, AZ) of 50 μm internal diameter
and 40 cm effective length (total length of 50.2 cm). The detector
wavelength was set at 230 nm. The temperature was maintained at 20
°C throughout the separations. The new capillary was preconditioned
by rinsing methanol at 30.0 psi for 10 min, water at 30.0 psi for 5 min,
1 M HCl at 30.0 psi for 10 min, water at 30.0 psi for 5 min, 1 M
NaOH at 30.0 psi for 10 min, and water at 30.0 psi for 5 min. The
online stacking technique, CSEI-sweep-MEKC, was used to analyze
RP and DRP. After the capillary was filled with separation buffer (55

Figure 3. Response surface curve of the custom design: (A) HCB concentration and percentage of MeOH against CEF and (B) sample injection
time and sample injection voltage against CEF.
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mM phosphate at pH 2.75 containing 25% MeOH), a long plug of
HCB [125 mM phosphate at pH 2.75 containing 15% (v/v) MeOH]
was injected at 5 psi for 40 s. Then, the sample was injected at 9 kV for
12 min, followed by switching of both ends of the vials to sweeping
buffer [55 mM phosphate at pH 2.75 containing 25% (v/v) MeOH
and 125 mM SDS], and then a separation voltage of −25 kV was
applied.
Calibration and Method Validation. Calibration curves were

established by spiking blank meat with RP and DRP over a range of
10−300 ng/g. Accuracy and precision were determined by spiking the
meat with three different concentrations of 40, 75, and 250 ng/g.
Intraday was defined as three repeated analyses in a single day (n = 3),
and interday consisted of repeated analyses over five different days (n
= 5). The LODs indicating the concentration of each analyte with the
ratio of signal-to-noise equaling 3 (S/N = 3) in this research were
determined by spiking the identical amount of reference standards into
meats.

■ RESULTS AND DISCUSSION
CSEI-Sweep-MEKC. In this study, the stacking method of

CSEI-sweep-MEKC combining two online CE enrichment

techniques, including CSEI and sweeping, could enhance a
hundred- to million-fold of sensitivity when compared to
CZE.20,21 First, the HCB would be introduced into the
capillary, after the capillary was filled with separation buffer, and
then the cationic analytes were exhaustively electrokinetically
injected into the HCB zone. Finally, the analytes in the HCB
would be separated and swept by SDS, which would interact
with the analytes through electrostatic force or hydrophobicity
and carry the analytes to the anode. According to the different

combining strengths between SDS and analytes, RP and DRP
could be concentrated and resolved within a short time.

Chemometric Experimental Design. Basic experimental
conditions were established before the initiation of the
screening design. CSEI-sweep-MEKC is an online stacking
technique that involves many factors. To reduce time and cost
involved in the procedure of method optimization, a chemo-
metric experimental design was used to quickly find out the
optimal conditions. Pretests were performed to select factors to
be further optimized and to set reasonable limits for each factor.
In this step, 10 factors were first investigated using fFD, and the
results were as follows.
To minimize the impact of electroosmotic flow (EOF) in this

system, the range of pH was set at 2.50−3.00. Dihydrogen
phosphate was selected as the separation buffer because of its
pH being within the working range, and the concentration
range was set at 40−70 mM for better resolving power. MeOH
was selected as the organic modifier, which could affect
resolution and selectivity in CE, and, therefore, was investigated
separately in each buffer and in HCB. Analytes could not be
resolved without the addition of MeOH, but more than 40%
(v/v) of MeOH leads to a longer migration time; therefore, it
was kept between 10 and 40% (v/v). The long plug of HCB
plays an important role in providing high conductivity, implying

Figure 4. Typical electropherogram for analysis of RP and DRP spiked
in porcine under the optimal conditions of CSEI-sweep-MEKC.
Experimental conditions: separation buffer, 55 mM phosphate (pH
2.75) containing 25% MeOH; HCB (5 psi for 40 s), 125 mM
phosphate (pH 2.75) containing 15% MeOH; sweeping buffer, 55 mM
phosphate (pH 2.75) containing 15% MeOH and 125 mM SDS;
sample injection, 9 kV for 12 min; separation voltage, −25 kV;
uncoated fused silica capillary, 40 cm effective length; and wavelength,
230 nm. Conditions: sample concentration, 500 ng/mL; IS
concentration, 50 ng/mL.

Table 1. Regression Analysis for the Determination of RP
and DRP in Meata

analysis regression equation
coefficient of
correlation (r)

Intrabatchb

RP y = (0.011 ± 0.002)x − (0.103 ± 0.031) 0.997
DRP y = (0.008 ± 0.002)x − (0.055 ± 0.065) 0.996

Interbatchc

RP y = (0.011 ± 0.002)x − (0.023 ± 0.095) 0.995
DRP y = (0.008 ± 0.002)x − (0.017 ± 0.077) 0.994

aThe concentration for intra- and interday analyses for RP and DRP
was 10−300 ng/g. bRegression equations of intrabatch analysis were
calculated from assay values of prepared standards on a single day (n =
3). cThe regression equations of interday analysis were calculated from
the assay values of prepared standards on five different days (n = 5).

Table 2. Precision, Accuracy, and Recovery of Detection of
DRP and RP in Porcine Meat

concentration
known (ng/g)

concentration
found (ng/g)

RSD
(%)

RE
(%)a

relative
recovery
(%)

Intrabatch Analysis (n = 3)
DRP 4.0 × 101 (3.8 ± 0.2) × 101 5.1 −4.3 95.3

7.5 × 101 (7.3 ± 0.1) × 101 1.9 −3.1 97.3
2.5 × 102 (2.6 ± 0.2) × 102 6.3 5.1 104.2

RP 4.0 × 101 (4.3 ± 0.1) × 101 2.4 7.4 107.5
7.5 × 101 (7.8 ± 0.1) × 101 1.6 4.5 104.3
2.5 × 102 (2.6 ± 0.2) × 102 8.4 6.2 103.7

Interbatch Analysis (n = 5)
DRP 4.0 × 101 (3.8 ± 0.5) × 101 12.3 5.6 94.8

7.5 × 101 (7.2 ± 0.1) × 101 8.5 −4.1 96.7
2.5 × 102 (2.6 ± 0.2) × 102 7.1 5.5 103.6

RP 4.0 × 101 (4.3 ± 0.3) × 101 7.5 7.2 106.8
7.5 × 101 (7.8 ± 0.3) × 101 9.5 6.3 104.4
2.5 × 102 (2.6 ± 0.3) × 102 9.6 7.4 103.6

aRE (% relative error) = (concentration found − concentration
known) × 100/(concentration known).
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that a substantial amount of analytes can be injected and
stacked at the HCB. Generally, better stacking results were
obtained when the HCB concentration was three times as large
as the separation buffer.24 In the preliminary test, when the
HCB concentration was 300 mM, the migration time became
longer, whereas the peak height did not improve. Therefore,
along with consideration of reducing joule heating, the HCB
concentration range was set between 100 and 200 mM. Because
HCB might be one of the most important factors that can affect
the degree of preconcentration of the analytes, its length was
also investigated. A longer plug can hold more analytes, with
the cost of sacrificing separation length and reducing the
resolution; a shorter plug limits the amount that can be

injected, which affects sensitivity. Therefore, the injection
pressure of HCB was set at 5 psi (345 mbar), and injection
time was set between 30 and 50 s (13.4−22.3 cm capillary
length, with the injection volume between 264 and 440 nL).
CSEI-sweep-MEKC allows for the analytes to be electrokineti-
cally injected into the capillary and stacked in HCB. Hence, the
sample injection voltage and time are also important
parameters that affect sensitivity. The injection voltage was
set at 8−10 kV, and the injection time was between 10 and 20
min. In sweeping, surfactants have important roles of focusing
and sweeping the stacked analytes toward the detector. SDS
was selected because it is easily obtainable and inexpensive and
also gives satisfactory results in terms of resolution and
sensitivity. Therefore, concentrations of SDS were also
investigated at 100−150 mM.
After the preliminary experiment, relationships between

factors and responses were determined with a minimal number
of runs, calculated using the JMP Software (developed by SAS
Institute, Cary, NC). The fFD equation used for investigating
responses of factors was as follows:

= ×fFD resolution (peak height)/migration time2

The resolution was set at 1−1.5; the peak height was
maximized; and the migration time was minimized. The
suggested values of each parameter generated by fFD were as
followed: 30% (v/v) MeOH in separation buffer (55 mM
phosphate at pH 2.75), 15% (v/v) MeOH in HCB (150 mM
phosphate at pH 2.75), and 30% (v/v) MeOH in sweeping
buffer (55 mM phosphate at pH 2.75) containing 125 mM
SDS, and sample injection was performed at 9 kV for 15 min.
On the basis of the results of this analysis, 4 of 10 factors were
significant, with p values of less than 0.05, including the
methanol percentage in sweeping buffer, concentration of
HCB, injection voltage, and injection time. That indicated the
large effects that these four factors exhibited in this CSEI-
sweep-MEKC system; thus, the ranges of these four factors
were narrowed, and eight extra runs obtained from the
calculation of JMP were generated for further investigation.

Figure 5. Electropherogram of the real sample in which RP was
detected. For experimental conditions, please see Figure 4.

Figure 6. Results for seven real samples using commercial test kits. Two lines represent no RP detected, and one line means that the result is
positive.
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Figure 2 displayed the electropherograms using different
concentrations of HCB from 100 to 300 mM, and the findings
demonstrated that the HCB concentration had great effects on
the migration and sensitivity. For further evaluation of the 4
factors, the equation of chromatographic exponential factor
(CEF) was used to evaluate the outcome.
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Ropt is the optimum resolution, set at 1.5; n is the expected
number of peaks; Ri represents the resolution between two
adjacent peaks; tf is the migration time of the last peak; tmax is
the maximum acceptable time, set at 20 min; and the a value
was used to adjust the relative weighting of resolution and
migration time. A smaller CEF value means a shorter migration
time and better resolution.25 Figure 3 shows responses of the
last four factors. Figure 3A showed that the percentage of
MeOH in the separation buffer had a great influence. However,
a much higher percentage of MeOH lowers the current,
suppresses EOF, and hence, prolongs separation time. Finally,
25% (v/v) was chosen as the optimal amount to be added in
the separation buffer for more efficient analysis, and 125 mM
phosphate was selected as the HCB. Figure 3B shows that both
sample injection time and voltage had smaller curvature effects
on CEF. Although the higher injection voltage and longer
injection time result in better CEF, it was felt that increasing
both the injection voltage and time to a certain degree may
exceed the holding capacity of the HCB. At last, the sample
injection was carried out at 9 kV for 12 min. Figure 4 shows a
typical electropherogram of RP and DRP using the optimized
experimental conditions for separation of analytes spiked in
porcine. The optimal conditions were as follows: separation
buffer of 55 mM NaH2PO4 (pH 2.75) and containing 25% (v/

v) MeOH; HCB (125 mM phosphate at pH 2.75 containing
15% MeOH) was injected at 5 psi for 40 s; the sample was
electrokinetically loaded at 9 kV for 12 min; and the sweeping
buffer was 55 mM phosphate (pH 2.75) consisting of 25% (v/
v) MeOH and 125 mM SDS.

Method Validation. The established method was validated
on extracts obtained from porcine meat spiked with RP, DRP,
and IS. The linearity was determined from triple injections of
the solutions from 10 to 300 ng/g in porcine meat (Table 1).
The regression equations of RP were y = (0.011 ± 0.002)x −
(0.103 ± 0.031) and y = (0.011 ± 0.002)x − (0.023 ± 0.095)
in intrabatch (n = 3) and interbatch (n = 5), respectively, and
the regression equations of DRP were y = (0.008 ± 0.002)x −
(0.055 ± 0.065) and y = (0.008 ± 0.002)x − (0.017 ± 0.077)
in intrabatch (n = 3) and interbatch (n = 5), respectively. In
intra- and interbatch assays, the averages of the slopes were
equal to 0.011 and 0.008 for RP and DRP, respectively. The
results indicated the good repeatability of this method for the
calibration assay. The correlation coefficients for the calibration
curves were greater than 0.994 for intra- and interbatch
analyses. With the wavelength set at 230 nm, LODs in meat
were 5 ng/g for RP and 3 ng/g for DRP and LODs in standard
solution were 2 ng/mL for RP and 1 ng/mL for DRP calculated
on the basis of a S/N ratio of 3:1 (9 kV for 12 min). In
comparison to the previous CE method for detection of RP
(LOD of 90 ng/mL),18 this method involved a lower LOD.
Additionally, sample extraction was not dependent upon the
complicated procedures of solid-phase extraction12,13 and was
accomplished by single liquid−liquid extraction. For assessment
of precision and accuracy, three concentrations (40, 75, and
250 ng/g) of RP and DRP were chosen. As seen in Table 2, for
intrabatch analysis (n = 3), values of RSD and RE were below
12.3% in intra- and interday assays. The relative recovery was
located at the range of 107.5−94.8%. The sensitivity enhance-

Figure 7. MS spectra of (A) RP standard solution and (B) S7. Column, Zorbax eclipse plus C18 Narrow Bore RR (2.1 × 100 mm, 3.5 μm); mobile
phase, 0.1% formic acid in H2O and 0.1% formic acid in methanol (50:50); flow rate, 0.2 mL/min; mode, positive electrospray mode; voltage, 3 kV
[25 V (cone), 3 V (extractor), and 0.1 V (RF lens)]; source temperature, 98 °C; desolvation temperature, 248 °C; and gas flow rate, 600 L/h in
desolvation and 100 L/h in the cone.
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ment was about 900-fold in the case of LODs of the CSEI-
sweep-MEKC method compared to the normal CZE (sample
injection of 1 psi for 10 s) using standard solution.
Application. The method developed with the CSEI-sweep-

MEKC technique was applied to analyze several real meat
samples purchased from traditional meat stands and super-
markets. A total of seven meat samples were collected. All
samples were subjected to enzymatic hydrolysis, extraction, and
CE analysis. RP or DRP peaks were not observed in six of the
seven real porcine samples (S1−S6); only one sample (S7) had
a RP peak with a concentration of 5.76 ng/g (Figure 5).
Commercial test kits that have a detection limit of 2 ng/g
(Taiwan Advance Bio-Pharm, Inc., Taipei, Taiwan) were used
for comparison purposes. Six samples in which analyte peaks
were not detected by CSEI-sweep-MEKC were tested and
yielded negative results (two lines, S1−S6, Figure 6). Although
S3 looked like only having one line, two lines indeed existed in
the kit of S3 (the other line was too slight). Only S7 was found
to have positive data (one line) (Figure 6). The testing kits
quickly provided information on whether the samples
contained more than 2 ng/mL of RP. Figure 7 showed the
mass spectrometry (MS) spectra of the RP standard, and S7
demonstrated the existence of RP. The data were equal to the
data detected by this CSEI-sweep-MEKC method and
demonstrated that the CSEI-sweep-MEKC method has
potential for detection of RP in real meat samples. This simple
and fast method was found suitable for serving as a routine tool
for examination of RP in meat.
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