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A novel on-line two-step stacking preconcentration method by sweeping plus micelle to solvent stacking in
capillary zone electrophoresis was developed for the simultaneous determination of three organic anions
(vanillic acid, ferulic acid and cinnamic acid) in Angelica sinensis. Hexadimethrine bromide was used for
electroosmotic flow reversal. The main experimental parameters that affected the separation and
sensitivity were investigated and optimized. The best separation was achieved in 50 mM ammonium
acetate (pH 12.0) containing 50% methanol (v/v) under a negative voltage of 20 kV. The micellar solution
was a mixed solution comprised of 12 mM cetyltrimethyl ammonium bromide and 20 mM ammonium
acetate. After injecting a short plug (0.5 psi, 30 s) of micellar solution, the sample was introduced into
the capillary at 0.5 psi for 45 s. Under the optimal conditions, the sensitivity enhancement factors
obtained by the developed method were between 42 and 77. The intra-day (n = 6) and inter-day (n = 5)

R 4 20th October 2017 precisions of the method expressed as their relative standard deviations were found to be less than 7.2%.
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Accepted 7th February 2018 The Angelica sinensis sample was pulverized and then refluxed in 95% ethanol and filtered. After an
aliquot of the extractant was dried, it was reconstituted in 20 mM ammonium acetate for capillary

DOI: 10.1039/c7ral1553a electrophoresis analysis. The recoveries of the analytes by this method for the analysis of Angelica
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1. Introduction

Angelica sinensis is a well-known traditional Chinese medicine
(TCM) used for thousands of years for treating gynecological
diseases such as female anemia, menoxenia and amenorrhea.*
The active ingredients most often associated with the pharma-
cological properties of Angelica sinensis are organic acids
including ferulic acid, vanillic acid and cinnamic acid, which
are able to inhibit platelet aggregation and serotonin release;>*
their levels are frequently used as an indicator of the quality of
Angelica sinensis.**®

Many analytical tools have been used for the analysis of the
bioactive components in TCMs to guarantee their quality.
Organic acids, as the main bioactive components of TCMs, are
usually determined by high performance liquid chromatog-
raphy (HPLC),*® HPLC-fingerprint,* ultra-performance liquid
chromatography-quadrupole/time-of-flight with partial least
squares-discriminant analysis," gas chromatography (GC)-
mass spectrometry’ and capillary electrophoresis (CE).**™**
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sinensis were in the range of 94.4% to 108.4%.

Compared with HPLC and GC, CE has advantages such as short
analysis time and high separation efficiency, almost organic
solvent-free analysis, and small sample amount requirements.
Therefore, CE has become more and more popular for the
analysis of the bioactive components in TCMs. Nevertheless,
due to the short optical path length across the capillary, the
main drawback of CE is its poor detection sensitivity with
ultraviolet detection. Therefore, various on-line sample pre-
concentration or stacking methods prior to CE have been
established (e.g., sweeping, dynamic pH junction, large volume
sample stacking (LVSS) transient isotachophoresis and micelle
to solvent stacking (MSS)).*>*¢

MSS was first introduced by Quirino in 2009 and relies on the
change in the direction of the effective electrophoretic mobility
of the charged analytes in the presence of organic solvents and
micelles.” It is a relatively new on-line CE preconcentration
technique and has been applied for the detection of cations
(antipsychotic drugs, B-blockers, tricyclic antidepressant medi-
cines and alkaloids, as well as herbicides)."® Thereafter, when
compared with that of MSS alone, further improvements in the
detection sensitivity were reported by coupling it with
sweeping'®~* or field enhanced sample injection*** or both.***”
In 2011, for anionic analytes, the new two-step stacking by
sweeping and MSS using cationic micelles in co-electroosmotic
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flow (EOF) was developed.”® The co-EOF condition where the
direction of EOF is the same as the anions was satisfied by
a positive dynamic coating of a fused silica capillary using
hexadimethrine bromide (HDMB). In such a process, the
background solution (BGS) contained organic solvent and the
sample solution was devoid of micelles. A cationic micellar
solution was injected before the sample solution and a negative
voltage was applied. The analytes in the micelle-free sample
zone were swept by the micelles brought to the MSS boundary
where the second stacking step was induced by the presence of
the organic solvent in BGS. However, the study®® mainly focused
on the stacking mechanism of the proposed method using
hypolipidaemic drugs, anti-inflammatory drugs and herbicides
as the model analytes, and the enrichment factors for the ana-
lytes were only about 20. So far, the applications of sweeping-
MSS for other anionic analytes have not been investigated.

In this study, we report a two-step on-line stacking tech-
nique, MSS coupled with sweeping, to analyze three anionic
organic acids named vanillic acid, ferulic acid and cinnamic
acid found in Angelica sinensis. The experimental variables that
may affect the strategy are investigated. The developed method
is simple, sensitive and suitable for the determination of the
organic acids in TCM.

2. Experimental

2.1. Reagents

Organic standards of vanillic acid, ferulic acid and cinnamic
acid (all 98% pure) were purchased from Tianjin Heowns Bio-
chem Technologies. Sinapic acid (98%), cetyltrimethyl ammo-
nium bromide (CTAB) and hexadimethrine bromide (HDMB)
(94%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Angelica sinensis was obtained from Yubaotang Pharmacy
(Baoding, China). Ammonium acetate, sodium hydroxide,
hydrochloric acid, boracic acid and HPLC-grade methanol were
purchased from Kaitong Chemical Reagent Co., Ltd. (Tianjin,
China). All reagents were of analytical grade and used without
further purification. All the solvents were filtered through a 0.45
pm Micro Science membrane filter (Tianjin Automatic Science
Instrument Co., Ltd. Tianjin, China). The water used
throughout the study was double-distilled using an SZ-93
automatic double-distiller (Shanghai Yarong Biochemistry
Instrumental Factory, Shanghai, China).

A mixed stock solution containing vanillic acid, ferulic acid
and cinnamic acid (50 pg mL ™" each), and stock solutions of the
internal standard (IS) sinapic acid at 50 ug mL~" and 1.0 mg
mL " were prepared in absolute ethanol and stored in a refrig-
erator at 4 °C. A series of standard solutions were prepared by
mixing an appropriate amount of the stock solutions with
20 mM ammonium acetate after the stock solution was dried
under a gentle stream of nitrogen at room temperature. The
BGS was 50 mM ammonium acetate (pH 12.0) containing 50%
methanol (v/v), and the micellar solution was 20 mM ammo-
nium acetate containing 12 mM CTAB. Both BGS and the
micellar solution were freshly prepared daily and sonicated for
10 min prior to use.
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2.2. Apparatus

All CE experiments were performed on a Beckman P/ACE MDQ
Capillary Electrophoresis System (Fullerton, CA, USA) equipped
with an auto sampler and a diode array detector. An uncoated
fused-silica capillary (Yongnian Ruifeng Optical Fiber Factory,
Hebei, China) of 50 cm (effective length, 41.5 cm) x 75 pm i.d.
was used throughout the experiments. Data acquisition and
instrument control were carried out with Beckman P/ACE MDQ
32 Karat software. A PHS-3C pH meter (Hangzhou Dongxing
Instrument Factory, Hangzhou, China) was used for the pH
measurements. Conductivity measurements were made using
a conductivity meter purchased from Mettler-Toledo instru-
ments (Shanghai) Co., Ltd.

2.3. Preparation of the samples

The dried roots of the Angelica sinensis sample were pulverized.
400 mg of Angelica sinensis powder was weighed and 500 uL of IS
stock solution (1.0 mg mL ") was added. Next, the powder was
refluxed in 20 mL of 95% ethanol for 30 min and then filtered.
The residue was refluxed and filtered one more time as described
above. Then, all the solvent extracts were combined and trans-
ferred into a 50 mL volumetric flask and made to the mark with
95% ethanol. 200 pL of the resulting solution of the Angelica
sinensis sample was evaporated to dryness under a gentle stream
of nitrogen at room temperature. Then, the sample solution was
obtained by dissolving the residues in 200 pL of 20 mM ammo-
nium acetate. The sample solution was filtered through a 0.45
um syringe filter prior to the CE experiments.

2.4. General CE procedures

Before its first use, the new capillary was sequentially flushed
with methanol (10 min), water (5 min), 0.1 M sodium hydroxide
(10 min), water (5 min) and 1% HDMB (60 min) at 20 psi. At the
start of each day, the capillary was flushed with 1% HDMB (10
min), water (5 min) followed by BGS (5 min). Between runs, the
capillary was flushed in sequence with 1% HDMB (3 min), water
(3 min) and BGS (3 min).

The optimized experimental conditions for CE with stacking
were as follows: after preconditioning the capillary with BGS,
the micellar solution was introduced at 0.5 psi for 30 s. Then,
the sample solution prepared in 20 mM ammonium acetate was
injected at 0.5 psi for 45 s. The temperature was set at 25 °C and
a negative voltage of 20 kV was applied throughout this proce-
dure. The detection wavelength for the three analytes was set at
215 nm.

2.5. Determination of the sensitivity enhancement factor

The focusing efficiency of the current method was assessed by
a comparison of its performance under the optimum conditions
with that of normal capillary zone electrophoresis (CZE). The
sensitivity enhancement factor (SEF) in terms of the peak height
was obtained by simply determining the ratio of the peak height
obtained by the current method to that obtained by normal CZE
injection and then multiplying by the concentration dilution
factor.”

n
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3. Results and discussion

3.1. Optimization of the stacking conditions

In our study, the concentration of both ammonium acetate and
methanol in BGS, the pH value of BGS, the concentration of
both CTAB and ammonium acetate in the micellar solution, and
the injection time for both the micellar solution and sample
solution were investigated and optimized. A mixed solution of
the organic acids and IS (5.0 pg mL~" each) was used for the
optimization.

3.1.1. The effect of the concentration of methanol in BGS.
The content of organic solvent in BGS is a crucial parameter
affecting both the resolution and enrichment of the analytes.
Organic solvent can change the electrical conductivity of BGS
and weaken the interactions between the analytes and micelles.
Methanol is commonly used in MSS.™ In this study, the effect of
the methanol concentration in BGS was investigated in the
range of 40-60%, whereas the ammonium acetate concentra-
tion was kept constant at 50 mM. As shown in Fig. 1, when the
concentration of methanol was 40%, the peaks of the analytes
were observed to be smaller than those observed using 50% or
60% methanol. The reason for this was ascribed to the low
percentage of methanol in BGS being insufficient to lower k at
MSSB. On the other hand, when the concentration of methanol
was up to 60%, the peaks of the analytes became broad due to
low EOF caused by the high percentage of methanol and the IS
not being stacked efficiently, which caused the peak shape to be
seriously deteriorated. As a result, 50% (v/v) methanol in BGS
was chosen.

3.1.2. The effect of the concentration of ammonium
acetate in BGS. The concentration of the electrolyte in BGS has
a significant effect on the resolution. EOF can be reduced with

1

4
Ak
40% MeOH
[

10 mAU
/| 3
50% MeOH
2 4
3
n 60% MeOH
0 25 50 75 10.0

Minutes

Fig. 1 The effect of the methanol concentration in BGS. Analyte
concentration: 5 ung mL™! of the organic acids and IS each. The other
conditions are the optimum conditions. Peak identification: 1-vanillic
acid, 2-ferulic acid, 3-IS and 4-cinnamic acid.
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an increase in the electrolyte concentration in BGS; the migra-
tion time of the organic acids will be increased and the reso-
lution will be improved. On the other hand, a higher electrolyte
concentration can also produce more Joule heat, which can
cause an increase in the baseline noise. Among several kinds of
commonly used electrolytes, ammonium acetate behaved the
best. Therefore, ammonium acetate was chosen for further
study. To obtain the best separation and stacking effect for the
analytes, the influence of the ammonium acetate concentration
was investigated in the range of 30 to 70 mM (Fig. S1A in the
ESIT). The results showed that when the concentration of
ammonium acetate was changed from 30 to 50 mM, the peak
heights of the three analytes increased with the increasing
concentration of ammonium acetate. However, when the
concentration of ammonium acetate was changed from 50 to
70 mM, the peak height for vanillic acid decreased slightly, and
the stacking efficiency for cinnamic acid first increased slightly
and then decreased. Giving an overall consideration, 50 mM
ammonium acetate in the BGS was selected for our further
studies.

Ohm's law plot was used for the determination of the
maximum voltage that can be utilized for BGS. Fig. S27 indi-
cates that when the voltage was between —5 kV and —20 kV,
there was a linear relationship between the applied voltage and
the produced current; when the voltage was between —20 kV
and —25 kV, the produced current became much higher than
that predicated by the Ohm's law. Hence, —20 kV was selected
as separation voltage.

3.1.3. The effect of the BGS pH. The pH value of BGS has
a significant influence on EOF and therefore, it influences the
migration time and separation efficiencies of analytes. In this
study, four different pH values (11.0, 11.5, 12.0 and 12.5) were
investigated. Fig. 2 shows that both the peak shapes and reso-
lutions for the analytes and IS were the best at pH 12.0. When
the pH was lower than 12.0, the stacking efficiency became
worse and IS gave two peaks; when the pH was 12.5, both the
separation efficiency and the resolution between the IS and
ferulic acid slightly decreased (see Table S11). Moreover, when
the pH was 12.5, the electric current was much higher than that
at pH 12.0. With the increase in current, Joule heat production
increased, which resulted in an increase in the baseline noise.
Finally, a pH of 12.0 was selected.

3.1.4. The effect of micellar solution and sample solution.
Since the charge of the analyte must be opposite to that of the
micelle in MSS, the commonly used cationic surfactant CTAB
was chosen for stacking. In the MSS process, the concentration
of CTAB should be higher than its critical micelle concentration
(1.3 mM) for forming micelles. However, its concentration
should not be too high, otherwise, the affinity between the
analytes and micelles will be too strong to reverse the effective
electrophoretic mobility of the analytes at MSSB, which will
result in the failure of MSS. To explore the effect of the CTAB
concentration in the micellar solution on the focusing efficiency
of the analytes, different concentrations of CTAB from 2 to
25 mM were evaluated (Fig. S1Bt). The results showed that the
peak heights for all the three analytes increased as the
concentration of CTAB was increased from 2.0 to 8 mM; when

RSC Adv., 2018, 8, 7949-7955 | 7951
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Fig. 2 The effect of the BGS pH. Analyte concentration: 5 ug mL™* of
the organic acids and IS each. The other conditions are the optimum
conditions. Peak identification: 1-vanillic acid, 2-ferulic acid, 3-IS and
4-cinnamic acid.

the concentration of CTAB was further increased from 8 to
16 mM, the peak heights remained almost unchanged and after
that, the peak heights decreased sharply from 16 to 25 mM.
Based on the above results, 12 mM CTAB was chosen for our
further studies.

The conductivity of the micellar solution and sample matrix
should be lower than or approximately equal to that of BGS." In
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this study, when the concentration of CTAB was kept at 12 mM,
five different ammonium acetate concentrations (0, 20, 40, 80
and 120 mM) in the micellar solution were investigated
(Fig. S1C¥), and their corresponding micellar solution conduc-
tivities were 0.338, 2.39, 4.16, 7.62 and 11.76 mS cm !, respec-
tively. As a result, the best separation and focusing efficiency
was obtained when 20 mM ammonium acetate was used. Under
this condition, the conductivity of the micellar solution (NH,Ac
20 mM, CTAB 12 mM) was close to that of BGS (2.72 mS cm ™).
The five different ammonium acetate concentrations (5, 10, 20,
30 and 40 mM) in the sample matrix were also investigated, and
their corresponding sample matrix conductivities were 0.543,
1.06, 2.05, 3.02 and 3.82 mS cm ™, respectively. It can be seen
from Fig. S1D7 that the peak heights of all the three organic
acids increased when the ammonium acetate concentration was
increased from 5 to 20 mM. Then, when the ammonium acetate
concentration was further increased from 20 to 40 mM, the peak
heights remained constant for ferulic acid, slightly increased for
cinnamic acid and slightly decreased for vanillic acid. On the
basis of the above results, 20 mM ammonium acetate was
selected as the sample matrix.

3.1.5. The effect of the injection time. While the injection
time for the sample solution was maintained at 45 s (0.5 psi),
the injection time for the micellar solution was varied from 10
to 40 s (Fig. 3A). When the injection time of the micellar solu-
tion was shorter than 20 s, vanillic acid was not stacked
completely, demonstrating that the micellar solution was not
sufficient. The peak heights for all the three analytes were the
highest at 30 s. At an injection time of 40 s, both the resolution
and separation efficiency were decreased (Table S21).

When the injection time for the micellar solution was
maintained at 0.5 psi for 30 s, the sample injection time in the

:
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Fig.3 The effect of the injection time of MS (A), S (B) and MS: S (C). Analyte concentration: 5 pg mL™! of the organic acids and IS each. The other
conditions are the optimum conditions. Peak identification: 1-vanillic acid, 2-ferulic acid, 3-IS and 4-cinnamic acid. (MS: micellar solution; S:

sample solution).
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Table 1 The quantitative parameters obtained for our method
RSD? (%)

Linear range LOD Inter-day
Analyte (ng mL™h Linear equation® r (ng mL™Y) Intra-day (n = 6) (n=15)
Vanillic acid 0.1-20.0 y = 0.245x 0.9998 0.06 4.1 5.8
Ferulic acid 0.1-20.0 y = 0.2228x 0.9998 0.05 4.0 7.1
Cinnamic acid 0.1-20.0 y =0.2771x 0.9989 0.05 5.3 7.2

“ y: The relative corrected peak area = corrected peak area of analyte/corrected peak area of IS and x: concentration. * The concentration of each
organic acid was 2.5 pg mL ™", The other conditions were the optimum conditions.

range of 15 to 75 s was investigated. The peak heights for the
three analytes increased with the extension of the injection time
of the sample solution from 15 to 45 s. However, when the
injection time was longer, the micellar solution was relatively
insufficient, leading to a poor stacking efficiency for vanillic
acid (Fig. 3B). Besides, a declines in both the resolution between
ferulic acid and IS, and the separation efficiencies for all the
compounds was observed when the injection time was

A 1234
P

10 mAU

]

T T T T T T T T T T

(') 2 4 6 8 10
Minutes

Fig.4 A comparison of the electropherograms obtained using normal
CZE (the three analytes and IS (25.0 pg mL~! each)) (A) and sweeping-
MSS-CZE (the three analytes and IS (5.0 ug mL™* each)) (B); detection
wavelength: 215 nm; peak identification: 1-vanillic acid, 2-ferulic acid,
3-1S and 4-cinnamic acid.

increased from 45 to 75 (Table S31). As a result, the injection
time ratio of the micellar solution to sample solution was
maintained at 2:3. When the injection time for both the
micellar solution and sample solution were further increased
simultaneously, both the resolution between the ferulic acid
and IS and the separation efficiency were seriously decreased
(Fig. 3C and Table S4t). As a result, the micellar solution and
sample solution injections were selected at 0.5 psi for 30 s and
45 s, respectively.

2
‘|75 mAU

>

5 10 15
Minutes

Fig. 5 The electropherograms obtained for the Angelica Sinensis
sample (A) and the sample spiked with the analytes (0.125 mg gt each)
(B); peak identification: 1-vanillic acid, 2-ferulic acid, 3-1S and 4-cin-
namic acid.

Table 2 The results obtained for the determination of the analytes in Angelica sinensis and method recoveries®

Content Spiked Found Recovery RSD (%)

Ingredient (mgg™) (mgg™) (mgg™) (%) (n=13)
Vanillic acid ND 0.125 0.118 94.4 7.5

0.25 0.263 105.2 7.3
Ferulic acid 0.74 0.125 0.861 96.8 4.5

0.25 1.011 108.4 5.7
Cinnamic acid 0.09 0.125 0.209 95.2 6.2

0.25 0.348 103.2 6.4

% ND, not detected.

This journal is © The Royal Society of Chemistry 2018
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Table 3 A comparison of the current method with the previously reported methods used for the analysis of organic acids
Linearity (nug LOD (pg Analysis time
Method Sample mL ' orpgg ) mL "orpgg ) RSD (%) (min) Ref.
HPLC Rat plasma 0.037-3.7 0.012 <8.1 25 6
HPLC Plants of Lamiaceae family 0.5-20 0.02 <7.06 45 7
HPLC Aromatic plants 0.09-7.21 0.05 3.2-6.9 110 9
MEKC Tomato 1-20 0.8-3.8 <4.4 15 14
CZE Brassica oleracea 1-500 1.1-2.3 <3.6 6.5 12
LVSS-CZE Wine 0.9-4.0 0.18 <6.9 20 13
Sweeping-MSS-CZE Angelica sinensis 0.1-20 0.05-0.06 4.0-7.2 10 This study

3.2. Quantitative analysis

The calibration curve, limits of detection (LODs), correlation
coefficient (*) and repeatability were studied under the above
optimized conditions for the analysis of the three organic acids.
The results are summarized in Table 1. The corrected peak area
was defined as the ratio between the peak area and the migra-
tion time. A series of standard sample solutions containing
each of the organic acids at nine concentration levels of 0.1,
0.25, 0.5, 1.0, 2.5, 5.0, 10.0, 15.0 and 20.0 ug mL™*, as well as 5.0
ng mL~ ' IS each were prepared for obtaining the calibration
curves. The calibration curves were obtained by plotting the
mean relative corrected peak areas (corrected peak area of the
analyte/corrected peak area of the IS) versus the concentrations
of the individual analyte with three replicate measurements. As
aresult, a good linear relationship (r* > 0.9989) was obtained for
all the studied organic acids. LOD (S/N = 3) for vanillic acid,
ferulic acid and cinnamic acid was 0.05, 0.05 and 0.06 pg mL ",
respectively. The intra- and inter-day repeatabilities expressed
as relative standard deviations (RSDs) were studied using the
2.5 ug mL ™" standard. The resulting intra-day (n = 6) and inter-
day (n = 5) RSDs of the peak areas ranged from 4.1 to 5.3% and
5.8 to 7.2%, respectively.

For the normal CZE analysis, the best separation was ach-
ieved in 150 mM H;BO; (pH 8.5) at a voltage of 20 kV at 25 °C.
The mixed standard solution containing the three analytes and
IS (25.0 pg mL ™" each) was prepared in 150 mM H;BO; (pH 8.5).
Then, it was injected into the capillary at 0.5 psi for 3 s. The
electropherogram for the analysis of the organic acids by
normal CZE is shown in Fig. 4A, and the result obtained by the
current method with the sample solution containing the three
analytes and IS(5.0 pg mL™ " each) is presented in Fig. 4B. When
compared with those for the normal CZE injection procedure,
77, 52 and 42-fold sensitivity enhancements for vanillic acid,
ferulic acid and cinnamic acid, respectively were achieved using
the current method.

3.3. Real sample analysis

The developed stacking preconcentration method was used for
the analysis of three organic acids in the commonly used TCM,
Angelica sinensis. The results are shown in Table 2. The Angelica
sinensis sample was found to contain ferulic acid and cinnamic
acid at 0.74 mg g~ ' and 0.09 mg g™, respectively. No vanillic
acid was found in the sample. The determined recoveries of the
analytes for the method were in the range of 94.4% to 108.4%

7954 | RSC Adv., 2018, 8, 7949-7955

with RSDs between 4.5% and 7.5%. Fig. 5 shows the typical
chromatograms obtained for the Angelica sinensis sample before
and after being spiked with each of the organic acids.

3.4. A comparison with other analytical techniques

The performance of the current method based on sweeping-
MSS-CZE used for the determination of organic acids was
compared with that of the relevant methods previously reported
in the literature. As listed in Table 3, the two-step stacking
method is more sensitive than one-step stacking® or no stack-
ing methods.”* In addition, the obtained LOD values were
comparable to those of the HPLC methods reported by other
authors with DAD detection.®”* However, the separation time of
CE is much shorter than that of HPLC.

4. Conclusions

The sweeping-MSS method was developed for the determina-
tion of three organic acids found in Angelica sinensis. The
technique used for the analysis of anions was successfully
applied in the TCM sample. In comparison with that of normal
CZE, the detection sensitivity for the organic acids was
enhanced 42-77-fold. The present method is suitable and
favourable for the analysis of organic acids on account of its cost
effectiveness, rapidity, simplicity and sensitivity.
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