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Determination of Phenolic Compounds in  Perilla frutescens L.
by Capillary Electrophoresis with Electrochemical Detection
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A method based on capillary electrophoresis with electrochemical detection has been developed to
analyze flavonoids and phenolic acids in Perilla frutescens L. for the first time. Catechin, ferulic acid,
apigenin, luteolin, rosmarinic acid, and caffeic acid are major important active ingredients in the plant.
Operated in a wall-jet configuration, a 300 xm diameter carbon-disk electrode was used as the working
electrode, which exhibits a good response at 0.90 V (versus saturated calomel electrode) for the
analytes. Under the optimum conditions, the analytes were baseline separated within 20 min in a
100 mmol/L borax buffer (pH 8.7). Notably, excellent linearity was obtained over 3 orders of magnitude
with detection limits (S/N = 3) ranging from 2 x 10~7to 1 x 10-6 g/mL for all analytes. This proposed
method has been successfully applied to monitor the flavonoids and phenolic acids contents in the
leaves and seeds of P. frutescens L. at different growth stages with relatively simple extraction
procedures, and the assay results were satisfactory.

KEYWORDS: Perilla frutescens L.; capillary electrophoresis; electrochemical detection; phenolic acids;
flavonoids

INTRODUCTION The leaves ofP. frutescensL., shown to be detoxicant,
antitussive, antibiotic, and antipyretitg, 16), are also utilized

as a folk medicine for treating intestinal disorders and allergies,
particularly in the traditional Chinese medical practité)( The
main phenolic compound has been proven to be rosmarinic acid,

and there are small amounts of flavonoids and phenolic acids

Phenolic compounds are an important group of secondary
metabolites, which are synthesized by plants as a result of plant
adaptation to biotic and abiotic stress conditions (infection,
wounding, water stress, cold stress, high visible light). Protective

phenylpropanoid metabolism in plants has been well docu-
mented (1—4). In recent years phenolic compounds have

attracted great interest from researchers because polyphenols

are antioxidants with redox properties, which allow them to act

as reducing agents, hydrogen donators, and singlet oxygen

guenchers (56). Many epidemiological studies have shown that
consumption of edible plants rich in phenolic compounds is
associated with a lowered risk of degenerative diseases suc
cancers (7), cardiovascular diseases (8), and immune dysfunc
tions (9). These epidemiological results are corroborated by
many in vitro and in vivo studies demonstrating the impact of
phenolic compounds on mammalian biolog@) and displaying
the remarkable scope of biochemical and pharmacological
actions of these compounds, among others, their antivifgl (
antiinflammatory (12), and antiallergic (13) properties.

Perilla frutescend.., referred to as “zi-su” in China, belongs
to the family Labiatae (14)P. frutescend.. is an edible plant

frequently used as one of the most popular garnishes and food

colorants in some Asian countries such as China and Japan
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such as catechin, apigenin, luteolin, caffeic acid, and ferulic
acid found in the leaves and seeds$ofrutescens. (18—20).
Although the biological activity oP. frutescend.. as well

as its superior safety is well documented, very few studies have
been published on the qualitative and quantitative presence of
flavonoids and phenolic acids i frutescens. (21,22). Hence,

it is necessary and interesting to establish some simple,
economical, and accurate methods for the determination of

flavonoids and phenolic acids in the leaves and seedB. of
frutescend.. However, it is often a challenging task to do so
because of the diversity of compositions and the significant
concentration difference of active ingredients as well as effects
of many factors such as climate, region of growth, and season
of harvest on the contents of active ingredients in medicinal
herbs (23).

The most widely used method for the analysis of phenolic
compounds such as rosmarinic acid, luteolin, and apigenin is
high-performance liquid chromatography (HPL@L(22,24),
but HPLC has some shortcomings including time-consuming
sample pretreatment and short column lifetime owing to
numerous coexistent interferences in herbs. Now, capillary
electrophoresis (CE) is becoming increasingly recognized as an
important analytical separation technique for charged com-
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Figure 2. Hydrodynamic voltammograms (HDVs) for (+)-catechin, ferulic
acid, apigenin, luteolin, rosmarinic acid, and caffeic acid in CE. Working
conditions: fused-silica capillary, 25 um i.d. x 75 cm; working electrode,

d d iallv ch d . h henoli 300 um diameter carbon disk electrode; running buffer, 200 mmol/L borate
pounds and partially charged organics such as phenolic COM-py tfer (pH 8.7); separation voltage, 18 kV; electrokinetic injection, 8 s (18

pounds.at a ngh pH. ltﬁ rovﬁgifaste:janalyss time arlld betttlalr kV); concentrations, 2.0 x 105 g/mL for (+)-catechin, ferulic acid, apigenin,
separation efliciency than Can consumes only Small 4nq yteolin and 5.0 x 105 g/mL for rosmarinic acid and caffeic acid.
amounts of aqueous solvents. CE has environmental and
economic advantages; however, HPLC is better in terms of
accuracy, sensitivity, and precision. Therefore- CE has beenthe high voltage and ensure the safety of the CE-ED system, the entire
proposed as a complementary technique to HPLC for the capillary, the buffer reservoirs for CE, and all electrodes were enclosed
separation of phenolic compounds present in herbs such asn a Plexiglas box with a safety switch wired to turn off the power
phenolic acids and flavones. In combination with electrochemi- supply whenever the box was opened. The whole system was assembled
cal detection (ED), CE-ED offers high sensitivity and good ina 10 nf Faraday room that was air-conditioned at’20to minimize
selectivity for electroactive species. the effects of external noise sources.

In 2000, the U.S. Food and Drug Administration (FDA) A three-electrode cell system consisting of a gé®diameter carbon
published a draft of th&uidance for Industry Botanical Drug disk working electrode, a platinum auxiliary electrode, and a saturated

Products. Bef lant d b | I keted. it calomel electrode (SCE) as the reference electrode was used in
roducts. belore a plant drug becomes legally marketed, ItS .,y hination with a BAS LC-3D amperometric detector (Bioanalytical

spectroscopic or chromatographic fingerprints and chemical gystems, West Lafayette, IN). Before use, the carbon disk electrode
assay of characteristic markers are required. CE should find was polished with emery paper, then sonicated in doubly distilled water,
more applications in this area. In this work, CE-ED was and finally positioned carefully opposite the outlet of the capillary and
proposed for the determination of catechin, ferulic acid, apige- arranged in a wall-jet configuratior2§). The distance between the tip
nin, luteolin, rosmarinic acid, and caffeic acifligure 1) in of the working electrode and the capillary outlet was adjusted26

the leaves and seedsmffrutescens. The leaves grow quickly ~ #m by comparison with the bore (26n) in the capillary while being

in June, July, and August and are usually collected from the VieV‘r’fd U”derz n’g(?\r/f\);?ﬁ%jhg ﬁlectLOPhgror?ran}s were reco:gled using
beginning of July until the end of August; the seeds are usually & ¢hart recor -164, Shanghal Dahua Instrument Factory,
collected from the beginning of September to late October. China). CE was performed in a 100 mmol/L borate buffer (pH 8.7)

S | lected at diff t th st { it used as the running buffer at a separation voltage of 18 kV. The
ampies were coliected at difierent growtn stages to monitor potential applied to the working electrode was 0.90 V (versus SCE).

the change of the contents of the active components. Thepgefore each run in CE experiments, the capillary was sequentially rinsed
optimization, detailed characterization, and advantages of CE-yth 0.1 mol/L hydrochloric acid, doubly distilled water, and 0.1 mol/L

ED for the simultaneous determination of catechin, ferulic acid, sodium hydroxide, 3 min for each, and then with running buffer until

(#)-catechin rosmarinic acid

Figure 1. Molecular structures of catechin, ferulic acid, apigenin, luteolin,
rosmarinic acid, and caffeic acid.

apigenin, luteolin, rosmarinic acid, and caffeic acid B the current inside the capillary was stable. This was important to get a

frutescend.. are reported in the following sections. reproducible electroosmotic flow (EOF). Samples were injected elec-
trokinetically at 18 kV for 8 s.

MATERIALS AND METHODS Reagents and SolutionsCatechin, apigenin, luteolin, rosmarinic

acid, and caffeic acid were purchased from Sigma (St. Louis, MO);

Apparatus. In this work, a capillary zone electrophoresis with ~ ferulic acid was obtained from Shanghai Reagent Factory (Shanghai,
amperometric detection system was laboratory-built and was similar China). Stock solutions of the analytes (%0102 g/mL each) were
to that described previously2$). A 30 kV high-voltage DC power  prepared in anhydrous ethanol (A.R. grade) and were diluted to the
supply (Shanghai Institute of Nuclear Research, Shanghai, China)appropriate concentration with running buffer (100 mmol/L Bk, —
provided a voltage between the ends of the capillary. The inlet of the HsBOs, pH 8.7) for the construction of calibration curves. Before use,
capillary was held at a positive potential, and the outlet end of the all solutions were filtered through 0.22m nylon filters.
capillary was maintained at ground. The separations were undertaken Sample Preparation.The leaves and seeds®f frutescens.. were
in a 75 cm length, 2xm i.d., and 36Qum o.d. fused silica capillary collected from the campus of the Medical Center of Quanzhou Normal
(Polymicro Technologies, Phoenix, AZ). To protect the operator from University (Fujian, China) and were kindly identified by Professor J.
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Figure 3. Effect of buffer pH (A) and concentration (B) on the migration
time of (+)-catechin, ferulic acid, apigenin, luteolin, rosmarinic acid, and
caffeic acid. Working potential: 0.90 V (vs SCE); other conditions were
as in Figure 2.

Lu (Department of Pharmacology, Medicinal Center of Quanzhou
Normal University, Fujian, China).
Three batches of leaves and seedB dfutescens. were collected
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Figure 4. Effect of separation voltage on the migration time of (+)-catechin,
ferulic acid, apigenin, luteolin, rosmarinic acid, and caffeic acid (A) and
effect of injection time on the analytes’ peak current (B). Working
potential: 0.90 V (vs SCE); other conditions were as in Figure 2.

affects the sensitivity, detection limit, and stability. Therefore,

the effect of the working electrode potential on the peak current
(calculated by measuring the peak height) of the analytes was
investigated by ploting peak currents versus detection potential

from the same plants and dried in air. The batch numbers (040715, 15 optain optimum detection. As shown Fiigure 2, all of the

040805, and 040825 for leaves; 040905, 040925, and 041015 for seeds

were based on the collection dates. All samples were dried 4C60

for 2 h and then ground into powder in a mortar. An accurate weight

amount of the powders (2.0068 0.0005 g) was extracted with 10
mL of 80% ethanol fo2 h in anultrasonic bath at ambient temperature.

énalytes display similar profiles, with rapid increase of the
response starting at 0.60V (versus SCE). When the applied
potential passes 0.90V (versus SCE), however, the peak currents
of the analytes increase much more slowly. Although an applied

Next, each of the samples was filtered through filter paper first and potential of >0.90 V (versus SCE) results in higher peak

then through a 0.22m nylon filter. Sample solutions were stored at 4

currents, both the baseline noise and the background current

°C in the dark. The sample solutions were diluted using the running increase substantially. The high background current leads to an

buffer just prior to CE analysis.

RESULTS AND DISCUSSION
Hydrodynamic Voltammograms (HDVSs). In amperometric

unstable baseline, which is a disadvantage for sensitive and
stable detection. The potential applied to the working electrode
was, therefore, maintained at 0.90 V (versus SCE), where the
background current is not too high and the signal-to-noise (S/

detection the potential applied to the working electrode directly N) ratio is the highest.
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Figure 5. Electropherogram of a standard mixture solution [2.0 x 1075 g/mL for (+)-catechin, ferulic acid, apigenin, and luteolin, 5.0 x 1075 g/mL for
rosmarinic acid and caffeic acid] (A); typical electropherograms of P. frutescens L. leaves (B) (i, 040715; i, 040805; iii, 040825); typical electropherograms
of P. frutescens L. seeds (C) (i, 040905; ii, 040925; iii, 041015); and electropherograms of the spiked extracts (D) (i, 040805; ii, 041015; for catechin,
ferulic acid, apigenin, and luteolin, the concentration added is 4.0 x 1075 g/mL; for rosmarinic acid and caffeic acid, the concentration added is 1.0 x
105 g/mL). Dilution for all samples: 1:25. Peak identification: (1) (+)-catechin; (2) ferulic acid; (3) apigenin; (4) luteolin; (5) rosmarinic acid; (6) caffeic
acid. Working potential: 0.90 V (vs SCE); other conditions were as in Figure 2.

Effects of pH and Concentration of the Buffer. The acidity obtain optimum separations. The effect of the running buffer
and concentration of the running buffer play an important role pH on the migration time of the investigated analytes is shown
in CE for its effect on zeta potential)and electroosmotic flow  in Figure 3A. The running buffer was 100 mmol/L borate buffer
(EOF), as well as the overall charge of all the analytes, which at five different pH values (8.0, 8.4, 8.7, 9.0, and 9.2). As shown
affect the migration time and the separation of the analytes. in Figure 3A, the resolution of apigenin and ferulic acid is poor
Therefore, it is important to study their influences on CE to at pH 8.0. When the running buffer pH increases, the resolution
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of all compounds is improved, with migration time increased. Taple 1. Injection, Intraday, and Interday Precision of the Analytes in
At pH 8.7 the analytes can be well separated; it is also found the Standard Solution?

that the peak current is low, and the peak shape becomes poor
when the pH value exceeds 8.7. The analytes were migrated in

precision (%RSD)

the dissociated forms; the electrostatic force was unchanged with peak height migration time

pH but the electroosmotic flow was decreased as the pH was injection intraday  interday injection intraday interday
increased, which results in the gradual increase of retention time__mPound _ (n=7) (=10 (=6 (©=7 (=10 n=6)
with increasing pH values for all of the analytes. When the pH  (+)-catechin 28 30 35 08 10 12
is >8.7, both the carboxyl and phenolic hydroxyl groups of the ;erzi‘g::n?:'d 5(5) 5‘5‘ gg gg gg ig
analytes are dissociated to form the carboxytatleenolate luteolin 32 3.0 28 1.0 08 15
divalent anions, which were more strongly pulled back by rosmarinicacid 2.6 28 45 0.6 07 0.9

electrostatic force. pH is not an isolated parameter; it also Cafeicacid 18 25 48 08 09 16

influences the ionic strength of the solution, and the velocity
of EOF was decreased with increasing concentration of elec-
trolyte. Therefore, 100 mmol/L borate buffer at pH 8.7 was
chosen as the running buffer in consideration of the peak current,
resolution, and analytical time.

@Working potential is 0.90 V (vs SCE). Other conditions were as in Figure 2.

in Figure 5A, as we can see baseline separation could be
achieved within 20 min.

; . . . Precision, Linearity, and Detection Limits. The precision
Increasing the running buffer concentrations (ionic strength) ¢ the method was determined by measuring the repeatability
generally decreases the EQF, thgs Ieng'ghening the migration¢ injection ( = 7), intraday f = 10), and interdayr( = 6)
t!mes: The reduced EOF with the increasing buffer c_oncgntra- analyses in the standard mixture solution of 2.Q.0~5 g/mL
tions is due to the decrease of the thickness of the diffusion of 1y catechin, ferulic acid, apigenin, and Iuteolin and 5.0~

the double layer at the inner capillary wall. Thus, the resolution g/mL rosmarinic acid and caffeic acid under the optimum
is also increased with the increasing ionic strength. Results showcongitions in this experiment. The results are listedable 1.

that higher buffer concentrations led to longer migration imes The relative standard deviations (RSDs) of peak current varied
and decreasing electrophoretic mobility. However, higher buffer from 1.8 to 4.8%, and the migration time varied from 0.6 to
concentrations (>100 mmol/L) also have a negative effect on 1 gos for the analytes.

the detection limits because the peak currents of all analytes A series of standard solutions of-J-catechin, ferulic acid,
decrease and the effect of Joule heat becomes more pronouncegpigenin, luteolin, rosmarinic acid, and caffeic acid ranging from
which is in accordance with the report by Tsuda et aF)( 1.0 x 10 7to 1.0 x 102 g/mL in concentration were tested to
describing that the velocity of the electroosmotic flow was determine the linearity of the determination. Results from
decreased with increasing concentration of electrolyte, thereforeregression analysis of calibration curves are liste@able 2.
resulting in the decrease of peak currents. At 100 mmol/L, all Sensitivity was evaluated by determination of the limit of
compounds were well separated with the total migration time detection (LOD) and the limit of quantification (LOQ) (see
of 20 min and the migration order of catechin, ferulic acid, Table 2). The LOD was determined as the concentration with
apigenin, luteolin, rosmarinic acid, and caffeic acid, respectively a S/N ratio of 3, whereas the LOQ was the concentration with
(Figure 3B). Consequently, 100 mmol/L borate buffer (pH 8.7) a S/N ratio of 10. The LOD and LOQ for rosmarinic ac&B]

was selected as a compromise among resolution, efficiency, andn HPLC are 2.5 and 5.Gg/mL, respectively, whereas in CE-
analysis time and employed for subsequent optimization. ED they are 1 and 3:g/mL, respectivelyy. The LODs for

Effects of Separation Voltage and Injection Time.The luteolin and apigenin are 0.25 and @.g/mL, respectively, and
separation voltage affects the electric field strength, which in the LOQs for luteolin and apigenin in HPLC are both 0.2
turn affects the EOF and the migration velocity of charged ML (29). As we can see fronTable 2, the sensitivity of CE-
particles, which determine the migration time of the analytes. ED on similar flavonoids is comparable to that of HPLC.
Moreover, higher separation voltage may result in higher Joule ~Sample Analysis and RecoveryUnder optimum conditions,
heating. The effect of separation voltage on the migration time the determination oft)-catechin, ferulic acid, apigenin, luteolin,
of the analytes is shown ifigure 4A: increasing the voltage ~ "oSmarinic gud, and caffeic acid in real §amp|es was carfled
gives shorter migration times but also increases the background®Ut according to the procedures described earlier. Typical
noise, resulting in a higher detection limit. Although the €léctropherograms of the leaves and the seed® litescens
resolution of analytes can be improved to some extent, too low - @€ shown in paneB andC, respectively, oFigure 5. The
a separation voltage will increase the analytical time consider- Migration t'”;es in CZE in fused-silica capillary tubes can be
ably, which in turn causes severe peak broadening. On the basi%""r"adwl_Z/0 due to the nonrepeatable EOF, which is caused

of experiments, 18 kV was chosen as the optimum voltage to yéhtﬁ unztable ;urtfﬁce fcf:ontt_ahtlonl oftthef!nlréer twall of th_lt_ahtubes
accomplish a good compromise. and the change in the effective electric field stren@®). The

The eff f iniection i E ) . . q components in natural plants are complicated, and the matrix
e effect of injection time on CE separation was investigated ¢ o5 samples is different from that of standard solutions.

by varying the sampling time (4, 6, 8, 10, and 12 s at a voltage aggitionally, migration times are highly sensitive to slight
of 18 kV, as shown irFigure 4B). It was found that both the  hanges in buffer pH and ionic strength. It is observed in the
peak current and the peak width increase with increasing gyneriment that the migration time of the phenolic compounds
sampling time. When injection time 88 s, the peak current i, gifferent samplesHigure 5B,C) shifted from those of the
levels off and peak broadening becomes severe. In this experi-siangard solutionsH{gure 5A), which made the identification
ment, 8 s (18 kV) was selected as the optimum injection time. py migration time unreliable; further identification of the peaks
Through the experiments above, the optimum conditions for is confirmed by spiking experiments, and typical electrophero-
the determination of catechin, ferulic acid, apigenin, luteolin, grams of spiked extracts are shownFigure 5D. The assay
rosmarinic acid, and caffeic acid were decided. The typical results are listed ifable 3. The assay results in this work agree
electropherogram for a standard solution of the analytes is shownwith those obtained by HPLQR, 31), in which the amount of



8146  J. Agric. Food Chem., Vol. 53, No. 21, 2005 Peng et al.

Table 2. Results of Regression Analysis on Calibration and Detection Limits?

regression equation correlation linear range
compound y=a+bx coefficient (ug/mL) LODe¢ (g/mL) LOQ“ (g/mL)
(+)-catechin Y = 372286x - 0.03 R=0.9997 1-1000 5x1077 1x1076
ferulic acid Y = 354286x — 0.02 R=0.9997 1-1000 5x10°7 1x10°6
apigenin Y=501714x-0.08 R=0.9995 1-1000 2x1077 5x1077
luteolin Y = 524000x — 0.12 R =0.9996 1-1000 2x1077 4x1077
rosmarinic acid Y =104571x - 0.05 R =0.9996 5-1000 1x10°6 3x10°6
caffeic acid Y = 96057x + 0.095 R = 0.9996 5-1000 1x10°6 5x1076

aWorking potential is 0.90 V (vs SCE). Other conditions were as in Figure 2. ®Where y and x are the peak current (nA) and concentration of the analytes (g/mL),
respectively. ¢ Limit of detection, corresponding to concentrations giving signal-to-noise ratio of 3. ?Limit of quantification, corresponding to concentrations giving signal-
to-noise ratio of 10.

Table 3. Assay Results of the Analytes in P. frutescens L. Leaves and Table 4. Results of the Recovery of This Method (n = 3, 1075 g/mL)2
Seeds (n = 3, 107° g/g)2

original added found recovery RSD

P. frutescens L. leaves P. frutescens L. seeds compound amount amount amount (%) (%)
compound 040715 040805 040825 040905 040925 041015 (+)-catechin 18.8 10.0 28.4 96 35
(+)-catechin 109 188 65 53 93 134 ferulic acid 93 10.0 185 92 28
e apigenin 17.6 10.0 27.1 95 3.0
ferulic acid 4.8 9.3 6.9 5.7 6.6 12.9 luteoli 378 300 66.0 9 36
apigenin 44 176 119 40 59 116 ueolin Ic : : 4 :
| ' rosmarinic acid 179.5 100 2715 98 3.8
uteolin 315 37.8 15.7 8.1 14.3 16.0 caffeic acid 308 30 620 104 3
rosmarinic acid ~ 143.5 179.5 114.5 63.7 116.1 162.5 ' ' '
caffeic acid 22.1 30.8 15.7 NFb NF NF

@Working potential is 0.90 V (vs SCE). Other conditions were as in Figure 2.

@Working potential is 0.90 V (vs SCE). Other conditions were as in Figure 2.

? Not found. accurate, sensitive, and reproducible, providing a useful quan-
titative method for the analyses of active ingredientsPin

rosmarinic acid from the leaves Bf frutescens.. ranged from frutescend...
0.99 to 7.6 mg/g. Most research work emphasizes particularly
the analysis of the rosmarinic acid ih frutescend.. In fact,
synergistic effects between various constituents may exist. This . o . . )
is the first time that the contents of the analyte®irfrutescens  '|t€olin, rosmarinic acid, and caffeic acid i frutescend..
L. are determined simultaneously. Thg realization of such analysis is more .economlcal in com-

By comparing the electropherograms of the standard solution Parison to HPLC because the consumption of electrolytes is
(Figure 5A) and spiking experiments, it was found that all negligible, and the use of organic solvents is practically avoided,
samples has identical profiles (except for caffeic acid, which is and the capillary is much easier to wash. The reproducibility
not found in the seeds) on the basis of relative peak heightsof quantitative analysis is satisfactory. ED coupled with CE
and migration times. The active ingredients, namely, catechin, enables selective and sensitive detection of the electroactive
ferulic acid, apigenin, luteolin, rosmarinic acid, and caffeic acid, constituents in the crude drug, and simplification of the
were found in the leaves oP. frutescensL., so all six electropherograms for only electroactive constituents could be
constituents can be defined as common peaks in the fingerprintdetected. Samples do not need derivatization before determi-
of P. frutesceng.. leaves under the selected conditions. Caffeic nation because the analytes could be directly detected on the
acid is not found in the seeds &f. frutescend.., and the  working electrode. It is concluded that CE-ED is a powerful
electropherograms are relatively simple compared with those technique for the constituents and fingerprint study of natural
of the leaves. However, the content of individual analytes varied pjants and has become an alternative, competitive, and supple-

greatly in different samples, indicating that growth stages and pentary method for HPLC, because of its special attributes.
the parts of plant had great impact on the contents of the

constituents investigated. As we can see froable 3, the

content of the flavonoids became lower when the leaves becameLITERATURE CITED
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