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a b s t r a c t

In a well-controlled experiment, outliers discriminated by robust principal component analysis (RPCA)
represent contents in samples which are of particular quality distinguishable from the rest of the others,
therefore chemical constituents in a natural product causing discrimination between outliers and the
majority of samples could be considered as analytical markers for quality control. Based on this strategy,
a novel approach for rapidly exploring characteristic analytical markers was proposed for the quality con-
trol of extract granules of Radix Salviae Miltiorrhizae (EGRSM). In this study, large sizes of samples were
analyzed via high-throughput ultra-high performance liquid chromatography–ultraviolet–quadrupole
time-of-flight mass spectrometry (UHPLC–UV–Q-Tof MS). RPCA was first performed on the three groups
of samples: RSM (the raw material), the in-house prepared aqueous extract of Radix Salviae Miltiorrhizae
(AERSM) and commercial product of EGRSM, to determine the variation of specific constituents between
raw material and the final products as well as the effect of manufacturing process on the overall quality.
Then RPCA was performed on the commercial products of EGRSM to explore the applicability of identi-

fied characteristic markers for the quality control of EGRSM. Candidate markers were extracted by RPCA,
and their molecular formulae were determined by high resolution electrospray ionization-mass spec-
trometric (ESI-MS) analysis. The suitability of identified markers was then evaluated by determining the
relationship between quantities of the identified markers with their antioxidant activities biologically,
and further confirmed in a variety of samples. In conclusion, the combination of RPCA with UHPLC–UV–Q-
Tof MS is a reliable means to identify chemical markers for evaluating quality of herbal medicines.
. Introduction

Chemical markers are frequently used for assuring quality con-
istency of natural products derived from botanical sources. An
deal chemical marker for a natural product should be not only

characteristic constituent but also the therapeutic constituent.
n many cases, however, it is not well known which components
n a botanical product are responsible for these activities. As sug-
ested by the European Medicines Agency (EMEA), four categories

f constituents or groups of constituents were defined as chemical
arkers including principle (constituents that have known clinical

ctivities), active (constituents that have some known pharmaco-
ogical activities), negative (constituents that may have allergenic

∗ Corresponding author. Tel.: +852 34062875; fax: +852 35517333.
E-mail address: xuhongxi@hkjcicm.org (H.-X. Xu).
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or toxic properties) and analytical (constituents that are chosen as
markers for identification and quantitative determination) markers
[1]. Recently, we have suggested a new classification of chemi-
cal markers into eight categories including therapeutic, bioactive,
characteristic, main, synergistic, correlative, toxic and general com-
ponents [2]. Irrespective of the definitions, selection of chemical
markers for a particular product is usually affected by subjective
assessments, empirical evidences or the commercial availabilities
of reference standards, and generally one or two constituents with
the highest contents were considered and selected as markers.
Since the natural products consist of complex mixtures of phy-
tochemical constituents, a mere of chemical markers will not be

sufficient and specific enough for quality control, quality assurance
and stability assessment of a particular natural product. Moreover,
because of losses due to chemical conversion or degradation, mark-
ers that are specific for particular herbs may not be suitable for
the quality control of herbal preparations, such as aqueous extract

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:xuhongxi@hkjcicm.org
dx.doi.org/10.1016/j.jpba.2010.03.022
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ranules of herbal medicines. Therefore, the determining criteria
nd strategies to select adequate chemical markers for the quality
ontrol of aqueous extract granules of herbal medicines would be
equired.

Aqueous extract granules of herbal medicines, a novel form
f processed medicinal herb in which a single herb (or sev-
ral herbs) is (are) extracted with hot water and then dried by
pray drying or fluidized bed drying techniques, has been devel-
ped and marketed in China, Southeast Asia and North America.
he advantages for such extract granules are ease for storage
nd handling, and convenient for oral administration with min-
mized consumption volume (compared to water decoction or
aw materials). However, quality of the aqueous extract gran-
les is being affected by numerous factors, such as the quality
f raw herbal materials, differences in manufacturing processes
nd chemical stabilities of various constituents. The most criti-
al issue is that no official method or standard for quality control
f extract granules is currently available making this task very
hallenging.

Radix Salviae Miltiorrhizae (RSM, Chinese name Danshen), the
ried root of Salviae Miltiorrhizae Bunge, is a commonly used nat-
ral medicine for treating coronary heart disease, cerebrovascular
isease, hepatitis, hepatocirrhosis, chronic renal failure, dysmen-
rrheal and neurosasthenic insomnia in China and Southeast Asia
3–5]. High quality aqueous extract granule of Radix Salviae Milti-
rrhizae (EGRSM) should be a rich source of phenolic compounds
ith strong antioxidant activity, and it is also used as dietary

upplement in healthy food products. Up till now, the major con-
tituents such as salvianolic acid B and tanshinone IIA were selected
s markers for the quality control of RSM according to the offi-
ial quality standard [6]. Despite of the debate that the quality
f RSM products could not be well monitored using only a few
arkers, a combination of several chemical constituents as mark-

rs for quality assessment of RSM and its products based on various
nalytical methods such as HPLC–UV, LC–MS and capillary elec-
rophoresis methods were reported [7–12], where the reasons why
hose constituents were chosen have not been clearly explained.

ith multiple influencing factors such as quality of RSM, the man-
facturing processes and the instabilities of phenolic components

n RSM, the resulting chemical compositions of EGRSM are complex
eading to difficulty in ensuring the quality consistency of EGRSM,
nd in determining the criteria for selecting suitable markers for
uality control of EGRSM.

From statistical point of view, outliers are observations which
eviate markedly from other members of the sample set. Outliers of
he dataset can be attributed to either experimental errors or their
nique characteristics making them recognizably (statistically) dif-
erent from the designated sample population. In a well-controlled
xperiment, the outliers could mainly be attributed to the unique
eatures of that particular dataset rather than experimental errors.
herefore, once the ways for unraveling “unique features” are iden-
ified, they can be a useful approach to select chemical markers for
he quality control of natural medicines.

Principal component analysis (PCA) is a very popular data explo-
ation and reduction technique for extracting the most important
nformation from the large, and confusing data sets. Since its algo-
ithm is based on the sample mean data and the sample covariance
atrix of the data with the assumption that all data have not been

poiled by outliers; once the dataset contain outliers, it will be
ignificantly skewed to the outliers. Thus, the classical PCA may
rongly delineate the shape of the majority of the data [13]. On
ontrary to the classical PCA, robust principal components analy-
is (RPCA) utilizes the median instead the mean of data, therefore,
t can minimize the negative impact of outliers to obtain reliable
valuation, and can be used to generate a diagnostic plot to locate
nd classify the outliers [13,14].
Biomedical Analysis 53 (2010) 279–286

For the quality control of EGRSM, high quality EGRSM should
have a constituent profile which falls into an acceptable, well-
defined and narrow range of contents, which will then exert
biological activities in a consistent and reproducible manner. A
constituent in a sample does not meet the requirement of qual-
ity standard can be treated as an outlier. Thus, the chemical
constituents causing significant quality variations between failed
samples (outliners) and passed samples, should be considered as
characteristic analytical markers reflecting the quality of samples.
Based on this strategy, a novel approach for rapid and appropri-
ate analytical markers identification was proposed for the quality
control of natural medicines: firstly, large amount of samples
were analyzed through high-throughput ultra-high performance
liquid chromatography ultraviolet quadruple time-of-flight mass
spectrometer (UHPLC–UV–Q-Tof MS); then robust principal com-
ponents analysis (RPCA) was performed to differentiate outliers
from the majority of samples. Finally, characteristic analytical
markers were identified from the loadings of RPCA.

In this study, EGRSM was used as an example to demonstrate
the applicability of this strategy to identify characteristic analyti-
cal markers for overall quality assessment of EGRSM. RPCA was first
performed on the three groups of samples: RSM (the raw material),
the in-house prepared aqueous extract of Radix Salviae Miltior-
rhizae (AERSM) and commercial product of EGRSM, to understand
the differences in specific constituents between raw material and
in the final products, as well as to delineate these variations during
manufacturing process. Then, RPCA was performed on the com-
mercial products of EGRSM to explore the characteristic markers for
the quality control of EGRSM. Candidate markers were extracted by
RPCA, and their molecular formulae were identified by high resolu-
tion electrospray ionization-mass spectrometric (ESI-MS) analysis.
The applicability of identified markers was then evaluated by deter-
mining the relationship between their contents and antioxidant
activities, and then further confirmed in various samples.

2. Materials and methods

2.1. Materials

Thirty-nine samples of RSM were purchased from Chinese
medicine retailers in Shenzhen, Guangzhou, Shanghai, Nanjing,
Zhengzhou and Hong Kong of China. Thirty-eight batches of com-
mercial EGRSM produced by 13 manufacturers in mainland China,
Hong Kong and Taiwan were purchased from their distributors in
Hong Kong or directly from the manufacturers.

2.2. Chemicals and reagents

Acetonitrile of HPLC and LC–MS grades were purchased from
Tedia (OH, USA) and Fisher Scientific (Loughborough, UK), respec-
tively. Methanol and ethanol of analytical grade were bought
from Tedia (OH, USA). Formic acid of MS grade was from Fluka
(Steinheim, Germany). The 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ,
≥99.0%, TLC) was purchased from Fluka (Sigma–Aldrich, Stein-
heim, Switzerland). The 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox, 97%) was purchased from Aldrich
(Sigma–Aldrich, St. Louis, USA). Reference standards of danshensu
(1), protocatechuic aldehyde (2), rosmarinic acid (3), lithospermic
acid (5), salvianolic acid B (6), salvianolic acid A (8), dihydrotan-
shinone I (10), cryptotanshinone (11), tanshinone I (12) and
tanshinone IIA (13) were provided by Hong Kong Jockey Club Insti-

tute of Chinese Medicine (Shatin, Hong Kong, China). The purities
of all these reference standards were ≥98.0% (HPLC), their chemical
structures were shown in Fig. 1. Ultra-pure water was produced by
Milli-Q system (Millipore, Bedford, USA) and other chemicals were
of analytical grades.
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Fig. 1. Chemical struc

.3. Instrumentation

All data were acquired from Waters Acquity UPLC Q-Tof Pre-
ier MS system which consisted of a binary solvent manager,
sample manager, a photo diode array (PDA) detector (Waters

o., Milford, USA) and a Waters Q-Tof Premier mass spectrometer
quipped with an ESI source (Micromass MS Technologies, Manch-
ster, UK). The sample was separated on a Waters Acquity UPLC
EH C18 (2.1 × 100 mm, 1.7 �m, Ireland) column at 30 ◦C. A binary
radient elution with mobile phase of (A) 10% 1,4-dioxane and 0.1%
ormic acid in water and (B) 10% 1,4-dioxane and 0.1% formic acid
n acetonitrile: 0–4 min, B 0–20%; 4–7 min, B 20–50%; 7–14 min,

50–100%. The temperature of autosampler was maintained at
0 ◦C and injection volume was 2.0 �L. The chromatogram was
ecorded at 280 nm. A high resolution electrospray ionization-mass
pectrometric (ESI-MS) experiment was performed in positive and
egative ion modes, respectively. The source temperature was set
t 100 ◦C. The capillary voltage and cone voltage were set at 2800 V
nd 40 V, respectively. The nebulization gas was set at 600 L/h and
00 ◦C, the cone gas was set at 50 L/h. Data were centroided dur-

ng acquisition using independent reference lock-mass ions via the
ockSprayTM interface to ensure accuracy and precision. Leucine-
nkephalin at m/z 556.2771 was used as the lock mass in positive
ode and that at m/z 554.2615 was used in negative mode at a

oncentration of 50 pg/�L with an infusion flow rate of 10 �L/min.
ynamic range enhancement (DRETM) was applied throughout the
S experiment to ensure accurate mass measurement over a wider

ynamic range.

.4. Sample preparation
.4.1. Aqueous extract of Radix Salvia Miltiorrhizae (AERSM)
Five grams of RSM was boiled twice with 100 mL of water for

h. Aliquot was filtered and evaporated to dryness with rotary vac-
um evaporator. Residues were collected, weighed and stored in a
esiccators at 0 ◦C for further analysis.
of identified markers.

2.4.2. Standard solutions
Stock solutions of standards were prepared in the concentra-

tion ranging from 1.2 to 3.0 mg/mL in methanol and stored at
−20 ◦C until use. Standard working solutions were prepared by
diluting stock solutions to desired concentrations. Six-point cali-
bration curves were established for quantitation and triplicates of
each standard were measured.

2.4.3. Time-course study on heating of AERSM
Powdered AERSM of 0.1 g was dissolved in 10 mL of water and

then heated in boiling water. Solution of 0.2 mL was aspirated at 0,
1, 2, 4, 8, 12, 16 and 20 h, respectively. All the solutions were stored
at 0–4 ◦C refrigerator prior to analysis.

2.4.4. Sample solutions
For RSM and EGRSM, powdered samples of 0.2 g was accurately

weighed and ultrasonicated with 10 mL of 70% methanol for 20 min.
For AERSM, powdered sample of 0.1 g was accurately weighed and
ultrasonicated with 10 mL of 70% methanol for 20 min. After cool-
ing down to the room temperature, supernatant was collected and
filtered through a membrane filter (0.2 �m) for further analysis. All
the solutions were stored at 0–4 ◦C refrigerator prior to analysis.

2.5. Chemonetric data analysis

All chromatographic data were calculated with MassLynx appli-
cation manager version 4.1 (Waters Co., Milford, USA). Peak areas
at UV 280 nm were integrated with “ApexTrack Peak Integration”
mode. The retention time (tR) was ranged from 0 to 15 min with
tolerance of 0.01 min and the peak integration parameters were
set as automatic. Then, the detected peak areas together with their

respective retention time were exported as Excel files. The peak
areas were normalized (area of each peak at 280 nm was divided
by its sample weight, �V/mg) to obtain the datasets. Results from
both classical PCA and RPCA were processed with TOMCAT, a graph-
ical interface for robust multivariate calibration technique [15]
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Table 1
The on-line chromatograms and high resolution mass data of constituents in RSM and EGRSM which were subjected to RPCA.

Peak no. Retention time (min) HR-mass (m/z) Tolerance (ppm) Formula Compound

1 1.45 197.0444 [M−H]− −3.0 C9H10O5 Danshensu
2 2.30 137.0234 [M−H]− −3.6 C7H6O3 Protocatechuic aldehyde
3 6.97 359.0758 [M−H]− −2.5 C18H16O8 Rosmarinic acid
4 7.27 417.0818 [M−H]− −1.0 C20H18O10 Salvianolic acid D
5 7.47 537.1022 [M−H]− −2.0 C27H22O12 Lithospermic acid
6 8.13 717.1438 [M−H]− −2.5 C36H30O16 Salvianolic acid B
7 8.23 717.1458 [M−H]− 0.3 C36H30O16 Salvianolic acid E/L
8 8.69 493.1139 [M−H]− 0.8 C26H22O10 Salvianolic acid A
7′ 8.81 717.1454 [M−H]− −0.3 C36H30O16 Salvianolic acid E/L
9 9.23 491.0970 [M−H]− −1.6 C26H20O10 Salvianolic acid C/Isosalvianolic acid C
9′ 9.89 491.0967 [M−H]− −2.2 C26H20O10 Salvianolic acid C/Isosalvianolic acid C
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In the present study, the PCA and RPCA (via Projection Pursuit
PP approach based on the Qn-estimator scale [14]) were applied to
the three groups of samples including 39 RSM, 20 AERSM and 38
EGRSM in order to determine the variation of specific constituents
between RSM and EGRSM as well as the effects of manufactur-

Fig. 2. Typical chromatograms of RSM (A); AERSM (B); EGRSM sample #67 (C)
showed high content of 1, 2, 7 and 8 representing manufacturing of aqueous extract
under high temperature or prolonged heating; EGRSM sample #95 (D) contained
10 12.96 279.1015 [M+H]
11 13.16 297.1484 [M+H]+

12 13.34 277.0857 [M+H]+

13 13.88 295.1326 [M+H]+

n Matlab 7.0 (The Mathworks, Inc.). After centering the data by
n-autoscaling, RPCA was applied and the outputs of a matrix con-

aining the robust principal components and a matrix containing
obust loadings were transferred to Matlab to construct three-
imensional scatter plots (score plots and loading plots for the first
hree principal components). All data with three replicates were
eported as mean ± standard deviation.

.6. Antioxidant activity assay

The antioxidant activity was determined using a modified ferric
educing ability of plasma (FRAP) assay [16]. The stock solutions
ncluding 200 mM acetate buffer (pH 3.6), 10 mM TPTZ in 40 mM
Cl and 20 mM ferric chloride solution were prepared. The fresh
orking solution (FRAP solution) was prepared by mixing acetate

uffer, TPTZ solution and ferric chloride solution in the ratio of
0:1:1. The reaction was performed in a 96-well microplate and
xtracts of RSM, AERSM and EGRSM (5 �L) were allowed to react
ith 245 �L of the FRAP solution for 30 min in the dark. Then,

eadings at the absorption maximum (593 nm) were measured
sing a Biotek ELX 808 microplate reader (Biotek Instruments Inc.,
inooski, USA). Different concentrations of Trolox solution were

sed to establish the calibration curve and the concentration of
ample was expressed as Trolox equivalent antioxidant capacity
TEAC) in �M per gram of dried sample.

. Results and discussion

.1. Optimization of UHPLC separation and validation of
ethodology

Since chemical compositions of RSM and EGRSM are complex
ith isomeric constituents, the UHPLC condition was optimized

o provide sufficient separation within a short running time for
igh throughout analysis. In our previously study, it was found that
sing 1,4-dioxane as the mobile phase modifier could significantly

mprove the separation of phenolic compounds, especially for sev-
ral isomeric components, peaks 6, 7 and 7′ with the same m/z of
17.1456, peaks 9 and 9′ with the same m/z of 491.0978 (Table 1 and
ig. 2). The separation condition was then modified and improved.
n optimum mobile phase consisting of 0.2% formic acid, 10% of 1,4-
ioxane and acetonitrile was selected which showed satisfactory
eparation on contents of RSM and EGRSM.
The repeatability was evaluated by measuring the variation
f quintuple sample solutions, respectively. The relative standard
eviation (RSD) of retention times (tR) and peak areas (PA) were
.02–0.05% and 1.34–3.26%, respectively. The stability study was
erformed at 10 ◦C within 48 h and at 0–4 ◦C for 1 week. The RSD for
C18H14O3 Dihydrotanshinone I
C19H20O3 Cryptotanshinone
C18H12O3 Tanshinone I
C19H18O3 Tanshinone IIA

stability study at 0–4 ◦C and 10 ◦C were 2.1% and 3.2%, respectively.
The results indicated that the optimized method was valid.

3.2. Extraction of specific chemical markers by robust principal
components analysis
both phenolic compounds and tanshinones with very low content of 1, 2 and 8 rep-
resenting manufacturing of alcohol extract under low temperature or short heating;
and EGRSM sample #73 (E) contained both phenolic compounds and tanshinones
with high content of 1, 2, 7 and 8 representing manufacturing of alcohol extract
under high temperature or prolonged heating. Peak identification was illustrated in
Table 1.
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Fig. 3. Spatial plot of eigenvectors and eigenvalues from RPCA in RSM (samples #1–#39), AERSM and EGRSM (samples #60–#97, panel A); and the loadings of individual
variables (detected components in the samples) in RPC1 (B), RPC2 (C) and RPC3 (D); Symbols in (A), (B) and (C): red circles represented RSM samples, green squares represented
A wed t
i n Tab
r

i
t
s
t
i

F
i

ERSM samples and blue triangles represented EGRSM samples. Pink diamonds sho
n C). The numbers of 1–13 represent the extracted markers which were identified i
eferred to the web version of the article.)
ng process on the overall quality of EGRSM the effects RSM on
he quality of EGRSM. The classical PCA study showed that the
cores data were scattered over all directions where no clear pat-
ern for these data could be observed (data not shown). Thus, it
s uncertain whether these results reveal the main features of the

ig. 4. Spatial plot of robust eigenvectors and eigenvalues from RPCA in EGRSM (samples
n the samples) in RPC1 (B), RPC2 (C) and RPC3 (D).
he loadings of variables (loadings × 20 in A, loadings × 200 in B and loadings × 100
le 1. (For interpretation of the references to color in this figure legend, the reader is
dataset or simply reflect the presence of outliners. Also, it is unsure
whether all outliers could be detected using classical PCA method
which could possibly lead to incorrect illustration. In contrast, these
samples were clearly clustered according to the differences in con-
tents of individual compositions as revealed by RPCA. To investigate

#60–#97, panel A), and the loadings of individual variables (detected components
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he correlation between the loadings (representing constituents
n samples) and the scores (representing quality of samples), the
uperimposed three-dimensional scatter plots on projection of the
cores and loadings for the first three RPCs (RPC1, RPC2 and RPC3,
espectively) were illustrated in Fig. 3A. It was shown that the first
hree RPCs accounted for more than 82.8% of the total variance.
amples were clearly clustered according to their differences in
hemical compositions, such as one group of data with high RPC1
nd RPC2 values (observation #4, #12, #24–25, #42, #73, #95)
hich corresponded to samples with high content of compounds 3,
and 13 but low content of compound 8, and another group of data
ith high RPC2 and RPC3 values (#7–10, #32–35, #68–69, #72,
96–97) corresponded to samples with low contents of all con-
tituents. It was also found that data in the scores plots were ranked
ccording to their degree of variations in chemical compositions,
or example, the highest scores rank order for RPC1 was associated
ith the content of 6 while the order for RPC2 was associated with

he content of 1 and 8. Therefore, RPCA could discriminate samples
f different qualities.
When comparing AERSM with RSM, the scores of AERSM
howed similar trends to that of RSM with respect to RPC1 and RPC3
alues. The RPC2 value for an AERSM sample was lower than that of
SM sample. Since the RPC2 value correlated well to the content of
ompound 8 (Fig. 3C) which is a degradation product of the major

ig. 5. Chromatographic profiles of AERSM at 100 ◦C in the time-course study (panel A) an
quivalent antioxidant capacity (TEAC) and total contents of five identified markers (1, 2, 3
arkers and antioxidant activities (panel D); Symbols: I–VIII in panel (A) and (B) represe

C) were the same as those showed in Table 1; circles, squares and triangles in panel (C) r
Biomedical Analysis 53 (2010) 279–286

constituent of RSM compound 6, it could be used as an indicator to
monitor the manufacturing process. This was further proven by a
time-course study where an AERSM sample was heated for 20 h as
mentioned in Section 2.4.3, the content of compound 6 decreased
while that of compound 8 increased. With further heating to 4 h,
compound 8 was degraded to 1 and 2.

By investigating the relationship between scores and loadings,
RPC1 (39.8%) showed that two phenolic compounds 3, 6, and one
of the tanshinones compound 13 were positively correlated to RSM
but negatively correlated to AERSM and EGRSM (Fig. 3B). This pro-
file is highly indicative of the major constituents in RSM. Since 3
and 6 are the major phenolic components and 13 is the major tan-
shinone in RSM, they were frequently used as markers for quality
evaluation of RSM as stated in scientific publications and official
quality standard. The RPC2 (30.3%) was highly correlated to the
three phenolic compounds, 1, 2 and 8 (Fig. 3C) which are degraded
from 6, suggesting them as characteristic markers for quality con-
trol of AERSM and EGRSM. The RPC3 (12.7%) was correlated to the
phenolic components, 3, 5 and tanshinones 10–13 (Fig. 3D), which

revealed the contribution of low-content constituents to overall
quality. Therefore, RPC1 and RPC3 could be used to unravel the dif-
ferences in contents between EGRSM with its raw material, RSM,
while RPC2 could be used to reveal the effect of manufacturing
process on the quality of EGRSM.

d their corresponding antioxidant activities (panel B); relationship between Trolox
, 6 and 8; panel C); the concentration-course relationship between the five identified
nted an AERSM heated for 0, 1, 2, 4, 8, 12, 16 and 20 h, respectively. Peaks in panel
epresented samples of RSM, AERSM and EGRSM, respectively.
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with the increasing heating time. The antioxidant activities among
samples at different heating time intervals and variations in chem-
ical compositions could be well-correlated, for example, when
content of 8 was increased during heating for 12 h and the cor-
J.-Z. Song et al. / Journal of Pharmaceutic

Furthermore, RPCA was performed on the EGRSM samples to
dentify specific markers for quality control of EGRSM. The super-
mposed three-dimensional scatter plots for the first three RPCs

ere illustrated in Fig. 4A and loadings of the first three RPCs
ere individually illustrated in Fig. 4B–D. It was shown that RPC1

42.16%) was positively correlated to 8 but negatively correlated to
(Fig. 4B). RPC2 (30.88%) was highly correlated to 1, 4 (salvianolic

cid D), 6 and 8 (Fig. 4C) and RPC3 (7.60%) was correlated to 1, 2,
, 4, 7 (salvianolic acid E or salvianolic acid L) and 9 (salvianolic
cid C) (Fig. 4D). The RPC3 represented only 7.6% of the total vari-
tion suggesting that it was less specific for quality differentiation.
herefore, from plots of RPCA, the most relevant variables which
an be used as characteristic marker compounds were identified as
, 2, 3, 4, 6 and 8.

.3. Identification of characteristic peaks

More than 40 peaks were detected from the EGRSM samples, in
hich 15 of them were found to have contributions to results of
PCA (Table 1). The on-line UHPLC combined with high resolution
SI-Q-Tof MS was used for identifying structures of the character-
stic markers. ESI operating in both negative and positive modes

ere attempted to detect phenolic compounds and tanshinones.
esults indicated that the negative mode was more sensitive to
henolic compounds while the positive mode was more sensitive
o tanshinones. Therefore, both negative and positive modes were
dopted.

With negative ionization mode, most of the collected m/z data
ere of [M−H]− or [2M−H]− ions. Since the chemical structures

f most polyphenolic acids contained danshensu or caffeic acid
oiety, the presence of [M−H−198]− and [M−H−180]− fragments

ndicated that there were losses of danshensu and caffeic acid,
espectively. With positive ionization mode, most of the m/z were of
M+H]+ or [M+Na]+ ions and the major fragments were [M+H-18]+,
M+H-28]+ and [M+H-15]+ corresponding to the loss of H2O, CO and
H3, respectively. The structures of 1–3, 5, 6, 8, 11–13 were identi-
ed by comparing their respective retention time and accurate m/z
ata with the corresponding reference standards. The peaks 4, 7, 7′,
, 9′ and 10 were tentatively identified by calculating their elemen-
al compositions from accurate m/z of parent ions and comparing
heir fragments with those published data in literatures [8,17].

It was noted that although the peak area of compound 4 was
maller than those of other markers, its contribution to RPC2 was
quivalent to that of compound 2 which is a frequently used marker
or quality evaluation of RSM products. Compound 4 could only
e found in AERSM and EGRSM, instead of the RSM samples sug-
esting that it is one of the characteristic analytical markers for
uality control of AERSM and EGRSM. Since no reference standard
f compound 4 is available, its chemical structure needs to be fur-
her confirmed and the development of its commercial reference
tandard is also required.

.4. Evaluation of selected markers by antioxidant activity assay

The major components in RSM are phenolic compounds which
ave high antioxidant activities and associated with many bio-

ogical effects [18–20]. To verify whether the selected markers
ere suitable for the quality control, the relationship between

elected markers and their antioxidant activities as determined
y FRAP-based Trolox equivalent antioxidant capacity (TEAC) was

nvestigated. The results were shown in Fig. 5A–D. It was indicated

hat antioxidant activity was positively correlated to the total con-
ents of five selected phenolic components (1, 2, 3, 6, 8) and the
ntioxidant activities were ranked as follow EGRSM > AERSM > RSM
Fig. 5A). The antioxidant activities were positively correlated to
he five independent markers, respectively. As shown in Fig. 5B, 3
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exhibited the highest antioxidant activity, followed by 2, 6 and 8
while 1 showed the lowest activity. This result suggested that 6 and
its two major decomposed compounds, 2 and 8, contributed much
to the antioxidant activities exerted by AERSM and EGRSM.

Furthermore, a sample of AERSM was boiled in water for 1,
2, 4, 8, 12, 16 and 20 h respectively to evaluate the suitability
of the selected markers for quality control during manufactur-
ing process. The UHPLC profile and the corresponding antioxidant
activities for each time point were shown in Fig. 5C and D, respec-
tively. When the heating time was increased to 4 h, peak area
of 6 was decreased while those of 2 and 8 were significantly
increased (Fig. 5C, I–IV). Further increasing the heating time, peak
areas of 6 and 8 were decreased while those of 1 and 2 were
increased (Fig. 5D, V–VIII). In contrast, peak of 3 was decreased
Fig. 6. Contents of five identified markers in RSM (A), AERSM (B), commercial prod-
ucts of EGRSM (C). Results were average of triplicate determinations, and value of
RSD was ranged from 0.47 to 3.15%.
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esponding antioxidant activity increased accordingly. Therefore,
he selected marker could not only reflect the final quality of
GRSM, but also be useful for quality control during manufacturing
rocess.

.5. Quality assessment of EGRSM by UHPLC analysis

Chromatograms recorded at UV 280 nm were used for the
uality assessment. Totally 38 batches of EGRSM from 13 manu-
acturers were determined. In parallel, qualities of 39 RSM and 20
ERSM were also determined (Fig. 6A–C). Chromatographic pro-
les showed different fingerprint patterns. Typical chromatograms
ith representative patterns were illustrated in Fig. 2. Contents of

he five identified markers (1, 2, 3, 6 and 8) in EGRSM were calcu-
ated with reference to their respective calibration curves and the
esults were shown in Fig. 6C. It was shown that content of 6, the
ominated compound in RSM was lower in EGRSM and AERSM.
ontents of 1, 2 and 8 were much higher in EGRSM and AERSM
han those in RSM which was attributed to the long heating time
s illustrated in Fig. 5C. In addition, the quality of granules var-
ed between manufacturers, high consistency was found in two of
he manufacturers (Sample No. 2–7 and No. 16–34, respectively),
ndicated that monitoring the manufacturing process is one of the

ost important sections for product quality assurance. Therefore,
he quality of commercial products of EGRSM can be well evaluated
nd interpreted using markers identified by the newly developed
pproach.

. Conclusion

In this study, robust principal component analysis combined
ith UHPLC–UV–Q-Tof MS provides a rapid approach to explore

haracteristic analytical markers for quality evaluation of AERSM.
ith high-throughput UHPLC–UV–Q-Tof MS, large amount of

amples can be rapidly analyzed and then RPCA can discrim-
nate samples with tremendous quality variations as outliers,

hich are beneficial for the exploration of characteristic analytical
arkers for quality control. The identified markers were posi-

ively correlated to the bioactivities, suggested that the selected
nalytical markers are practical and reliable for quality evalu-
tion. In summary, the present approach is rapid and reliable
or analytical marker selection and can be applicable to quality
valuation of herbal medicines with undefined therapeutic active
onstituents.
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