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Abstract: An improved method based on rapid resolution liquid chromatography
(RRLC) coupled with diode array detection (DAD) and electrospray ionization
time-of-flight mass spectrometry (TOF=MS) has been developed for quantifica-
tion of seven major components and identification of most components in
extracts of Radix Salvia Miltiorrhizae (RSM). RRLC analysis was performed
with a C18 column by gradient elution using acetonitrile and 0.4% formic acid
(v=v) in water as the mobile phase; the detection wavelength was set at 280 nm.
Seven major components in RSM were successfully separated. This quantitative
method was fully validated with respect to the following performance criteria: lin-
earity, precision, repeatability, stability, accuracy, limit of detection (LOD) and
quantification (LOQ). The UV spectra, acquired by DAD, were used to distin-
guish the two groups of components roughly, water-soluble phenolic and nonpo-
lar diterpenoid compounds. A formula database of known compounds in RSM
was established, against which most of the reported components in the herbal
extract were identified effectively, based on the extract masses acquired by
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TOF=MS. This qualitative and quantitative method was successfully used to
analyze the components in 10 batches of RSM samples collected from different
regions in China. This improved quality evaluation method consisted of RRLC
assay of seven major components and unambiguous identification of forty com-
ponents, is suitable for routine quantification and comprehensive quality control
of RSM.

Keywords: Quality evaluation, Radix Salvia Miltiorrhizae, RRLC-DAD,
RRLC-ESI-TOF=MS

INTRODUCTION

Radix Salvia Miltiorrhizae (RSM, the dried root of Salvia Miltiorrhiza
BGE., Lamiaceae), is one of the most popular traditional Chinese herbal
medicines and has been widely used for promoting circulation and
improving blood stasis.[1,2] Many studies about its chemical components
have been reported.[3–6] Depending on their chemical structures, the major
bioactive constituents can be classified into two major groups: water-
soluble phenolic compounds and nonpolar diterpenoid compounds. Of
these constituents, the major phenolic components are danshensu, proto-
catechuic aldehyde, rosmarinci acid, and salvianolic acid B, and the
major diterpenoid components are cryptotanshinone, tanshinone I, tan-
shinone IIA.[7–11] It has been reported that the contents of seven compo-
nents are higher than other components in RSM and they have definite
pharmacological action[12–14] and, therefore, to some extent, these com-
ponents could reflect the quality of this crude herb. So, it is imperative
to develop a quantitative method for analysis of the seven major bioac-
tive components. Furthermore, various pharmacological activity studies
in vitro and in vivo indicated that, not only the seven major components,
but also other minor active components have important pharmaceutical
actions, such as improving micro-circulation, dilating the coronary arter-
ies, increasing the blood flow, and preventing myocardial ischemia.[15–18]

So, it is valuable to identify the components in RSM unambiguously and
to develop its unambiguous chemical fingerprints, which is a vital com-
plement to multi-component quantification. This method can display
the overall chemical characteristics of the crude herb, which is not repre-
sented by only the marker components.

During the last decades, several analytical methods have been repor-
ted for components in RSM, including HPLC,[19–23] capillary electro-
phoresis (CE),[24] and HPLC-MS=MS which have been used for the
determination of salvianolic acids or diterpenoids.[25–27] But, these studies
just determined several components in RSM either without identifica-
tion, or only identification of components without determination.
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Time-of-flight (TOF) mass spectrometry is a very useful tool and can
yield accurate masses of most components; because of this, it always
works in scan mode without loss of sensitivity, generating full data of
the product ion spectra and avoiding ‘‘ion shopping.’’[28–30] Recently,
there has been considerable interest in the application of RRLC-
DAD-TOF=MS. RRLC-TOF=MS allows identification of non-target,
unknown compounds based on accurate masses of these ions, which
permits calculating their elemental compositions and searching chemical
structures against formula databases.[28–30] In this paper, a rapid simple
method, combined with quantitative analysis and unambiguous chroma-
tographic fingerprints for quality evaluation of herbal medicines by novel
RRLC-DAD-TOF=MS is reported. We expected that this work would be
helpful for identification and the quality control of RSM.

EXPERIMENTAL

Materials and Reagents

Sodium danshensu, protocatechuic aldehyde, salvianolic acid B,
cryptotanshinone and tanshinone IIA were purchased from the
National Institute for the Control of Pharmaceutical & Biological
Products (Beijing, China). Romarinic acid, and tanshinone I were
isolated from the RSM by the authors. Their structures were fully
characterized by nuclear magnetic resonance (NMR) spectroscopy and
MS (Figure 1), and their purities were shown to be over 99.0%. The
RSM crude herb was purchased from Shanghai Huayu Medicine
Corporation.

Acetonitrile and methanol (Fisher, USA) were of RRLC grade and
ultrapure water was prepared with a Milli-Q System (Millipore, Bedford,
MA, USA). Formic acid used in the mobile phase was of analytical
grade, purchased from the Beijing Chemical Corporation (Beijing,
China).

Extraction Procedures of RSM

The dried roots were powdered to a homogeneous size by a mill, sieved
through a No.40 mesh, and further dried at 60�C for 5 h. An accurately
weighed 0.5 g powder sample was extracted for 30min twice by sonica-
tion in 70% methanol. Extraction volume was 25mL and made up the
loss weight with 70% methanol after extraction. The sample solution
was filtered through a 0.45 mm nylon filter into an RRLC amber sample
vial for injection.

A Rapid Simple Approach 2723
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RRLC-DAD Conditions

RRLC quantitative analyses were performed with an Agilent 1200 series
RRLC system (Agilent, Waldbronn, Germany) consisting of a quatern-
ary solvent delivery system, an on-line degasser, an auto-sampler, a
column temperature controller, and a diode-array detector (DAD)
interfaced with a 6210 TOF mass spectrometer (TOF=MS, Agilent Tech-
nologies, Santa Clara, CA, USA). The analytical column was Zorbax
XDB-C18 column (3.0� 50mm, 1.8 mm). The column was maintained
at 20�C. Detection wavelength was set at 280 nm. The mobile phase
consisted of 0.4% (v=v) formic acid (A) and acetonitrile (B). A gradient
program was used as follows: 0–15min, 5–30% B; 15–20min, 30–60%
B; 20–30min, 60–85% B, with a hold time of 10min; the flowing rate
was 0.4mL �min�1; injection volume: 4 mL.

RRLC-ESI-TOF/MS Conditions

The RRLC conditions were the same as those described above. The mass
spectra were acquired by a 6210 time-of-flight mass spectrometer

Figure 1. The chemical structures of chemical components in RSM.
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equipped with an electrospray interface. The mass spectrometric
parameters were optimized as follows: in the positive ion mode (ESIþ),
capillary voltage 4000V, nebulizer gas pressure 40 psig, drying gas flow
rate 9L=min, gas temperature 350�C, fragmentor 130V and skimmer
60V; in negative ion mode (ESI�), capillary voltage 3500V, nebulizer
gas pressure 30 psig, drying gas flow rate 9L=min, gas temperature
350�C, fragmentor 130V and skimmer 60V. The mass spectrometer
was scanned from m=z 50–1500 in full scan mode. The RSM sample
was detected in the negative mode during 0–18min and in the positive
mode during 18–30min. Agilent Masshunter and Analyst QS software
were used for data processing. The components in RSM were identified
rapidly by RRLC-ESI-TOF=MS according to the accurate masses of
these components represented by various ions, searching against the
formula database of RSM.

Preparation of Standard Solutions

Standard stock solutions of 7 standards were prepared by dissolving
accurately weighed standards in 70% methanol. The working standard
solutions containing seven standards were prepared by mixing and
diluting their original stock solutions with 70% methanol to reach the
concentration of 135.3 mg �mL�1 for sodium danshensu, 45.28 mg �mL�1

for protocatechuic aldehyde, 118.8 mg �mL�1 for rosmarinci acid,
1012 mg �mL�1 salvianolic acid B, 133.0 mg �mL�1 for cryptotanshinone,
56.00 mg �mL�1 for tanshinone I, 127.0 mg �mL�1 for tanshinone IIA,
respectively.

Calibration Curves, Limits of Detection and Quantification

The calibration curve of each individual standard was constructed by
plotting the ratio of each analyte area versus analyte concentration with
six appropriate concentrations, in triplicate. The studied concentration
ranges were 1.353–135.3 mg �mL�1 for sodium danshensu, 0.4528–
45.28 mg �mL�1 for protocatechuic aldehyde, 1.188–118.8 mg �mL�1 for
rosmarinci acid, 10.12–1012 mg �mL�1 for salvianolic acid B, 1.330–
133.0 mg �mL�1 for cryptotanshinone, 0.5600–56.00 mg �mL�1 for tanshi-
none I and 1.270–127.0 mg �mL�1 for tanshinone IIA. Good linearity
(r> 0.9997) was observed for the calibration curves over the concentra-
tion ranges investigated. The results are demonstrated in Table 1.

The dilute solutions of the seven standards were further diluted to a
series of concentrations with 70% methanol to determine the limits of
detection (LOD) and quantification (LOQ). The LOD and LOQ under the
present chromatographic conditions were determined at a signal-to-noise

A Rapid Simple Approach 2725
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(S=N) ratio of 3 and 10, respectively. LOD and LOQ for each compound
are also shown in Table 1.

Precision and Accuracy

The intra- and inter-day precision was determined by analyzing quality
control samples at low, medium, and high concentrations in a set of five
in a single assay day and in duplicate in three consecutive days, respec-
tively. The RSD was taken as a measure of precision, and the results
are exhibited in Table 2.

Recovery

A recovery test was used to evaluate the accuracy of this method. Accu-
rate amounts of seven standards were added to approximate 0.5 g of
RSM and then extracted as described above. The average recoveries were

Table 3. Recovery experiment of the analytical method for seven components

Compound
Original
(mg)

Spiked
(mg)

Found
(mg)

Recovery mean
(%)

RSD%
(n¼ 3)

1 1.995 1.015 3.016 100.2 1.55
2.030 3.924 97.5 3.13
3.044 4.944 98.1 0.95

2 0.390 0.226 0.606 98.3 2.19
0.453 0.809 96.2 1.87
0.679 1.071 100.2 1.73

3 2.190 1.069 3.367 103.3 0.58
2.138 4.402 101.7 1.43
3.208 5.522 102.3 1.92

4 11.26 5.060 16.548 101.4 2.39
10.12 21.957 102.7 3.03
15.18 26.070 98.6 1.33

5 0.925 0.466 1.389 99.9 0.77
0.931 1.828 98.5 1.52
1.397 2.354 101.4 0.67

6 0.825 0.420 1.244 99.9 0.86
0.840 1.667 100.1 1.22
1.260 2.079 99.7 1.83

7 1.250 0.635 1.883 99.9 1.95
1.270 2.490 98.8 1.27
1.905 3.127 99.1 0.91

1. Danshensu, 2. Protocatechuic aldehyde, 3. Rosmarinci acid, 4. Salvianolic
acid B, 5. Cryptotanshinone, 6. Tanshinone I, 7. Tanshinone IIA.
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calculated by the formula: recovery (%)¼ (amount found� original
amount)=amount spiked� 100%, and RSD (%)¼ (SD=mean)� 100%.
The results are given in Table 3.

Quantification of Seven Major Components in RSM

The developed RRLC quantitative method was applied to simultaneous
determination of seven major components in RSM collected from differ-
ent regions in China. Each sample was extracted and analyzed in tripli-
cate. The representative chromatogram acquired by RRLC is shown in
Figure 2. In this study, the highest total yield of phenolics was found
in the samples from Shandong province. Among these phenolics, salvia-
nolic acid B is the most abundant phenolic acid. The highest yield of total
diterpenoids was found in the samples from Hebei province. Among
these diterpenoids, tanshinone IIA is the most abundant diterpenoid
compound. In addition, the contents of seven major compounds present
in individual samples varied considerably and the the concentrations of
individual components in different samples is also noticeably different.
Variations could have occurred due to various factors such as

Figure 2. The HPLC-DAD chromatogram (a) and HPLC-TOF=MS TIC (b) of
RSM sample solutions.
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geographical source, cultivation, harvest, storage, and processing, etc.
The results of quantitative analysis are summarized in Table 4.

Qualification of Components in RSM by RRLC-DAD-ESI-TOF/MS

In order to identify the chemical components in the chromatogram,
both HPLC-DAD and HPLC-ESI-TOF=MS were employed. The
identification method in which standard compounds were used to com-
pare was accurate and fast. There were 7 peaks identified by comparing
their retention times and ultraviolet absorptions with standard com-
pounds. The areas of these 7 peaks accounted for 50% of all peak areas.
Among the 7 standards, there were 4 phenolic acids and 3 diterpenoid
compounds. Seen from the chromatogram in Figure 2, most components
were well separated under the present conditions.

The total-ion-current (TIC) chromatogram was acquired by RRLC-
TOF=MS, which is shown in Figure 2. The accurate molecular weights of
components represented by chromatographic peaks in the TIC of
RSM were calculated using the Agilent software tool ‘‘formula database
generator,’’ and a formula database of components in RSM was estab-
lished. Forty-two componentś were characterized by searching against the
formula database established by the Agilent software.

RESULTS AND DISCUSSION

Extraction Method Development

To obtain optimal extraction conditions, several variables involved in the
procedure, such as extraction means, extraction solvents, and extraction
times were optimized. Pure methanol, aqueous methanol (30%, 50%,
70%) and pure water were investigated as the extraction solvent. The best
solvent was found to be 70% methanol, which allowed complete extrac-
tion of all the components in high yield. Sonication was simpler and more
effective for extraction compared with refluxing extraction. Hence, soni-
cation was chosen as a preferred method. The extraction time was consid-
ered as a factor of the efficiency of extraction. Powdered samples were
extracted with methanol for 15, 30, 45, and 60min, respectively. The
results suggested that the highest extraction efficiency was obtained by
sonication twice for 30min in 70% methanol, which is shown in Figure 3.

Optimization of RRLC-DAD-TOF/MS Conditions

The RRLC conditions were optimized using seven standards and a real
RSM sample. Various columns (Agilent Zorbax SB-C18 and Agilent

A Rapid Simple Approach 2731
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Zorbax XDB-C18) including particle (1.8, 5 mm), inner diameter (4.6, 3.0,
2.1mm), column length (50, 250mm) were examined. Firstly, a column
(4.6� 250mm, 5 mm) was tested in gradient elution mode. The retention
behavior of phenolics on columns was somewhat affected by the pH
value of the mobile phase and acidic conditions apparently improved
the resolution efficiency of phenolics. In order to develop a separation
method compatible with ESI-TOF=MS, formic acid was added to the
mobile phase. The addition of 0.4% formic acid in the mobile phase pro-
vided the best resolution and signal=noise ratio. It was noticed that the
better separation was achieved when the column temperature was kept
at 20�C. In order to optimize the RRLC-DAD detection conditions,
seven standards were monitored in the scanning range between
190–400 nm. The optimal detection wavelength in the RRLC analysis
was determined to be 280 nm. At this wavelength, more characteristic
peaks in the chromatogram were observed, and the seven marker com-
pounds were sensitively detected. The shorter C18 column, packed with
smaller particle (1.8 mm), gave considerable separation at a rate of
0.4mL=min in a short time, compared with columns packed with larger
particles (5 mm), therefore, being suitable for TOF=MS detection. By
comparison with the result which was obtained from the 5 mm column,
the analytical time on the 1.8 mm column was reduced by over 2 times,
from 80min to 30min, with similar resolution and without post column
splitting. By comparison with the result which was obtained from the
2.1mm inner diameter column, the resolution on the 3.0mm inner
diameter column increased and column pressure decreased, with the same
analytical time. Thus, the column of 3.0� 50mm, 1.8 mm was selected for
the analysis of RSM.

In this study, the electrospary mass spectra of seven components
varied with drying gas flow rate, nebulizer gas pressure, fragmentor,

Figure 3. The typical UV spectra of phenolics and diterpenoids in RSM a.
salvianolic acid B; b. tanshinone IIA.

2732 C. Gong et al.
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and skimmer. Through optimization experiments, optimal mass
spectrometric conditions were applied to sample analysis.

Validation of Quantitative Method

Table 1 lists linear calibration with R2, linear range, LOD, and LOQ of
each compound. As a result, all calibration curves showed good linear
regression (R2> 0.999) within test ranges; the LODs (S=N¼ 3) and the
LOQs (S=N¼ 10) for the seven components are less than 40 ng and
100 ng at 280 nm. Table 2 lists the results of the tests of precision of seven

Figure 4. Effect of different extraction solutions and extraction methods on
extraction efficiency of seven components in RSM.
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analytes. It was indicated that the RSD of the overall intra- and inter-day
variations were less than 4% for the seven analytes. Table 3 indicates that
the developed analytical method has a good accuracy with recoveries
from 96% to 104% for the analytes. Therefore, the RRLC quantitative
method is precise, accurate, and sensitive enough for simultaneous
quantitative evaluation of seven major active components in RSM.

Identification of Components in RSM by RRLC-DAD-ESI-TOF/MS

In photodiode array detection, the maximum absorption wavelengths of
the target peaks were identified based on a comparison with the on line
UV information with literature data or standards. The UV spectrum of
peaks 1–24 showed two strong absorption bands, at 230 and 280–
350 nm, which is characteristic of phenolics. For peaks 25–42, all the
UV spectra showed typical tanshinone absorption bands, at 220 and
250–280 nm. The representative UV spectra of salvianolic acid B and
tanshinone IIA are shown in Figure 4. According to the UV spectra
and maximum absorption wavelength acquired by DAD, the two groups
of components, water-soluble phenolics and nonpolar diterpenoid
compounds, can be distinguished roughly.

Electrospray ionization-mass spectrometry (ESI-MS) is a soft ioniza-
tion technique that produces predominately molecular ion peaks under
appropriate fragmentor. The TIC from RRLC-ESI-TOF=MS exhibited
good agreement with that obtained from RRLC-DAD (Figure 2). Since
no mass spectral library was available for the chemical constituents in
RSM, the accurate molecular weight of each chemical component was
calculated by using the Agilent software tool ‘‘formula database
generator.’’ And, the formula database of the chemical constituents in
RSM was established ourselves.

An examination of the UV spectrum and the MS data allowed the
tentative identification of 42 components, which are listed in Table 5.
The table lists the retention times, maximum absorption wavelengths,
and TOF=MS ions, etc. Among these 42 peaks, peaks 1–24 corresponded
to water-soluble phenolic compounds and peaks 25–42 represented non-
polar diterpenoid compounds. Seven of them were unambiguously iden-
tified by comparison with their retention times and their UV and mass
spectra. The deprotonated or protonated molecular weights of all target
compounds were calculated within 5 ppm error.

CONCLUSIONS

This study was intended to provide a comprehensive quality evaluation
method of RSM through simultaneous determination of seven major

2736 C. Gong et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
5
0
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



active components and unambiguous herbal fingerprints by rapid
resolution liquid chromatography (RRLC) coupled with diode array
(DAD) and time-of-flight mass spectrometry (TOF=MS). A simple
RRLC method with a diode array ultraviolet detector was developed
for simultaneous determination of three lipophilic components (crypto-
tanshinone, tanshinone I, and tanshinone IIA) and four major hydrophi-
lic components (danshensu, protocatechuic aldehyde, rosmarinci acid,
and salvianolic acid B) of RSM in gradient elution mode. A rapid RRLC
fingerprinting method was established with the same chromatographic
conditions as the above quantitative assay. Forty peaks in this RRLC
fingerprint were rapidly identified by employing RRLC-DAD-ESI-
TOF=MS techniques and matching their accurate molecular masses with
the formulae of the compounds in the database. Significant variations
were demonstrated in the yields of seven major components and their
RRLC fingerprints among 10 batches of RSM samples collected from
different regions of China. This simple, rapid, and reliable RRLC quan-
titative analysis and unambiguous fingerprints are suitable for routine
analysis and quality control of traditional Chinese herbal medicines
consisting of bioactive multi-components.
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