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Introduction
A fast and non-destructive quality control 
of Si-Wu-Tang (SWT), one of the most 
used Traditional Chinese Medicine (TCM) 
formulae against women’s diseases is 
presented in this article. The authenti-
cation method was established using 
attenuated total reflectance-mid-infrared 
(ATR-MIR) and near infrared (NIR) spec-
troscopy in combination with multivariate 
data analysis (MVA). Measurements were 
performed applying MIR and NIR bench-
top spectrometers. Additionally a labora-
tory-independent hand-held NIR device 
was employed enabling on-site charac-
terisation. The spectra were subjected 
to different data-pretreatments such as 
multiplicative signal correction (MSC), 
first and second derivative to remove 
systematic errors and then evaluated 
applying a principal component analy-
sis (PCA). A distinction between SWT 
samples and its adulterants could be 
achieved with all three devices. Because 
of its ease of use, and its fast and reliable 
analysis results, infrared (IR) spectros-
copy is becoming increasingly important 
for the quality control of pharmaceutically 
relevant herbs.

Traditional Chinese Medicine as a well-
established health care system is increas-
ingly gaining popularity worldwide. It has 
been used in China and other Asian coun-
tries for over 5000 years for the preven-
tion and treatment of many different 
diseases. Compared with Western medi-
cine, TCM uses a holistic and synergistic 
approach to restore the body’s homeosta-
sis.1 Due to its growing popularity, more 
and more scientific studies deal with the 
quality control of such products. Several 
analytical techniques like high perfor-
mance liquid chromatography, gas chro-
matography or capillary chromatography 
for the analysis of bioactive constituents 
have been reported in the literature.2,3 All 
of them are destructive, time and chemi-
cal consuming. Therefore the aim of this 
study was to establish a simple, rapid and 
non-invasive authentication method for 
one of the most popular TCM formulae, Si 
Wu Tang (SWT), and its raw herbs using 
MIR and NIR spectroscopy.

Si Wu Tang
SWT is used for the treatment of women’s 
diseases such as the ease of menstrual 
discomfort, dysmenorrhea and other 

oestrogen caused inconveniences.4 It is 
widely used in Asia, especially China, but 
as shown in a recent study it can also be 
integrated into Western medicine as an 
alternative therapy.5

It is composed of four herbs, i.e. Radix 
Paeoniae Alba, Rhizoma Chuanxiong, 
Radix Angelicae Sinensis and Radix 
Rehmanniae Preparata.6 The main 
secondary metabolites present in these 
four herbs are phenolics, phthalides, 
alkaloids, terpene glycosides and iridoid 
glycosides. The identified bioactive 
components reported in the literature 
are gallic acid, paeoniflorin and paeonol 
from Paeonia;7–9 ferulic acid, Z-ligustilide 
and senkyunolide A from Angelica;10,11 
ferulic acid, Z-ligustilide, ligustrazine, 
butylphthalide and senkyunolide A from 
Chuanxiong;11,12,3 and catalpol from 
Rehmannia.13 For paeoniflorin, ferulic acid 
and Z-Ligustilide, antimutagenic, antioxi-
dative, antiallergic and anti-inflammatory 
activities have been reported.14–16

Materials and methods
Materials
All samples were provided by the School 
of Pharmacy and Institute of Chinese 
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Medicine of The Chinese University of 
Hong Kong (CUHK).

Three samples of SWT manufactured 
by the CUHK according to the Chinese 
Pharmacopeia 20106 with slight modi-
fications and four commercially avail-
able SWT were obtained. Furthermore, 
three samples of each single herb 
extract manufactured by the CUHK and 
one commercially available sample of 
each single herb extract of which SWT 
is composed (Radix Paeoniae Alba, 
Rhizoma Chuanxiong, Radix Angelicae 
Sinensis, Radix Rehmanniae Preparata) 
were received. The sample set also 
included five non-SWT samples. These 
are the commercially available Danshen 
Gegen composed of Salvia miltiorrhiza 
and Puerariae labata as well as Huang 
Qin consisting of Scutellaria baicalen-
sis Georgi. Three non-SWT samples 
were manufactured by the CUHK, i.e. 
ELP (Epimedii Herba, Ligustri Lucidi 
Fructus and Psoraleae Fructus), Penta 
Herb Formula and Danshen Gegen. 
All samples provided by the CUHK are 
considered to be representative analysis 
samples. For homogenisation all samples 
were ground in a mortar. The samples 
were stored together with a silica gel 
sachet in order to avoid water absorption.

ATR-MIR spectroscopy
ATR-MIR spectra were collected with a 
PerkinElmer Spectrum 100 ATR-IR spec-
trometer (PerkinElmer, Waltham, USA) 
in combination with a Spectrum soft-
ware version 6.3.1.0134 (PerkinElmer, 
Waltham, USA). The recorded wave-
number range was 4000–650 cm–1 at 
a spectral resolution of 4 cm–1. Every 
sample was divided into three subsam-
ples and 16 scans per subsample were 
taken. Measurements were undertaken 
at 22°C.

NIR spectroscopy
Spectra were obtained with a Büchi 
NIRFlex N-500 FT-NIR spectrome-
ter (Büchi, Flawil, Switzerland) using 
NIR Ware 1.4.3010 (Büchi, Flawil, 
Switzerland). A Büchi solids device 
equipped with a vial add-on was utilised 
for diffuse reflectance measurements. 
Every sample was measured in tripli-
cate accumulating 16 scans for each 

spectrum. Recorded wavenumbers were 
10,000–4000 cm–1 with a resolution of 
8 cm–1.

In order to perform laboratory-inde-
pendent measurements, a MicroPhazir 
(Thermo Scientific, USA) was used, 
which was operated between 6266 cm–1 
and 4173 cm–1 at a resolution of 21 cm–1. 
Each sample was measured six times 
and 10 scans per sample were accumu-
lated.

NIR measurements were performed 
at 22°C.

Multivariate data analysis
Multivariate data analysis was performed 
with The Unscrambler 10.3 software 
package (Camo, Oslo, Norway) employ-
ing PCA with the non-linear iterative 
partial least squares algorithm (NIPALS). 
PCA models for the quality control of 
SWT and its raw herbs were devel-
oped for all three devices (for MIR and 
NIR benchtop spectrometers, and for 
the mobile NIR device). Prior to further 
data-pretreatments, spectra were trans-
formed to log 1/R (R = % reflectance) 
except for the data from the hand-held 
device which were already obtained in 
absorbance. All spectral data were base-
line corrected and normalised and an 
average spectrum of each sample was 

generated. Different pretreatments such 
as first and second derivative Savitzky–
Golay or standard normal variate (SNV) 
were applied to the spectra. For the 
derivatives the ideal number of smooth-
ing points was evaluated and is given 
below in brackets, e.g. first derivative (9). 
All models were calculated applying full 
cross validation.

Results
Benchtop MIR spectroscopy
An averaged ATR-MIR spectrum of all 
analysed SWT samples is presented in 
Figure 1. The following main bands were 
observed: 3305 cm–1 (O–H stretching 
of water and carbohydrates), 2977 cm–1 
(C–H ant isymmetr ic s t retching) , 
2886 cm–1 (C–H symmetric stretching), 
1621 cm–1 (C=O stretching, conjugated; 
C=C stretching) and 1011 cm–1 (C–O, 
C–C stretching, mainly of carbohy-
drates). Band assignments are according 
to Pretsch et al.17

Distinction of SWT and non-SWT 
As data-pretreatment, SNV and a first 
derivative (11) were employed. The 
inter-spectral variance is optimally 
described with two principal compo-
nents (PCs). Figure 2a shows the 2D 
score plot, indicating appropriate clus-

Figure 1. Averaged ATR-MIR spectrum of SWT samples.
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tering of the samples. The SWT samples 
can be clearly separated from the non-
SWT samples. Furthermore, a distinction 
between SWT samples manufactured by 
the CUHK and commercially available 
SWT samples is evident.

SWT with respect to its raw herbs
Successful clustering of SWT samples 
and its raw herb extracts was realised 
applying the first two PCs (Figure 2b). 
Only Radix Angelicae Sinensis samples 
are distributed widely. The SWT samples 
are centrally arranged relative to its 
raw herb clusters indicating that the 
herbal remedy is composed of Radix 
Paeoniae Alba, Rhizoma Chuanxiong, 
Radix Angelicae Sinensis and Radix 
Rehmanniae Preparata.

Benchtop NIR spectroscopy
A typical NIR spectrum recorded with 
the benchtop NIR device is shown in 
Figure 3. The characteristic bands were 
assigned as: 8300 cm–1 (C–H stretch-
ing second over tone), 6808 cm–1 
(O–H first overtone, phenols, H2O), 
5712 cm–1 (C–H stretching first over-
tone), 5172 cm–1 (O–H stretching and 
deformation combination, H2O, poly-
saccharides), 4760 cm–1 (C–H stretch-
ing and deformation combination, O–H 
stretching and C–O deformation combi-
nation, carbohydrates), 4368 cm–1 (C–H 
stretching and C–H deformation combi-
nation) and 4304 cm–1 (C–H stretching 
and C–H deformation combination). The 
vibrational bands were assigned accord-
ing to Workman et al.18 and Chalmers 
et al.19

Distinction of SWT and non-SWT
The principal component analysis in 
Figure 4a is based on spectra that 
have been subjected to a second 
derivative (11). The spectral variance 
is described with four latent variables 
of which the first and fourth variables 
have been found to correlate best with 
the investigated problem. A successful 
discrimination between SWT and non-
SWT samples can be achieved and 
also the SWT manufactured by CUHK 
can clearly be distinguished from the 
SWT samples which are commercially 
available.

Figure 2a. PCA score plot obtained with the benchtop ATR-MIR spectrometer.

Figure 2b. PCA score plot obtained with the benchtop ATR-MIR spectrometer.

Figure 3. Averaged NIR spectrum of SWT samples recorded with the benchtop NIR  
spectrometer.
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Figure 4a. PCA score plot obtained with the benchtop NIR spectrometer.

Figure 4b. PCA score plot obtained with the benchtop NIR spectrometer.

Figure 5. Averaged NIR spectrum of SWT samples recorded with the mobile NIR spectrometer.
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SWT with respect to its raw herbs
The best results of the PCA were 
achieved with a SNV pretreatment. The 
score plot in Figure 4b shows that for the 
raw herb samples, always one batch out 
of the four batches of each single herb 
extract is outside its related cluster. These 
samples (marked with a circle) of Radix 
Paeoniae Alba, Rhizoma Chuanxiong, 
Radix Angelicae Sinensi and Radix 
Rehmanniae Preparata are all commer-
cially available and were purchased 
from the same manufacturer. The other 
samples of raw herbs were manufac-
tured by the CUHK. Regarding the SWT 
cluster it could be observed that the 
commercially available SWT (marked with 
a circle) which is not correctly assigned 
was again purchased from the same 
manufacturer as the commercially avail-
able raw herbs. Thus these samples can 

clearly be distinguished from samples 
manufactured by the CUHK.

Mobile NIR spectroscopy
A typical NIR spectrum recorded with 
the mobile NIR device is shown in 
Figure 5. The following main bands 
were assigned: 5711 cm–1 (C–H stretch-
ing first overtone), 5166 cm–1 (O–H 
stretching and deformation combina-
tion, H2O, polysaccharides), 4766 cm–1 
(C–H stretching and deformation 
combination, O–H stretching and C–O 
deformation combination, carbohy-
drates), 4377 cm–1 (C–H stretching and 
C–H deformation combination) and 
4306 cm–1 (C–H stretching and C–H 
deformation combination). Band assign-
ment was done according to Workman 
et al.18 and Chalmers et al.19

Distinction of SWT and non-SWT
Because of the promising results of the 
benchtop NIR spectrometer, a hand-held 
NIR spectrometer was used to enable 
on-site quality control of the products. As 
data-pretreatment, SNV and a first deriva-
tive (7) were used. Applying the first two 
PCs, the SWT samples can definitely be 
differentiated from the non-SWT samples 
(Figure 6a). Compared to the benchtop 
NIR-derived score plot, SWT manufac-
tured by the CUHK cannot be distin-
guished from the commercially available 
SWT.

SWT with respect to its raw herbs
The evaluation of different data-pretreat-
ments revealed that SNV in combination 
with a first derivative was most suitable 
for the given application. The 2D score 
plot in Figure 6b displays that the SWT 
samples as well as the raw herbs are 
arranged in a wider cluster in compari-
son to the benchtop NIR device.

Discussion
From the data presented it can be 
concluded that vibrational infrared 
spectroscopy is highly suitable for a 
quick and non-invasive quality control 
of SWT and its raw herbs. All three 
devices, i.e. the MIR and NIR bench-
top spectrometers and the mobile NIR 
device displayed satisfactory perfor-
mances. The SWT samples could be 
clearly distinguished from adultera-
tions and a successful clustering of the 
raw herb extracts was achieved. Best 
results were produced by the bench-
top NIR device for which samples 
manufactured by the CUHK could be 
clearly distinguished from commer-
cially available samples. The perfor-
mance of the hand-held NIR device is, 
despite its limited spectral range and 
lower resolution, still precise enough 
for a fast identification enabling labo-
ratory-independent quality control of 
TCM products. The results of this study 
are considered as an important step 
towards reliable on-site measurements 
of herbal remedies. Mobile devices 
are becoming increasingly important 
in qualitative and quantitative analysis, 

Figure 6a. PCA score plot obtained with the mobile NIR spectrometer.

Figure 6b. PCA score plot obtained with the mobile NIR spectrometer.
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supporting the demands of laboratory-
independent methods.
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