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In order to identify the quality of crude and processed Corydalis Rhizoma decoction pieces, the research established a simple, fast,
reliable, and validated near-infrared qualitative and quantitative model combined with chemometrics. 51 batches of crude and 40
batches of processed Corydalis Rhizoma from the Zhejiang and Jiangsu provinces of China were collected and analyzed. Crude
and processed Corydalis Rhizoma samples were crushed to obtain NIR spectra. -e content of seven alkaloids in crude and
processed Corydalis Rhizoma was determined by high-performance liquid chromatography (HPLC). Pretreatment methods were
screened such as normalization methods, offset filtering methods, and smoothing. Combined with partial least squares-dis-
criminant analysis (PLS-DA) and partial least squares (PLS), the qualitative and quantitative models of crude and processed
Corydalis Rhizoma were established, and the correlation coefficient (R2), root mean square error of calibration (RMSEC), and root
mean square error of prediction (RMSEP) were used as evaluation indexes. Tetrahydropalmatine was used as an example for
screening pretreatment methods; the results showed that MSC combined with the second derivative and no smoothing and the
model with the wavelength range of 10000–5000 cm−1 had the best predictive ability and applied to all seven alkaloid components.
Among them, the correlation coefficients were all higher than 0.99, and RMSEC and RMSEP were all less than 1%.-e qualitative
and quantitative model of the seven alkaloids in Corydalis Rhizoma can effectively identify the crude and processed Corydalis
Rhizoma and determine the content of the seven alkaloids. By studying the NIR qualitative and quantitative models of crude and
processed Corydalis Rhizoma, we can achieve rapid discrimination and quantitative prediction of crude and processed Corydalis
Rhizoma.-esemethods can greatly improve the efficiency of traditional Chinesemedicine analysis and provide a strong scientific
basis for the quality identification and control of traditional Chinese medicine.

1. Introduction

Corydalis Rhizoma (referred as CR), named as Yuan Hu in
Chinese, is the dried rhizome of Corydalis yanhusuo W. T.
Wang [1]. Mainly produced in the Hebei, Shandong, Jiangsu,
and Zhejiang provinces of China, CR has the effects of
activating blood, moving Qi, and relieving pain in traditional
Chinese medicine (TCM). In modern clinical applications,
the stir-fried CR in vinegar is more widely used than the
crude CR. Stir-frying with vinegar as a processing method of

CR, in the process of stir-frying, the free alkaloid in CR is
combined with acetic acid to form water-soluble acetate,
which improves the frying rate [2]. According to the theory
of TCM processing, the toxicity of drugs is reduced and the
effects of moving Qi and relieving pain are enhanced by stir-
frying with vinegar. Modern research showed that the seven
free alkaloid compounds such as protopine, palmatine
chloride, berberine, dehydrocorydaline, tetrahy-
dropalmatine, tetrahydroberberine, and corydaline [3–9] in
CR are the main active and characteristic components,
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which are often used to evaluate the quality of CR. Modern
pharmacological studies have indicated that the alkaloid
compounds in CR have sedative, analgesic, antitumor, and
other pharmacological effects [10–15].

Currently, the processing level of the stir-fried CR in
vinegar in the latest edition of the Pharmacopoeia of PRC
is described as “the yellow-brown surface and cut surface
with a slight vinegar aroma.” When the crude CR is left for
a period of time, the cut surface will be black and similar in
color to the processed CR. When the processed CR is left
for a period of time, its vinegar smell will also be lost.
Obviously, it is not enough to rely on the subjective
judgment of the pharmacist by the surface color and
aroma and it is difficult to ensure the overall quality of the
processed CR. In addition, the Chinese Pharmacopoeia
only stipulates the determination of the content of one
alkaloid in CR, which cannot meet the quality control and
requirements of CR before and after processing.
According to reports in the literature, there are many
methods of CR quality control before and after processing;
for instance, high-performance liquid chromatography
(HPLC) [16], ultra-performance liquid chromatography
(UPLC) [17], thin-layer chromatography (TIC) [18],
liquid chromatography-mass spectrometry (LC-MS), and
gas chromatography-mass spectrometry (GC-MS)
[19–22]. However, these methods have several disad-
vantages, such as cumbersome pretreatment, long time,
high reagent consumption, and greater damage to the
sample. -erefore, it is necessary to establish a fast and
reliable method of CR quality control before and after
processing in order to identify the quality of crude and
processed CR quickly [23].

Near-infrared (NIR) spectroscopy, as a rapid identifi-
cation analysis method that has the advantages of fast
analysis speed, no damage to samples, and no pollution to
the environment, has been widely used in many fields such
as food, agriculture, and medicine. In recent years, the NIR
spectroscopy technique has been successfully applied to the
quality identification of Salvia miltiorrhiza, Lonicerae
japonicae flos, Scutellariae radix, and other crude and
processed medicinal materials [24–26]. At the same time,
NIR spectroscopy has also been widely used in pharma-
ceuticals; for example, meningococcal polysaccharides,
vardenafil tablets, and quinine drops [27–29]. Combined
with chemometrics, NIR spectroscopy can quickly identify
the quality of complex samples.

As far as we know, the quality identification of CR before
and after processing by NIR spectroscopy combined with
chemometrics has not been reported. In this study, proto-
pine, palmatine chloride, berberine, dehydrocorydaline,
tetrahydropalmatine, tetrahydroberberine, and corydaline
were analyzed qualitatively and quantitatively by NIR
spectroscopy combined with chemometrics [30]. It aims to
establish a fast and reliable quality identification method.
Finally, we established a qualitative and quantitative NIR
model of crude and processed CR to achieve the qualitative
discrimination of crude and processed CR, as well as the
quantitative prediction of seven of the components, with
accurate and reliable results.

2. Materials and Methods

2.1. Samples and Reagents. 61 batches of crude CR and 50
batches of processed CR from the Zhejiang and Jiangsu
provinces of China were collected and analyzed, and 10
batches from each class of the samples were selected as
external validation samples. -ese medicinal materials have
been identified by Professor Ping-fan Lai (Zhejiang Chinese
Medical University). -ese samples were kept in the Re-
search Center of Chinese Medicine Processing Technology
of the Zhejiang University of Traditional Chinese Medicine.
-e reference of standards of protopine (99.6%, 110853-
201805), palmatine chloride (85.7%, 110732-201913), ber-
berine (86.7%, 110713-201814), and tetrahydropalmatine
(99.9%, 110726-201819) were purchased from the National
Institutes for Food and Drug Control (Beijing, China).
Tetrahydroberberine (98%, 190144-201907) was purchased
from Shanghai Hongying Biotechnology Co., Ltd (Shanghai,
China). Dehydrocorydaline (95%, 30045-16-0) and cor-
ydaline (95%, 518-69-4) were purchased from Shanghai
Standard Technology Co., Ltd (Shanghai, China). Aceto-
nitrile (HPLC grade) and methanol (HPLC grade) were
purchased from Tedia (Fairfield, USA). -e purified water
was purchased from Wahaha (Hangzhou Wahaha Group
Co., Ltd., Hangzhou, China).

2.2. Standard and Sample Solution Preparation. All standard
solutions for analysis were prepared in methanol. -e
concentrations of protopine, palmatine chloride, berberine,
dehydrocorydaline, tetrahydropalmatine, tetrahy-
droberberine, and corydaline were 0.1045, 0.0992, 0.1022,
0.1036, 0.1075, 0.1215, and 0.1149mg/ml, respectively. -e
standard solutions were filtered through a membrane filter
(0.45 μm) and preserved at 4°C.

-e crude and processed CR powder (0.500 g, 50 mesh)
was weighed and placed in a conical flask accurately. 50ml of
a concentrated ammonia solution-methanol (1 : 20) mixed
solution was added and weighed accurately. -e solution
was cold-immersed for 1 h and then heated to reflux for 1 h,
allowed to cool, and weighed again. -e mixed solution of
concentrated ammonia solution-methanol (1 : 20) was used
to make up the lost weight, shaken, and filtered. -e con-
tinuous filtrate was weighed 25ml accurately and then
evaporated filtrate to dryness. -e residue was dissolved in
methanol, transferred to a 5ml volumetric flask, and diluted
to the mark, then shaken, and filtered with a 0.45 μm mi-
croporous filter membrane. -e filtered continuous filtrate
was used for HPLC quantitative analysis.

2.3. NIR Spectra Acquisition. Before the near-infrared
spectroscopy analysis, the CR samples were crushed and
passed through an 80-mesh sieve. NIR spectra of CR powder
were acquired using a -ermo Antaris II Fourier transform
spectrometer (-ermo Electron, USA) equipped with an
integrating sphere, sample cup, and rotary tables [31, 32].
-e result was analyzed by using TQ Analyst 8.3 software
[33]. Each sample was taken 10 g, mixed evenly, and placed
in a quartz sample cup, spread out, with the built-in
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background as a reference. -e reference was subtracted,
and then the spectrogram was collected. -e sampling
method is integrating sphere diffuse reflection, with wave-
number interval 4000–10000 cm−1, resolution 8.0 cm−1, scan
signal accumulated 64 times, temperature (25± 2)°C, and
relative humidity 45%–50%. Each sample was scanned three
times, and the average spectrum was taken as the near-in-
frared spectrum of the sample.

2.4. HPLC Content Determination. Analyses were per-
formed using the -ermo U3000 high-performance liquid
chromatograph (-ermo Fisher Scientific) tandem diode
array detector (DAD). An Agilent ZORBAX Extend-C18
(4.6mm× 150mm, 5 μm) column was used at 25°C with a
flow rate of 1.0ml/min. -e mobile phase was consisted of
(A) 0.6% acetic acid aqueous solution (pH value adjusted to
5.0 by triethylamine) and (B) acetonitrile using a gradient
elution of 17%–22% B (0–22min), 22%–30% B (22–30min),
30%–50% B (30–50min), and 50%–80% B (50–75min). -e
postequilibration time was 5min.

2.5. NIR Spectral Data Pretreatment. -e pretreatment
methods of NIR spectra included the normalization
methods, offset filtering methods, smoothing, and others. In
normalization methods selection, when NIR diffuse reflec-
tance spectra are collected, the optical path cannot be kept
constant due to the influence of sample particle size and
uniformity. In this case, multiple signal correction (MSC) or
standard normal variate (SNV) is required to preprocess the
spectra to eliminate these disturbances. In offset filtering
methods selection, there are two processing methods of first
derivative and second derivative, the purpose of which is to
eliminate the baseline shift. In smoothing selection, there are
three smoothing methods that can be used: no smoothing
(NS), Savitzky–Golay filter (S-G), and Norris derivative filter
(ND). Its purpose is to improve the signal-to-noise ratio,
reduce random noise, and improve the stability of themodel.

2.6. Establishment of Qualitative and Quantitative Models.
-e partial least squares (PLS) analysis is a multivariate data
analysis method that combines regression modeling of
multiple dependent variables on multiple independent
variables and principal component analysis. It has the ad-
vantages of small calculation amount and high prediction
accuracy, and it belongs to a bilinear model.-emain idea is
to linearly combine the independent variable and the de-
pendent variable to convert them into new comprehensive
variables that are independent of each other. Meanwhile, it is
required to retain as much information of the original
variable as possible and finally make a regression analysis.
Partial least squares-discriminant analysis (PLS-DA) is a
multivariate analysis method with supervised pattern rec-
ognition. It constructs a function that can judge the clas-
sification of unknown samples according to known
classification criteria, thereby determining the attribution of
the sample.

In this study, the PLS method in the near-infrared
analysis software TQ Analyst (V9.8; -ermo Fisher Scien-
tific, Waltham, MA, USA) was used to establish a quanti-
tative model. First, we used correlation coefficient (R2), root
mean square error of calibration (RMSEC), and root mean
square error of prediction (RMSEP) as indicators to screen
the optimal preprocessing method. Moreover, root mean
square error cross-validation (RMSECV) and prediction
residual error sum of squares (PRESS) were used as indi-
cators to filter the optimal number of factors. Finally, the
quantitative model was established for 91 batches of crude
and processed CR samples (79 batches of calibration set, 12
batches of prediction set) with the optimal model pre-
treatment methods and number of factors, and R2, RMSEC,
RMSEP, and RMSECV were used as model evaluation in-
dicators to evaluate the near-infrared quantitative model of
each component. At the same time, the established model
was used to externally verify unknown samples. Similarly, we
used the PLS-DAmethod to establish a qualitative model for
crude and processed CR samples and performed PLS-DA on
the near-infrared spectroscopy data of each batch of samples.

3. Results and Discussion

3.1. HPLC Analysis. An HPLC method for the rapid de-
termination of alkaloids in decoction pieces of crude and
processed CR was established and used for the analysis of all
batches of samples. As shown in Figure 1, the retention time
of the seven alkaloid components in the crude and processed
CR extract solution was the same as the retention time of the
standard solution. Meanwhile, these seven alkaloid com-
ponents were separated well, and the content of them could
be accurately determined by the external standard method.
As illustrated in Table 1, the linear relationship was good and
the RSD value of precision, stability, repeatability, and re-
covery were all less than 2%, proving that the method was
suitable for quantitative analysis of all sample solutions.

3.2. NIR Spectra Analysis

3.2.1. Selection of the Pretreatment Methods. -e pretreat-
ment methods were selected through correlation coefficient
(R2), root mean square error of calibration (RMSEC), and
root mean square error of prediction (RMSEP). -e results
of 7 components are illustrated in Tables 2–8. -e results
showed that in the comparison of different pretreatment
methods, it was found that MSC combined with the second
derivative and no smoothing method was proved to be the
optimal pretreatment method.

-e original NIR average spectra from 10000 to
4000 cm−1 of 91 batches of crude and processed CR powder
are shown in Figure 2.With the decrease of wavenumber, the
absorption peak becomes stronger roughly and peaked at
4000 cm−1. -erefore, combined with the optimal pre-
treatment method after screening, the wavenumber range of
10000–5000 cm−1 with richer spectral information was se-
lected to analyze the seven alkaloid components in crude and
processed CR.
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3.2.2. Factor Selection. When the PLS method is used to
establish a quantitative model, the difference in the number
of main factors led to a large difference in model prediction
results. When the number of samples in the calibration set is
determined, if the number of main factors is too large, noise
will be introduced, resulting in the phenomenon of

“overfitting.” If the number of main factors is too small, less
spectral information will be used, resulting in poor model
prediction ability. Root mean square error cross-validation
(RMSECV) and prediction residual error sum of squares
(PRESS) were used as indicators to investigate the influence
of the number of main factors on the composition of 7
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Figure 1:-eHPLC chromatograms of mixed standards (a), crude CR (b), and processed CR (c).-e peaks of 1, 2, 3, 4, 5, 6, and 7 represent
protopine, palmatine chloride, berberine, dehydrocorydaline, tetrahydropalmatine, tetrahydroberberine, and corydaline, respectively.

Table 1: Methodological survey of HPLC results (n� 6).

Components Standard curve R2 Linear range
(μg/ml)

Precision
(RSD%)

Stability
(RSD%)

Repeatability
(RSD%)

Recovery

Mean (RSD
%)

Protopine Y� 108.5x− 0.1987 0.9972 17.42–52.25 1.68 1.70 1.46 98.39 1.08
Palmatine chloride Y� 531.89x− 0.6147 0.9981 16.53–49.60 1.21 1.56 1.53 96.77 1.95
Berberine Y� 436.4x− 0.5199 0.9984 17.03–51.10 1.08 1.67 1.23 98.18 1.53
Dehydrocorydaline Y� 395.47x− 0.1906 0.9990 17.27–51.80 0.53 1.15 1.14 97.91 1.74
Tetrahydropalmatine Y� 109.5x− 0.0908 0.9991 17.92–53.75 0.24 0.78 1.35 101.62 1.29
Tetrahydroberberine Y� 111.96x− 0.2056 0.9992 20.25–60.75 0.23 0.58 0.63 99.41 0.73
Corydaline Y� 102.92x− 0.0599 0.9990 19.15–57.45 0.27 0.34 1.51 99.04 0.86

Table 2: Results with protopine of NIR spectra pretreatment methods.

Pretreatment R2 RMSEC (%) RMSEP (%)
MSC+ spectrum+NS 0.9433 1.2914 1.7347
MSC+ 1stD+NS 0.9699 1.0277 1.4866
MSC+ 2stD+NS 0.9978 0.3518 0.5573
MSC+ spectrum+ S-G 0.9419 1.4087 1.7568
MSC+ 1stD+ S-G 0.9666 1.0771 1.5615
MSC+ 2stD+ S-G 0.9228 1.6132 1.9441
MSC+ 1stD+ND 0.9603 1.1747 1.5371
MSC+ 2stD+ND 0.9548 1.2469 1.6983
SNV+ spectrum+NS 0.9433 1.3982 1.7144
SNV+ 1stD+NS 0.9699 1.0273 1.4836
SNV+ 2stD+NS 0.9812 0.5576 0.7452
SNV+ spectrum+ S-G 0.9419 1.4028 1.7563
SNV+ 1stD+ S-G 0.9691 1.0328 1.5147
SNV+ 2stD+ S-G 0.9227 1.6133 1.4275
SNV+ 1stD+ND 0.9606 1.1678 1.5336
SNV+ 2stD+ND 0.9553 1.2466 1.6872
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Table 3: Results with palmatine chloride of NIR spectra pretreatment methods.

Pretreatment R2 RMSEC (%) RMSEP (%)
MSC+ spectrum+NS 0.9451 1.3825 1.4038
MSC+ 1stD+NS 0.9696 1.1018 1.3127
MSC+ 2stD+NS 0.9959 0.4136 0.6458
MSC+ spectrum+ S-G 0.9438 1.3215 1.3924
MSC+ 1stD+ S-G 0.9697 1.1816 1.3327
MSC+ 2stD+ S-G 0.9027 1.8932 2.0041
MSC+ 1stD+ND 0.9502 1.2400 1.4015
MSC+ 2stD+ND 0.9569 1.2322 1.3898
SNV+ spectrum+NS 0.9449 1.2538 1.3507
SNV+ 1stD+NS 0.9694 1.1090 1.4316
SNV+ 2stD+NS 0.9826 1.0015 1.0194
SNV+ spectrum+ S-G 0.9433 1.2375 1.3646
SNV+ 1stD+ S-G 0.9696 1.1083 1.3258
SNV+ 2stD+ S-G 0.9025 1.9032 2.0040
SNV+ 1stD+ND 0.9498 1.3225 1.6090
SNV+ 2stD+ND 0.9566 1.1237 1.3905

Table 4: Results with berberine of NIR spectra pretreatment methods.

Pretreatment R2 RMSEC (%) RMSEP (%)
MSC+ spectrum+NS 0.9523 1.1030 1.2841
MSC+ 1stD+NS 0.9484 1.3150 1.6901
MSC+ 2stD+NS 0.9994 0.0676 0.0764
MSC+ spectrum+ S-G 0.9507 1.0147 1.6187
MSC+ 1stD+ S-G 0.9499 1.3148 1.6515
MSC+ 2stD+ S-G 0.9430 1.3158 1.6913
MSC+ 1stD+ND 0.8841 2.0221 2.1980
MSC+ 2stD+ND 0.9644 1.0125 1.0160
SNV+ spectrum+NS 0.9516 1.2450 1.4714
SNV++1stD+NS 0.9463 1.3153 1.7031
SNV+ 2stD+NS 0.9812 0.9651 0.0970
SNV+ spectrum+ S-G 0.9498 1.4081 1.7017
SNV+ 1stD+ S-G 0.9494 1.3481 1.6107
SNV+ 2stD+ S-G 0.9422 1.2857 1.6006
SNV+ 1stD+ND 0.8840 2.0221 2.1970
SNV+ 2stD+ND 0.9609 1.0131 1.0167

Table 5: Results with dehydrocorydaline of NIR spectra pretreatment methods.

Pretreatment R2 RMSEC (%) RMSEP (%)
MSC+ spectrum+NS 0.8949 1.9410 1.9641
MSC+ 1stD+NS 0.9605 1.0088 1.0132
MSC+ 2stD+NS 0.9872 0.6930 0.8810
MSC+ spectrum+ S-G 0.8900 1.9144 1.9166
MSC+ 1stD+ S-G 0.9698 1.0077 1.1204
MSC+ 2stD+ S-G 0.9692 1.0079 1.1205
MSC+ 1stD+ND 0.9362 1.6111 1.7137
MSC+ 2stD+ND 0.9451 1.4103 1.4021
SNV+ spectrum+NS 0.8919 1.9143 1.9156
SNV+ 1stD+NS 0.9607 1.0088 1.0131
SNV+ 2stD+NS 0.9828 0.9878 0.9055
SNV+ spectrum+ S-G 0.8863 2.1460 2.1583
SNV+ 1stD+ S-G 0.9622 1.0085 1.3018
SNV+ 2stD+ S-G 0.9693 1.0078 1.2005
SNV+ 1stD+ND 0.9362 1.6111 1.7136
SNV+ 2stD+ND 0.9458 1.4102 1.5140
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Table 6: Results with tetrahydropalmatine of NIR spectra pretreatment methods.

Pretreatment R2 RMSEC (%) RMSEP (%)
MSC+ spectrum+NS 0.9699 1.0060 1.0114
MSC+ 1stD+NS 0.9092 1.7103 1.8104
MSC+ 2stD+NS 0.9981 0.1594 0.3877
MSC+ spectrum+ S-G 0.9616 1.0068 1.0141
MSC+ 1stD+ S-G 0.8969 2.0110 2.0099
MSC+ 2stD+ S-G 0.7512 3.0164 3.0117
MSC+ 1stD+ND 0.9081 1.8910 1.8003
MSC+ 2stD+ND 0.8378 2.0536 2.8911
SNV+ spectrum+NS 0.9836 0.8845 0.0935
SNV+ 1stD+NS 0.9137 1.0101 1.0103
SNV+ 2stD+NS 0.8887 2.0114 2.0111
SNV+ spectrum+ S-G 0.9610 1.0069 1.0162
SNV+ 1stD+ S-G 0.8631 2.4033 2.3503
SNV+ 2stD+ S-G 0.8724 2.1201 2.0012
SNV+ 1stD+ND 0.8934 1.8112 1.9187
SNV+ 2stD+ND 0.8724 2.6121 2.7184

Table 7: Results with tetrahydroberberine of NIR spectra pretreatment methods.

Pretreatment R2 RMSEC (%) RMSEP (%)
MSC+ spectrum+NS 0.9126 1.7854 018527
MSC+ 1stD+NS 0.9677 1.0033 1.0037
MSC+ 2stD+NS 0.9976 0.3920 0.6138
MSC+ spectrum+ S-G 0.9094 1.8555 1.8514
MSC+ 1stD+ S-G 0.9035 1.8457 1.8661
MSC+ 2stD+ S-G 0.9702 1.0632 1.0319
MSC+ 1stD+ND 0.9228 1.8051 1.8043
MSC+ 2stD+ND 0.9087 1.9055 1.8951
SNV+ spectrum+NS 0.9172 1.8553 1.8543
SNV+ 1stD+NS 0.9679 1.0313 1.0238
SNV+ 2stD+NS 0.9760 1.0032 1.0024
SNV+ spectrum+ S-G 0.9138 1.7054 1.7054
SNV+ 1stD+ S-G 0.9033 1.9057 1.9061
SNV+ 2stD+ S-G 0.9704 1.0032 1.0039
SNV+ 1stD+ND 0.9231 1.4051 1.4043
SNV+ 2stD+ND 0.9087 1.9055 1.9052

Table 8: Results with corydaline of NIR spectra pretreatment methods.

Pretreatment R2 RMSEC (%) RMSEP (%)
MSC+ spectrum+NS 0.8614 2.5207 2.5157
MSC+ 1stD+NS 0.9521 1.1125 1.1152
MSC+ 2stD+NS 0.9918 0.5510 0.7230
MSC+ spectrum+ S-G 0.8599 2.6209 2.5798
MSC+ 1stD+ S-G 0.8928 2.0184 2.0168
MSC+ 2stD+ S-G 0.9534 1.1123 1.0153
MSC+ 1stD+ND 0.8793 2.3950 2.3187
MSC+ 2stD+ND 0.8368 2.7224 2.7701
SNV+ spectrum+NS 0.8628 2.4207 2.4149
SNV+ 1stD+NS 0.9521 1.2125 1.3153
SNV+ 2stD+NS 0.9674 1.1089 1.1077
SNV+ spectrum+ S-G 0.7894 3.0251 3.0181
SNV+ 1stD+ S-G 0.8935 2.0183 2.0169
SNV+ 2stD+ S-G 0.9536 1.1230 1.1528
SNV+ 1stD+ND 0.8795 2.3194 2.2887
SNV+ 2stD+ND 0.8178 2.8935 2.8897
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alkaloids, and the screening process is shown in Figures 3(a)
and 3(b) by taking the example of dehydrocorydaline and
tetrahydropalmatine. -e correlation scatter plots of
explained variance rate with factor changes are shown in

Figures 3(c) and 3(d). -e results are demonstrated in Ta-
ble 9. When the number of main factors was 7, 6, 7, 5, 7, 7,
and 5, the RMSECV value of the model was the lowest and
the prediction accuracy of the model was better.
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Figure 2: NIR spectra of 91 batches of crude and processed CR powder.
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Figure 3: Correlation plots of factor, RMSECV, and PRESS: dehydrocorydaline (a) and tetrahydropalmatine (b). Correlation plots of the
explained variance and factor: dehydrocorydaline (c) and tetrahydropalmatine (d).
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Table 9: Results of NIR quantitative model evaluation and selection of factors.

Components R2 RMSEC (%) RMSEP (%) RMSECV (%) Factors
Protopine 0.9978 0.3518 0.5573 0.2220 7
Palmatine chloride 0.9959 0.4136 0.6458 0.7980 6
Berberine 0.9994 0.0676 0.0764 0.2540 7
Dehydrocorydaline 0.9872 0.6930 0.8810 0.9843 5
Tetrahydropalmatine 0.9981 0.1530 0.3810 0.2326 7
Tetrahydroberberine 0.9976 0.3920 0.6138 0.5480 7
Corydaline 0.9918 0.5510 0.7230 0.3385 5
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Figure 4: Correlation coefficient scatter plots of actual measured values and NIR predictions for protopine (a), palmatine chloride
(b), berberine (c), dehydrocorydaline (d), tetrahydropalmatine (e), tetrahydroberberine (f ), and corydaline (g).
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3.2.3. Quantitative Model. 12 batches of CR samples were
randomly selected from 91 batches of crude and processed
CR samples as the prediction set for evaluating the predictive
ability of the model, and the remaining 79 batches were used
as the calibration set for model establishment. -is study
used the partial least squares method combined with the best
pretreatment method after screening to establish a quanti-
tative model of seven alkaloids in crude and processed CR
and evaluated the model with R2, RMSEC, and RMSEP
simultaneously. -e results are shown in Table 9.

Scatter plots of the actual measured values and predicted
values of the seven alkaloid components modeled by using
PLS combined with the pretreatment method are shown in
Figure 4, and when the point was closer to the diagonal, the
model’s predictive performance was better. All the results in
Table 9 and Figure 4 showed that the correlation coefficients
were all higher than 0.99. RMSEC and RMSEP were all less
than 1%, and the PLS combined pretreatment methodmodel
has good predictive performance when correlating the NIR
spectra with the content of seven alkaloid components in
crude and processed CR.

In order to analyze the accuracy of the model, the
established models were used to analyze the unknown 20
batches of crude and processed CR (1 :1). -e results are
indicated in Table 10. -e correlation coefficients of actual

value and predicted value were all greater than 0.99, which
convincingly proved the stability of the model.

3.2.4. Qualitative Model. In order to distinguish crude and
processed CR, we established a qualitative model based on
NIR spectra combined with chemometrics.

Similar to the quantitative model, we used PLS-dis-
criminant analysis (DA) to classify crude and processed
CR. -e NIR spectra were imported to SIMCA-P (version
14.1; Umetrics AB, Umea, Sweden) for the PLS-DA anal-
ysis. -e resulting score scatter plot is shown in Figure 5(a).
It can be seen from Figure 5(a) that crude and processed CR
were well distinguished, which proved that the qualitative
model can be effectively used to identify crude and pro-
cessed CR pieces. -e loading scatter plot is shown in
Figure 5(b). In Figure 5(b), the green point represented the
X-variable (spectral data), and the blue point represented
the Y-variable (the right represented the crude sample and
the left point represented the processed sample). X-vari-
ables situated in the vicinity of the dummy Y-variables have
the highest discriminatory power between the crude and
processed CR.

In order to analyze the accuracy of the model, the
established models were used to analyze the unknown 20

Table 10: External validation in quantitative model.

Components R2 RMSEP (%)
Protopine 0.9921 0.1992
Palmatine chloride 0.9992 0.7564
Berberine 0.9986 0.1887
Dehydrocorydaline 0.9990 0.3481
Tetrahydropalmatine 0.9948 0.1416
Tetrahydroberberine 0.9931 0.2480
Corydaline 0.9995 0.1823
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Figure 5: PLS-DA score scatter plot (a) and loading scatter plot (b) between crude and processed CR.
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batches of crude and processed CR (1 :1). -e results are
shown in Figure 6. -e crude CR and processed CR were
successfully identified by the qualitative model, which
convincingly proved the stability of the model.

4. Conclusions

At present, CR is mainly studied by GC/MS for the analysis
of crude and processed CR [19] or by HPLC fingerprinting
combined with chemometric methods for its quality control
[34], all of which have disadvantages such as destructive and
low efficiency.

In this study, the qualitative and quantitative NIRS
models of crude and processed CR were established to
achieve rapid identification of crude and processed CR.
First, the PLS-DA method was used to identify CR crude
and processed samples successfully. In addition, we
established a quantitative model by MSC combined with
the second derivative and no smoothing pretreatment
method, which can determine 7 components of alkaloids
quickly and accurately. By studying the NIR qualitative
and quantitative model of crude and processed CR, we can
achieve rapid discrimination and quantitative prediction
of crude and processed CR, and later, we will study the
quality control of NIR in the whole process of CR. In the
future, we hope that NIR can be applied to the quality
control of CR and other TCMs. -e overall results showed
that the NIRS method was fast, simple, and efficient,
which can greatly improve the efficiency of TCM analysis,
and provided a strong scientific basis for the quality
identification and control of TCM.

Data Availability

-e data used to support the results of this study are in-
cluded within the article. Any further information is
available from the authors upon request.

Conflicts of Interest

-e authors declare no competing financial interests.

Authors’ Contributions

Weihao Zhu, Hao Hong, and Zhihui Hong contributed
equally to this work.

Acknowledgments

-is study was financially supported by the National Key
R&D Program of China—Research on Key Technology for
Quality Identification of Traditional Chinese Medicine (No.
2018YFC1707001), “Science and Technology Innovation
2025” Major Special Project in Ningbo (No.
20201ZDYF020069), the National Standardization Project of
Traditional Chinese Medicine of China (No. ZYBZH-H-ZY-
45), the Young Elite Scientists Sponsorship Program by
CACM (No. QNRC2-C12), and the National Industry
Special of Traditional Chinese Medicine (No. 201507002).

References

[1] L. Wang, Y. Zhang, Z. Wang et al., “-e antinociceptive
properties of the corydalis yanhusuo extract,” PLoS One,
vol. 11, no. 9, Article ID e0162875, 2016.

[2] H. Wu, K. Waldbauer, L. Tang et al., “Influence of vinegar and
wine processing on the alkaloid content and composition of
the traditional Chinese medicine Corydalis Rhizoma (Yan-
husuo),” Molecules, vol. 19, no. 8, pp. 11487–11504, 2014.

[3] B. Cui, J. Yang, Z. Wang et al., “An ultra-high performance
liquid chromatography with tandem mass spectrometry
method for determination of 10 alkaloids in beagle dog
plasma after the oral administration of the corydalis yanhusuo
W.T. Wang extract and yuanhuzhitong tablets,” Molecules
(Basel, Switzerland), vol. 23, no. 8, 2018.

[4] Z. Dou, K. Li, P.Wang, and L. Cao, “Effect of wine and vinegar
processing of Rhizoma Corydalis on the tissue distribution of
tetrahydropalmatine, protopine and dehydrocorydaline in
rats,” Molecules, vol. 17, no. 1, pp. 951–970, 2012.

[5] K. Li, J. Li, J. Su et al., “Identification of quality markers of
Yuanhu Zhitong tablets based on integrative pharmacology
and data mining,” Phytomedicine, vol. 44, pp. 212–219, 2018.

[6] J. Long, J. Song, L. Zhong, Y. Liao, L. Liu, and X. Li, “Pal-
matine: a review of its pharmacology, toxicity and pharma-
cokinetics,” Biochimie, vol. 162, pp. 176–184, 2019.

[7] K. Wang, X. Feng, L. Chai, S. Cao, and F. Qiu, “-e meta-
bolism of berberine and its contribution to the pharmaco-
logical effects,” Drug Metabolism Reviews, vol. 49, no. 2,
pp. 139–157, 2017.

[8] H.-T. Xiao, J. Peng, Y. Liang et al., “Acetylcholinesterase
inhibitors from Corydalis yanhusuo,” Natural Product Re-
search, vol. 25, no. 15, pp. 1418–1422, 2011.

[9] J. Yu, B. K. Piao, Y. X. Pei, X. Qi, and B. J. Hua, “Protective
effects of tetrahydropalmatine against gamma-radiation in-
duced damage to human endothelial cells,” Life Sciences,
vol. 87, no. 1-2, pp. 55–63, 2010.

[10] T. H. Lee, K. H. Kim, S. O. Lee, K. R. Lee, M. Son, and M. Jin,
“Tetrahydroberberine, an isoquinoline alkaloid isolated from
corydalis tuber, enhances gastrointestinal motor function,”
Journal of Pharmacology and Experimental >erapeutics,
vol. 338, no. 3, pp. 917–924, 2011.

–8
–3

–2

–1

t [
2] 0

1

2

–6 –4 –2 0

t [1]

2 4 6

Crude

Processed

Figure 6: External validation score scatter plot in qualitative
model.

10 Journal of Analytical Methods in Chemistry



[11] Y.-Y. Liu, T.-X. Wang, J.-C. Zhou, W.-M. Qu, and
Z.-L. Huang, “Dopamine D1 and D2 receptors mediate an-
algesic and hypnotic effects of l-tetrahydropalmatine in a
mouse neuropathic pain model,” Psychopharmacology,
vol. 236, no. 11, pp. 3169–3182, 2019.

[12] B. Tian, M. Tian, and S.-M. Huang, “Advances in phyto-
chemical and modern pharmacological research of Rhizoma
Corydalis,” Pharmaceutical Biology, vol. 58, no. 1,
pp. 265–275, 2020.

[13] Q. Zhang, C. Chen, F.-Q. Wang et al., “Simultaneous
screening and analysis of antiplatelet aggregation active al-
kaloids from Rhizoma Corydalis,” Pharmaceutical Biology,
vol. 54, no. 12, pp. 3113–3120, 2016.

[14] X. Zhang, S. Zhang, Q. Yang et al., “Simultaneous quantitative
determination of 12 active components in yuanhu zhitong
prescription by RP-HPLC coupled with photodiode array
detection,” Pharmacognosy Magazine, vol. 11, no. 41,
pp. 61–68, 2015.

[15] Z.-Y. Zhou, W.-R. Zhao, W.-T. Shi et al., “Endothelial-de-
pendent and independent vascular relaxation effect of tet-
rahydropalmatine on rat aorta,” Frontiers in Pharmacology,
vol. 10, p. 336, 2019.

[16] D.-Z. Yang, X.-X. Yin, C.-N. Ong, and D.-Q. Tang, “Multi-
dimensional information-based HPLC technologies to eval-
uate traditional Chinese medicine,” Journal of
Chromatographic Science, vol. 51, no. 7, pp. 716–725, 2013.

[17] H. Li, Y. M. Gao, J. Zhang, L. Wang, and X. X. Wang, “Ultra-
performance liquid chromatography fingerprinting for
quality control of Phragmitis rhizoma (Lugen) produced in
Baiyangdian,” Pharmacognosy Magazine, vol. 9, no. 36,
pp. 285–289, 2013.

[18] M. Santiago and S. Strobel, “-in layer chromatography,”
Methods in Enzymology, vol. 533, pp. 303–324, 2013.

[19] Z. Guo, R. Cai, H. Su, and Y. Li, “Alkaloids in processed
rhizoma corydalis and crude rhizoma corydalis analyzed by
GC/MS,” Journal of Analytical Methods in Chemistry,
vol. 2014, Article ID 281342, 6 pages, 2014.

[20] Q. Li, H. Guan, X. Wang et al., “Fingerprint-efficacy study of
the quaternary alkaloids in Corydalis yanhusuo,” Journal of
Ethnopharmacology, vol. 207, pp. 108–117, 2017.

[21] M. Sun, J. Liu, C. Lin, L. Miao, and L. Lin, “Alkaloid profiling
of the traditional Chinese medicine Rhizoma corydalis using
high performance liquid chromatography-tandem quadru-
pole time-of-flight mass spectrometry,” Acta Pharmaceutica
Sinica B, vol. 4, no. 3, pp. 208–216, 2014.

[22] X. Zheng, W. Zheng, J. Zhou et al., “Study on the discrimi-
nation between Corydalis Rhizoma and its adulterants based
on HPLC-DAD-Q-TOF-MS associated with chemometric
analysis,” Journal of Chromatography B, vol. 1090, pp. 110–
121, 2018.

[23] X.-M. Liang, Y. Jin, Y.-P. Wang, G.-W. Jin, Q. Fu, and
Y.-S. Xiao, “Qualitative and quantitative analysis in quality
control of traditional Chinese medicines,” Journal of Chro-
matography A, vol. 1216, no. 11, pp. 2033–2044, 2009.

[24] W. Li, Z. Cheng, Y. Wang, and H. Qu, “Quality control of
Lonicerae Japonicae Flos using near infrared spectroscopy
and chemometrics,” Journal of Pharmaceutical and Biomed-
ical Analysis, vol. 72, pp. 33–39, 2013.

[25] W. Li and H. Qu, “Rapid quantification of phenolic acids in
Radix Salvia Miltrorrhiza extract solutions by FT-NIR spec-
troscopy in transflective mode,” Journal of Pharmaceutical
and Biomedical Analysis, vol. 52, no. 4, pp. 425–431, 2010.

[26] W. Liu, Z. Z. Wang, J. P. Qing, H. J. Li, and W. Xiao,
“Classification and quantification analysis of peach kernel

from different origins with near-infrared diffuse reflection
spectroscopy,” Pharmacognosy Magazine, vol. 10, no. 40,
pp. 441–448, 2014.

[27] I. Fabijanic, D. Cavuzic, and A. Mandac Zubak, “Meningo-
coccal polysaccharides identification by NIR spectroscopy and
chemometrics,” Carbohydr Polym, vol. 216, pp. 36–44, 2019.
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