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Abstract: Cuscutae Semen (CS; Chinese common name “Tusizi”) is one of the most common tra-
ditional herbal medicines used to treat liver and kidney diseases in China. Although it is most
commonly used as a processed product, little progress has been made on the quality control of CS and
salt-processed Cuscutae Semen (PCS). The purpose of this study was to establish a comprehensive
strategy integrating chromatographic analysis and chemometric methods for quality evaluation
and discrimination of CS and PCS. An accurate and reliable HPLC method was established for the
simultaneous quantification of 12 analyte compounds in CS and PCS. The results showed that this
method exhibited desirable sensitivity, precision, stability, and repeatability. Multivariate chemomet-
ric methods were applied to analyze the obtained HPLC fingerprints, including hierarchical cluster
analysis (HCA), principle component analysis (PCA), and partial least squares discriminant analysis
(PLS-DA). The results indicated that CS and PCS samples showed a clear classification of the two
groups, and three chemical markers with great contributions to the differentiation were screened out.
Collectively, the chemometrics combined with the quantitative analysis based on HPLC fingerprint
results indicated that salt processing may change the contents and types of components in Cuscutae
Semen.

Keywords: Cuscutae Semen; multivariate statistical analysis; high-performance liquid chromatography;
salt-processed

1. Introduction

The processing procedures of traditional Chinese medicines (TCMs) play an important
role in their clinical applications. However, little progress has been made on the quality
control of crude and processed products. Traditional processing methods include steaming
with water, wine, or vinegar; cooking with black bean juice or herbal liquids; and stir-frying
with oil, salt water, or sand. For many herbs used as TCMs, it is necessary to reduce
their toxicities and side effects, but retain their pharmacological effects, before clinical
application. Hence, in order to guarantee the safety and effectiveness of these medicines, it
is essential to control and regulate the quality of crude and processed products.

Cuscutae Semen (CS; “Tusizi” in Chinese), the dried seed of Cuscuta australis R.Br.
or Cuscuta chinensis Lam., is a well-known traditional Chinese medicinal herb used for
regulating the body’s endocrine system, nourishing the liver and kidney, improving eye-
sight, and preventing miscarriage [1,2]. It has also been reported to have antioxidative,
osteoblastogenic, and immunomodulatory activities, as well as playing an active role in
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alleviating chronic prostatitis [3-5]. The processing of CS has a long history and a variety
of excipients such as rice wine and salt solutions may be used in the processes. Among
these, salt-processing is the most widely used processing method, whereby CS is stir-fried
in a salt solution, as documented in the 2020 edition of the Chinese pharmacopoeia [6].
In recent pharmacological studies, salt-processed CS showed significant improvement in
enhancing levels of testosterone and antioxidant effects [7]. Thus, in clinical practice, it
is necessary to discriminate crude Cuscutae Semen from salt-processed Cuscutae Semen
(PCS).

There are many kinds of active components in CS, including flavonoids, chlorogenic
acids, polysaccharides, alkaloids, and other components [8,9], with flavonoids and phenolic
compounds being the predominant bioactive constituents [10]. The main flavonoids,
including kaempferol, quercetin, hyperoside, and astragalin, play an important role in the
medicine’s pharmacological processes. It has been reported that hyperoside and kaempferol
are the active components in CS responsible for its osteogenic effect [11]. Other research
has indicated that chlorogenic acids are the main active components in CS responsible
for anti-inflammatory and antioxidant effects [12]. In the context of traditional Chinese
medicines, qualitative and quantitative analysis of components holds a certain significance
in relation to quality control. In recent years, chemical studies on CS have mainly focused
on qualitative analysis of its major components through the adoption of different analytical
methods, such as HPLC, UPLC-Q-TOF/MS, and so on [13,14], but discrimination studies
between CS and PCS have been rarely reported.

Currently, the chromatographic fingerprint technique is regarded as a useful method
to control the quality of TCMs, because this technique emphasizes the systemic characteriza-
tion and evaluation of the stability of the components [15]. Due to the complex multivariate
datasets associated with the complicated compositions of TCMs, minor differences between
very similar chromatograms might be missed. Moreover, chemometric approaches are
increasingly being viewed as valuable complements to HPLC practices, because a large
number of variables can be simultaneously controlled to achieve the expected separations.
Accordingly, the combination of chromatographic analysis and chemometrics may be an
effective approach for differentiating crude and processed TCMs [16,17].

In the present study, HPLC fingerprints of the CS and PCS were compared, and the
fingerprint datasets were submitted for classification using several chemometric methods,
such as similarity analysis (SA), principle component analysis (PCA), hierarchical cluster
analysis (HCA), and partial least squares discriminant analysis (PLS-DA). Furthermore, the
contents of the 12 markers were simultaneously determined to maintain the quality control
of CS and PCS. The present study can provide a scientific foundation to deeply elucidate
the mechanism of salt-processing of CS, thus providing new directions for future research
on its pharmacological activities. In addition, the proposed method could be a helpful tool
for revealing the differences between raw and processed TCMs.

2. Materials and Methods
2.1. Chemicals and Reagents

Methanol and acetonitrile of HPLC grade were sourced from Tedia Company Inc.
(Fairfield, OH, USA), while formic acid of HPLC grade was sourced from Merck (Darmstadt,
Germany). Ultrapure water was obtained through filtration using a Milli-Q water purifica-
tion system (Bedford, MA, USA). Neochlorogenic acid (5-CQA), chlorogenic acid (3-CQA),
cryptochlorogenic acid (4-CQA), caffeic acid, hyperoside, isoquercitrin, isochlorogenic acid
B (3,4-DiCQA), astragalin, isochlorogenic acid C (4,5-DiCQA), quercetin, kaempferol, and
isorhamnetin were provided by the Chengdu Pusi Biologic Technology Co., Ltd. (Chengdu,
China). Their purity was greater than 98%. The structures of the twelve bioactive compo-
nents are shown in Figure 1.
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Figure 1. Structures of the bioactive components 1-12 in Cuscutae Semen. 1, neochlorogenic acid;
2, chlorogenic acid; 3, cryptochlorogenic acid; 4, caffeic acid; 5, hyperoside; 6, isoquercitrin; 7,
isochlorogenic acid B; 8, astragalin; 9, isochlorogenic acid C; 10, quercetin; 11, kaempferol; 12,
isorhamnetin.

2.2. Preparation of Salt-Processed Cuscutae Semen

Twenty-one batches of Cuscutae Semen samples (No. S1-521, Table 1) were collected
from pharmaceutical corporations in China and botanically identified by Professor Chen
Jianwei at Nanjing University of Chinese Medicine, Nanjing, China. The samples were
immediately dried at 60 °C for 24 h and then ground into powders at 60 mesh and stored
in a desiccator. To obtain PCS, the CS was thoroughly mixed with salt water (20%, w/w),
fried over a gentle heat until it became totally dry, and allowed to cool. Salt was added at a
ratio of 2 kg for each 100 kg of the crude drug [18].
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Table 1. Details of samples of Cuscutae Semen.

No. Origin Batch Number
S1 Inner Mongolia 20,210,301
S2 Inner Mongolia 20,201,201
S3 Liaoning 201,101
S4 Ningxia 20,121,001
S5 Gansu 20,210,524
S6 Inner Mongolia 210,301
S7 Ningxia 20,210,514
S8 Inner Mongolia 200,726
S9 Inner Mongolia 210,103

S10 Heibei 200,901

S11 Shandong 201,222

S12 Yunnan 20,210,606

S13 Henan 202,009

S14 Guangxi 202,007

S15 Inner Mongolia 200,915

S16 Hebei 202,106

S17 Jiangsu 202,008

S18 Anhui 20,210,610

S19 Ningxia 202,010

S20 Inner Mongolia 200,401

S21 Shandong 210,200,181

2.3. Sample Preparation and Standard Solutions

Each batch of CS and PCS samples (0.5 g) was accurately weighed and extracted
with 20 mL 80% methanol (v/v) under ultrasonication over a duration of 60 min. The
extracted solutions were transferred into 25 mL volumetric flasks, which were filled up to
the mark with the same solvent. The mixtures were centrifuged at 13,000 rpm for 5 min and
further filtered through a 0.45 pum filter membrane for qualitative and quantitative analysis.
The mixed standard solution was prepared by mixing the individual stock solutions and
diluted using methanol to a final concentration of 86.0 pg/mL 5-CQA, 223.0 ug/mL 3-
CQA, 81.6 ug/mL 4-CQA, 90.3 ug/mL caffeic acid, 244.0 ug/mL hyperoside, 86.5 ug/mL
isoquercitrin, 86.5 pg/mL 3,4-DiCQA, 607.0 ug/mL astragalin, 81.5 pg/mL 4,5-DiCQA,
81.2 pg/mL quercetin, 244.0 pg/mL kaempferol, and 104.0 ng/mL isorhamnetin. All the
solutions were then stored at 4 °C for further HPLC analysis.

2.4. Chromatographic Fingerprinting Conditions and Quantitative Analysis

HPLC separation was performed using a Shimadzu HPLC system (Shimadzu, Kyoto,
Japan) equipped with a PDA detector. The separation was carried out on a YMC-Pack
ODS-C18 column (250 mm x 4.6 mm, 5 um). The mobile phase consisted of solvent
A (0.1% formic acid in water, v/v) and solvent B (ACN). The optimized HPLC elution
procedure was conducted as follows: 0—2 min, 5% B; 2-10 min, 5-15% B; 10-30 min, 15-18%
B; 30-32 min, 18% B; 32-52 min, 18-45% B; 52-60 min, 45-5% B. The column temperature,
flow rate, injection volume, and detection wavelength were set to 30 °C, 1.0 mL/min, 10 uL,
and 328 nm, respectively. The external standard method was adopted for the quantitative
analysis of potential active components. The mixed standard stock solution was diluted
using methanol to obtain a series of working solutions of appropriate concentrations. By
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taking the peak area (Y) as the ordinate and the concentrations of the reference standards
(X, ng/mL) as the abscissa, standard curves were drawn and used to calculate the contents
of the active components.

2.5. Method Validation

The HPLC chromatography fingerprint methodology was validated by evaluating its
precision, reproducibility, and stability. S1 was randomly selected as the test object. The
established HPLC quantitative method was verified by evaluating its linearity, precision,
accuracy, stability, repeatability, LOD, and LOQ. Mixed standard solutions were diluted
to obtain three different concentration levels to establish calibration curves. The precision
of the method was tested by injecting a mixed standard solution six times a day. The
reproducibility of the method was evaluated by repeated injections of six independent
samples. These samples were injected three times at 0, 3, 6, 12, and 24 h to verify the
stability of the quantitative method. LOQ and LOD were determined and evaluated while
S/N was found to be greater than or equal to 10 and 3, respectively. The accuracy of the
method was evaluated based on the recovery rate of the three solutions with different
concentration levels.

2.6. Data Analysis

Multivariate statistical analysis was performed to establish the variability of crude and
salt-processed Cuscutae Semen samples. All peaks in the chromatograms were integrated
and analyzed for SA using the Similarity Evaluation System for Chromatographic Finger-
print of Traditional Chinese Medicine software (Version 2012A, Chinese Pharmacopoeia
Commission, Beijing, China). The generated dataset was standardized based on the Z-
score and then exported to SIMCA 14.1 (Umetrics AB, Umea, Sweden) for multivariate
analysis, including HCA, PCA, and orthogonal partial least squares discriminate analysis
(OPLS-DA).

3. Results and Discussion
3.1. Optimization of Chromatographic Conditions

Mobile phases, namely methanol-water, acetonitrile-water, methanol-acid aqueous so-
lution, and acetonitrile-acid aqueous solution, were examined and compared to determine
the one with optimal chromatographic behavior. It was found that the acetonitrile—acid
aqueous solution had better performance than the others. Moreover, different kinds of acid
aqueous solutions (formic acid, acetic acid, and phosphoric acid) were also compared, and it
was ascertained that formic acid produced the best performance in improving the shape and
resolution of peaks. Lastly, different concentrations of formic acid (0.05%, 0.1%, and 0.5%)
were compared, and the data indicated that the optimal condition was acetonitrile-0.1%
formic acid aqueous solution (Figure 2).

3.2. Method Validation

The HPLC fingerprint methodology was validated by evaluating its precision, repro-
ducibility, and stability in the form of the relative standard deviation (RSD) of the relative
peak area (RPA) of 14 common peaks. The results showed that the precision of the RSDs
of the RPA was less than 3.66%, indicating that the instrument had good precision. The
reproducibility of the RSDs of the RPA was in the range of 0-3.00%, suggesting that the
chromatographic fingerprint method had good repeatability. The stability of the RSDs of
the RPA was less than 2.90%, demonstrating that the sample solution was stable within a
time frame of 24 h.

The linearity, LODs, and LOQs of the HPLC assays for quantitative determination
of 12 analytes are summarized in Table 2. The data indicate a good relationship between
concentrations and peak areas of the analytes within the test ranges (r > 0.9990). The
LODs and LOQs of all analytes were 0.41 pg/mL and 3.04 ug/mL, respectively. The
overall RSDs of precision and repeatability for the analytes were less than 3.66% and
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4.40%, respectively. The established methods also showed acceptable accuracy, with a spike
recovery of 91.70-105.20% for all analytes. In terms of stability, the RSDs of the peak areas
for all analytes detected within 24 h were lower than 4.00%. Overall, the results indicated
that the established methods were linear, sensitive, precise, accurate, and stable enough for
quantification of the 12 bioactive components in the CS and PCS samples.
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Figure 2. The HPLC fingerprints of the mixed standard substance (A), CS (B), and PCS samples (C).
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Table 2. Calibration curve equations, linear ranges, LODs, and LOQs of the bioactive components.

No. Analyte Calibratior'l Curve . Linear Range LOD LOQ
Equation (mg/mL) (ug/mL) (ug/mL)
1 5-CQA Y =24,908,773X — 2450 1.0000 0.0002~0.0860 0.21 0.43
2 3-CQA Y =25,509,829X + 15,086 0.9990 0.0006~0.2238 0.56 1.12
3 4-CQA Y =20,357,556X — 1490 1.0000 0.0002~0.0816 0.20 0.41
4 caffeic acid Y =47,472,731X + 17,007 0.9994 0.0002~0.0903 0.23 0.45
5 hyperoside Y =13,723,924X + 13,326 0.9994 0.0006~0.2442 0.61 1.22
6 isoquercitrin Y =13,711,789X + 3450 0.9996 0.0002~0.0865 0.22 0.43
7 3,4-DiCQA Y =30,307,263X — 23,528 0.9998 0.0002~0.0865 0.22 0.43
8 astragalin Y =17,030,336X + 45,986 0.9994 0.0015~0.6079 1.52 3.04
9 4,5-DiCQA Y = 33,839,153X — 13,637 0.9991 0.0002~0.0815 0.20 0.41
10 quercetin Y =17,558,745X + 1850 0.9995 0.0002~0.0812 0.20 0.41
11 kaempferol Y =21,261,390X + 12,682 0.9994 0.0006~0.2448 0.61 1.22
12 isorhamnetin Y =16,630,604X + 5704 0.9994 0.0003~0.1044 0.26 0.52

3.3. Establishment and Similarity Evaluation of the HPLC Fingerprints of CS and PCS

By taking S1 as the reference, 14 common peaks (P1-P14) were detected in the
21 batches of CS and PCS samples, which indicated that the main active components
in the CS and PCS samples were the same. The chromatographic fingerprints of CS and
PCS samples are shown in Figure 3. As can be seen in the figure, the areas of the peaks P1,
P4, P9, and P10 in the samples were relatively large, demonstrating that the components
corresponding to these four peaks accounted for a large proportion of the main active
components in the CS and PCS samples. Nevertheless, there were significant differences in
the contents of similar components in different batches. The chromatographic fingerprint
data of the 21 batches of the CS and PCS samples were exported to the Similarity Evaluation
System for Chromatographic Fingerprint of Traditional Chinese Medicine (Version, 20124,
Chinese Pharmacopoeia Commission, Beijing, China), with the areas of the 14 common
peaks as the basic parameters, to evaluate the similarity of CS and PCS samples. By taking
S1 as a reference, the similarity of samples in different batches was found to be mostly
above 0.9, which is relatively high, indicating that it was impossible to distinguish samples
in different batches based on only their fingerprints.

3.4. Quantitative Analysis of the 12 Components in CS and PCS Samples

The newly developed and validated HPLC method was adopted to quantify the
12 analytes in the 21 batches of CS and PCS samples, and the quantification results are
summarized in Table 3. It was found that the total contents of the detected analytes in
the CS samples were significantly different. The lowest content of the detected analytes
was 6.09 & 0.01 mg/g (S5), and the highest content was 12.91 £ 0.01 mg/g (S11), which is
2.12 times higher. In order to extensively compare the differences between the CS and PCS
samples, the average contents of the 12 analytes were calculated. The results showed that
chlorogenic acid, hyperoside, and isoquercitrin components decreased significantly upon
processing, whereas neochlorogenic acid, cryptochlorogenic acid, and quercetin compo-
nents increased markedly. Isochlorogenic acid B was not detected in the CS samples but it
was significantly increased in the PCS samples. The other components showed no obvious
change. These findings could be explained by the fact that flavonol glucosides suffered
from cleavage of the glycosidic bond during the thermal process. For chlorogenic acids, the
heating process may lead to the conversion of these compounds. By comparing various
literary sources, this study represents an initial efforts regarding the content comparison of
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12 Cuscutae Semen components before and after salt processing, which is helpful to better
understand the mechanism of salt processing [9,13].

P4
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2RR2R292Q
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Figure 3. The chromatographic fingerprints of the 21 batches of CS (A) and PCS (B) samples.
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Table 3. The contents of the 12 components in the 21 batches of CS and PCS samples (mg/g).
No Samples 1 2 3 4 5 6 7 8 9 10 11 12 Total
Cs 0.124+0.00 3.41£0.00 0.194+0.00 0.044+0.00 549+0.01 0.7240.00 ND 0.36+0.00 0.05+£0.00 0.07+0.00 0.14=+0.00 DUL 10.59 £ 0.01
51 PCs 0584+0.04 255+£011 0.35+0.03 0.03+0.00 491+£013 0594+0.01 0.06=+0.00 049+0.00 0054001 011+£0.01 0.214+0.01 DUL 9.93 +0.18
Cs 0.114+0.00 3.79£0.00 0.20+0.00 0.05+0.00 4.17+0.00 0.77=+0.00 ND 1.15+0.00 0.08+£0.00 0.08+0.00 035£0.00 0.03+0.00 10.78 £ 0.01
52 PCs 0724+0.11 260£021 046+0.07 0.06+0.00 3.44+017 0.604+0.02 010£0.01 1.09+0.04 0.07=+0.00 016+0.04 0304+0.01 0.03£0.00 9.63=£0.01
Cs 0.094+0.00 3.17£0.01 0.14+0.00 0.05+0.00 4.72+£0.01 0.7540.00 ND 0.524+0.00 0.06£0.00 0.174+0.00 034+0.00 0.03+£0.00 10.04=+0.01
53 PCs 045+0.03 222+£015 029+0.02 0.06+0.00 4.01+£021 0.624+0.01 0.07+£0.00 055+0.01 0.05+0.00 0.17+0.01 0.30+0.02 0.03+£0.00 8.82+0.25
Cs 0.094+0.00 3.76£0.01 0.16+0.00 0.06+0.00 4.77+£0.00 0.77=0.00 ND 0.83+0.00 0.07£0.00 0.06%0.00 0.09=+0.00 DUL 10.66 = 0.00
54 PCs 0.544+0.00 277£0.06 0.33+0.00 0.07+0.00 4.09+0.07 0.654+0.01 008+£000 1.15+0.08 0.07+0.01 0.12£0.00 0.2940.03 DUL 10.16 £ 0.17
Cs 0.03+0.00 1.76£0.01 0.05=0.00 DUL 3.81+0.01 0.42+0.00 ND DUL DUL 0.02 +0.00 DUL ND 6.09 £ 0.01
5 PCs 0244001 1.52£0.05 0.16+0.00 0.03+0.00 3.53+0.06 0.35=40.01 DUL DUL 0.0240.00 0.08 £ 0.00 DUL DUL 5.93 + 0.07
Cs 0.114+0.00 3.67£0.02 0.09+0.00 0.05+0.00 4.39+0.01 0.60=+0.01 ND 0.404+0.00 0.04£0.00 0.0940.01 DUL ND 9.44 4+ 0.03
56 PCs 057+0.05 284£0.05 0.33+0.02 0.09+0.00 3.97+0.03 050+0.01 0.08=+£0.00 0.56+0.00 0.05+0.00 0.13+0.01 DUL DUL 9.12 + 0.04
Cs 0.08+0.01 3.36+0.01 0.15+0.00 0.08+0.00 3.66+0.00 0.7240.00 ND 0.724+0.00 0.06£0.00 0.13+0.00 0.11+0.00 DUL 9.07 + 0.03
57 PCs 035+0.07 244+017 0254+0.04 0.07+001 3.00+£011 0544002 0.07£0.00 0.714+0.05 0.05+£0.00 0.12+0.01 0.1340.02 DUL 7.73 +£0.18
Cs 0.114+0.01 3.30£0.01 0.15+0.02 0.06+0.00 4.86+0.01 0.67=+0.00 ND 0.794+0.00 0.06£0.03 0.11+0.00 0.38+0.00 0.03+£0.00 10.52 =+ 0.06
58 PCs 037+0.05 262+£012 0.224+0.03 0.07+0.00 433+£023 056+0.04 0.07£0.00 0.76+0.05 0.06=+001 0.11+0.01 0.34=40.02 DUL 9.51 +0.32
Cs 0.114+0.01 298£0.02 0.12+0.00 0.03+0.00 6.45+0.01 0.6040.03 ND DUL 0.0340.00 0.07 £ 0.00 DUL ND 10.39 £ 0.07
59 PCS 048+0.02 2324010 0.25+0.01 0.03+£0.01 575+0.18 0.55+0.02 0.05=£0.00 DUL 0.03£0.00 0.10+0.01 DUL DUL 9.56 +£0.19
Cs 0.05+0.00 470£0.04 0.13+0.04 0.04+001 4.38+£0.00 0.76+0.00 ND 0.56 +0.00 0.05£0.00 0.06+0.00 0.2140.00 DUL 10.94 + 0.08
510 PCs 0464+0.04 342+005 036+0.03 005+001 3.81+£011 0.634+0.02 0.07£0.00 0.66+0.04 0.06+000 0.08+0.01 0.26=+0.02 DUL 9.86 +0.20
Cs 0.08+0.00 4.00£0.00 0.12+0.00 0.04+0.00 6.78+0.00 0.83=0.00 ND 0.774+0.00 0.04£0.00 0.09+0.00 0.16+0.00 DUL 12.91 £ 0.01
St PCs 0414+0.01 3.05£0.09 028+0.01 0044001 583+015 0.64+0.01 0.07+£000 0.76+0.03 0.06+0.01 013+£0.01 0.194+0.01 DUL 11.46 +0.14
Cs 0.10+0.00 3.06+£0.01 0.224+0.00 0.07+0.00 3.69+0.01 0.660.00 ND 1.08£0.00 0.10+£0.00 0.124+0.00 0.44+0.00 0.04+0.00 9.58+0.01
512 PCS 0.47£0.06 224+032 030+0.03 0.09+£0.01 328+026 0.60+0.03 0.08+£0.01 200+£0.84 0.05+000 017+£0.05 1.21£0.67 0.08+0.03 1057 +1.41
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Table 3. Cont.

No Samples 1 2 3 4 5 6 7 8 9 10 11 12 Total
Cs 010£0.01 2674£0.01 0.20+£0.00 0.07£0.00 3.36+0.01 0.7240.00 ND 252+0.00 013+0.00 024+0.00 151+£0.00 0.09+0.00 11.61+0.01
513 PCS 042+0.01 233+0.12 026£0.01 0.09+0.02 332+0.06 0.61+£004 008+0.01 2074083 0.06£001 017+0.04 1244066 0.09+003 10.74+1.55
Cs 0.07+0.01 3.09£0.01 0.09+£0.00 0.06+0.00 4.21+0.02 0.6240.00 ND 1.06 £0.00 0.06+0.00 0.144+0.01 0.55+£0.00 0.04+0.00 9.99 &+ 0.05
Si4 PCs 0.37+£0.01 251+0.03 025+0.01 011+0.00 3.69+£0.08 052+0.02 0.07+0.00 095+0.05 0.05+0.01 0.14+0.01 046+0.04 0.03+0.00 9.15+0.11
CS 0.08+0.00 4.08+0.02 0.17+£0.02 0.05+0.00 4.224+0.00 0.71=£0.00 ND 0.59+0.00 0.06+0.00 0.12£0.00 0.13+0.00 DUL 10.21 £+ 0.04
515 PCs 040+0.03 3.38+£0.07 0.32+0.02 0.114+0.00 3.70+£0.03 0.60+0.01 0.07+£0.00 0.67+0.02 0.06+0.01 0.15+£0.00 0.134+0.01 DUL 9.59 + 0.05
Cs 0.094+0.01 328£0.01 0.194+0.00 0.09+0.00 343+0.01 0.87+0.01 ND 2.67+0.00 0.194+0.00 019£0.00 0.9540.00 0.06+0.00 12.01+0.03
516 PCS 039+0.02 270+£0.05 026£0.01 021+0.00 328+0.09 0.71£003 010+£0.01 2214+£0.02 0.16=£001 013+0.01 0724+0.02 0.06=0.00 1093 +0.16
(] 0.08+0.00 3.16+£0.00 0.14+0.00 0.04+0.00 5.11+£0.00 0.65=0.00 ND 0.404+0.00 0.05£0.00 0.08+0.00 0.19=+0.00 DUL 9.90 + 0.01
S17 PCS 038+0.01 257+0.05 024+£0.01 0.06+0.00 4.61+0.07 0.57=£0.01 0.07+£0.00 038+0.02 0.07£0.00 0.11+£0.00 0.17+0.02 DUL 9.23 £0.12
CSs 0.08+0.00 3.89+0.02 0.14+£0.00 0.05+0.00 3.70+£0.02 0.73=£0.00 ND 0.74+0.01 0.06+0.00 0.06£0.00 0.12+0.00 DUL 9.57 £ 0.06
518 PCS 041+0.14 2744+027 030£0.09 0114+0.02 3.03+0.11 059+£0.01 0.08+0.01 0.754+0.02 0.11£0.00 0.11+0.03 0.15+0.01 DUL 8.38 + 0.11
Cs 0.094+0.00 3.04£0.01 0.20%+0.00 0.05+0.00 4.65+0.01 0.66=0.00 ND 0.66+0.00 0.06£0.00 0.114+0.00 0.34=+0.00 DUL 9.86 + 0.01
519 PCS 042+0.04 205+0.11 026£0.02 007+0.01 3814014 052+£0.02 0.09+0.03 057+0.02 0.07£0.00 0.11+0.01 0.28=+0.01 DUL 825+ 0.22
(@) 0.07£0.00 438+0.01 0.10+0.01 0.06+£0.00 4.11+0.01 0.74=+0.00 ND 0.54+0.00 0.034+0.01 0.12+£0.00 0.42+0.00 DUL 10.57 £ 0.02
520 PCs 0.54+£0.06 292+015 041+0.04 0.09+0.01 3.38+0.10 0.60+£0.02 0.09+0.01 0.61+0.09 0.09+0.00 0.15+0.02 044+0.02 0.05+0.00 9.37£0.12
CS 0.09+0.01 3.63+0.00 0.19+£0.00 0.06+0.00 3.94+0.00 0.66=+0.00 ND 0.66+0.00 01240.00 0.10£0.00 0.10=+£0.00 DUL 9.55 £ 0.01
521 PCS 0.45+0.07 2.61+0.03 028+£0.04 0.124+0.01 335+0.03 055£0.01 0.10+£0.01 0.87+0.11 0.15£0.01 0.09+0.01 0.1340.00 DUL 8.71 + 0.18

DUL: detected under the limit of quantification, ND: not detected.
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3.5. Chemometric Approaches

To further visualize the relationship and discriminate between CS and PCS samples,
the quantitative data were imported into SIMCA-P 14.1 software to perform PCA and
PLS-DA. Each variable in the HPLC data matrix refers to an HPLC chromatographic peak
(22 components in CS or PCS) that was identified across 21 different CS samples and
21 PCS samples. The retention times and accurate peak area of each variable were used
to determine their identities. Data were normalized to unit vector length, mean-centered,
and Pareto scaled (i.e., scaled by the square root of the standard deviation) prior to the
analyses. Principal component analysis (PCA), an unsupervised method, was adopted for
the dimensionality reduction of multivariate data to describe the significant data variance
with a few principal components (PCs) [19]. The values of the established PCA model fit
parameters R2X (cum) and Q2 (cum) were 0.944 and 0.687, respectively, which indicated
that the model is robust. In the score plot, different processing procedures occupy a different
region. On the basis of eigenvalues >1, four principal components accounting for 91.9%
of the total variance were considered significant. As shown in Figure 4A, the first two
principal components were used to cumulatively explain 65% (PC1, 39%; PC2, 26%) of
the total variation in the samples. It was observed that the CS samples formed a close
group, whereas the PCS samples clustered together. During the PCA analysis, it was also
noted that a small number of samples were distributed outside the core of the clusters.
For example, samples CS5, CS13, and CS16 were outliers of the CS group, while PCS5,
PCS13, and PCS16 represented outliers of the PCS group. In truth, these samples displayed
lower chromatographic similarity (relative to the reference chromatogram) compared to
other samples in the same group. The 3D score scatter plot (Figure 4B) also exhibited good
fitness (Q2[1] (cum) 0.33, Q2[2] (cum) 0.176, Q2[3] (cum) 0.13) and predictability (R2X[1]
(cum) 0.39, R2X[2] (cum) 0.26, R2X][2] (cum) 0.293) [20]. All the observations fell within the
Hotelling’s T2 (0.95) ellipse. All samples were clearly classified into two groups, which
indicated obvious differences in their chemical compositions.

PC2 (26%)
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Figure 4. The score scatter plot (PCA) (A) and three-dimensional score scatter plot (PCA) (B) drawings
of 21 batches of CS and PCS samples.

However, the PCA approach only provided limited results and an insubstantial un-
derstanding of the chemical relationships among the samples. Therefore, the partial least
squares discrimination analysis (PLS-DA), a supervised pattern recognition method, was
applied [21]. The fitted OPLS-DA model exhibited good fitness (Q2 (cum) 0.968) and
predictability (R2X (cum) 0.723). All the observations fell within the Hotelling’s T2 (0.95)
ellipse. First, the raw and processed products could be distinguished well in the score
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scatter plot (Figure 5A), which means that processing plays an important role in the change
of CS. Moreover, the samples of CS clusters were in a small region after being processed
with salt, which illustrates that processing can make samples more stable. The loading
scatter plot (Figure 5B) displays the relationship between the X variables and the Y variables
for the first predictive component and the first Y-orthogonal component. Analysis of the
PLS-DS loading scatter plot revealed that 3-CQA, compound 8, and compound 9 were
the major discriminators accounting for specimens’ segregation. Variable importance in
projection (VIP), a weighted sum of squares of the PLS loadings, was adopted to further
characterize the samples. The metabolites with VIP values greater than 1.0 were considered
more relevant among the different samples. In the VIP plot (Figure 5C), three components,
namely 3-CQA, compound 8, and compound 9, were perceived to be the most relevant
of the 22 chromatographic peaks. Furthermore, we will use liquid chromatography-mass
spectrometry technology to identify unknown compounds 8 and 9 in future work. On the
whole, it was evident that CS and PCS samples were clearly clustered into two groups,
meaning the processing procedures caused changes in the composition and/or contents of
components in the CS sample.

Hierarchical cluster analysis (HCA) was performed to explore the relationships and
differences between the CS and PCS samples and their components. The top 22 components
with the highest significance were selected by conducting a ¢-test and served as potential
markers. The 42 samples were categorized based on different measurement indicators
by employing Ward’s method with the Euclidean distance [22]. The heatmap with a
dendrogram is presented in Figure 6. All the samples were classified into two main clusters.
Cluster I mainly consisted of crude CS samples, while Cluster II mainly consisted of PCS
samples. The results indicate that the proposed processing method might have a larger
influence on the chemical profile of CS than geographical origin. During the process of salt
roasting of traditional Chinese medicines, the main process parameters determining the
change of components are heating temperature and time [23]. Based on this finding, it is
important and necessary to control processing conditions such as heating temperature and
time [24,25].
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Figure 5. Cont.
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4. Conclusions

In the present study, a simple, accurate, and reliable method was developed to evalu-
ate the quality of both crude and salt-processed Cuscutae Semen samples by adopting a
chromatographic fingerprint method and simultaneous determination of twelve bioactive
components. A total of 14 characteristic fingerprint peaks were analyzed to assess the
similarities among 42 samples, and it was ascertained that there were obvious differences
in similarity values among the CS and PCS samples. Twelve components were analyzed
simultaneously in terms of their linearity, precision, repeatability, and accuracy over an
analysis time of 60 min. PCA, PLS-DA, and HCA approaches were adopted to distinguish
crude Cuscutae Semen samples from salt-processed Cuscutae Semen samples based on
chromatographic data obtained using HPLC techniques. The proposed approach not only
puts forward more specific quality standards for crude and salt-processed Cuscutae Semen
samples, but also proffers a generally applicable method for determining the discrimi-
natory quality control markers for TCMs and related processed products. In the future,
we will continue to study the changes of specific components before and after the salt
processing of Cuscutae Semen. Furthermore, we will also evaluate the main differential
components through pharmacological methods, thereby further clarifying the mechanism
of salt processing of Cuscutae Semen.
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