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ARTICLE INFO ABSTRACT
Keywords: To rapidly evaluate the quality of complex herbal preparations, a new strategy was proposed
Quality evaluation based on multi-color scale and efficacy-oriented high-performance thin-layer chromatography

Herbal preparations

(HPTLC) characteristic fingerprint combined with chemometric method. Firstly, effective com-
HPTLC fingerprint

X . . ponents were screened through high-performance liquid chromatography with ultraviolet
Multi-color scale and efficacy-oriented . . . . N . |
Chemometric method detection and evaporative light-scattering (HPLC-UV-ELSD), using multi-wavelength fusion
Sanwujiao Pills combined with network pharmacology and molecular docking techniques. Subsequently, guided

by the effective components, the targeted HPTLC characteristic fingerprint was established by
multi-color scale scanning. Finally, combined with the chemometric method, the consistency of
the preparation quality was evaluated, the marker components leading to quality differences were
screened, and the quality control limit was established. Sanwujiao Pills (SWJPs) is a herbal
preparation composed of six herbs for treating rheumatoid arthritis (RA). Through this strategy,
four HPTLC characteristic fingerprints were established, they were derived from five herbs and
guided by eight effective components in SWJPs. Through similarity, clustering heatmap, principal
component analysis (PCA), and orthogonal partial least squares discriminant analysis (OPLS-DA),
the quality distinctions among the 12 batches of SWJPs were determined. These batches were
categorized into two groups based on their production time, and eight components affecting the
quality of the preparation were identified. Meanwhile, the quality control threshold for SWJPs
was determined based on Hotelling’s T2 and DModX methods. This strategy aims to rapidly
evaluate the quality of complex herbal preparations by HPTLC and extends the application of
HPTLC fingerprint chromatography for identifying herbal medicine species and activity-related
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quality detection. The proposed strategy is also helpful for the quality control of other complex
herbal preparations.

1. Introduction

Herbal preparations have been used to treat diseases for thousands of years in China, demonstrating robust clinical efficacy against
complex chronic diseases and garnering increasing global attention [1]. Recently, with the increasing use of herbal medicines
worldwide, their quality control has been a significant concern for both health authorities and the public [2]. Herbal preparations are
often made from multiple herbal medicines after extraction and processing, and hence, they have the characteristics of multiple
components. The species, origin, processing method and production processes of each herbal medicine in this preparation can affect
the quality consistency of herbal preparations [3], thereby influencing clinical efficacy. Therefore, establishing quality evaluation
methods for complex herbal preparations and identifying components that influencing their quality have become one of the research
hotspots in the field of complex herbal preparations.

Numerous methods have been developed to evaluate the quality of herbal medicines [4,5]. These include chemical fingerprint in
combination with chemometrics for qualitative and quantitative analysis [6,7], integrated strategies such as “effect-compound-tar-
get-fingerprint” for discovering quality markers [8], and the “efficacy-oriented effect-constituent index” for quality control based on
fingerprinting and activity detection [9,10]. Among these, chromatographic fingerprinting combined with chemometrics and efficacy
assessments has gained popularity for quality evaluation. Notably, chromatographic fingerprinting is widely recognized by govern-
mental authorities and is accepted for herbal medicines quality evaluation in many countries [11-13]. Currently, the commonly used
techniques for chromatographic fingerprinting include high-performance liquid chromatography (HPLC) [14], thin-layer chroma-
tography (TLC) [15], and gas chromatography (GC) [16], etc. Among them, high-performance thin-layer chromatography (HPTLC) is
more cost-effective and more convenient than other chromatographic methods. It can realize the rapid detection of multiple batches of
samples on the same thin-layer plate, especially with image analysis and stoichiometry. It has irreplaceable advantages in identifying
herbal species, determining their origins, assessing processing methods, and screening bioactive components [17,18]. However,
existing studies have primarily focused on individual herbal medicines, with an emphasis on qualitative identification. There are no
HPTLC-related reports for quality consistency and differential component analysis of herbal preparations with complex components,
and most studies have focused on using HPLC and GC methods, which are complicated to operate compared with HPTLC [14,16].
Therefore, developing an economical and rapid chromatographic fingerprinting method that can evaluate the quality of complex
herbal preparations with HPTLC is challenging but meaningful.

Sanwujiao Pills (SWJPs) is a patented medicine approved by the NMPA, originating from the Sanwujiao Decoction-an herbal
preparation with a history of more than 160 years of use in Yunnan, China. It is often used to treat rheumatism and rheumatoid arthritis
(RA), rheumatic myositis, and hyperostosis [19,20]. Because of its good clinical efficacy, it has been approved as a therapeutic drug by
NMPA and is widely used in clinical practice in China. SWJPs are perpared by decocting the following six herbal medicines in water at
a high temperature and under high pressure: Polygoni Multiflori Radix (the root of Polygonum multiflorum Thunb., Heshouwu, HSW),
Aconiti Radix (the main root of Aconitum carmichaelii Debx., Chuanwu, CW), Aconiti Lateralis Radix Praeparata (the lateral root of A.
carmichaelii Debx., Fuzi, FZ) and Aconiti Vilmoriniani Radix (the root of Aconitum vilmorinianum Kom., Huangcaowu, HCW), Olibanum
(the gum resin of Boswellia carterii Birdw., Ruxiang, RX), and Typhonii Rhizoma (the rhizome of Typhonium giganteum Engl., Baifuzi,
BFZ). Among them, alkaloids are the main effective components in CW, HCW, and FZ [21], stilbene glucosides and anthraquinones are
the main effective components in HSW [22], pentacyclic triterpenoids are the main effective components in RX [23], and cerebrosides
are the main active components in BFZ [24]. At present, there have been only four studys on the quality control methods for SWJPs,
including the TLC identification of HSW [19], HPLC fingerprints [25,26] and quantification of 2,3,5,4-tetrahydroxy stilbe-
ne-2-0-p-D-glucoside (THSG) from HSW [27]. However, these methods can not comprehensively and objectively evaluate product
quality or control the production process of the preparation. Therefore, there is an urgent need to establish a quality evaluation method
capable of qualitatively identifying each herbal medicine in the preparation and objectively assessing quality consistency and vari-
ability across the different batches of the preparation.

This study proposed a novel strategy for evaluating the quality of complex herbal preparations based on a multi-color scale and
efficacy-oriented HPTLC characteristic fingerprint combined with a chemometric method. This strategy has three obvious advantages:
(1) The HPTLC characteristic fingerprint is based on effective components from multiple herbal medicines present in the preparation,
facilitating comprehensive quality control. (2) The established characteristic fingerprints from each herbal medicine in the preparation
are highly specific, eliminating interference from other herbal medicines and ensuring accuracy. (3) This strategy is rapid and
economical compared to conventional HPLC and GC methods. Using SWJPs as a case study, we established the HPTLC characteristic
fingerprint of five herbal medicines in the preparation, guided by eight effective components. By using this method, we evaluated the
quality consistency among the 12 batches of SWJPs, identified the components responsible for quality differences in the preparation,
and established quality control thresholds. To the best of our knowledge, this study is the first to evaluate the quality of a complex
herbal preparation by using a multi-color scale and efficacy-oriented HPTLC characteristic fingerprint combined with a chemometric
method. This strategy could be used as an efficient method to comprehensively control the quality of herbal preparations.
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2. Materials and methods
2.1. Chemicals and materials

HPTLC silica gel 60 F254 (20 x 10 cm) was purchased from Merck (Darmstadt, Germany). The chemical reference substances (CRS)
of emodin (EMO), physcion (PHY), 2,3,5,4-tetrahydroxy stilbene-2-O-p-D-glucoside (THSG), emodin-8-O-p-p-glucopyranoside (EG),
aloe-emodin (AE), fuziline (FZL), benzoylaconine (BAC), benzoylhypaconine (BHA), benzoylmesaconine (BMA), 8-deacetylyunaconi-
tine (DYA), crassicauline A (CCA), 8-deacetylcrassicauline A (DCA), 3-etyl-11-keto-f-boswellic Acid (AKBA), 11-keto-B-boswellic acid
(BKBA), p-Boswellic acid (BBA), and 3-acetyl-p-boswellic acid (BABA), and B-sitosterol were purchased from Chengdu Preferred Bio-
Technology Co., Ltd. (Chengdu, PR China). The herbal reference substances (HRS) of Polygoni Multiflori Radix (HSW) and Oliba-
num (RX) were purchased from the National Institute of Food and Drug Control (Beijing, PR China). All solvents used were of analytical
or chromatographic grade and purchased from Merck (Darmstadt, Germany).

12 batches of SWJPs were obtained from Yunnan Jinwu Heiyao Pharmaceutical Co., Ltd. (Yunnan, PR China), of which 5 batches
were manufactured in June 2020 (Lot: 200603, 200604, 200607, 200608, and 200609), bearing serial numbers Al to A5; while the
remaining seven batches were produced in July 2020 (Lot: 200,701-200707), with serial numbers are B1 to B7.

2.2. Preparation of sample, negative sample, HRS and CRS solutions

2.2.1. Sample, negative sample, HRS, and CRS solutions for HSW

To 4.0 g of the 12 batches of the SWJPs powder, 30 mL of water was added and sonicated for 30 min, and then filtered. The filtrate
was evaporated. The residue was dissolved in 25 mL of water, shaken, and extracted twice with an equal volume of ether. The upper
ether layer was collected and dried. The residue was dissolved in 1.0 mL of methanol and used as the sample solution for HSW.

The negative sample were prepared following the production process of SWJPs with the other five herbs excluding HSW, and the
negative sample solution was prepared using the same method as the sample solution. For the HRS, 0.50 g HRS of HSW was processed
using the same method as the sample solution for HSW. 2.0 mg of EMO and PHY, 1.0 mg of THSG CRS, and 1.0 mL of methanol were
prepare a mixed CRS solution for determining the effective components in HSW.

2.2.2. Sample, negative sample, and CRS solutions for CW, HCW, and FZ

To 4.0 g of the 12 batches of the SWJPs powder, 2 mL of ammonia solution was added to wet the sample and 30 mL diethyl ether
was added again. The mixture was sonicated for 30 min and filtered. The filtrate was dried and the residue was dissolved in 1.0 mL of
methanol and used as the sample solution for CW, HCW, and FZ.

The negative sample were prepared following the production process of SWJPs with the other three herbs excluding CW, HCW, and
FZ, and the negative sample solution was prepared using the same method as the sample solution. To BAC, BHA, and BMA CRS,
isopropanol-methylene chloride (1:1) solution was added to prepare 1.0 mg/mL of the mixed CRS solution for determining the effective
components in CW, HCW, and FZ.

2.2.3. Sample, negative sample, HRS, and CRS solutions for RX

To 1.0 g of the 12 batches of the SWJPs powder, 20 mL of methanol was added and sonicated for 30 min, and then filtered. The
filtrate was evaporated. The residue was dissolved in 20 mL of water, shaken, and extracted with an equal volume of ether. The upper
ether layer was collected and dried. The residue was dissolved with 1.0 mL of methanol and used as the sample solution for RX.

The negative sample were prepared following the production process of SWJPs with the other five herbs excluding RX, and the
negative sample solution was prepared using the same method as the sample solution. 0.50 g HRS of RX was processed using the same
method as the sample solution to prepare HRS solution for RX. To 0.50 mg of fBA and BABA CRS, 1.0 mL of methanol was added to
make a mixed CRS solution for determining the effective components in RX.

2.3. Establishment of HPLC-UV-ELSD fingerprint with multi-wavelength fusion

HPLC-UV-ELSD with multi-wavelength fusion method was used to establish the fingerprint of SWJPs for chemical composition
analysis. To this end, 2.0 g of SWJPs powder from each of the 12 batches was combined with 50 mL of methanol, sonicated for 30 min,
and filtration. 25 mL of filtrate was collected and evaporated, and the residue was dissolved with 5.0 mL of methanol to generate the
sample solution.

The HPLC analysis was conducted using an Agilent 1260 Infinity HPLC system (Agilent Technologies, Santa Clara, CA, USA)
comprising an Agilent ChemStation software, quaternary pump, UV detector, and ELSD detector. The separation utilized a Waters
XSelect CSH C18 column (4.6 x 150 mm, 5 pm), with the column temperature at 35 °C, and the injection volume of 10 pL. The mobile
phases consisted of 0.1 mol/L ammonium acetate aqueous solution (A) and acetonitrile (B). The elution was developed with a flow rate
of 1.0 mL/min using the following gradient elution program: 8-10 % B (0-3 min), 10-15 % B (3-11 min), 15-20 % B (11-19 min),
20-23 % B (19-23 min), 23-24 % B (23-33 min), 24-35 % B (33-37 min), 35-60 % B (37-60 min), 60-65 % B (60-75 min), 65-80 % B
(75-90 min), and 80 % B (90-100 min). The multi-wavelength detection was set at 320 nm from 0 to 26 min, 235 nm from 26 to 36
min, and 254 nm from 36 to 100 min. ELSD conditions were set as follows: evaporator temperature at 50 °C, nebulizer temperature was
40 °C, and gas flow rate and PMT gain set to 1.50 SLM and 1.0, respectively.
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2.4. Pharmacological network analysis

The components detected in the HPLC-UV-ELSD fingerprint were used in this study. The PubChem database (https://pubchem.
ncbi.nlm.nih.gov/) was used to obtain their 2D structures. The 2D structures of components were imported to the Swiss Target Pre-
diction database (http://www.swisstargetprediction.ch/) to screen the components targets. Through the GeneCards database (https://
www.genecards.org/) and OMIM database (https://www.omim.org/), the disease-related targets were screened using the keywords
“pain”, “inflammation”, “arthritis”, and “rheumatoid arthritis (RA)”.

Using the Venny 2.1.0 website (https://bioinfogp.cnb.csic.es/tools/venny/), the intersectional targets of SWJPs components and
RA were obtained. These targets were subsequently subjected to protein-protein interaction (PPI) network analysis using the String
database (https://string-db.org/), with a confidence threshold of 0.40. Cytoscape v3.9.1 software was used to visualize the resulting
PPI network, and the CytoNCA plug-in was used to calculate the degree values of the key targets. The top six degree values in
intersectional targets were selected as the key core targets of SWJPs in RA treatment.

Gene Ontology (GO) functional annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were con-
ducted for the potential targets of SWJPs in the treatment of RA using the Metascape database (https://metascape.org/gp/index.
html#/main/stepl). Criteria for significance was set at P < 0.05, and the resulting biological information and potential pathways
were visualized using Cytoscape v3.9.1, yielding a network diagram of “SWJPs-effective components-targets-pathways.

2.5. Molecular docking analysis

The top six key core targets identified from the PPI network diagram in Section “2.3” were selected for molecular docking with the
components of SWJPs detected in the HPLC-UV-ELSD fingerprint. Firstly, the 2D structures of SWJPs’ components were minimized for
structural energy and converted to 3D structures by Chem3D 20.0 software. Secondly, the protein structures of the key targets was
retrieved from the RCSB PDB database (https://www.rcsb.org/) and imported into Pymol 2.5.4 software for dehydration and ligand
separation. Finally, the AutoDock vina 1.1.2 software was used for molecular docking. The binding energy of < —4.25 kcal/mol in-
dicates a certain level of activity between the ligand and receptor protein, while a value of < —5 kcal/mol suggests some degree of
binding activity, and a value of < —7 kcal/mol indicates strong binding activity [28,29]. The results were imported into Pymol 2.5.4
software for molecular docking visualization analysis.

2.6. HPTLC procedure

2.6.1. HPTLC of the effective components for HSW

10 pL of the SWJPs sample solution and the negative sample solution for HSW, 5 pL of the HRS solution for HSW, and the mixed CRS
solution of EMO, PHY and THSG, were separately applied to the same HPTLC silica gel 60 F254 plate. With trichloromethane-
methanol-formic acid (v:v:v = 7:3:0.5) as the mobile phase, the thin-layer plate was developed to approximately 3.5 cm, and then
allowed to dry. Then, a different mobile phase consisting of petroleum ether-ethyl acetate-formic acid (v:v:v = 15:5:0.5) was used to
develop the plate to about 7 cm, followed by drying. The bands were visualized under the ultraviolet light at 365 nm. Finally, the plate
was sprayed with 5 % (w/v) vanillin-sulfuric acid reagent, then heated at 105 °C, and the bands were examined under sunlight.

2.6.2. HPTLC of the effective components for CW, HCW and FZ

15 pL of the SWJPs sample solution, negative sample solution for CW, HCW and FZ, and 10 pL of the mixed CRS solution of BAC,
BHA, and BMA were separately applied to the same HPTLC silica gel plate. With n-hexane-ethyl acetate-methanol (v:v:v = 6.4:3.6:1) as
the mobile phase, the thin-layer plate was pre-saturated for 30 min in the chromatography cylinder filled with ammonia vapor. It was
then developed to approximately 9 cm and allowed to dry. The bands were examined under sunlight after spraying with the Dra-
gendorff reagent.

2.6.3. HPTLC of the effective components for RX

15 pL of the SWJPs sample solution and the negative sample solution for RX, 2 pL of the HRS solution for RX, and 10 pL of the mixed
CRS solution of BBA and BABA were separately applied to the same HPTLC silica gel plate. Using petroleum ether (60-90 °C)-
cyclohexane-ethyl acetate-formic acid (v:v:v:v = 10:30:15:1) as the mobile phase, the thin-layer plate was developed to approximately
9 cm and then allowed to dry. The plate was sprayed with a 10 % (v/v) sulfuric acid-ethanol solution and heated at 105 °C until the
bands were clear. The bands were then examined under sunlight.

2.7. Image and data processing of HPTLC

High-definition images of the HPTLC plate were captured using a TLC Visualizer system (CAMAG, Muttenz, Switzerland). The
Chemical Fingerprint Analysis System Solution software (ChemPattern®, 2020, Beijing, China) was used for image processing and
digitized chromatogram data acquisition (Version 2020, Chemmind Corp., Beijing, China).

The HPTLC images were imported into ChemPattern® (2020) software, which automatically located thin-layer development tracks
of the samples, eliminated the interference bands in the negative sample solution. Next, the HPTLC images were digitally scanned with
multiple color scales using UV color mode. Ultraviolet light at 365 nm was scanned with a positive color (+) channel, while visible light
and UV 254 nm with a negative color (—) channel. This process converted the color information into a skeleton map based on intensity
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value, enabling the integration of peak areas for each component band. The median method was used to screen the common peaks and
their Rf value, and the mean method was used to calculate the eigenvalues. Finally, a Gaussian curve simulation algorithm was
employed for visualization to generate the common pattern of the HPTLC characteristic fingerprint.

2.8. Validation of the HPTLC fingerprint method

The specificity, robustness, and repeatability of the method were assessed in accordance with ICH guidelines [30]. Three batches of
SWJPs sample solution (B1-B3), negative sample solution, mixed CRS solution, and HRS solution from each herbal medicine were
applied to the same HPTLC plate to evaluate the robustness concerning different manufacturer’s HPTLC plates, temperature, and
humidity. Negative sample solutions, prepared using any five herbs from the six herbs in SWJPs, were observed to assess the specificity
of the method. Batch B1 was used to prepare six sample solutions repeatedly and applied to the same thin-layer plate to assess
repeatability. Finally, the relative standard deviation (RSD%) of common peaks in the HPTLC fingerprint was calculated.

2.9. Chemometric analysis for quality evaluation

2.9.1. Similarity and cluster heatmap

ChemPattern® software was employed to assess the quality consistency of the 12 batches of SWJPs by similarity evaluation. The
data of the common peaks in the HPTLC fingerprint from different batches of samples were standardized and compared to the common
pattern of the HPTLC fingerprint of SWJPs. The angle cosine method was used to calculate the similarity of samples. Meanwhile, cluster
heatmap analysis was used to cluster the 12 batches of SWJPs based on HPTLC fingerprint data with Euclidean distance and complete
linkage method to determine the quality difference among SWJPs batches.

2.9.2. Principal component analysis (PCA)

PCA was utilized to reduce the dimensionality of multidimensional sample data to several principal components and determine the
quality consistency and differences among samples according to the principal components. The fingerprint data from the 12 batches of
SWJPs were subjected to dimensionality reduction analysis in the ChemPattern® software. The variance contribution rate of each
principal component was obtained, and the grouping of SWJPs from different batches was predicted to analyze the quality consistency
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of the preparation. Finally, Hotelling’s T2 and DModX control charts were created to monitor the quality of different batches of
samples.

2.9.3. Orthogonal partial least-squares discrimination analysis (OPLS-DA)

To further screen the marker components responsible for the quality differences in SWJPs, the common peak data from HPTLC
fingerprints of different batches of SWJPs were subjected to supervised OPLS-DA) using the SIMCA-P 14.1 software (Sartorius,
Gottingen, Germany). Two hundred permutation tests were performed on the established OPLS-DA model to assess its validity. The
variable importance in the projection (VIP) value was used to predict the components that differentiated the quality of SWJPs. These
components (VIP > 1) were considered to be key factors contributing to the quality differences in SWJPs.
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3. Results and discussion
3.1. Strategy for quality evaluation

A comprehensive and rapid strategy for evaluating the quality of SWJPs was proposed (Fig. 1), The steps were as follows: (1) The
HPLC-UV-ELSD fingerprint with multi-wavelength fusion was established to determine the common compositions of SWJPs. (2)
Effective components for the treatment of RA were screened by the pharmacological network and molecular docking technology based
on the common compositions of SWJPs. (3) A specific HPTLC characteristic fingerprint was developed based on multi-color scale
images and effective component orientation. This fingerprint was unique to each herbal medicine in SWJPs, eliminating negative
interference from other herbal medicines. (4) Combined with the chemometrics methods, the quality consistency of the samples was
evaluated, the marker components affecting the quality were identified, and the control limit for evaluating quality was established.

3.2. Analysis of HPLC fingerprint components

To identify the components in SWJPs, HPLC-UV-ELSD was performed to establish the fingerprints of the 12 batches of SWJPs with
multi-wavelength fusion. The main components were anthraquinones, diterpenoid alkaloids, stilbene glycosides, and masticinic acids.
Therefore, 320 nm was selected for stilbene glycosides, 235 nm for alkaloids, and 254 nm for anthraquinones and masticinic acids. At
the same time, UV and ELSD detectors were used to detect the sample’s UV and non-UV absorption components fully.

A total of twenty-four common peaks were obtained using ELSD and UV, and fourteen components were identified by comparisons
with standard substances (Fig. 2) and UPLC-QTOF-MS/MS analysis (Fig. S1, Table S1). Additionally, three components (BBA, BABA
and p-sitosterol) were detected in the HPTLC pre-experiment for SWJPs, but were not detected by HPLC-ELSD-UV. Therefore,
seventeen components in SWJPs were selected for screening the effective components in the treatment of RA (Table 1), including three
anthraquinones and one stilbene glycosides from HSW, eight alkaloids from CW, HCW and FZ, four masticinic acids from RX, and one
sterols from BFZ.

3.3. Identification of the effective components for treating RA

3.3.1. Screening of the key targets of components for treating RA

Through network pharmacology, we sought to identify key targets associated with the 17 components detected in SWJPs for the
treatment of RA. A total of 362 targets were related to the components, 8491 targets were related to RA, and an intersection of 312
targets was observed, accounting for 3.7 % (Fig. 3A), representing potential drug targets for SWJPs in RA treatment. The PPI network
and visualized PPI map of potential targets were obtained by String database and Cytoscape v 3.9.1 software (Fig. 3B), comprising 310
nodes connected with 3485 interacting lines. Based on the degree value, the top six targets were selected as the key targets for SWJPs in
RA treatment, namely GAPDH, EGFR, CASP3, HSP90AA1, SRC, and MAPK3.

3.3.2. Analysis of GO function and KEGG enrichment pathway
GO functional annotation and KEGG enrichment pathway analysis were performed on the intersecting targets of the components
and RA. The analysis yielded a total of 2552 GO entries, including 2121 biological processes (BP), 137 cellular components (CC), and

Table 1
Analysis results of HPLC-UV-ELSD fingerprint components in SWJPs.
NO  component attribution of herbal medicine
1 2,3,5,4"-tetrahydroxy stilbene-2-O-p-D- Polygoni Multiflori Radix
glucoside
2 emodin
3 physcion
4 aloe-emodin
5 emodin-8-0-p-p-glucopyranoside
6 benzoylaconine
No.6-12 components all belong to Aconiti Radix, Aconiti Vilmoriniani Radix, and Aconiti Lateralis Radix
Praeparata
7 benzoylhypacoitine
8 benzoylmesaconine
9 8-deacetylyunaconitine
10 crassicauline A
11 8-deacetylcrassicauline A
12 fuziline
13 3-etyl-11-keto-p-boswellic Acid Olibanum
14 11-keto-p-boswellic acid
15 p-boswellic acid
16 3-etyl-p-boswellic Acid
17 pB-sitosterol Typhonii Rhizoma
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Fig. 3. Network pharmacology of SWJPs in the treatment of RA. (A) Venn diagram of the intersection targets between components and RA, (B) The
PPI network of the potential targets of SWJPs, and (C) “SWJPs-effective components-targets-pathways” networks.

294 molecular functions (MF). Response to hormones, cellular response to nitrogen compounds, and protein phosphorylation were
involved in BP. Membrane raft, membrane microdomain, and protein kinase complex were involved in CC. Phosphotransferase ac-
tivity, alcohol group as acceptor, alcohol group as acceptor, kinase activity, and protein kinase activity were involved in MF. The KEGG
enrichment analysis produced 194 items (P < 0.05), elucidating the involvement of numerous pathways in SWJPs’ treatment of RA.
Predominant pathways included cancer-related pathways, PI3K-Akt signaling pathway, microRNAs in cancer, and chemical carci-
nogenesis — reactive oxygen species.

3.3.3. Analysis of “SWJPs-effective components-targets-pathways” network

The top 10 KEGG pathways were selected to draw the “SWJPs-effective components-targets-pathways” network map combined
with the effective components and “drug-disease” intersection targets of SWJPs (Fig. 3C). As shown in Fig. 3C, Eight effective com-
ponents act on the above 10 signaling pathways that play an important role in the treatment of RA. The network involved a total of 91
targets, among which GAPDH, HSP90AA1, SRC, EGFR, CASP3, and MAPK3 were the key targets of SWJPs in treating RA. It was
consistent with the targets screened by the method in Section 3.3.1. This network shows that SWJPs mainly play a role in treating RA
through pathways in cancer, PI3K-Akt signaling pathway, microRNAs in cancer, and other pathways.

3.3.4. Screening of the effective components by molecular docking
Molecular docking simulations were conducted to assess the binding capabilities of seventeen components in Section 3.2 with the
six key targets screened in Sections 3.3.1 and 3.3.2. It evaluated the success rate based on their binding energy values. The results

Table 2

Combinative energy value of the effective components of SWJPs in the treatment of RA.
Effective components GAPD (H) EGFR CASP3 HSP90AA1 SRC MAPK3
THSG -9.9 -5.2 -8.0 —6.8 -3.9 -8.2
EMO -9.7 -5.9 -8.1 -8.0 -3.1 —-8.2
PHC -9.6 -5.7 -7.9 —7.2 -39 -9.2
BAC -8.0 -5.8 -7.1 —6.6 -5.0 -8.0
BHA -8.5 -5.6 -7.1 —6.4 -4.5 -8.4
BMA -7.6 -5.7 —6.9 —6.3 —4.3 -7.7
BBA -8.6 -5.9 -8.4 -7.3 -4.0 -8.9
BABA -8.5 —6.2 -9.1 -7.2 -3.7 -8.3
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indicated that eight components in SWJPs exhibited favorable binding energies with key targets of RA (Table 2), including BAC, BHA,
BMA, THSG, EMO, PHY, pBA, and BABA (Fig. 4). They had strong binding ability to HSP90AA1, EGFR and CASP3 target proteins.
Notably, all their binding energies were < —5 kcal/mol, especially for GAPDH and MAPK36 with a binding capacity of < -7 kcal/mol.
Collectively, these findings suggest that the selected effective components correlated strongly with RA. Additionally, these components
were found to be present in high concentrations, making them detectable by HPTLC in SWJPs and thus laying the foundation for the
study of HPTLC fingerprints.

3.4. Analysis of the HPTLC chromatograms

The four HPTLC chromatograms were generated for the five herbal medicines in SWJPs, based on the eight effective compo-
nentsobtained from the above screening (Fig. 5). Among these components, EMO, PHY, and THSG belong to anthraquinones and
stilbene glucosides, respectively, originating from HSW [22]. Moreover, BAC, BHA, and BMA are diterpenoid alkaloids found in CW,
HCW and FZ [21], BBA and BABA are pentacyclic triterpenoids present in RX [23].

To better detect the effective components on the thin-layer plate, the suitable detection wavelengths and derivative reagents that
were sensitive to these components were identified. Because the absorption wavelength of anthraquinones is UV 365 nm [31] and
vanillin is the identification reagent of glucosides [32], UV 365 nm and vanillin were selected to examine the thin-layer plate for HSW.
The Dragendorff reagent is an identification reagent of alkaloids [33], and 10 % (v/v) sulfuric acid-ethanol solution is the identifi-
cation reagent for pentacyclic triterpenoids [34]. Thus, the two reagents were selected as derivative reagents for alkaloids from CW,
HCW, FZ, and pentacyclic triterpenoid from RX.

The four HPTLC chromatograms for the five herbal medicines in SWJPs indicated consistent chromatographic behavior of 12
batches of SWJPs, with clear and stable bands. Notably, the chromatograms revealed specific components in each herbal medicine that
could be distinguished from their respective negative sample solutions.

Furthermore, this study introduced a novel method to simultaneously detect stilbene glucosides and anthraquinones in HSW using
twice-development method. This study solved the problem that only one component could be detested by TLC in most herbal prep-
arations containing HSW. Thus, it enabled comprehensive quality control for the multiple components of HSW.
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3.5. Establishment of the HPTLC fingerprint

The four HPTLC chromatogram images from the 12 batches of SWJPs were processed using the ChemPattern® software (2020).
After multi-color scale scanning and data processing, the interfering fingerprint peaks presenting in the negative sample solutions were
subtracted. Subsequently, common patterns and characteristic fingerprints for the different batches of SWJPs were automatically
generated (Fig. 6). The fingerprint peaks were numbered from bottom to top according to their ratio shift (Rf) value. These common
patterns could be used as reference fingerprint chromatograms for the HPTLC analysis of SWJPs. The results revealed the presence of
five common peaks at UV 365 nm and four common peaks in the sunlight for HSW, nine common peaks for CW, HCW, and FZ, and five
common peaks for RX. According to the corresponding CRS solutions, eight efficacy components were identified in these common
peaks. These reference fingerprint chromatograms (common patterns) for each herbal medicine demonstrated specificity and effec-
tively eliminated interference from other herbal medicines in SWJPs, ensuring the characteristic fingerprinting of SWJPs by HPTLC.

3.6. Validation of HPTLC fingerprint method

The negative samples, which were prepared with any five of the six herbs of SWJPs, did not interfere with the detection of common
components (Fig. 5), thereby highlighting the specificity of the method. Moreover, the method had better robustness at 70 %-80 %, 40
%-50 %, and 20 %-30 % humidity and 4-10 °C, 20-25 °C, and 30-35 °C, wherein clear bands of the common components and stable Rf
values were observed under these conditions, these changes could not affect the chromatographic behavior. Repeatability analysis
revealed that the RSD values of the common peak area of the six samples from CW, HCW, and FZ were 2.94-6.93 %, HSW at UV 365
and sunlight were 3.53-6.68 % and 4.45-6.89 %, respectively, and RX was 3.92-6.09 % (Table S2). These RSD values were within the
acceptance criteria (less than 10 %) for repeatability [35].

The thin-layer plates from Qingdao Haiyang Chemical Co., Ltd. (Qingdao, PR China) and Yantai Muxin Glass Products Co., Ltd.
(Yantai, PR China) displayed unclear separation of bands, hence, thin-layer plates from Merck were selected for this study as they
displayed clear band separation.

3.7. Evaluation of quality consistency

3.7.1. Similarity analysis

The similarities of HPTLC characteristic fingerprints of the 12 batches of SWJPs were analyzed by ChemPattern® software. The
results demonstrated that the similarity values among the preparations exceeded 0.9 (Table 3). Specifically, the similarity values for
the fingerprints of CW, HCW, and FZ were 0.9561-0.9972, with B2 value being lower. For RX was 0.9283-0.9968, with B3 and B4
being lower. HSW at UV 365 nm and sunlight were 0.9555-0.9985 and 0.9488-0.9996, with B6 and B4 values being lower,
respectively. To comprehensively evaluate the similarity of 12 batches of SWJPs by combining all the common peaks data of five herbal
medicines fingerprints, the results revealed that all fingerprints peaks were between 0.9765 and 0.9927, with B4 value being lower.
Overall, the quality of different batches of SWJPs was stable, although some differences were observed.

3.7.2. Cluster heatmap analysis

To further evaluate the quality consistency of SWJPs, the data from all common peaks across the four HPTLC characteristic fin-
gerprints of the five herbal medicines were integrated and the HPTLC characteristic fingerprints of 12 batches of samples were
classified by cluster heatmap analysis (Fig. 7A). The results revealed that the 12 batches of SWJPs were clustered into two categories.
Specifically, A4, A3, A5, A1, and A2 were clustered into one group, and B6, B7, B4, B3, B5, B1, and B2 were clustered into the second
group. In the second group, the seven samples were further clustered into two subgroups: B6 and B7 formed one subgroup, while B4,
B3, B5, B1, and B2 formed the other. This result indicated that the quality of SWJPs produced in June 2020 differed from those
produced in July 2020.

Table 3

Similarity analysis results of HPTLC fingerprints of twelve batches of SWJPs.
Batches HSW fingerprints CW/HCW/FZ fingerprints RX fingerprints All fingerprints

UV 365 nm Sunlight

Al 0.9913 0.9874 0.9795 0.9888 0.9782
A2 0.9843 0.9851 0.9862 0.9954 0.9766
A3 0.9930 0.9564 0.9972 0.9886 0.9844
A4 0.9934 0.9769 0.9883 0.9903 0.9789
A5 0.9944 0.9755 0.9836 0.9900 0.9783
B1 0.9806 0.9996 0.9809 0.9857 0.9927
B2 0.9938 0.9523 0.9561 0.9968 0.9890
B3 0.9985 0.9811 0.9940 0.9283 0.9914
B4 0.9945 0.9488 0.9590 0.9397 0.9765
B5 0.9887 0.9832 0.9785 0.9883 0.9803
B6 0.9555 0.9586 0.9705 0.9953 0.9874
B7 0.9954 0.9987 0.9767 0.9968 0.9866
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Fig. 7. Quality evaluation of 12 batches of SWJPs based on cluster heatmap, PCA and OPLA-DA analysis. (A) Cluster heat map, (B) PCA’s scatter
diagram, (C) OPLS-DA’s scatter diagram, and (D) VIP value of OPLS-DA. The components represented by the vertical axis of Fig. 7A and the
horizontal axis of Fig. 7D are the common peaks of the four HPTLC fingerprints.

3.7.3. PCA analysis
The PCA method was used to analyze the quality differences and consistencies among the 12 batches of SWJPs. PCA is an unsu-

pervised multivariate data analysis approach. It can be used to reduce the dimensionality of multivariate datasets to obtain a new set of
variables called principal components [36]. In this study, all the common peak data across the four HPTLC fingerprints of the five
herbal medicines were combined and reduced to several principal components for quality evaluation.

The results showed that the contribution rates of the first, second, and third principal components were 55.40 %, 16.25 %, and 9.18
%, respectively, with a cumulative value of 80.83 %. Thus, the three principal components were selected to represent the common
peaks’ data of the SWJPs. According to PCA’s scatter diagram (Fig. 7B), the 12 batches of SWJPs were clustered into two categories.
Among them, the batches Al to A5 of SWJPs, produced in June 2020, were clustered in one category, and batches B1 to B7, produced
in July 2020, were clustered in another category. This result was highly consistent with the findings from the cluster heatmap analysis,
confirming that PCA is a suitable method for evaluating the quality consistency of complex herbal preparations.

3.8. Components analysis of quality differences

To identify the marker components leading to the quality differences among the 12 batches of SWJPs, all common peak data from
the four HPTLC characteristic fingerprints of the five herbal medicines were integrated. Based on the above PCA analysis, SIMCA-P
14.1 software was used for OPLS-DA analysis. The results revealed that the 12 batches of SWJPs were completely consistent with
the results of PCA analysis, and they were also clustered into two groups (Fig. 7C). VIP >1 was the standard to screen for components
affecting the quality differences in the preparations. According to the VIP diagram (Fig. 7D), the components with a VIP of >1 were d4,
BABA/d3, d2, fBA/d1, and d5 from RX; BAC and c7 from CW, HCW, and FZ; and PHY/a5 from HSW. These key components were
identified as the major contributors to the quality variations among the SWJPs batches. Notably, the compositions of RX played a
significant role in affecting product quality, suggesting a need for close attention to the quality of RX during production.

3.9. Establishment of quality control limits

Hotlling’s T2 and DMod X control charts were established to monitor the quality of the 12 batches of SWJPs. Hotelling’s T? and

12
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DMod X are multivariates analysis methods used to detect abnormal fluctuations in products that exceed the control limit. The samples
within the control line are considered normal, while those beyond the control line are considered abnormal [37]. Using the SIMCA-P
14.1 software, all the common peak data from the four HPTLC fingerprints of the five herbal medicines were analyzed. Two control
charts were drawn (Fig. 8), which illustrated TCrit (99 %) and DCrit (0.05) as the control limits. The upper limits for T2Crit and DCrit
were 25.64 and 1.67, respectively. In Fig. 7A, T2Crit (95 %) was the warning limit, with the upper limit was 14.16. Furthermore, all
SWJPs batches fell below the control limit and warning limit. This indicates that although there were minor quality fluctuations among
the samples, all of them were normal batches of products with eligible quality.

4. Conclusion

The new strategy based on the multi-color scale and efficacy-oriented HPTLC characteristic fingerprint combined with the che-
mometric method could be used for the quality evaluation of complex herbal preparations. This strategy identified eight efficacy
components within SWJPs for the treatment of RA. Moreover, it enabled the establishment of four HPTLC characteristic fingerprints
based on efficacy components, including nine common peaks from HSW, five common peaks from RX, and nine common peaks from
CW, HCW and FZ. The quality evaluation results showed that there were differences in the quality of different batches of SWJPs. The
key components influencing the quality consistency primarily included eight components such as fABA, pBA, BAC, PHY. Additionally,
this study successfully established quality control limits for the preparation. Compared to other chromatographic fingerprinting
methods, this strategy offers simplicity, speed, and cost-effectiveness. In particular, the HPTLC method allows for qualitatively
identification and quality evaluation of the preparation simultaneously. Notably, it is the first time that this strategy has been applied
to the quality evaluation of complex herbal preparations. It holds valuable implications for quality control in the production process,
intermediate products, and final products of herbal preparations. This strategy is expected to be helpful for the quality control of other
complex herbal preparations.
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