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a b s t r a c t

With the modernization and internationalization of traditional Chinese medicine (TCM), the requirement
for quality control has increased. The quality marker (Q-marker) is an important standard in this field
and has been implemented with remarkable success in recent years. However, the establishment of Q-
markers remains fragmented and the process lacks systematicity, resulting in inconsistent quality control
and insufficient correlation with clinical efficacy and safety of TCM. This review introduces four multi-
modal integrated approaches that contribute to the discovery of more comprehensive and accurate Q-
markers, thus aiding in the establishment of new quality control patterns based on the characteristics
and principles of TCM. These include the whole-process quality control strategy, chemical-activity-based
screening method, efficacy, safety, and consistent combination strategy, and TCM theory-guided
approach. Furthermore, methodologies and representative examples of these strategies are described,
and important future directions and questions in this field are also proposed.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Traditional Chinese medicine (TCM) is playing an ever-
increasing role in modern medicine and healthcare. The TCM in-
dustry has made great strides in implementing modernization
strategies over the past two decades. In 2019, the gross value of the
TCM industry was 6,520 billion CNY, accounting for 25% of the gross
value of the Chinese pharmaceutical industry. TCM is gradually
gaining recognition worldwide as several TCM preparations are
undergoing clinical trials in the United States and 73 herbal drugs
considered as TCM are included in the European Pharmacopoeia
[1,2]. However, inheritance and innovation of TCM is a challenge for
both the academia and the industry. Lack of standardized quality
control restricts the modernization and globalization of TCM.
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Unlike chemically synthesized drugs, the highly complex chemical
nature of the numerous ingredients in TCM preparations and the
variability in the pharmaceutical processes negatively affect quality
control. Regarding to raw materials, variety, cultivation technique,
ecological environment, and harvesting time are factors that can
affect TCM quality. Subsequent processing activities, such as
fumigation and stir-frying, also affect the quality of TCM slices. TCM
slices is the collective term for the common materials used in
standard decoctions and TCM preparations. Furthermore, phar-
maceutical processes, including extraction, purification, separation,
concentration, and drying, affect the quality transfer of TCM. Hence,
establishing scientific quality evaluation systems that cover the
entire industrial chain and conform to the characteristics and
principles of TCM will be a cornerstone for validating the clinical
efficacy and safety of TCM.

Quality marker (Q-marker), proposed by Liu et al. [3] in 2016,
opens a new paradigm for establishing TCM quality control systems.
The core elements of the Q-marker are measurability, specificity,
transitivity, being effect-related, and relevance to TCM theory [4].
These factors help control the manufacturing process and product
quality, guaranteeing the clinical efficacy and safety of TCM.
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Measurability means that Q-markers should be qualitatively identi-
fied and quantitatively determined. Specificity indicates that Q-
markers are specific to an individual or group of TCMs and are
inherently present in the rawmaterials and products of said TCMs, or
are formedduringprocessing. Transitivity implies thatQ-markers can
be detected in the whole manufacturing process, i.e., from raw ma-
terial to final product. Effect-related Q-markers indicate that they
should be closely associated with the efficacy and toxicity of the
particular TCM. TCM theory relevance suggests that Q-markers are
considered from the monarch as well as the minister, assistant, and
guide based on the compatibility theory of TCM. In recent years, the
discovery and establishment of Q-markers have presented a multi-
dimensional integrated pattern [5]. New strategies integrating
multidisciplinary approaches, such as phytochemistry, pharmacoki-
netics, systems biology, network pharmacology, and computational
techniques, have been proposed [6e8]. This review discusses the
progress made in the establishment of Q-markers, as well as TCM
quality control systems, by highlighting four multimodal integrated
approaches: the whole-process quality control strategy; chemical-
activity-based screening method; efficacy, safety, and consistency
combination strategy; and TCM theory-guided approach. These
comprehensive andpromising strategies aim to improve TCMquality.
The integrated strategy is shown in Fig. 1. Notably, the discovery and
establishment of Q-markers for TCM are still in their infancy. Several
limitations exist, including the determination of the content range of
Q-markers, selection of influencing factors for the discovery and
establishment of Q-markers, and fragmentation of quality control
systems. Although quality indicators are gradually being discovered,
simultaneous control ofQ-markersduring themanufacturingprocess
remains a rate-limiting step. Therefore, further improvements are
required in these areas.
2. Whole-process quality control strategy

At present, the quality control of TCM mostly adopts various
online or offline analysis methods to monitor key pharmaceutical
process units or intermediates with easily available or detectable
ingredients. This approach does not consider the transitivity law of
the components among the production units from the perspective
Fig. 1. Schematic representation of the four multimodal integrated strategies. PK/PD:
pharmacokinetics/pharmacodynamics; QbD: quality by design; Q-marker: quality
marker; TCM: traditional Chinese medicine.
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of the entire process chain. In particular, the current Q-markers and
standards among TCM raw materials, decoction pieces, and final
preparations lack close connection and systematic integration,
leading to inconsistencies in the quality control of different pro-
cesses. Thus, establishing a whole-process quality control system
based on the transitivity and traceability of the Q-marker is a sig-
nificant step toward improving the quality of TCM.

This whole-process quality control chain should be carried out
in two dimensions. The first dimension is the transformation from
raw materials to the clinical form, which focuses on quality tran-
sitivity. The main task here is to systematically identify the
chemical composition and transmission law of every production
unit in the formation and clinical applications of TCM, respectively.
The second dimension is clinical efficacy- and safety-oriented
traceability from the clinical form to raw materials. The primary
task in this dimension is to guide and optimize the quality control
methods and standards of each unit in TCM production based on Q-
markers that can reflect clinical efficacy and safety. The quality of
the raw materials is a fundamental guarantee of the safety and
efficacy of the final TCM preparations. However, owing to the lack
of standardized guidance, raw materials of TCMs may have varia-
tions in ingredients and their quality. This is caused by differences
in harvesting time, geographical regions, pesticide residues, and
adulteration, resulting in overall concerns about the quality of raw
materials. Therefore, based on the transitivity and traceability of Q-
markers, determining and controlling the main factors affecting
the quality of raw materials is key to ensuring the safety and effi-
cacy of the final products. Decoction pieces are intermediates be-
tween TCM raw materials and final preparations. Processing,
storage, and transportation are the main factors affecting their
quality. Combining Q-markers with these processes will help build
a whole-process quality control system by clarifying the changes in
characteristics of the chemical composition and the influence of
these alterations on the quality of the final products. Additionally,
monitoring the extraction, purification, separation, and concen-
tration using Q-markers is pivotal because the chemical composi-
tion of intermediates can be traced back to the raw materials,
which ultimately affects the active substances in vivo. It is worth
pointing out that some substances that do not have transitivity
characteristics, but can guide in-process control and process vali-
dation in a specific unit, should also be considered as Q-markers,
such as the ingredients indicating appropriate conditions for dry-
ing and storage [9].

Quality by design (QbD) is a concept that has been applied to
quality control of TCM in recent years, replacing the earlier
methods of quality by testing and quality by production. It is a
systematic approach that has predetermined objectives and focuses
on understanding and controlling the entire product lifecycle based
on existing knowledge and quality risk management [10,11]. QbD
aims to design effective and efficient manufacturing processes to
achieve and ensure product quality and performance. The theories,
methods, and goals of QbD are compatible with the requirements
for holistic quality control in TCM. QbD is mainly used to identify a
quality target product profile, determine critical quality attributes
(CQAs), define critical processes and critical process parameters
(CPPs), establish quantitative models, develop design space, and
continuously improve the control strategy, aiming to guarantee the
safety, efficacy, and quality consistency of TCM products [12].

Design of experiment (DoE), together with process analytical
technology (PAT), represents two of the main tools in the applica-
tion of QbD in TCMquality control. DoE involves three steps: 1) fully
understanding the inputs and outputs, 2) determining the appro-
priate measure for the output, and 3) establishing a design matrix
for the factors being investigated. In the context of the complete
quality control process for TCM, DoE is used to screen CPPs that
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have significant impacts on CQAs, determine acceptable ranges for
individual CPPs, and then optimize the production process by
building mathematical models and process design space. PAT, as a
method for designing, analyzing, and controlling the production
process, ensures the quality of the final product through the online
or offline detection of CQAs and CPPs in the production chain.
Modern analytical techniques are essential contributors to PAT,
including liquid chromatography, gas chromatography, mass
spectrometry (MS), nuclear magnetic resonance spectroscopy,
near-infrared spectroscopy (NIRS), mid-infrared spectroscopy, and
Raman spectroscopy. Among them, NIRS is the most commonly
used detection technology, which can perform qualitative and
quantitative analyses in a fast and simple manner. It manages this
through establishment of a model by spectral data pretreatment
and has the advantages of overall analysis and intact sampling.
Moreover, chromatography techniques have been frequently
applied in the quality control of production processes owing to
their easy operability, speed of analysis, and high separation effi-
ciency [13]. Additionally, chromatography coupled with MS is
increasingly being used in PAT owing to its sensitivity for detecting
compounds at low concentrations with high accuracy [13,14]. The
massive amount of data generated during the production process
requires a multivariate statistical analysis to extract important in-
formation and discover patterns. Principal component analysis
(PCA) and partial least squares (PLS) regression are the most
commonly used methods. For instance, Wu and colleagues [15]
established a principal component analysis-moving block standard
deviation (PCA-MBSD)model to realize the online control of boiling
time in the extraction process of Phellodendron chinense by NIRS.
Jing and co-workers [16] combined the approaches of high-
performance liquid chromatography (HPLC), NIRS, and PLS to ach-
ieve rapid and simultaneous determination of the main active
components in rhubarb and to compare the impact of different
geographical regions and processing patterns. Therefore, applying
the concept and methods of QbD can enhance the whole-process
control of TCM production. Fig. 2 summarizes the overall process
of this strategy.
Fig. 2. The whole-process control strategy based on the transitivity and traceability of the
parameters; CQAs: critical quality attributes; DoE: design of experiment; PAT: process anal
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An example of the entire process control using Q-markers is
introduced here in the form of Xuesaitong injection (XST) as a
proof-of-concept. XST, a preparation of Panax notoginseng total
saponins, is one of the best-selling TCM in China. Considering the
potential that every compound can become a Q-marker, compre-
hensive chemical profiling was conducted using HPLC-MS, which
not only focused on the main components but also on the minor
and trace constituents of XST. As a result, 97 constituents were
characterized or tentatively identified, including the main constit-
uents notoginsenoside R1, ginsenoside Rg1, Re, Rb1, and Rd (their
contents accounted for 61.69%e71.39% of the total saponins) as well
as minor and trace ingredients ginsenoside Rh4, Rg6, and noto-
ginsenoside T5 [17]. Bioactive equivalent combinatorial compo-
nents (BECCs) that exhibit pharmacological activities similar to
those of XST were then determined using the content-weighted
ingredientetarget network [18], as well as the adjusted efficacy
score [19]. The content-weighted ingredientetarget network is a
novel approach that was proposed to uncover BECCs, especially
because the existing methods only focus on the potential phar-
macological effects without considering the contents of the in-
gredients that determine their efficacy. Notoginsenoside R1,
ginsenoside Rg1, Rb1, Rd, and Re were identified as BECCs by
network prediction and in vivo validation experiments [18].
Consistent results were obtained using the adjusted efficacy score,
which was designed to identify BECCs connected to the diverse
activities of XST in cardiovascular and cerebrovascular diseases,
without focusing on a single disease. Thus, notoginsenoside R1,
ginsenoside Rg1, Rb1, Rd, and Rewere identified as Q-markers. Next,
the key processes in XST preparation were determined and opti-
mized based on these Q-markers. In particular, extraction and
column chromatography processes were identified as key steps.
Using these processes, computational models with good prediction
ability were built to describe the relationship between CPPs and Q-
markers. Optimal CPPs have been obtained to simultaneously
ensure intermediate quality and improve process efficiency [20].
Moreover, several online detection methods have been developed
to monitor the quality of intermediates using these Q-markers. For
Q-markers. Q-marker: quality marker; QbD: quality by design; CPPs: critical process
ytical technology.
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instance, a method integrating convolutional neural networks and
NIRS was designed tomonitor the chromatographic elution process
in the production of P. notoginseng total saponins using five Q-
markers [21]. A similar approach of combining NIRS and PLS was
established for online control of the extraction step [22]. Subse-
quently, a feedforward control strategy based on the spectra of raw
materials was established to optimize the alcohol extraction pro-
cess of P. notoginseng using these Q-markers, which reduced the
effect of fluctuation of raw material variation on product quality
[23]. Notably, besides being a bioactive constituent, ginsenoside Rd
was also identified as an allergenic ingredient in XST [24]. Thus,
based on the theory of QbD, corresponding internal control quality
standards were set up to control ginsenoside Rd content within a
precise range that neither induced anaphylactoid reactions nor
reduced the efficacy of XST [25].

3. Chemical-activity-based screening method

Efficacy and safety are the key requirements for the quality evalu-
ation and quality control of TCM. However, most of the current
methods and standards for TCM quality control are chemically ori-
ented, including those in the Chinese Pharmacopoeia, ministerial
standards, and local standards. These chemical composition indicators
cannotbedirectly related to their activities,which significantly reduces
theactualvalueofqualitycontrol.Moreover, becauseof the complexity
of the synergistic and antagonistic effects between the components,
especially after compounding, revealing the mode of action of one or
several ingredients cannot fully reflect the efficacy and safety of TCM
products. Thus, the chemical-activity-based systematic screening
strategy of Q-markers, which aims to comprehensively discover in-
gredients related to efficacy and safety, has become a general practice
(Fig. 3). These include the emerging approaches of “integrative
pharmacology-based traditional Chinese medicine” (TCMIP) [26], “ef-
fect-compound-target-fingerprint” [27], “network pharmacology and
bioactive equivalence assessment integrated strategy” [28], “efficacy-
orientedeffect-constituent index” [29], “bioassayand spectrumeeffect
relationship-based strategy” [30], “Spider-web mode-based strategy”
[31], and “Q-biomarkers integrated strategy” [32]. Network pharma-
cology or systems biology-based bioactive equivalence assessment is a
main approach in this area, while spectrum/fingerprint-effect rela-
tionship-based methods and pharmacokinetic-pharmacodynamic
Fig. 3. The chemical-activity-based screening method of Q-markers. Q-marker: quality
marker; NIRS: near-infrared spectroscopy; LC-MS/MS: liquid chromatography-tandem
mass spectrometry; LC-MS: liquid chromotography-mass spectrometry; PK/PD: phar-
macokinetics/pharmacodynamics.
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(PKePD) analysis-based strategies are also important. Additionally,
because of the heavy workload and low throughput of the current
bioactivity evaluation methods, developing strategies with automatic,
rapid, sensitive, and high-throughput characteristics for the simulta-
neous screening of chemical and active ingredients is an important
matter to be considered. In this section, we focused on summarizing
anddiscussing the three integratedstrategiesmentionedabove, aswell
as the future direction.

The biological effects of TCM present a “multi-component,
multi-target, multi-pathway” mode. Thus, using systematic ap-
proaches such as network pharmacology or systems biology to
determine which ingredients are responsible for therapeutic effi-
cacy and clinical safety is important for Q-marker screening [33].
Moreover, BECCs with the efficacy of the original TCM have been
proposed to improve the quality control of TCM [34]. Thus, a novel
strategy combining these two approaches has recently been
emerged, which contends that the bioequivalence of components
in potentially active compounds detected by network pharma-
cology should be proven; subsequently, the components can be
determined as Q-markers [28]. This strategy not only uses network
pharmacology to quickly discover potential active ingredients and
corresponding targets but also can identify the ingredients closely
related to the overall efficacy of TCM by both in vitro and in vivo
bioactive equivalence assessments. Notably, network pharma-
cology is highly dependent on databases and cannot distinguish
whether the corresponding targets are indeed affected by TCM
treatment. Therefore, approaches involving systems biology often
serve as a supplement to determine compounds related to TCM
efficacy and safety. A few studies have adopted this strategy to
screen Q-markers. For instance, Xu and co-workers [28] integrated
network pharmacology and bioactive equivalence assessment to
discover Q-markers for the Da-Cheng-Qi decoction in the treatment
of intestinal obstruction. In the decoction, 11 ingredients were
finally confirmed in bioequivalence with Da-Cheng-Qi decoction
and served as Q-markers. Yang and co-workers [35] used a meta-
bolic exposure-oriented network pharmacology strategy to reveal
the effective combination in the Ginkgo biloba extract, where a
combination of 12 active compounds was found to be bioequivalent
to that of the original herb used in the treatment of ischemic stroke
and could act as Q-markers.

Chemical fingerprinting has played an important role in the
quality control of TCM over the past two decades, with the aim of
monitoring batch-to-batch consistency [36]. This method can reflect
the types and quantities of chemical components intuitively con-
tained in TCM and therefore exhibit the overall characteristics of
TCM [37]. However, this cannot be correlated with the efficacy and
safety of TCM. Thus, a spectrum/fingerprinteeffect relationship-
based method was proposed to identify Q-markers from the
perspective of combining the biological and chemical information of
TCM [38]. In other words, this method correlates the chemical
spectrum/fingerprint and the biopotency of the components. The
general methodology was as follows: 1) a standardized bioassay
method was established with appropriate indicators and optimized
experimental conditions; 2) the biopotency of TCM was evaluated
using the bioassay method; 3) the chemical fingerprints of TCM
were collected; and 4) the relationship between the chemical
properties and bioactivities was determined through correlation
analysis, to discover the spectrum/fingerprinteeffect relationship.
An example of this method is an effective component fingerprint in
which the peak area of the active component in a fingerprint is
corrected by its efficacy [39]. Using Scutellaria baicalensis Georgi as
an example, when the antibacterial potency of this herbal medicine
was first detected, a chemical fingerprint was established. The gray
correlation analysis method was used to identify the main antibac-
terial components, and the peak areas of the corresponding
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components were corrected based on their antibacterial potency.
Compared to the original chemical fingerprint, the effective
component fingerprint of S. baicalensis Georgi can reflect the dif-
ferences between samples more clearly and accurately [39]. More-
over, this approach was also used to identify Q-markers for the
antiplatelet aggregation activity of Polygonum multiflorum Thunb,
where trans-2,3,5,40-tetrahydroxy-stilbene-2-O-b-D-glucoside and
catechin were identified as the main active constituents and Q-
markers by spectrumeeffect relationships [30].

Recently, a PKePD analysis-based strategy has also provided a
promising notion for Q-marker identification. The core idea of this
strategy is to establish a qualitative and quantitative PKePD cor-
relation from different in vivo PKePD processes. The TCMIP concept
proposed by Liu and co-workers [26] is a representative example. In
this strategy, based on comprehensive characterization of TCM
components and PK profiles, as well as PD profiles of TCM in dis-
eases, the qualitative association of PKePD was first constructed to
identify key active constituents (KACs), critical molecular targets
(CMTs), and critical pharmacological effects (CPEs) of TCM on dis-
eases by establishing a multidimensional network. Then, quanti-
tative PKePD correlations, especially between the KACs and CPEs,
were established using artificial intelligence-related algorithms
and dynamic in vitro PKePD complex models. Finally, knockout/in
of KACs or CMTs was carried out to verify the contribution of KACs
to the whole TCM activity and synergetic mechanism of multiple
KACs. A comprehensive investigation of the three forms of active
substances (absorbed prototypes, absorbed metabolites, and un-
absorbed constituents) and the three modes of action of these
substances (direct, indirect, and auxiliary effects) is emphasized in
this strategy. According to the concept and methodology of TCMIP,
the potential Q-markers of Yuanhu Zhitong tablets and Xin-Su-
Ning capsules were identified [39e47], and detailed results and
information were published [26]. The significance of this PKePD
analysis-based strategy is the ability to discover the relationship
between KACs and CPEs through quantitative PKePD correlation,
which is conducive to the identification of Q-markers closely
related to the activity of TCM. Therefore, more accurate quality
control standards can be established.

Owing to the complexity of TCM, the biological evaluation
methods of TCM face the disadvantages of heavy workload and low
throughput. Automatic, rapid, sensitive, and high-throughput
screening of bioactive components that represent the efficacy of
the original TCM is an urgent problem that needs to be solved.
Although this field is still in its infancy, several studies have been
conducted. Cheng and co-workers [48] developed a microfluidic
chip-based multiple-biomarker assay to evaluate the biological
consistency of QiShenYiQi pills. They utilized magnetic beads as an
efficient surface to immobilize thrombin and angiotensin-
converting enzyme and designed a dual-channel microfluidic
chip to perform the bioassay, in which the enzymeemagnetic bead
complex formation, enzymatic reaction, and biopotency screening
were integrated. This chip-based approach showed a better
discrimination ability for different batches of QiShenYiQi pills than
chemical fingerprinting. Furthermore, this approach was used to
identify the bioactive constituents of QiShenYiQi pills in a conve-
nient and high-throughput manner by detecting the degree of
nonspecific binding of compounds using LC-MS. Therefore, this
chip-based method can be used to screen Q-markers in TCM in a
fast and high-throughput manner. Additionally, Qu and co-workers
[49] developed a high-throughput chemiluminescence platform
that can perform complete analysis in a 96-well plate format to
evaluate the antioxidant activity of total flavonoid glycosides from
plant extracts.

The inclusion of biological evaluation in the quality control
system of TCM is a significant breakthrough in the development of
705
TCM quality control, but it also faces a series of problems. The lack
of standardized in vivo and in vitro models and evaluation in-
dicators that fully reflect the clinical efficacy of TCM remains an
important issue. Most of the current models and evaluation in-
dicators are only related to a certain clinical effect or the effects on a
particular disease, whereas the active ingredients of TCM in the
treatment of each disease may differ. Moreover, as network phar-
macology, systems biology approaches, and PKePD correlation
analyses are highly database-dependent, comprehensive TCM
chemical and biological databases at both the clinical and preclin-
ical levels must be established. Additionally, efficient algorithms
and mathematical models that can fully reveal the relationship
between chemical composition and bioactivity require further
development.

4. Efficacy, safety, and consistency combination strategy

Consistency in quality, including batch-to-batch and
manufacturer-to-manufacturer consistency, is the core component
of TCM quality control. Initially, the evaluation for consistency in
TCM focused on qualitative and quantitative analyses of chemical
compositions to ensure the consistency of the main components in
different batches or between manufacturers [50]. The finger-
printing method has been widely used to establish quality stan-
dards to guarantee the consistency and stability of TCM [51].
However, these chemical-based consistency standards are insuffi-
cient to meet the efficacy and safety criteria for the clinical appli-
cation of TCM. Ensuring the safety and efficacy of TCM is extremely
important because these are the essential requirements for drugs. It
is difficult to define the activity and toxicity of TCM owing to
common problems such as unclear clinical positioning and targets.
As a result, the effective and toxic ingredients of TCM are often
unclear and not included in the quality evaluation of TCM, falling
into the dilemma of disconnection between quality control stan-
dards and clinical efficacy and safety. Thus, quality consistency
evaluation systems should be updated from two major perspec-
tives: the embedding of safety and efficacy evaluations. The former
involves the monitoring and control of pesticide residues, heavy
metals, solvent residues, microbial loads, aflatoxins, and toxic in-
gredients. The latter implicates systematic screening of active in-
gredients in in vitro and in vivo models. Either constituent that
displays sensitivity to changes in product quality at these two
perspectives should serve as Q-markers and must ensure consis-
tency between different batches or manufacturers. However, not all
pharmacodynamic ingredients are suitable as Q-markers because
of the requirements for measurability and transferability. In
contrast, Q-markers should include components with important
pharmacological effects. Furthermore, similar to the quality control
of herbal medicines in the United States and Europe, degradation
products produced from active substances or associated with TCM
toxicity should also be considered [52,53]. Understanding the sig-
nificance of these changes and providing adequate control of these
degradation products will further improve the quality of TCM.
Taken together, this integrated strategy not only is conducive to the
improvement of quality standards but also benefits the retrospec-
tive investigation of manufacturing processes, aiming to provide a
scientific basis for quality control during production, packaging,
transportation, storage, and use of TCM with safety and efficacy.

The general methodology of this strategy is as follows: first,
chromatographic or spectral fingerprinting is conducted to
comprehensively evaluate the quality of TCM, and the components
that are closely associated with chemical consistency need to be
revealed by analytical techniques; second, the biological activity
and toxicity of representing classes or individual constituents
should be determined and the doseeresponse information across
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various endpoints and dosages needs to be obtained, which are
used to determine the upper and lower concentration limits of
certain ingredients; third, the components related to TCM efficacy,
safety, and consistency are all identified as Q-markers, and all
processes that are applied during TCM manufacturing are opti-
mized and monitored through these markers as well as their limits
of content ranges. A diagram of this strategy is shown in Fig. 4.
Several representative examples of this strategy are introduced
here.

Xiyanping, a TCM injection, is widely used clinically as an anti-
inflammatory drug [54]. Currently, the total andrographolide sulfo-
nate content is adopted as the quality standard for the Xiyanping
injection [55]. Nevertheless, this marker cannot directly reflect the
efficacy and safety of the Xiyanping injection. Thus, establishing a
quality control system using Q-markers that are closely related to the
consistency, efficacy, and safety is critical for the clinical application
of this injection. Zhan [56] found that sodium dehydro-17-hydro-
andrographolide-3,19-yl disulfate, sodium dehydro-17-hydro-
andrographolide-3-yl sulfate, sodium dehydro-17-hydro-androgra-
pholide-19-yl sulfate, and 9-dehydro-17-hydro-andrographolide
were the main constituents of the Xiyanping injection, and all of
them exhibited antibacterial activity against Staphylococcus aureus.
Based on these results, a simultaneous determination method was
established to detect the contents of these four constituents, which is
also an approach for the quality control of the Xiyanping injection
[57]. However, with extensive application, Xiyanping injection-
induced anaphylactoid reactions have frequently been reported in
recent years [58]. Thus, it is important to determine potential
anaphylactic constituents and include them as safety-related Q-
markers. Using in silico molecular docking analysis, Xu and co-
workers [59] found that dehydroandrographolide forms hydrogen
bonds with the amino acid residue Trp113 on the high-affinity
immunoglobulin E receptor, which is a crucial receptor on the sur-
face of mast cells to mediate immediate allergic reactions. This
suggests that dehydroandrographolide is a potential anaphylactic
agent in the Xiyanping injection. Similarly, Sun and co-workers [60]
developed a rapid screening method to identify potentially
anaphylactic constituents in Chuanxinlian injection (which is made
of Andrographis paniculata Nees, like the Xiyanping injection) using
human mast cell line-1 cell membrane chromatography coupled
with HPLC-electrospray ionization (ESI)-MS/MS analysis. Dehy-
droandrographolide was also identified as a potential anaphylactic
ingredient. The anti-inflammatory efficacy of dehydroan-
drographolide has also been reported [61]. Therefore, in addition to
the four efficacy-related Q-markers, dehydroandrographolide should
be considered as both an efficacy-related Q-marker and a safety-
Fig. 4. The efficacy, safety, and consistency combination strategy for Q-marker iden-
tification. Q-marker: quality marker; MS: mass spectrometry; HPLC: high performance
liquid chromatography; NIRS: near-infrared spectroscopy; ED50: median effective
dose; TD50: median toxic dose.
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related Q-marker. The content range of dehydroandrographolide in
the Xiyanping injection that neither reduces the efficacy of this in-
jection nor causes anaphylactoid reaction needs further exploration
and could be used to optimize and monitor the production process.

Tripterygium glycoside tablets are commercial TCM frequently
used for the treatment of autoimmune and inflammatory diseases
in China [62]. A clinical trial that aimed to evaluate the effects of
tripterygium glycoside tablets on rheumatoid arthritis was
approved by the U.S. Food and Drug Administration [63,64].
Although tripterygium glycoside tablets are promising drugs, their
quality control requires continuous improvement. Hang and co-
workers [65] established a rapid and sensitive HPLC time-of-flight
(TOF)-MS method for the quantitative analysis of 11 bioactive
constituents (triptolide, triptriolide, epitriptriolide, triptonide,
tripterine, wilforlide A, wilforlide B, wilforine, wilforgine, wilfor-
dine, and wilfortrine) in tripterygium glycoside tablets. Using this
method, they found that the contents of these 11 constituents
varied significantly among different manufacturers, as well as
among different batches from the same manufacturer. Moreover,
differences in anti-inflammatory activity and hepatotoxicity were
also detected in the tripterygium glycoside tablets produced by
various manufacturers, which is probably due to the differences in
the chemical constituents [62]. Therefore, it is necessary to control
the consistency of these components. He and co-workers [66]
determined the cytotoxicity and pharmacokinetic characteristics of
four alkaloids in tripterygium glycoside tablets. They found that
wilforine could serve as a safety-related Q-marker as well as a PK-
marker. It induced cytotoxicity in HepG2 cells and exhibited dose-
and time-dependent characteristics in PK analysis. Since these
components not only exhibit pharmacological effects but also show
serious adverse reactions, including multisystem damage, it is
important to explore the content range of these components that
will neither reduce drug efficacy nor cause adverse reactions in
tripterygium glycoside tablets in the future.

Defining the acceptable range or limits of Q-markers is the main
purpose of TCM quality research and can provide a basis for control-
ling the production process and establishing quality standards. In
addition to quantitative analytical methods and doseeresponse an-
alyses [67,68], several statistical techniques have been adopted to
define the acceptable range of Q-markers [69,70]. For instance, Xia
and co-workers [69] used linear regression analysis or a weighted
least squares model to predict the effective content of chemical
markers based on quantitative information between validated
batchesandotherbatchesofChaiqin chengqi decoction,while invitro
and in vivo anti-pancreatic activity evaluationwas also performed. As
a result, effective and antagonistic constituentswere identified, along
with their lower and upper limits. Li and co-workers [70] integrated
the active ingredients, components transfer process analysis, and
comprehensive evaluation by “Spider-web” mode to select the Q-
markers and in effect, quality control of the Shenmai injection (SMI).
Specifically, the “Spider-web” mode was used to comprehensively
evaluate representative constituents by the dimensions of content
level, contentconsistency in the intermediateextract, and thefinished
product. As a result, six constituents were selected as Q-markers, and
quality control methodswere developed by ultra-performance liquid
chromatography coupled with diode array detection and HPLC
coupled with an evaporative light scattering detector. Furthermore,
the total content range of these six Q-markers was determined to be
13.844e22.557 mg/mL in the different batches of SMI.

Although the quality control method has been transformed from
the initial chemical consistency evaluation to the consistency eval-
uation of drug efficacy and safety, the current research on the
PKePD and toxic material basis of TCM is insufficient, which
severely limits the development of this integrated strategy. This
strategy also relies on the development of analytical techniques as
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well as PKePD analysis methods, which require sensitive and rapid
detection techniques for the qualitative and quantitative analysis of
components in TCM and ideally achieve simultaneous determina-
tion of bioactivity and high-risk substances. More importantly,
further studies are warranted to determine the content range of
these constituents that act as both efficacy- and safety-related Q-
markers and to control their contents through process optimization.

5. TCM theory-guided approach

Formulas containing several medicinal materials are the main
form of clinical application in TCM. Their constitution is strictly
guided by TCM theory, such as the “compatibility of monarch,
minister, assistant, and guide” and “combined administration of
natures and tastes”. Based on these theories, TCM formulas can
increase efficiency and reduce toxicity through interactions be-
tween components. More importantly, in different compatibility
environments, the same medicinal materials may play different
roles, and their effective and toxic constituents may also be
different [71]. In the same recipe of composed medicinal materials,
the Q-markers of the TCM formula may be different due to the
divergence in the composition ratio and disease targeted. There-
fore, Q-marker identification should be organically combined with
TCM theory using modern science and technology. However, to
date, few studies have incorporated this concept into Q-marker
identification. The main reason for this phenomenon is that the
scientific principles andmaterial basis of TCM theories have not yet
been fully elucidated. Thus, the TCM theory-guided approach for Q-
marker identification should take its roots in the compatibility
environment and first determine the scientific principles and ma-
terial basis of the TCM formula by knockout/in-screening methods,
network pharmacology prediction, and PK/PD analysis. The Q-
markers could later be identified from the material basis of the
formula (Fig. 5). Several representative examples and methodolo-
gies for this strategy are presented herein.

Danggui-Shaoyao San (DSS) is a well-known formula that has
beenwidely used in Asia to treat various gynecological diseases. DSS
mainly activates blood circulation and promotes urination [72]. Xu
and co-workers [73] used serum pharmacochemistry techniques to
investigate the compatibility mechanisms and material basis of DSS
by dividing this formula into two groups, a blood-associated herb
group and a diuretic-associated herb group, according to TCM the-
ory. Differences in the main components between the co-decoction
and individual decoction were the focus of this study. Based on the
different pharmacological activities and TCM theory, the six DSS
herbs were separated into blood-associated herbs (Angelica sinensis,
Paeonia lactiflora, and Ligusticum chuanxiong) and water-associated
herbs (Atractylodes macrocephala, Alisma orientale, and Poria
Fig. 5. The TCM theory-guided approach for Q-marker identification. The dotted lines
indicate the interactions between components. Q-marker: quality marker; TCM:
traditional Chinese medicine; PK/PD: pharmacokinetics/pharmacodynamics.
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cocos). While blood-associated herbs focus on promoting blood
circulation, water-associated herbs concentrate on invigorating the
spleen to eliminate dampness. The authors demonstrated that the
contents of four bioactive constituents (paeoniflorin, albiflorin,
ferulic acid, and alisol B 23-acetate) in DSS were significantly higher
than those in the blood-associated herb group, water-associated
herb group, and individual decoction, uncovering the synergistic
mechanism of DSS. Additionally, transitional blood components
related to both water- and blood-associated herbs were identified
using serum pharmacochemical analysis. Thus, the four bioactive
constituents related to the compatibility mechanisms, as well as the
metabolites and prototype components detected from the two herb
groups, could serve as Q-markers to monitor the whole production
process.

Licorice is an essential herbal medicine that has been frequently
used to reduce toxicity and/or increase the efficacy of other herbal
medicines. The underlying synergistic mechanisms and material
basis of these combinations are research hotspots in TCM theory. It
has been demonstrated that the interactions between the chemical
constituents of licorice and other herbal medicines, variation in
chemical composition following compounding, and resulting
changes in PK/PD are the main mechanisms of these combinations
[74]. Many studies have shown that licorice can reduce the solu-
bility of other toxic ingredients to produce precipitation in the
decoction and cause fewer toxic ingredients to enter the body
[74,75]. This may be related to glycyrrhiza saponins, which act as
excellent surfactants in licorice [76]. Moreover, the influence of
licorice on the PK/PD of other herbal medicines has been revealed
in some combination preparations [74,77]. Di and co-workers [77]
reported that the combination of licorice and Platycodi Radix (Jie-
geng in Chinese) can significantly increase the peak concentration
and area under the curve of platycodin D comparedwith that in rats
treated with Platycodi Radix alone, while the elimination half-life
and time to maximum plasma concentration of platycodin D and
deapio-platycodin Dwere prolonged after the combination of these
two herbal medicines. Thus, the Q-markers of licorice are not rigid
and need to be changed when licorice is combined with other
herbal medicines. This is because the key constituents of licorice
may react with other herbal medicines to produce precipitants, and
the active ingredients of both licorice and the other herbal medi-
cines may change after interactions.

Based on the nature and taste, the compatibility mechanisms
and material basis of Yuanhu Zhitong (YHZT) dropping pills were
also revealed. YHZT is composed of Corydalis rhizoma and Angelicae
dahuricae radix. While Corydalis rhizoma tastes bitter and pungent,
Angelicae dahuricae radix tastes pungent only. Liu and co-workers
[78] characterized the main chemical components of YHZT
in vitro and identified absorbed prototype constituents and their
metabolites in the plasma and brain tissues of rats following oral
administration of YHZT. They found that both Corydalis rhizoma
and Angelicae dahuricae radix could act on multiple G-protein-
coupled receptors (GPCR), and the combination of these two herbs
had a better effect than that of a single herb. Tetrahydropalmatine
and protopine were detected as the material basis of pungent and
bitter tastes, and imperatorin was observed as the material basis of
pungent taste using olfactory and taste biomimetic models, mo-
lecular docking, and GPCR experiments. More importantly, an
obvious in vivo pharmacokinetic interaction between the constit-
uents of Corydalis rhizoma (corydaline, tetrahydropalmatine and
protopine) and Angelicae dahuricae radix (imperatorin and iso-
imperatorin) was identified, further revealing the material basis of
the compatibility of this formula. Finally, combined with the results
of the PD/PK and network pharmacology analyses, corydaline,
tetrahydropalmatine, protopine, imperatorin, and isoimperatorin
were identified as the Q-markers of YHZT.
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The knockout/in-screening method combined with TCM theory
is a useful technique for Q-marker identification. Kong and co-
workers [79] adopted a knockout method to investigate the influ-
ence of the “monarch, minister, assistant, and guide” compatibility
of the Banxiahoupo decoction on the contents of the antidepressant
ingredients honokiol and magnolol. They found that the assistant
P. cocos (Fuling in Chinese) increased the honokiol and magnolol
contents when combined with Pinellia ternata (monarch) and
Magnolia bark (minister). They also discovered that the other as-
sistant, fresh ginger, decreased the contents of these two in-
gredients and that the guide, Perillae folium, had no effect when
combined with the monarch and the minister. More interestingly,
the honokiol and magnolol contents significantly decreased when
either the assistant or the guide was withdrawn from the whole
formula, indicating an internal relationship between the compati-
bility of the monarch, the minister, the assistant, and the guide.

These examples indicate that Q-marker identification needs to
embrace the TCM theory, which is conducive to discovering the
ingredients directly related to clinical efficacy, revealing the unique
components of the same medicinal material in different formulas,
as well as in similar formulas with different composition ratios,
uncovering the representative ingredients of the same formula
used for different diseases and ultimately improving the quality
control of TCM. Nevertheless, further efforts are required to eluci-
date the scientific principles and material basis of TCM theories.

6. Conclusion

Product quality is essential for the sustainable development of
TCM. Academia and industry must endeavor to ensure that TCM is
safe, effective, stable, and quality controllable. Thus, establishing a
quality control system that not only meets the characteristics and
principles of TCM but also is recognized by both domestic and
foreign pharmaceutical industries is of urgent importance. The
concept of quality by testing is outdated because of hysteresis,
whereas the proposal of Q-markers with the core features of
transitivity and traceability will modernize the quality control of
TCM. Four multimodal integrated strategies are reviewed here.
They point out important future directions for the establishment of
Q-markers and quality control systems. Although the last three
strategies have a distinct focus, they are interconnected and their
roles may overlap. The TCM theory-guided approach is central and
should be embeddedwithin the chemical-activity-based screening
and the efficacy, safety, and consistency-dependent identification
of Q-markers. Simultaneously, TCM theory-guided and chemical-
activity-based Q-markers should be closely linked to clinical effi-
cacy, safety, and quality consistency. Therefore, from an interdis-
ciplinary perspective, the interconnection of these strategies may
further enrich TCM quality control. Overall, to achieve compre-
hensive control, the establishment of Q-markers needs to focus on
the entire production chain from raw materials to useable prod-
ucts, whereas the corresponding quality control system should be
established by QbD and applied during the entire workflow path.
More importantly, the identification of Q-markers should not only
be concerned with bioactivity but should also include essential
considerations that are guided by TCM theories and are directly
related to clinical efficacy and safety. In other words, Q-markers
need to reflect the efficacy, safety, and consistent quality of TCM as
much as possible and can then be used to control the entire pro-
duction process. It is worth noting that the Q-markers are not the
sum of the quality indicators of each herb in a formula and that not
all active components are suitable as Q-markers. Measurability
and transferability are essential elements. Moreover, convenience
and economic costs need to be considered as well, where instead
of monitoring the largest number of ingredients, it is necessary to
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understand the balance between the variety and quantity of Q-
markers and the cost and convenience of detection. This will come
in handy in the green manufacturing of TCM. Additionally, several
challenges still need to be overcome: 1) the chemical composition
of TCM needs to be fully revealed; 2) the scientific principles and
material basis behind TCM theories that guide the identification of
Q-markers need to be elucidated; 3) the effective and toxic sub-
stances of the samemedicinal material in different diseases as well
as in different formulas need further identification; and 4) the
content range of the constituents that belong to both efficacy- and
safety-related Q-markers should be determined, and their con-
tents should be monitored and controlled through process opti-
mization. We believe that accelerating the application of
multidisciplinary techniques, such as high-throughput and high-
content technology, is the driving force in overcoming these
challenges.
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