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ABSTRACT

Complex systems exist widely, including medicines from natural products, functional foods, and bio-
logical samples. The biological activity of complex systems is often the result of the synergistic effect of
multiple components. In the quality evaluation of complex samples, multicomponent quantitative
analysis (MCQA) is usually needed. To overcome the difficulty in obtaining standard products, scholars
have proposed achieving MCQA through the “single standard to determine multiple components
(SSDMC)” approach. This method has been used in the determination of multicomponent content in
natural source drugs and the analysis of impurities in chemical drugs and has been included in the
Chinese Pharmacopoeia. Depending on a convenient (ultra) high-performance liquid chromatography
method, how can the repeatability and robustness of the MCQA method be improved? How can the
chromatography conditions be optimized to improve the number of quantitative components? How can
computer software technology be introduced to improve the efficiency of multicomponent analysis
(MCA)? These are the key problems that remain to be solved in practical MCQA. First, this review article
summarizes the calculation methods of relative correction factors in the SSDMC approach in the past five
years, as well as the method robustness and accuracy evaluation. Second, it also summarizes methods to
improve peak capacity and quantitative accuracy in MCA, including column selection and two-
dimensional chromatographic analysis technology. Finally, computer software technologies for predict-
ing chromatographic conditions and analytical parameters are introduced, which provides an idea for
intelligent method development in MCA. This paper aims to provide methodological ideas for the
improvement of complex system analysis, especially MCQA.
© 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

from a natural source. Meanwhile, the complex sample may also
contain many structural analogues (including isomers) with similar

A complex system is a kind of research object that often appears
in analytical chemistry research and widely exists in different do-
mains, such as food and pharmaceuticals [1]. Chemical substances
are the basis for drugs to exert their therapeutic effects [2]. There
are thousands of components with various structures in one com-
plex sample, whether it is a synthetic complex sample or a sample
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physical and chemical properties, and these analogues and/or their
metabolites may have similar biological activities. As a result, for
the quality evaluation of these complex systems, especially the
quantitative evaluation of samples, the index components need to
contain different types of components and different components of
the same structural analogues. Therefore, multicomponent quan-
titative analysis (MCQA) is needed to comprehensively characterize
the quality of complex samples [3,4].

Currently, “quantitative analysis of multiple components by a
single marker (QAMS)” and “single standard to determine multiple
components (SSDMC)” based on liquid chromatography (LC) anal-
ysis are important methods that meet the practical application
needs in MCQA. Due to its low cost, ease of use and durability,
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(ultra) high-performance liquid chromatography (U/HPLC) is the
most commonly used, modern, and universal separation and
quantitative technology. The most commonly used detector for U/
HPLC is an ultraviolet (UV) and/or photodiode array detector, and
its quantitative principle is based on the Lambert-Beer law [5]. In
practical applications, generally, all the standards of the targeted
components are purchased, and external standard methods are
used for multicomponent analysis (MCA). However, difficulties in
obtaining most standard products limit the development of the
MCQA of complex systems, which are related to the difficult
preparation, unstable structure, and high prices of some standard
products. In 2006, Wang et al. [6] proposed the MCQA concept of
QAMS, which quantified multiple components simultaneously with
a standard product by establishing internal functional relations
between the components. The key factor connecting a single
component and other components was called the relative correc-
tion factor (RCF), whose accuracy and durability largely determined
the quantitative accuracy and stability of the QAMS. Guo and co-
workers [7] called it SSDMC, conducted a comprehensive study
on the stability of RCFs and standardized the basic procedures of
the SSDMC approach. The established SSDMC approach of Salvia
Miltiorrhizae Radix et Rhizoma was written into the Chinese Phar-
macopoeia (Ch.P.) and the United States Pharmacopoeia. On this
basis, Wang et al. [8] studied the influence of various factors on the
accuracy of SSDMC quantitative results. Scholars such as Dong et al.
[9] and Yang et al. [10] studied RCF calculation methods and pro-
posed relevant suggestions.

The efficient utilization and development of modern chro-
matographic separation technology is one of the important di-
rections for the development of MCA methods. In complex system
analysis with LC, maximizing the effective separation of different
kinds of compounds is a key step in MCA, including MCQA and
fingerprint research. This directly leads to inaccurate quantitative
results and brings great difficulties to subsequent quantitative and
related studies if the adjacent peaks fail to reach baseline separa-
tion or produce overlapping peaks [11,12]. In LC, the choice of the
optimal separation conditions should consider a range of experi-
mental parameters, such as the choice of LC mode, the stationary
phase type, and the nature of the mobile phase (e.g., the type of
mobile phase) [13]. In addition to column selection, two-
dimensional LC (2D-LC) with columns that have different reten-
tion mechanisms may separate the adjacent peaks that cannot
achieve baseline separation in one dimension to reach good peak
capacity and high accuracy in MCA.

The intelligent development of analytical methods is another
important direction for the efficient development of MCA methods
in the future. With the continuous development of computer tech-
nology, traditional chemical analysis experiments are gradually
combined with high-tech methods to save manpower, material re-
sources, and time costs. Some prediction software has been gradually
developed to assist experimental analyses [14,15]. The development
of these techniques, to some extent, replaces many complicated
experimental operations, whether in terms of chromatographic
separation conditions or retention time (tg) prediction. At the same
time, these computer-aided techniques provide the possibility for
accurate analysis of multiple components of complex samples.

This paper summarizes the development process and applica-
tion cases of the SSDMC approach in complex system analysis. From
the perspective of improving the efficiency of MCA method estab-
lishment, the rational selection of chromatographic columns and
the construction of 2D-LC analysis method, performed to improve
the separation ability and peak capacity, are reviewed. Then, the
computer-aided techniques for predicting chromatographic con-
ditions and analytical parameters are summarized, which provides
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an idea for intelligent development in MCA. Finally, the existing
problems and future development direction of MCA are predicted.
In summary, this paper summarizes and analyzes the research on
SSDMC methodology, chromatographic separation methods, and
computer-aided techniques applied in MCA to provide insights into
the improvement of complex system analysis, especially the MCQA
method (Fig. 1).

2. Multicomponent quantification analysis by SSDMC
2.1. Theoretical foundation

The QAMS concept was proposed by Zhimin Wang in 2006 [6] as
a MCQA method for traditional Chinese medicine (TCM). The basic
idea is that there are internal functions or proportion relationships
among the different active components of TCM; when one compo-
nent (for which the standard product is available) is measured, other
multiple components can be calculated simultaneously (for which
the standard products are unavailable or difficult to supply) [6]. Later,
Guo and co-workers [7] called this method SSDMC (Fig. 2). The
SSDMC approach is mainly aimed at components with similar UV
spectral and chromatographic behavior [16]. The SSDMC concept is
based on the principle of LC quantification, which can be expressed
as the amount (mass or concentration, ¢) of one component pro-
portional to its peak area (A) in the detector in a certain range (linear
range) (Formula 1, the “F’ is proportionality coefficient).

F="
c

(1)

In the MCQA, a typical component is used as the single reference
standard (SRS) to establish the RCF between the SRS and other
components. The contents of other components are calculated by
the RCF. One of the components, i, is selected as the SRS. The RCF
between component i and other components m is calculated by
using Formula 2.

F _ Ai/g

_ RCFiy x Am
" AJa ©)

Formula 2, used for quantitative calculation, can be transformed
into Formula 3, where A; is the peak area of the SRS and c;j is the
concentration of the SRS. Ay, is the peak area of other components
m, and ¢, is the concentration of other components m.

2.2. Different calculation methods of RCFs

2.2.1. Classic calculation method of RCFs

2.2.1.1. Slope (SP) method. The RCF is defined as the ratio of the
responses in a unit concentration of the SRS and other components
to be measured [17]. The RCF is a key factor determining the ac-
curacy of the SSDMC approach. There are two main methods of
calculating the RCF. The first method is the SP method. The RCF can
be calculated by the ratio of the slopes of the SRS (k;) and analyte
(km) when the intercept (b) is small enough to be neglected
(Formulas 4 and 5).

A=kc+b=kc (4)
ki
RCFim = ﬁ (5)
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Fig. 1. Solutions to improve the multicomponent quantification analysis of complex systems. 2D-LC: two-dimensional liquid chromatography; CSASS: complex sample analysis
software system; QSRR: quantitative structure-retention relationship; SSDMC: single standard to determine multiple components; RCF: relative correction factor.

The SP method can avoid the effects caused by concentration
changes, but in most cases, the intercept of the standard curve
cannot be ignored due to systematic and/or random errors.

2.2.1.2. Average (AVG) method. The second method is to calculate
the average value of the ratios of A/c, called the AVG method, which
uses Formula 2 to calculate the RCF at each concentration point at

different concentrations (x = 1, 2, ..., n) and then calculate the
average RCF value (NRCF) (Formulas 6 and 7).
A /g
RCFy, =2 (x=1,2,...
C my AmX/CmX (X s < 7n) (6)
RCF;
NRCF;, :¥<X= 1,2,..,n) (7)

For the AVG, the background absorption and smaller peak areas
may cause a large A/c difference [18]. Experimental instruments,
structural features, detection wavelengths, and purity of standards
may cause fluctuations in the RCF at low concentrations [16]. For
example, in the study of triterpene acids in Ganoderma lucidum by
the SSDMC approach [18], the standard curve of compound 7
included seven points, namely, S1—S7, with increasing concentra-
tion. The A/c ratios of S1 and S2 (concentrations < 0.015 mg/mL)
were significantly different from those of S3—S7 (0.15—0.30 mg/
mL). The relative standard deviation (RSD) of compound 7 calcu-
lated by the AVG and SP was 7.80%. If the concentration points of
S3—S7 were selected, the RSD calculated by the two methods was
1.89%. However, the slope values obtained from S1—S7 and S3—S7
were similar (RSD of 0.83%).

The SP method and AVG method are the two most commonly
used methods for RCF calculations in the SSDMC approach. Some
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researchers have further studied RCF calculation methods to reduce
the inaccuracy of quantitative results caused by RCF errors.

2.2.2. Development of RCF calculation methods

2.2.2.1. Linear regression (LRG) method. To solve the above prob-
lems, Wang et al. [8] established a new RCF calculation method
based on Formula 3, called the LRG method, which calculated the
RCF by linear regression using the linear relationship between cp,
and (Am x ci/Aj). That is, the linear regression equation of ¢y, and
(Am x ci/Aj) was established, and the slope of the equation was
regarded as the RCF.

Standard method difference (SMD) =
(8)

C — C
External standard SSDMC « 100%

CExternal standard

The stability of the RCF was affected by SRS species and the
concentrations of other components. The results showed that the
LRG method was more consistent than the AVG method when
different SRSs were used. The RCFs calculated by the AVG method
fluctuated significantly at different concentrations of analytes.
When the SRS content was low (<0.1 mg/mL), the difference be-
tween the RCFs calculated using these two methods increased, and
a better calculation method should be selected [8]. Wang et al. [8]
used the SMD (calculated according to Formula 8) to represent the
difference between the results obtained by the SSDMC approach
and the external standard method to evaluate the accuracy of the
LRG-SSDMC and AVG-SSDMC methods. The results showed that the
SMDs of the LRG-SSDMC method were mostly lower than those of
the AVG-SSDMC method, which means that the determination
result of the LRG-SSDMC method was closer to that obtained by the
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Fig. 2. Single standard to determine multiple components (SSDMC) approach for the
quality analysis of complex systems. UV: ultraviolet; RCF: relative correction factor; SP:
slope; AVG: average; LRG: linear regression; E'*;,: absorption coefficient; MAML:
multimarkers assay by the monolinear.

external standard method and that LRG-SSDMC had higher accu-
racy than the AVG-SSDMC method. However, the results of Yi et al.
[19] are slightly different from those of Wang et al. [8]. Yi et al. [19]
used the SSDMC approach to study the phenolic acids, triterpe-
noids, and flavonoids of Ilex Kudingcha C]J. Tseng. The results
showed that the deviation between the results of the LRG-SSDMC
method and the external standard method was relatively larger
when the analytical content level was in parts per million. How-
ever, such deviation at low concentration levels would be
dramatically reduced with decreasing intercept values. The content
calculated by the LRG-SSDMC method would be closer to that
calculated by the external standard method only if the intercept
value was negligible. Therefore, Yi et al. [ 19] proposed that the AVG-
SSDMC method was more suitable and general in most cases and
suggested that the LRG-SSDMC method could replace the AVG-
SSDMC method to achieve higher accuracy for quantitative deter-
mination only when intercept influence could be neglected.

2.2.2.2. Absorption coefficient (E'*1m) method. Dong et al. [9] pro-
posed that the RCF calculated by the A/c between the SRS and other
components could be replaced by the ratio of the E!*; o, of the SRS and
other components based on the absorption intensity being positively
correlated with the concentration and absorption coefficient ac-
cording to the Lambert-Beer law. The RCF was calculated by the ratio
of the E%; ., values of the SRS and other components (Formula 9).

Ai/ci _ E

The RCF calculated by E'¥;., was compared with the results
obtained by two classical calculation methods (SP and AVG). The
results showed that the RCFs calculated by the E'*; ¢, method were
similar to the RCFs determined by the AVG method but slightly
different from those determined by the SP method. It was presumed
that the linear regression equation usually had an intercept that
could not be ignored. The SMDs between E'*;.-SSDMC (using
E',cm to obtain the RCF) and the external standard method were
calculated, as well as the SMDs between AVG-SSDMC and the

RCFim = (9)
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external standard method. The results showed that SMDs ranged
from 0% to 71% in E'*;qn-SSDMC method and 0%—12.5% in AVG-
SSDMC method. E'%;-SSDMC method could avoid bias when the
sample concentration was close to the limit of quantification (LOQ).

2.2.2.3. Multimarker assay by the monolinear (MAML) method.
Yang et al. [10] also proposed a multimarker assay by using the
MAML method, which was based on the SSDMC principle to
establish standard curves of multiple compounds. The MAML
method uses the standard curve of the SRS to calculate the RCF,
errors, and reliability of the standard curve parameters of other
compounds. The calculation formula (Formulas 10 and 11) is as
follows:

A b
RCF,, — F ki + b;/c; (11)

m:km"rbm/cm

where k; and k, represent the curve slope of the SRS and other
components, respectively, b is the curve intercept, and bi/c; and by/
cm reflect the influence of the intercept and concentration,
respectively. When b/c is smaller, b/c < 1% b (error less than 1.0%),
the slope formula (Formula 5) can be directly obtained, that is, the
SP method.

This calculation method is an algorithm of the SP method
improved by adding an intercept into the calculation formula,
which is often ignored in the SP method, after simple mathematical
operation of the standard curve of the SRS and other components.
The error problem caused by the neglected intercept in the SP
method has been overcome, and the final calculation results also
prove that the accuracy of this calculation method is higher than
that of the AVG method.

2.2.24. Calculation of relative correction factors in silico. Yin et al.
[20] proposed an in silico-based strategy for the large-scale pro-
duction of RCFs that consisted of four data processing steps,
namely, raw data collection, calibration curve screening, RCF gen-
eration based on computer algorithms, and, if necessary, the
introduction of a modifying factor of RCFs based on experimental
validation. Calibration curves were screened from the collected
data by the criterion b/(k x cioq) < 1, where b is the curve intercept,
k is the curve slope, and coq is the lower LOQ. Then, an algorithm
was developed and could randomly and automatically pick up a
large number of different concentration points and corresponding
peak areas (up to 1000 concentration points) from the linear gra-
dients of the measured compounds and SRS to generate the NRCF
based on the principle of the AVG method. In the corresponding
published papers, the contents of the corresponding components
were calculated by using the NRCF in silico, the results of which
were compared with those generated by the external standard
method to evaluate accuracy.

This research enables interdisciplinary SSDMC research, using
modern high-tech technology to simplify experimental operations
and improve accuracy. However, there are few studies on the
practical application of the algorithm in this study, and its conve-
nience and accuracy in the practical application process remain to
be investigated.

The strengths, weaknesses, and application range of different
RCF calculation methods are summarized in Table 1.
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Table 1
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Strengths and limitations of different calculation methods of relative correction factors (RCFs).

Methods Strengths Weaknesses Application range
SP Avoid effects caused by concentration changes; The ignored intercept may lead to Wide range of analyte content;
Simple calculation process. large errors in most cases. highly accurate results when
intercept can be ignored.

AVG Wide application; simple calculation process. RCF fluctuates significantly at The analyte is not a trace
different wavelengths and component; stable wavelength.
concentrations.

LRG High accuracy and stability when the intercept The intercept significantly Intercept is almost zero;

tends to be zero. affects the accuracy of the results. the analyte is not a trace
component;
high accuracy calculation.
E™em When E'*; ¢, is known, it can be calculated The E'*;¢m of compound is unknown, Known E'*; ... The content of
directly to avoid experiment. When the sample and additional measurement of E"%*; ¢ analyte is close to LOQ.
concentration is close to LOQ, deviation can be avoided. will increase experimental error.
MAML Improved algorithm of SP method; overcome error Relatively complicated calculation The non-negligible intercept;

caused by ignored intercept in SP method; higher accuracy.

process. wide range of analyte content;

high accuracy calculation.

SP: slope; AVG: average; RCF: relative correction factor; LRG: linear regression method; E'*;m: absorption coefficient; LOQ: limit of quantification; MAML: multimarkers assay

by the monolinear method.

2.3. Robustness and quantitative accuracy of the method

2.3.1. Factors for the repeatability of RCF quantitative accuracy

The RCF is the key parameter of the SSDMC approach, and its
stability determines the quantitative accuracy of the SSDMC
approach. Therefore, researchers are investigating various factors
that may affect the stability of RCFs, such as wavelength, column,
and concentration. Hou et al. [7] comprehensively investigated the
influence of various external factors on RCFs, which were divided
into 1) operational parameters, including the pH value, proportion
and gradient of mobile phase, flow rate, detection wavelength,
column length, column temperature, injection volume, and con-
centration of the reference standard; 2) peak measurement pa-
rameters, including different slit width, bandwidth, and integration
parameters; and 3) environmental parameters, including different
analysts, instruments, and columns. The results showed that the UV
absorption spectrum and content of the analyte had the greatest
influence on RCFs. If the UV absorption curve of the analyte was
sharp at the measured wavelength, the influence of wavelength
change on peak area was more obvious, which led to the influence
of the instrument, wavelength, slit, and bandwidth related to UV
absorption on RCFs. The wavelength factor was the most significant
factor. Furthermore, the variation of the peak shape of an analyte
with a lower content was more likely to affect the peak area value,
so the factors related to the peak shape and the peak area, such as
the column, injection volume, column temperature, and integration
parameters, would also lead to the instability of RCFs.

The quantitative accuracy of the SSDMC approach is evaluated
by calculating the SMD value between the quantitative results of
the SSDMC approach and those of the external standard method.
The external standard method stipulated in Ch.P. is usually taken as
the reference standard for quantitative accuracy comparison. The
two quantitative results are closer, with a smaller SMD; that is, the
SSDMC approach is more accurate. Wang et al. [8] studied the in-
fluence of internal factors on the accuracy of the SSDMC approach,
including the contents, structure type, and purity of other com-
ponents and SRS. Panax notoginseng was taken as the research
object, and the influencing factors were grouped according to the
following criteria: 1) structure types of the SRS, including
panaxadiol-type and panaxatriol-type; 2) structural types of other
components, including panaxadiol-type and panaxatriol-type; 3)
content of the SRS, including high, middle, and trace contents; 4)
content of other components, including high, middle, and trace
contents; and 5) purities of standard products, including high
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(>98%) and low (<98%) purity. The results showed that the degree
of influence of each parameter was contents of other
components > purity of standard product > chemical structure
type > SRS content, indicating that the content of other compo-
nents was the most important factor. The accuracy of the SSDMC
approach increased as the content of the other components
increased. This result was later confirmed in the study of the
SSDMC approach of llex Kudingcha C.J. Tseng by Yi et al. [19]. As the
three types of dominant constituents (phenolic acids, triterpenes,
and flavonoids) in Ilex Kudingcha CJ. Tseng had quite different
structural features and properties, Yi et al. [19] selected the corre-
sponding wavelength and SRS for each type of component. Eigh-
teen components of Ilex Kudingcha C]J. Tseng were quantified by
LRG-SSDMC and AVG-SSDMC. The content of other components
was the most important factor, with increasing accuracy as the
content increased. Compared with the study of Wang et al. [8], the
study of Yi et al. [ 19] involved a wider range of compound types, but
the results were similar to those of Wang et al. [8].

2.3.2. Recommendations for SSDMC approach establishment

Through the above analysis, we find that the SSDMC approach
requires a certain minimum concentration limit to ensure quanti-
tative accuracy. Hou et al. [7] also proved that the RCF was not
constant over a broad concentration range. Therefore, it is neces-
sary to investigate the appropriate concentration range for accurate
quantification when establishing the SSDMC approach. Wang et al.
[8] found a linear relationship between the SMD and the reciprocal
of the concentration of the analyte determined using an external
standard method, which could be used to calculate concentration
limits for SSDMC approaches with specific accuracy requirements.
A linear regression model could be obtained when taking the SMD
and 1/c as dependent and independent variables, respectively [8].
The upper and lower limits of ¢ could be calculated according to the
upper and lower limits of the SMD by establishing regression
equations, which was the applicable concentration range of the
SSDMC approach.

For the establishment of the SSDMC approach, Guo and co-
workers [7] proposed four suggestions. 1) A stable measurement
wavelength should be selected. A common wavelength in the flat
range of the absorptive peak on the UV spectrum should be selected
as the optimal measurement wavelength. 2) More detailed pa-
rameters about the detector and peak measurement, including
integration parameters, should be mentioned in the analysis pro-
gram to ensure RCF stability and quantitative accuracy. 3) A second
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reference standard could be introduced to calculate the RCFs be-
tween different analysis systems. The second standard could be one
of the analytes or other compounds that were not contained in the
sample. 4) The standard concentration used to calculate the RCF
should be within an appropriate range. This group also proved the
feasibility of external reference standards in the above suggestions
[16]. In this study, ethyl benzoate, as the external reference stan-
dard, was used for the simultaneous determination of 13 compo-
nents in the roots of Kansui Radix, and the results were compared
with those of the external standard method. The RSDs were less
than 1.7%, which proved that the external reference standard was
feasible [16]. A second reference standard was introduced in the
study of Yin et al. [20], which introduced another available
component q in the analyte that was different from the SRS as a
correction indicator. The mathematical expression (Formula 12)
was constructed to find the intermediate value of the RCF to solve
the cases in which different RCFs were obtained by different
laboratories.

RCFy, RCFg
RCFimy  RCFig

(12)

where i is the SRS, m is the other component, q is another
component. That is, the correction indicator, and RCFiyy and RCFiy
are results calculated in different laboratories.

In summary, appropriate SRS and RCF calculation methods need
to be selected according to the properties of analytes when estab-
lishing SSDMC approaches. Then, the stability of the RCF should be
investigated, and the accuracy of quantitative results should be
investigated by calculating the SMD. Finally, the best applicable
concentration range of this method should be determined. When
examining the stability of the RCF and the accuracy of quantitative
results, we should focus on the factors related to UV absorption and
the concentration of components to be measured.

2.4. Application examples

It has been more than ten years since the SSDMC approach was
proposed, during which researchers continuously established cor-
responding SSDMC approaches for different TCM. The representa-
tive SSDMC approaches established from 2018 to 2022 are
summarized in Table S1 [10,19,21—46], including a total of 28
experimental studies. Most research objects of SSDMC are single
TCM, but there are also studies on mixtures of herbal slices [24,32]
and synthetic drugs [37]. There are a wide range of components
studied, including flavonoids, alkaloids, phenolic acids, and other
components with strong UV absorption, as well as saponins, amino
acids, triterpenes, coumarins, monosaccharides, and other com-
ponents. Each study involves a class of components with similar
structures and UV absorption. At present, the SSDMC approaches of
Salvia Miltiorrhiza Radix et Rhizoma, Zingiberis Rhizoma Recens,
Andrographis Herba, Epimedii Folium, Bufonis Venenum, Gong-
xuening capsules, Zhennaoning capsules, Keteling capsules, and
related preparations of Ginkgo Folium are recorded in Ch.P. (2020
edition). The components include flavonoids, saponins, lactones,
quinones, and alkaloids. The targeted quantitative components
with similar structures are selected.

In the RCF calculation, most of the studies adopted the AVG
method, one study adopted the SP method [22], and two studies
[10,24] from the same research group adopted the MAML method.
One paper [19] adopted the LRG method proposed by Wang et al.
[8]. In a study [23], the quantitative components were isomers, of
which the structures and UV absorptions were very similar, i.e.,
RCF = 1. This is a special type of RCF mentioned by Hou et al. [7], i.e.,
the value of the RCF is considered to be 1 when the molar
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absorptivity and molecular weights of all analytes possess high
similarities.

3. Method for improving separation capacity in MCA

Good separation and peak capacity are important prerequisites
for the MCQA of complex systems. In the analysis of a complex
system with SSDMC approaches by LC, if the target chromato-
graphic peak fails to achieve baseline separation, the quantitative
accuracy will be affected. In addition, the index component is
sometimes a trace component in samples from natural sources, and
its quantitative accuracy is more easily affected if the chromatog-
raphy peak shape is not good. The first step in establishing the LC
analysis method is to select an appropriate column according to the
research object and purpose and then maximize separation by
adjusting the chromatographic conditions. For complex systems,
however, it is often difficult to achieve MCQA by changing columns
and adjusting chromatographic conditions. Therefore, 2D-LC has
become a compelling technique for the analysis of complex sam-
ples due to its higher peak capacity. In this part, we introduce how
to increase the separation ability and the peak capacity in MCQA
from both the column selection and 2D separation techniques and
introduce some application examples.

3.1. Selection of a chromatographic column

The porous stationary phase materials in LC are mostly silica gel
due to its good physical and chemical properties, high mechanical
strength, thermal stability, adjustable pore size, and large surface
area [11]. Porous particles can be divided into fully porous particles,
the most commonly used column packing type in research, and
superficially porous particles, also known as core-shell columns.
Fully porous particles of 1.5, 1.7, 1.8, 1.9, and 2 um are now
commercially available and have been successfully applied in
pharmaceutical, biomedical, and environmental analyses [47].

The separation principle in LC is based on the adsorption/
retention and desorption between the target molecules in the
mobile phase and stationary phase, and the increase in stationary
phase surface area can increase the number of adsorption/
desorption sites and improve the separation efficiency [48]. Fully
porous particles have a larger surface area for very fine particles (<2
and <1 um). However, sensitivity and separation are improved at
the expense of pressure due to the narrow peak [47]. High opera-
tional pressure can give rise to detrimental effects of frictional
heating generated by percolation of the mobile phase flowing
through the packed particles, which creates the temperature
gradient along the axial direction (the flowing direction of the
mobile phase) and the radial direction (due to the high temperature
in the central part and heat loss through the wall), leading to
serious band broadening and poor reproducibility [48]. Therefore,
how to reduce the back pressure while ensuring the sensitivity and
separation degree is the main direction of chromatographic column
research. The use of core-shell silica particles with a solid core and
porous shell as a column filler is considered to represent great
progress in HPLC column technology. Ahmed et al. [48] and Ali et al.
[49] comprehensively reviewed the structure, chemical properties,
separation, optimization, comparison with other fillers, and appli-
cation of surface porous silica particle columns.

In addition to the silica gel carrier, different types of groups are
also embedded in the silica gel to separate the different types of
compounds. The commonly used column structures in MCA are
summarized in Fig. S1. The chimeric alkyl group is the most com-
mon, where the alkyl chains on the stationary phase surface mainly
provide hydrophobic interactions and can effectively regulate the
chromatographic retention behavior and selectivity of the alkyl-
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bonded stationary phase by changing the alkyl chain length, type of
ligand, bonding density, and bonding mode (monomer or polymer)
[11]. The classical C1g-bonded stationary phase tends to collapse in
a highly aqueous mobile phase; as a result, the separation perfor-
mance for polar compounds is relatively poor. The introduction of a
polar functional group on the alkyl chain can solve this problem
[11]. The most common polar functional groups are amide and
carbamate groups, as well as urea and amino acid surfactants. Ionic
liquids or carbonaceous nanomaterials can also be introduced into
a silica gel matrix for separation [11]. Wu et al. [11] conducted a
comprehensive review of the study of different groups embedded
in stationary phases and introduced the characteristics and appli-
cations of embedded groups in silica gel chimers, such as ionic
liquids, carbonaceous nanomaterials, and alkyl bonded stationary
phases with a polar functional group. Then, they summarized ex-
amples of hydrophilic interaction liquid chromatography (HILIC)
and chiral separation applications.

The separation of different types of compounds can be achieved
by combining different types of stationary phase materials and
embedded groups. The most common separation modes are
reversed phase (RP), normal phase (NP), and HILIC. RPLC is the most
commonly used separation mode, with a nonpolar stationary phase
and polar mobile phase. The disadvantage of RPLC is the lack of
sufficient retention for polar compounds [13]. NPLC uses both polar
stationary and nonpolar mobile phases. HILIC mode is a valid
alternative to both RPLC and NPLC, and it uses a polar stationary
phase and an organic solvent-rich hydro-organic mobile phase for
the good separation of polar analytes [13]. The columns used in the
separation experiments of different types of components in the
past 5 years are summarized in Table S2 [50—77], including 28
references on the separation of TCM and chemical drugs.

Superficially porous particles and positively charged columns are
applied for strongly polar analytes such as strongly polar glycosides,
amino acids, and nucleosides. There is usually a trailing phenomenon
when using an ordinary Cqig column to separate basic compounds.
This phenomenon can be avoided by using a positively charged RP
column, such as the CSH series and XCharge series columns [78].
Wang et al. [79] assessed the surface charge properties of an XCharge
Cyg column at different pH values and buffer concentrations. Wang
etal.[63] established a chromatographic fingerprint analysis method
with an XCharge Cyg column, which provided a better peak shape
and resolution for both the alkaline compounds and flavonoid
components in Nelumbinis folium at lower pH with formic acid in
the mobile phase. CORTECS is a core-shell silica gel chromatography
column that provides a higher column efficiency for multicompo-
nent separation while reducing the back pressure associated with
particle size reduction. Quaternary ammonium hydroxides are
mostly separated by HILIC, which can provide a high polar selectivity
for the retention and isolation of hydrophilic compounds [51,59].
Moderate-polarity, weak-polarity, and other analytes, such as fla-
vonoids and chemical drugs, are mostly separated using Cqg columns.
Partial Cig columns embedded with bridged ethylene hybrids in
silica gels, such as the bridged-ethylene-hybrid column, have higher
mechanical strength and are suitable for a wide pH range [60,65,76].
Better retention, separation, and loading are achieved by using high-
pH conditions when analyzing acidic and alkaline compounds. The
fluorine atoms in the pentafluorophenyl (PFP) of the Hypersil PFP
column (Fig. S1E) can be closely linked to the aromatic ring, so the
Hypersil PFP column is more suitable for the separation of aromatic
compounds, such as saponin [50].

3.2. 2D separation technique

2D-LC is one of most effective approaches to improving peak
capacity in MCA. When dealing with complex samples, 2D-LC can
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achieve several thousand peak capacities, with a peak-production
rate (peak capacity divided by the analysis time) of approxi-
mately 1 peak/s, compared to 1 peak/min for typical high-
resolution one-dimensional LC (1D-LC) [80]. 2D-LC can be divided
into offline mode and online mode according to the existence of the
interface between the two dimensions [81]. Offline 2D-LC mode
can achieve high peak capacities, and it does not require high-
speed separation in the second dimension, unlike online 2D-LC.
Offline 2D-LC does not consider the solvent incompatibility issues
of the two dimensions, but it suffers from a long analysis time, a
loss of sample, low degree of automation, and possible contami-
nation [81,82]. A special interface, such as a switching valve, loop,
and capture column, is introduced in online 2D-LC analysis to
automatically transfer the fraction to the second dimension [81].
The capture column lies between the first and the second di-
mensions, trapping the sample eluted from the first dimension. The
samples trapped by capture columns are eventually eluted by the
second dimension, which can avoid incompatibility between the
mobile phases [83]. Online 2D-LC can be divided into compre-
hensive 2D-LC, heart-cutting 2D-LC, and multiple heart-cutting
(MHC) 2D-LC according to whether all first dimensional effluents
are analyzed in the second dimension. In comprehensive 2D-LC, the
sample is first separated in the first dimensional column, and then,
its effluent is divided into many fractions by a modulator. These
fractions are then sequentially transferred to the second-
dimensional column for further separation, during which the first
dimensional separation remains intact, and all the first dimensional
chromatography peaks can be separated again using a fast second
dimensional system [82,84]. Heart-cutting 2D-LC selects specific
components (such as a single peak, specific time period, and part of
peaks) for second dimensional separation through the switching
valve. If multiple parts are selected for second dimensional sepa-
ration, it is called MHC 2D-LC or selective-comprehensive 2D-LC
[84]. Heart-cutting (including MHC) 2D-LC is expressed as LC-LC in
this paper. LC-LC is suited for the selective separation of a limited
number of target components from the first dimension without
influence from other components [82]. Comprehensive 2D-LC,
which is expressed as LC x LC in this paper, is more suitable for
untargeted screening. LC x LC separations typically take longer
than 1D-LC separations (analysis time of 30 min to several hours is
common) and require dedicated data analysis and visualization
software [80]. Pirok [80] summarized the strengths and weak-
nesses of LC-LC and LC x LC, as well as their respective develop-
ment directions. LC-LC allows target peaks to be rigorously purified
and the purity of target analytes to be assessed. LC x LC is of general
interest for analysing complex samples.

The key for 2D-LC techniques to maximize separation is the se-
lection of 2D column binding modes. The 2D mode can combine
many different retention mechanisms, and the combination process
needs to consider two key issues: the orthogonality of the two di-
mensions and the solubility of the solvent in the two dimensions.
Orthogonality between the two dimensions determines the reten-
tion space coverage, but the combination of high orthogonality, such
as NPLC and RPLC, generates an enhanced solvent effect or immis-
cibility issue, causing peak broadening or peak distortion to affect
the second dimensional separation [85]. Four combined modes,
namely, NP x RP, HILIC x RP, RP x RP, and other x RP, are summa-
rized in Table S3 [86—125], with RP columns usually as the second
dimensional columns [81,85].

Burlet-Parendel [85] and Hou [81] discussed the advantages and
disadvantages of the different column binding modes. The NP x RP
mode uses two different columns with strong orthogonality in
retention mechanisms. However, there is an important eluting
strength mismatch in these two mobile phases, which may result in
severe injection effects. As a result, a part of the analyte population
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elutes at the dead time, while the other part elutes at the normal
retention time, hence reducing the sensitivity of the method [85].
Furthermore, the solvents used in NP mode may have environ-
mental contamination problems [81]. RP x RP mode, which utilizes
pH orthogonality, changes the analyte ionization state by applying
different pH values in two dimensions [81,85]. However, when
dealing with neutral species, pH cannot be used to modulate
selectivity. Partial selectivity can be brought through some
nonconventional stationary phases, such as porous graphitic car-
bon and zirconium-based or polymeric organic stationary phases,
but the retention rate of compounds between the two dimensions
is usually strongly correlated, which leads to the poor applicability
of RP x RP in isolated neutral analytes [85]. HILIC shows separation
complementary with conventional RP separation. The mobile
phases of HILIC x RP are more soluble than those of NP x RP, and
this mode is suitable for moderately polar compounds such as ol-
igosaccharides, steroids, and phenolic acids, but also has poor
separation ability for neutral compounds [81]. In addition, RP can
also directly screen the active components when combined with
cell membrane chromatography and size exclusion chromatog-
raphy (SEC) for neutral compound analysis [85]. Therefore,
different combinations of columns can be selected according to the
object and the analysis purpose.

2D-LC technology is still evolving, and scientists are focused on
improving the modulation interface between the two dimensions
to solve the undersampling effect, nonideal transfer between the
two dimensions, and incomplete retention space coverage [80,85].
Abdulhussain [84] summarized recent advances in three-
dimensional chromatographic separation techniques. Zhou [126]
generalized the progress of 2D-LC in TCM applications from 2008 to
2018, and Pirok [80] summarized the applications of 2D-LC in the
environment and pharmaceutical fields from 2016 to 2018; thus,
this paper summarizes the applications of 2D-LC in pharmaceuti-
cals from 2018 to the present (Table S3).

In Table S3, 40 examples are included for multicomponent 2D
isolation in complex systems such as TCM, chemical drugs, food,
nutrients, and their metabolites, 27 of which use HILIC x RP and
RP x RP. The offline HILIC x RP model is often used in the analysis of
TCM due to the presence of both polar and nonpolar components in
most TCM. The separation effect of the analyte can be improved by
mobile phases with different pH values in RP x RP mode, which is
suitable for the separation of medium-polarity and weak-polarity
components [126]. In addition, different stationary phases can
also be selected to achieve 2D separation [102]. Chiral separation
columns can be used for chiral isomerism [108,110]. Depending on
the analyte nature, RP is combined with ion exchange chroma-
tography (IEX), supercritical fluid chromatography (SFC), SEC, or
other modes. For example, Xu et al. [127] developed a column se-
lection guide for 2D-LC analysis of alkaloids, and IEX x RP mode
was proven to be a high-orthogonality method [116]. Based on the
unique properties of SFC, including the low viscosity, good diffu-
sivity, high density, and excellent solvating power of supercritical
CO,, RP x SFC mode was used for the analysis of bufadienolides in
Venenum bufonis [103]. In the analysis of organic acids in honey, the
organic acids were first separated from carbohydrates by SEC and
then separated from each other by RP columns [65]. Carthamus
tinctorius L. contains a large number of strong polar components, so
Wang et al. [104] used HILIC x HILIC to analyze flavonoids and al-
kaloids in Carthamus tinctorius L. Therefore, different 2D-LC modes
can be selected for the MCA of complex systems.

3.3. Application examples

Most complex systems contain structural analogues, especially
natural products (including functional foods, botanical medicine,
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and TCM). For synthetic drugs, structural analogues also exist in the
form of impurities. The separation of structural analogues in
complex systems is difficult. If the separation is incomplete, the
quantification of index components will be inaccurate or incom-
plete, which will bring great trouble to subsequent related research.
Optimum column selection or 2D-LC separation is vital to the MCA
of these compounds.

During the production of chemical drugs, due to the purity of raw
materials, preparation process, degradation, and other factors, there
may be impurities in the drug, which will affect the purity of the drug
and may also affect the actual efficacy of the drug and even cause
adverse reactions in serious cases [114,121,123]. Most of these im-
purities are structural analogues that are difficult to separate. Table 2
shows four examples of separating chemical drug impurities in one or
two dimensions [50,55,64—66,75,76,89,93,98,104,105,114,119—121,
124,128]. Among them, MHC separation mode was adopted for
metformin in the binding mode of strong cation exchange and RP
columns [121]. Psychoactive substances contain relatively more
components with similar structures. The separation mode of LC x LC
was used to separate psychoactive substances on RP x RP (biphenyl
column), and the orthogonality of the two separation systems was
fully utilized to enhance the separation capacity [114]. The Symbi-
cort® inhaler is one of the most widely used drugs for treating
asthma, and it contains two major active components, budesonide
and formoterol fumarate, which have complementary effects in
dealing with different symptoms of asthma. Budesonide is a mixture
of two epimers at a ratio of approximately 1:1, and budesonide also
has several known degradation products (related compounds E, G,
and L, Fig. S2 [76]). The degree of separation is critical in assessing
product quality and ensuring efficacy due to their similar structures
shown in Fig. S2 [76]. Alkhateeb et al. [76] separated the three major
active components and the four degradation products in Symbicort
by screening the columns for different fillers and gradient proced-
ures, as shown in Fig. S2.

Food or drugs of plant origin may be more difficult to separate
than chemical drugs. Here, we take flavonoids and saponins as
examples. The biosynthesis of flavonoids is shown at Fig. S3. Fla-
vonoids are medium-polarity compounds, so RP columns are
commonly used for flavonoid separation. Most flavonoids have
hydroxyl substituents based on the parent nucleus or form flavo-
noid glycosides with carbohydrates. The polarity of the flavonoids
increases when these polar groups occupy a large proportion of the
structure, so retention on the RP column weakens. A column with a
certain hydroxyl group on the silica gel carrier can be selected to
increase polarity retention. The subtle changes in the structure of
flavonoids, including different substituents and positions, make
flavonoids highly diverse. The similar biosynthesis pathway and
corresponding structures make a large number of flavonoid iso-
mers exist in plants, such as Ginkgo biloba leaves, as the main
components [93]. Due to the complexity and similarity of flavonoid
structures, it is difficult to achieve complete separation in LC
analysis, thus affecting the quantitative analysis results of each
flavonoid. Table 2 shows that silica gel-bonded Cig is the main
column used in the current analysis of flavonoids. Due to the acidity
caused by phenolic hydroxyl groups in flavonoids, buffering agents
or buffer salts are often used in the mobile phase, which adjust the
mobile phase in an acidic environment to ensure that the analyte is
in a nonionized state and to enhance chromatographic retention.
Moreover, 2D separation can improve the separation of flavonoids
with very similar structures, connecting HILIC for polar compound
separation [93,104] or PFP columns for aromatic analysis [98] with
RP columns to increase the separation capacity.

Saponins are a class of glycosides whose aglycons are triterpe-
noids or steroids. The main biosynthetic pathway of terpenes and
steroids is the isopentene pathway. The same type of saponins
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Table 2
Application examples of system separation methods in multicomponent analysis.
Category Analyte (compounds) Column, mobile phase A/B Refs.
Chemical medicine Nexium® capsule (omeprazole/esomeprazole and impurities) K, Poroshell EC/HPH C;g, HoO/ACN [75]
Symbicort (formoterol, budesonide, and its related compounds E, G, and L) A, BEH Cyg, H,O/ACN [76]
Novel psychoactive substance (synthetic cannabinoids) 1D: M, Poroshell 120 Bonus-RP, 0.1% TFA/95% ACN [114]
2D: ], biphenyl, 0.1% TFA/MeOH:H,0 (95:5, V/V)
Metformin (major degradation products 1D: CAPCEL PAK SCX UG80, 17 g/L ADP pH 3.0 [121]
in metformin) 2D: A, XBridge Cyg, 0.1% FA/ACN
Flavone Urceola rosea (seven flavonoids) B, Synergi MAX-RP C;3, 0.1% FA/ACN [64]
Chrysanthemi Flos (six flavonoids) G, BEH Shield RP Cys, 1% FA/MeOH:ACN (2.5:1, V/V) [65]
with 1% FA
Buddleja lindleyana Fort (six flavonoids) A, Symmetry Cyg, 0.1% FA/ACN [66]
Ginkgo biloba L. leave extract (metabolites 1D: D, XBridge Amide, 0.1% FA/ACN [93]
of quercetin, genistein, kaempferol 2D: A, ZORBAX XDB-C;g, 0.1% FA/MeOH
and isorhamnetin)
Cannabis (four flavonoids) 1D: L, Kinetex PFP, 0.1% FA/MeOH with 0.1% FA [98]
2D: K, Kinetex Cyg, 0.1% FA/ACN with 0.1% FA
Safflower (four flavonoids) 1D: D, XBridge Amide, 0.1% FA/ACN [104]
2D: D, Ultimate Amide, 0.2 uM AF/ACN
Fenugreek seed (14 flavonoids) 1D: K, Kinetex RP C;g, 0.1% TFA/ACN:H,0:TFA [119]
(50:50:0.1, V/V|V)
2D: K, Kinetex Cyg, 0.1% TFA/ACN: H,0:
TFA (50:50:0.1, V/V|V)
Rutin tablet (five flavonoids) 1D: A, Acclaim 120 Cyg, 0.1 M SDPA (pH 4.4)/ACN [120]
2D: A, Shim-pack GISS Cyg, AF (10 mM)/MeOH
Saponin American ginseng (pseudoginsenosides RT5, F11; E, Hypersil Gold PFP, 0.1% FA/ACN [50]
sixteen ginsenosides)
Liliium (steroidal saponins) 1D: O, CORTECS HILIC, 0.1% FA/ACN [89]
2D: A, HSS T5 Cy5
0.1% FA/ACN
Danshen dripping pill (tanshinones, salvianolic 1D: D, XBridge Amide, 5 mM AA/5 mM AA in ACN [105]
acids, and saponins) 2D: A, HSS T3 Cyg, 0.1% FA/ACN
Panax notoginseng leaves (seven notoginsenosides; 1D: C, BEH Cg, 0.1% FA/ACN [124]
eight ginsenosides; gypenoside XVII) 2D: D, XBridge Amide, 0.1% FA/ACN
White ginseng and red ginseng (ginsenosides) 1D: D, Acchrom XAmide, 0.2% FA and 10 mM [128]
AF/ACN with 0.2% FA
2D: A, HSS T3, 0.2% FA/ACN
Others Honey (free amino acids) A, Hypersil ODS Cyg, 10% ACN (adjusted pH to 6.0 [55]

by 20 mM acetate and 5 mM AA)/60% ACN
(adjusted pH to 5.4 by 20 mM acetate)/60% ACN
(adjusted pH to 4.4 by 20 mM acetate)/pure ACN.

EC: ethyl cellulose; ACN: acetonitrile; BEH: bridged-ethylene-hybrid; RP: reversed phase; TFA: trifluoroacetic acid; MeOH: methanol; UG: ultra grade; SCX: strong cation
exchange; ADP: ammonium dihydrogen phosphate; FA: formic acid; AF: ammonium formate; SDPA: sodium dihydrogen phosphate aqueous; PFP: pentafluorophenyl; HILIC:
hydrophilic interaction liquid chromatography; AA: ammonium acetate; HSS: high strength silica; ODS: octadecyl silane; A—O in the "Column, Mobile phase A/B" represents

the column packing structures corresponding to A—O in Fig. S1.

often has the same framework. In saponins, aglycon has different
degrees of lipophilicity, and the carbohydrate chain has strong
hydrophilicity; moreover, the UV absorption of saponins is not
sensitive. All these structural characteristics result in difficulties in
the LC analysis of saponins, and different separation modes, such as
the PFP or HILIC mode, are often used for separation. For samples
mainly composed of saponins, such as Panax ginseng and
Panax notoginseng, 2D-LC methods are also used to improve the
separation efficiency [89,105,124,128]. For example, in the quality
evaluation of saponin components in Panax notoginseng leaves,
RP x HILIC mode was used to realize the accurate quantification of
17 saponin components, which could realize the orthogonality of
the separation mechanism and prevent the incompatibility of the
two sets of mobile phase systems (Fig. S4 [124] and Table S4).

4. Applications of predictive software in MCA

In the MCA of complex systems, the optimization of chroma-
tography conditions is the most time-consuming part in analysis
method establishment. Researchers need to repeatedly select,
optimize, and adjust analysis conditions. With the development of
technology, computer-aided prediction technologies are applied to
replace a large number of repetitive experimental works or
combine big data to simulate and predict some parameters, thus
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greatly improving the efficiency of method development in MCA. In
this part, we introduce computer-aided prediction technologies
that have been used to optimize chromatography conditions and
predict partial parameters to provide ideas and methods for the
intelligent development of MCA in complex systems.

4.1. Chromatographic condition prediction

There are some common problems in MCA by LC. LC method
development is performed by trial and error, during which chro-
matographic conditions such as mobile phase gradients need to be
continuously optimized. At the same time, the separation ability of
the chromatographic system is limited, and the overlapping peak in
the chromatogram is always unavoidable. Most chromatographic
workstations still use the integral data processing method. For
acromion without serious overlap, it is difficult to obtain the ac-
curate peak area of overlapping components by integrating the
classical middle cut method or tangent line. Therefore, it is neces-
sary to develop a method to automatically fit chromatographic
curves, providing rapid and accurate determination of peak shape
parameters, as well as the ability to calculate overlapping peak
areas [14].

Based on the above problems existing in chromatographic
analysis, Jin et al. [14] developed a complex sample analysis
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software system (CSASS) for chromatographic peak-assisted quali-
tative analysis, quantitative fitting, and analysis condition optimi-
zation in complex unknown samples according to the
chromatographic outflow curve. The method can obtain the
retention parameters of the analyte with 3—5 linear gradients and
output the simulated chromatogram and predicted tg according to
the retention parameters and the input chromatographic condi-
tions. Moreover, this method describes the chromatographic peaks
using a Gaussian model and an exponential modified Gaussian
model, achieving a fit to the actual chromatographic outflow curve
by a nonlinear least squares method, thus obtaining accurate peak
shape parameters and overlapping peak areas, which can be used
for accurate determination of overlapping peak areas.

CSASS software has been used in many studies of chromato-
graphic condition optimization and retention parameters in MCA.
Zhou et al. [129] obtained the retention parameters of O-diglycosyl
flavanones in the extract of Fructus aurantii to study the structure-
retention relationship with CSASS software. When establishing the
analysis method for iridoid glucosides from Hedyotis diffusa Willd.,
CSASS software was used to simulate the optimized separation
conditions [130]. In the study of quality control analysis of Shuang-
huang-lian oral liquid, the CSASS system was used to quickly and
accurately calculate the retention parameters and peak shape pa-
rameters of each component to study the chromatographic condi-
tions and optimize the gradient. Finally, a quantitative fingerprint
method was developed [131]. In addition, when developing an off-
line method to evaluate and optimize the capture ability of capture
columns in 2D-LC, CSASS software was used with five isocratic
conditions to calculate analyte retention parameters on different
capture columns to predict the retention behavior. Therefore, it was
more convenient to predict the capture ability of the capture column
under different conditions [85]. The above studies show that CSASS
software has been used in many studies of chromatographic condi-
tion optimization and retention parameter analysis, which provides
a more convenient and fast optimization method for the develop-
ment of complex sample analysis methods.
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4.2. Quantitative structure-retention relationship

There has been an effort to develop methods for predicting the
tr of analytes to reduce the number of experiments. There are two
approaches that are used to predict retention. The first is a mech-
anistic understanding of the analyte retention process to derive a
mathematical model that relates tg with physical and chemical
parameters of the analyte's interaction with the stationary phase
and mobile phase. When the elution mechanism for analyte
retention is clear, tg can be predicted by inserting the parameters
into the model [15]. The second approach to the prediction of t is
to provide a mathematical description of the observed retention
behavior. Using statistical techniques applied to large retention
databases, an observational relationship is determined between the
tr of the analyte and easily measured properties of the components
in the chromatographic system [15]. Most methods of retention
factor prediction are designed based on the above two theories.
This paper mainly introduces quantitative structure-retention re-
lationships (QSRRs) based on the second idea. QSRR theory studies
the relationship between chromatographic retention and solute
structure to predict the tg of new analytes, with the process
implemented in Fig. 3. QSRRs use some form of relevant numerical
descriptor representing the structure of the analyte and then use
statistical methods to build the mathematical relationship between
tr and the relevant descriptor. For the new analyte, if its relevant
descriptor is known, the resulting statistical retention model can be
used to predict the tg of the new analyte [15].

The QSRR model has been used to predict the tg of some impu-
rities. For impurities of chemical drugs analyzed with chromato-
graphic peaks, if the tg of one impurity is longer than the analytical
time, it suggests that the elution strength should be increased. If tg is
very close to the dead time, it may indicate that other methods of
orthogonal elution mechanisms should be developed. In the study of
impurities in macrolides, Zhang et al. [132] constructed a QSRR
model to predict the tg of some undetected known impurities.
Macrolides are complex mixtures typically composed of a couple of
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Transfer into relevant desriptors

[
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chemometric tools
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Fig. 3. Schematic representation of the quantitative structure-retention relationship (QSRR) approach process. SP: sationary phase; MP: mobile phase; tg: retention time; PLS:
partial least-squares regression; MLR: multiple linear regression; ANN: artificial neural network.
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main components accompanied by minor components and impu-
rities of structural similarity. However, few standard products are
available for impurities in multicomponent macrolides, so it is not
feasible to determine tg by their standard products. Researchers have
used QSRRs to study the tg of compounds with similar impurity
structures. Twenty-four major components in common leucomycin-
related 16-membered ring macrolides, including josamycin, mid-
ecamycin, meleumycin, kitasamycin, josamycin propionate, and
midecamycin acetate, were used as solutes to build the QSRR model.
The tg values of the other six impurities of josamycin and two im-
purities of josamycin propionate in their respective chromatographic
systems were predicted. This study provides a reference for the
development of macrolide analysis methods and improves the effi-
ciency and accuracy of method development.

TCM has the characteristics of multiple components, large con-
tent differences, and many isomers, which increase the difficulty of
separating and identifying TCM components. Phthalide compounds
are the main active ingredients of Chuanxiong Rhizoma, and many
isomers exist. Zhang et al. [133] developed a QSRR model using 23
phthalide standards in Chuanxiong Rhizoma to predict phthaloid
monomers and dimers. Flavonoids have the same common core,
which show the diversity of the chemical structure in terms of
molecular weight, shape, size, and geometric configuration, and
exhibit a series of hydrophobic properties and the ability to form
hydrogen bonds. This study applied molecular descriptors in the
QSRR approach to correctly evaluate the interactions between fla-
vonoids and the stationary phase, characterize the analyte retention
mechanism, analyse the relationship between the retention of fla-
vonoids and structure, and consequently determine their lip-
ophilicity. It can also be used as a good supportive tool in the
selection of a suitable column [134]. In the identification of echina-
coside metabolites, Song et al. [135] built a QSRR model to predict
the tg of a given compound based on three different LC mechanisms,
RPLC, HPLC, and coupled RPLC-HILIC. Hu et al. [136] developed a
method for detecting hydrophilic metabolites. As isobars and iso-
mers in the absence of tg were very difficult to resolve, they con-
structed a QSRR model with the measured tg, which could predict
the tg of metabolites and offer an efficient method for large-scale
quantitative analysis for hydrophilic metabolite profiling, even
when metabolite standards were unavailable.

In summary, QSRRs can be used to gain a greater understanding
of the mechanisms of retention, predict the tg of analytes, signifi-
cantly reduce the time for method development, and increase the
accuracy and robustness. It can also exclude the ‘trial-and-error’
approach for many applications and reduce the amounts of solvents
routinely used for method development experiments [137,138]. At
present, this method has been widely used in column character-
ization and selection, chromatographic method development,
metabolomics analysis [136], retention mechanism analysis [134],
and bioactivity determination. Its applications have been extended
to many systems, including thin-layer chromatography, RP [135],
ion-pair RP [136], and HILIC [135].

5. Conclusion and future perspectives

Complex systems exist widely, and their quality control is very
important for public health. Enterprises must realize quality control
of these products with effective and practical methods. Holistic
quality evaluation of complex samples, particularly MCA, is an
effective method to ensure product quality and is also an important
research direction in analytical chemistry. Although MS analysis
can improve the precision and detection range of the analytical
method, it is not suitable for general industries. MCQA based on LC
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is a scientific, economical, and stable quality evaluation method for
the routine quality analysis of complex systems in industry.

Scholars proposed the SSDMC approach for MCQA. This method
overcomes the difficulty in obtaining multiple standard references
and has been applied in the quantitative analysis of TCM and im-
purity analysis of chemical drugs. The theoretical basis, methodo-
logical evaluation, and application examples of SSDMC are
systematically summarized in this paper. The key step in SSDMC
approach development is to select the proper RCF calculation
method, and then, the robustness and accuracy of the established
SSDMC approach should be comprehensively investigated to
determine the applicable scope of the method. There are still many
problems in the application of the SSDMC approach: the repeat-
ability of most existing methods is greatly affected by the concen-
tration of analytes and detection wavelength, and large errors are
observed for low-content components; the RCFs of the SSDMC
approach in different laboratories are different for the same study
subjects; and most studies are limited to chemical component
analysis of one kind of TCM slice, and few studies are based on
mixtures of herbal medicines.

The MCQA of complex systems can be improved and developed
from the following four aspects. 1) Improving the accuracy of MCA
methods is an important problem of SSDMC approaches. Recent
studies have confirmed that when establishing SSDMC approaches,
appropriate standard compounds and RCF calculation methods
should be selected according to the properties of analytes, and the
optimal concentration range of this method should be determined.
2) More attention should be paid to improving the efficiency of
MCQA method establishment by introducing computer software
such as stoichiometry and applying artificial intelligence for data
mining. CSASS software is combined to investigate the appropriate
analysis program for choosing the appropriate chromatography
conditions. The QSRR model can be applied to predict tg for the
analysis of complex systems. 3) The separation modes of LC x LC or
LC-LC should be considered to improve the peak capacity in MCQA.
The orthogonal modes of columns should be selected according to
the characteristics of the components in the research object. 4) In
addition to the SSDMC approach, the exploration of new quanti-
tative methods might result in a revolution in MCQA.
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