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ARTICLE INFO ABSTRACT

Article history Objective To facilitate the quality evaluation suitable for the unique characteristics of
Received 28 May 2024 Chinese materia medica (CMM) by developing and implementing a novel approach known as
Accepted 22 August 2024 the matching frequency statistical moment (MFSM) method.
Available online 25 September 2024 Methods This study established the MFSM method. To demonstrate its effectiveness, we
Kevwords applied this novel approach to analyze Danxi Granules (F+#:# £, DXG) and its constituent
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als. Next, the MFSM was leveraged to compress and integrate them into a new fingerprint
with fewer analytical units. Then, we characterized the properties and variability of both the
original and integrated fingerprints by calculating total quantum statistical moment (TQSM)
parameters, information entropy and information amount, along with their relative standard
deviation (RSD). Finally, we compared the TQSM parameters, information entropy and infor-
mation amount, and their RSD between the traditional and novel fingerprints to validate the
new analytical method.

Results The chromatographic peaks of DXG and its 12 raw herbal materials were divided and
integrated into peak families by the MFSM method. Before integration, the ranges of the peak
number, three TQSM parameters, information entropy and information amount for each
peak or peak family of UPLC fingerprints of DXG and its 12 raw herbal materials were
95.07 — 209.73, 9390 — 183064 pv-s, 5.928 — 21.33 min, 22.62 - 106.69 min?, 4.230 - 6.539, and
50530 - 974186 pv-s, respectively. After integration, the ranges of these parameters were
10.00 - 88.00, 9390 — 183064 pv-s, 5.951 — 22.02 min, 22.27 — 104.73 min? 2.223 - 5.277, and
38159 — 807200 pv-s, respectively. Correspondingly, the RSD of all the aforementioned pa-
rameters before integration were 2.12% - 9.15%, 6.04% - 49.78%, 1.15% — 23.10%, 3.97% —
25.79%, 1.49% — 19.86%, and 6.64% — 51.20%, respectively. However, after integration, they
changed to 0.00%, 6.04% — 49.87%, 1.73% — 23.02%, 3.84% — 26.85%, 1.17% — 16.54%, and 6.40% —
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48.59%, respectively. The results demonstrated that in the newly integrated fingerprint, the
analytical units of constituent herbal materials, information entropy and information amount
were significantly reduced (P < 0.05), while the TQSM parameters remained unchanged (P >
0.05). Additionally, the RSD of the TQSM parameters, information entropy, and information
amount didn’t show significant difference before and after integration (P > 0.05), but the RSD
of the number and area of the integrated analytical units significantly decreased (P < 0.05).
Conclusion The MFSM method could reduce the analytical units of constituent herbal mate-
rials while maintain the properties and variability from their original fingerprint. Thus, it
could serve as a feasible and reliable tool to reduce difficulties in analyzing multi-compo-
nents within CMMs and facilitating the evaluation of their quality.

1 Introduction

Chinese materia medica (CMM) has been drawing in-
creasing attention and receiving worldwide acceptance
due to its vital role in preventing and treating diseases.
Nevertheless, despite its extensive worldwide application,
one of the major concerns hindering its modernization
and globalization is how to ensure its stability and consis-
tency in quality. Given that constituent herbal materials
in CMM are influenced by a variety of factors, including
herbal origins, geographical regions, harvest time, pro-
cessing methods, and preparation techniques, distinct
disparities in quality exist among different CMMs [,
Currently, there are few appropriate analytical methods
focusing on integrating the analytical units of the chro-
matographic fingerprint to reduce the difficulty in assess-
ing the quality of CMM.

At present, to establish new approaches for assessing
the quality of CMM with multiple components, re-
searchers have proposed various methods based on
chemical components, medicinal effects or both. Among
them, chromatographic fingerprint analysis plays an im-
portant role in the quality control of CMM with complex
components %, It serves as a comprehensive method
normally combined with similarity analysis, chemomet-
rics or quantitative analysis to ensure the authentication
of species as well as the consistency and stability of CMM
properties, and facilitate the evaluation of its quality !,
Characterized by the intricate pharmacodynamics of the
components of CMM and their preparation processes, a
succession of methods for quality control and evaluation
has already been developed. These include, but are not
limited to, the correlation coefficient method, cluster
analysis, angle cosine method, fuzzy tip T-distribution
method, Euclidean distance method, hyper-information
feature digitization, and total statistical moment (similar-
ity) method. However, these methods often streamline
the analysis by focusing on common components, corre-
lating them with medicinal effects, and subsequently id-
entifying the active components, leadingto theloss of some
active components. Moreover, the pharmacological es-
sence of CMM transcends mere aggregation of individual

chemical constituents; it likely encompasses a dynamic
ensemble of components that engage in self-organiza-
tion, self-assembly, and self-replication processes. There-
fore, how to integrate the component families into a new
fingerprint according to their active characteristics and
establish a new analytical unit to characterize the im-
printing template of the component families without los-
ing the characteristics of the parameters from previous
fingerprint analysis has become a bottleneck in the theo-
retical, industrial, and applied research on CMM.

This study initially developed and validated a reason-
able and reliable analytical matching frequency statisti-
cal moment (MFSM) method applied to chromatograph-
ic fingerprints. Using this method, analytical units were
reduced without losing any chromatographic peaks
through peak division and integration, with the proper-
ties and variability of the fingerprints retained. Danxi
Granules (J+#: % 42, DXG) and its raw herbal materials
were used as an example to verify the effectiveness of the
method. DXG, a well-known traditional Chinese
medicine (TCM), has been widely applied with excellent
outcomes in preventing and treating patients with stroke
hemiplegia of the Yin deficiency and wind movement
type and Qi deficiency and blood stasis type %,

2 Materials and methods
2.1 MFSM method

In this study, the chromatographic fingerprints of DXG
and its herbal materials were obtained with the use of ul-
tra-performance liquid chromatography (UPLC), which
were compressed and integrated into a new fingerprint
through a novel method, the MFSM. To validate the effec-
tiveness of this method, the properties and variability
from different batches were compared between the origi-
nal and novel fingerprints. Figure 1 shows the flowchart
of establishing and validating the MFSM method. First,
the original chromatographic parameters, such as the
number of peaks, retention time, peak area, and matching
frequency, were obtained through peak calibration and
matching, and the total quantum statistical moment
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(TQSM) parameters, information entropy, information
content and their relative standard deviation (RSD) val-
ues were calculated according to the retention time and
peak area. Subsequently, a novel integrated fingerprint
with new analytical units was obtained by partially divid-
ing and integrating the chromatographic peaks into peak
families using the MFSM method. The aforementioned
parameters and their RSD values of the novel fingerprint
were also obtained. Finally, the MFSM method was evalu-
ated and validated by comparing all these parameters
and their RSD values before and after integration. The ¢
test was employed for statistical analysis.

Figure 1 The flowchart of establishing and validating the
MEFSM method

2.1.1 Calculation of the TQSM parameters, information
entropy, and information amount

(i) Calculation of the TQSM parameters. Based on the fa-
mous statistical moment theory, we employed the TQSM
method to qualitatively and quantitatively analyze the pro-
perties of the chromatographic fingerprint of CMM !>,
which was first integrated into the response curve of the
peaks versus time to obtain the zeroth moment of total
quanta (AUCy); the mean value of the response curve of
the peaks projected on the time coordinate was calculat-
ed as the first moment of total quanta (MRT;) and their
variance to the time span was calculated as the second
moment of total quanta (VRT;), as detailed below. The
calculation of the TQSM parameters is explicitly ex-
plained in the cited literature ..

(a) The zeroth moment of total quanta (AUCy) repre-
sents the area under the curve (AUC) of the chromato-
graphic fingerprints, which encompasses all chromato-
graphic peak areas integrated versus time from zero to in-
finity. It can be calculated by Equation (1).

AUC; = ZA,- (1)
i=1

Where there are n peaks in a chromatogram, and A;
represents the peak area of the ith peak.
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(b) The first moment of total quanta (MRTy) is de-
fined as the mean value of the retention time of the chro-
matographic peaks. It can be calculated by Equation (2).

MRT; = iAi/l,» iA,» (2)
i=1

i=1

Where there are n peaks in a chromatogram, and A;
represents the peak area of the ith peak, 1; as the reten-
tion time of the ith peak.

(c) The second moment of total quanta (VRT) is de-
fined as the variance of the retention time of the chro-
matographic peaks and can be described as the discrete
degree of residence time, as given in Equation (3).

VRT; =Y A (c7+22) [ ) A-2 3)
i=1

i=1

Where there are n peaks in a chromatogram, and A;
represents the peak area of the ith peak, 1; as the reten-
tion time of the ith peak, and g; as the standard deviation
of the retention time of the ith peak.

On one hand, AUC; can be used to quantitatively
characterize the constituent components of CMM and
the quantum alternation of the holistic components. On
the other hand, MRT; and VRT; can be used to qualita-
tively examine the chromatographic properties and de-
scribe the variation of their peaks. Therefore, these TQSM
parameters (AUCy;, MRT;, and VRT;) were employed to
characterize the amount and properties of the chro-
matogram. Namely, they were determined by the chemi-
cal compositions and concentration of the CMM. Previ-
ous studies have affirmed that the TQSM approach ex-
hibits superior performance in terms of anti-interference,
additive effects, coupling interactions, and statistical
analysis when compared with alternative methods ['*'%.
(ii) Calculation of information entropy and information
amount. The distinct peaks observed in the chromato-
graphic fingerprints of CMM correspond to individual
chemical components, each regarded as a discrete unit of
information. The height of each peak in the fingerprint
reflects the likelihood of its chemical component’s pres-
ence, which is influenced by the chromatographic condi-
tions and interactions among the components. Conse-
quently, the presence or absence of chromatographic
peaks in the fingerprints of CMM can be characterized
using information entropy and information amount '*7,
Information entropy serves as a probabilistic measure of
the presence of values, thereby characterizing the degree
of information units within each component. Meanwhile,
the information amount represents the quantity of infor-
mation carried by the fingerprints.

The presence and absence of the chromatographic
peaks in the fingerprints of CMM can be expressed by the
information amount (AS;;) and calculated with Equa-
tion (4).
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Where there are m peaks in a chromatogram, W, rep-
resents the percentage of the peak area of the ith peak,
Inw; is the Napierian logarithm of W, In, is a constant, W,
represents the total component content, and A; repre-
sents the total peak area. The information entropy (AS;,)
was calculated with Equation (5).

m

AS,'L, = -7 vVl'th,' (5)

Where there are m peaks in a chromatogram, and W;
is the percentage of the peak area of the ith peak. Infor-
mation entropy and information amount jointly ex-
pressed the integral information contained in the chro-
matographic fingerprints, including the number of peaks
and peak area.

2.1.2 Standards for dividing and integrating component
families As a biomolecular complex supramolecular,
CMM conveys its medicinal properties and efficacy
through its imprinting templates. The chromatographic
peaks within the fingerprint spectrum were statistically
analyzed through chromatographic techniques, and the
types and contents of CMM components were deter-
mined using TQSM parameters, alongside the informa-
tion entropy, and information amount derived from the
fingerprint spectrum. The number of imprinting tem-
plates component families of CMM was determined by
the convex-concave distribution of the matching fre-
quency of chromatographic peaks with respect to reten-
tion time, which was statistically divided by the matching
frequency of chromatographic peaks in each time period.
The imprinting template attribution of CMM component
families was obtained by dividing the component family
attribution among the imprinting template component
families in the CMM fingerprint using band matching fre-
quencies. The imprinting template component family
within the CMM fingerprint represents a novel finger-
printing approach that leverages the imprinting template
concept for component families. This method employs
band matching frequencies to determine new retention
times or the intensity of parameters, and incorporates the
area or capacity parameters of each component cluster as
additional peak area or capacity parameters [*1°),

In the analysis of chromatographic fingerprints, a part
of a molecule randomly interacted with the stationary
phase of the chromatograph, leading to imprinting-
phenomena such as adsorption-migration-desorption-
readsorption-remigration. The holistic imprinting char-
acteristics were reflected in the form of retention time ['®l,
Consequently, the average retention time was a compre-
hensive index to reflect the holistic imprinting properties
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of all the components. Variations in the average reten-
tion time of component families reflected alterations in
their chemical composition, holistic imprinting charac-
teristics, and therapeutic efficacy. Once the imprinting
evaluation index based on the average retention time was
established, it enabled the clarification of the chemical
composition and efficacy properties of component fami-
lies. The imprinting behavior of component families
within a chromatogram showed that the frequency of
chromatographic peaks appeared in a pattern that fol-
lowed a convex-concave distribution as a function of re-
tention time. These peaks’ statistical matching frequen-
cies were computed using Student’s t-distribution, and
subsequently, the number of component families could
be obtained based on the critical value of these statistical
matching frequencies.

(i) Determination of the critical value of matching fre-
quency. The Similarity Evaluation System for Chromato-
graphic Fingerprint of Traditional Chinese Medicines
(2012A) software was utilized to establish fingerprints
from S batches of the same herb. This involved peak cali-
bration and matching to determine key parameters such
as the number of peaks, retention time, peak area, and
matching frequency. The matching frequency refers to
the frequency with which a particular peak appears at a
specific retention time among the S batches of samples.
First, a statistical analysis was carried out on the match-
ing frequencies of the chromatographic fingerprints. Sec-
ond, the average matching frequency and its standard de-
viation were calculated. The confidence level was then
established, and the critical value for the matching fre-
quency, specific to the sample size, was determined using
Equation (6). Subsequently, components with a match-
ing frequency exceeding the critical threshold were iden-
tified as marker or common components. This process
enabled the classification of component families and the
determination of their total count.

MPC = VP + t((z,v) X SD (6)

Where M, is defined as the critical value of matching
frequencies of chromatographic peaks required to be
classified as a component family. In addition, M, and SD
are the mean value and standard deviation of the match-
ing frequencies, respectively, and #, ) is the 7 critical val-
ue under the confidence coefficient (1 - «) and the de-
gree of freedom (v). The number of chromatographic
peaks that exhibit a matching frequency exceeding the
critical value defines the number of distinct component
families.

Equation (6) showed that when the critical value of a
matching frequency was greater than or equal to the total
batch number, the latter value was adopted as the critical
value for the matching frequency. Generally, the confi-
dence level (1 - a) was set at 95% or 99%, which implied
that a was set at 2.5% or 0.005%, respectively, on one side.



298

The number of component families was affected by the
total batch number and the overall matching similarity.
As a result, when both the total batch number and the
holistic matching similarity were held constant, the num-
ber of the component family was correspondingly fixed.

(ii) Determination of the critical value of retention
time. The component families in the CMM fingerprints
were identified according to the critical values of reten-
tion time and matching frequency. The peaks with reten-
tion time less than the critical value were assigned to the
former component family. In contrast, those greater than
the critical value were classified as the latter component
family. When the retention time of the peak was equal to
the critical value, it was restricted to the last significant
digits of f5;: the odd number was classified to the former
component family, while the even number was distribut-
ed to the latter component family. The data were pro-
cessed as follows.

Suppose there exist n component families in the fin-
gerprints, sequentially ordered by retention time as N,
Nye2» Npegy oo Npgip +++» Npen- The critical retention times for
each component family were calculated according to the
statistical moment of the matching frequencies. For ex-
ample, the critical retention time between N, and N,
was calculated using Equation (7).

Npea Npea

Irpei= Y M, jtr; Z M, ()

J=Npe J=Npet

Where g, refers to the critical value for dividing N,
t0 Njeo, Ny is the first component family, N, is the sec-
ond component family, Mp; means matching frequen-
cies of all these components from N, to N,,, and tg;
stands for the retention time of all these components
from N, t0 Ny,

Similarly, the critical value of retention time for divid-

ing N,,;; and N,;,1) can be calculated by Equation (8).

wal) wal)
tRpci: g NP,th,j E NPA,j ®)
J=Npei J=Npei

Where fg,; indicates the critical value of retention
time from N),; and N,q(;,1), N is the ith component fami-
ly, and N1y is the (i+1)th component family, Np; stands
for the matching frequencies of these components
between N),; and Nq,1), Iy ;is the retention time of these
components between N,;; and N,,(;,1)-

When comparing the retention time of every single
peak to the critical value of retention time, the peaks with
retention time less than #g,; were assigned to the N,
whereas those greater than fp,,; were classified as N, ().
When the peak retention time was equal to tg,; it was
categorized based on the terminal digits of #5;: the odd
numbers were classified into the N, while even num-

p
bers into the Nq,1).
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2.1.3 Determination of new chromatographic parameters
of component families A series of component families in
chromatographic fingerprints were divided and integrat-
ed based on the critical value of matching frequencies
and retention time of chromatographic peaks. Equations
(9) and (10) facilitate the integration and computation of
novel chromatographic parameters, including the updat-
ed retention time and area for peak families. For example,
the integrated retention time for N, ; can be calculated by
Equation (9).

Rpci Rpei
Irpi = Z NP,th,j/ Z Npj ©

J=Rpeti-1) J=Rpeti-1)

Where tz,,; is the new retention time of N,;, and tg,,; is
that of the ith component family. Correspondingly, fz,(;_1)
is that of the (i - 1)th component family. N, ; stands for the
matching frequencies of these components between N,,;
and N1 tg; is the retention time of these components
between N,,.; and Np(;,1)-

The new peak family area of N,; (Ag,;) can also be in-

tegrated using Equation (10).

IRpei

ARpi: z AR,_/’ (10)

J=IRpe(i-1)

Where A, is the newly integrated area of peak family
c» and A ; is the single peak area from tg,,(;_1) t0 Zgpc;-

The TQSM parameters, information entropy, and in-
formation number of the integrated fingerprints were cal-
culated by Equations (1) to (5).

Ny

2.2 Chemicals, reagents, and herbal materials

A comprehensive set of 14 reference standards was pro-
cured, including catalpol (= 98%), gastrodin (= 98%),
ligustrazine (= 98%), geniposide (= 98%), paeoniflorin
(= 98%), ferulic acid (= 98%), ecdysone (= 98%), sal-
vianolic acid (= 98%), quercetin (= 98%), paeonol sal-
vianolic acid (= 98%), icariin (= 98%), aurantio-obtusin
(= 98%), chrysophanol (= 98%), and tanshinone IIA (=
98%). These standards were purchased from Shanghai
Yuanye Biological Technology Co., Ltd., China. UPLC-
grade acetonitrile was purchased from Tedia Company
Inc., USA, and all other reagents were of analytical grade.
Ultrapure water was prepared using a Milli-Q Plus water
purification system (Millipore Corporation, USA).

DXG is composed of 12 CMMs, i.e., Danshen (Salviae
Miltiorrhizae Radix et Rhizoma, the root and rhizome of
Salvia miltiorrhiza Bge.), Niuxi (Achyranthis Bidentatae
Radix, the dried root of Achyranthes bidentata Bl.), Tian-
ma (Gastrodiae Rhizoma, the dried tuber of Gastrodia
elata Bl.), Mudanpi (Moutan Cortex, the dried root bark
of Paeonia suffruticosa Andr.), Chishao (Paeoniae Radix
Rubra, the dried root of Paeonia lactiflora Pall.), Chuanx-
iong (Chuanxiong Rhizoma, the dried root of Ligusticum
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chuanxiong Hort.,, Dihuang (Rehmanniae Radix, dried
tuberous roots of Rehmannia glutinosa Libosch.),
Yinyanghuo (Epimedii Folium, the dried leaves of
Epimedium brevicornum Maxim.), Sangjisheng [Taxilli
Herba, the dry leafy stem and branches of Taxillus chi-
nensis (DC.) Danser|, Zhizi (Gardeniae Fructus, the ripe
fruits of Gardenia jasminoides Ellis), Juemingzi (Cassiae
Semen, the dried ripe seeds of Cassia obtusifolia 1.), and
Huomaren (Cannabis Fructus, the seeds of Cannabis sati-
va L.). The 12 CMMs were originated from three different
geographical regions (labeled as S1 - S5, S6 - S10, and
S11 - S15, respectively), with five batches from each re-
gion. All the raw herbal materials were authenticated by
Professor SHI Jilian (School of Pharmacy, Hunan Univer-
sity of Chinese Medicine, Changsha, China). Additionally,
15 batches of DXG were obtained from Jiuzhitang Co.,
Ltd. with the batch numbers of 20190305, 20190120,
20190105, 20190122, 20190401, 20190606, 20190503,
20190817, 20190705, 20190909, 20190907, 20190920,
20190921, 20191212, and 20190704. The above 15 batch-
es of DXG were marked as S1 - S15, respectively.

2.3 Preparation of samples and standard solutions

2.3.1 DXG solution The DXG was ground into fine pow-
der. An amount of 0.25 g of this powder was weighed out
and sonicated at 300 W and 40 kHz for 30 min in a coni-
cal flask with 5 mL of 50% methanol. Prior to sonication,
the initial weight of the sample was recorded. After the
extraction process, weight loss was compensated with ad-
ditional 50% methanol, and the mixture was centrifuged at
12000 r/min for 15 min at 4 °C. The supernatant was sub-
sequently filtered through a 0.22 pm microporous mem-
brane to obtain the filtrate.

2.3.2 Single herb solution According to the Chinese
Pharmacopoeia (2020 Edition), each single herb, includ-
ing Danshen (Salviae Miltiorrhizae Radix et Rhizoma),
Niuxi (Achyranthis Bidentatae Radix), Mudanpi (Moutan
Cortex), Chuanxiong (Chuanxiong Rhizoma), and Huo-
maren (Cannabis Fructus) was ground into coarse pow-
der and accurately weighed. A total of 10 g of each herb
was then extracted using 10 times its weight in 70%
ethanol, performing the extraction process twice for 1 h
each time. The five herb residues and the remaining sev-
en herbs, including Tianma (Gastrodiae Rhizoma),
Chishao (Paeoniae Radix Rubra), Dihuang (Rehmanniae
Radix), Yinyanghuo (Epimedii Folium), Sangjisheng
(Taxilli Herba), Zhizi (Gardeniae Fructus), and Juemingzi
(Cassiae Semen) were extracted with 10 times their
weight in water, conducted twice with the first extraction
lasting for 1.5 h and the second for 1 h. The extracted so-
lution from each herb was filtered, pooled, and concen-
trated separately to a clear paste at a concentration of
1.5 g/mL (equivalent to a raw drug concentration at
60 °C). Subsequently, 2 mL of this concentrated solution
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was evaporated to dryness, re-dissolved in 50% methanol,
and then diluted to a final volume of 5 mL. This solu-
tion was then sonicated for 10 min and centrifuged at
12000 r/min for 15 min at 4 °C. The supernatant of each
herb was filtered through a 0.22 pm microporous mem-
brane, and the filtrate was collected to create the test so-
lution of the single herb.

2.3.3 Mixed standards solution The standard stock solu-
tions were prepared by dissolving appropriate amounts of
paeoniflorin, tanshinone IIA, tannic acid B, asparagine,
ferulic acid, ecdysone, tannin, orange caspianin, chuanx-
iongzin, rhubarb phenol, epimedium, gardenia gluco-
side, quercetin, and catalpol in 5 mL of methanol, mixing
them thoroughly and then diluting with methanol to ob-
tain the final mixed solutions with concentrations of
0.081, 0.115, 0.123, 0.547, 0.043, 0.108, 0.263, 0.255, 0.448,
0.408, 0.255, 0.333, 0.127, and 0.553 mg/mL, respectively.
The solution was filtered through a 0.22 pm microporous
membrane before analysis.

2.4 Apparatus and chromatographic conditions

UPLC fingerprints were acquired on an Acquity UPLC H-
Class system (Waters Corporation) equipped with a qua-
ternary solvent manager, a PDA el detector, and a sam-
ple manager FTN-H at a detection wavelength of 240 nm
and an injection volume of 3 pL. The chromatographic
separation of samples was achieved by an Acquity UPLC
HSS column (2.1 mm x 100 mm, 1.8 pm). The column
was maintained at 30 °C with a 0.4 mL/min flow rate. The
mobile phase consisted of A (0.1% phosphoric acid aque-
ous solution) and B (acetonitrile). The gradient elution
program was optimized as follows: 0 - 4 min, 4.5% B;
4 -8min, 4.5% -9% B; 8 - 10 min, 9% - 11% B; 10 - 12 min,
11% - 14% B; 12 - 16 min, 14% - 18% B; 16 - 19 min, 18% -
22% B; 19 - 24 min, 22% - 27% B; 24 - 29 min, 27% - 32% B;
29 - 40 min, 32% - 45% B; 40 - 45 min, 45% - 63% B; 45 -
50 min, 63% - 81% B; 50 - 53 min, 81% - 90% B; 53 - 55 min,
90% - 0% B. The test solutions were analyzed under these
chromatographic conditions to obtain the fingerprints of
DXG and its raw herbal materials.

2.5 Method validation

2.5.1 Precision Precision of the instrument was con-
firmed by the TQSM parameters, information entropy,
and information amount of the fingerprints. To evaluate
the precision, the sample solution of the same brand (S1
of DXG) was tested six times within a single day.

2.5.2 Repeatability Repeatability of the method was eva-
luated by calculating the TQSM parameters, information
entropy, and information amount of the fingerprints
using six independently extracted sample solutions (S1
of DXG).

2.5.3 Stability Stability of the sample solution was as-
sessed using a single sample solution (S1 of DXG) stored
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at room temperature for 0, 2, 4, 6, 8, 12, and 24 h, by cal-
culating the TQSM parameters, information entropy, and
information amount of the fingerprints.

2.6 Data analysis

The chromatographic parameters before integration were
obtained using the Similarity Evaluation System for Chro-
matographic Fingerprint of Traditional Chinese Medicine
(version 2012A, Beijing, China). The TQSM parameters,
information entropy, and information amount of finger-
prints were calculated using Equations (1) - (5). The criti-
cal values of matching frequencies and retention time for
dividing component families were computed using Equa-
tions (6) - (8). The new retention time and integrated
component family peaks were calculated using Equa-
tions (9) and (10). The differences in these parameters
before and after integration were assessed by Student’s ¢
test or one-way analysis of variance (ANOVA). P < 0.05
was considered statistically significant.

3 Results
3.1 Validation of the UPLC

3.1.1 Precision Analysis of six replicate injections
showed ideal precision with RSD values of peak number
(0.47%), AUCy (0.35%), MRT; (0.16%), VRT; (0.46%), in-
formation entropy (0.09%), and information amount
(0.39%).

3.1.2 Repeatability The method demonstrated good re-
peatability with RSD values of peak number (2.92%),
AUC; (1.47%), MRT; (1.28%), VRT (1.12%), information
entropy (0.66%), and information amount (1.25%).

3.1.3 Stability Sample solutions remained stable over
24 h, as evidenced by RSD values of peak number
(1.49%), AUC; (0.24%), MRT; (0.16%), VRT; (0.94%), in-
formation entropy (0.28%), and information amount
(0.36%).

3.2 Establishment of chromatographic fingerprints of
DXG and its raw herbal materials

UPLC analysis generated chromatographic fingerprints of
DXG from 15 distinct batches (Figure 2). In the DXG fin-
gerprint, a total of 389 peaks were detected, with each
peak exhibiting an appearance frequency ranging from 1
to 15. Peaks that appeared with a matching frequency of
15 represented common peaks, resulting in 57 common
peaks were identified in the chromatographic finger-
prints of DXG (Figure 2A and 2B). Among these, 14 peaks
were confirmed by matching their retention times with
reference standards, which included catalpol, gastrodin,
ligustrazine, geniposide, paeoniflorin, ferulic acid,
ecdysone, salvianolic acid B, quercetin, paeonol, icariin,
aurantio-obtusin, chrysophanol, and tanshinone IIA
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Figure 2 The UPLC fingerprints of DXG

A, similarity matching of UPLC fingerprints of 15 batches of
DXG. B, referential chromatogram of DXG. C, UPLC finger-
prints the mixed standards peaks. 1 - 14 represent different ref-
erence compounds: 1, catalpol; 2, gastrodin; 3, ligustrazine;
4, geniposide; 5, paeoniflorin; 6, ferulic acid; 7, ecdysone; 8, sal-
vianolic acid B; 9, quercetin; 10, paeonol; 11, icariin; 12, auran-
tio-obtusin; 13, chrysophanol; 14, tanshinone ITA.

(Figure 2C). Similarly, the chromatographic fingerprints
of raw herbal materials of DXG (15 batches) were gener-
ated (Figure 3). The TQSM parameters, information en-
tropy, and information amount were calculated using
Equations (1) to (5).

3.3 Application of the MFSM method for establishing in-
tegrated chromatographic fingerprints of DXG and its
raw herbal materials

The chromatographic fingerprints of 15 DXG samples
were utilized to illustrate how to reconstitute the integrat-
ed fingerprints by dividing and compressing the original
fingerprints and how to calculate their new chromato-
graphic parameters using the MFSM method (Table 1).

3.3.1 Finding the marker peak using the boundary value
of matching frequencies Building upon the findings
outlined in section 3.2, the total number of peaks, their



LI Haiying, et al. / Digital Chinese Medicine 7 (2024) 294-308

MFSM method for CMM fingerprint analysis 301

9000
8 500)
8 000)
7500
= 7000 —
> 3
g oo g 515
6000 N .= s14
| N | § W - 515 ’
5500 [0 309 813
S0 s12 S ;
g 3000 . ; ~ 513§ 512
,.,,, 1Y - >
2 :gﬂg | R 1§ -t g
3 ) ) | ST} Ko
2 3500 N 59 E3 B
= 3000 ¥ =
2500 i 57 K6
AL I —— Y — - — o8 55
1500 e & 54
1,000} Y 83 83
500( At N 2 B 52
ol AL i St s1
0 4 8 12 16 20 24 28 32 36 40 44 48 52 0 4 8 12 16 20 24 28 32 36 40 44 48 52 0 4 8 12 16 20 24 28 32 36 40 44 48 52
Time (min) Time (min) Time (min)
5600
348 7000
zgﬁg 6500
1500 6000
- i e _
2z 4000 E 5000 é :"
Z 3 6001 = S 15 o 25
35001 4500 1
o 3300 o u 514 0 i
51 }988 ] 4000 ¥ 13 2 1
53 g 3500 -} - - 2 g 0
& 2600 2 ! T N— ST 9
£ 5400 = 3000) It T, " 0 =
2 i 2 2500 s 2 s
S 1 5 2
< 1001 <€ 2000| ¢ < 6
3 t oo | \ N T vemm— 6 s
[ lse=iz= g -
@ ) I =
300, D — 5 S
0 0 1 1
0 4 8 12 16 20 24 28 32 36 40 44 48 52 0 4 8 12 16 20 24 28 32 36 40 44 48 52 0 4 8 12 16 20 24 28 32 36 40 44 48 52
Time (min) Time (min) Time (min)
2
2
2
2
2
2 "
21 B o i
1 15 N
£ g i &3 4
PR o 33 12
9! 5] 512 Q 511
g1 g g 10
10 9
£1 £ £ '
2 2 2 7
38 ) <1 56
< < 5o < s
g 4
5> 52
s 1 S1
0 4 8 12 16 20 24 28 32 36 40 44 48 52 0 4 8 12 16 20 24 28 32 36 40 44 48 52 0 4 8 12 16 20 24 28 32 36 40 44 48 52
Time (min) Time (min) Time (min)
4000 ‘
3800
3600, S 5
3400 B
3200 p14
=3 23000 Sl
= 6000] > 3 15 = o
£ 5500 . B3 e B 2800 k12
£ 15 £ 1 E260 1 . st
= [FR 2400 510
] - i1 22200 L o
i g [ %238 R k
5 ] o 51600 57
2 2 2 1400( | ke
i 5 -<D -<° 1200( - )
2 56 0 1000[ = B S5
Ss s 800| Lk L sS4
4 4 600| s
o4 400| |, . s
k2 2000 [~ N
S1 1 0 st

0 4 8 12 16 20 24 28 32 36 40 44 48 52 0 4 8 12 16 20

Time (min)

Figure 3 The fingerprints of the raw herbal materials of DXG
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Time (min)

A, Danshen (Salviae Miltiorrhizae Radix et Rhizoma). B, Niuxi (Achyranthis Bidentatae Radix). C, Tianma (Gastrodiae Rhizoma).
D, Mudanpi (Moutan Cortex). E, Chishao (Paeoniae Radix Rubra). F, Chuanxiong (Chuanxiong Rhizoma). G, Dihuang (Rehmanniae
Radix). H, Yinyanghuo (Epimedii Folium). I, Sangjisheng (Taxilli Herba). J, Zhizi (Gardeniae Fructus). K, Juemingzi (Cassiae Semen).

L, Huomaren (Cannabis Fructus).

retention times, peak areas, and matching frequencies
were obtained (Table 1). Statistical analysis of the match-
ing frequencies of the chromatographic peaks was then
performed according to methodology described in sec-
tion 2.2.1: (i) the M, and its SD were 8.09 and 4.14, re-
spectively; (ii) the confidence level (1 — a) was set at 0.95
and the degree of freedom (v) at 3146 — 1= 3 145; accord-
ingly, ¢, was given to be 1.96; (iii) the critical value of
the matching frequency for dividing component families
was computed as 16.20 (M),) by inputting the mean and
SD of the matching frequencies into Equation (6). Theo-
retically, the critical value of the matching frequencies
should be no more than 15, the total number of batches.
Therefore, the critical value was corrected to be 15 rather
than the aforementioned 16.20. Based on the actual criti-
cal value, the chromatographic peaks with a matching

frequency greater than or equal to 15 were regarded as
the marker peaks for dividing component families. The
next step involves determining the retention time bound-
ary to segregate peak families, utilizing the two marker
peaks as references to ensure that this boundary falls be-
tween them.

3.3.2 Dividing and integrating component families using
the boundary value of retention time The boundary val-
ue of retention time for splitting two component families
was calculated using Equation (7) or (8). For example,
trper for dividing N, and N, was calculated to be 0.85.
This value was positioned between the retention time of
Np, and Np;. Therefore, a division line for g, was drawn
on the chromatogram to separate the peaks Np, and Np;
(Table 1).
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Table 1 Examples of dividing original fingerprints of DXG to integrate its novel fingerprints

Peak Peak area or peak family area

(family)

number 1 2 3 4 Np 5 6 Npc, 7 8 9 10 389  Npcs;
S1 0 142.61 376.92 0 51953 0 81.75 81.75 15831 O 153.41 0 1 7.55
S2 0 145.16 411.93 0 557.08 O 87.42 87.42 19269 O 152.23 9.12 0 52.98
S3 0 96.67 370.77 0 467.44 O 68.2 68.2 19228 0 116.38 0 0 54.32
S4 0 144.75 356.83 0 501.57 0 87.73 87.73 157.03 24.99 111.62 0 0 66.70
S5 0 158.12 445.23 0 603.35 O 100.21 100.21 187.73 22.86 186.67 0 0 47.79
S6 0 121.92 408.06 0 52998 0 68.43 68.43 171.13 O 112.77 0 0 41.70
S7 1.46 152.51 536.05 0 690.03 0 94.76 94.76 189.79 35.84 238.51 0 0 131.54
S8 0 0 467.84 112.12 57996 O 70.74 70.74 139.77 23.59 115.39 0 0 191.84
S9 0 0 463.17 103.17 566.34 O 63.71 63.71 12231 21.36 126.89 0 0 175.52
S10 0 94.03 395.41 0 48944 0 95.78 95.78 155.63 23.64 111.07 0 1.81 132.96
S11 0 0 413.14 77.74 49087 O 88.12 88.12 136.68 24.72 101.91 0 0 141.45
S12 0 90.91 373.05 0 46396 O 91.93 91.93 167.18 1.65 110.57 0 0 128.40
S13 0 124.26 441.49 0 565.75 0 101.74 101.74 201.36 O 142.53 0 0 84.76
S14 0 132.44 365.05 0 497.49 42.81 49.83 92.65 143.38 41.54 0 125.08 0 66.69
S15 0 0 446.13 118.43 564.57 O 69.39 69.39 149.2 0 171.72 0 0 12.97

Matching 1 11 15 4 1 15 15 9 14 2 1

frequency

Retention  0.05 0.62 0.69 0.73 0.65 1.02 1.13 1.12 1.29 1.62 191 1.97 54.05 51.32

time (min)

Retention time pertains to the duration that chromatographic peaks or peak families persist in a chromatogram. Number refers to the
count of these chromatographic peaks or peak families. Npc, refers to the 1st peak family. Npc, refers to the 2nd peak family. Npcs,

refers to the 57th peak family.

6 6
Tper = ZNR_itR-j/ZNR.f =
=3 =3

(0.69%x15+0.73x4+1.1x1+1.13%x15)/
(15+4+1+15)=0.89 min

Similarly, the #g,, for dividing N,, and N,5 was
drawn directly between Npg; and Np,, because the match-
ing frequencies of the two peaks were both 15.

With the same method, f,5 was determined to be
2.11, and tg,,c5 was calculated between N5 and Nes7.

Using these boundary values of retention time, a total
of 389 chromatographic peaks were identified from the
chromatographic fingerprints of the 15 DXG batches and
re-integrated into 57 peak families, each containing of a
common peak (Table 1).

3.3.3 Calculation of the new chromatographic parame-
ters of component families The calculation of new chro-
matographic parameters, including the new retention
time and the integrated peak family area, was performed
using Equations (9) and (10), respectively. For example,
the new retention time for N, in sample S1 (z,,) was
computed as follows.

4 4
trpr = Z Npjtr, Z Npj=
j=1 j=1

(0.05% 1+0.62% 11+0.69% 15+0.73 x4)/
(1+11+15+4) = 0.65 min

Here, N, refers to all the components eluted from 0
to 0.65 min. The total integrated peak area for compo-
nent families can be calculated by addition. For example,
the new peak family area for N, in sample S1 (Ag,;) was

determined as follows.

4
Agpi = Ap;=(0+142.61+376.92+0) =519.53 v -5

J=1

Similarly, the new peak family areas for N, in S2, S3,
S4, S5, S6, S7, S8, S9, S10, S11, S12, S13, S14, and S15 were
557.08, 467.44, 501.57, 603.35, 529.98, 690.03, 579.96,
566.34, 489.44, 490.87, 463.96, 565.75, 497.49, and
564.57 uv-s, respectively. In summary, the new chromato-
graphic parameters of the 57 peak families in the integrat-
ed fingerprints of DXG were obtained with the use of the
MEFSM method.

Additionally, the chromatographic parameters of the
integrated fingerprints of its raw herbal materials were
obtained, with the following counts of component fami-
lies identified for each material: 10, 33, 29, 20, 22, 28, 33,
30, 32, 75, 88, and 45 for Danshen (Salviae Miltiorrhizae
Radix et Rhizoma), Niuxi (Achyranthis Bidentatae Radix),
Tianma (Gastrodiae Rhizoma), Mudanpi (Moutan Cor-
tex), Chishao (Paeoniae Radix Rubra), Chuanxiong
(Chuanxiong Rhizoma), Dihuang (Rehmanniae Radix),
Yinyanghuo (Epimedii Folium), Sangjisheng (Taxilli
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Herba), Zhizi (Gardeniae Fructus), Juemingzi (Cassiae
Semen), and Huomaren (Cannabis Fructus), respectively.

3.4 Validation and evaluation for the MFSM method

3.4.1 Comparison of the properties between original and
integrated fingerprints of DXG and its raw herbal mate-
rials The peak number, three TQSM parameters (AUCy,
MRT;, and VRT;), information entropy, and information
amount for the peaks or peak families of UPLC finger-
prints of DXG and its 12 raw herbal materials were calcu-
lated and compared before and after integration (Figure 4).
Before integration, the ranges of the six parameters of
DXG and its raw materials were 95.07 — 209.73, 9390 —
183064 pv-s, 5.928 — 21.33 min, 22.62 — 106.69 min?, 4.230 —
6.539, and 50530 - 974186 pv-s, respectively. After inte-
gration, the ranges of these parameters were 10.00 —
88.00, 9390 - 183064 pv-s, 5.951 — 22.02 min, 22.27 -
104.73 min? 2.223 - 5.277, and 38159 - 807200 pv-s, re-
spectively. The TQSM parameters were not statistically
significant after integration (all P > 0.05), whereas the
number of peaks, information entropy, and information
amount significantly decreased after integration (all P <
0.05). The results showed that the MFSM method signifi-
cantly reduced the number of analytical units for the ma-
terial basis by consolidating the chromatographic infor-
mation, while maintaining the original TQSM parame-
ters. In addition, both information entropy and informa-
tion amount decreased as a result of the reduced total
peak number. A clear correlation between these parame-
ters was established, as detailed in Equations (4) and (5).
The TQSM parameters are commonly used to character-
ize the functional properties of chromatographic finger-
prints. In line with literature findings ", information
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entropy and information amount were employed to ex-
press the information of chromatographic fingerprints.
The results demonstrated that the analytical units of the
material basis could be reduced while maintaining their
properties of original fingerprints.

3.4.2 Comparison of the variability between original and
integrated fingerprints of DXG and its raw herbal mate-
rials To compare the variability of fingerprints between
DXG and its 12 raw herbal materials, the RSD of peak
number, TQSM parameters, information entropy, and in-
formation amount was calculated and compared before
and after integration, respectively (Figure 5). As Figure 5A
displays, before integration, the RSD of peak number of
DXG and its raw herbal materials ranged from 2.12%
to 9.15%; after integration, it was 0.00%. As shown in Fig-
ure 5B — 5F, before integration, the RSD ranges for the
three TQSM parameters, information entropy, and infor-
mation amount were 6.04% - 49.78%, 1.15% - 23.10%,
3.97% - 25.79%, 1.49% - 19.86%, and 6.64% - 51.20%, re-
spectively; after integration, those ranges were 6.04% -
49.87%, 1.73% - 23.02%, 3.84% - 26.85%, 1.17% - 16.54%,
and 6.40% - 48.59%, respectively.

Moreover, ¢ test was employed to statistically evaluate
the differences and similarities of the aforementioned pa-
rameters before and after integration. As shown in Table
2, the RSD of peak number for DXG and its raw herbal
materials significantly decreased following integration
(P < 0.05). In contrast, there were no significant differ-
ences in the RSD values of the three TQSM parameters,
information entropy, and information amount (all P >
0.05), indicating that these parameters remained stable
after integration.

The RSD of the three TQSM parameters, information
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Figure 4 Comparison of peak number, TQSM parameters, information entropy, and information amount of the UPLC

fingerprints before and after integration

A, peak number. B, AUCy. C, MRTy. D, VRT. E, information entropy. F, information amount. 1 - 13 represents Danshen (Salviae Milti-
orrhizae Radix et Rhizoma), Niuxi (Achyranthis Bidentatae Radix), Tianma (Gastrodiae Rhizoma), Mudanpi (Moutan Cortex), Chishao
(Paeoniae Radix Rubra), Chuanxiong (Chuanxiong Rhizoma), Dihuang (Rehmanniae Radix), Yinyanghuo (Epimedii Folium),
Sangjisheng (Taxilli Herba), Zhizi (Gardeniae Fructus), Juemingzi (Cassiae Semen), Huomaren (Cannabis Fructus), and DXG, respec-
tively. Data were represented as mean + SD (n = 15). *P < 0.05, *P < 0.01, and **P < 0.001, comparison of these parameters before and

after integration.
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Figure 5 The RSD of peak number, TQSM parameters, information entropy, and information amount of UPLC finger-

prints before and after integration

A, the RSD of peak number. B, the RSD of AUC;. C, the RSD of MRT. D, the RSD of VRT. E, the RSD of information entropy. F, the RSD
of information amount. 1 - 13 represents Danshen (Salviae Miltiorrhizae Radix et Rhizoma), Niuxi (Achyranthis Bidentatae Radix),
Tianma (Gastrodiae Rhizoma), Mudanpi (Moutan Cortex), Chishao (Paeoniae Radix Rubra), Chuanxiong (Chuanxiong Rhizoma), Di-
huang (Rehmanniae Radix), Yinyanghuo (Epimedii Folium), Sangjisheng (Taxilli Herba), Zhizi (Gardeniae Fructus), Juemingzi (Cassi-

ae Semen), Huomaren (Cannabis Fructus), and DXG, respectively.

Table 2 RSD of TQSM parameters, information entropy,
and information of UPLC fingerprints of DXG and its 12
raw herbal materials before and after integration

Parameter fr?;ﬁ::fl (()5) t P
RSD of peak number 12 6.9371 0.0010
RSD of AUC; 12 1.0000 0.3370
RSD of MRT; 12 0.4934 0.6307
RSD of VRT; 12 0.7959 0.4416
RSD of information entropy 12 1.2719  0.2275
RSD of information amount 12 1.7784 0.1007

t0.05,12) = 2:179; £(0.01,12) = 3.055; & = 0.05 (0.01). Typically, the
confidence level (1 — o) was set at 95% or 99%, which implied
that a was set at 2.5% or 0.005%, respectively, on one side. And
t (a,v) was the ¢ critical value under the confidence coefficient
(1 - &) and the degree of freedom (v). When the ¢ value is greater
than the £ critical value, it indicates significant difference, vice
versa.

entropy, and information amount are traditionally em-
ployed to reflect the variability in the chromatographic
fingerprints. All the results demonstrated that the fluctua-
tion range of analytical units was markedly reduced after
integration, while the variability of the original finger-
prints among samples was maintained.

3.4.3 Comparison of the peak area variability of the origi-
nal and integrated fingerprints of DXG and its raw
herbal materials To further investigate the variability of
the peak area before and after integration, the RSD of av-
erage peak area, the RSD variance of peak area, the maxi-
mum RSD of peak area, and minimum RSD of peak area
were compared and analyzed in this study. The results
are shown in Figure 6. As shown in Figure 6A and 6B, the
RSD of average peak area and RSD variance of peak area
decreased overall after integration. In particular, as
shown in Figure 6C and 6D, all the maximum RSD values

of peak area of DXG and its herbal materials were re-
duced after integration (before integration, 140.1% -
281.22%; after integration, 67.61% - 202.97%), and all the
minimum RSD values of peak area were elevated (before
integration, 0% - 1.34%; after integration, 5.89% - 22.97%).
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Figure 6 Comparison of the RSD values of the chromato-
graphic peak areas of the UPLC fingerprints of DXG and
its 12 raw herbal materials before and after integration

A, the RSD of average peak area. B, the RSD variance of peak
area. C, the maximum RSD of peak area. D, the minimum RSD
of peak area. 1 - 13 represents Danshen (Salviae Miltiorrhizae
Radix et Rhizoma), Niuxi (Achyranthis Bidentatae Radix), Tian-
ma (Gastrodiae Rhizoma), Mudanpi (Moutan Cortex), Chishao
(Paeoniae Radix Rubra), Chuanxiong (Chuanxiong Rhizoma),
Dihuang (Rehmanniae Radix), Yinyanghuo (Epimedii Folium),
Sangjisheng (Taxilli Herba), Zhizi (Gardeniae Fructus), Jue-
mingzi (Cassiae Semen), Huomaren (Cannabis Fructus), and
DXG, respectively.

To statistically evaluate the differences in the afore-
mentioned parameters, ¢ test was performed on the data
before and after integration (Table 3). The results indicat-
ed a significant reduction in the RSD of both average peak
area and the variance of peak area (all P < 0.05), suggest-
ing a more consistent peak area after integration. Fur-
thermore, the range of RSD values for peak area (defined
as the difference between the maximum and minimum
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Table 3 RSD of the chromatographic peak areas of UPLC
fingerprints of DXG and its 12 raw herbal materials be-
fore and after integration

Parameter frlz‘elfll;fl (()‘f)) t P
RSD of average peak area 12 3.2548 0.0069
RSD variance of peak area 12 4.0661 0.0016
Maximum RSD of peak area 12 5.2066 0.0002
Minimum RSD of peak area 12 8.8055 0.0001

t(0.05,12) = 2.179; t(001,14) = 3.055; a=0.05(0.01). Typically, the
confidence level (1 — a) was set at 95% or 99%, which implied
that o was set at 2.5% or 0.005%, respectively, on one side. And
t (a,v) was the ¢ critical value under the confidence coefficient
(1 - &) and the degree of freedom (v). When the ¢ value is greater
than the ¢ critical value, it indicates significant difference, vice
versa.

RSD values) narrowed significantly after integration (all
P < 0.001). The results showed that the variability in the
chromatographic peak areas was notably reduced after
integration.

4 Discussion

Unlike chemical drugs, the chemical composition and
content of CMM are characterized by their variability and
dynamism, influenced by a variety of factors. This vari-
ability complicates the quality evaluation of CMM. To
mitigate this complexity, chromatographic fingerprinting
techniques are often employed to identify characteristics
or common components. However, these methods do not
fully encapsulate the holistic quality of the herbal materi-
als, as common components may not always be the ac-
tive medicinal components, and non-common compo-
nents could potentially be medicinal as well '’ Relying
solely on common components for comparison may not
accurately represent the material’s overall medicinal
basis . In light of this, the MFSM method was devel-
oped. This approach integrates chromatographic peaks
into peak families without omitting any information, with
the goal of minimizing the number of analytical units re-
quired for evaluation on material basis.

The study results revealed that the newly integrated
fingerprint exhibited a significant reduction in the analyt-
ical units of material basis, information entropy, and in-
formation amount. In contrast, the TQSM parameters,
which are essential for quality assessment, remained sta-
ble. Additionally, the RSD of the TQSM parameters, infor-
mation entropy, and information amount were not signif-
icantly different before and after integration, and the RSD
of both the number and area for the integrated analytical
units decreased markedly. In essence, even though the
integration process significantly reduced the number of
analytical units and the amount of chromatographic
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fingerprint information, the TQSM properties of the chro-
matographic fingerprint and sample-to-sample variabili-
ty were preserved. Components that were grouped into
the same “imprinting template” family exhibited similar
parent nuclei, chemical structures, comparable physical
and chemical properties, and similar chromatographic
behaviors. The retention time aligned closely with the
component exhibiting structural characteristics most
akin to the imprinting template, and the likelihood of
modifying it to match these characteristics increased, ac-
companied by a high frequency of occurrence. The likeli-
hood of modifying it into a component far away from the
structural characteristics of the imprinting template was
low, with a low frequency of occurrence. Finally, in chro-
matography, the distribution exhibited clustering cen-
tered around the component most akin to the imprinting
template structural characteristics, accompanied by a
convex-concave pattern in the retention time based on
chromatographic peaks. The number of imprinting tem-
plates was determined through statistical analysis of the
frequency of recurring chromatographic peaks in the fin-
gerprint spectra.

The MFSM method facilitated the correlation be-
tween analytical units and medicinal effects, enabling the
discovery of additional medicinal effects and further un-
veiling novel medicinal components. At present, spec-
trum-effect correlation primarily focuses on known com-
ponents, while often neglected. Recognizing that the
pharmacological activity of a CMM stems from all its
components, our method enables the screening of the
most bioactive components as markers, encompassing
both known and unknown components. Spectrum-effect
correlation involves identifying the correlation between
the common or characteristic peaks in the fingerprint and
pharmacodynamic indicators to locate effective compo-
nents. However, this approach can inadvertently over-
look non-common peaks with high activity but low con-
tent, thereby compromising the holistic nature of CMM.
Recently, scholars have established robust models to as-
sociate bio-activity with specific chromatographic re-
gions by dividing the entire chromatographic profiles in-
to distinct segments. These models, such as partial least
squares (PLS) and uninformative variable elimination
PLS regression, multiple linear regression and artificial
neural network, have been employed to predict the re-
gion features responsible for bio-activity. Subsequently, a
quantitative structure-activity relationship approach has
been introduced **l. However, previous studies divided
chromatographic regions solely based on retention time.
In contrast, our study divided chromatographic regions
considering both retention time and the matching fre-
quency of chromatographic peaks.

The established MFSM method not only facilitates
the transformation of CMM quality evaluation from a
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characteristic component pattern to a component family
pattern, but also provides an efficient pathway for discov-
ering potential drug leads within CMM. Our team has se-
cured a patent based on the aforementioned MFSM
method, which divided and integrates CMM component
families into a novel fingerprint characterized by compo-
nent families as the unit ?*. This fingerprint retains the
total statistical moment characteristics and inter-sample
variability of the original fingerprint while significantly
reducing the number of chromatographic peaks .. Fur-
thermore, we have successfully applied this method to
identify common component families in pungent herbs
and screen for key components that cause sensitization in
Houttuynia cordata injection > 2%, Our research team has
established mathematical models that explore the corre-
lation between component families and efficacy, akin to
the spectrum-effect correlation but with a reduced num-
ber of analytical units *.. In the future, we aim to further
separate component families using preparative chro-
matography, correlate them with pharmacodynamics,
and then perform spectrum-quantity correlation and
spectrum-efficacy correlation on CMM fingerprints to
discover more effective or toxic components. However,
this method also has its limitations. For example, varia-
tions in analytical conditions, including chromatograph-
ic columns and conditions, can result in the identifica-
tion of different component families.

5 Conclusion

The study demonstrated that the MFSM method effec-
tively integrated chromatographic peaks, reducing ana-
lytical units while maintaining the original fingerprint
properties and variability. Furthermore, after integration,
the number and area of peak families became more con-
sistent among batches. Therefore, the proposed MFSM
method might serve as a particularly appropriate and fea-
sible tool for analyzing complex chromatographic finger-
prints, simplifying evaluation of CMM quality and facili-
tating the link between efficacy and component families.
Additionally, this paper establishes a foundation for
transforming CMM quality evaluation from a pattern
based on indicator components, including quality mark-
ers, to a pattern centered on component families.
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