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Abstract To achieve reliable, effective, and rapid quality evaluation of complex traditional Chi-

nese medicine (TCM) products, we proposed a supramolecular fluorescence sensing method based

on pattern recognition. An azocalixarene-based sensor array was constructed to evaluate batch-to-

batch consistency of Qufeng Zhitong Capsule (QZC). The molecular recognitions between azocal-

ixarenes and the contents of QZC are transduced through the fluorescence signal output of the QZC

itself or the applied indicator. Data simulations show that differences in composition and concen-

tration between products can lead to altered fluorescence signals. Based on the constructed eight-

element sensor array, a standard fluorescent fingerprint presented in a radar chart, was established

by analyzing a large number of qualified samples, enabling the differentiation of qualified and

unqualified QZC samples. The supramolecular fluorescence sensing method has the advantages

of easy construction and fast response, which may provide a reference method and basis for estab-

lishing a new mode of quality evaluation of QZC and even other TCM.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

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

Controllable quality is the most fundamental attribute of commercially

available drugs, and a comprehensive and effective quality evaluation

system provides a guarantee for the quality and safety of their clinical

application (Lü and Huang, 2008). Traditional Chinese medicine

(TCM) products have diverse chemical components. Factors such as

differences in the supply of raw and auxiliary materials and processes

can also lead to variations in drug batches (Wang et al., 2011). Unlike

Western medicine, whose chemical compositions are simple and defi-

nite, the quality evaluation of TCM is more challenging (Li et al.,

2017). Normally, the quality evaluation of TCM is performed via high

performance liquid chromatography, gas chromatography and thin-

layer chromatography, which are based on the characteristic compo-

nent chromatograms. Chromatographic techniques have been widely

employed for quality assessment and standardization of TCM, due

to the strong specificity, good reproducibility and accurate analytical

results. (Cao, 2017, Huang et al., 2017, Bai et al., 2017, Li et al.,

2018, Kang et al., 2018, Zhang et al., 2018, Bao et al., 2022, Xu

et al., 2022, Yang et al., 2023). However, these methods rely on specific

components with known molecular structures and chemical properties.

The limited information provided might be not enough to comprehen-

sively reveal the quality characteristics of some extremely complex

TCM products (Yan et al., 2005). Besides, these methods suffer from

complicated and laborious procedures, as well as time consumption,

which limits their use on the production line. With the increasing

demand for quality evaluation and control of TCM, it is urgent to

develop a simpler and more convenient method to achieve rapid anal-

ysis of the quality of TCM.

In recent years, sensor array technology, which imitates mam-

malian gustatory and olfactory systems, has attracted considerable

attention in the field of analytical chemistry. Different from the well-

known single sensing, the array-based sensing works on the principle

of cross-reactive interactions of one analyte and multiple non-specific

receptors to generate distinct responses for each analyte. The responses

generated through array-based sensing can be linked back to the ana-

lyte through pattern recognition, allowing for the creation of a unique

fingerprint (Albert et al., 2000, Geng et al., 2018). Thus, this array-

based approach is powerful in recognizing and classifying various ana-

lytes, especially for the complex mixtures whose structures and compo-

nents are unknown (You et al., 2015). For the purposes of disease

diagnosis, quality inspection, and environmental monitoring, sensor

arrays have been successfully applied to the discrimination of amino

acids (Wang et al., 2018), saccharides (Pushina et al., 2021), proteins

(Saha et al., 2022), pesticides (Zhu et al., 2020), or complex systems

such as cells (Rana et al., 2016), pathogens (Zhou et al., 2019), whiskies

(Han et al., 2017) and liquors (Fan et al., 2020). Sensor arrays are also

considered ideal for the quality evaluation of TCM, as TCM is a com-

plex system consisting of multiple components (Ye et al., 2011, Wang

et al., 2019). For example, the nanoenzyme-based sensor array con-

structed by Yuan et al. was applied to distinguish active substances

in licorice for the first time (Yuan et al., 2023). Jia’s group constructed

colorimetric sensor arrays that were applied to the analysis of TCM.

They were able to achieve the rapid identification of fritillarias and

adulterated samples (Jia et al., 2021, Li et al., 2022), commercial Amer-

ican ginseng and Asian ginseng (Pan et al.,2019), as well as teas within

different categories, grades and origins (Jia et al., 2021). As far as we

know, no fluorescence sensor array has been developed for assessing

the batch-to-batch reproducibility of holistic TCM.

To meet the necessary cross-reactivity for sensor arrays, macro-

cyclic receptors, the important carriers of supramolecular chemistry,

are one of robust building materials (Anslyn, 2007, Liu et al., 2017,

Geng et al., 2021). This is because macrocyclic receptors possess molec-

ular recognition properties, and the inherent lack of specificity, com-

pared with antibodies or aptamers, confers them the naturally cross-

reactive property. In other words, the feature of the less selectivity

makes macrocyclic receptors suitable for constructing sensor arrays
(Beatty et al., 2019, Tian et al., 2022). To our knowledge, sensor arrays

based on supramolecular macrocycles have not yet been applied to

quality evaluation of TCM. In this work, we propose a supramolecular

fluorescence array-based sensing method for the quality evaluation of

TCM (Fig. 1a). The macrocyclic receptors act as recognition units, and

the molecular recognition events can be easily converted into a macro-

scopic signal with the help of the fluorescent properties of the analytes

themselves or the introduced fluorescent indicators. The sensor array,

composed of multiple macrocyclic receptors, undergoes host�guest

complexation with the analytes, thereby providing complementary

unique fluorescence response for each TCM sample. The fluorescence

fingerprint of each sample is established by a radar chart or linear dis-

criminant analysis (LDA) chart to systematically analyze the batch-to-

batch variation or enable semi-quantitative analysis for samples qual-

ity. As a proof-of-concept, we selected Qufeng Zhitong Capsule

(QZC), a Chinese patent medicine officially listed in the Chinese Phar-

macopoeia, to verify the feasibility and reliability of the proposed

method (Liao et al., 2022). Based on the noncovalent interactions

and fluorescence detection method, the rapid and high-throughput

inspection process facilitates large-scale applications on the production

line.

2. Materials and methods

2.1. Materials

All the reagents and solvents were commercially available and
used as received unless otherwise specified purification. Ten
batches of QZC were obtained from Shaanxi Buchang Phar-
maceutical Co., Ltd. The batch numbers are 180101, 180102,

180103, 180104, 180105, 180106, 180107, 180108, 180109 and
180110. Ten batches of Shuanghuanglian (SHL) injection were
provided by Henan Fusen Pharmaceutical Co., Ltd. The batch

numbers are 2002241, 2002251, 2002261, 2002271, 2002281,
2002291, 2002301, 2002311, 2002321 and 2002331. Carboxy-
lated azocalix[4]arene (CAC4A), sulfonated azocalix[4]arene

(SAC4A), sulfonated azocalix[5]arene (SAC5A) and sul-
fonated azocalix[8]arene (SAC8A) were synthesized and puri-
fied according to the literature procedures (Zhang et al.,
2020, Zhang et al., 2021, Yue et al., 2022). The syntheses

and characterizations of quaternary-ammonium modified azo-
calix[4]arene (QAAC4A) and tertiary-ammonium modified
azocalix[4]arene (TAAC4A) are shown in Supplementary

Information. Al(III) phthalocyanine chloride tetrasulfonic acid
(AlPcS4) was obtained from Frontier Scientific. b-cyclodextrin
(b-CD) and 2-hydroxypropyl-b-cyclodextrin (HP-b-CD) were

purchased from Heowns Biochemical Technology. Cucurbit
[7]uril (CB7) was purchased from Beijing Hwrk Chemicals.
8-anilino-1-naphthalenesulfonate (1,8-ANS) and 2-(p-toluidi

nyl)naphthalene-6-sulfonic acid (2,6-TNS) were purchased
from Tokyo Chemical Industry. 40,6-diamidino-2-phenylindole
(DAPI) was purchased from Sigma-Aldrich. The phosphate
buffered saline (PBS, pH = 7.4, 10 mM) was purchased from

Macklin. Methanol (HPLC grade) was purchased from Alad-
din. Calixarenes and AlPcS4 were dissolved in ultrapure water
prepared by Thermo Scientific purification system, except for

CAC4A and TAAC4A which were dissolved in PBS.

2.2. Instruments

Steady-state fluorescence spectra were recorded in a conven-
tional quartz cell (light path 10 mm) on a Varian Cary Eclipse
spectrometer (Agilent Technologies Inc., USA) equipped with



Fig. 1 (a) Schematic illustration for direct complexation and competitive complexation supramolecular fluorescence sensing for quality

evaluation of TCM. (b) Microplate setup employed for the supramolecular fluorescence sensor array. (c) Chemical structures of the

calixarenes and dye used in this work.
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a Varian Cary single-cell peltier accessory to control tempera-
ture. The ultrasonic cleaner used to extract the ingredients is
SW 6H of SONO SWISS. High speed refrigerated centrifuge
was purchased from Sichuan Shuke Instrument Co., Ltd.

QUINTIX35-1CN one hundred thousandth electronic balance
was purchased from Sartorius Scientific Instruments (Beijing)
Co., Ltd.

2.3. Extraction method

The powder in the capsules (500.0 mg) precisely weighed was

transferred into a 25.0 mL volumetric flask and then 75%
methanol aqueous solution was added to the flask until it
reached the scale line. The mixture was ultrasonically extracted

at 60 �C for 30 min and then cooled to room temperature. The
extracted solution was centrifuged at 12700 rpm for 10 min to
obtain the QZC extract supernatant at a concentration of
20.0 mg/mL, which was subsequently diluted for use in the

analysis system.

2.4. Fluorescence spectroscopy

For CAC4A, SAC4A, SAC5A, SAC8A, QAAC4A, TAAC4A
sensing elements, the QZC extract (2.5 lL) was diluted into
water (2.5 mL) in a quartz cuvette firstly. Then, one of the cal-

ixarene solutions (0.2 mM CAC4A 10.0 lL, 1.0 mM SAC4A
2.5 lL, 1.0 mM SAC5A 5.0 lL, 1.0 mM SAC8A 5.0 lL,
0.5 mM QAAC4A 20.0 lL, and 0.5 mM TAAC4A 20.0 lL)
was added and thoroughly mixed. The equilibrium time is
three minutes for CAC4A and SACnAs, and ten minutes for
QAAC4A and TAAC4A. I0 and I are the fluorescence intensi-
ties of QZC extract before and after addition of calixarene at
403 nm under excitation at 325 nm.

For QAAC4A/AlPcS4 and TAAC4A/AlPcS4 sensing ele-
ments, the fluorescence signal of AlPcS4 was used to indicate

the concentration of compounds from QZC through the process
of competitive complexation. Firstly, the fluorescence intensity of
AlPcS4 (1.0 lM, 2.5 mL) as I0 (excitation wavelength at 610 nm

and emission wavelength at 680 nm) was recorded. Then the cal-
ixarene solution (0.5 mMQAAC4A 5.0 lL or 0.5 mM TAAC4A
5.0 lL) and the QZC extract at 20.0 mg/mL (10.0 lL for

QAAC4A/AlPcS4 sensing or 5.0 lL for TAAC4A/AlPcS4 sens-
ing) were added. After incubating for ten minutes, the fluores-
cence intensity at equilibrium was measured as I. Fluorescence

intensity ratios (I/I0) were calculated and recorded.

2.5. Methodological evaluation

2.5.1. Intraday precision experiments

One QZC sample solution was prepared following the steps
outlined in section 2.3. Each sensing element was used to test

the same solution six times in one day, following the steps
described in section 2.4. For the CAC4A, SAC4A, SAC5A,
SAC8A, QAAC4A, and TAAC4A sensing elements, the fluo-

rescence intensity of QZC was recorded before and after add-
ing calixarenes, denoted as I0 and I, respectively. For the
QAAC4A/AlPcS4 and TAAC4A/AlPcS4 sensing elements,

the fluorescence intensity of AlPcS4 was recorded as I0 and I,
respectively, before and after adding calixarenes and QZC.
The intraday precision was investigated by calculating the rel-
ative standard deviation (RSD) value of the six I/I0 data for

each sensing element.
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2.5.2. Interday precision experiments

One QZC sample solution was prepared following the proce-
dure outlined in section 2.3, and the samples were analyzed
using the method described in section 2.4. Each sensing ele-
ment was tested six times to obtain the average I/I0 value for
the day. The experiments were conducted continuously for
three days, and the interday precision was investigated by cal-
culating the RSD between the three days.

2.5.3. Repeatability experiments

QZC was used to prepare six testing solutions in parallel fol-
lowing the extraction method outlined in section 2.3. Each
sensing element was used to measure six testing solutions,
and six I/I0 values were obtained following the steps described
in section 2.4. The repeatability was investigated by calculating
the RSD value of I/I0.

2.6. Discrimination of different concentrations

AlPcS4 was added to a black 96-well plate to obtained the final
concentration at 1.0 lM and fluorescence intensity (I0) was
measured on a microplate reader. Then QZC extract and
QAAC4A or TAAC4A were introduced to give final concen-
trations from 22.5 to 90.0 lg/mL for QZC extract and
1.0 lM for the employed calixarenes, which were mixed and
incubated for 10 min at 25 �C. The fluorescence intensity of
each well was recorded (I). The obtained relative fluorescence
intensities (I/I0) were used as the response signals for array
sensing analysis. Each set of target experiments was repeated
six times. Finally, the raw data matrix was handled using linear
discriminant analysis (LDA) in Past 3 program.

2.7. Fluorescence spectroscopy for SHL injection

b-CD and 2,6-TNS were diluted into water (2.5 mL) in a
quartz cuvette to obtained the final concentrations at
800.0 lM and 10.0 lM, respectively. I0 and I are the fluores-

cence intensities before and after 5.0 lL SHL injection addi-
tion to the solutions at 470 nm under excitation at 350 nm.

HP-b-CD and 2,6-TNS were diluted into water (2.5 mL) in

a quartz cuvette to obtained the final concentrations at 1.0 mM
and 10.0 lM, respectively. I0 and I are the fluorescence inten-
sities before and after 5.0 lL SHL injection addition to the

solutions at 446 nm under excitation at 350 nm.
CB7 and 1,8-ANS were diluted into water (2.5 mL) in a

quartz cuvette to obtained the final concentrations at
1.0 mM and 10.0 lM, respectively. I0 and I are the fluorescence

intensities before and after 4.0 lL SHL injection addition to
the solutions at 490 nm under excitation at 350 nm.

CB7 and DAPI were diluted into water (2.5 mL) in a quartz

cuvette to obtained the final concentrations at 2.0 lM and
1.0 lM, respectively. I0 and I are the fluorescence intensities
before and after 5.0 lL SHL injection addition to the solutions

at 470 nm under excitation at 361 nm.

3. Results and discussion

3.1. Principle of supramolecular sensor array

The underlying reason that the sensor array can evaluate TCM

is that it can give specific fingerprints for qualified samples and
unqualified samples. QZC extracts contain compounds that
show fluorescence emission under the excitation wavelength
of 325 nm (Fig. S6). If part of the fluorescence could be altered

after the macrocyclic receptor complexes the fluorescent sub-
stance in the extract, this would lead to a changed output sig-
nal by constructing direct sensing. For qualified samples, the

starting fluorescence signals (only the sample) were consistent,
and when the complex system reached the equilibrium, the
final output signal should also be consistent. To explain the

discrimination principle of sensor arrays more clearly, we pro-
pose a theoretical model based on host�guest recognition. As
shown in Table S1, we considered that the analyte (guest)
formed a 1:1 host�analyte complex with a host at an associa-

tion constant (Ka), which satisfied the respective law of mass
action relating to the equilibrium concentrations of free host,
free analyte, and host-analyte complex. The addition of

macrocycles caused a change in the concentration of the free
analyte, which in turn resulted in a change in the fluorescence
signal of the system. The components or concentrations of

unqualified products differ from those of qualified products.
Therefore, we simulated unqualified products by assigning dif-
ferent Ka (simulating the case of different components) and

analyte concentrations (simulating the case of different con-
centrations). According to the simulated calculations, if two
analytes have Ka values of 1 � 105 and 5 � 105 M�1 with
the same macrocycle, the fluorescence change ratios they pro-

duce at the same concentration are 0.62 and 0.27; if the con-
centrations of specific analytes are 1.0 and 0.5 lM, then the
fluorescence change ratios of the system after complexation

are 0.62 and 0.56, respectively (Table S1). The well-defined
binding constants between the supramolecular host and guest
imply that the specific macrocycles can produce reliable output

signals for the qualified samples under the same conditions. In
addition, the inconsistent components or concentrations of
qualified and unqualified products will inevitably result in dif-

ferent output signals.
Another regularly used method is indicator displacement

assay (IDA). The competitive binding of the indicator and
the analyte to a receptor results in the fluorescence change of

the indicator, thereby enabling the translation of the microcos-
mic behavior of molecular recognition into the macroscopic
signal (You et al., 2015). Compared with direct sensing, the flu-

orescence changes relying on the IDA strategy can better
reflect the content information of analytes lacking chro-
mophores in QZC, which is complementary and even more

applicable to other TCM that do not emit fluorescence. Data
simulations are presented in Table S2. Assuming that the dye
concentration stays within the linear range of fluorescence
intensity versus concentration, then the ratio of fluorescence

intensity before and after adding the analyte can be predicted.
Simulations show that if the binding constants of the two com-
petitive guests (Kc) to the macrocycle are 1 � 107 and 5 � 106

M�1, the IDA-based fluorescence response ratios are 2.54 and
2.07; if the concentrations of a specific analyte are 1.0 and
0.5 lM, the fluorescence response ratios are 2.54 and 1.91,

respectively (Table S2). Both the host�dye and host�analyte
have fixed binding constants, so that different concentrations
of analytes result in varying degrees of dye displacement, lead-

ing to characteristic fluorescence response ratios. Although our
data simulations focus on a single analyte, every guest in the
complex system, QZC, follows the same binding pattern. There
is a specific apparent binding constant between qualified QZC
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mixture and the host, and composition and concentration
anomalies in unqualified products can lead to signal
differences.

Due to the difference of binding abilities between the recep-
tors and compounds from QZC, the degrees of complexation
of the same sample by different receptors are different, which

are reflected in the difference of fluorescence signal. Combin-
ing all sensing elements to form an array provides multi-
dimensional information, which gives a composite response

to the components of the TCM product. Overall, the sensor
array could produce a fingerprint for each batch of QZC. If
the qualified products have good batch-to-batch reproducibil-
ity, their compositions and contents are varied in an acceptable

range, which leads to the consistent complexation equilibrium
between the sensor array and compounds, and the reflected flu-
orescence signals must be consistent. Conversely, unqualified

products will have abnormal fluorescence patterns (Fig. 1b).
As a kind of macrocyclic host, the molecular recognition of

calixarenes in aqueous medium has attracted widespread atten-

tion (Pan et al., 2021, Wu et al., 2022) and has been widely
used in the field of sensing (Zheng et al., 2018, Zheng et al.,
2019, Yu et al., 2019). Calixarenes are macrocycles consisting

of phenolic units connected by methylene groups at the 2-
and 6-positions (as shown in Fig. S1). By modifying the 4-
position of the phenol unit (i.e., the upper rim of calixarenes),
it is possible to provide additional recognition sites to the cal-

ixarenes. In our previous research, azobenzene modification
allowed calixarenes to be extended longitudinally, and the deep
cavities endowed azocalixarenes good recognition ability for

many guests and even neutral molecules (Geng et al., 2019,
Li et al., 2022, Yue et al., 2022, Zhang et al., 2020). Consider-
ing the complex chemical compositions and rich compound

structures in QZC extracts, we selected azocalixarenes with dif-
ferent upper rim modifications and skeleton sizes for con-
structing sensor array. Four negatively-charged (CAC4A,
Fig. 2 (a�f) Fluorescence quenching of QZC extracts by the host�gu

and TAAC4A (kex = 325 nm). [QZC] = 20.0 lg/mL, [CAC4A] =

[QAAC4A] = [TAAC4A] = 4.0 lM. (g�h) Fluorescence quenching

QAAC4A and TAAC4A, and reactivation by QZC extracts displacem

[TAAC4A] = [AlPcS4] = 1.0 lM and [QZC] = 40.0 lg/mL.
SAC4A, SAC5A, and SAC8A) and two positively-charged
azocalixarenes (QAAC4A and TAAC4A) were used in this
work (Fig. 1c). These calixarenes with different recognition

properties can provide complementary and cross-reactive
interactions for multiple target analytes. Fig. 2a�f showed that
the fluorescence of QZC extracts were partly quenched by

CAC4A, SAC4A, SAC5A, SAC8A, QAAC4A and TAAC4A,
but in different extent. Besides, more sensing units were intro-
duced based on IDA strategy to provide more available infor-

mation. A fluorescent molecule, AlPcS4 can be complexed by
QAAC4A and TAAC4A, and its fluorescence can be signifi-
cantly quenched at 680 nm. After adding the QZC extracts,
the replace of dye from calixarene cavities resulted in the

recovery of fluorescence. Essentially, the QAAC4A/AlPcS4
and TAAC4A/AlPcS4 reporter pairs allowed for a fluorescence
‘‘switch-on” sensing of compounds from QZC (Fig. 2g and h).

The ratio of fluorescence intensity, I/I0 (the black line repre-
sents I0 and the red line represents I in Fig. 2), was used as
the response signal of supramolecular fluorescence sensing.

Therefore, an eight-element sensing system consisting of
CAC4A, SAC4A, SAC5A, SAC8A, TAAC4A, QAAC4A,
QAAC4A/AlPcS4 and TAAC4A/AlPcS4 was carefully

constructed.

3.2. Method validation of supramolecular fluorescence sensing
for QZC

The precision and repeatability of the established supramolec-
ular fluorescence sensor array were further evaluated. As
shown in Fig. 3a and Table S3, the repeated tests of the sensing

method on the same day showed good stability, and the RSD
of each sensing element for six repetitions was less than 3.0%,
which indicated the good intraday precision of the method.

Next, we used these sensing elements to perform repeated mea-
surements on consecutive three days to investigate the varia-
est complexation of CAC4A, SAC4A, SAC5A, SAC8A, QAAC4A

0.8 lM, [SAC4A] = 1.0 lM, [SAC5A] = [SAC8A] = 2.0 lM,

of AlPcS4 (kex = 610 nm) by the host�guest complexation of

ent. [QAAC4A] = [AlPcS4] = 1.0 lM and [QZC] = 80.0 lg/mL,
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tion of the measurement results. Each dot on Fig. 3b repre-
sented the average of six repetitions in one day, and the three
dots for each sensing element represented tested values on con-

secutive three days. Table S4 showed that the RSD values of
eight sensing elements were less than 2.5% which proved good
interday precision. Subsequently, the repeatability of the

supramolecular fluorescence sensing method was tested by
preparing six extracted solutions in parallel according to the
extraction method. Table S5 showed the detailed data. The

RSD of each sensing element did not exceed 3.0%, which
proved the good repeatability (Fig. 3c). In the methodological
study, good precision of the instrument and good repeatability
of the experimental method indicated that the established

supramolecular fluorescence sensing method was reasonable
and feasible for quality analysis of QZC.

3.3. Visual modes of the quality analysis and semi-quantitative
analysis results for QZC

Ten batches of qualified samples provided by the manufacturer

were used to establish the fingerprint. For each batch of QZC,
two testing solutions were prepared according to the extraction
method, and each sensing element was used to measure each

testing solution for three times. The average of six test results
was plotted on the radar chart and each axis represented one
sensing element (Fig. S7). The fluorescence response values
of CAC4A, SAC4A, SAC5A, SAC8A, QAAC4A, TAAC4A,

QAAC4A/AlPcS4 and TAAC4A/AlPcS4 sensing elements,
namely I/I0, were around 0.66, 0.57, 0.66, 0.64, 0.65, 0.68,
0.52 and 0.58, respectively. The fluorescence intensity ratio

caused by QZC extracts of ten batches were closely arranged
on each axis, showing consistency and good batch-to-batch
reproducibility on the radar chart. As shown in Table S6,

RSD among ten batches of samples is less than 3.5% for each
sensing element. The evaluation results of the supramolecular
fluorescence sensing method are consistent with the fact that

these ten batches of QZC are all qualified products. This radar
chart could be used as a standard fingerprint for qualified sam-
ples of QZC. The selected eight supramolecular sensing ele-
ments detect and judge the samples from eight dimensions,

showing more comprehensive and accurate characteristics. In
Fig. 3 (a) The fluorescence response (I/I0) for evaluating intraday pr

the average of six repeats on the same day), and (c) repeatability

[QZC] = 20.0 lg/mL, [CAC4A] = 0.8 lM, [SAC4A] = 1.0 lM, [SAC

For competitive complexation, [QAAC4A] = [AlPcS4] = 1.0 lM an

[QZC] = 40.0 lg/mL).
order to intuitively display the trend of content distribution,
we adopted a heat map, which was shown in Fig. 4a. The heat
map reflected the signal fluctuation in different batches

through the gradient color. The results showed that these
products had essentially good batch consistency, but the color
fluctuations in the TAAC4A/AlPcS4 and QAAC4A/AlPcS4
groups meant the detected differences in the content of some
components among these ten batches of products. This is basi-
cally consistent with the quality evaluation results of QZC

using ultra-performance liquid chromatography technology
reported in the literature (Xue et al., 2022). In several batches
of qualified samples provided by the manufacturer, the RSD
values of different detected components were ranged from

4.2% to 19.1%. Compared with HPLC method, which takes
tens of minutes to analyse sample, supramolecular fluorescence
sensing is almost real-time response, and high-throughput

screening can be achieved with the help of 96-well plates.
Based on our analysis of ten batches of qualified samples,

each with six replicates of the test performed for each sensing

element, we assumed that the data followed a normal distribu-
tion. To obtain a 95% confidence interval, we defined the
range of qualified products as ‘‘l ± 2r,” where l represents

the average and r represents the standard deviation. The
threshold of standard products area has been shown in
Table S6 and Fig. 4b. For a quick analysis on the production
line, if the unknown sample point falls within the range of the

standard chart, it is considered a qualified product with good
batch-to-batch reproducibility. However, if the unknown sam-
ple falls outside the green area of the radar plot (Fig. 4b), it is

recommended for further rigorous inspection. That is, the
quality of the QZC extract with unknown quality can be pre-
liminarily judged by rapid fluorescence measurement. In order

to demonstrate the applicability of the standard fingerprint in
differentiating qualified and unqualified products, we used
three batches of QZC samples that had expired or even

severely agglomerated to simulate unqualified products. The
test results of these three batches (Table S7 and Fig. 4b) show
that almost all of the I/I0 values are outside the green region,
indicating significant deviation from the qualified product.

This may be due to the moisture absorption and deterioration
of the long-stored products, which leads to inconsistencies in
ecision (n = 6), (b) interday precision (n = 3, each dot represents

(n = 6) of the established method (For direct complexation,

5A] = [SAC8A] = 2.0 lM, [QAAC4A] = [TAAC4A] = 4.0 lM.

d [QZC] = 80.0 lg/mL, [TAAC4A] = [AlPcS4] = 1.0 lM and



Fig. 4 (a) The heat map of I/I0 results (n = 6) for the quality evaluation of ten batches of QZC through the constructed eight sensing

elements (For direct complexation, [QZC] = 20.0 lg/mL, [CAC4A] = 0.8 lM, [SAC4A] = 1.0 lM, [SAC5A] = [SAC8A] = 2.0 lM,

[QAAC4A] = [TAAC4A] = 4.0 lM. For competitive complexation, [QAAC4A] = [AlPcS4] = 1.0 lM and [QZC] = 80.0 lg/mL,

[TAAC4A] = [AlPcS4] = 1.0 lM and [QZC] = 40.0 lg/mL). (b) The scope of the standard QZC products on radar chart and the analysis

results for three batches of unqualified products.
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composition and concentration compared to the qualified

products. Such products inevitably lead to changes in the
supramolecular complexation equilibria and differential fluo-
rescence signals.

Next, we verified the ability of the supramolecular fluores-
cence sensing method to perform semi-quantitative analysis.
We used QAAC4A/AlPcS4 and TAAC4A/AlPcS4 to con-

struct a binary sensor array to distinguish four different con-
centrations of QZC extracts. Through pattern recognition
method such as LDA, a versatile system to identify differ-
ences among the tested samples could be obtained. LDA is

a statistical method, which minimizes intraclass variance
and maximizes interclass variance to differentiate the
response patterns from the samples. The experiment was car-

ried out with a black 96-well plate. QZC sample solution
obtained according to the extraction method was diluted to
give final concentrations from 22.5 to 90.0 lg/mL, and two

sensing elements were used to test them for six times
(Table S8). As shown in Fig. 5a and b, the intensity fold
change was calculated using I/I0 and then further analyzed

by LDA. The two most significant LDA factors have been
Fig. 5 (a) Fluorescence response patterns of QAAC4A/AlPcS4
concentrations of QZC extracts ([QAAC4A] = [TAAC4A] = [AlPc

simplified fluorescence response patterns obtained from LDA with 95%

vs. the concentrations of QZC extracts.
used to generate the two-dimensional differentiation plot with

95% confidence ellipses, which clearly showed that all the
four concentrations of QZC were distinct from each other.
The jackknifed classification matrix with cross-validation

revealed 100% accuracy which proved the reliability of this
chemical sensor array. On the LDA plot, the first dominant
factor accounted for 99.29% of total variance, and the distri-

bution of factor 1 varied with the concentration of QZC. By
converting the result into a scatter plot of factor 1 and con-
centration, a quantitative identification of samples could be
achieved. The linearity indicated that the interactions between

the sensing elements and analytes were homogeneous and
stable (Fig. 5c). Therefore, valuable arrays can be constructed
by combining appropriate supramolecular sensing elements,

which can not only quantitatively analyze QZC, but also meet
the needs of distinguishing different samples, such as unqual-
ified products with abnormal concentrations of ingredients.

Compared to other methods and techniques, our proposed
method is well-suited for quality evaluation of commercial
TCM products due to its advantages of simplicity and less

time consumption (Table 1).
and TAAC4A/AlPcS4 sensing reporter pairs against various

S4] = 1.0 lM). (b) Canonical score plot for the two factors of

confidence ellipses (n = 6). (c) Plot of the first discriminant factor



Table 1 The comparison with quality evaluation methods used to analyze TCM.

Analyte Method Material Number of

samples

Testing time Advantages Conclusion Ref.

Qufeng Zhitong

Capsule

UPLC-PDA a – 28 batches 35 min per

sample

Simple sample

preparation,

good

chromatographic

peak shape, and

high repeatability

16 compounds

extracted from

Qufeng Zhitong

Capsule were

identified and traced

to their herbal

sources.

Xue et al.,

2022

Chuanxiong

Rhizoma

HPLC-PDA b

and UHPLC-

PDA-QTOF-

MS/MS c

– 22 batches 60 min per

sample

Cost-effective Ferulic acid,

senkyunolide I and

senkyunolide H were

determined as the

major characteristic

components of

Chuanxiong

Rhizoma dispensing

granules.

Zhang

et al.,2014

Shuang-Huang-

Lian injection

ATR-IR d and

NIR e
– 140 samples

from seven

manufacturers

– Accurate and

rapid

The contents of

baicalin, phillyrin

and chlorogenic acid

in Shuang-Huang-

Lian injection were

predicted.

Ju et al.,

2023

Fritillaria Odor sensor

array (electronic

nose)

Metal oxide

semiconductors

4 species 120 s per

sample

Simple operation

with less time and

labor

consumption

The powders of

different bulbus of

Fritillaria, as well as

adulterations can be

discriminated.

Yang

et al.,

2015

Moxa floss Odor sensor

array (electronic

nose)

Metal oxide

semiconductors

15 samples 200 s per

sample

Rapid and

nondestructive

Samples of different

quality grades had

similar odor profiles

but different

concentrations of

volatile compounds.

Lim et al.,

2020

Licorice Colorimetric

sensor array

Iron oxide

nanozymes

4 licorice

active

substances

40 min per

sample（high

throughput）

Easy-to-use,

effective and

sensitive

Glycyrrhizic acid,

liquiritin,

licochalcone A and

isolicoflavonol were

determined and

discriminated.

Yuan

et al.,

2023

Qufeng Zhitong

Capsule

Fluorescence

sensor array

Calixarenes 10 batches 10 min per

sample（high

throughput）

Facile, rapid, and

less technically

demanding

Standard fingerprint

of qualified samples

was constructed for

the analysis of

unknown samples.

Present

work

a UPLC-PDA: ultra-performance liquid chromatography with photodiode array detector.
b HPLC-PDA: high performance liquid chromatography-photodiode array detector.
c UHPLC-PDA-QTOF-MS/MS: ultra high performance liquid chromatography-photodiode array detector coupled with quadrupole time-of-

flight mass spectrometry.
d ATR-IR: attenuated total refraction infrared spectroscopy.
e NIR: near-infrared spectroscopy.
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3.4. Quality analysis for Shuanghuanglian (SHL) injection

To demonstrate the generalizability of the supramolecular fluo-

rescence sensing method for quality evaluation of TCM, we fur-
ther created a standard fingerprint for SHL injection. SHL
injection, composed of the extract of Lonicerae Japonicae Flos,

Forsythiae Fructus, and Scutellariae Radix, has the function of
heat-clearing and detoxifying, as well as dispelling wind and
relieving exterior symptoms (Wang et al., 2022). Here, other
supramolecular macrocycles, cyclodextrins and cucurbit[7]uril
were selected as recognition receptors, and four sensing ele-
ments, b-CD/2,6-TNS, HP-b-CD/2,6-TNS, CB7/1,8-ANS and
CB7/DAPI were constructed (Fig. S8). The complexation of
the used dyes with these three macrocycles sensitizes their fluo-

rescence (Liu and You, 2001, Wagner et al., 2003, Miskolczy
et al., 2009). Based on the IDA strategy, the addition of SHL
injection breaks the original complexation equilibria and thedis-

placed dyes regain their inherent weak fluorescence (Fig. S9).
Table S9 was obtained by testing 4 sensing units � 10 batches
of samples�6 replicates and calculating the ratioof fluorescence
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intensity before and after the addition of SHL injection. The
RSD values among the ten batches of samples were less than
4.0%. The fluorescence fingerprint was constructed by out-

putting the average fluorescence response data (I/I0) on a radar
plot (Fig. S10). These samples were all qualified products from
the manufacturer, and their fluorescence responses were closely

aligned on each axis. They did not show large deviations, except
for fluctuations in a certain small range. The results demonstrate
that the application of supramolecular fluorescence sensing

method can be extended to other TCM.

4. Conclusions

In summary, we have developed a supramolecular fluorescence sensing

method for quality evaluation of QZC. The azocalixarenes present in

the sensor array can form complexes with the components in QZC

extract, and then modulate fluorescence signals in response to their

concentrations. This method has been proven to be rapid, simple,

and exhibits good precision and repeatability. Ten batches of qualified

QZC samples were analyzed, which basically showed batch-to-batch

consistency, with slight fluctuations in component content possibly

due to different sources of raw materials. The established standard fin-

gerprint was successfully applied to differentiate between qualified and

unqualified products. With the supramolecular fluorescence sensing

method, it only takes a few minutes to obtain a fluorescence response

to QZC extracts without need for separation and purification. Com-

bined with a high-throughput microplate reader, this method is highly

suitable for large-scale quality evaluation and real-time monitoring of

QZC, providing a new strategy for evaluating the quality of TCM. The

approach presented in this study, based on the rich chemical properties

of macrocyclic receptors, can be widely applied to the quality evalua-

tion of other TCM products, as demonstrated by the analysis of SHL.
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V., Guibourdenche, J., Tsatsaris, V., Gagey-Eilstein, N., Agasti, S.

S., 2022. Cucurbit[7]uril macrocyclic sensors for optical finger-

printing: predicting protein structural changes to identifying

disease-specific amyloid assemblies. J. Am. Chem. Soc. 144 (31),

14363–14379.

Tian, J.-H., Hu, X.-Y., Hu, Z.-Y., Tian, H.-W., Li, J.-J., Pan, Y.-C.,

Li, H.-B., Guo, D.-S., 2022. A facile way to construct sensor array

library via supramolecular chemistry for discriminating complex

systems. Nat. Commun. 13, 4293.

Wagner, B.D., Stojanovic, N., Day, A.I., Blanch, R.J., 2003. Host

properties of cucurbit[7]uril: fluorescence enhancement of anili-

nonaphthalene sulfonates. J. Phys. Chem. B 107, 10741–10746.

Wang, B., Han, J., Bojanowski, N.M., Bender, M., Ma, C., Seehafer,

K., Herrmann, A., Bunz, U.H.F., 2018. An optimized sensor array

identifies all natural amino acids. ACS Sens. 3, 1562–1568.

Wang, X., Wang, Y., Feng, L., 2019. Design and construction of novel

assemblies for monosaccharides and glycosides detection. Sensor.

Actuat. B-Chem. 285, 625–630.

Wang, Z., Wang, Z., Jiang, M., Yang, J., Meng, Q., Guan, J., Xu, M.,

Chai, X., 2022. Qualitative and quantitative evaluation of chemical

constituents from Shuanghuanglian injection using nuclear mag-

netic resonance spectroscopy. J. Anal. Methods Chem. 2022,

7763207.

Wang, P., Zang, H., Zeng, Y., 2011. Causes and control measures of

the quality risk in pharmaceutical manufacturing process. J. Chin.

Pharm. Sci. 46 (13), 969–972.

Wu, J.-J., Chen, F.-Y., Han, B.-B., Zhang, H.-Q., Zhao, L., Zhang, Z.-

R., Li, J.-J., Zhang, B.-D., Zhang, Y.-N., Yue, Y.-X., Hu, H.-G.,

Li, W.-H., Zhang, B., Chen, Y.-X., Li, Y.-M., 2022. CASTING: a

potent supramolecular strategy to cytosolically deliver STING

agonist for cancer immunotherapy and SARS-CoV-2 vaccination.

CCS Chem. https://doi.org/10.31635/ccschem.022.202201859.

Xu, L., Jiao, Y., Cui, W., Wang, B., Guo, D., Xue, F., Mu, X., Li, H.,

Lin, Y., Lin, H., 2022. Quality evaluation of traditional Chinese

medicine prescription in Naolingsu capsule based on combinative

method of fingerprint, quantitative determination, and chemomet-

rics. J. Anal. Methods Chem. 2022, 1429074.

Xue, M., Zhao, Y., Cui, Y., Yang, J., Wang, Y., Chai, X., 2022.

Quantitative analysis of multicomponents in Qufeng Zhitong
Capsule and application of network pharmacology to explore the

anti-inflammatory activity of focused compounds. J. Anal. Meth-

ods Chem. 2022, 4229945.

Yan, S., Xin, W., Luo, G., Wang, Y., Cheng, Y., 2005. An approach to

develop two-dimensional fingerprint for the quality control of

Qingkailing injection by high-performance liquid chromatography

with diode array detection. J. Chromatogr. A 1090 (1–2), 90–97.

Yang, G., Li, S., Sun, X., Lv, Y., Huang, H., 2023. Quality monitoring

of Shenmai injection by HPLC pharmacodynamic fingerprinting.

BMC Chem. 17, 28.

Yang, S., Xie, S., Xu, M., Zhang, C., Wu, N., Yang, J., Zhang, L.,

Zhang, D., Jiang, Y., Wu, C., 2015. A novel method for rapid

discrimination of bulbus of Fritillaria by using electronic nose and

electronic tongue technology. Anal. Methods 7, 943–952.

Ye, T., Jin, C., Zhou, J., Li, X., Wang, H., Deng, P., Yang, Y., Wu, Y.,

Xiao,X., 2011.Canodors ofTCMbecaptured by electronic nose?The

novel quality controlmethod formusk by electronic nose coupledwith

chemometrics. J. Pharm. Biomed. Anal. 55 (5), 1239–1244.

You, L., Zha, D., Anslyn, E.V., 2015. Recent advances in supramolec-

ular analytical chemistry using optical sensing. Chem. Rev. 115,

7840–7892.

Yu, H., Geng, W.-C., Zheng, Z., Gao, J., Guo, D.-S., Wang, Y., 2019.

Facile fluorescence monitoring of gut microbial metabolite

trimethylamine N-oxide via molecular recognition of guani-

dinium-modified calixarene. Theranostics 9 (16), 4624–4632.

Yuan, X., Cheng, S., Chen, L., Cheng, Z., Liu, J., Zhang, H., Yang, J.,

Li, Y., 2023. Iron oxides based nanozyme sensor arrays for the

detection of active substances in licorice. Talanta 258, 124407.

Yue, Y., Zhang, Z., Wang, Z.-H., Ma, R., Chen, M.-M., Ding, F., Li,

H.-B., Li, J.-J., Shi, L., Liu, Y., Guo, D.-S., 2022. Promoting tumor

accumulation of anticancer drugs by hierarchical carrying of

exogenous and endogenous vehicles. Small Struct. https://doi.org/

10.1002/sstr.202200067.

Zhang, H., Chen, Y., Wang, J., Jiang, H., Shen, X., Yan, J., 2018.

Application of fingerprint technology in quality evaluation and

process control of traditional Chinese medicine formula granules.

China J. Chin. Mater. Med. 43 (19), 3822–3827.

Zhang, X.-L., Liu, L.-F., Zhu, L.-Y., Bai, Y.-J., Mao, Q., Li, S.-L.,

Chen, S.-L., Xu, H.-X., 2014. A high performance liquid chro-

matography fingerprinting and ultra high performance liquid

chromatography coupled with quadrupole time-of-flight mass

spectrometry chemical profiling approach to rapidly find charac-

teristic chemical markers for quality evaluation of dispensing

granules, a case study on Chuanxiong Rhizoma. J. Pharm. Biomed.

Anal. 88, 391–400.

Zhang, T.-X., Zhang, Z.-Z., Yue, Y.-X., Hu, X.-Y., Huang, F., Shi, L.,

Liu, Y., Guo, D.-S., 2020. A general hypoxia-responsive molecular

container for tumor-targeted therapy. Adv. Mater. 32, 1908435.

Zhang, T.-X., Hou, X., Kong, Y., Yang, F., Yue, Y.-X., Shah, M.R.,

Li, H.-B., Huang, F., Liu, J., Guo, D.-S., 2021. A hypoxia-

responsive supramolecular formulation for imaging-guided pho-

tothermal therapy. Theranostics 12, 396–409.

Zheng, Z., Geng, W.-C., Gao, J., Wang, Y.-Y., Sun, H., Guo, D.-S.,

2018. Ultrasensitive and specific fluorescence detection of a cancer

biomarker via nanomolar binding to a guanidinium-modified

calixarene. Chem. Sci. 9, 2087–2091.

Zheng, Z., Yu, H., Geng, W.-C., Hu, X.-Y., Wang, Y.-Y., Li, Z.,

Wang, Y., Guo, D.-S., 2019. Guanidinocalix[5]arene for sensitive

fluorescence detection and magnetic removal of perfluorinated

pollutants. Nat. Commun. 10, 5762.

Zhou, C., Xu, W., Zhang, P., Jiang, M., Chen, Y., Kwok, R.T.K., Lee,

M.M.S., Shan, G., Qi, R., Zhou, X., Lam, J.W.Y., Wang, S., Tang,

B.Z., 2019. Engineering sensor arrays using aggregation-induced

emission luminogens for pathogen identification. Adv. Funct.

Mater. 29 (4), 1805986.

Zhu, Y., Wu, J., Han, L., Wang, X., Li, W., Guo, H., Wei, H., 2020.

Nanozyme sensor arrays based on heteroatom-doped graphene for

detecting pesticides. Anal. Chem. 92 (11), 7444–7452.

http://refhub.elsevier.com/S1878-5352(23)00436-7/h0115
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0115
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0115
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0120
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0120
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0120
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0125
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0125
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0130
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0130
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0130
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0130
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0130
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0135
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0135
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0135
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0140
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0140
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0140
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0140
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0145
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0145
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0145
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0150
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0150
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0150
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0150
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0150
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0155
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0155
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0155
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0155
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0155
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0155
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0155
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0160
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0160
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0160
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0160
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0165
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0165
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0165
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0170
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0170
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0170
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0175
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0175
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0175
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0180
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0180
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0180
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0180
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0180
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0185
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0185
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0185
https://doi.org/10.31635/ccschem.022.202201859
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0195
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0195
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0195
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0195
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0195
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0200
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0200
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0200
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0200
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0200
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0205
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0205
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0205
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0205
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0210
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0210
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0210
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0215
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0215
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0215
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0215
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0220
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0220
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0220
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0220
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0225
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0225
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0225
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0230
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0230
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0230
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0230
http://refhub.elsevier.com/S1878-5352(23)00436-7/optVDX5Hi8AsC
http://refhub.elsevier.com/S1878-5352(23)00436-7/optVDX5Hi8AsC
http://refhub.elsevier.com/S1878-5352(23)00436-7/optVDX5Hi8AsC
https://doi.org/10.1002/sstr.202200067
https://doi.org/10.1002/sstr.202200067
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0240
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0240
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0240
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0240
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0245
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0245
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0245
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0245
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0245
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0245
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0245
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0245
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0250
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0250
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0250
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0255
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0255
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0255
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0255
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0260
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0260
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0260
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0260
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0265
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0265
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0265
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0265
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0270
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0270
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0270
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0270
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0270
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0275
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0275
http://refhub.elsevier.com/S1878-5352(23)00436-7/h0275

	Supramolecular fluorescence sensing for quality evaluation of traditional Chinese medicine
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Instruments
	2.3 Extraction method
	2.4 Fluorescence spectroscopy
	2.5 Methodological evaluation
	2.5.1 Intraday precision experiments
	2.5.2 Interday precision experiments
	2.5.3 Repeatability experiments

	2.6 Discrimination of different concentrations
	2.7 Fluorescence spectroscopy for SHL injection

	3 Results and discussion
	3.1 Principle of supramolecular sensor array
	3.2 Method validation of supramolecular fluorescence sensing for QZC
	3.3 Visual modes of the quality analysis and semi-quantitative analysis results for QZC
	3.4 Quality analysis for Shuanghuanglian (SHL) injection

	4 Conclusions
	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supplementary material
	References


