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To facilitate efficient and rapid quality evaluation of traditional Chinese medicine (TCM) preparations, we
introduced an innovative macrocycle-based fluorescence sensing strategy. Herein, an array of
calixarene-based sensors was designed to assess the batch-to-batch consistency and precise feeding of
raw materials of Yinxing Mihuan oral solution (YMOS), which is used to treat cardiovascular and
cerebrovascular diseases in the clinic, highlighting the feasibility of the established supramolecular
fluorescence sensing method. Using indicator displacement assay (IDA), the molecular recognition
between calixarenes and the tested compounds from YMOS was converted into multi-fluorescence
signals by extruding the indicators from their respective hosts, whose mechanisms were unveiled by
theoretical calculations. By employing the constructed three-element sensor array, a standard

fluorescent fingerprint was displayed by “spider-web” mode to evaluate the quality consistency of the
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precise feeding of raw materials during the manufacturing process of YMOS. The calixarene-based

DOI: 10.1039/d5ra04079% sensor array method offers a comprehensive evaluation for YMOS in a facile and high-throughput style,
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Introduction

As a primary modality in the clinical application of traditional
Chinese medicine (TCM), TCM compound preparations are
composed of multiple herbs and characterized by complex
compositions,* which are of great significance in the prevention
and treatment of diseases, as well as in rehabilitation and
health care. Admittedly, the quality consistency evaluation of
TCM compound preparations is essential to ensure the security
and validity of their clinical applications.” In recent years,
significant advancements have been achieved in research on
chemical substances and the quality control of TCM compound
preparations. Technical methods for appraising the quality
consistency of TCM compound preparations encompass
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conducive to improving quality evaluation of TCM.

chromatography, spectroscopy, and bioassay methods.®* The
extensively used chromatographic techniques, which rely on
chemical components separation for fingerprint analysis and
quantification of quality markers, are hindered by the unavail-
able reference standards, high reagent consumption, and
insufficient throughput to meet inspection requirements.*
Therefore, it is imperative to explore new technologies and
methods for consistency evaluation.

Yinxing Mihuan oral solution (YMOS) is a widely used TCM
compound preparation comprising Ginkgo biloba extract and
Armillaria mellea powder, predominantly employed in the
treatment of cardiovascular and cerebrovascular diseases.” The
current Chinese Pharmacopoeia (2020 edition) specifies the
total content of flavonol glycosides from GBE.® It was reported
that liquid chromatography-based methods were employed to
develop multi-components quantification for YMOS,™®
including flavones, nucleosides, organic acids,
saccharides, polysaccharides, and additives, which laid the
foundation for the quality control and evaluation of YMOS. As
a popular method, spectroscopic techniques, such as near-
infrared spectroscopy, Fourier transform infrared spectros-
copy, and fluorescence spectroscopy, have been used in
assessing the quality consistency of compound Yuxingcao

mono-

mixture,’® Belamcandae rhizoma antiviral injection," and
Qufeng Zhitong capsule by taking simple sample prepara-
tion, high throughput, and environmental friendliness into
account. Therefore, spectroscopic techniques can effectively
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evaluate the quality consistency of TCM compound
preparations.

Supramolecular fluorescence sensing technology, emerging
as a powerful tool in the field of TCM due to its easy operation,
high sensitivity, and high throughput capabilities,'* has been
widely utilized for screening bioactive compounds in TCM,'***
assessing the quality of TCM," and detecting the potential
aflatoxins in TCM.'® By employing the indicator displacement
assay (IDA), the analyte competes with the dye for the cavity of
the macrocyclic host, displacing the dye and resulting in
a change in the fluorescence intensity of the system.'
Conventional single sensing is designed based on the “lock and
key” principle, optimizing a host-guest reporter pair for
detecting target analyte, which necessitates extremely high
specificity and sensitivity for the sensing system.'” However,
single sensing systems can not detect analytes with diversified
structures, especially when analyzing complex mixtures, such as
TCM preparations. Sensor arrays are capable of differentiating
subtle changes resulted from multiple target analytes in
complex systems.'® In a sensor array, multiple sensor elements
are essential units that selectively interact with corresponding
target analytes, generating unique “fluorescent fingerprints”
based on multi-fluorescent responses, thereby enabling the
quality consistency evaluation of TCM preparations.'®** The
library of macrocyclic hosts provides broad-spectrum recogni-
tion capability for sensing different compounds. It is exciting
that supramolecular-based fluorescence sensor arrays have
shown remarkable capability in discrimination of nucleotides,*
glycosaminoglycans,* honey,” as well as for assessing the
quality of TCM compound preparations, such as Qufeng Zhi-
tong capsule.”” To the best of our understanding, no prior
efforts have been made to develop a supramolecular fluores-
cence sensor array specifically designed for quality evaluation of
YMOS.

In this study, we specifically selected the host-guest reporter
pairs as sensing elements to successfully construct a highly
efficient calixarene-based sensor array (Scheme 1). The sensor
array, which comprises three macrocyclic receptors, engages
with the analytes through host-guest complexation, generating
distinctive fluorescent responses for YMOS sample by IDA
strategy. A “spider-web” mode was utilized to assess the
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Scheme 1 Schematic diagram of supramolecular sensor array based
on IDA.
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fluorescent fingerprint of YMOS samples, facilitating systematic
analysis of batch-to-batch consistency of quality. Furthermore,
the selective recognition mechanism between the calixarene
and the tested compounds of YMOS was elucidated through the
determination of association constants and supported by
theoretical calculations. The QAC5A-EY sensing element has
been successfully employed to differentiate the self-made YMOS
samples with various combinations of Ginkgo biloba extract and
Armillaria mellea powder. Our simple and high-throughput
method, which utilizes a supramolecular fluorescence sensing
detection, greatly enhances the efficiency of large-scale appli-
cations on quality evaluation of TCM.

Experimental

Reagents and materials

Twelve batches of YMOS numbered as YM1-YM12, Ginkgo
biloba extract (GBE), and Armillaria mellea extract (AME) were
provided by Qionglai Tianyin Pharmaceutical Co., Ltd.
(Sichuan, China). p-Sulfonatocalix[4]arenes (SC4A), p-sulfona-
tocalix[5Jarenes (SC5A), p-sulfonatocalix[6]arenes (SC6A),
sulfonated azocalix[5Jarene (SAC5A), carboxylazocalix[4]arene
(CAC4A), and  5,11,17,23,29-penta(trimethylammonium)-
31,32,33,34,35-penta(4-methylpentyloxy)calix[5]Jarene (QAC5A)
were provided by Dongsheng Guo's research group from the
College of Chemistry, Nankai University.”>***” Rhodamine B
(RhB), eosin Y (EY), trans-4-[4-(dimethydamino)styryl]-1-
methylpyridinium iodide (DSMI), lucigenin (LCG), 2-(p-
toluidinyl)naphthalene-6-sulfonic acid (2,6-TNS), dapoxyl, 4’,6-
diamindino-2-phenylin-dole (DAPI), B-cyclodextrin (B-CD),
cucurbit[6]uril (CB[6]), cucurbit[7]uril (CB[7]), sodium
hydroxide, and methanol (HPLC grade) were purchased from
Sigma-Aldrich Co., Ltd. (St. Louis, Missouri, USA). Methylene
blue (MB) was purchased from Merck KGaA Co., Ltd. (Darm-
stadt, Germany). Oxazine 1 (OX1) was purchased from AmyJet
Scientific Inc. (Wuhan, China). Sodium benzoate (SoB), proto-
catechuic acid (Pra), rutin (QGR), ginkgolides A (GinA), uridine
(Uri), and tween 80 (HPLC grade) were purchased from
Shanghai Yuanye Biotechnology Co. Ltd. (Shanghai, China).
Water was purified using a Milli-Q water purification system
(Millipore, Billerica, MA, USA). N-(2-Hydroxyethyl)piperazine-N'-
2-ethanesulfonic acid (HEPES) buffer (10 mM, pH 7.4) solution
was prepared by ultrapure water.”® D,O and 3-(trimethylsilyl)
propionic-(2,2,3,3-d,) acid sodium salt (TSP-d,) were purchased
from Cambridge Isotope Laboratories, Inc. (USA).

Instruments

Equipped with a Varian Cary single-cell peltier accessory for
temperature control, a Varian Cary Eclipse spectrometer (Agi-
lent Technologies Inc., USA) was performed to record steady-
state fluorescence spectra in a conventional quartz cell (light
path of 10 mm). DL-720B ultrasonic cleaning machine was ob-
tained from Shanghai Zhixin Instrument Co., Ltd. (Shanghai,
China). Laboratory pH meter FE20 was purchased from Mettler
Toledo International Co., Ltd. (Switzerland). DK-98-1I electric-
heated thermostatic water bath was procured from Tianjin
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Teste Instrument Co., Ltd. (Tianjin, China). AVANCE III 500
MHz spectrometer was obtained from Bruker (Féllanden,
Switzerland).

Preparation of self-made YMOS sample

In accordance with the reported method,* the self-made YMOS
sample with different combination of GBE and AME were
prepared as follows. Different weights of GBE (0, 0.05, 0.15, 0.30
g) were gradually added to Tween 80 (0.25 g), which had been
dissolved in 10 mL ultrapure water, with continuous stirring at
80 °C water bath until it completely dissolved. Then, AME (1.5 g)
was diluted with ultrapure water and stirred in a 70 °C water bath
for 30 min, followed by filtration. After allowing the above solu-
tions to cool down to room temperature, they were transferred
into 50 mL volumetric flask and diluted to scale with ultrapure
water. Subsequently, sample solutions of self-made YMOS with
different combinations of GBE and AME (0: 30, 1:30, 3:30, and
6:30; g g~ ') were prepared in parallel for three replicates.

Fluorescence spectroscopy

The steady-state fluorescence spectra were recorded using
a Varian Cary Eclipse spectrometer (Agilent Technologies Inc.,
USA) fitted with a Varian Cary single-cell peltier accessory. The
titration experiments were conducted in a standard 10 x 10 x
45 mm® quartz cell with a 10 mm optical path length. The
fluorescence spectra of CAC4A-RhB, SAC5A-RhB, and
QACS5A-EY reporter pairs were recorded at the respective exci-
tation wavelengths of dyes (Rhb at 554 nm and EY at 517 nm) in
HEPES buffer solution (10 mM, pH 7.4) at 25 °C.

Methodological evaluation

In HEPES buffer solution (10 mM, pH 7.4), the fluorescent
intensity of the host-dye reporter pairs (CAC4A-RhB,
SAC5A-RhB, and QAC5A-EY) at the respective emission wave-
lengths of 576 nm (RhB) and 537 nm (EY) was recorded before
(Io) and after (I) adding 5 pL YMOS sample solution at 25 °C,
respectively. The intra-day precision of each sensing element
was analyzed by calculating the relative standard deviation
(RSD) value of the six I/I, data for the same YMOS sample
solution. The inter-day precision of each sensing element was
carried out by calculating the RSD value of the /I, data obtained
from consecutive three-days measurements of sample solutions
prepared by the same batch of YMOS. The repeatability test was
assessed by calculating the RSD value of the I/I, values deter-
mined by each sensing element for six sample solutions from
one batch of YMOS. The stability experiment was evaluated by
calculating the RSD value of I/I, values determined by each
sensing element for the same YMOS sample solution at 0, 2, 4,
6, 8, and 10 h, respectively.

Association constant measurement

Direct fluorescence titrations of dye with host were carried out by
gradually adding the host solution to the HEPES buffer solution
containing appropriate concentration of dye. The association
constant (K,/M ") of host and dye was obtained by fitting the
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fluorescence intensity of dye at its maximum emission wave-
length to the concentration of tested host. Competitive fluores-
cence titrations were undertaken by gradually adding the tested
compound solution to the HEPES buffer solution containing
appropriate concentration of host-dye complex, which generated
variation in the fluorescence intensities of the dye. The K, of hosts
with the tested compounds (SoB, Pra, QGR, GinA, and Uri) was
obtained by fitting the fluorescence intensity of dye at its
maximum emission wavelength (RhB at 576 nm and EY at 537
nm) to the concentration of tested compounds. By the Origin
software, fitting anlysis was performed to respectively obtain the
K, values of the host-dye complex and the host-tested compound
complex using a 1:1 binding model (oneHost_oneGuest) and
a 1:1 competitive binding model (oneHost oneGuest one-
Competitor) in a non-linear manner. The fitting modules were
comprehensively described and introduced in our published
work.* Throughout the titrations, the concentrations of the dye
and host-dye complex were kept to be constant in direct fluo-
rescence titration and competitive fluorescence titration experi-
ments, respectively. All experiments were carried out in HEPES
buffer solution (10 mM, pH 7.4) at 25 °C. Data were displayed as
mean =+ standard deviation (SD) (n = 3).

Theoretical calculations

Using Gaussian 16 program®! and the solvation model based on
density (SMD),** all density functional theory (DFT) calculations
were implemented for the host with the tested compound (ana-
Iyte). The host-analyte complex of geometric optimization was
carried out at the B3LYP/6-31G(d)** level of theory, incorporating
Grimme's D3 dispersion correction.** The default convergence
criteria of Gaussian 16 were utilized for molecular geometry
optimization. The energies of the host- analyte complex (Eg,), the
host (Ey) and the analyte (E,) were obtained from the Gaussian
16 output files. The binding energy of the host-analyte complex
was calculated as AE = Eyp — (Ey + Ea). Performed by the Mul-
tiwfn 3.8 software, the molecular electrostatic potential (MEP)
analysis and independent gradient model based on Hirshfeld
partition (IGMH) analysis of host-analyte complex were accom-
plished.*® The calculation results was displayed by visual
molecular dynamics (VMD) software.?®

NMR spectroscopy

'"H NMR spectra were recorded on an AVANCE III 500 MHz
spectrometer (Bruker, Fillanden, Switzerland) using TSP-d, as
an internal reference at 298 K. Samples of SAC5A-GinA, SAC5A,
and GinA for 'H NMR measurement were prepared in D,O.

Results and discussion

Construction and methodological investigation of
supramolecular fluorescence sensor array for evaluating the
quality of YMOS sample

The selection and combination of sensing elements are pivotal
in constructing a supramolecular fluorescence sensing array.'®
Typically, a sensing element in such arrays consists of
a macrocyclic receptor and a fluorescent indicator (dye), which

© 2025 The Author(s). Published by the Royal Society of Chemistry
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are linked through non-covalent interactions such as hydrogen
bonding, electrostatic interactions, and hydrophobic interac-
tion.*” Based on IDA, the introduced target analyte can compete
with the dye for the macrocyclic receptor's cavity, leading to an
enhanced (switch-on) or quenched (switch-off) fluorescence
signal of the sensing system.*®

For successful detection of YMOS samples via IDA strategy,
the crucial challenge is to identify a host-guest reporter pair
that can generate a substantial fluorescence signal response in
the presence of the YMOS sample solution. Classical macro-
cycles, such as cyclodextrin (CD),* calixarene (CA),* and
cucurbituril (CB),** possess unique structural features, which
confer their distinct superior recognition properties. In this
study, we investigated the classical host-dye reporter pairs for
detecting YMOS sample solution, including p-CD-MB,** CB[6]-
DSMI,*? SC4A-0X1,"* SC5A-LCG,** CAC4A-RhB, SAC5A-RhB,*
and QAC5A-EY.*” As presented in Fig. S1, it suggested that the
obvious modulated fluorescence intensity (I) was witnessed in
CAC4A-RhB (1 pM/0.8 puM), SAC5A-RhB (1 uM/0.8 uM), and
QAC5A-EY (0.4 uM/0.5 pM) reporter pairs in response to the
addition of YMOS sample solution. The fluorescence intensity
of the host-dye complex in HEPES buffer solution (10 mM, pH
7.4) was designated I,. As shown in Fig. Sla-d,} there was no
obvious modulation (5 < |AII — I))| < 65) in fluorescence
intensities of B-CD-MB, CB[6]-DSMI, SC4A-0X1, or SC5A-LCG
in response to the YMOS sample solution (5 pL). It was note-
worthy that CAC4A-RhB (1 pM/0.8 pM), SAC5A-RhB (1 uM/0.8
uM), and QAC5A-EY (0.4 uM/0.5 puM) reporter pairs enabled
a significant “switch-on” fluorescence response (128 < |AI|l =
538) in the presence of YMOS sample solution (Fig. Sle-g¥),
which may be originated from deep cavitand of CAC4A, SAC5A,
and QAC5A modified by azobenzene with negatively charged
groups (carboxylated/sulfonated) or positively charged groups
(quaternary ammonium). Therefore, we focused our attention
on the three reporter pairs to construct the sensing array system
for detection YMOS sample.

To ensure the feasibility and applicability of the established
method, the precision, repeatability, and stability of the
calixarene-based sensor array for sensing YMOS sample were
further evaluated. In HEPES buffer solution, the YMOS sample
solution (5 pL) was subjected to the detecting system of
CAC4A-RhB (1 pM/0.8 pM), SAC5A-RhB (1 uM/0.8 pM), and
QAC5A-EY (0.4 uM/0.5 uM), respectively. As illustrated in
Fig. 1a, the RSD values for I/I, of the three sensing elements
were less than 0.34%, indicating the good intra-day precision of
the method. The repeated measurements (RSD < 5.74%) over
consecutive three days confirmed the robust inter-day precision
of the supramolecular fluorescence sensing method (Fig. 1b).
The repeatability of this sensing array system was confirmed
through the parallel preparation of six YMOS sample solutions,
with an RSD of <5.54%, suggesting excellent repeatability, as
depicted in Fig. 1c. Furthermore, the stability of the sensing
array system over 10 consecutive hours has been demonstrated
with an RSD of <4.37% (Fig. 1d). Generally, the methodological
study indicated that the established supramolecular fluores-
cence sensor array was both reasonable and practicable for the
quality evaluation of YMOS sample.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The fluorescence response (//lp) for evaluating (a) intra-day
precision (n = 6), (b) inter-day precision (n = 3), (c) repeatability (n = 6),
and (d) stability (n = 6) of the supramolecular fluorescence sensing
method.

Illustration on binding affinities between hosts and the tested
compounds by fluorescence spectroscopy

The chemical basis of YMOS has been systematically reported in
our previous work.” Based on UHPLC-Q-Orbitrap MS, we have
thoroughly characterized the chemical composition of YMOS,
successfully identifying a total of 67 compounds, which
encompass flavonoids, nucleosides, terpene lactones, organic
acids, additives, etc. Furthermore, 13 components were quan-
tified by employing UPLC-PDA, revealing that QGR, Uri, Pra,
and SoB (additive) were abundant in YMOS. Additionally, GinA
is considered as the main active ingredient from GBE in
YMOS.* Therefore, QGR, Uri, Pra, SoB, and GinA (Fig. S2t) were
selected as the typical compounds to investigate their binding
affinities with macrocyclic hosts.

Using the IDA strategy, we determined the K, of the macro-
cycle-tested compound complex by employing fluorescence
titration method.** GinA was taken as an example, as a repre-
sentative insoluble compound.*® As shown in Fig. S3a-c,f
appropriate amount of methanol can improve solubility of GinA
and had slight effect on the fluorescence intensity of
CAC4A-RhB, SAC5A-RhB and QACS5A-EY reporter pairs. And,
GinA had negligible effects on the fluorescence intensities of
RhB and EY (Fig. S3d and et). IDA execution validated the
association constant (K, = (5.79 £+ 0.79) x 10° M™') of
CAC4A-RhB via fluorescence titration through 1:1 host-guest
binding stoichiometry (Fig. S4T). The association constants of
SAC5A-RhB (K, = (3.60 + 0.40) x 10° M ') and QAC5A-EY (K, =
(2.00 + 0.43) x 10" M ") have been previously reported in the
literature.*>** As depicted in Fig. 2, the gradual titration of GinA
into the CAC4A-RhB (1.0 pM/0.8 pM), SAC5A-RhB (1.0 pM/0.8
uM), QAC5A-EY (0.4 uM/0.5 pM) reporter pairs resulted in the
release of RhB/EY and a concomitant increase of fluorescent
signals, respectively. In accordance with the competitive titra-
tion experiment, the association constants can be obtained as
Ka(cacaa-Gina) = (4.33 £ 0.77) x 10" M, Kysacaa-Gina) = (6.35 &
2.45) x 10° M, and Kyqacsa-Gina) = (5.50 £ 1.52) x 10* M},
respectively. Similarly, the association constants of QGR, SoB,
Uri, and Pra with the three macrocycles were also determined
(Fig. S5-5107), respectively. The greater the value of the asso-
ciation constant is, the stronger the binding affinity between the
macrocyclic host and the analyte is.*” As shown in Table S1,7 it
is evident that the QAC5A had strong binding affinity to the five
compounds and showed superior performance in sensing and
detecting the main components from YMOS. The association
affinities of QAC5A for the five analytes showed limited fluctu-
ation, suggesting relatively low selectivity among the tested

RSC Adv, 2025, 15, 22460-22468 | 22463
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Fig. 2 Competitive fluorescence titration of CA-dye (CAC4A-RhB,
SAC5A-RhB, and QAC5A-EY) reporter pairs with GinA in HEPES buffer
solution (10 mM, pH 7.4) at 25 °C. (al) Competitive titration in the
CAC4A-RhB (1.0 pM/0.8 uM) reporter pair performed with GinA (up to
64.58 uM) at Ao, = 554 nm. (bl) Competitive titration curve (A, = 576
nm) of the CAC4A-RhB (1.0 pM/0.8 uM) reporter pair with GinA
acquired by a 1: 1 competitive binding model (n = 3). (a2) Competitive
titration in the SAC5A-RhB (1.0 uM/0.8 puM) reporter pair performed
with GinA (up to 35.57 uM) at Aex = 554 nm. (b2) Competitive titration
curve (Aem = 576 nm) of SAC5A-RhB (1.0 uM/0.8 uM) reporter pair with
GinA acquired by a 1:1 competitive binding model (n = 3). (a3)
Competitive titration in the QAC5A-EY (0.4 uM/0.5 uM) reporter pair
performed with GinA (up to 69.03 pM) at A = 517 nm. (b3)
Competitive titration curve (Aem = 537 nm) of QAC5A-EY (0.4 uM/0.5
uM) reporter pair with GinA acquired by a 1:1 competitive binding
model (n = 3).

compounds. Nevertheless, CAC4A displayed both strong
binding affinity and remarkable selectivity toward GinA. SAC5A
exhibited differential binding behavior across SoB, GinA, and
Uri, displaying strongest affinity to GinA. The observed differ-
ences can be attributed to cavity dimensions, spatial arrange-
ment of functional groups, and framework rigidity. The
association constants of CAC4A-QGR, CAC4A-SoB, CAC4A- Uri,
CAC4A-Pra, SAC5A-QGR, and SAC5A-Pra were not detected,
which could be attributed to the inappropriate non-covalent
interaction between the hosts and the guests.

Investigation on intermolecular interactions between hosts
and the tested compounds by theoretical calculation and
NMR

Density functional theory (DFT) is a computational modeling
method grounded in quantum mechanics, which can be
utilized to investigate the geometric structure and energy
properties of molecules. It is frequently employed to explore
microscopic mechanisms at the molecular and electronic levels,
thereby facilitating the comprehension and visualisation of
molecular configurations.*® It serves as a powerful method for
assessing the interaction mechanism between host and guest in
supramolecular chemistry.**** In response to this point, theo-
retical simulations of the geometric structures of host-analyte
complexes with binding affinity were performed in this study
using DFT at the B3LYP-D3(BJ)/6-31G(d)/SMD(water). The
host-GinA complex was used as an example to illustrate the
non-covalent interactions between the host and the analyte. As
shown in Table S2,f the binding energies (AE) of the
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Fig. 3 Elucidation of the host-GinA complexes formation by theo-
retical calculations. (al—-a3) Optimized structures of the host-GinA
complexes at B3LYP-D3(BJ)/6-31G (d)/SMD(water) level. (b1-b3) The
molecular electrostatic potential (MEP, hartree) maps of the host-GinA
complexes. (c1-c3) Noncovalent interactions in the host-GinA
complexes by IGMH analysis. The isosurface (65" = 0.005 a.u.) of the
host-GinA complexes were colored with (,)p symbol.*

host-analyte complexes were negative, confirming that the
inclusion of the GinA within the hosts cavity were thermody-
namically stable, respectively. Fig. 3a1-a3 illustrates the results
of structural optimization for GinA in conjunction with the
three hosts based on DFT, demonstrating the formation of
inclusion complexes between each host and GinA.

The molecular electrostatic potential (MEP) analysis eluci-
dates interactions between molecules and other molecules by
calculating the electron number and charge distribution within
a molecular structural model, and it can identify potential
binding sites for intermolecular reactions.***® To obtain deeper
insights into the host-guest interactions, the MEP were
computed and mapped on the van der Waal (vdW) surfaces of
hosts and GinA. As depicted in Fig. 3b1l and b2, CAC4A
and SAC5A are electron-rich, particularly at the upper rim,
which are modified by azobenzene moieties with negatively
charged groups (carboxylated/sulfonated). The QAC5A molecule
exhibited electron deficiency, especially notable in the region
proximal to the upper rim decoration of the quaternary
ammonium groups (Fig. 3b3). The GinA molecule boasts tert-
butyl, hydroxyl, and carbonyl substituents, which is propitious
to the optimized geometry of host-GinA complexes because
molecules are always prone to interact with each other in a MEP-
complementary manner.

The independent gradient model (IGMH) analysis is mainly
used to elucidate the weak interactions that exist between
molecules.* In order to provide a more distinct description of
the non-covalent binding forms between the host and GinA, the
rings in GinA were labeled (Fig. S21). By the IGMH analysis, -
COOH in CAC4A formed a strong hydrogen bond O-H---O with
the -OH of E-ring in GinA (the blue isosurfaces). The green
isosurfaces in the IGMH analysis further revealed many weak
interactions between CAC4A and GinA, including the C-H---O (-
CH; of E-ring in GinA and -COOH in CAC4A), Ar-H:--O (Ar-H in
CAC4A and -C=O of D-ring in GinA), C-H:--N (tert-butyl in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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GinA and azo group in CAC4A), O-H---1 (-OH of C-ring in GinA
and Ar-H in CAC4A), C-H:-- 7 (tert-butyl in GinA and benzene
ring in CAC4A), and vdw interactions (Fig. 3c1 and S11at). The
azo group of SAC5A formed a strong hydrogen bond (O-H::-N)
with the hydroxyl group in C-ring in GinA (the blue isosurfaces).
Moreover, the green isosurfaces in the IMGH analysis further
uncovered many weak interactions between SAC5A and GinA,
including the C-H---O (tert-butyl in GinA and -SO3H in SAC5A),
Ar-H:---O (Ar-H in SAC5A and -C=0 of C-ring in GinA), O-H:--1
(-OH of E-ring in GinA and benzene ring in SAC5A), C-H:--7t (C-
H in B-ring in GinA and benzene ring in SAC5A), and vdw
interactions (Fig. 3c2 and S11bf). For the complex of
QAC5A-GinA, the -C=0 and -O- in E-ring and D-ring of GinA
were witnessed to be hydrogen bond acceptors, while C-H from
quaternary amino group in QAC5A can be hydrogen bond
donors (Fig. 3c3 and S1ict). It can also be concluded that the
benzene ring in QAC5A is played as hydrogen bond acceptors,
while C-H of B-ring in GinA could be hydrogen bond donors.
Generally, the underlying various non-covalent interactions
between calixarenes and GinA, including hydrogen bonding,
electrostatic interaction, and hydrophobic interaction. The
macrocyclic compound SAC5A was selected for "H NMR char-
acterization of its complex with GinA in D,O based on its
excellent water solubility, whose result was shown in Fig. S12.1
Upon the formation of an inclusion complex, characteristic
upfield shifts (A6 = 0.04-0.20 ppm) of GinA protons were wit-
nessed by NMR analysis, arising from SAC5A’'s aromatic ring
current.

Shortly, different macrocycles exhibit distinct binding
affinities for the same analyte in terms of non-covalent inter-
actions. Different analytes may also have the same non-
covalent interactions with the focused macrocycle. For
instance, the hydroxyl group of Uri formed a strong hydrogen
bond (O-H---N) with the azo group of SAC5A (Fig. S13aft),
which was similar to the case of SAC5A-GinA. Moreover, in the
non-covalent interactions between QAC5A and Uri, the
binding affinity was stronger according to K, (Table S1f),
characterized by N-H---7, C-H:--O, and C-H---7v interactions
(Fig. S13bf¥). In general, the intermolecular binding behaviors
are closely related to the molecular structures. The non-
covalent interactions between hosts and analysts were listed
detailedly in Table S3.}

Evaluation of YMOS sample quality consistency and precise
control of feeding by using the calixarene-based sensor array

Twelve batches of YMOS samples (YM1-YM12) were analyzed
using the established calixarene-based sensor array. As illus-
trated in Fig. 4a—c, the fluorescent fingerprints were generated
by analyzing the responses (switch-on) of the CAC4A-RhB (1.0
1M/0.8 uM), SAC5A-RhB (1.0 uM/0.8 uM), and QAC5A-EY (0.4
uM/0.5 uM) reporter pairs upon exposure to the YMOS sample
solution (5 pL) in HEPES buffer solution, respectively. The
fluorescence intensities of the respective reporter pairs were
recorded before (I,) and after (I) the addition of the YMOS
sample solution. The average values of I/I, for the respective
reporter pairs exhibited robust consistency among the tested

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The fluorescence emission spectra of CAC4A-RhB (a),
SAC5A-RhB (b), QAC5A-EY (c) reporter pairs for 12 batches of qualified
YMOS samples (n = 3). (d) The fluorescence fingerprint of the three
sensing elements for 12 batches of qualified YMOS samples (n = 3).
The “spider-web" diagram (e) and area of “spider-web” (f) for 12
batches of YMOS samples.

batches of YMOS, as depicted in Fig. 4d. To visually illustrate
the response of the sensing elements to multiple batches of
YMOS samples, the “spider-web” mode was employed, offering
a comprehensive assessment of YMOS quality.*** Specifically,
the I/I, values measured by each sensing element were denoted
as A, and correspondingly divided by the maximum /I, of the
focused sensing element (A,y(max) to obtain E,, ; (Table $47). In
eqn (1), m represents different sensing elements, and k repre-
sents different batches. E,,_; values were used to define
different dimensions (p;) in eqn (2), with the angle between any
two dimensions labeled as o (« = 360°/n, n = 3), respectively.
Eqn (2) was further utilized to calculate the shadowed area of
the “spider-web” mode. Fig. 4e, f and Table S57 demonstrated
that the shadow areas in the “spider-web” pattern are consistent
across six batches of YMOS.

E, = Amfk/Am(max) (1)

1 ) n—1
S = 2smoz<;pi><ﬁi+1+17n><171> (2)

In order to further investigate the application of the quality
evaluation method of YMOS based on calixarene-based sensor
array strategy in TCM production processes, the QAC5A-EY
complex was employed to guarantee the precise feeding of GBE
and AME for production of YMOS. As illustrated in Fig. 5,
different combinations of GBE and AME (GBE: AME =0:30,1:
30,3:30,6:30;gg ') were prepared to obtain self-made YMOS
sample solutions. The fluorescence intensity of the QAC5A-EY
(0.4 uM/0.5 uM) complex was recorded before and after adding 5
pL self-made YMOS sample solution, labeled as I, and I,
respectively. And, the fluorescence response was evaluated with
I/I, (Table S6f), which was statistically significant across
different combinations of GBE and AME (***p < 0.001). There-
fore, the QAC5A-EY reporter pair based on supramolecular
fluorescence sensing strategy is capable of monitoring the
dosage of Chinese medicinal materials in preparations, which
can be effectively applied to the evaluation of the preparation
process on production lines. The analytical results obtained
from the aforementioned actual samples demonstrate that the
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Fig. 5 The process steps of self-made YMOS samples and the fluo-
rescence response of QAC5A-EY (0.4 pM/0.5 pM) complex to self-
made YMOS samples (n = 3, ***p < 0.001).

calixarene-based fluorescence sensing method is feasible for
application in the quality assessment of TCM. A comprehensive
comparison with other sensing techniques is systematically
elaborated in Table S7.}

Conclusions

In this study, a facile calixarene-based sensor array method was
constructed for assessing quality consistency of YMOS, which
was proved to be feasible and high efficient. Based on the IDA
strategy, the calixarenes formed complexes with components in
YMOS by their intermolecular interactions, leading to modula-
tions in the fluorescence signal of the sensing system. The
established method has been successfully applied to evaluate the
inter-batch consistency and monitor the feeding ratio of GBE and
AME in production of YMOS. Herein, we aim to provide new
methods for the quality consistency evaluation and formulation
process monitoring of YMOS and other TCM preparations.
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