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ABSTRACT: Chebulinic acid is a bioactive hydrolyzable tannin of increasing interest in natural product research,
quality control, and pharmaceutical studies. In this work, four candidate DNA aptamers were identified using a
restriction endonuclease-assisted SELEX (REase-SELEX) strategy, and Aptamer 1 was selected based on its
enrichment level, predicted structural stability, thermal stability, and structural characteristics. A label-free fluorescent
aptasensor was developed using thioflavin T (ThT) as the signal reporter. Structural prediction indicated that the
selected aptamer was a G-rich sequence containing multiple stem-loop motifs and potential G-quadruplex-forming
regions. Molecular docking further suggested possible binding modes between the aptamer and chebulinic acid
involving multiple noncovalent interactions. The binding affinity was further validated by microscale thermophoresis
and a gold nanoparticle-based colorimetric assay, yielding dissociation constants of 4.112 and 2.770 uM, respectively.
Under optimized conditions, the proposed aptasensor exhibited a good linear response toward chebulinic acid in the
range of 0.1-50 uM, with a regression equation of Y = -1.260X + 248.6 and an R? of 0.9872. The limit of detection
(LOD) was 8.29 nM. In addition, the sensor showed good selectivity and satisfactory recovery in a compound blank
matrix and 10% fetal bovine serum (FBS), with recoveries of 94.3%-102.9%. These results demonstrate that the

proposed platform provides a simple, low-cost, and sensitive strategy for chebulinic acid detection.
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1. Introduction

Chebulinic acid is a bioactive hydrolyzable tannin widely found in medicinal plants and plant-derived
products. It has attracted increasing attention because of its diverse biological activities, including
anti-inflammatory, antioxidant, antimicrobial, and antitumor effects '. Owing to its pharmacological relevance
and functional potential, reliable analysis of chebulinic acid is increasingly needed. This demand is
particularly important for natural product and traditional Chinese medicine quality control, formulation

2,3

development, pharmacokinetic studies, and stability evaluation “°. Therefore, establishing reliable and

convenient analytical methods for chebulinic acid is of considerable significance.
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At present, chebulinic acid is mainly determined by chromatographic and mass spectrometric methods,
such as HPLC- and LC-MS-based assays *°. Although these approaches provide high sensitivity and
accuracy, they often require expensive instrumentation, laborious sample pretreatment, and trained operators,
which may limit their practicality for rapid or routine analysis ®. Accordingly, alternative sensing strategies
that are simple, rapid, cost-effective, and sensitive remain highly desirable.

Aptamers are single-stranded nucleic acids obtained by systematic evolution of ligands by exponential
enrichment (SELEX) and are capable of binding their targets with high affinity and specificity 7. Because of
their facile synthesis, good stability, and versatile recognition capability, aptamers have become attractive
recognition elements for biosensors . In recent years, aptamer-based biosensors have shown great promise for
the detection of various analytes. However, many reported aptasensors rely on covalent labeling with signal
molecules, which may increase assay cost and disturb the native folding behavior of aptamers %°. Therefore,
the development of label-free aptasensing strategies is of particular interest.

Thioflavin T (ThT) is a small-molecule fluorescent dye that can bind to specific nucleic acid structures,
including G-quadruplexes, hairpin-like structures, and duplex motifs, resulting in enhanced fluorescence '°.
Therefore, ThT was selected as a label-free signal reporter in this study because the G-rich chebulinic acid
aptamer was predicted to contain folded structural motifs that may provide ThT-binding sites.

In the present work, as shown in Figure 1, a chebulinic acid-specific DNA aptamer was screened by the
REase-SELEX strategy, and a label-free fluorescent aptasensor was subsequently developed using ThT as the
signal reporter. The structural characteristics, binding behavior, sensing performance, and applicability in
complex matrices were systematically investigated. This study provides a new aptamer recognition element

and a simple, low-cost, and sensitive platform for chebulinic acid detection.
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Figure 1. Schematic workflow of REase-SELEX-based screening, structural characterization, binding affinity evaluation,
and label-free fluorescent biosensing application of chebulinic acid-specific DNA aptamers.

2. Materials and methods

2.1 Materials

All oligonucleotides used in this study were custom synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).

Chebulinic acid was purchased from Nature Standard Co., Ltd. (Shanghai, China). Tris(hydroxymethyl)aminomethane (Tris)
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was obtained from Biotopped Technologies Co., Ltd. (Beijing, China). Sodium chloride (NaCl), potassium chloride (KCl),
thioflavin T (ThT), glucose, ascorbic acid, gallic acid, and tannic acid were purchased from Sigma-Aldrich Chemical Co., Ltd.
(St. Louis, MO, USA). Magnesium chloride hexahydrate (MgCl,-6H>0) was supplied by Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Fetal bovine serum (FBS) was obtained from ExCell Bio Co., Ltd. (Suzhou, China). PCR-related
reagents were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). Lambda exonuclease was obtained from New
England Biolabs (NEB, Ipswich, MA, USA), and HindIII was purchased from Takara Bio Inc. (Shiga, Japan). SYBR Green I

was obtained from Solarbio Science & Technology Co., Ltd. (Beijing, China).
2.2 Aptamer selection

Chebulinic acid-specific aptamers were screened using the restriction endonuclease-assisted SELEX (REase-SELEX)
method. Briefly, the random ssDNA library was first mixed with a fixed complementary sequence and annealed in a PCR
thermocycler by gradually cooling from 95°C to 25°C to form duplex complexes. Chebulinic acid was then added and
incubated with the duplex library, allowing those ssDNA sequences capable of specifically binding the target to dissociate
from the duplex and form ssDNA-target complexes. Subsequently, a restriction endonuclease was introduced to digest the
remaining undissociated duplex complexes, thereby eliminating their ability to serve as templates for subsequent
amplification, while the target-bound ssDNA sequences were retained.

The retained sequences were amplified by PCR using a 5’-phosphorylated reverse primer. The PCR products were
treated with Lambda exonuclease, which selectively digested the 5'-phosphorylated strand of the double-stranded DNA
products, leaving the complementary non-phosphorylated strand as ssDNA. The resulting ssDNA was purified and used as
the secondary library for the next round of selection. By repeating the steps of annealing, target incubation, restriction
enzyme digestion, PCR amplification, and ssDNA preparation over multiple rounds, sequences with high affinity and
specificity toward chebulinic acid were progressively enriched. After completion of the selection process, the final enriched

library was subjected to high-throughput sequencing to obtain candidate chebulinic acid aptamer sequences.
2.3 Prediction of aptamer structure

The secondary structures of the candidate chebulinic acid aptamers were predicted using the RNAfold
web server !, with DNA folding parameters selected. Structural images were generated using the “MFE
structure drawing encoding base-pair probabilities” mode, and the predicted secondary structures were further
visualized using FORNA.

2.4 Melting temperature (Tm) measurement

Melting experiments were performed using a Cary Eclipse fluorescence spectrophotometer equipped
with a thermoelectrically controlled cell holder. The annealed sequence was introduced into the buffer
solution. Changes in SYBR Green I fluorescence were monitored across a temperature range of 25-95°C, with

a heating rate of 0.2°C/min.

2.5 Circular dichroism (CD) experiments
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The CD spectra of 5 uM aptamers in the buffer solution were recorded using a JASCO J-1500
spectropolarimeter (Tokyo, Japan) at 20°C. Three scans were performed over the wavelength range of

200-340 nm at a scanning rate of 1 nm/s. The buffer solution background was subtracted from the CD data.
2.6 Microscale thermophoresis (MST)

MST binding experiments were performed with a fixed concentration of fluorophore-labeled aptamer
and varying concentrations of chebulinic acid. The experiments were conducted using a Monolith NT.115
Pico instrument (NanoTemper Technologies, Munich, Germany) at 25°C, with 20% MST power and 20%

LED intensity, using standard capillaries. Each experiment was repeated three times.
2.7 Molecular docking

The secondary structures of the candidate DNA aptamers were first predicted using the RNAfold web
server '!. Based on these predictions, the corresponding 3D aptamer structures were generated using
RNAComposer 2. The resulting RNA 3D structures were manually converted into DNA 3D structures and
subsequently energy-minimized in BIOVIA Discovery Studio Visualizer to obtain energetically favorable
DNA conformations. The chemical structure of chebulinic acid was retrieved from PubChem, and its
geometry was further optimized using ChemOffice. Molecular docking between chebulinic acid and the
aptamers was then performed using the HDOCK web server '3, with chebulinic acid treated as the ligand and
the aptamers as the receptors. The resulting aptamer-ligand interaction models were analyzed using BIOVIA

Discovery Studio Visualizer.
2.8 Gold nanoparticle (AuNP) colorimetric assays

AuNP-based colorimetric assays were performed to evaluate the interaction between chebulinic acid and
the DNA aptamer based on the salt-induced aggregation behavior of citrate-capped AuNPs *'7. Briefly, 5 pL
of aptamer solution (1 pM) was mixed with 5 pL of chebulinic acid at different concentrations and incubated
for 40 min. Then, 100 pL of citrate-capped AuNPs was added, followed by another 40 min incubation.
Subsequently, 8 pL of NaCl solution (0.5 M) was added, and the mixture was incubated for a final 15 min. The
color change of the solution was photographed, and the absorbance values at 525 nm and 626 nm were
recorded using a microplate reader. The absorbance ratio A626/A525 was used to evaluate the binding affinity
of the chebulinic acid aptamer. In the dispersed state of AuNPs, the absorbance at 525 nm was high and that at
626 nm was low, resulting in a low A626/A525 value. The apparent dissociation constant was obtained by
fitting the concentration-dependent response using a one-site saturation binding model: Y = Bmax-X/(Kd +
X), where Y represents the A626/A525 response, X represents the chebulinic acid concentration, Bmax

represents the maximum response, and Kd represents the apparent dissociation constant.
2.9 Evaluation of biosensing performance

Sensitivity test. The sensitivity of the aptasensor was evaluated by detecting chebulinic acid at known
concentrations and constructing a calibration curve based on changes in the fluorescence intensity of ThT.

Different concentrations of chebulinic acid and ThT (final concentration: 2.5 pM) were simultaneously added
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to a buffer solution containing 1 uM aptamer (10 mM Tris-HCI, 10 mM MgClz, 20 mM KCI, 1 mM DTT, pH
7.4), yielding final chebulinic acid concentrations of 0, 0.1, 0.2, 0.5, 1, 2, 5, 10, 15, 20, 30, and 50 uM. After
gentle shaking and incubation at room temperature for 1 min, the fluorescence intensity of ThT in the solution
was measured using a fluorescence spectrophotometer at an excitation wavelength of 443 nm and an emission
wavelength of 477 nm. A standard calibration curve was then constructed based on the fluorescence intensity
and chebulinic acid concentration. The limit of detection (LOD) was calculated according to the 3o/slope
criterion, where o represents the standard deviation of blank measurements (n=11), and the slope was obtained
from the linear calibration curve.

Selectivity test. To assess the selectivity of the proposed sensing strategy, chebulinic acid or potential
interfering substances at a concentration of 5 pM were added to the detection system. The fluorescence

responses were then recorded using the proposed aptasensor to evaluate the specificity of the sensing platform.
2.10 Recovery tests in complex sample matrices

Pretreatment of compound blank matrix. A commercial cough syrup was purchased from a local
pharmacy and used as the compound blank matrix. Before use, an appropriate amount of the syrup was diluted
50-fold with ultrapure water or selection buffer and vortex-mixed for 1 min. The diluted sample was then
centrifuged at high speed for 10 min, and the supernatant was collected and filtered through a 0.22 um
membrane. The resulting filtrate was used as the pretreated compound blank matrix. For the preparation of
10% FBS matrix, fetal bovine serum was diluted with the corresponding buffer.

For recovery experiments, the pretreated sample matrices spiked with different concentrations of
chebulinic acid were mixed with the proposed aptasensor, and the fluorescence signals were measured

accordingly.
2.11 Statistical analysis

Quantitative data are presented as the mean + standard deviation (SD). Unless otherwise specified, all
measurements were performed in triplicate for each experimental condition. Error bars in the figures represent

SD. Data analysis and curve fitting were performed using GraphPad Prism 10.3.0 software.

3. Results and discussion
3.1 Screening of chebulinic acid aptamers by REase-SELEX

The core principle of the REase-SELEX strategy is illustrated in Figure 2A. In this method, the cDNA
strand is first hybridized with the DNA library to form a duplex complex. Upon target recognition, aptamer
candidates with affinity for chebulinic acid undergo conformational rearrangement, leading to dissociation
from the duplex complex. In contrast, non-binding sequences remain in the duplex state. Restriction
endonucleases specifically recognize and cleave duplex DNA containing their recognition sites. Therefore,
non-binding duplex complexes can be selectively digested, whereas target-binding aptamer candidates are
retained for subsequent amplification. Once cleaved, the non-binding duplex products can no longer serve as

effective templates for PCR amplification, whereas the target-bound sequences are retained and enriched in
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subsequent rounds. This cleavage-based discrimination constitutes the central mechanism of the
REase-SELEX method.

In this study, HindIIl was selected as the restriction endonuclease, with the recognition site
5'-A|AGCTT-3'". The screening library was designed with 18-nt forward and reverse primer regions flanking
a central region composed of a random sequence and a fixed sequence, which contained the restriction site for
enzyme recognition. After removal of the primer regions, the library length was 55 nt, whereas the full-length
library was 91 nt. The fixed region was 15 nt in length. The sequence of the fixed region in the library was
ATGGAAGCTTGGGAT, and its complementary cDNA sequence was ATCCCAAGCTTCCAT. The
forward primer sequence was GGAATCGAGGATTCGTTA, and the reverse primer sequence was
ATGTCAGAGTTAGAGGTC (Table S1).

As shown in the schematic illustration (Figure 2B), a total of 12 rounds of selection were carried out, with
the selection pressure gradually increased in each round. To improve the matrix adaptability of the selected
aptamers for practical sensing applications, specific sample matrices were introduced in later selection rounds.
In the eighth round, a compound blank matrix was added to the buffer system, while in the tenth round, 10%
FBS was introduced. This strategy was intended to retain aptamer sequences that preserved target recognition
capability under realistic analytical conditions. The PCR products from the final round were then subjected to
sequencing for identification of enriched candidate aptamers. Representative agarose gel electrophoresis
results further verified the PCR amplification, Lambda exonuclease digestion, and ssDNA recovery steps used
during the REase-SELEX process (Figure S1).

3.2 Selection and structural characterization of candidate chebulinic acid aptamers

Based on the high-throughput sequencing results, the ten sequences with the highest enrichment levels
were initially considered. Among these sequences, the four highest-ranking candidates with GC contents
greater than 60% were selected for further evaluation, because their G/C-rich composition was considered
favorable for the formation of stable and structurally diverse folded conformations. After removal of the
primer-binding regions, the sequences of the four candidate aptamers are listed in Table S1 in descending
order of enrichment.

The secondary structure of each candidate aptamer was predicted using the RNAfold web server, and the
result is shown in Figure 2C and Figure S2. Most of the predicted structures contained multiple stem-loop
motifs, suggesting that these candidate chebulinic acid aptamers could adopt relatively complex folded

conformations.
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Figure 2. REase-SELEX-based aptamer screening and structural characterization. (A) Separation strategy for binding
and non-binding sequences; (B) Schematic illustration of the REase-SELEX screening process; (C) The predicted secondary
structure of the Aptamer 1; (D) The potential G-quadruplex-forming regions of the Aptamer 1.

Among the four candidates, Aptamer 1 exhibited the highest enrichment level and the most favorable
predicted structural stability, as indicated by its minimum free energy value in the secondary-structure
prediction shown in Figure 2C and Figure S2. The thermal stability of the four candidate aptamers was
subsequently evaluated. As shown in Figure 3A, Aptamer 1 exhibited the highest Tm in the absence of
chebulinic acid, indicating the greatest intrinsic thermal stability among the four candidates. In addition, the
Tm of all four aptamers changed after the addition of chebulinic acid, suggesting that chebulinic acid affected
the thermal stability or folding behavior of each candidate sequence, consistent with potential aptamer-target
interactions.

CD spectroscopy was further used to characterize the folded structures of the candidate aptamers. As
shown in Figure 3B and Figure S3, Aptamers 1-4 exhibited a characteristic negative band at approximately
240 nm and a broad positive band in the range of approximately 265-290 nm. These spectral features were
generally consistent with the CD characteristics of G-rich nucleic acids capable of forming G-quadruplex-like
structures, indicating that all four aptamers could adopt ordered folded conformations in solution. The broad
positive bands in the longer-wavelength region, together with the shoulders observed between 270 and 290 nm
for some aptamers, suggest that these sequences may not adopt a single G-quadruplex topology. The spectral
profiles suggest that the aptamers may adopt heterogeneous G-rich folded conformations, potentially

involving G-quadruplex-like structures with mixed topological features. Overall, the CD results support the
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propensity of Aptamers 1-4 to form ordered G-rich secondary structures with possible G-quadruplex
contributions.

Considering the enrichment level, predicted structural stability, thermal stability, and CD characteristics,
Aptamer 1 was ultimately selected for subsequent binding characterization and biosensor development.

Notably, Aptamer 1 contained more than 49% guanine residues, indicating that it is a G-rich sequence
with the potential to form higher-order structures such as hairpins and G-quadruplexes. Therefore, the
propensity of the aptamer to form G-quadruplex-like structures was further evaluated. QGRS analysis of the
55-nt sequence identified two non-overlapping potential G-quadruplex-forming sequences. When overlapping
candidates were also included, a total of 79 potential QGRSs were identified (Table S2), indicating the
presence of distinct G-rich segments within the sequence and suggesting a potential for G-quadruplex
formation.

As shown in Figure 2D and Table 1, the two representative non-overlapping QGRSs were located at nt
2-17 and nt 32-53, with the sequences GGGCGGATGGGTCAGG and
GGATTGCGGCTAGGGAAGGTGG, respectively. Both sequences had a G-score of 20, indicating a
relatively high probability of forming G-quadruplex structures. The first candidate region was shorter but
contained a dense distribution of G clusters, whereas the second region was longer and harbored multiple
consecutive or appropriately spaced guanine residues, both of which are characteristic features of typical
QGRS:s. These computational predictions were also consistent with the CD spectral characteristics of Aptamer
1, which supported its propensity to form G-quadruplex-like folded structures. Taken together, these results
suggest that Aptamer 1 may contain two major potential G-quadruplex-forming core regions, while the
numerous overlapping candidates imply the existence of multiple possible folding patterns or conformational
alternatives within these G-rich segments. Such structural features may contribute to the secondary structure

stability of the aptamer and influence its interaction with chebulinic acid.

Table 1 Non-overlapping QGRS sequences identified in the chebulinic acid aptamer

Position Length QGRS G-Score
2 16 GGGCGGATGGGTCAGG 20
32 22 GGATTGCGGCTAGGGAAGGTGG 20

The underlined nucleotides indicate the potential G-quadruplex-forming core.
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Figure 3. Biophysical characterization of candidate aptamers and binding analysis of Aptamer 1 toward chebulinic
acid. (A) Tm of Aptamers 1-4 in the absence and presence of chebulinic acid. (B) CD spectra of Aptamer 1 alone, Aptamer 1
in the presence of ThT, Aptamer 1 in the presence of chebulinic acid, and Aptamer 1 in the presence of both ThT and
chebulinic acid. (C) MST analysis of the interaction between Aptamer 1 and chebulinic acid.

3.3 Affinity evaluation of the chebulinic acid aptamer

The binding affinity of the selected chebulinic acid aptamer (Aptamer 1) was evaluated using both MST
and a gold nanoparticle (AuNP)-based colorimetric assay. MST was first employed to directly characterize the
interaction between Aptamer 1 and chebulinic acid. As shown in Figure 3C, the normalized fluorescence
signal changed in a concentration-dependent manner with increasing chebulinic acid concentration. Nonlinear
fitting of the MST data yielded an dissociation constant of 4.112 uM, with an R? value of 0.9824, suggesting
that Aptamer 1 exhibited micromolar-level binding affinity toward chebulinic acid.

The binding performance of the aptamer was further evaluated using a AuNP-based colorimetric assay
(Figure 4A). This assay relies on the salt-induced aggregation behavior of citrate-capped AuNPs. Under
high-salt conditions, AuNPs tend to aggregate, leading to a color change of the solution from red to blue.
Single-stranded nucleic acids can adsorb onto the surface of AuNPs through electrostatic interactions and
thereby protect the nanoparticles from salt-induced aggregation, allowing the solution to remain red. Based on
this principle, the chebulinic acid aptamer can adsorb onto the AuNP surface and stabilize the AuNPs under
saline conditions.

In the presence of chebulinic acid, the aptamer specifically binds to the target and its adsorption on the
AuNP surface is reduced. As a result, the AuNPs are insufficiently protected against salt-induced aggregation.
This aggregation causes a visible color transition from red to blue. The interaction between the aptamer and

chebulinic acid was therefore assessed by measuring the absorbance ratio at 626 nm and 525 nm.
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As shown in Figure 4B-C, the AuNP colorimetric assay demonstrated that the selected aptamer exhibited
good affinity toward chebulinic acid, as evidenced by the increase in the A626/A525 ratio with increasing
chebulinic acid concentration. Furthermore, nonlinear fitting of the AuNP assay data (Figure 4D) yielded an
apparent dissociation constant of 2.770 uM, indicating that the selected aptamer possessed favorable binding
capability toward the target. Although the Kd values obtained by MST and the AuNP-based assay were not
identical, both methods consistently indicated micromolar-level affinity. The difference may be attributed to
the distinct detection principles. Taken together, the MST and AuNP results provide complementary evidence

supporting the specific binding capability of Aptamer 1 toward chebulinic acid.
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Figure 4. Affinity evaluation of the chebulinic acid aptamer. (A) Schematic illustration of the AuNP-based colorimetric
assay for aptamer affinity evaluation; (B) Qualitative results of the AuNP colorimetric assay; (C) Quantitative results of the
AuNP colorimetric assay; (D) Determination of the apparent dissociation constant of the chebulinic acid aptamer by the
AuNP colorimetric assay.

3.4 Molecular docking analysis of the chebulinic acid aptamer

To obtain preliminary insight into the possible recognition mode between the selected aptamer (Aptamer
1) and chebulinic acid, molecular docking was performed as a computational prediction. Because the 3D
aptamer structure was computationally generated, the docking results were used to propose possible
aptamer-target interaction modes rather than to provide direct mechanistic evidence.

As shown in Figure 5A, the top 10 docking models suggested several potential binding pockets. Among
them, the most probable binding site was located near the 3'-terminal structural region of the aptamer, while
another less probable site was identified within a different stem-loop motif. Figure 5B presents the top-ranked
predicted three-dimensional docking model. In this model, the predicted binding pocket involved nucleotides
G2, G3, C38, G39, A43, A48, and T51. In the corresponding 2D interaction diagram, G39 was predicted to
interact with chebulinic acid through a carbon hydrogen bond, whereas G2, G3, C38, A43, and A48 may form
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conventional hydrogen bonds with the target (Figure 5C). In addition, several nucleotides within the binding
pocket were predicted to contribute auxiliary interactions with chebulinic acid through hydrogen bonding and
electrostatic interactions (Figure SD-E).

Moreover, another docking model suggested an alternative potential binding pocket involving
nucleotides G17, G19, C20, A21, A25, A26, G27, and C28 (Figure S4). In this pocket, the aptamer was also
predicted to bind chebulinic acid through a combination of hydrogen bonding, electrostatic interactions, and
7-7 interactions, providing an additional plausible binding mode.

To further compare the potential binding characteristics of the candidate sequences, molecular docking
was also performed for Aptamers 2-4. As shown in Figure S5, all three candidate aptamers exhibited predicted
interactions with chebulinic acid through multiple noncovalent forces, including hydrogen bonding and
n-related interactions. These results suggest that Aptamers 2-4 also possess potential chebulinic acid-binding
capability, although Aptamer 1 was selected for subsequent characterization and biosensor development based
on its overall enrichment, structural stability, and experimental performance.

Overall, the molecular docking results suggest possible binding modes between the selected aptamer and
chebulinic acid. The predicted interactions may involve hydrogen bonding, electrostatic interactions, and
n-related interactions. However, these interactions should be regarded as computationally predicted binding
modes rather than direct experimental evidence of the recognition mechanism. Further structural and

biophysical studies will be needed to experimentally validate the detailed aptamer-target interaction.

Interpolated Charge

0.100

0.067 I
0.033
0.000
-0.033

-0.067 I
-0.100

Figure 5. Molecular docking analysis of the chebulinic acid aptamer (major binding pocket). (A) Top 10 molecular
docking models; (B) Three-dimensional structure of the aptamer-target complex; (C) Two-dimensional representation of the
molecular docking interactions; (D) Hydrogen-bonding interactions and (E) electrostatic interactions between the aptamer
and chebulinic acid.
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3.5 Feasibility verification and optimization of the label-free aptasensor for chebulinic acid

The feasibility of the proposed label-free aptasensing system for chebulinic acid was first verified. CD
spectroscopy was used to evaluate the structural responses of Aptamer 1 under different conditions. As shown
in Figure 3B, the addition of either ThT or chebulinic acid caused observable changes in the CD spectrum of
Aptamer 1, indicating that both compounds affected the folded conformation of the aptamer. When ThT and
chebulinic acid were simultaneously present, the CD spectrum exhibited a distinct response compared with
those of Aptamer 1 alone and the corresponding single-component systems. These spectral changes suggest
that chebulinic acid can interact with Aptamer 1 and alter the aptamer-ThT-associated folded structure,
providing structural support for the feasibility of the sensing mechanism.

As shown in Figure S6, chebulinic acid alone produced only a negligible fluorescence signal, indicating
that the target itself caused minimal direct fluorescence interference. In contrast, in the presence of ThT, the
fluorescence intensity of the system gradually decreased with increasing chebulinic acid concentration. This
observation suggests that binding of chebulinic acid to the aptamer altered the ThT-aptamer interaction,
possibly by affecting the folded nucleic acid structures that provide ThT-binding sites, thereby producing a
measurable fluorescence response. Taken together, the CD and fluorescence results indicate that chebulinic
acid binding induces changes in the aptamer-associated structural environment and consequently modulates
the ThT fluorescence signal, suggesting the feasibility of the proposed label-free sensing strategy.

Based on this result, the experimental conditions were further optimized. The order of reagent addition
was first investigated. As shown in Figure 6A-C, a more stable fluorescence response was obtained when
chebulinic acid and ThT were added simultaneously. Therefore, simultaneous addition of the target and ThT
was selected for subsequent experiments. According to the optimization results, the measurement was
conducted after incubation for 1 min.

The concentration of ThT was also optimized. As shown in Figure S7, the fluorescence intensity
increased with increasing ThT concentration. Considering signal intensity, detection sensitivity, and
experimental cost together, 2.5 uM was selected as the optimal final concentration of ThT.

Finally, the pH of the sensing system was optimized. As shown in Figure S8, the sensing platform
exhibited relatively stable fluorescence responses over a broad pH range, with the best overall performance
observed at pH 7.4. Therefore, pH 7.4 was selected as the optimal pH for subsequent experiments.

Taken together, the optimized operating conditions for the label-free chebulinic acid aptasensor were
determined as follows: simultaneous addition of chebulinic acid and ThT, incubation for 1 min prior to
measurement, a ThT final concentration of 2.5 uM, and pH 7.4. It should be noted that the 1-min incubation
time refers to the fluorescence detection step after sample preparation. After the assay reagents are mixed, the
fluorescence signal can be measured immediately following 1 min of incubation. Thus, for prepared standard
solutions or pretreated samples, the detection step can be completed within approximately 1-2 min. For

complex samples, additional pretreatment steps, including dilution, vortex mixing, centrifugation, and
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filtration, are required before measurement, and the total workflow time depends on the sample type and

pretreatment procedure.
3.6 Performance evaluation of the label-free chebulinic acid aptasensor
3.6.1 Sensitivity evaluation

To evaluate the sensitivity of the constructed label-free chebulinic acid aptasensor, the effect of different
concentrations of chebulinic acid on the ThT fluorescence signal was investigated under the optimized
conditions. As shown in Figure 6D, the fluorescence intensity of the system gradually decreased with
increasing chebulinic acid concentration, indicating that target binding effectively modulated the interaction
between ThT and the aptamer structure and thereby generated a clear fluorescence response. These results
demonstrate that the proposed label-free sensing system provides a stable and measurable
concentration-dependent response toward chebulinic acid.

A calibration curve was then constructed by plotting the fluorescence intensity against chebulinic acid
concentration, as shown in Figure 6E. In the concentration range of 0.1-50 uM, the fluorescence response
exhibited a good linear relationship with chebulinic acid concentration, with a regression equation of Y =
-1.260X + 248.6 and a correlation coefficient of R? = 0.9872. These results indicate that the proposed
aptasensor possesses good quantitative analytical capability and satisfactory linearity within this
concentration range. Based on the 3o/slope criterion, the LOD was calculated to be as low as 8.29 nM,
demonstrating the high sensitivity of the sensing platform.

Overall, the developed label-free chebulinic acid aptasensor exhibited a favorable
concentration-response relationship, a relatively broad linear detection range, and a low detection limit,

highlighting its potential for sensitive detection of chebulinic acid.
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Figure 6. Performance evaluation of the label-free chebulinic acid aptasensor. (A-C) Optimization of reagent addition
time; (D) Fluorescence response of ThT at different concentrations of chebulinic acid; (E) Calibration curve for chebulinic
acid detection by the aptasensor; (F) Selectivity evaluation of the aptasensor.
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3.6.2 Selectivity evaluation

To assess the selectivity of the proposed aptasensor toward chebulinic acid, a range of representative
interfering substances was selected, including structurally related polyphenolic compounds, naturally
occurring constituents commonly found in plant-derived samples, and common coexisting matrix
components. As shown in Figure 6F, chebulinic acid induced the strongest fluorescence response, whereas all
interfering substances generated only weak responses that were markedly lower than that of the target.

Although several tested interferents shared structural features with chebulinic acid, the sensor responses
toward these compounds remained substantially lower than that toward chebulinic acid. This suggests that the
selected aptamer does not simply rely on nonspecific recognition of general polyphenolic scaffolds or
hydroxyl-rich structures, but instead exhibits a certain degree of molecular discrimination toward chebulinic
acid. In addition, common coexisting matrix components produced only minor fluorescence responses,
demonstrating that the aptasensor has good tolerance to potential interference from complex sample
constituents.

Taken together, chebulinic acid produced a markedly stronger fluorescence response than all tested
interfering substances, confirming the good selectivity of the proposed aptasensor. These results support its
potential application for the selective determination of chebulinic acid in herbal formulations, plant extracts,

and other complex matrices.
3.7 Recovery evaluation in spiked sample matrices

To evaluate the practical applicability of the proposed aptasensor in complex matrices, recovery
experiments were performed using a compound blank matrix and 10% FBS as representative sample models.
Chebulinic acid was spiked into these matrices at multiple concentration levels, 0.2, 2, 5 and 10 uM. As shown
in Table 2, no target signal was detected in the unspiked samples (ND), indicating that the selected matrices
did not produce significant background interference under the present assay conditions.

In both complex matrices, the aptasensor exhibited satisfactory quantitative performance. In the
compound blank matrix, the measured values were close to the spiked levels, with recoveries ranging from
97.0% to 102.5% and good repeatability, indicating high accuracy and reliability of the method in this
commercially relevant complex background. In comparison, in 10% FBS, the measured values also reflected
the spiked concentrations well, with recoveries ranging from 94.3% to 102.9%, demonstrating that the
aptasensor retained good applicability in a biological matrix environment. Although the recoveries and
precision in FBS showed minor variations compared with those obtained in the compound blank matrix, likely
due to matrix effects arising from proteins and other coexisting components in serum, the overall RSD values
remained below 6%.

Overall, the proposed aptasensor showed good accuracy and acceptable precision in different complex
sample matrices, with recoveries ranging from 94.3% to 102.9% and RSD values all below 6% at all tested
concentration levels. These findings indicate that the method has favorable anti-interference capability and

promising potential for practical detection of chebulinic acid in complex systems. This performance may also
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be attributed to the matrix-adaptive selection strategy employed during aptamer screening, which helped
preserve target recognition capability under realistic biosensing conditions. Moreover, the results obtained
with the proposed aptasensor showed good agreement with those obtained using the HPLC-based method
(Table S3), further supporting the accuracy of the proposed sensing strategy.

Table 2 Recovery tests of chebulinic acid spiked into different sample matrices

Samples (Sj)lgl(;ad chebulinic acid a/lli;c};ured value Recovery (%) RSD (%)
0 ND - -
0.2 0.194 £ 0.01 97.0 5.15

Compound blank matrix 2 1.941 £ 0.05 97.1 2.58
5 5.127£0.11 102.5 2.15
10 9.861 +£0.40 98.6 4.06
0 ND - -
0.2 0.189 £ 0.01 94.5 5.29

10% FBS 2 1.886 = 0.09 94.3 4.77
5 4.870 £ 0.09 97.4 1.85
10 10.291 £ 0.40 102.9 3.89

ND means not detectable.

To further benchmark the analytical performance and practical features of the proposed aptasensor,
previously reported chebulinic acid detection methods were summarized and compared in terms of LOD,
linear range, sample pretreatment time, detection time, matrix applicability, instrumentation requirements, and
relative cost (Table S4). To the best of our knowledge, currently reported methods for chebulinic acid analysis
mainly rely on chromatographic, mass spectrometric, electrophoretic, or thin-layer chromatographic
platforms, while dedicated colorimetric or electrochemical sensing methods remain limited. Therefore, the
present strategy, which integrates an aptamer recognition element with a label-free fluorescent signal readout,

provides a distinctive and innovative sensing approach for chebulinic acid detection.

4. Conclusion

In this study, a chebulinic acid-specific DNA aptamer was successfully screened by the REase-SELEX
strategy, and its structural characteristics, binding behavior, and sensing performance were systematically
investigated. Sequence analysis and structural prediction revealed that the selected aptamer was a G-rich
sequence containing multiple stem-loop motifs and potential G-quadruplex-forming regions, suggesting a
structurally complex recognition framework. Molecular docking further indicated that the aptamer could
recognize chebulinic acid through multiple noncovalent interactions, mainly including hydrogen bonding,
electrostatic interactions, and n-related interactions, providing insight into the possible molecular basis of
target recognition.

Based on the screened aptamer, a label-free fluorescent aptasensor was developed using ThT as the signal
reporter. Under the optimized conditions, the proposed sensing platform exhibited a good linear response
toward chebulinic acid over the range of 0.1-50 uM, with a correlation coefficient of 0.9872 and a low LOD of

8.29 nM. In addition, the aptasensor showed satisfactory selectivity against structurally related polyphenols
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and common coexisting substances, indicating favorable molecular recognition capability and
anti-interference performance.

Furthermore, the practical applicability of the proposed method was validated in a compound blank
matrix and 10% FBS, where acceptable recoveries and precision were achieved. These results demonstrate
that the aptamer retained effective target recognition ability even in complex sample environments, which
may be attributed, at least in part, to the matrix-adaptive screening strategy introduced during the selection
process. Overall, this work provides a new aptamer recognition element and a feasible label-free sensing
strategy for chebulinic acid detection, and may offer a useful reference for the development of aptamer-based
biosensors targeting small-molecule polyphenolic compounds.

Although the signal-off fluorescence response of the current aptasensor may be influenced by
nonspecific quenching from complex matrices, the unspiked matrix controls, including the compound blank
matrix and 10% FBS, showed only a minor effect on the sensor signal in this study. With further validation in
more complex real samples, the proposed label-free aptasensor may serve as a simple, rapid, and low-cost
analytical tool for food quality control, functional food evaluation, herbal product standardization, and

health-related monitoring.
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