#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

A structural reorganization-based catalytic hairpin
assembly enabling small-molecule monitoring in
living cells

{ ") Check for updates ‘

Cite this: Chem. Sci., 2025, 16, 18739

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Rui-Wen Wang, 1% Wei-Guo Yang,7? Ming-Li Su,? Jia-Min Qin,? Jia-Qi Liu,©
Xiao-Han Yang,? Jun-Yi Cao,? Ruo Yuan, {22 Ying Zhuo, (2 *@ Ming Chen, (&) *¢
*a

Chaoyong Yang {2 *® and Wen-Bin Liang

Small-molecule drugs, constituting over 60% of FDA-approved therapeutics (2017-2022), present
unresolved challenges relating to elucidating their intracellular mechanisms. We present a dual-strategy
platform integrating “in silico aptamer affinity maturation” (ISAAM) and “structural reorganization-catalytic
hairpin assembly” (SR-CHA). ISAAM computationally designs high-affinity aptamers, while SR-CHA
eliminates undesired signals via energy-minimized conformational control, achieving a signal-to-
background improvement over conventional CHA. This system enables ultrasensitive small-molecule
monitoring in live cells, resolving traditional challenges of false positives and inefficiency. Demonstrated
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Introduction

Small molecules are ubiquitous in nature as basic units play-
ing important constituent and regulatory roles in living
systems.'* Meanwhile, numerous synthetic small molecules
are used as drugs to regulate life processes via adaptable
routes. More than 60% of new chemical entities approved by
the US Food and Drug Administration (FDA) are small-
molecule drugs (2017-2022).* Small molecules are expected
to drive innovation in future drug discovery, giving great
significance to exploring the biological mechanisms of small
molecules in vivo.>® However, the biological mechanisms of
most small molecules are still in doubt, which primarily stems
from three key factors: first, conventional detection method-
ologies for small molecules frequently necessitate harsh reac-
tion conditions; second, achieving specific molecular
recognition and efficient signal transduction presents signifi-
cant technical challenges; and third, the majority of small
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molecule interactions in biological systems, advancing drug discovery and diagnostic applications.

molecules cannot function as enzymatic substrates or partici-
pate in enzyme-associated reaction pathways. For instance,
chloramphenicol (CAP) is a highly effective broad-spectrum
antibiotic with strong inhibitory effects against both Gram-
positive and Gram-negative bacteria, as confirmed by in vitro
bacteriostatic tests and extensive clinical trials and applica-
tions.® Nevertheless, CAP with enormous toxic effects could
readily accumulate in animals and humans, and may cause
irreversible myelosuppressive reactions leading to aplastic
anaemia.'*> While high-performance liquid chromatography
(HPLC), liquid chromatography-tandem mass spectrometry
(LC-MS), and paper-based antibiotic sensors (PAS) have
demonstrated significant analytical advantages for CAP
detection,”™® substantial technical challenges persist in
developing reliable methods for monitoring CAP in living
cellular systems. Consequently, accurately and sensitively
monitoring the intracellular concentration and distribution of
CAP remains a significant challenge, hindering the elucidation
of its underlying biological mechanisms.'” These limitations
underscore the urgent need for detection methodologies that
combine target specificity with intracellular environmental
adaptability.

To address this demand, aptamer-based strategies show
unique advantages and potential in the field of bioanalytical
chemistry of small molecules. Their inherent target-
recognition specificity and structural programmability can
convert small-molecule recognition into nucleic acid structural
information, generating a great deal of application value in the
specific and sensitive analysis of small molecules.'®'*2°
However, current aptamer selection methodology exhibits
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notable limitations in its flexibility. A significant challenge lies
in developing stringent screening processes to identify specific
aptamers from combinatorial libraries containing approxi-
mately 10" to 10" distinct molecular species.?*? To illustrate
this limitation quantitatively, using the selection of a 40-
nucleotide aptamer as a representative case, there are 4 (ref.
40) different sequences, making the probability of selecting the
optimal one approximately 1 in 10°, which is remarkably low,
being several orders of magnitude smaller than winning
a typical lottery jackpot. While increasing the library capacity
presents a theoretically feasible approach for enhancing the
probability of identifying optimal aptamers, the associated
temporal and resource requirements render this strategy
practically unsustainable. Conversely, in the case of small-
molecule-targeting aptamers, the design parameters for
nucleic acid conformational modifications are significantly
constrained by the limited availability of binding sites. This
restriction presents a substantial challenge in achieving an
optimal equilibrium between binding affinity and structural
stability.”®*?¢ Furthermore, nucleic acid structures with
compromised stability may result in elevated background
signal interference, thereby potentially compromising the
reliability of detection systems. To completely exploit small-
molecule binding sites, we propose the in silico aptamer
affinity maturation (ISAAM) method, which analyzes the
binding modes of small-molecule parent compounds with
aptamers and provides guidance for aptamer design. Recently,
we investigated the structures and interactions of HBC
aptamers as artificial aptamers.”” This provides the basis for
the design of artificial aptamer affinity maturation, which is
expected to yield high-affinity aptamers through design and
reconstruction based on existing small-molecule aptamers
obtained through screening.

In addition, efficient signal amplification strategies are
indispensable for high-sensitivity analyses, particularly for small
molecules exhibiting low binding energies to their aptamers.
Catalytic hairpin assembly (CHA),”** an enzyme-free nucleic
acid amplification technique, employs toehold-mediated strand
displacement (TMSD) under mild reaction conditions,**** to
achieve a theoretically predicted 10°fold acceleration in chain
displacement kinetics, thereby establishing itself as a preemi-
nent methodology in aptamer-mediated signal recognition-
conversion systems. However, the obvious inherent flaws in the
CHA strategy cannot be ignored. Even in the absence of an elic-
itation chain, the hairpins in the CHA circuit may react non-
specifically, reducing the signal-to-background ratio (SBR)
significantly.®**”  Although several strategies, including
mismatch-based approaches®*** have been developed to miti-
gate CHA signal leakage, the incorporation of such modifications
often compromises reaction efficiency and specificity. Significant
challenges remain in developing CHA systems that simulta-
neously achieve low background noise and high efficiency for
reliable iz vivo small-molecule detection.*

To address these challenges, we developed a small-molecule-
triggered structural reorganization-CHA (SR-CHA) system,
enabling the precise monitoring of CAP in both living cells and
in vitro environments (Fig. 1). This integrated approach
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combines two key innovations. First, ISAAM-based aptamer
augmentation technology enables high-affinity small-molecule
recognition through molecule-nucleic acid sequence conver-
sion. Additionally, the nucleic acid SR-CHA amplification
strategy addresses signal-to-background ratio (SBR) limitations
by minimizing unintended binding. The SR-CHA method
demonstrates significant advantages in intracellular small-
molecule analysis, offering reduced background interference
compared to conventional CHA systems while maintaining high
efficiency under physiological conditions. This advancement
provides a robust platform for investigating CAP's intracellular
mechanisms and distribution patterns.

Results and discussion
Aptamer optimization based on the ISAAM method

Starting from aptamer 0 (Fig. 2A), a known aptamer of CAP,***
the number of bases bound to its stem was adjusted to increase
the stability of the aptamer. A schematic diagram of the ther-
modynamic states of different structures of the aptamer is
shown in Fig. 2F. The thermodynamic stability of the aptamer
system is primarily governed by AG,, which originates from the
stem base-pairing energy. To minimize background signals
resulting from spontaneous transitions to the linear state, the
absolute value of AG, must be sufficiently large relative to AG;.
Simultaneously, structural modifications must preserve the
integrity of the CAP binding site. Guided by these thermody-
namic principles and structural considerations, we engineered
three optimized aptamer variants through targeted base
substitutions in non-CAP binding regions: (1) aptamer 1
(Fig. 2B) with a G11C substitution, (2) aptamer 2 (Fig. 2C) with
a T13A substitution, and (3) aptamer 3 (Fig. 2D) containing both
G11C and T13A substitutions.

These modifications achieved dual objectives: reducing
structural-instability-induced signal leakage and increasing
binding-site accessibility. Quantitative analysis of the thermo-
dynamic stability revealed enhanced free-energy values for all
optimized aptamers, as demonstrated in Fig. 2K. When CAP
binds to the aptamer, the small-molecule interaction results in
a structural shift of the aptamer, exposing the 16G to 27G region
(REF) and triggering the subsequent CHA reaction. To investi-
gate the ability of the four aptamers to release the REF portion
upon binding to CAP, the REF portion of the aptamer was
deleted, and the remaining portion (the CAP reaction domain)
was used to dock to CAP; the results of the docking are shown in
Fig. 2G-J. It can be seen in Fig. 2I and ] that the remaining
portions of aptamers 2 and 3 bind to CAP with a large change in
chain morphology, forming a binding domain capable of
encapsulating CAP. Furthermore, we analysed CAP-aptamer
binding energies via Autodock 4 and aptamer-specific Gibbs
free energies using the NUPACK webserver. The binding energy
of aptamer 2 to CAP reached —7.37 kecal mol !, which is
significantly better than the other three aptamers (Fig. 2K).
Considering the stability of the aptamer and the magnitude of
binding energy to the target small molecules, aptamer 2 has
superior performance at present.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagrams of small-molecule-initiated SR-CHA for the amplified detection of CAP. (A) A schematic diagram of the trans-
formation of nucleic acid chains with different structures. (B) A schematic diagram of the cyclic process of small-molecule-initiated normal CHA

and SR-CHAs. (C) The intracellular SR1-CHA cycle process.

Under the optimized conditions (Fig. S3), the superior
performance of aptamer 2 was further confirmed by fluores-
cence experiments (Fig. 2L). As can be seen in the figure,
aptamer 2 was able to achieve a significantly enhanced signal
above the background value. Aptamer 2 was selected for all
subsequent experiments based on its superior binding affinity
and stability compared to the other candidates.

Thermodynamic models and thermodynamic analysis of SR-
CHA and conventional CHA

To elucidate the mechanistic details and intermediate states
associated with branch migration in SR-CHA systems, we con-
ducted comparative thermodynamic analysis between SR-CHA
and conventional CHA. Toehold-mediated strand displace-
ment (TMSD) is a fundamental nucleic acid reaction process in
which a single-stranded (ss) nucleic acid invader strand initi-
ates binding at a terminal overhang region (toehold) of
a double-stranded DNA (dsDNA) complex, subsequently di-
splacing the incumbent strand through a branch migration
mechanism (Fig. 3A).** Srinivas et al.** built a thermodynamic
model for a TMSD process (Fig. 3B). They modelled branch
migration at a detailed level that explicitly includes intermedi-
ates, thereby highlighting important thermodynamic features
of the process that are not evident from a phenomenological
approach.

On the basis of this thermodynamic model, we can analyse
the thermodynamic processes of structural CHA and normal
CHA. For all four CHA processes mentioned above, the first step
is to bind to CAP and then deform the aptamer to expose the
part that triggers the next step of CHA. Here, to simplify the

© 2025 The Author(s). Published by the Royal Society of Chemistry

representation, we omit the deformation step and directly
represent the trigger chain with the blue part shown in the
figures. For the conventional CHA process, the trigger first
binds to the toehold of H1, after which it opens the stem of the
H1 hairpin to form the H1-trigger complex; next, H2 binds to
the toehold of H1, displacing the trigger and allowing the cycle
to continue. The thermodynamic changes of this process are
shown in Fig. 3C, and all specific values of free energy (G) in the
figures are from NUPACK. However, in the thermodynamic
process of SR1-CHA, as depicted in Fig. 3D, the binding of the
trigger induces the structural reorganization of SH1 to form
a structural-reorganization work unit (SWU). The interaction
between reconfigured SH1 and the trigger exhibits a lower AG,
which significantly mitigates signal leakage associated with the
CHA process. Afterwards, H2 binds to the SH1-trigger complex
and releases the trigger, allowing the trigger to continue the
cycle.

This reduction in AG enhances the thermodynamic stability
of the system, thereby improving the overall fidelity and effi-
ciency of the reaction. In the SR2-CHA system (Fig. 3E), while
the H1 hairpin maintained its structural integrity, the SH2
component exhibited conformational rearrangement upon
recognizing the toehold binding region of the Hi-trigger
complex, resulting in the formation of a stable SWU structure.
This structural reorganization induced a substantial decrease in
the AG of the system, thereby enhancing its thermodynamic
stability. Subsequently, SH2 fully binds to H1, releasing the
trigger to re-enter the CHA cycle, thereby enabling continuous
signal amplification and improving the efficiency of the reac-
tion. Through the strategic integration of SR1-CHA and SR2-

Chem. Sci., 2025, 16, 18739-18747 | 18741
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of each aptamer. (L) Fluorescence experiments with the four aptamers

CHA mechanisms, we developed a dual-structural reorganiza-
tion CHA (DSR-CHA) system that incorporates two metastable
structural transformation processes. This design integrates two
sequential metastable structural transitions that cooperatively
suppress undesired background signals through energy land-
scape optimization, theoretically enabling better background-
reduction efficiency compared to conventional CHA systems,
as shown in Fig. 3F.

Kinetic analysis of small-molecule-induced SR-CHA and
normal CHA

Real-time fluorescence experiments were further employed to
investigate the kinetic characteristics of SR-CHA. As shown in
Fig. 4A, non-fluorescent-labelled strands were first introduced
into cuvettes and then excited at 497 nm for 600 s. As no fluo-
rescent strands were present, this period established both
a near-zero baseline and a zero-background signal for the first
600 s. At precisely 600 s, fluorescent-labeled strands were
simultaneously introduced to all reaction systems. This

18742 | Chem. Sci, 2025, 16, 18739-18747

with 500 nM CAP.

protocol ensured quantitatively comparable initial signal levels
between CAP-positive and CAP-negative groups during real-time
fluorescence monitoring, thus preventing signal discrepancies
arising from baseline inconsistencies. Upon the introduction of
H1, which was labelled with FAM and BHQ1, a gradual increase
in fluorescence signal was observed following the establish-
ment of a stable baseline. The fluorescence intensity at an
emission wavelength of 520 nm was monitored in real time over
a period of 6000 s. Fig. 4B-E shows the kinetic performances of
normal CHA, SR1-CHA, SR2-CHA and DSR-CHA, respectively. In
the conventional CHA system, the introduction of CAP induces
a significant enhancement in fluorescence intensity compared
to the CAP-free control, with the signal reaching saturation after
approximately 4000 s. Beyond this time point, the fluorescence
intensity stabilizes, exhibiting no further temporal increase,
and a constant (F — F,,)/F, ratio is maintained. For SR1-CHA, the
fluorescence signal is weaker and increases more slowly
compared to normal CHA. However, in Fig. 4C, the fluorescence
signal of the CAP-positive group continues to rise at 6000 s,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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whereas the background signal stabilizes earlier. In this regard,
it can be hypothesized that the kinetic response of the reaction
is slowed down due to the metathesis process of SH1, but SR1-
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(A) A schematic illustration of a toehold-mediated strand displacement process. (B) Free-energy modelling of a toehold-mediated strand
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conventional CHA, SR1-CHA also exhibited higher (F — F,)/F,
values, further demonstrating its capacity to reduce the CHA
response background. SR2-CHA demonstrated a much faster
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signal value within about 2500 s, while the (F — F,)/F, value of
the response was significantly better than that of normal CHA.
As predicted previously for the reaction, DSR-CHA exhibits
extremely slow kinetics, and even after a reaction time of 6000 s,
fluorescence signal growth is barely visible; although it reaches
a higher (F — F,)/F, value, the overall signal remains low.

From a kinetic analysis of the four CHA systems, distinct
reaction characteristics were observed. In SR1-CHA, the struc-
tural reorganization primarily occurs at SH1, resulting in rela-
tively slower reaction kinetics. Although the fluorescence
intensity achieved within 6000 s is limited, this system
demonstrates considerable reaction potential, suggesting that
an extended reaction duration could yield improved (F — Fy)/F,
values. In contrast, SR2-CHA exhibits superior kinetic perfor-
mance due to its partial structural reorganization at SH2, which
not only maintains the reaction velocity but also demonstrates
enhanced background suppression. Although theoretical
predictions suggested that the DSR-CHA system could exhibit
optimal reaction performance, its kinetic efficiency is substan-
tially limited by the concurrent structural reorganization
processes required at both SH1 and SH2 domains. This dual-
site conformational rearrangement introduces thermody-
namic barriers that impede the progression of the catalytic
reaction.
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A performance comparison of conventional CHA and SR-CHA
in CAP analysis

Under the optimal conditions, the performance of the proposed
SR-CHA for the detection of CAP was examined (Fig. S9A-D).
Different concentrations of CAP were detected with the four
CHA detection systems. It was observed that the fluorescence
intensity exhibited a gradual increase as the concentration of
CAP was changed from 1 pM to 100 nM (Fig. S9E-H). As
demonstrated in Fig. S9I-L, for all four CHA systems, there was
an increase in the (F — F,)/F, ratio with a rise in the concen-
tration of CAP; the ratio was linearly associated with 1g ccap in
the range of 1 pM to 100 nM, and showed linearity in the
detection of CAP. The Pearson correlation coefficients (r) for
SR1-CHA and SR2-CHA were calculated to be 0.9918 and 0.9932,
respectively, exceeding that of conventional CHA (r = 0.9565),
which demonstrates that the SR-CHA system exhibits superior
linearity in CAP detection compared to its conventional coun-
terpart. Furthermore, SR1-CHA and SR2-CHA can achieve
higher (F — F,)/F, ratios with 2.5-3 times higher sensitivity,
which implies that our proposed SR-CHA has a better detection
performance. Additionally, practical validation using real
samples (honey and milk) also yielded robust detection results,
as illustrated in Fig. S10. These results suggest that the SR-CHA
strategy has great potential for application to CAP analysis in
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CHA (E) in Hela cells. (F) A schematic diagram of the adenosine-mediated SR1-CHA process. (G) The fluorescence imaging of SR1-CHA to detect

adenosine intracellularly.
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real samples. It is noteworthy that the (F — F,)/F, ratio exhibited
by DSR-CHA is found to approximate that of regular CHA,
a result that is rather unexpected. However, this phenomenon
suggests that for DSR-CHA, although the background can be
effectively reduced to a certain extent, kinetic effects during the
reaction should not be neglected. The formation of two SWUs by
SH1 and SH2 in DSR-CHA leads to reduced sensitivity in the
detection of small molecules, and a longer reaction time may be
necessary for sensitive analysis.

Small-molecule imaging in living cells based on conventional
CHA and SR-CHA

To explore the intracellular expression of structural SR-CHA, we
fluorescently imaged conventional CHA and the three SR-CHA
systems in cervical cancer (HeLa) cells. The behaviour of the
four CHA systems in HeLa cells was consistent with the fluo-
rescence signals measured in vitro. In the traditional CHA
system (Fig. 5B), while the CAP-containing experimental group
generated somewhat higher FAM signals than the blank group,
the blank controls themselves showed significant background
interference. For structural SR1-CHA (Fig. 5C) and SR2-CHA
(Fig. 5D), after setting up experimental groups with CAP and
blank groups with TE buffer instead of CAP, both experimental
groups produced FAM fluorescence signals significantly higher
than the background. However, for DSR-CHA (Fig. 5E), which is
also a structural reorganization-based CHA, both experimental
and control groups triggered only low fluorescence signals, and
there was no obvious difference in signal intensity between the
experimental and control groups. The intracellular imaging
experiments illustrate that the SR-CHA strategy is not only
suitable for in vitro assays but also has potential for intracellular
assays. This highlights the versatility and broad applicability of
the SR-CHA strategy, paving the way for its future use in
complex biological systems and clinical diagnostics.

Application of the SR-CHA strategy to the detection of
adenosine molecules

In order to demonstrate the general applicability of the SR-CHA
strategy and expand its scope of application, we redesigned the
SR1-CHA cycle using adenosine (A) molecules as targets and
evaluated the performance of this reaction. A schematic
diagram of the SR1-CHA system mediated with adenosine is
shown in Fig. 5F, in which the detection performance of the
CHA system showed promising results, both in terms of selec-
tivity and linearity (Fig. S11). In addition, we also performed
intracellular fluorescence imaging experiments and found that
adenosine-mediated SR1-CHA also effectively detected adeno-
sine in cells. As shown in Fig. 5G, the positive fluorescence
imaging results for intracellular adenosine significantly
diverged from the negative fluorescence imaging results, which
confirms the universality of our proposed SR-CHA strategy.
Therefore, we anticipate that through rational sequence design
tailored to specific small molecules, an efficient detection
strategy with minimal background interference can be devel-
oped. This approach holds significant potential for both in vivo

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and in vitro applications, enabling the highly sensitive and
specific detection of small molecules.

Conclusions

In conclusion, we have established a novel SR-CHA strategy for
sensitive small-molecule detection. The enhanced performance
of this approach was systematically validated through compre-
hensive fluorescence assays, kinetic studies, thermodynamic
characterization, and intracellular imaging studies. Compara-
tive analysis with a conventional CHA system revealed the
distinct advantages of the SR-CHA strategy. The SR-CHA
strategy demonstrates three significant advantages over
conventional CHA systems: (1) enhanced molecular specificity
and detection sensitivity for small-molecule targets, (2)
a substantially reduced background signal through the elimi-
nation of self-hybridization artifacts characteristic of traditional
two-strand CHA systems, and (3) improved cellular imaging
capabilities coupled with superior circuit efficiency in biological
environments. We envision that this innovative strategy will
provide a versatile platform for advanced biosensing applica-
tions, enabling fundamental in vivo bioanalytical research. It
also facilitates mechanistic investigations of small-molecule
interactions at the cellular level.
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