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ed “double-key lock” smart DNA
hydrogel for dynamic detection of MicroRNA in
cells
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Jiayi Shan,b Ziyang Wang,b Wei Shen, b Hian Kee Lee *abc and Sheng Tang *ab

Smart DNA hydrogels have attracted extensive attention in bioanalysis and biomedicine due to their

programmable sol–gel phase transition ability and specific recognition characteristics of biomolecules.

Herein, we propose a spatially confined “double-key lock” smart DNA hydrogel with temperature and

target as double keys, which was constructed using poly(N-isopropylacrylamide)–acrylamide (NIPAM–

AM) hydrogel as the carrier and aggregation-induced emission (AIE) type 1,1,2,2-tetra(4-carboxybenzene)

ethylene (TCPE) as the fluorescence (FL) probe. This hydrogel exhibited a synergistic multi-response

mechanism that combined the thermal phase transition of NIPAM–AM hydrogel, and the target

recognition effect of complementary DNA strands. Upon concurrent stimulation by temperature

elevation and target cDNA binding, this hydrogel underwent enhanced crosslinking, forming a denser

three-dimensional network that restricted TCPE mobility and amplified its FL through aggregation.

Molecular dynamics simulations further confirmed that the response mechanism involved the synergistic

effect of thermodynamic equilibrium regulation and molecular configuration rearrangement. The

combination of the smart DNA hydrogel and the rolling circle amplification (RCA) strategy realized the FL

nucleic acid analysis of microRNA-21 (miRNA-21) as an analyte, exhibiting a wide linear response in the

range of 0.1 fM to 10 nM with a limit of detection of 33.3 aM. Moreover, this platform was successfully

applied to the quantitative analysis of miRNA-21 in the serum of lung cancer and gastric cancer patients,

and can in situ track the secretion behavior of tumor cell derived miRNA-21. This strategy provides new

insights into the multi-scale design of temperature–biomolecular double-responsive smart

nanomaterials and offers a promising strategy for advanced biosensing and bioanalytical applications.
Introduction

Stimulation-responsive hydrogels have emerged as a major
research focus owing to their ability to convert environmental
cues into structural or functional changes, offering broad
prospects for biomedical and analytical applications.1,2 To
further enhance the specic recognition ability and selective
response performance of this kind of stimulation-responsive
hydrogel, biological molecules (such as DNA) were introduced
and functionalized to build a multifunctional integrated
system.3,4 This strategy laid an important foundation for the
design and construction of multifunctional hybrid DNA
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hydrogels, and expanded their application scope.5 However, in
current analytical applications, this type of material is limited
by its own physicochemical properties and still faces the
following key bottlenecks: (1) the signal generation mechanism
of DNA hydrogels is decient at present, resulting in relatively
weak signal intensity, which makes it difficult to meet the
requirements of practical application scenarios,6 (2) the
molecular biocompatibility and specic recognition capability
of hybrid DNA hydrogels are far inferior to those of pure DNA
hydrogels (less DNA-carrying capacity),7 and the reaction
kinetics of DNA hydrogels during the detection of target ana-
lytes are relatively slow (the diffusion rate of the target object is
slow, and so is the probability of collision with the recognition
device).8

In response to the above bottlenecks, some previous
studies3,9,10 have been conducted. For example, N-isopropyl
acrylamide (NIPAM) is one of the most commonly used matrix
materials for the preparation of temperature responsive
hydrogels, mainly due to the ease of adjusting its low critical
solution temperature (LCST).11 However, the lack of hydrophi-
licity, the limited number of active sites and the ease of phase
Chem. Sci.
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transition at room temperature (the LCST (28 °C) is close to
ambient temperature) limits its practical application.12 In our
recent report,9 the introduction of a strongly hydrophilic acryl-
amide (AM) monomer for copolymerization modication could
not only effectively broaden the LCST range of the NIPAM
hydrogel, but also provide more active sites for the loaded DNA,
thus improving its hydrophilicity and biocompatibility. To
generate detection signals in hybrid DNA hydrogels, some
signal probes such as nanoparticles, nanoclusters, nano-
crystals, organic molecules, rare earth metals, and aggregation
induced emission (AIE) nanomaterials have been reported.13

AIE nanomaterials stand out due to their high quantum yield
and high photostability. When the target chain is introduced
into the system, it specically hybridizes with the probe chain in
the gel network, causing a change in the crosslinking density or
conformational state of the DNA hydrogel, and thereby trig-
gering a phase transition from sol to gel. This phase transition
process leads to a signicant contraction of the internal
microenvironment of the hydrogel, forming a rigid and rela-
tively hydrophobic nanoscale conned space. Under this
connement effect, the movement of AIE molecules is inhibi-
ted, thereby promoting the enhancement of AIE-FL intensity.14

This enables the attainment of high sensitivity.6,15 The third
bottleneck is also widely present in different types of
stimulation-responsive hydrogels, especially in temperature
responsive DNA hydrogels.15 Although a high LCST (much
higher than the physiological temperature) can effectively
improve the reaction kinetics of DNA hydrogels in recognizing
the target,16 this condition may also destroy the activity of
Scheme 1 Schematic of preparation of the “double-key lock” smart DNA
and (B and C) schematic of the “double-key lock” smart DNA hydrogel r

Chem. Sci.
biomolecules and reduce their binding specicity and affinity to
the target.17 Therefore, a highly biocompatible hybrid DNA
hydrogel with fast target recognition performance within the
physiological temperature window is desired to meet the above
three bottlenecks.

Herein, a spatially conned “double-key lock” smart DNA
hydrogel has been developed using temperature and miRNA-21
as the double-keys and 1,1,2,2-tetra(4-carboxybenzene) ethylene
(TCPE) nanomaterials as the uorescence (FL) signal probe to
achieve target sensitivity to femtomolar (fM) concentrations
(Scheme 1, the corresponding explanation can be found in the
SI). The DNA cross-linked hydrogel retained the enhanced
characteristics of NIPAM hydrogel induced by temperature. The
density, LCST and response rate of the hydrogel nanonetwork
could be easily adjusted by adjusting the concentration of the
DNA cross-linking agent. Furthermore, introducing pivot
sequences into linker DNA allowed reversible gelation, ensuring
selectivity and dynamic control. Only simultaneous stimulation
by temperature and target miRNA can trigger hydrogel network
crosslinking contraction and remarkable AIE-FL amplication,
forming an AND-type dual-response sensing mode. The DNA
hydrogel was successfully used to detect miRNA-21 in serum
samples from lung cancer or gastric cancer patients and could
also dynamically monitor miRNA-21 secreted by cells, providing
an efficient new sensing strategy for tumor marker analysis and
clinical translational research. The combination of this ther-
mally responsive NIPAM polymer with a controllably responsive
DNA element provided a multifunctional platform with a wide
range of potential applications in the biomedical and materials
hydrogel for detection of miRNA-21. (A) Process of the RCA reaction
esponse without the target (B), and with the target (C).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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science elds. The proposed hydrogel offered several advan-
tages: (1) the DNA components provided excellent biocompati-
bility and high selectivity at the molecular recognition level
through sequence-specic hybridization, minimizing the false
non-specic interactions, (2) the temperature-sensitive
hydrogel-based sensing platform leveraged its responsive
behavior to microenvironmental temperature uctuations,
signicantly enhancing detection sensitivity and broadening
applicability in complex biological systems, and (3) the smart
DNA hydrogel facilitated real-time, in situmonitoring of miRNA-
21 expression in living cells, providing critical insights for the
precise identication of aberrant cellular phenotypes. To the
best of our knowledge, few studies have integrated temperature
responsiveness with nucleic acid recognition mechanisms for
the smart sensing of miRNA and related nucleic acid targets.
Notably, the developed “dual-key lock” smart DNA hydrogel
principle is not only applicable to the detection of miRNA-21,
but can also be used to develop the next generation of intelli-
gent nanosensors for various nucleic acid targets by simply
reprogramming the DNA recognition sequence, thus having
broad application potential in the eld of real-time molecular
diagnosis and precision biomedicine.
Results and discussion
Characterization of TCPE

TCPE was synthesized from tetraphenylethylene (TPE) via
a sequence of bromination, halogen–cyano exchange, reux
reaction, hydrolysis, and gradient column chromatography
purication (Fig. 1A).18 To authenticate the successful synthesis
and structural integrity of TCPE, nuclear magnetic resonance
Fig. 1 (A) Schematic of the preparation and AIE process of TCPE. (B) UV-vis
of TCPE. (C) FL spectra of TCPE in THF/H2O solutions with different fw val
Schematic of the RCA reaction process. (G) Agarose gel electrophoresis a
electrophoresis analysis of the reaction between cDNA strands and cDNA.

© 2026 The Author(s). Published by the Royal Society of Chemistry
(NMR) spectroscopy was employed as a primary characteriza-
tion tool.19 The successful synthesis and structural integrity of
TCPE were conrmed by 1H and 13C NMR spectra (Fig. S1A and
S1B), consistent with previously reported data:18 1H NMR (400
MHz, chloroform-d): d 7.08 (d, J = 8.4 Hz, 8H), 7.72 (d, J =

8.4 Hz, 8H), 12.93 (s, 4H) ppm. 13C NMR (101 MHz, dimethyl
sulfoxide-D6): d 129.67, 129.93, 131.41, 141.70, 146.97, 167.45.
According to Fig. 1B, TCPE not only exhibits an obvious UV-vis
absorption peak around 296 nm, but also demonstrates bright-
cyan FL with a maximum emission wavelength of around
485 nm.18 To elucidate the AIE characteristics of TCPE, the FL
emission intensity was monitored in tetrahydrofuran (THF)/
H2Omixtures with varying H2O fractions (fw).20 As fw in the THF/
H2O solution increased from 0% to 90%, the FL intensity of the
TCPE solution gradually increased. When fw further increased
from 90% to 99%, the FL intensity subsequently decreased at
around 485 nm due to concentration quenching via aggrega-
tion21 and the formation of non-radiative H-aggregates22

(Fig. 1C); the mechanism details can be found in the SI. The
cyan emission under UV illumination intensied progressively
(Fig. S2A), which demonstrated that the FL intensity of TCPE
can be enhanced by AIE. These results conrmed that FL
enhancement originated from the AIE effect, in which TCPE
molecules aggregated in aqueous media, restricting intra-
molecular rotations and enhancing radiative transitions.21

To further demonstrate the correlation between the AIE
characteristics of TCPE and molecular aggregation, the
morphology of TCPE with fw = 0% and fw = 90% was observed
using scanning electron microscopy (SEM). When TCPE was
dissolved in THF/H2O solution with fw= 0%, where the solution
consisted primarily of THF, SEM conrmed that TCPE exhibited
absorption (a, black line) and FL emission (b, red line) spectra (ex= 365 nm)
ues. (D and E) SEM images of TCPE at (D) fw = 0% and (E) fw = 90%. (F)
nalysis for the formation of the circular padlock probe. (H) Agarose gel
(I) Schematic of the binding reaction between cDNA-1/2 and cDNA.

Chem. Sci.
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high crystallinity and uniform distribution (Fig. 1D). In Fig. 1E,
the SEM image of the fw = 90% solution, where H2O dominated
and acted as a poor solvent, shows no distinct morphology, with
irregular shapes and non-uniform distribution. Considering the
strong temperature dependence of the preparation of double
key lock smart DNA hydrogel, the inuence of temperature on
the FL of TCPE was explored, as displayed in Fig. S2B. As the
temperature increased from 5 °C to 50 °C, FL emission intensity
of TCPE showed a gradually decreasing trend. It is worth noting
that the FL emission intensity of TCPE showed a signicant
decrease when the temperature was above 50 °C, mainly
attributed to hydrogen bond disruption and thermal dispersion
of TCPE molecules.23

Design of the smart DNA hydrogel

The temperature-sensitive smart DNA hydrogel was prepared by
in situ polymerization at 25 °C with NIPAM as themonomer, AM
as the functional monomer, cDNA-1/2 as the capture probe,
N,N,N0,N0-tetramethylethylenediamine as the crosslinker and
potassium persulfate as the redox initiator, mixed in water.24,25

AM, a hydrophilic monomer, served to elevate the lower critical
solution temperature (LCST) by adjusting the hydrophilic/
hydrophobic balance of the hydrogel matrix.26 Furthermore,
the active amide groups of AM enabled it to participate in
typical acrylamide reactions, facilitating covalent bonding with
DNA strands.9 The effect of AM content on LCST of the smart
DNA hydrogel was investigated via differential scanning calo-
rimetry (DSC) as shown in Fig. S3A. The LCST of the smart DNA
hydrogel also increased with the increase in AM contents,
indicating that its temperature sensitivity was reduced. This
may be because the addition of AM enhanced the content of
hydrogen bonds formed between three-dimensional hydrogel
and water molecules, thereby increasing the phase transition
temperature of the smart DNA hydrogel.27 Although high
temperature was benecial for shortening the nucleic acid
reaction time, temperatures above 50 °C can seriously affect the
FL intensity of TCPE. Therefore, AM with a mass fraction w(AM)
of 20% was selected for the preparation of the smart DNA
hydrogel. At this time, LCST of the smart DNA hydrogel was 40 °
C.17 The contact angle test further veried that AM could be
used to improve the hydrophilicity of DNA hydrogels, as
demonstrated in Fig. S3B. Compared with NIPAM hydrogel
(58.58°), the contact angle of the hydrogel at 25 °C was signi-
cantly reduced (33.92°), indicating that AM signicantly
improved the hydrophilicity of NIPAM hydrogel.28 When the
temperature of the DNA hydrogel increased from 25 °C to 50 °C,
the contact angle of the DNA hydrogel increased signicantly,
indicating that the combination between the hydrogel and
water molecules was destroyed by the temperature increase, and
volume shrinkage was conducive to the transition from the sol-
to-gel state.28

Feasibility of the smart DNA hydrogel for target detection

The feasibility of the RCA signal amplication and the subse-
quent capture of cDNA strands was evaluated using agarose gel
electrophoresis. As illustrated in Fig. 1F, the principle of RCA
Chem. Sci.
target amplication was rst validated. The validation of the
RCA reaction is shown in Fig. 1G. Lanes 2 and 3 correspond to
the single Padlock probe and target miRNA-21, respectively.
Upon co-incubation of the Padlock probe with miRNA-21 in the
presence of T4 Rnl2 ligase (lane 4), a new band appeared above
the Padlock probe, conrming successful ligation. Subsequent
treatment with Phi29 DNA polymerase and dNTPs (lane 5)
yielded a high-molecular weight product retained near the
loading well, indicating efficient RCA and formation of linear
RCA products. Following the introduction of Nb.BbvCI endo-
nuclease, which specically recognizes and cleaves at the
designated sites, multiple short cDNA fragments were gener-
ated (lane 6), verifying the visible remnants of the Padlock probe
aer digestion, with a brighter band above potentially repre-
senting a subset of longer RCA products that had been variably
cut by the enzyme at different locations. A single band directly
proves that the optimized enzymatic digestion reaction can
efficiently and uniformly produce the target cDNA fragments.
The homogeneity of the RCA products was further validated
using high-performance liquid chromatography (HPLC) (Fig.
S4).29 This result clearly demonstrated the successful ligation,
and the subsequent efficient execution of the RCA process,
leading to the generation of intended products.

The crosslinking effect between capture cDNA-1/2 and cDNA
was evaluated by agarose hydrogel electrophoresis, as shown in
Fig. 1H. Lanes 2–4 represent the migration bands of cDNA-1,
cDNA-2 and cDNA, respectively. A distinct high-molecular-
weight band in lane 5 indicates effective hybridization
between cDNA-1 and cDNA, while the appearance of a single
large band in lane 6 demonstrates the successful formation of
a three-way crosslinked network among cDNA, cDNA-1, and
cDNA-2. Fig. 1I further illustrates the binding process between
cDNA-1, cDNA-2, and cDNA. The key parameters of the loop
amplication (RCA) system, including T4 RNA ligase (6 U, Fig.
S5A), Phi29 DNA polymerase (2 U, Fig. S5B), dNTPs (5 mM, Fig.
S5C), the concentration of the Nb.BbvCI enzyme (10 U, Fig.
S5D), and the reaction time (2 h, Fig. S6) for loop amplication,
have been optimized. The exploration of the analytical perfor-
mance and recognition mechanism of the smart DNA hydrogel
was carried out under the optimal conditions, and the details
can be found in the SI.
Characterization of the smart DNA hydrogel

The preparation of the “double-key lock” smart DNA hydrogel
was tracked in detail through circular dichroism (CD)30 and
Fourier transform infrared (FTIR),31 UV and FL spectroscopy
studies to verify the interaction mechanism between the
hydrogel, TCPE and cDNA-1/2.32 CD spectroscopy was rst used
to demonstrate the specic binding ability of the cDNA to cDNA-
1 and cDNA-2 as shown in Fig. 2A. The cDNA has a peak at
277 nm. The mixed system of cDNA-1 and cDNA-2 exhibits
a characteristic absorption peak at 274 nm corresponding to the
intrinsic CD signal of the double stranded nucleic acid struc-
ture. Aer the cDNA was added to the mixed system of cDNA-1
and cDNA-2, the position of the peak was red shied. The peak
appears in the gure at about 280 nm, indicating that cross-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) CD spectra of (a) cDNA, (b) cDNA-1 + cDNA-2, (c) cDNA-1 + cDNA-2 + cDNA. (B) FTIR spectra of (a) hydrogel, (b) TCPE, (c) TCPE-
hydrogel, (d) TCPE-hydrogel-cDNA-1/2. (C) UV-vis absorption of (a) hydrogel, (b) TCPE, (c) cDNA-1, (d) cDNA-2, and (e) smart DNA hydrogel. (D)
Schematic of the smart DNA hydrogel used to detect miRNA-21 under different temperature and cDNA conditions. (E) FL spectra of (a) hydrogel,
(b) TCPE, (c) cDNA-1 and (d) smart DNA hydrogel. (F–I) Temperature sweep test of the smart DNA hydrogel (F and G) without cDNA at (F) 25 °C
and (G) 50 °C, and (H and I) with cDNA at (H) 25 °C and (I) 50 °C.
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linking occurred between cDNA-1 and cDNA-2 through
cDNA.30,33 In Fig. 2B, the FTIR spectrum of the hydrogel shows
a characteristic peak at 1641 cm−1, due to the stretching
vibration of C]O in the amide group (curve a).34 The N–H
bending vibration in amide is observed at 1550 cm−1, while the
broad peak from 2500 to 3300 cm−1 is due to O–H stretching
vibration. The broad peak at 3000 to 3500 cm−1 centered at
3434 cm−1 can be attributed to the amide bond (–CONH2). The
FTIR spectrum of TCPE conrms the presence of a large
number of carboxyl groups (curve b).35 The FTIR spectrum of the
TCPE-hydrogel (curve c) fails to exhibit the characteristic
absorption peak of TCPE, which is primarily attributed to the
deep embedding of TCPE within the hydrogel network, where
its characteristic absorption peaks were masked by the strong
absorption signals of the hydrogel matrix and water molecules
(such as the wide O–H peak). In addition, the characteristic
absorption peaks corresponding to the hydrogel shows a red
shi, indicating that a dehydration condensation reaction
occurred between TCPE and the hydrogel, connecting them
together. The introduction of acrylamide-modied cDNA-1 and
© 2026 The Author(s). Published by the Royal Society of Chemistry
cDNA-2 was conrmed by a peak at 1455 cm−1 corresponding to
N]C stretching in the adenine moiety and at 1172 cm−1 for
P]O stretching, verifying the covalent attachment of cDNA-1
and cDNA-2 to the hydrogel.36 According to Fig. 2C, the UV-vis
spectrum of the hydrogel does not show any obvious charac-
teristic absorption peak (curve a). TCPE exhibits two weak
characteristic absorption peaks near 296 nm and 335 nm (curve
b), while the characteristic peaks of cDNA-1 (curve c) and, cDNA-
2 (curve d) are both located around 260 nm. The pretreated
“double-key lock” smart DNA hydrogel (curve e) displays
obvious characteristic peaks of cDNA-1/2 at 260 nm, conrming
the successful conjugation of cDNA-1 and cDNA-2 to the
hydrogel matrix.

Subsequently, a FL strategy was used to validate the
construction of the “double-key lock” smart DNA hydrogel and
its feasibility for miRNA detection.37 The specic schematic is
shown in Fig. 2D. According to Fig. 2E, the DNA hydrogel and
cDNA-1 both do not exhibit any obvious FL signal. The smart
DNA hydrogel displays a FL peak similar to that of TCPE around
485 nm, indicating that the inuence of the hydrogel on the FL
Chem. Sci.
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characteristics of TCPE can be ignored. In Fig. S7, the smart
DNA hydrogel at 25 °C (curve b) shows a weaker FL signal than
pure TCPE at 485 nm (curve a). Aer the temperature was raised
from 25 °C to 50 °C, the FL signal of the smart DNA hydrogel
was found to increase signicantly (curve c), attributable to the
fact that 50 °C was higher than the LCST (40.35 °C) of the smart
DNA hydrogel, and the aggregation degree of TCPE molecules
increased with the change in the hydrogel state, thus enhancing
the FL intensity. Aer adding cDNA to the “double-key lock”
smart DNA hydrogel at 25 °C (curve d), the FL peak around
485 nm was found to signicantly increase by 5 times compared
to the original (curve b). This phenomenon can be explained by
the fact that the pore diameter of the hydrogel was reduced aer
adding cDNA, which caused the monodispersed TCPE to
aggregate, further enhancing its FL intensity. Similarly, aer the
temperature of this mode was raised to 50 °C, the FL peak of the
smart DNA hydrogel was found to further increase. Therefore,
the sensitivity of the smart DNA hydrogel can be greatly
improved by using temperature and cDNA as two keys. Upon
reverting to 25 °C, the FL signal experienced a slight reduction
yet remained notably higher than the initial level. This suggests
that although the hydrogel underwent a reversible transition
back to a sol state below its LCST, the inter-cDNA connections
maintained the hydrogel in a contracted state, with TCPE
remaining primarily aggregated.

The viscoelastic properties and network architecture of the
smart DNA hydrogel were characterized as a function of
temperature and cDNA concentration by frequency-sweep
Fig. 3 (A) Schematic of the influence of temperature and cDNA on the sm
without cDNA at (B) 25 °C and (C) 50 °C, and with cDNA at (D) 25 °C a
hydrogel without cDNA at (F) 25 °C and (G) 50 °C, and with cDNA at (H
sponding states.

Chem. Sci.
rheological measurements of the G0 and G00 (Fig. 2F–I),34 (where
G0 represents the elasticity of the hydrogel, and G00 reects the
viscosity of the hydrogel). According to Fig. 2F and G, the phase
transition temperatures of smart DNA hydrogels without cDNA
at 25 °C and 50 °C are 70.27 °C and 57.70 °C respectively,
indicating that the rising temperature drove the phase structure
of the hydrogels to change from “discrete droplets” to
“continuous networks”.38 Fig. 2H and I demonstrates that the
phase transition temperatures of smart DNA hydrogels with
cDNA at 25 °C and 50 °C are 60.68 °C and 55.14 °C respectively,
indicating that the continuity and density of hydrogel networks
were enhanced by the interaction between cDNA and cDNA-1/2
through base complementary pairing, ultimately improving the
elastic modulus and thermal stability.24

To visually verify the inuence of temperature and target
cDNA on the analytical performance of the prepared “double-
key lock” smart DNA hydrogel (Fig. 3A), the hydrogels with or
without cDNA were freeze-dried with liquid nitrogen at 25 °C or
50 °C to maintain their original morphology, and their phases
were observed by SEM and FL confocal microscopy. As shown in
Fig. 3B, the hydrogel without cDNA at 25 °C exhibits a large
layered porous microstructure, in which the walls of the pores
were thick and rough. Aer the temperature was raised from 25
°C to 50 °C, the internal pore size of the hydrogel was slightly
reduced (Fig. 3C). Aer adding cDNA, it was observed that the
pore size of the water coagulation decreased signicantly (about
70 mm), while the walls of the pores became thinner and
rougher (Fig. 3D). Compared with the rst three states, the pore
art DNA hydrogel performance. (B–E) SEM of the smart DNA hydrogel
nd (F) 50 °C. (F–I) FL confocal microscopy images of the smart DNA
) 25 °C and (I) 50 °C. The inset of (B–E): FL photographs of the corre-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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size of the hydrogel was smaller and denser, and the pore walls
were rougher (Fig. 3E). This clearly demonstrates that temper-
ature and cDNA had a signicant impact on the ability of
hydrogels to shrink.39 Fig. S8 and the inset of Fig. 3B–E further
verify the inuence of temperature and cDNA on the FL
performance of the “double-key lock” smart DNA hydrogel. Fig.
S8 displays the photographs of hydrogels prepared under
different conditions, which further proves that temperature and
cDNA can change hydrogels from a sol-state to a gel-state. The
smart DNA hydrogel without cDNA was transparent at 25 °C.
The strategy of increasing the temperature or adding cDNA can
reduce the transparency and shrink the volume of the smart
DNA hydrogel. The smart DNA hydrogel with cDNA was opaque
at 50 °C. Compared with the hydrogel in other states, the
hydrogel in this state showed the smallest transparency and the
largest volume shrinkage. Similarly, the illustration in Fig. 3B–E
clearly proves that with the increase in temperature and the
addition of cDNA, the volume shrinkage of the hydrogel was the
largest and the FL intensity was the strongest.

The effects of temperature and cDNA on the phase behavior,
FL distribution and gel process of smart DNA hydrogels were
systematically studied by FL confocal microscopy. The smart
DNA hydrogel without cDNA at 25 °C showed weak FL intensity
and a scattered distribution, indicating that TCPE was distrib-
uted more discretely and had a lower degree of aggregation in
this system (Fig. 3F). It is worth noting that the hydrogel showed
vesicle-like pores with a size of about 70 mm. When the smart
DNA hydrogel was heated to 50 °C (Fig. 3G) or cDNA was added
(Fig. 3H), the size of the pores resembling vesicles gradually
decreased, while their number increased. In addition, FL
brightness was signicantly improved and showed a uniform
regional distribution, indicating that increasing the tempera-
ture or adding cDNA could promote the phase transformation
of three-dimensional network structure of the hydrogel, thereby
enhancing the degree of aggregation of TCPE. As expected, the
smart DNA hydrogel with cDNA at 50 °C (Fig. 3I) displayed not
only continuous green FL, but also high brightness, dense
distribution, and even a FL “clustering” effect. This phenom-
enon can be explained as follows: the synergistic effect of
temperature at 50 °C and cDNA could induce the phase sepa-
ration of the hydrogel and intensify the formation of a highly
cross-linked, dense three-dimensional network.20 Therefore,
temperature and cDNA as double keys can improve the sensi-
tivity of the smart DNA hydrogels.40
Theoretical simulation analysis and the mechanism of smart
DNA hydrogel for miRNA detection

To better understand the inuence of temperature and cDNA on
the aggregation process of the hydrogel and TCPE, molecular
dynamics simulations (MDs) were carried out (Fig. 4A).31,41 The
model structures in the MDs were obtained using an open
source visualization tool.42 Four samples, namely the smart
DNA hydrogel samples before and aer recognition of cDNA at
298 K (25 °C) and 323 K (50 °C), were used for subsequent
simulation experiments.43 To ensure that the model in every
state was fully relaxed, each was simulated for 10 s. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
relaxation videos of the four states of materials (the smart DNA
hydrogel (Movie S1) without and (Movie S2) with cDNA at 25 °C,
and the smart DNA hydrogel (Movie S3) without and (Movie S4)
with cDNA at 50 °C) correspond to Movies S1–S4, respectively.
For each DNA hydrogel model within the rst 2 s, it was
observed that the initial randomly dispersed molecules (Fig. S9)
rapidly gathered into dense three-dimensional porous network
nanoclusters (Fig. 4B–E). In Fig. 4B–E, the volumes of the four
models aggregated from the same initial volume are shown as
103.713, 87.313, 91.853 and 97.073 respectively. It is evident that,
the smart DNA hydrogel exhibited the most signicant volume
contraction compared to other models under the inuence of
temperature and cDNA. It is worth noting that the MDs
primarily provide atomistic insights into local stiffening
mechanisms, such as crosslinking density evolution or
conned water behavior, rather than a direct representation of
macroscopic syneresis. For more details about the MDs, please
refer to the SI. Meanwhile, the TCPE molecules were affected by
spatial regions, resulting in the greatest degree of aggregation
(Fig. S10). Fig. S11A and S11B demonstrate that hydrogen
bonds, van der Waals, and electrostatic interactions are the key
interaction forces driving conformational changes in DNA
hydrogels in the four model systems. Compared with other
hydrogel models, the smart DNA hydrogel with cDNA at 323 K
shrank the most in the same time. Therefore, TCPE molecules
exhibited the highest degree of aggregation and FL intensity
under the action of these forces.

For mean square displacement (MSD) and diffusion coeffi-
cients calculations (DCC), to collect dynamic trajectories for
subsequent data analysis, the different systems were simulated
at 298 K/323 K and 1 atm for 20 ns under the isothermal–iso-
choric NVT ensemble using a velocity-rescale thermostat with
a time step of 1.0 fs.44 In Fig. S11C, the slope of the curve reects
the rate of diffusion of TCPE molecules. The differences in MSD
growth among different models intuitively demonstrated the
degree of restriction imposed by the microstructure of the four
models on themotion of TCPEmolecules. Due to the synergistic
effects of temperature and cDNA, the DNA hydrogel had a dense
three-dimensional network structure, which caused the MSD of
TCPE molecule to be relatively slow. The quantitative charac-
terization of the diffusion coefficient directly reected the
diffusion ability of TCPE molecules in different models (Fig.
S11D), which is consistent with the MSD results.

The mechanism underlying the inuence of temperature
and cDNA on the performance of the smart DNA hydrogel is
depicted in Fig. 4F. At a temperature (25 °C) < LCST of the
hydrogel, strong hydrogen bonds were formed between the
hydrophilic group (hydroxyl or amino) in the hydrogel chain
and the surrounding water molecules, which enabled the
hydrogel polymer to be well dissolved in water. Therefore, the
FL intensity of the hydrogel was weak. This is mainly because
the distance between TCPE molecules was far greater than the
critical aggregation distance required for the AIE effect, the
intramolecular movement (rotation and vibration) was not
limited, and the AIE-FL effect was suppressed, resulting in the
weak FL intensity of the hydrogel. At a temperature (50 °C) >
LCST of the hydrogel, the hydrogen bonds were destroyed, and
Chem. Sci.
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Fig. 4 (A) Schematic of the process of preparing the smart DNA hydrogel by cross-linking NIPAM, AM, cDNA-1/2 and water molecules. (B–E)
MDs of the smart DNA hydrogel after running for 10 s. Initial MDs without cDNA at (B) 25 °C and (C) 50 °C, and with cDNA at (D) 25 °C and (E) 50 °
C. (F) Schematic of the mechanism underlying the influence of temperature and cDNA on the “double-key lock” smart DNA hydrogel.
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the interaction between hydrophobic groups and the formation
of intramolecular hydrogen bonds became dominant, leading
to a transition of hydrogels from an “initial loose macroporous
structure” to a “dense mesoporous network”. At the same time,
TCPE gradually gathered together under the inuence of spatial
connement during the shrinkage of the hydrogel, leading to
the gradual enhancement of FL intensity. Aer the addition of
cDNA at 25 °C, the cDNA further induced the cross-linking and
conformational changes of the hydrogel molecular chains by
specically binding to the pre modied cDNA-1/2 in the
hydrogel through base complementary pairing. At this time, the
distance between TCPE molecules was further shortened with
the shrinkage of the hydrogel, and the degree of aggregation
was signicantly increased, thus enhancing the FL intensity of
TCPE. When high temperature synergized with cDNA, the
thermal stimulation at 50 °C provided a “kinetic drive” by
breaking hydrogen bonds and enhancing hydrophobic inter-
actions, while cDNA was recognized as “structure oriented” by
Chem. Sci.
specic molecules through base complementary pairing. The
two phenomena synergistically triggered the conformational
change in the DNA hydrogel to form the densest three-
dimensional network structure, with further shrinkage of the
pore size. In this process, the AIE type TCPE probe aggregated
extremely efficiently with the network densication driven by
the hydrogel, thus maximizing the AIE-FL effect of TCPE and
maximizing the FL intensity of the hydrogel.
Optimization of experimental conditions

To achieve optimal sensing performance, various experimental
conditions related to this strategy were evaluated, including the
concentrations of cDNA-1 and cDNA-2, TCPE concentration, pH
of buffer, reaction temperature and reaction time of cDNA. Fig.
S12A illustrates that the FL signal of the “double-key lock” smart
DNA hydrogel gradually increases with the increases in cDNA-1
and cDNA-2 concentrations. When the concentration of cDNA-1
© 2026 The Author(s). Published by the Royal Society of Chemistry
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and cDNA-2 was 100 mM, the FL signal was optimal. This
phenomenon can be explained as follows: when the concen-
tration of cDNA-1 and cDNA-2 was lower than 100 mM, a large
amount of cDNA was free in the hydrogel, which was not
conducive to phase separation within the hydrogel, and the
signal of TCPE was weak. With the increase in the concentration
of cDNA-1 and cDNA-2, the hydrogen bonding force inside the
hydrogel increases, and the aggregation of TCPE increases, thus
further enhancing the FL signal. Fig. S12B illustrates an
increase in signal intensity with increasing TCPE concentration,
stabilizing at 1 mM as the optimal concentration. Given the
acidic nature of TCPE due to its four carboxyl groups, the buffer
pH inuenced its molecular structure and thus, its lumines-
cence properties. To determine the optimal reaction pH, the FL
signal amplication effect of the reaction system was analyzed
in buffer solutions with pH values ranging from 5.0 to 10.0. The
results indicated that a pH of 7.0 provided the optimal condi-
tion for this method (Fig. S12C). Fig. S12D and S12E show the
Fig. 5 (A) FL intensity profiles of the “double-key lock” smart DNA hydrog
fM, (f) 1 pM, (g) 10 pM, (h) 100 pM, (i) 1 nM, and (j) 10 nM miRNA-21. (B) S
targets, withmiRNA-21 at 0.1 nM and others at 10 nM. (C) Radar chart com
(D) A comparative diagram illustrating the relative expression level of miR
by this method (pink) and the real-time quantitative polymerase chain rea
SD of three replicates. Statistical analysis was performed using one-way
significance (**p < 0.01, and ***p < 0.001). (E) Schematic of the DNA hyd
micrographs of four hydrogel models containing MDA-MB-231 cells incu
DNA hydrogel containing MDA-MB-231 cells incubated with 0 nM (PB
corresponding calibration curve for target miRNA-21 determination.

© 2026 The Author(s). Published by the Royal Society of Chemistry
optimal reaction temperature and time for DNA to be 50 °C and
80 min, respectively.
Performance analysis of the “double-key lock” smart DNA
hydrogel

As presented in Fig. 5A, when “double-key lock” smart DNA
hydrogels were fabricated using target miRNA-21 samples of
different concentrations, all sensing systems exhibited similar
FL emission proles, with the maximum FL emission wave-
length centered at ∼485 nm. The maximum FL intensity of the
“double-key lock” smart DNA hydrogel sensing system exhibited
a dose-dependent increase with the concentration of the target
miRNA-21 (curves a–j). The linear relationship between the
maximum FL intensity and the logarithm of target miRNA-21
concentration ranges from 0.1 fM to 10 nM (inset of Fig. 5A).
This sensing system can be used for sensitive determination of
target miRNA-21 with a limit of detection (LOD) of 33.3 aM at
el formedwith 10 mL of (a) blank and (b) 0.1 fM, (c) 1 fM, (d) 10 fM, (e) 100
pecificity analysis of this strategy towards miRNA-21 and various other
paring the proposed hydrogel with previously reported DNA hydrogels.
NA-21 in serum samples of healthy individuals and patients determined
ction (RT-qPCR) method (green). The results are expressed as means±
analysis of (C) variance and (D) T-test. Asterisks indicate the level of

rogel used for dynamic detection of miRNA-21 secreted by cells. (F) FL
bated with 10 nM miRNA-21 for 12 h. (G) FL micrographs of the smart
S), 0.1 fM, 1 pM, and 10 nM miRNA-21 for 12 h. The inset of (A): the

Chem. Sci.
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a signal-to-noise ratio of 3 (S/N = 3). The major characteristics
of some other strategies used for miRNA detection were
compared with our proposed strategy (Table S2).45–49 The
proposed smart DNA hydrogel has a wide linear range and a low
LOD, which allows the detection of miRNA-21 in healthy cells
(approximately 1 pM) and cancer cells (approximately 5 pM).

Ensuring specicity in the sensing system to recognize
mismatched base pairs was crucial for accurate nucleic acid
analysis. Therefore, the specicity of the proposed the
“double-key lock” smart DNA hydrogel for miRNA was deter-
mined by using common nucleic acids as controls, including
the single base mismatch (M1), double base mismatch (M2),
and unpaired sequence (NM) of miRNA-21, as well as miRNA-
196a and miRNA-155. As shown in Fig. 5B, the “double-key
lock” smart DNA hydrogel prepared using the samples with
a concentration 100 times (10 nM) higher than that of miRNA-
21 (0.1 nM) failed to exhibit any signicant FL response,
similar to the blank. This result clearly conrmed the excellent
selectivity and detection specicity of the proposed sensing
strategy, which effectively resists interference from structur-
ally homologous miRNAs. Consequently, the system can
accurately distinguish target miRNAs from homologous
sequence disruptors in serum samples. Additionally, repro-
ducibility was studied by preparing six different smart DNA
hydrogels to detect miRNA as shown in Fig. S13. The results
reveal that the proposed strategy possessed satisfactory
repeatability with a relative standard deviation (RSD) of ±

2.2%. The developed smart DNA hydrogel was compared with
previously reported hydrogels to demonstrate its advantages
according to multiple analytical performance indicators. As
presented in Fig. 5C, the smart DNA hydrogel has excellent
performance in terms of LOD, detection speed, biocompati-
bility, simplicity, etc.25,50–52 These characteristics indicated the
reliability and accuracy of the developed “double-key lock”
smart DNA hydrogel for the dynamic detection of miRNA-21
secreted by cells.
Analysis of real samples

To evaluate the feasibility and accuracy of the proposed strategy
in actual samples, six human serum specimens containing
different concentrations of miRNA-21 including two healthy
volunteers, two lung cancer patients, and two gastric cancer
patients with gastric cancer (from the local tertiary hospitals)
were employed to verify the accuracy of this method with the
standard addition method. As demonstrated in Table S3, the
detection recovery ranges from 97.4% to 104.5% with RSD
values of 1.3% to 4.1%. It is noteworthy that miRNA-21 levels of
0.047 pM and 0.048 pM were detected in the serum samples
from the two healthy volunteers, whereas signicantly higher
concentrations of miRNA-21 were identied in the serum of
both lung and gastric cancer patients.50,53 This result demon-
strates that miRNA-21 can serve as a biomarker for cancer
diagnosis.25 For comparison, the same samples were also
detected using a commercial kit based on qRT-PCR. According
to Fig. 5D, the results obtained using the proposed sensing
strategy for miRNA-21 were consistent with those from the qRT-
Chem. Sci.
PCR method, indicating that the proposed strategy holds great
promise for determining miRNA-21 in real samples.

In addition, the proposed “double-key lock” smart DNA
hydrogel was used to dynamically monitor miRNA-21 in various
cells including healthy cells (LX2 cells) and cancer cells (MDA-
MB-231 cells and Hela cells) to further verify its potential
practical value. The detection mechanism diagram is illustrated
in Fig. 5E. Firstly, the cytotoxicity of the smart DNA hydrogel was
evaluated using the MTT assay to examine the growth and
survival status of cells within the hydrogel system.54 As shown in
Fig. S14, compared with the PBS control group, the smart DNA
hydrogel exhibited lower toxicity towards the LX2, MDA-MB-231
and Hela cells with cell viability maintained at a high level,
indicating that the hydrogel possesses good biocompatibility.
Further analysis of the effect of temperature on cell activity
revealed that compared with 37 °C culture conditions, the
treatment at a low temperature (25 °C) had a smaller impact on
the cell survival rate, and the cells still maintained high meta-
bolic activity, while the treatment at a high temperature (50 °C)
signicantly inhibited cell activity, resulting in a signicant
decrease in the cell survival rate. Although high temperature (50
°C) may cause certain damage to cells, the MTT experiment
results show that high-temperature conditions have a limited
impact on the cell survival rate. Moreover, aer 24 h of normal
culture at 37 °C, the miRNA secreted by the cells was detected
using the smart DNA hydrogel. At this point, the miRNA had
been fully released by the cells during the previous incubation
process and had been enriched in the smart DNA hydrogel.
Therefore, the detection results obtained under high-
temperature conditions can accurately reect the true miRNA
expression level of the cells, further highlighting the advantages
of this hydrogel system in dynamic monitoring. These results
demonstrate that the constructed smart DNA hydrogel has
excellent cell compatibility under physiological temperature
and sub-physiological temperature conditions.

Fig. 5F and S15–S17 provide the imaging performance of the
smart DNA hydrogel for miRNA-21 secreted by MDA-MB-231
(Fig. 5F and S15), LX2 (Fig. S16) and HeLa cells (Fig. S17)
under the synergistic inuence of temperature and miRNA-21.55

The FL intensity of the smart DNA hydrogel at 37 °C in the
presence or absence of the target (Fig. S15) was similar to that at
25 °C (I and III in Fig. 5F). This indicates that the physiological
temperature (37 °C) is not an essential factor for activating the
key part of the double bond lock system to respond, and it does
not affect the detection specicity and accuracy of this hydrogel.
Compared with the rst three groups, the smart DNA hydrogel
can improve the FL intensity of the smart DNA hydrogels, i.e.,
sensitivity, under the double synergistic effect of temperature
and miRNA-21. It is worth noting that even at low temperatures
and without the addition of miRNA-21, the smart DNA hydro-
gels can still recognize the trace amounts of miRNA-21 secreted
by cells. Next, the analytical performance of smart DNA hydro-
gels was studied by controlling the content of miRNA-21. Smart
DNA hydrogels were treated with different concentrations of
miRNA-21 (blank, 0.1 fM, 1 pM and 10 nM) according to the
standard addition method (Fig. 5G). The FL background
observed in the control group was attributed to the miRNA-21
© 2026 The Author(s). Published by the Royal Society of Chemistry
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secreted by MDA-MB-231 cells, indicating that cells can nor-
mally survive in the prepared smart DNA hydrogel. The addition
of different concentrations of miRNA-21 also led to a signicant
dose-dependent increase in FL intensity in the hydrogel. This
enhancement was due to the higher level of miRNA-21, which
led to an increase in the aggregation of TCPE in the hydrogel.
The imaging results showed that the concentration of miRNA-
21 secreted by MDA-MB-231 cells was approximately 0.32 pM
aer calculation. Therefore, the proposed sensing strategy can
be used for imaging and dynamic monitoring analysis of
miRNA-21.

Experimental
Preparation of TCPE

TCPE was successfully prepared according to the reported
method.18 The specic steps were as follows: tetrabromo tetra-
phenylethylene (TPE-Br4) was obtained from tetra-
phenylethylene (TPE) through a bromination reaction.
Subsequently, a mixture of TPE-Br4 and cuprous cyanide in
anhydrous DMF were reuxed for 72 h under nitrogen. Subse-
quently, ethylenediamine and H2O were added to the above
system at 90 °C, and stirred for 3 h to complete the halogen
cyanide exchange reaction. The system was then treated with
KOH and ethylene glycol, followed by a 72 h reux. Finally, the
reaction system was subjected to hydrolysis treatment, hydro-
chloric acid acidication, and chromatographic purication at
ambient temperature to obtain the light-yellow solid product
TCPE.

Rolling circle amplication process

Firstly, a mixture of 10 mL of 20 mM Padlock probe and target
miRNA was heated at 65 °C for 3 min. Then, the mixture was
placed on ice for 2 min and stored at−20 °C. Subsequently, 2 mL
of 20 mM Padlock probe/miRNA substrate, 2 mL of 10 × T4 RNA
Ligase 2 (T4 Rnl2) reaction solution, 4 mL of 50% PEG8000
solution, 1.6 mL of 100 mM MgCl2, and 1 mL of T4 Rnl2 (10 U)
were mixed with 9.4 mL of deionized H2O and incubated at 37 °C
for 1 h to obtain the ligation reaction product. Then, 10 mL of
the ligation reaction product was mixed with 2 mL of 10 × Phi29
DNA polymerase reaction buffer, 2 mL of 10 mM dNTPs, 1 mL of
10 U per mL Phi29 DNA polymerase, and 5 mL of H2O, and
reacted at 30 °C for 2 h to obtain the rolling circle amplication
(RCA) product (Scheme 1A). Finally, the RCA products were
puried using commercially available DNA purication kits to
remove any residual substances that might affect the subse-
quent experiments.56

Preparation of the smart DNA hydrogel for the detection of
extracellular miRNA-21

The smart DNA hydrogel was prepared according to a previously
reported method by our research group.9 NIPAM (3 g) and 0.75 g
of acrylamide (AM) were sequentially added to 30 mL of H2O
and sonicated for 10 min. Then, 1 g of ammonium persulfate
and 1 mL of N,N,N0,N0- tetramethylethylenediamine were
successively added to the mixed solution and ultrasonicated at
© 2026 The Author(s). Published by the Royal Society of Chemistry
ambient temperature for 20 min to obtain solution A. TCPE
(1 mM, 200 mL) and 200 mL of 50 mg per mL N-hydrox-
ysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) solution were mixed for
30 min to activate the carboxyl group in TCPE to obtain solution
B. Then, 400 mL of solution A, 200 mL of solution B, 10 mL 100 mM
of cDNA-1 and cDNA-2 were mixed with 390 mL of PBS and
sonicated at room temperature for 30 min to obtain a TCPE@-
NIPAM–AM hydrogel with a three-dimensional network struc-
ture; this was designated as the spatially conned “double-key
lock” smart DNA hydrogel. This hydrogel was immersed in
buffer solution at least ve times to thoroughly remove
unreacted impurities, including free cDNA, salts, etc. This
system was used for the detection of extracellular miRNA-21.
Finally, the RCA product was introduced into this hydrogel
system and incubated at 50 °C for 1 h. Under these conditions,
the RCA product and the cDNA in the hydrogel triggered the
aggregation of TCPE molecules through a hybridization reac-
tion, thereby generating a strong FL signal and enabling the
sensitive detection of the target miRNA. Schemes 1B and 1C
illustrate the mechanism of the “double-key lock” smart DNA
hydrogel used for detecting miRNA-21 in the absence (B) and
presence (C) of the target.

Preparation of smart DNA hydrogel for the detection of
miRNA-21 secreted by cells

NIPAM (3 g) and 0.75 g of acrylamide (AM) were sequentially
added to 30 mL of H2O and sonicated for 10 min. Then, 1 g of
ammonium persulfate and 1 mL of N,N,N0,N0-tetra-
methylethylenediamine were successively added to the mixed
solution and ultrasonicated at ambient temperature for 20 min
to obtain solution A. TCPE (1 mM, 200 mL) and 200 mL of 50 mg
per mL NHS and EDC solution were mixed for 30 min to activate
the carboxyl group in TCPE to obtain solution B. Then, 400 mL of
solution A, 200 mL of solution B, 10 mL of 100 mM miRNA-21-
Atp1 and miRNA-21-Atp2 probes were mixed with 390 mL of
PBS and sonicated at room temperature for 30 min to obtain the
“double-key lock” smart DNA hydrogel. This system is used for
the detection of miRNA-21 secreted by cells. Finally, the cell
suspension and hydrogel precursor solution were mixed rapidly
and gently using a pipette under ice-cold conditions, and the
mixture was subsequently transferred to a sterile culture plate.
Static culture was carried out at 37 °C in a 5% CO2 incubator for
24 h to establish a stable cell–hydrogel composite system.

Actual serum sample pre-treatment

For genuine sample analysis, serum samples from healthy
volunteers, lung cancer patients, and gastric cancer patients
were obtained from the local hospital. All experiments were
performed in accordance with the Guidelines Ethical Review of
Biomedical Research Involving Human Subjects, and approved
by the ethics committee at Affiliated Hospital of Jiangsu
University (accreditation number: KY2021K0908). Informed
consent was obtained from human participants of this study.
Serum samples were centrifuged at 12 000 rpm for 10 min at 4 °
C to collect the supernatant as the test solution, without any
Chem. Sci.
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pre-treatment steps such as dilution or extraction.57 Subse-
quently, equal volumes of claried serum were added to exog-
enous miRNA-21 standard solutions (0, 0.5 and 5 pM) to form
a concentration gradient. Then, RCA reactions were performed
on serum samples containing different concentrations of
miRNA-21 to obtain cDNA products corresponding to each
concentration gradient. The experiments were repeated at least
three times under strictly controlled reaction conditions.
Finally, the background content of endogenous miRNA-21 in
the serum samples was calculated using the calibration curve.
Similarly, other interfering substances were subjected to RCA
and used to validate the selectivity of the proposed sensing
strategy. For more details, please refer to the SI.
FL imaging of living cells

All MDA-MB-231, Hela and LX2 cells were obtained fromHunan
Fenghui Biotechnology Co., Ltd (Changsha, China). The cells
were cultured in Dulbecco's Modied Eagle Medium (DMEM)
and maintained in a humidied incubator at 37 °C with 5%
CO2. Subsequently, hydrogels prepared under different condi-
tions were introduced into the cell culture medium. The
mixture was incubated for 24 h in the CO2 incubator. Subse-
quently, the cell culture medium was incubated for 1 h under
both basal conditions (at 25 °C) and heat shock conditions (at
50 °C). Finally, the green FL of hydrogels was observed under an
inverted FL microscope (Model IX73, Olympus, Tokyo, Japan).
FL imaging was used to evaluate the inuence of temperature
and target on the uorescence of the smart DNA hydrogel, and
cells were introduced into different hydrogel states. To assess
the effect of various target concentrations (0.1 fM, 1 pM and 10
nM) on the FL behavior of DNA-based hydrogels, target mole-
cules at different concentrations were added to the cells. The FL
variations were then observed using a total internal reection
FL microscope (TIRFM; Olympus IX73).
Conclusions

In this study, a spatially conned “double-key lock” smart DNA
hydrogel integrating temperature responsiveness and nucleic
acid recognition was successfully developed and combined with
the RCA amplication strategy for dynamic FL detection of
miRNA-21 secreted by cells. The synergistic response of the
hydrogel to thermal stimulation and cDNA binding induced
rapid crosslinking, forming a dense nanonetwork structure that
restricted TCPE nanomaterial motion and maximized AIE-
based uorescence output. At high temperature (50 °C >
LCST) thermal stimulation provided a “dynamic drive” by
destroying the hydrogen bonds in the hydrogel and strength-
ening the hydrophobic interaction, while cDNA used the
specic molecular recognition through base complementary
pairing to act as “structure oriented”. In this process, TCPE
nanomaterials were highly aggregated due to the spatial limi-
tation caused by the shrinking of hydrogel, while non-radiative
transition movements such as rotation and vibration within
TCPE nanomaterials were restricted, thus maximizing the
activation of the AIE-FL effect. Thus, the developed DNA
Chem. Sci.
hydrogel showed excellent analytical performance for detection
of miRNA-21 in the serum of cancer patients. The innovation of
this work lies in the fact that stimulus responsive materials,
aggregation induced emission, and nucleic acid amplication
were combined to achieve dynamic detection of miRNA secreted
by cells. This detection strategy possesses excellent biocom-
patibility, high nucleic acid recognition specicity, sensitive
temperature response characteristics and in situ dynamic
analysis capability, providing new technical support for the
precise identication of abnormal tumor cell phenotypes. The
strategy demonstrates the potential of integrating stimuli-
responsive polymers, AIE uorophores, and nucleic acid
amplication into a unied sensing platform. Overall, this work
provides a conceptual and methodological foundation for
designing multi-responsive smart materials for biosensing,
dynamic molecular imaging, and drug delivery, offering broad
prospects for next-generation bioanalytical and biomedical
applications.
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