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Owing to their sophisticated information-processing capabilities, multi-input DNA circuits (DCs) show
great potential in spatiotemporally precise in vivo imaging of diseases. Nevertheless, engineering sim-
ple yet versatile multi-input DCs remain a big challenge. Herein, tri-input DNA circuits (tiDCs) based
on a DNAzyme-driven walker system were developed via a novel double-blocking strategy, enabling
high spatiotemporal-precision fluorescence imaging in vivo. A hairpin structure containing photocleav-
able linker was designed as the first blocking unit to lock the miRNA-complementary strand, while the
miRNA-complementary strand was introduced as the second blocking unit to inhibit the Zn2*-specific
DNAzyme-contained walker strand. By leveraging upconversion nanoparticles for targeted delivery and
light transduction, the tiDCs generated amplified fluorescence signals exclusively upon simultaneous in-
puts of near-infrared (NIR) light, miRNA, and Zn?*, achieving spatiotemporally controlled imaging of
arthritis. This work establishes a programmable molecular platform for visualizing complex biological

systems in vivo, offering new pathways to advance diagnostic precision and therapeutic outcomes.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The occurrence and progression of diseases involve a complex
interplay of multiple biomarkers, such as miRNA and metal ions
[1,2]. In contrast to single-biomarker designs, fluorescent probes
that incorporate multiple biomarkers as activators can significantly
improve diagnostic reliability and accuracy [3,4]. In view of this
importance, numerous novel fluorescent probes have been devel-
oped, including peptide probes [5], DNA probes [6], and quantum
dots nanoprobes [7]. Despite significant advancements, achiev-
ing precise spatiotemporal control, particularly at desired times
and locations, remains a challenge for most multiple biomarkers-
activated probes [8,9]. A key limitation lies in the fact that in-
troducing external control mechanisms often disrupts their inher-
ent multi-biomarker activation capability. In response, light has
been incorporated as an external stimulus in the design of fluo-
rescent probes. Among available options, near-infrared (NIR) light
induces minimal photodamage and enables deeper tissue pene-
tration compared to ultraviolet (UV) or blue light, thereby offer-
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ing superior spatiotemporal control in biological systems [10,11].
Recently, lanthanide-doped upconversion nanoparticles (UCNPs),
which absorb NIR light and emit UV-vis radiation, have been de-
veloped as NIR-to-UV transducers to enable light-gated fluores-
cence imaging [12,13]. Furthermore, owing to their enhanced per-
meability and retention (EPR) effect [14,15], UCNPs can passively
accumulate in tumors. Consequently, integrating UCNPs into mul-
tiple biomarkers-activated nanoprobes through modular assembly
of functional units promises significantly enhanced precision for
in vivo imaging with high spatiotemporal resolution [16,17]. Nev-
ertheless, the construction of a single probe capable of reliable
multi-input activation by orthogonally combining UCNP-mediated
NIR light with several biomarkers remains a critical and unresolved
design challenge.

Owing to its precise base-pairing property, DNA has emerged
as a programmable molecular building block for constructing var-
ious nanostructures capable of executing computational tasks in
response to specific molecular inputs [18,19]. DNA circuits (DCs),
in particular, have garnered significant attention due to their
capacity for multiplexed parallel recognition of biomarkers (e.g.,
nucleic acids, metal ions, or enzymes) and subsequent execution
of Boolean logic operations [20]. These DCs generate a single
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Fig. 1. Scheme showing the construction of U-tiDCs and their application in spatiotemporally precise in vivo fluorescence imaging.

output signal via programmable strand displacement reactions
governed by thermodynamic equilibrium and reaction kinetics
[21]. This capability has enabled diverse applications including
point-of-care analysis [22], disease diagnosis [23], and biotherapy
[24]. Consequently, integrating DCs into fluorescent probes enables
multiplexed stimuli inputs to converge into a single fluorescence
signal readout. Previous report has demonstrated that the inte-
gration of UCNPs as nanocarriers and photocontrol units for DCs
can achieve multiplexed in vivo molecular imaging with high
spatiotemporal resolution [3]. Despite these advances, the inherent
complexity of multi-input circuit design and current limitations in
scalability pose challenges for practical translation and widespread
implementation.

In this study, a double-blocking strategy was novelty pro-
posed to develop UCNPs-assisted tri-input DNA circuits (U-tiDCs),
enabling spatiotemporally precise in vivo fluorescence imaging
(Fig. 1). For proof-of-concept demonstration, a Zn2*-specific
DNAzyme-based walker system served as the model platform,
with NIR light, miRNA-135b, and Zn2* as orthogonal input stimuli.
The U-tiDCs were designed by introducing a photocleavable (PC)
linker-contained hairpin-structured strand as the first blocking
unit to lock the miRNA-complementary strand, and by using
the miRNA-complementary strand as the second blocking unit
to spatially inhibit the walker strand. Through modification
with cholesterol molecules, the tiDCs can assemble onto the
hydrophobic surface of UCNPs. Upon delivery to target tissues,
NIR irradiation (Input 1) induced photolysis of the PC linker,
disabling the first blocking unit and exposing a toehold domain.
Subsequently, miRNA-135b (Input 2) triggered toehold-mediated
strand displacement to release the second blocking unit. Upon
introduction of Zn2t (Input 3), unlocked DNAzyme walkers cat-
alytically cleave fluorophore-quencher dual modified substrate
strands, thereby achieving amplified in vivo fluorescence imaging.
This modular design not only extends programmable targeting
to a broader spectrum of in vivo biomarkers but also elevates
diagnostic sensitivity and therapeutic precision.

Given the established roles of miRNAs and metal ions in di-
verse pathological processes [25], miRNA-135b and Zn%** were
selected as model targets to validate the operational capability
of tiDCs. Our previous work has demonstrated the advantage of
fluid DNAzyme-triggered walking systems in accelerating the re-

action kinetics and improving amplification efficiency [26]. There-
fore, fluid tiDCs were herein constructed via cholesterol-mediated
co-assembly of blocked walker strands (Ws) and substrate strands
(Ss), as depicted in Fig. 2A. The cholesterol-modified Ws was func-
tionally blocked through engineering of a hairpin-structured lock
strand (Ls), which sterically occludes the binding arm of the Zn?*-
specific 8-17 DNAzyme. This Ls carries an anti-miRNA-135b se-
quence containing a PC linker. The Ss strand was functionalized
with a cholesterol moiety at the 5 terminus, a Cy5 fluorophore in
the middle, and a BHQ3 quencher at the 3’ terminus, respectively.
Following incubation, cholesterol-modified blocked Ws and Ss co-
assembled into DNA micelles. Upon UV exposure, the PC linker
in the blocked Ls undergoes UV light (Input 1)-mediated photol-
ysis, exposing a toehold domain and enabling hybridization with
miRNA-135b (Input 2). The higher binding affinity of miRNA-135b
initiated toehold-mediated strand displacement, releasing Ls frag-
ment from the micelles. Subsequent Zn?+ (Input 3) addition ac-
tivated the walking system, catalyzing continuous cleavage of Ss.
This cleavage spatially separated Cy5 from BHQ3, restoring Cy5 flu-
orescence for signal output. Thus, the tiDCs generated fluorescent
signals exclusively in the presence of all three inputs (UV light,
miRNA-135b, and Zn2*), and the corresponding truth table can be
summarized in Fig. 2B.

To validate the sequential activation of tiDCs, native polyacry-
lamide gel electrophoresis (PAGE) analysis was firstly conducted.
As shown in Fig. 2C, a single band with consistent electrophoretic
mobility in Lanes 1-4 confirmed structural homogeneity of all
individual strands (Table S1 in Supporting information for the
sequence). In Lane 5, a band exhibiting slower mobility corre-
sponded to the complex formed between the miRNA-135b mimic
and the cleavage product of Ls. Following incubation of Ws and Ls,
a new band with retarded electrophoretic mobility appeared (Lane
6), indicating successful formation of blocked Ws. Upon UV light
irradiation, photocleavage of PC linkers in Ls disrupted the hairpin
structure, cleaving them into two distinct DNA fragments (Lane 7).
Direct addition of miRNA-135b mimics alone induced no detectable
structural changes in blocked Ws (Lane 8), confirming that light-
triggered deblocking is prerequisite for miRNA recognition. When
both UV light and miRNA-135b were present (Lane 9), bands corre-
sponding to photocleavage products and strand displacement inter-
mediates were observed, confirming that UV light irradiation and
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responding truth table. Input states were defined as "1" for the introduction of UV

light, miRNA-135b, or Zn%*, and "0" for their absence. The output state was designated "1" as fluorescence signal generation and "0" for no detectable signal. (C) Native
PAGE analysis of the tiDCs formation, and their response toward UV light and miRNA-135b mimic. (D) Fluorescence spectra of tiDCs after different combinations of inputs.
Selectivity of tiDCs toward (E) miRNA-135b mimic against different miRNA mimics in the presence of 200 pumol/L Zn?*, and toward (F) Zn?>* against other metal ions in the

presence of 30 nmol/L miRNA-135b mimics. Fy and F represent the fluorescence intens

ity of tiDCs before and after addition of Zn?*. The error bars represent the standard

deviation derived from three independent replicates. Data are presented as mean + standard deviation (n=3).

miRNA-135b hybridization are both required to unblock Ws. Due
to the relatively low molecular weights of both Ss and its cleavage
products, supplementary PAGE analysis of the DNAzyme-triggered
walking system is provided in Fig. S1 (Supporting information). In
the absence of Zn2*t, both Ws and Ss remained thermodynamically
stable. However, upon Zn2?t addition, the Ss underwent specific
cleavage into smaller fragments, confirming successful operation
of the walking system. After PAGE confirmation of sequential
activation, the Boolean logic response of tiDCs to all three inputs
under optimized conditions (Fig. S2 in Supporting information)
was validated. The tiDCs maintained a silent state (Output=0) for
all incomplete input conditions, including single inputs [(1,0,0),
(0,1,0), (0,0,1)] and dual inputs [(1,1,0), (1,0,1), (0,1,1)], as evidenced
by negligible fluorescence intensity changes (Fig. 2D, and Fig. S3A
in Supporting information). Only when all three inputs were
present simultaneously (1,1,1), it generated significant fluorescence
enhancement, yielding Output=1. The reaction dynamics further
validated this selective activation, with a substantial signal in-
crease occurring exclusively upon the simultaneous introduction
of all three inputs (Fig. S3B in Supporting information). As shown
in Fig. S4 (Supporting information), the fluorescence response of
the tiDCs exhibited dose-dependent modulation by UV irradiation
(Fig. S4A), miRNA-135b concentration (Fig. S4B), and Zn?* concen-
tration (Fig. S4C). As shown in the insets of Figs. S4B and C, the lin-
ear regression equations were F/Fy=1.446 1g[miRNA-135b]+ 7.226
(R2=0.995) and F/Fy=0.0479 [Zn2t]+130 (R?>=0.995), respec-
tively. The system demonstrated high sensitivity, with a limit of
detection (LOD) of 10.1 fmol/L for miRNA-135b and 0.179 pmol/L
for Zn2*, calculated based on the 3o /k rule. Given that physiolog-
ical miRNA-135b and Zn?* concentrations occur in the nanomolar
and micromolar range [27,28], respectively, the achieved LODs
readily satisfy the sensitivity requirements for intracellular and

in vivo imaging applications. High selectivity was maintained for
miRNA-135b against analogs (Fig. 2E) and for Zn?t over competing
metal ions (Fig. 2F). Collectively, these results confirm robust
implementation of the predesigned AND logic operation.
Following validation of tiDCs feasibility, 1,2-dioleoyl-sn-glycero-
3-phosphocholines (DOPCs)-coated UCNPs acted as bifunctional
substrates for in vivo delivery and NIR-to-UV transduction, enabling
tiDCs assembly through cholesterol-phospholipid interactions
(Fig. 1). Transmission electron microscopy (TEM) characterization
revealed monodisperse UCNPs were rod-shaped with a length of
56 nm and a width of 32 nm (Fig. 3A). Under 980 nm excitation,
these UCNPs exhibited strong upconversion luminescence at 345
and 362 nm (Fig. 3B), precisely matching the PC linker's activa-
tion spectrum. This enabled U-tiDCs operation with deep tissue
penetration in vivo. Subsequent functionalization with tiDCs had
negligible impact on nanoparticle morphology or size of UCNPs,
evidenced by the appearance of uniform phospholipid membrane
encapsulation of UCNPs (Fig. 3C). The characteristic absorbance
peaks of DNA (260 nm) [29] and of Cy5/BHQ3 (650 nm) [30],
further verified successful construction of U-tiDCs (Fig. 3D). As
revealed by zeta potential analysis, the surface zeta potential
of UCNPs shifted from +3.85 mV to -3.2 mV following DOPCs
coating, and further dropped to -27.2 mV upon addition of tiDCs
(Fig. 3E). This sequential potential change firmly confirms the
successful formation of U-tiDCs. Crucially, the U-tiDCs remained
inactive with single or dual inputs, generating output=1 only
upon simultaneous presence of NIR light, miRNA-135b, and Zn2*
(Fig. 3F), confirming NIR-activatable molecular logic operation.
Prior to intracellular imaging studies, the biocompatibility
of U-tiDCs and biosafety of 980 nm irradiation were evaluated.
As shown in Figs. S5A and B (Supporting information), neither
U-tiDCs nor Zn2?* significantly reduced viability in rheumatoid
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B) AB,s_3s-pretreated PC-12 cells, (C) TPEN-pretreated HFLS-RA cells, and (D) HFLS-RA cells under different experimental conditions.

Flow cytometry analysis of (E) 3T3 cells (F) AB2s_35-pretreated PC-12 cells, (G) TPEN-pretreated HFLS-RA cells, and (H) HFLS-RA cells under corresponding conditions.

arthritis fibroblast-like synoviocyte HFLS-RA cells after 24 h ex-
posure. Crucially, NIR irradiation at a power density of 2.5 W/cm?
for 20min (2min break after irradiation for 1.5min) showed
no observable cytotoxic effects, thereby validating the safety
of this laser modality for biological applications. To quantify
time-dependent cellular uptake kinetics, confocal laser scanning
microscopy (CLSM) and flow cytometry analysis were performed
on cells after incubating with U-tiDCs (unlabeled with BHQ3) for
0, 0.5, 1.0, 2.0, 3.0, and 4.0 h. Intracellular fluorescence intensity
exhibited time-dependent enhancement, plateauing after 3.0 h
of incubation (Fig. S5C in Supporting information). Subcellular
localization analysis confirmed predominant cytoplasmic distri-
bution of the internalized U-tiDCs. Flow cytometry independently
validated these kinetics, establishing 3.0 h as the optimal incu-

bation time for maximal cellular uptake (Fig. S5D in Supporting
information).

Subsequently, the intracellular imaging capability of the de-
veloped U-tiDCs was evaluated in different cell lines. For the
fibroblast cell line (3T3), both miRNA-135b and Zn2t were
expressed at low levels [31,32]. In the AB,5_35-treated pheochro-
mocytoma cell line (PC-12), miRNA-135b was downregulated,
whereas Zn%* was present at elevated levels [33,34]. By con-
trast, both miRNA-135b and Zn?* were highly expressed in the
HFLS-RA cells [35,36]. Due to low endogenous miRNA-135b in 3T3
(Figs. 4A and E) and AB,5_35-treated PC-12 cells (Figs. 4B and F),
U-tiDCs-treated cells exhibited negligible Cy5 fluorescence under
dual NIR light/Zn?t stimulation, confirming AND-gate inactivity
without sufficient miRNA-135b. To further delineate specific role



L. Zhou, L. Wang, X. Li et al.

NIR (1) NIR (-)
10 pmol/L. 15 pmol/L PMA 10 pmol/L PMA

K,:
3 .

1 pmol

T . X

.,
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of Zn?* in U-tiDCs activation, intracellular Zn?* pools of HFLS-RA
cells were depleted using high-affinity Zn2* chelators of N,N,N',N’-
tetrakis(2-pyridinylmethyl)-1,2-ethanediamine  (TPEN).  Despite
sustained high miRNA-135b expression, TPEN treatment abolished
activation signals (Figs. 4C and G). However, intracellular fluo-
rescence was restored upon extracellular addition of 200 pmol/L
Zn2*, confirming Zn2* is indispensable for U-tiDCs activation. In
U-tiDCs-treated HFLS-RA cells, fluorescence emission was strictly
NIR illumination-dependent (Figs. 4D and H), demonstrating
NIR-mediated photocontrol for spatiotemporally precise imag-
ing. Collectively, these results experimentally validate that U-tiDCs
activation requires simultaneous recognition of all three inputs, en-
suring spatiotemporally precise cell imaging with high specificity.

Motivated by the favorable in vitro performance, the utility
of U-tiDCs in in vivo imaging was systematically investigated.
All animal experiments were approved by the Animal Ethics
Committee of Guangxi Normal University. Given the established
co-overexpression of Zn2* and miRNA-135b in arthritic joints
[31,32], rheumatoid arthritis (RA)-bearing mouse model was
established to assess the U-tiDCs’ in vivo imaging capability. As
shown in Fig. S6 (Supporting information), RA was induced in the
right ankle via sequential injection of lipopolysaccharide (LPS) and
phorbol-12-myristate-13-acetate (PMA) with different concentra-
tions (1, 10, and 15 pmol/L), while the left ankle received normal
saline as an internal control. Thirty minutes post-induction, the
U-tiDCs were administered to both ankles. After 3 h, both ankles
were then subjected to 980 nm laser irradiation (2.5W/cm?2,
20min), followed by fluorescence imaging. Visual inspection con-
firmed classic RA formation in the LPS/PMA-injected right ankle,
exhibiting hallmark inflammatory signs including erythema and
edema (Fig. 5). This provided a pathologically relevant target
region for evaluating U-tiDCs performance in RA pathophysiology.
At 1 pmol/L PMA, significant fluorescence signal of Cy5 was
observed, indicating that LPS/PMA-induced inflammation enables
U-tiDCs activation. Although some background autofluorescence
from the tissue was discernible [37,38], higher PMA concentrations
(10-15 pmol/L) further enhanced fluorescence intensity in a dose-
dependent manner. This indicates elevated PMA levels increase
local recruitment/retention of miRNA-135b and Zn2+ at inflamma-
tion sites, thereby boosting U-tiDCs activation efficiency. Crucially,
LPS/PMA-treated inflamed ankles showed no signal without NIR
irradiation (rightest column, Fig. 5), and saline-treated control an-
kles remained dark even in the presence of U-tiDCs administration
and NIR irradiation together. This confirms strict three-input AND-
gate behavior of U-tiDCs, namely fluorescence occurs only when
NIR light and LPS/PMA-induced biomarkers (Zn2*/miRNA-135b)
are simultaneously present, enabling spatiotemporally controlled
imaging of RA pathology with high specificity.

Chinese Chemical Letters 37 (2026) 112234

After demonstrating the feasibility of U-tiDCs in in vivo fluo-
rescence imaging, hemolysis assays were performed to evaluate
their biocompatibility. As shown in Fig. S7 (Supporting informa-
tion), U-tiDCs induced minimal hemolysis at concentrations from
25ng/mL to 500 ng/mL, demonstrating excellent blood compatibil-
ity. After conducting in vivo fluorescence imaging, RA-bearing mice
was sacrificed for ex vivo analysis. Fluorescence images of major
organs (heart, liver, spleen, lungs, and kidneys) revealed negligible
background accumulation in normal organs (Fig. S8A in Support-
ing information). Hematoxylin and eosin (H&E) staining confirmed
no pathological abnormalities in any organs (Fig. S8B in Supporting
information), further validating biosafety of U-tiDCs.

In summary, a novel double-blocking strategy to construct
U-tiDCs was developed for high-spatiotemporal-precision in vivo
fluorescence imaging. The tiDCs design implements sequential
blocking, namely a miRNA-complementary strand spatially inhibits
the DNAzyme walker strand, and a hairpin-structured blocker
incorporating a PC linker. Using UCNPs for targeted delivery and
NIR-to-UV conversion, the engineered U-tiDCs enabled spatiotem-
porally precise visualization of arthritis. This proof-of-concept
study establishes a programmable framework for designing multi-
input DCs, which can be readily adapted through rational sequence
design to target diverse biomarker combinations and disease con-
texts, thereby advancing diagnostic and therapeutic precision.
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