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In this work, a periodically ordered cruciform DNA nanowire (POCDN) guided-localized hybridization
chain reaction (LHCR) was designed for the simultaneous and rapid detection and imaging of dual-
miRNAs in cancer cells. In the presence of the targets miRNA-21 and miRNA-155 associated with breast
cancer, the hairpins on both sides of the DNA nanowire were opened to undergo a LHCR, and the trace
amount of the target miRNAs were converted into numerous 5-carboxyfluorescein (FAM) and Cy5 sig-
nals, which in turn enabled the simultaneous and sensitive detection and visualization of dual-miRNAs
targets in malignant tumor cells. Impressively, folic acid (FA) labelled on the structural backbone of DNA
nanowires could be specifically targeted to malignant tumor cells with overexpressing the folate receptor,
which greatly improved the efficiency of delivery into the cell and enabled precise imaging of intracellu-
lar miRNAs without the liposomal transfection. Compared with conventional hybridization chain reaction
(HCR), the POCDN-guided LHCR confined the reactants in a compact space, greatly improving the sen-
sitivity of the assay and the reaction rate, with a 5.3-fold reduction in reaction time to just 5min and
detection limits as low as 0.97 and 0.58 pmol/L for miRNA-21 and miRNA-155, respectively. This strategy
provides a programmable platform for simultaneous rapid and sensitive detection and precise visualiza-
tion of multi-miRNAs with eventual applications in bioanalytical studies and potential for future clinical

diagnostics of diseases.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

MicroRNAs (miRNAs) play an important role in the onset and
progression of a variety of diseases [1-4], therefore, accurate and
rapid detection and visualization of miRNAs expression levels are
essential for in-depth study of their function [5-9]. With the devel-
opment of technology, emerging techniques for miRNA detection
and imaging based on nucleic acid amplification such as rolling cir-
cle amplification (RCA) [10,11], hybridization chain reaction (HCR)
[12-15] and catalytic hairpin self-assembly (CHA) [16,17] have been
developed. These emerging detection methods have enhanced the
precision and selectivity in miRNA detection, but there are still
some problems. For example, RCA necessitates specific enzymes
and conditions [18], while the kinetics of HCR and CHA depend on
the diffusion of free DNA hairpin probes, resulting in a particularly
slow reaction rate [19-21]. Recently, some researchers have pro-
posed to utilize framework nucleic acids as carriers for the reaction
probes to concentrate the reactants in a compact space, thereby in-
creasing the local concentration of DNA reactants, accelerating the
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reaction rate and improving the dynamic efficiency [22-28]. How-
ever, some DNA nanostructures such as cubes and tetrahedrons
have limited sites that can bind to the reactant probes, which re-
stricts the further improvement of the reaction performance. To
tackle the problem of limited loading capacity, existing researches
have confirmed that by using DNA nanowires as scaffolds to fix
hairpin probes on a large scale, it is possible to achieve orderly
spacing of the probes and significantly shorten the distance be-
tween them, thereby improving detection sensitivity [29-33]. Nev-
ertheless, the reaction efficiency still needs to be further improved.

Herein, a periodically ordered cruciform DNA nanowire
(POCDN) guided-localized hybridization chain reaction (LHCR)
was developed for simultaneous sensitive and rapid detection
and visualization of dual-miRNAs in cancerous cells (Scheme 1).
First, the DNA nanowire was composed of two double strand DNA
(dsDNA) (S1/S4, S2/S3) helices, one of which was single-stranded
labelled with folic acid (FA) specifically targeting cancer cells.
Then, four reaction probes (hairpin H1 labelled with FAM and
BHQ1, H2 formed by the hybridization reaction of hairpin Hp2
and short single strand DNA (ssDNA) H2C, hairpin H3 labelled
with Cy5 and BHQ2, and H4 formed by hybridization reaction of
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Scheme 1. (A) Schematic diagram of the integration of the POCDN and (B) the il-
lustration of the LHCR for detection and visualization of miR-21 and miR-155 in
cancer cells.

hairpin Hp4 and short ssDNA H4C) were vertically anchored as
structurally rigid units on the DNA nanowire through base com-
plementary pairing to form POCDN. After that, when the receptor
FRo binds to FA molecules labelled on DNA nanowires, it induces
the receptor-ligand complex to aggregate on the cell membrane
surface, thereby promoting the delivery of POCDN into the cell
through receptor-mediated endocytosis. Finally, the intracellu-
lar targets miRNA-21 (miR-21) and miRNA-155 (miR-155) acted
as initiators, triggering two independent LHCR along the DNA
nanowire, and the red and green fluorescence instantly lighted
up the entire POCDN with two remarkably amplified signal gain,
achieving simultaneous sensitive and rapid detection. Furthermore,
the proposed DNA nanostructure enabled precise and sensitive
imaging of intracellular dual-miRNAs without the liposome trans-
fection. Hence, the proposed strategy provides an effective and
promising nanoplatform for simultaneous sensitive detection and
visualization of multiple biomarkers, which has potential as a
powerful tool for bioanalytical studies and clinical diagnosis.

The prepared nanostructures were characterized by 8% native
polyacrylamide gel electrophoresis (PAGE) analysis. Firstly, the as-
sembly of the DNA nanowire was verified, and after mixed incu-
bation of S1 and S3 with S4 and S2, new bands with 100-150 bp
mobility appeared (Fig. 1A, lanes 6 and 7). Then, when the short
ds DNA S1/S4 and S2/S4 were incubated together, the bands repre-
senting S1/S4 and S2/S3 disappeared, while new band with lower
mobility appeared (Fig. 1A, lane 8), demonstrating the successful
assembly of the DNA nanowire. Finally, after incubation with the
addition of hairpins H1, H2, H3 and H4, the bands representing
H1, H2, H3 and H4 disappeared and new band with lower mobility
than DNA nanowire appeared (Fig. 1B, lane 8), which demonstrated
the successful formation of POCDN. Furthermore, the configuration
of POCDN was analyzed using atomic force microscopy (AFM), the
AFM image of POCDN revealed a dispersed linear structure with no
obvious entanglement and good dispersion, exhibiting high rigidity
and low bending curvature. Cross-sectional analysis showed an av-
erage height of approximately 2 nm, which is consistent with the
theoretical diameter of dsDNA (Figs. 1C and D).

In addition, the stability of POCDN in serum was assessed
by monitoring the recovery of H1- and H3-derived fluorescence
(FAM and Cy5, respectively) after incubating POCDN in a 10% fetal
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Fig. 1. (A) Lanes 1-8 represented DNA marker, S1, S2, S3, S4, S1+54,
S2+S3, S1+S2+S3+54, respectively. (B) Lanes 1-9 represented S1+S4, S2+S3,
S14S2+4-S3+S4, H1, H2, H3, H4, S1+S2+4S3+S4+H1+H2+H3+H4, DNA marker, re-
spectively. (C) AFM image of POCDN and (D) the cross-sectional analysis of the
white line.

bovine serum (FBS) reaction buffer for 12 h. POCDN exhibited sig-
nificantly reduced fluorescence recovery compared to free probes
(Fig. S1 in Supporting information), suggesting that POCDN effec-
tively protected H1 and H3 from nuclease degradation during in-
tracellular delivery.

The feasibility of the miR-21 and miR-155 targeted to induce
HCR was characterized by 8% PAGE. First, the feasibility of trig-
gering HCR by the target miR-21 was verified in a solution con-
taining free H1 and Hp2. After incubation of miR-21 with a mix-
ture of H1 and Hp2, the bands corresponding to H1 and Hp2 dis-
appeared along with the appearance of typical low-mobility HCR
product bands (lane 4 in Fig. S2B in Supporting information), in-
dicating the successful performance of miR-21 targeted-HCR in a
solution. Similarly, the successful miR-155 targeted-HCR also ex-
hibited typical low-mobility HCR product bands in the PAGE plot
(Fig. S2C in Supporting information, lane 4).

Next, the feasibility of simultaneously detecting miR-21 and
miR-155 using LHCR was investigated using fluorescence emission
spectroscopy. In Figs. 2A and B, curves a, b, e and f illustrated
that the HCR and LHCR systems demonstrated minimal fluores-
cence background levels when devoid of miR-21 and miR-155. As
depicted in Figs. 2A and B, curves c, d, g, h, the fluorescence signal
of the LHCR system was much higher than that of the HCR system
when miR-21 and miR-155 coexisted, indicating that the LHCR sys-
tem had higher sensitivity than the traditional HCR system. In ad-
dition, real-time fluorescence spectroscopy was used to investigate
the reaction kinetics of HCR in solution and LHCR in POCDN. By
monitoring the recovery of Cy5 fluorescence signals after probe H3
was activated by 100 nmol/L miR-155 under different conditions, as
shown in Fig. 2C, the real-time fluorescence curve of POCDN ex-
hibited rapid fluorescence intensity (curve c¢) and reached satura-
tion at 300s, with a reaction time significantly shorter than that
reported in previous studies on similar LHCR and localized cat-
alyzed hairpin assembly (LCHA) systems [29,31,34-36]. In the ab-
sence of the target miR-155, the real-time fluorescence curves of
the HCR and LHCR systems remain largely unchanged over time
(Fig. 2C, curves a and b). As shown in Fig. 2C, the traditional HCR
(curve d) and unassembled DNA probes triggered by the target
miR-155 (curve e) in solutions exhibited similar real-time fluores-
cence curves, with a smaller increase in fluorescence intensity, and
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Fig. 2. (A, B) Fluorescence emission spectra of miR-21 and miR-155 were de-
tected under different experimental conditions. (a) H1+H2, (b) POCDN, (c)
H1+H2+miR-21, (d) POCDN+miR-21, (e) H3+H4, (f) POCDN, (g) H3+H4+miR-
155, (h) POCDN+miR-155. (C) Real-time fluorescence curves of miR-155 under
different experimental conditions, (a) POCDN, (b) H3+H4, (c) POCDN+miR-
155, (d) H3+H4+miR-155, (e) S1+S2+S3+S4+H1+H2+H3+H4+miR-155, (f)
S14S2+S3+S4+H1+H2+H3+H4+miR-21. The AF is the relative fluorescence
intensity (AF=F—Fy), in which F represented the real-time fluorescence intensity,
and F, represented the initial fluorescence (t=0).

the fluorescence intensity approached saturation at 1600 s. Simi-
larly, the real-time fluorescence spectra of the unassembled probes
triggered by the target miR-21 (curve f) also showed slow growth.
Additionally, we obtained the reaction rate curves shown in Fig.
S3 (Supporting information) by performing the first derivative of
the fluorescence intensities of LHCR and HCR (curves c and d) de-
picted in Fig. 2C. The reaction rate of the POCDN-guided LHCR we
designed was extremely high in the first 150s and then became
very low (Fig. S3, curve a). In contrast, the reaction rate and over-
all efficiency of traditional HCR in solution were relatively low (Fig.
S3, curve b). These results suggested that POCDN-guided LHCR was
significantly more efficient and faster than traditional HCR, as DNA
nanowires concentrated reaction probes in a compact space.

To evaluate the amplification efficiency of LHCR for detect-
ing miR-21 and miR-155 in vitro, the traditional HCR system
was selected as a control, and the fluorescence spectra of LHCR
and HCR systems were determined when various concentrations
of targets miR-21 and miR-155 were present. The results were
shown in Fig. 3, for the LHCR strategy, a standard curve F=156.03
1gCmir-21+682.94 with a coefficient of 0.994 was plotted in the
range of miR-21 concentrations from 1pmol/L to 100 nmol/L, and
a standard curve F=158.46 lgcir-155+643.49 with a coefficient
of 0.997 in the range of miR-155 concentrations from 1 pmol/L to
100 nmol/L. The limits of detection (LOD) calculated according to
the 36 method were 0.97 and 0.58 pmol/L for miR-21 and miR-
155, respectively. For the traditional HCR strategy (Fig. S4 in Sup-
porting information), a standard curve F=114.15 lgc,ir.21+306.40
with a coefficient of 0.975 was plotted in the miR-21 concentra-
tion range from 100 pmol/L to 100 nmol/L, and a standard curve
F=112.28 lgcyir.155+214.16 with a coefficient of 0.994 in the miR-
155 concentration range from 100 pmol/L to 100 nmol/L. The LODs
for miRNA-21 and miRNA-155 were calculated as 89 and 93 pmol/L,
respectively. In contrast, LHCR has at least 67.4-fold lower LODs
than HCR systems. These results demonstrated that the developed
LHCR method can perform simultaneous high-sensitivity analysis
of dual miRNAs in vitro. Moreover, some dual-targets detection
methods in recent years have been compared, as shown in Table
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Fig. 3. Fluorescence intensity response of LHCR in POCDN to different concentra-
tions (1 pmol/L, 50 pmol/L, 100 pmol/L, 1 nmol/L, 5nmol/L, 20 nmol/L, 50 nmol/L and
100 nmol/L) of miR-21 (A) and miR-155 (C). Calibration curves between fluorescence
intensity and the log concentration of target miR-21 (B) and miR-155 (D). Data are
presented as mean =+ standard deviation (SD) (n=3).

S2 (Supporting information), and the proposed LHCR exhibited a
wide linear range and low LODs.

We investigated the specificity of POCDN by selecting a range
of common miRNAs, miR-16, miR-221, and miR-222, for compari-
son. As shown in Fig. S5 (Supporting information), the fluorescence
intensities of all interfering miRNAs (100 nmol/L) were similar to
those of the blank control group, showing a very low fluorescence
signal response. In contrast, significant and similar fluorescence-
enhancing signals were observed when the proposed POCDN was
incubated with a mixture containing the targets miR-21 and miR-
155 (20 nmol/L) and miR-21 and miR-155 alone, respectively. This
indicated that the proposed LHCR strategy had excellent specificity
and could effectively distinguish between target miRNAs and other
interfering miRNAs.

To further assess POCDN'’s selectivity for dual targets miR-21
and miR-155, control sequences including single- and double-base
mismatches were tested. As shown in Fig. S6 (Supporting informa-
tion), incubation of POCDN with 100 nmol/L mismatched variants
(single/double-base mismatched miR-21 or miR-155) yielded min-
imal fluorescence signals. In contrast, significantly enhanced sig-
nals were observed with perfectly matched targets at 20 nmol/L.
Notably, POCDN maintained high specificity even when detect-
ing mixtures containing both targets and mismatched sequences,
demonstrating robust discriminative capability against non-specific
binding.

The practical utility of the LHCR system was confirmed using
lysates from MCF-7 and Hela cells. Figs. S7A and B (Supporting
information) showed that increasing cell numbers led to signifi-
cantly higher Cy5 fluorescence, indicative of elevated miR-155 ex-
pression in both cell lines. Furthermore, FAM fluorescence surged
substantially with cell number in MCF-7 cells, but only increased
gradually in HelLa cells, demonstrating higher miR-21 expression in
MCF-7 cells. These findings, consistent with prior reports [37-39],
validate POCDN'’s capability to simultaneously distinguish the dif-
ferential expression levels of miR-155 and miR-21 in complex bio-
logical samples.

First, the feasibility of imaging of intracellular dual-miRNAs us-
ing LHCR was carried out on HeLa and MCF-10A (normal mam-
mary epithelial cells) cells, and the specificity of POCDN intracel-
lular delivery mediated via FA receptor-mediated endocytosis was
verified. As exhibited in Fig. S8 (Supporting information), there
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Fig. 4. Fluorescence imaging of HeLa and MCF-7 cells cultured with POCDN (1), H1, H2, H3 and H4 (2). Fluorescence imaging of HeLa and MCF-7 cells treated with miR-21
miR-155 mimics (3), miR-21 miR-155 inhibitors (4), followed by culture with the POCDN. The nucleus is shown in blue, the FAM fluorophore corresponding to miR-21 in

green and the Cy5 fluorophore corresponding to miR-155 in red.

was little fluorescence observed in MCF-10A cell imaging, HelLa cell
imaging showed significant green and red fluorescence, and very
faint green and red fluorescence was observed in HeLa cell imaging
after prior treatment with FA. These results suggested that POCDN
could be accurately identified and specifically delivered to cancer
cells.

In addition, MCF-7 cells exhibiting elevated levels of miR-21
and miR-155 and Hela cells with low levels of miR-21 and ex-
tremely overexpressed levels of miR-155 were selected to demon-
strate the feasibility of POCDN guided-LHCR in enabling concurrent
and precise fluorescence imaging of intracellular dual-miRNAs. The
results depicted in Fig. 4-1 revealed conspicuous red fluorescence
in MCF-7 and HelLa cells imaging, along with clear green fluores-
cence in MCF-7 cells and faint green fluorescence in HeLa cells.
This pointed to a comparable expression of miR-155 in both cell
types, while miR-21 levels were notably lower in HeLa cells, cor-
roborating findings from cell lysis experiments. In a control exper-
iment utilizing conventional HCR methods, fluorescence imaging in
MCF-7 and HelLa cells was relatively weak compared to the LHCR
approach (Fig. 4-2), indicating higher amplification efficiency with
the LHCR-based strategy.

The specificity of the LHCR-based strategy targeting dual-
miRNAs was confirmed by a range of cell-based experiments. In
particular, the use of miR-155 and miR-21 mimics resulted in a
notable augmentation in red and green fluorescence in HelLa and
MCF-7 cells, as shown in Fig. 4-3. Conversely, minimal fluorescence
response was observed in cells treated with miR-21 and miR-155
inhibitors (Fig. 4-4). These results fully illustrated the remarkable
sensitivity of the LHCR strategy based on the differential expres-
sion levels of miRNAs in living cells. This further demonstrated
that the LHCR-based strategy could achieve ultrasensitive imaging
of miR-21 and miR-155 simultaneously, allowing for more effective
differentiation between normal and tumor cells.

In summary, we have successfully developed POCDNs guided-
localized HCR for simultaneous sensitive and rapid detection and
visualization of dual miRNAs within living cells. Impressively, FA
labelled on the structural backbone of DNA nanowires could be

specifically targeted to malignant tumor cells overexpressing the
folate receptor, which greatly improved the efficiency of delivery
into the cell and enabled precise imaging of intracellular miRNAs
without the liposomal transfection. Compared with the traditional
HCR, the POCDN-induced LHCR confined the reactants in a com-
pact space, which greatly improved the sensitivity and reaction
rate of the assay, with a 5.3-fold shorter reaction time of only
5min, and the detection limit was at least 67.4-fold lower, with
the LODs as low as 0.97 and 0.58 pmol/L for miR-21 and miR-155,
respectively. Therefore, this innovative approach not only presents
a promising nanoplatform for the sensitive detection and visualiza-
tion of multiple biomarkers simultaneously, but also holds consid-
erable potential as a robust tool for bioanalysis and clinical diag-
nostics.
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