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ABSTRACT: Perovskite quantum dots (PQDs), particularly CsPbBr; Aqueous medium
QDs, are highly promising electrochemiluminescent (ECL) materials due
to their excellent optical properties. However, the key challenge in
developing PQD materials for practical applications lies in balancing the
contradiction between their intrinsic instability in aqueous environments
and ECL efficiency. To address this challenge, we employed DNA
nanosheets as templates to direct the self-assembly of CsPbBr; QDs, into
highly ordered two-dimensional superlattices. This strategy enhances
electronic coupling effects through long-range ordered arrangement,
enabling rapid charge-carrier transport. High-resolution XPS confirmed
charge transfer between CsPbBr; QDs, while AFM characterization reveals ® b..=35.5%
that the nanosheets possess a periodic structure with a spacing of 63.4 nm.
Compared to unassembled CsPbBry QDs, the ECL intensity of CsPbBr;/
DNA NSs increased by 2.5-fold, with a respectably high ECL efficiency of 65.5%. Remarkably, they retain 83.3% of the initial ECL
intensity retained after 10 days in aqueous conditions, significantly surpassing the stability of unprotected CsPbBr;. Furthermore,
these nanosheets were successfully applied in a ratiometric ECL biosensor for miRNA-221 detection, achieving a detection limit of
6.05 aM. This study presents a novel strategy that simultaneously addresses the aqueous instability and enhances the ECL efhiciency
of CsPbBr; QDs, significantly advancing their applications in biosensing.
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CsPbBr; quantum dots (QDs) have emerged as highly and charge transfer properties of PQDs in aqueous media

promising electrochemiluminescent (ECL) materials due to remain poorly understood and warrant further investigation.

their outstanding optical properties, including high photo- Nanomaterial morphology control is crucial for enhancing
luminescence quantum yield,' broad excitation spectra, narrow performance in electro-optical applications. Two-dimensional
emission bands, and tunable emission across the visible (2D) nanomaterials, in particular, offer significant advantages
spectrum,2 These attributes make PQDs suitable for a range due to their large surface areas and strong quantum
of optoelectronic applications,” positioning them as one of confinement effects.’’ Research indicates have shown that
the most attractive materials for use in ECL-based biosensors. 2D perovskite films exhibit significantly improved stability in

However, the inherent instability of PQDs, especially in both air and water.'”> However, PQDs, which exhibit

aqueous and high-humidity environments, severely limits theslg impressive self-assembly capabilities into diverse superstruc-

practical use in biodetection and other sensing applications.” 17 2nd nanocubes, '
)

Th.ereff)r‘e, er}llhe.mgg% t};g .water. res.ls.taricfe of PQCJID_s w}}lnl.e are unfortunately only stable in organic solvents. This presents
maintaining their efficiency is critical for expanding their a significant hurdle for their application in biosensing, where

applications in th.ese ﬁe}ds' . L stable, well-ordered structures are essential for reliable
Current strategies to improve PQDs stability primarily focus . .
performance in aqueous media.

on two approaches: surface modification through ligand
substitution’ and encapsulation with inorganic oxides or
polymers.”” The protective matrices can isolate PQDs from
the external environment to enhance their stability. There are
relatively few studies on PQDs for sensing applications in
aqueous media, and Tan'® was the first to investigate the redox
and electrochemiluminescence properties of halide perovskite
CH;NH;PbBr; NCs in aqueous medium. Therefore, the redox
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tures like nanowires, " nanosheets,
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Scheme 1. Schematic Illustration of the Formation of High—Order Nanostructures Assisted by Templates: (a) The CsPbBr;/
DNA NSs; (b) Conjugation of CsPbBr; QDs with Streptavidin
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DNA nanotechnology offers a highly promising solution to
address this challenge. DNA molecules possess inherent self-
assembly capabilities and well-defined spatial conformations,
making them ideal scaffolds for constructing structurally
precise nanomaterials.'” Close-packed QD solids not only
retain the energy-level tunability conferred by quantum
confinement effects but also exhibit exceptional charge
transport properties due to significantly enhanced interdot
electronic coupling.”*~>* With advancements in DNA nano-
technology, researchers can now precisely design DNA
template structures spanning the nanoscale to microscale. By
achieving accurate control over inter-QD spacing, this
approach effectively promotes short-range charge transfer
between QDs,” thereby opening new avenues for resolving
the performance challenges of perovskite QDs in aqueous
environments.

In this study, we innovatively employ DNA nanosheets as
molecular templates to precisely guide the self-assembly of
CsPbBr; QDs into superlattice structures with high ordering
and dense packing characteristics. The synergistic interactions
between QDs effectively enhance electronic coupling and band
alignment, leading to significantly improved ECL performance
with the efficiency increasing from 33.5% to 65.5%. Moreover,
this architecture effectively prevents NC aggregation, main-
taining 83.3% of the initial ECL intensity after 10 days of
storage in aqueous environment. These advancements
establish CsPbBr;/DNA nanosheets (NSs) as a highly
promising stable and efficient ECL nanoluminophore. Building
on these findings, we further developed a ratiometric ECL
detection strategy by constructing an ECL-resonance energy
transfer (ECL-RET) system. This dual-potential ECL bio-
sensor utilizes CsPbBr;/DNA NSs as the ECL donor and
platinum nanoparticle-luminol as the ECL acceptor. Based on
measuring the ratio of two ECL signals, enables highly selective
and sensitive detection of target microRNA, significantly
improving the accuracy and reliability of the biosensor. This
work provides novel research concepts and technical pathways
for developing advanced ECL material systems with high
stability and efficiency.

B EXPERIMENTAL SECTION

Assembly of DNA Nanosheets. All DNA strands were
purchased from Shanghai and purified using denaturing PAGE,
except for the biotin-labeled DNA strands, which were purified using
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HPLC. The DNA nanosheets (DNA NSs) were assembled by mixing
equimolar quantities of all constituent strands at a concentration of 2
#M in 1X TAE-Mg** buffer (40 mM Tris, 20 mM acetic acid and 12.5
mM magnesium acetate, pH 8.0). The mixture was gradually cooled
from 90 °C to room temperature to allow proper assembly.

Synthesis of CsPbBr;/DNA NSs. The SA-CsPbBr; QDs solution
was mixed with the DNA NSs solution at a volume ratio of 1:10. The
mixture was ultrasonicated for 30 min at 37 °C to obtain CsPbBr;/
DNA NSs. The same procedure was performed without adding
CsPbBr; QDs as a control.

Preparation of the ECL-RET Biosensor. To prepare the ECL-
RET biosensor, a glassy carbon electrode (GCE) (diameter: 3 mm)
was polished with alumina particles of 0.3 and 0.05 ym. The electrode
was washed with 50% ethanol, 0.5 M H,SO,, and ultrapure water,
then dried under pure nitrogen gas. Afterward, 10 uL of CsPbBr;/
DNA NSs was uniformly deposited onto the GCE (labeled as
CsPbBr;/DNA NSs/GCE) and dried in an oven at 37 °C for 1 h.
Next, 10 uL of the Assist DNA solution was added to the CsPbBr;/
DNA NSs/GCE (labeled as Assist DNA/CsPbBry/DNA NSs/GCE)
and incubated for 1 h at 37 °C. The electrode was then rinsed with 10
mM potassium phosphate buffer (pH 7.4) to remove any unattached
probe molecules.

B RESULTS AND DISCUSSION

Synthesis and Characterization of CsPbBr;/DNA
Nanosheets (NSs). High loadings have been demonstrated
to enhance structural s.tability,24 making them suitable for
meeting the demands of highperformance PQDbased photo-
electric applications.”>”® With the aim of enhancing the
performance of CsPbBr; QDs in aqueous environments, this
study utilizes the addressability of DNA nanosheets to fabricate
structurally stable and closely packed CsPbBr; QDs. Scheme
la illustrates the fabrication process of CsPbBr; QDs
assembled on DNA nanosheets (NSs). To achieve this, four
different double-crossover DNA “tiles” were employed as
scaffolds (Figures S1 and S2), which spontaneously self-
assemble into a regular two-dimensional (2D) structure. The
design of these tiles follows an approach reported earlier,”’
with modifications: the A-tile features short DNA stems and
biotin protruding from the plane of the tile, while the
remaining tiles (B, C and D) determine a precise spatial
separation of 64 nm between the rows of the A components.
This spatial arrangement results in DNA nanosheets with
regularly spaced biotin binding sites, which are used to control
the location of streptavidin-conjugated perovskites. Capitaliz-
ing on streptavidin’s tetrameric structure, each SA-PQD
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Figure 1. Material synthesis and characterization of morphology. (a) TEM of SA-CsPbBr; and size distribution of SA-CsPbBr; QDs, (b) AFM
images of the DNA nanosheets with each A tile bearing a biotin, (c) the biotinylated DNA nanosheets incubated with SA-CsPbBr; QDs conjugate
and the cross-section analysis of the AFM images. (d) The AFM high magnification and (e) confocal fluorescence microscopyimages of CsPbBr;/
DNA NSs. High resolution XPS spectra of CsPbBr; QDs and CsPbBr;/DNA NSs. (f) Br, (g) Pb, (h) XRD patterns of SA-CsPbBr; QDs and

CsPbBr;/DNA NSs.

establishes multivalent interactions with multiple biotin
moieties on the DNA scaffold. This high-fidelity biomolecular
recognition system achieves site-specific QD immobilization
while effectively suppressing nonspecific aggregation, ulti-
mately producing two-dimensional superlattice whose perio-
dicity is precisely programmed by the underlying DNA
template.

The size and morphology of the CsPbBr; QDs were
characterized using transmission electron microscopy (TEM).
The QDs, synthesized via ligand-assisted reprecipitation
(LARP),” were found to be uniform and monodisperse,
with a particle size distribution of 3.5 + 1.4 nm (Figure la).
The CsPbBr; QDs demonstrate exceptional optoelectronic
properties, exhibiting bright narrow band green photo-
luminescence centered at 516 nm with an 18 nm full width
at half maximum (fwhm) and an obvious absorption peak at
508 nm (Figure S3). Atomic force microscopy (AFM) further
demonstrated that the biotin-labeled DNA nanosheets were
smooth, with the height profiles indicating that the thickness of

the nanosheets at the initial assembly stage was approximately
1.8 nm (Figure 1b). Upon adding SA-CsPbBr; QDs to the
DNA scaffold solution, AFM images (Figures lc,d and S4)
showed that the QDs were arranged into a long-range ordered
close-packed superlattice, confirming the specific binding of
the SA-CsPbBr; QDs to the DNA nanosheets and the 2D
structures have a dimension of micrometer size. The cross-
sectional AFM profiles (Figure lc inset) revealed that the
average height increased by approximately 4 nm compared to
the unfunctionalized nanosheets, indicating the successful
integration of the QDs into the DNA nanosheet structure.
Additionally, the observed periodicity of five peaks with a
spacing of 63.4 nm closely matched the expected 64 nm,
further verifying the regularity of the self-assembled structure.
A controlled experiment using streptavidin added to biotin-
modified DNA nanosheets showed a height change of only
125 nm (Figure SS5), AFM measurements of streptavidin
under different forces (30 pN, 60 pN, and 110 pN) revealed a
maximum height reduction to 1.15, 0.65, and 0.25 nm,
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Figure 2. (a) ECL-potential curves of bare GCE, CsPbBr; and CsPbBry/DNA NSs in 0.01 M PBS (pH = 7.4), (b) EIS of CsPbBr; and CsPbBr;/
DNA NSs in the $ mM [Fe (CN)¢]>~/*" solutio, (c) DPV curves of GCE in 0.01 M N,-saturated PBS (pH = 7.4), transient ECL (red curves) of
CsPbBr;/DNA NSs (d—g) in 0.01 M PBS by stepping the potential from 0.92 to —1.80 (d), 0.69 to —1.80 (e), 0.92 to —1.4S (f) and 0.69 to —1.45
(g) at a frequency of 1 s. The blue curves indicate the applied potential. The photomultiplier tube voltage (PMT) for ECL measurements was

biased at 750 V.

respectively, confirming that the measured heights of
streptavidin in this study are consistent with prior reports.”’
In addition, we also demonstrate that the QDs were assembled
onto the DNA nanosheets by laser confocal scanning
microscopy. An organic fluorophore with red emission (CyS;
Aem = 648 nm), was used to modify a DNA strand in the C tile
of the DNA nanosheet. The 2D arrays containing both CyS$
and SA-CsPbBr; QDs with green emission (4e, = 516 nm)
were imaged through fluorescence imaging (Figure le). This
imaging process revealed that the red Cy5 and the green QDs
were colocalized on the DNA array further confirming that the
QDs are successfully organized onto the DNA nanosheets.
X-ray photoelectron spectroscopy (XPS) and X-ray
diffraction patterns (XRD) were employed to examine the
states and crystalline structures of CsPbBr;/DNA NSs. The
XPS survey spectra of SA-CsPbBr; and CsPbBr;/DNA NSs
revealed the presence of elements C, N, O, Pd, Cs, and Br
(Figure S6). High-resolution XPS spectra showed two peaks
corresponding to Pb 4f,,, and Pb 4f;,, at 138.2 and 143.2 eV
for CsPbBr;/DNA NSs, and 138.0 and 142.95 eV for CsPbBr;,
respectively (Figure 1g). Similarly, Br 3d;,, and Br 3d;), levels
appeared at binding energies of 68.15 and 69.1 eV for
CsPbBr;/DNA NSs, compared to 67.95 and 69.0 eV for
CsPbBr; QDs (Figure 1f). The observed shifts of approx-
imately 0.2 eV in the binding energies of Pb 4f and Br 3d peaks
after assembly suggest that charge transfer occurs between the
CsPbBry QDs and the DNA nanosheets.>*" The XRD pattern
of CsPbBr;/DNA NSs remains in the same cubic phase as that
of monodisperse CsPbBry; QDs (PDF#54-0752).” Figure 1h
shows that CsPbBr;/DNA NSs has good crystallinity and high
purity, and it is mainly oriented along the (110) crystal plane.
Effect of DNA Nanosheets on ECL Properties of
CsPbBrs. The effect of DNA nanosheets as a template for
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inducing CsPbBr; on electrochemiluminescence (ECL)
properties was investigated for the first time. As shown in
Figure 2a, a pronounced annihilation ECL signal was observed
for the glassy carbon electrode (GCE) modified with CsPbBr;/
DNA nanosheets (CsPbBry/DNA NSs/GCE) when scanning
between 0 V and —2.2 V. In contrast, no ECL signal was
detected in the bare GCE, and a relatively low signal was
detected in the CsPbBry-modified GCE (CsPbBry/GCE) and
the SA-CsPbBry-modified GCE (SA-CsPbBr;/GCE). The
ECL intensity increased by 2.5-fold after assembling the QDs
onto the DNA nanosheets, highlighting the significant impact
of DNA nanosheet integration on the ECL performance.
Additionally, electrochemical impedance spectroscopy (EIS)
measurements revealed a decrease in charge transfer resistance
(R,) from 355 Q for the CsPbBry/GCE to 100 Q for
CsPbBry/DNA NSs (Figure 2b). This decrease in R indicates
that the presence of the DNA nanosheets accelerate electron
transfer between CsPbBr; and the electrode surface, thereby
increasing33££1e ECL reaction rate and enhancing the light
emission.””

The electrochemical behavior of CsPbBr;/DNA NSs was
further investigated using differential pulse voltammetry
(DPV). As depicted in Figure 2c, the anodic scan startin
from —2.20 V revealed two sequential oxidation reactions,”
Ox1 and Ox2, with peak potentials at approximately 0.69 and
0.92 V, respectively. These reactions suggest that CsPbBr;/
DNA NSs can successively accept holes, leading to the
formation of oxidized radicals with different charge states, such
as CsPbBry QDs" and CsPbBr; QDs*". A cathodic scan starting
at 1.5 V revealed three irreversible reduction processes: Redl,
Red2, and Red3. The peak potential of Redl, occurring
between —0.30 V and —0.64 V, was similar for both the bare
GCE and CsPbBr;-modified GCE, indicating that this process

https://doi.org/10.1021/acssensors.5c02005
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Figure 3. (a) Design drawings with different spacings. (b) ECL-potential curves and (c) CV of bare GCE and different spacings of CsPbBr;/DNSs
in 0.01 M PBS (pH = 7.4) containing 10 mM H,0,, (d) UPS (e) UV—vis absorption spectra and optical band gap derived from the (Ahv)?* versus
hv plots of CsPbBry QDs and CsPbBr;/DNA NSs (inset). (f) Schematic illustration of the band structure.

is not associated with CsPbBr;. In contrast, Red2, which rose
slowly between —1.28 V and —1.58 V (peaking at —1.44 V),
and Red3, which rose rapidly after —1.6 V, were attributed to
the reduction of CsPbBr;. These processes correspond to the
formation of CsPbBr;~ and CsPbBr,’~ radicals, respectively,
through the injection of electrons into the lowest unoccupied
molecular orbital (LUMO) and the removal of electrons from
the highest occupied molecular orbital (HOMO) of
CsPbBr;.”>* To further investigate the ECL properties, we
employed an ECL transient technique. The annihilation ECL
generated durin§ electron transfer between anionic and
cationic radicals” was examined by adjusting the CsPbBr,/
DNA NSs/GCE at different oxidation and reduction
potentials. No ECL signal was observed when the potential
was stepped to a positive value for 1 s, indicating that only
holes were injected into the HOMO of CsPbBr;. However, as
depicted in Figures 2d—f, when the potential was switched
from +0.92 V and +0.69 V to —1.8 V (or from +0.92 V and
+0.69 V to —1.45 V), a distinct ECL signal was observed,
confirming that the processes of Red2 and Red3 correspond to
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electron injection, while Ox1 and Ox2 are related to hole
injection. The transient ECL spectra were nearly identical to
the photoluminescence (PL) spectra of CsPbBr;/DNA NSs,
indicating that the excited states generated under different
electrochemical conditions were consistent with those
generated under optical excitation.

The DNA nanosheets serve as structural templates to
effectively enhance the ECL properties of CsPbBr;, primarily
by improving the electron transfer between the QDs and the
electrode surface. The results from DPV and ECL transient
measurements provide a detailed understanding of the redox
behavior and ECL mechanism of CsPbBr;/DNA NSs,
demonstrating their potential for high-performance ECL
applications.

Effect of DNA Template Spacing on ECL Performance
with Co-Reactant. To further explore the impact of DNA
template vertical spacing on the ECL performance of CsPbBr;,
we designed three DNA nanosheets with varying intertemplate
spacings (Figure 3a) and investigated their coreactive cathodic
ECL using H,0, as a coreactant. The successful synthesis of
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Figure 4. (a) Illustration of the structural collapse of CsPbBr; in aqueous environments. (b) ECL signalof CsPbBr; (a), SA-CsPbBr; (b) and
CsPbBry/DNA NSs (c) in 0.01 M PBS (pH = 7.4) containing 10 mM H,0, after a storage of 1, 2, 3, S, 7, and 10 days at room temperature. (c)
The stability of the developed CsPbBr;/DNA NSs under 25 consecutive cyclic potential scans.

DNA nanosheets with micrometer-scale dimensions was
confirmed by atomic force microscopy (AFM) (Figure S7).
Following this, the DNA nanosheets were assembled with
CsPbBr; QDs under the same experimental conditions. AFM
images revealed that the nanocomponents self-assembled into
parallel rows with inter-row separations of 32 and 16 nm
(Figures S8—S11). The ECL performance of three CsPbBr;/
DNA NSs with different spacings was evaluated by potential-
resolved ECL characterization. To eliminate potential back-
ground interference, we first measured the ECL response of
DNA nanosheets alone (Figure S12), which exhibited only
negligible background signals. As shown in Figure 3b, the ECL
intensity of all three samples was enhanced in the presence of
coreactants, compared to the bare GCE. This result confirms
the critical role of DNA nanosheet-assisted self-assembly in
improving the ECL emission. Notably, as the intertemplate
spacing increased, the ECL intensity and ECL efficiency (vs
Ru(bpy);Cl,/H,0, reference, see more details in the
Supporting Information and Table S2) of CsPbBry/DNA
NSs also increased, suggesting that larger template separations
reduce the internal filtering effect,’” thereby improving the
emission of light. Cyclic voltammetry (CV) measurements
were performed in 0.01 M phosphate-buffered saline (PBS)
containing 10 mM H,O, (Figure 3c). The data revealed that as
the DNA template spacing increased, the redox potential
shifted to more positive values, and the peak current increased,
indicating an enhanced reduction process. On the bare GCE,
H,O, exhibited a strong reduction current with a peak at
approximately —0.65 V, suggesting the formation of
intermediate hydroxyl radicals (OH-) that oxidize CsPbBr;,
(R) to form CsPbBry* (R*). For the CsPbBr;/DNA NSs
systems, a distinct reduction peak at —1.5 V was observed,
demonstrating that electrons were successfully injected into the
LUMO of CsPbBr;, reducing the quantum dots to CsPbBr;~
(R7). This further indicates that the interaction of H,O, with
CsPbBr;/DNA NSs facilitates efficient electron transfer, which
enhances the overall ECL response. Based on the above data,
the following ECL mechanism can be proposed'®***’
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H,0, + e - OH + OH"~ (1)
OH + R — R' + OH~ (2)
R+e—-> R (3)
R+ R - R* (4)
R* > R+ hv (8)

To further investigate the underlying electron transfer
processes contributing to the enhanced ECL performance in
the CsPbBr;/DNA NSs system, we analyzed the valence band
maximum (VBM) using valence band XPS (VB-XPS). The
VBM values for CsPbBr;/DNA NSs and CsPbBr; were
estimated to be approximately 2.42 and 2.59 eV, respectively
(Figure 3d). The red-shifted absorption spectrum of CsPbBr,/
DNA NSs (Figure 3e) compared to dispersed CsPbBr;,
indicates the presence of strongly interdot dipole interac-
tions,""*> enhancing charge mobility and directional trans-
port.”> UV—vis absorption spectra and the Kubelka—Munk
theory™* were used to estimate the band gaps of CsPbBr,/
DNA NSs and CsPbBr;, which were found to be approximately
2.09 and 2.28 eV, respectively. The reduction in the band gap
and decrease in the HOMO energy level for CsPbBr;/DNA
NSs suggest that the self-assembly process promotes the
separation of electron—hole pairs, which is beneficial for
improving the ECL performance. Additionally, the fluores-
cence lifetime of CsPbBry/DNA NSs was measured (Figure
S13), revealing an average value of 2.86 us, which is shorter
than the fluorescence lifetime of CsPbBr; (4.95 us). This
shorter lifetime is attributed to the nonradiative recombination
pathways generated by the interaction between CsPbBr; QDs
and DNA nanosheets, further supporting the enhancement of
electron transfer.

The results demonstrate that DNA nanosheet template
vertical spacing plays a crucial role in enhancing the ECL
performance of CsPbBr;. By increasing the intertemplate
spacing, the efficiency of electron transfer is improved, leading
to a stronger ECL signal.
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Scheme 2. Schematic Diagram of miRNA-221 Detection Mechanism Based on CsPbBr;/DNA NSs
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Stability of CsPbBr;/DNA NSs. CsPbBr; QDs exhibit
pronounced aggregation and rapid hydrolysis in aqueous
environments, leading to accelerated structural collapse
(Figure 4a). However, the self-assembly of CsPbBr; onto
DNA nanosheets effectively mitigates this issue, ensuring the
stability of the QDs in water. After 10 days of storage in pure
water, CsPbBr;/DNA NSs retained 83.3% of their initial ECL
intensity, while the ECL signal of monodisperse CsPbBr;
without the DNA template protection decreased by more
than 70% (Figure 4b). This stark contrast underscores the
significant role of DNA nanosheets in enhancing the water
stability of CsPbBr;. Under the optimum conditions, a good
and stable ECL response can be obtained, and the relative
standard deviation (RSD) of the ECL response for 25
consecutive scans is 2.04% (Figure 4c). In addition, the ECL
efficiency (®gc) of the passivated CsPbBr; can approach up
to 65.5%, two times higher than that of the pristine ones
(~33.5%). The DNA template preserves the structural
integrity and ECL activity of the perovskite quantum dots,
may be attributed to the formation of superlattice structures
and more compact binding of surface Iigands,45 making them
more suitable for practical applications. This finding is
particularly important in the context of biosensor applications,
where the longevity and reproducibility of the sensor signal are
paramount.

Development of ECL-RET Biosensor for miRNA
Detection. MicroRNAs (miRNAs) are an emerging class of
endogenous, noncoding, single-stranded RNA molecules that
play critical roles in various biological processes, including cell
differentiation, apoptosis, proliferation, migration, invasion,
and carcinogenesis.46 Due to their involvement in numerous
diseases, miRNAs have shown great potential as diagnostic
biomarkers.*’ Consequently, the detection of miRNAs using
electrochemical biosensors has garnered increasing attention
from researchers.

In this study, we developed a dual-potential electro-
chemiluminescence resonance energy transfer (ECL-RET)
biosensor (Scheme 2), integrated with a hybridization chain
reaction (HCR),** for the sensitive and selective detection of
miRNA-221. The biosensor was designed based on the
principle of base complementary pairing. The extended strand
of DNA nanosheets hybridizes with an auxiliary molecule
(Assist strand) to form double-stranded DNA with sticky ends.
Upon introducing miRNA-221, the target miRNA hybridizes
with the Assist strand, displacing the extended strand. This
interaction initiates the HCR process, involving the initiator
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and a mixture of Hairpin H1 and H,, which amplifies the signal
by generating double-stranded DNA polymers with Pt NPs-
luminol, enhancing the ECL response. To enable the ECL-
RET mechanism, Pt NPs-luminol was synthesized by reducing
PtCls” with a luminal-sodium citrate solution, as previously
reported.”® This method effectively immobilizes luminal on the
surface of Pt nanoparticles. The synthesized Pt NPs-luminol
was characterized by TEM, revealing an average particle size of
2 nm (Figure S14a). The absorption peak of Pt NPs-luminol
was observed at 360 nm, with a broader absorption range
spanning 300 to 650 nm (Figure S14b). The ECL emission
wavelengths of CsPbBr;/DNA NSs, ranging from 400 to 700
nm, overlap with the absorption range of Pt NPs-luminol. This
overlap facilitates ECL-RET between CsPbBr; and Pt NPs,
resulting in the quenching of the cathodic ECL emission from
CsPbBr;.

The triggered hybridization chain reaction (HCR) was
further characterized using polyacrylamide gel electrophoresis
(PAGE). As shown in Figure S1S, the band in lane §
corresponds to a mixture of hairpins H1 and H,, which shows
no secondary structure formation, confirming the inactive state
before the addition of the target miRNA. In lane 8, where no
target miRNA-221 is present, the reaction does not proceed,
and no amplified product is formed. However, in the presence
of miRNA-221, the target miRNA hybridizes with the Assist
strand, displacing the extended strand, and initiates the HCR
process. This cycle of strand displacement and hybridization
amplifies the signal by producing high-molecular-weight
double-stranded DNA polymers with Pt NPs-luminol,
significantly enhancing the ECL signal. To verify the
stepwise-modified process of the electrode, cyclic voltammetry
(CV) measurements were performed. The occurrence of the
HCR led to a significant decrease in CV signals (Figure S16),
which confirms the successful construction of the proposed
biosensor.

The ECL-RET biosensor operates in a potential scanning
range from —2.2 to 0.5 V, with hydrogen peroxide (H,0,) as
the coreactant. During the scan, the ECL of CsPbBr;/DNA
NSs at —2.2 V and the ECL of luminol at 0.45 V were
simultaneously induced. The introduction of Pt NPs-luminol
quenched the cathodic ECL of CsPbBr;/DNA NSs while
significantly enhancing the anodic ECL of luminol. This
ratiometric ECL-RET approach enables precise detection of
miRNA-221, as it compensates for signal fluctuations and
ensures reliability in complex environments.
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Figure S. (a—c) Standard ECL responses of the CsPbBr;/DNA NSs system upon addition of various concentrations of miRNA-221, (d) the
stability of the developed CsPbBry/DNA NSs based sensing toward 0 and 1 pM under 10 consecutivecyclic potential scans. (e) Selectivity of the
CsPbBry/DNA NSs based sensing assay for miRNA-221 detection over other interference, (f) ECL responses of ECL biosensor incubating the

lysates of HeLa and HepG2 with different cells number.

The performance of the developed ECL-RET biosensor was
further evaluated for detecting miRNA-221 in biological
samples. First, we optimized the experimental conditions,
including the concentration of Pt NPs and the reaction time of
the HCR, to achieve the best ECL performance (Figure S17).
The ECL intensity increased with Pt NPs concentration,
reaching a maximum at 120 uM. The optimal HCR reaction
time was found to be 3 h, during which the cathode-to-anode
ECL intensity ratio increased. Under these optimized
conditions, miRNA-221 detection was performed. As shown
in Figure Sa, the ECL signal from CsPbBr;/DNA NSs at —2.2
V decreased with increasing target miRNA concentration,
while the ECL signal from Pt NPs-luminol at 0.45 V increased.
The ECL intensity ratio (I;/I,) exhibited a strong linear
correlation with miRNA-221 concentration, ranging from 10
aM to 10 pM (R* = 0.992), with a calculated limit of detection
(LOD) of 6.05 aM (LOD = 3 Sb/m) (Figure Sc). Compared
with other biosensors, the constructed biosensor exhibited a
wider limit range and a lower detection limit (Table S3).

To assess the stability of biosensor, 10 consecutive cyclic
potentiometric scans were performed with 0 M and 1 pM
miRNA. As shown in Figure 5d, no significant change in ECL
intensity was observed, demonstrating the high stability of the
biosensor. The selectivity of the biosensor was also tested by
introducing other microRNAs, including miRNA-21, miRNA-
155, and miRNA-141. As shown in Figure Se, the signal
interference from these microRNAs was negligible, even when
their concentration was 10 times higher than that of miRNA-
221, indicating excellent selectivity for miRNA-221 detection.

Finally, the biosensor was tested in biological samples,
including lysates from hepatocellular carcinoma (HepG2) and
HeLa cells. As shown in Figure 5f, as the number of HepG2
cells increased from 10 to 10°, the ECL ratio increased
significantly, while the signal from HeLa cells remained
relatively stable. These results suggest that miRNA-221 is
overexpressed in HepG2 cells and underexpressed in HeLa
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cells, consistent with previously reported ﬁndings,.51 This
confirms that the developed biosensing strategy is highly
suitable for detecting miRNA-221 in cancer cells.

B CONCLUSIONS

In conclusion, we present a novel strategy for enhancing the
performance of CsPbBr; QDs by utilizing DNA nanosheets as
templates to induce the self-assembly of CsPbBr; into long-
range ordered close-packed superlattice. By combining biotin-
modified staple chains with streptavidin-coated CsPbBr; QDs,
we successfully organized the originally disordered nanocryst-
als into a stable and highly ordered superstructure in aqueous
environments. This self-assembly approach enables tight
packing of CsPbBr;, facilitating efficient electron transport.
Simultaneously addressing perovskite’s aqueous instability
while offering a generalizable nanomaterial design platform.
A dual-potential ECL-RET biosensor was developed, which
utilizes CsPbBr;/DNA nanosheets for sensitive and selective
detection of miRNA-221. The sensor exhibited exceptional
stability and a low detection limit of 6.0S aM. This work not
only provides a solution to the intrinsic instability of CsPbBr;
QDs but also introduces a promising strategy for constructing
high-performance ECL biosensors with broad applicability in
disease detection and molecular diagnostics.
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