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ABSTRACT: Hepatitis B virus (HBV) infection remains a major
global health concern, necessitating the development of sensitive
and reliable diagnostic methods. In this study, we propose a novel
approach to enhance the sensitivity of HBV DNA detection by
leveraging a concentration imbalance-driven DNA circuit
(CIDDC) as an operational amplifier, coupled with a hybrid-
ization-responsive DNA-templated silver nanocluster (DNA-
AgNCs) nanoprobe named Q·C6-AgNCs. The CIDDC system
effectively converts and amplifies the input HBV DNA into an
enriched generic single-stranded DNA output, which subsequently
triggers the fluorescence of the DNA-AgNCs reporter upon
hybridization, generating a measurable signal for detection. By
incorporating the DNA circuit, we not only achieved enhanced sensitivity with a lower detection limit of 0.11 nM but also
demonstrated high specificity with single-base mismatch discriminability for HBV DNA detection. Additionally, this mix-and-detect
assay format is simple, user-friendly, and isothermal. This innovative strategy holds promise for advancing molecular diagnostics and
facilitating the effective management of HBV-related diseases.
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■ INTRODUCTION
Despite the availability of safe and effective Hepatitis B virus
(HBV) vaccines since the 1980s, HBV infection continues to
pose a significant global public health challenge.1,2 According
to the latest statistics from the World Health Organization
(WHO), an estimated 254 million people were living with
chronic hepatitis B infection worldwide in 2022, resulting in
1.1 million deaths from hepatitis B-related end-stage liver
diseases such as cirrhosis and hepatocellular carcinoma.3,4

Although no definitive cure for HBV infection exists, early
detection plays a crucial role by facilitating timely intervention
and treatment, thereby reducing the risk of disease progression
and transmission. Nucleic acid detection methods, notably
polymerase chain reaction (PCR), are capable of identifying
relatively low levels of viral genetic material in the blood-
stream, offering the ability to detect HBV infection at an early
stage even before the onset of symptoms or seroconversion.5,6

In contrast, serological tests rely on the development of
antibodies, which may require a longer duration to become
detectable.7

PCR-based methods have historically been the prevailing
approach for nucleic acid testing of viruses. However, their
reliance on specialized thermal cyclers and sophisticated

operators has hindered their use in highly endemic areas,
which are usually developing regions. Consequently, there is a
pressing need to develop cost-effective and user-friendly
platforms for HBV detection. In this regard, fluorescent
analytical methods have garnered significant interest due to
their convenience, rapidity, and high sensitivity.8,9 Never-
theless, the application of these methods is largely hampered
by the inherently poor photostability of conventional organic
fluorophores. In recent decades, fluorescent nanomaterials,
such as quantum dots (QDs),10 upconversion nanoparticles
(UCNPs),11 and noble metallic nanoclusters (NMNCs),12−17

have emerged as highly appealing tools for a diverse range of
applications in bioimaging, biosensing, and other fields where
enhanced brightness, photostability, and spectral tunability are
crucial. Among the various fluorescent nanomaterials, DNA-
templated silver nanoclusters (DNA-AgNCs) have drawn
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especially significant attention due to their exceptional
characteristics. The crystal structures and corresponding
optical properties of DNA-AgNCs are highly template
sequence-dependent.18,19 In addition, DNA-AgNCs exhibit
remarkable environmental sensitivity, with their photophysical
properties modulated by alterations in the sequence or
structure of the DNA templates.20 Notably, the structures of
DNA templates can be precisely and programmably regulated
through specific biological processes, such as hybridization,
unfolding, and enzymatic digestion, which significantly
enhance the versatility and potential biomedical applications
of DNA-AgNCs.21,22 For instance, we found that the specific
hybridization between the target viral DNAs and the stem-loop
probes resulted in the opening of the closed stem-loop
structures, sequentially exposing DNA sequences that served as
templates for the in situ synthesis of AgNCs.23 In a separate
study, we demonstrated that hybridization of the target viral
DNA with two probe segments forms a unique ternary DNA
structure featuring a cytosine-rich loop, serving as a template
for the AgNC synthesis.24 Leveraging these advantageous
qualities, DNA-AgNCs have found extensive utility in
detecting ions, small molecules, nucleic acids, and protein
biomarkers.25−31

DNA-AgNC-based sensors, while offering unique advan-
tages, do have inherent limitations in terms of sensitivity. To
address this challenge and enhance detection sensitivity, the
incorporation of signal amplification strategies is often
necessary. Enzyme-free signal amplification proves to be
more advantageous in the design of AgNC-based sensors due
to the strong interference of sulfide or chloride ions commonly
found in enzyme storage solutions or reaction buffers, which
can negatively impact the formation and fluorescence signal of
AgNCs. Furthermore, enzyme-free signal amplification strat-
egies offer the benefits of assay simplicity, cost-effectiveness,

and ease of optimization compared to enzyme-assisted signal
amplification methods. Toehold-mediated strand displacement
(TMSD) has received extensive attention and research in the
field of enzyme-free isothermal amplification.32 A series of
methods, such as hybrid chain reaction (HCR),33−35 catalytic
hairpin assembly (CHA),36−38 and entropy-driven catalysis
(EDC),39,40 have been employed in this context and have
proven successful in detecting a wide variety of targets.
Recently, Fan et al. explored an innovative enzyme-free
amplification circuit with high efficiency by strategically
manipulating the relative concentrations of reactants to prompt
rapid displacement of DNA strands.41 This groundbreaking
DNA integrated circuit (DIC) system boasts a versatile
architecture constructed from the integration of large-scale
DNA-based programmable gate arrays (DPGAs). Intercon-
nected via generic single-stranded oligos acting as a uniform
transmission signal (DNA-UTS), the communication within
this DIC system is orchestrated by recruiting concentration-
anomalyzed DNA circuits (CIDDCs) as adaptors. These
adaptors harness the concentration disparity between a high-
concentration fuel strand and a low-concentration input strand
(specifically, the output strand from an upstream gate) to drive
a cyclic TMSD reaction, yielding a robust signal output (i.e.,
the input strand to a downstream gate). One of the key
attributes of these adaptors is their exceptional capability to
transmit DNA-UTS between gates and DPGAs with minimal
signal attenuation. This quality plays a pivotal role in enabling
the construction of large-scale DPGA networks with optimal
performance. When applied in sensing applications, CIDDCs
exhibit potent signal amplification capabilities. The CIDDC
amplifiers efficiently amplify and convert the input signal, that
is, the target strand, into output DNA-UTS, thereby enhancing
sensitivity in the detection of target input strand. Inspired by
these findings, we herein introduce a highly sensitive

Scheme 1. Design Strategy for the DNA-AgNCs Probe and Principle of HBV DNA Detectiona

a(A) Schematic illustration depicting the design of DNA-AgNCs nanoprobe. (B) Schematic illustration demonstrating the operational mechanism
of the CIDDC and the sensing principle of the CIDDC-empowered assay for HBV DNA.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00291
JACS Au 2024, 4, 2323−2334

2324

https://pubs.acs.org/doi/10.1021/jacsau.4c00291?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00291?fig=sch1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


fluorescent sensing platform for HBV DNA detection.
Leveraging the fluorescent intensity of hybridization-respon-
sive DNA-AgNCs as the out signal, coupled with a CIDDC
serving as the signal amplifier, we successfully achieve both
qualitative and quantitative detection of the virus by
monitoring fluorescence changes in DNA-AgNCs before and
after the introduction of HBV DNA.

■ RESULTS AND DISCUSSION

Design of the DNA-AgNCs Probe and Principle of the
Assay

As depicted in Scheme 1A, the initial AgNC probe, denoted as
C6-AgNCs, comprises a synthetic single-stranded DNA oligo
(C6 strand) containing six consecutive cytosine bases (C6
domain). The strong affinity of the cytosine-rich domain with
silver ions enables it to serve as a nucleation site for AgNC
formation. In situ reduction of silver ions within the C6 domain
is achieved using sodium borohydride (NaBH4), resulting in a
yield of green-emitting AgNCs. Upon the hybridization of C6
strand with the Q strand, a partial double-stranded Q·C6
structure is formed, featuring a C6 loop on the C6 strand and a
toehold (orange region) at the 5′ end of the Q strand. This
conformational change in the DNA template leads to
fluorescence quenching of AgNCs (Q·C6-AgNCs). However,
once introducing the r strand, which is complementary to the
Q strand, it triggers the TMSD reaction, causing the
dissociation of the Q strand from C6-AgNCs and thereby
recovering the fluorescence of C6-AgNCs.
To create a fluorescent sensing platform for HBV DNA, we

have designed a DNA-AgNCs-based system that incorporates a
CIDDC as a signal amplifier. As illustrated in Scheme 1B, the

sensing principle of this platform relies on the amplification
effect of CIDDC, which converts the presence of the target
strand, i.e., HBV DNA, into a substantial output of R strands.
The R strand contains the complete sequence of r strand along
with a few additional bases at the 3′ end (gray region). This
process ultimately leads to the liberation and sequential
fluorescence recovery of the C6-AgNCs. The CIDDC consists
of two essential elements: a partial double-stranded P·R
structure with a toehold (red region) at the 5′ end of the P
strand and the Fuel (F) strand. It is important to note that the
hybridization free energies of P·R, P·T, and P·F are essentially
equal. Upon the introduction of HBV DNA (target, T strand),
it binds to the toehold domain on the P strand, initiating
branch migration and triggering a TMSD reaction (I). This
TMSD generates the duplex strand P·T, featuring a toehold
domain (green) at the 3′ end of the P strand while releasing
the R strand. The F strand acts as an invader that selectively
binds to the toehold region of P·T, inducing another TMSD
reaction (II). This process ultimately leads to the displacement
of the incumbent T strand to form a duplex strand P·F with a
toehold region (red) at the 5′ end of the P strand, which
facilitates a reverse TMSD reaction. However, due to the
significantly higher concentration of the F strand compared to
the T strand, a concentration-disequilibrium force drives the
effective release of the T strand. The liberated T strand then
binds to another P·R complex, initiating the next cycle of
TMSD reactions and target strand recycling. Through the
amplification effect, the initial introduction of a small quantity
of T strand ultimately leads to a significant accumulation of
free R strands as the output of this CIDDC. Such an abundant
pool of R strands subsequently binds to the toehold region of
the Q·C6-AgNCs complex, triggering the liberation and

Figure 1. Synthesis and characterization of C6-AgNCs. (A) Fluorescence excitation (Ex) and emission (Em) spectra of C6-AgNCs. (B) TEM
image showcasing the morphology of C6-AgNCs. (C) Fluorescence spectra of C6-AgNCs at different reduction times after the addition of NaBH4.
(D) Temporal fluorescence changes of C6-AgNCs upon varying the duration of NaBH4 reduction.
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subsequent fluorescence restoration of the C6-AgNCs upon
hybridization. By leveraging the amplification capability of
CIDDC, we can achieve the sensitive detection of HBV DNA
by monitoring the fluorescence restoration of C6-AgNCs, as
explained above.
Construction of the Hybridization-Responsive DNA-AgNCs
Reporter

In this work, a cytosine-rich domain-containing single-stranded
DNA template, called C6, was utilized for the synthesis of
fluorescent AgNCs. Due to the strong affinity between cytosine
and Ag+, silver ions preferentially bound to the cytosine bases

within the cytosine-rich domain and were subsequently
reduced to form AgNCs by NaBH4 (see the Experimental
Section for detailed procedures). The used DNA sequences are
given in Table S1. The resultant DNA-AgNCs, named C6-
AgNCs, displayed green fluorescence emission at 553 nm with
an optimal excitation wavelength at 468 nm (Figure 1A).
Notably, C6-AgNCs presented an excitation-wavelength-
dependent fluorescence spectrum, which is a characteristic
behavior commonly observed in ultrasmall AgNCs (Figure
S1). The TEM image revealed that the C6-AgNCs exhibited
high dispersion and had an average size of approximately 2 nm

Figure 2. Fluorescence quenching of C6-AgNCs occurs upon hybridization with strand Q. (A) Schematic illustration demonstrating the
fluorescence quenching of C6-AgNCs upon hybridization with the complementary strand, Q. (B) Fluorescence spectra of 300 nM C6-AgNCs in
the presence of Q with varying concentrations (50, 100, 200, 300, 500, and 1000 nM). (C) TEM image displaying the morphology of C6-AgNCs
quenched by the Q strand (500 nM).

Figure 3. Fluorescence quenching and subsequent recovery of C6-AgNCs. (A) Schematic illustration depicting the process of fluorescence
quenching and recovery of C6-AgNCs. (B) Total internal reflection fluorescence microscope images exhibiting C6-AgNCs, quenched C6-AgNCs,
and recovered C6-AgNCs samples nonspecifically adsorbed onto a coverslip. Insets correspondingly display the fluorescence spectra of these
AgNCs samples.
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(Figure 1B). Fluorescence spectra of C6-AgNCs were
measured at different reduction times to investigate the
kinetics of C6-AgNCs growth (Figure 1C). As depicted in
Figure 1D, the emission of C6-AgNCs at 553 nm became
progressively stronger with increasing reduction time from 0 to
36 h and tended to get stable after 36 h. Therefore, a reduction
time of 36 h was chosen for the synthesis of AgNCs to facilitate
the subsequent construction of the sensing platform. In the
absence of the C6 strand in the reaction system, the direct
reduction of silver ions to fluorescent AgNCs by sodium
borohydride did not occur (Figure S2). This observation
further confirms the dependence of AgNCs generation on the
presence of C6 as a template. The obtained C6-AgNCs are
quite stable, with no fluorescence intensity decay observed
after storage at 4 °C for 30 days (Figure S3).
Significantly, the DNA-AgNCs complex obtained by using

DNA oligos as templates inherits the recognition abilities of
the templates. Upon introducing the Q strand, C6 forms a
partial duplex with Q through Watson−Crick base pairing
(Figure 2A). As shown in Figure 2B, the fluorescence intensity
of AgNCs at 553 nm decreased gradually with increasing
concentrations of the Q strand. Interestingly, despite

substantial fluorescence quenching, the morphology of the
AgNCs remains largely unchanged. The Q·C6-AgNCs
exhibited good dispersibility, and their particle size remains
around 2 nm, similar to that of the C6-AgNCs (Figure 2C).
The exact mechanism behind the fluorescence quenching of
C6-AgNCs is not fully understood. However, it is hypothesized
that the hybridization of C6 with Q is likely to cause changes
in both the structure and composition of the template. These
alterations impact the microenvironment (especially the
adjacent bases) surrounding the AgNCs, ultimately leading
to the quenching of fluorescence of the encapsulated AgNCs.
As there is a toehold at the 5′ terminal of the Q strand

within the Q·C6 complex, the introduction of the r strand,
which is the complementary strand of Q, initiates the TMSD
reaction, resulting in the liberation and consequent fluo-
rescence recovery of the C6-AgNCs (Figure 3A, schematic).
As depicted in Figure 3B, the initially vibrant green
fluorescence of C6-AgNCs diminishes upon the addition of
an ample amount of Q. Nevertheless, when the r chain was
added at an equivalent concentration as the Q chain, the
fluorescence intensity of the AgNCs nearly restored to its
prequenching level. The insets display the emission spectra of

Figure 4. Fluorescence activation of Q·C6-AgNCs upon displacement of Q by r. (A) Schematic illustration depicting the synthesis of AgNCs using
Q·C6 as a template and the fluorescence activation of Q·C6-AgNCs upon displacement of Q by r. (B) TEM image showcasing the morphology of
Q·C6 templated AgNCs. (C, D) Total internal reflection fluorescence microscope images displaying Q·C6-AgNCs before and after activation with
the r strand. (E) Changes in fluorescence spectra of 300 nM Q·C6-AgNCs upon the addition of the r strand at different concentrations (30, 50,
100, 150, 200, and 300 nM). (F) Linear relationship between ΔF (fluorescence intensity increment) and the concentration of r strand.
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C6-AgNCs under different conditions when excited at a
wavelength of 468 nm. These findings further support the
notion that the fluorescence quenching of C6-AgNCs is
primarily attributed to changes in the structure and
composition of the template.
Based on the aforementioned results, we have compelling

evidence to suggest that the Q·C6 complex can effectively
serve as a template for synthesizing quenched AgNCs, which
fluoresces through the dissociation of the Q strand upon
hybridization with the r strand (Figure 4A). Except for the
initial step of C6 hybridizing with Q of the same concentration
to form a partial duplex, all other steps and reaction conditions
remain identical to those employed in the synthesis of AgNCs
using C6 as the template. The successful formation of AgNCs
with the Q·C6 template is indicated by the nanoparticles′
average size of about 2 nm and their good dispersibility, as
demonstrated by TEM analysis (Figure 4B). As anticipated,
the addition of the r strand (complementary to the Q strand)
results in the illumination of AgNCs, emitting a vibrant green
glow (Figure 4C,D). Figure 4E shows the fluorescence
intensity of the AgNCs reporter in response to various
concentrations of the r strand (from 30 to 300 nM). It is
evident that the fluorescence intensity of AgNCs gradually
increases with progressive increment in r strand concentration.
Notably, there exists a strong linear relationship between the
increase in fluorescence intensity at 553 nm of AgNCs and the
concentration of the r strand (Figure 4F). Additionally, the full
spectrum scan graph depicting the changes in the activated
AgNCs emission across various excitation wavelengths closely
resembles that of the C6-AgNCs (Figure S4). When the r
strand is utilized as a surrogate target, the as-prepared Q·C6
templated AgNCs (Q·C6-AgNCs) can be classified as a signal-
on fluorescent reporter for the r strand, with a detection limit
of 5.9 nM for the r strand.
Feasibility of HBV DNA Detection by Employing
Q·C6-AgNCs as Reporter and CIDDC as Operational
Amplifier

As mentioned earlier in the explanation of the detection
principle, in order to enhance the sensitivity of the assay, we

have architected a CIDDC, which functions as an operational
amplifier to convert the input of the target strand (T strand, in
this case, HBV DNA) into a large output of R strands. For a
detailed description of the sequence and pairing information
on DNA oligos, refer to Figure S5 and Table S1. The
hybridization free energies of P·R, P·T, and P·F are deliberately
tailored to be essentially equal (Figure S6). This CIDDC is
composed of two initiating components, P·R and F. Upon the
input of the target, this CIDDC undergoes two TMSD
reactions: (I) P·R+T ⇌ P·T+R and (II) P·T+F ⇌ P·F+T. The
hybridization free energy of P·R and P·T is equal, which leads
to the generation of a corresponding amount of P·T when a
certain amount of T strand is added, establishing equilibrium
in reaction (I). However, owing to the equal hybridization free
energy of P·T and P·F, when the initial concentration of F
significantly exceeds that of T, it creates a concentration-
disequilibrium driving force that effectively promotes the
forward reaction P·T+F → P·F+T in reaction (II). This
forward reaction (II) generates T while consuming P·T, which
enables the recycling of T and pulling reaction (I) forward. By
cascading and looping of these two TMSD reactions, the
CIDDC system operates smoothly, ultimately resulting in the
recycling of T and the generation of a large amount of R. The
R strand incorporates the complete sequence of the r strand,
which can subsequently illuminate the fluorescence of the Q·
C6-AgNCs reporter.
To validate the feasibility and amplification effect of this

CIDDC system, we subjected the system to a 30 nM target.
The 300 nM as-prepared Q·C6-AgNCs were initially
introduced into the system as reporter. As depicted in Figure
5A, it is evident that the implementation of the CIDDC system
for a period of time (100 min) resulted in a significant increase
in fluorescence intensity of the AgNCs reporter in the presence
of the 30 nM target. In contrast, direct exposure to 30 nM R
(surrogate target) had a minimal impact on the fluorescence
intensity of the AgNCs reporter. Furthermore, in the absence
of the fuel strand, even with the addition of a 30 nM target,
there was negligible change in the fluorescence of the AgNCs.
These results demonstrate the feasibility of the CIDDC design
and its reliance on concentration imbalance driving. The

Figure 5. Feasibility and amplification effect of the CIDDC system. (A) Changes in fluorescence spectra of 300 nM Q·C6-AgNCs probe upon the
addition of a 30 nM R strand without CIDDC or 30 nM HBV DNA (T strand) with CIDDC amplification. CIDDC system: 300 nM P·R and 3 μM
F. ΔF represents the changes in fluorescent intensity observed in the 300 nM Q·C6-AgNCs probe with corresponding operations. (B) Results of
native PAGE after DNA separation. Lanes: (1) 1 μM C6, (2) 1 μM Q·C6, (3) 1 μM P·R, (4) 1 μM F, (5) 1 μM Q·C6 + 1 μM P·R + 10 μM F, (6)
1 μM Q·C6 + 1 μM R, (7) 1 μM Q·C6 + 1 μM P·R + 10 μM F + 50 nM T, (8) 1 μM Q·R, (9) 1 μM P·F. All DNA components were mixed and
incubated for 100 min electrophoretic separation.
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Native PAGE results further validate the feasibility of the
CIDDC system. It is worth mentioning that due to the poor
sensitivity of electrophoresis, we have accordingly increased
the concentrations of various components: P·R and Q·C6 were
1 μM each, F was 10 μM, and T was 50 nM. Figure 5B reveals
that the introduction of 50 nM T to the CIDDC system leads
to the disappearance of Q·C6 and P·R bands, while Q·R, P·F,
and C6 bands emerge (Lane7). This is because the presence of
T initiates the catalytic cycle of CIDDC, leading to the
consumption of F and P·R, generating P·F and R.
Subsequently, R further reacts with Q·C6 through TMSD to
produce Q·R and C6. Both fluorescence and electrophoresis
results manifest the successful transformation and amplification
of the input T strand into a substantial amount of the output R
strand by this CIDDC system.
Performance of the CIDDC Coupled with Q·C6-AgNCs for
HBV Detection

DNA computing showcases remarkable parallel computing
capabilities. Therefore, in this study, we implemented a one-
pot procedure that directly combines the Q·C6-AgNCs
reporter with the CCIDC system from the outset. This
approach enables simultaneous operation of the CCIDC

process and the liberation and subsequent fluorescence
recovery of AgNCs. Comparatively, the one-pot procedure
exhibits higher execution efficiency and achieves a superior
signal-to-noise ratio within the same reaction time when
contrasted with the step-by-step procedure, where CIDDC is
initially executed followed by the addition of the Q·C6-AgNCs
reporter (Figure S7). This enhanced performance of the one-
pot procedure primarily stems from DNA computing’s
inherent parallel computing capability. Furthermore, the
subsequent TMSD reaction used to release the C6-AgNCs
consumes the R strand, which serves as a drain on the
upstream CIDDC. This effectively pulls the TMSD reaction
(II) of the CIDDC forward, thus ultimately promoting the
operation of the whole CIDDC system. In order to enhance
the performance of this Q·C6-AgNCs coupled CIDDC
platform for HBV detection, we optimized several reaction
conditions with the signal-to-noise ratio (SNR = ΔF/ΔF0) of
the system serving as the guiding indicator. The optimization
was conducted by using a 10 nM target concentration as the
reference. As shown in Figure S8A,B, the optimum operation
time for CIDDC was determined to be 100 min, while the
optimal temperature was identified as 20 °C. Additionally,
Figure S8C,D reveals that the optimal concentration ratios of F

Figure 6. Detection of HBV DNA utilizing the Q·C6-AgNCs probe with the CIDDC system. (A) Fluorescence spectra changes of the 300 nM Q·
C6-AgNCs probe upon the addition of HBV DNA at various concentrations (1, 3, 5, 10, 15, 20, 30, 50 nM), with the implementation of CIDDC.
(B) Linear correlation between ΔF (fluorescence intensity increment) and the concentration of HBV DNA.

Figure 7. Specificity of the CIDDC-empowered sensing system. (A) Specificity of 300 nM Q·C6-AgNCs probe for 10 nM HBV DNA compared to
other 10 nM mismatched DNAs, with the implementation of CIDDC. (B) Sequences of HBV and mismatched DNAs. SM-2, SM-3, SM-4, SM-8,
and SM-12 indicate single mutation base at different sites, while DM represents two bases mismatch. The mutated bases are highlighted in red.
ΔFHBV and ΔFM represent the changes in fluorescent intensity observed in the 300 nM Q·C6-AgNCs probe upon the addition of 10 nM HBV
DNA and mismatched DNA with CIDDC amplification, respectively.
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vs P·R and P vs R were established to 10:1 and 1.2:1,
respectively.
We subsequently evaluated the performance of the CIDDC

system coupled with a Q·C6-AgNC-based nanoprobe for
quantitative analysis of HBV DNA under the selected optimum
reaction conditions. Different concentrations of HBV DNA (T
strand) were introduced into the CIDDC system containing
300 nM Q·C6-AgNCs reporter. As shown in Figure 6A, the
green fluorescence emitted by the reporter was gradually
intensified with the cumulative concentration of HBV DNA.
Notably, a good linear correlation between the fluorescence
intensity and the target DNA concentration was observed
within the range of 1−20 nM (Figure 6B). Thanks to the
amplification effect of CIDDC, the detection limit for the
target DNA was improved to 0.11 nM, a significant
enhancement compared to the 5.9 nM detection limit of the
Q·C6-AgNCs reporter for the surrogate target (r strand). The
sensitivity of the Q·C6-AgNC-based nanoprobe, aided by
CIDDC, is either comparable to or superior to that of
previously reported DNA-AgNC-based probes for nucleic acid
detection (Table S2).
To further assess the specificity of this CIDDC-empowered

sensing system, we subjected the system with similar DNA
strands containing either only one (SM-2, SM-3, SM-4, SM-8,
and SM-12) or two (DM) differential nucleotides compared to
HBV DNA. The sequences of these DNAs are shown in Figure
7B. In the presence of a single-nucleotide mutation, the
increase in fluorescence intensity of the AgNC reporter was
approximately 5 to 30% of that induced by the same
concentration of the HBV DNA target (Figure 7A). Different
mutation sites within the DNA sequence resulted in varying
degrees of interference. When the number of mutated bases
increased to two, the signal variation of the AgNC reporter is
negligible compared to the blank control. These results validate
that our constructed sensing platform offers high specificity
with single-base mismatch discriminability for HBV DNA
detection. Here, the high specificity of our system is primarily
attributed to the hindering effect of mismatches on the initial
step of CIDDC, namely, the TMSD reaction between P·R and
T. This hindrance occurs due to the equal hybridization free
energy between P·R and P·T.
Given that blood transmission is the predominant route of

HBV transmission, the detection of HBV DNA in blood is
crucial for diagnosing HBV infection, monitoring treatment
progress, and preventing further transmission. Consequently,
we assessed the effectiveness of our method by detecting HBV
DNA in the serum samples. To evaluate its performance, we
conducted recovery experiments using 10-fold diluted healthy
human serum samples spiked with three different concen-
trations of HBV DNA (10, 15, and 20 nM). Subsequently, we
performed three repetitive experiments for each sample,
employing our sensing platform. The results, as shown in
Table 1, demonstrated recoveries ranging from 95.5 to 100.4%
with relative standard deviations (RSDs) below 5.0%,
suggesting great promise for the clinical applicability of our
platform.

■ CONCLUSIONS
To summarize, we have successfully developed a novel
enzyme-free fluorescence sensing platform for nucleic acid
detection by leveraging CIDDC as a signal amplifier and
customized hybridization-responsive DNA-AgNCs as a re-
porter. This mix-and-detection assay format is simple,

performed isothermally, and exhibits high efficiency, making
it affordable and viable for application in regions with high
endemicity and limited resources. By incorporating the
constructed CIDDC system, we have not only enhanced the
sensitivity but also achieved high specificity in our method.
Importantly, a notable advantage of this CIDDC system is its
capability to convert and amplify the input DNA into enriched
generic single-stranded DNA output through the implementa-
tion of a computational DNA circuit. Remarkably, the resulting
output signal sequence bears no correlation whatsoever with
the input DNA sequence (e.g., the sequences of “r” and “T” in
this study). As a result, our method possesses high adaptability
and universality, as it can be applied to detect various targets
by simply adjusting the sequences of target-related nucleic acid
components within the CIDDC system. Furthermore, different
CIDDC systems can operate in parallel, enabling the
simultaneous detection of multiple targets in a single run.
Moreover, this CIDDC system can be easily cascaded with
other enzyme-based or DNA circuit-based amplification
methods, offering a versatile and adaptable approach for
nucleic acid detection. Given the aforementioned advantages,
this CIDDC-empowered platform holds great promise for
biomedical and clinical applicability.

■ EXPERIMENTAL SECTION

Materials and Apparatus
All oligonucleotides were synthesized by Sangon Biotech (Shanghai,
China). Silver nitrate (AgNO3, >99%) was purchased from Sigma-
Aldrich Co., Ltd. (Shanghai, China). Sodium borohydride (NaBH4,
98%) was obtained from Shanghai Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China). Healthy human serum was sourced from
Shanghai Jiwei Biotechnology Co., Ltd. (Shanghai, China). Tris-
(hydroxymethyl) aminomethane (Tris), boric acid (H3BO3), ethyl-
enediaminetetraacetic acid disodium salt dihydrate (Na2EDTA·
2H2O), and magnesium acetate tetrahydrate ((CH3COO)2Mg·
4H2O) were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Acetic acid (CH3COOH), DNA Marker (25−500
bp), acryl/bis 30% Solution (19:1), ammonium persulfate (APS),
N,N,N′,N′-tetramethylethylenediamine (TEMED), 4S Gel-red
(10 000× in water), and 6× Ficoll Gel Loading Buffer were purchased
from Sangon Biotech Co., Ltd. (Shanghai, China). All reagents were
of analytical grade and used without further purification. Aqueous
solutions were prepared using ultrapure water (>18 MΩ·cm)
obtained from the Millipore water purification system.
Fluorescence spectra were obtained using a FluoroMax Plus

Fluorescence Spectrophotometer (HORIBA Scientific, Japan). Both
the excitation and emission slit widths were set at 5 nm. Fluorescence
imaging was performed using total internal reflection microscopy
(TIRFM) with a 100× objective lens (Nikon, Japan). The synthesized
DNA-AgNCs were characterized by transmission electron microscopy
(TEM) using a Hitachi H-7500 instrument. Gel images were captured
using the GBOX-F3-E system (Gene Company Limited). The pH of
the buffers was monitored using a PB-10 pH meter (Sartorius,
Germany).
Buffer Conditions
The buffer solution used for synthesizing DNA-AgNCs was 1× TAE-
Mg (40 mM Tris, 30 mM CH3COOH, 2 mM EDTA, 12.5 mM

Table 1. Recoveries of HBV DNA in the Human Serum
Samples (N = 3)

sample added (nM) detected (nM) recovery (%) RSD (%)

1 10 9.7 96.8 4.2
2 15 15.1 100.4 1.3
3 20 19.1 95.5 4.8
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(CH3COO)2Mg, pH = 7.5). For all hybridization reactions, the buffer
solution employed was 1× TAE-Mg (40 mM Tris, 22.5 mM
CH3COOH, 2 mM EDTA, 12.5 mM (CH3COO)2Mg, pH = 8.0).
The electrolyte used in PAGE was 1× TBE-Mg (40 mM Tris, 20 mM
H3BO3, 2 mM EDTA, 12.5 mM (CH3COO)2Mg).

Synthesis of DNA-AgNCs
DNA-AgNCs were synthesized and stabilized in an aqueous solution
by using DNA scaffolds containing six consecutive cytosines (C6
domain). In brief, two single-stranded DNAs (C6 and Q) at equal
concentrations were dissolved in 1× TAE-Mg buffer (pH = 7.5) and
then annealed from 95 to 4 °C to form duplex Q·C6. Subsequently,
AgNO3 was added to the Q·C6 solutions and reduced by NaBH4
(molar ratio, dsDNA/AgNO3/NaBH4 = 1:6:6), resulting in the
formation of Q·C6-AgNCs. The synthesis process of C6-AgNCs
followed the same procedural steps, with the only difference being the
use of a single-stranded C6 as a template instead.

Quenching the Fluorescence of C6-AgNCs upon
Hybridization with Q Strand
The synthesized C6-AgNCs (300 nM) were hybridized with various
concentrations of Q in 1× TAE-Mg (pH = 8.0). After incubation at
20 °C for 100 min, the fluorescence intensity of the mixture was
measured at excitation/emission wavelengths of 468/553 nm.

DNA Detection Using the Customized Q·C6-AgNCs
without the Assistance of CIDDC
The as-prepared Q·C6-AgNCs (300 nM) were hybridized with
various concentrations of r in 1× TAE-Mg buffer (pH = 8.0). After
incubation at 20 °C for 40 min, the fluorescence intensity of the
mixture was measured at excitation/emission wavelengths of 468/553
nm.

Detection of HBV DNA Using the Q·C6-AgNCs Probe with
the Implementation of CIDDC
Different concentrations of T (HBV DNA) were added to a mixture
containing 1× TAE-Mg buffer (pH = 8.0), 300 nM P·R (P and R
were dissolved in 1× TAE-Mg at pH = 8.0 and annealed from 95 to 4
°C to form the P·R duplex), 3 μM F, and 300 nM Q·C6-AgNCs. After
incubating the mixture at 20 °C for 100 min, the fluorescence
intensity was measured at excitation/emission wavelengths of 468/
553 nm. To assess the specificity of our method, we challenged the
system with similar DNA strands containing either only one or two
differential nucleotides compared to HBV DNA at a concentration of
10 nM.

Polyacrylamide Gel Electrophoresis (PAGE)
Characterization
The feasibility of CIDDC in HBV DNA detection was demonstrated
using PAGE. In detail, the gel was run in 10% acrylamide solution
with 1× TBE-Mg buffer at 80 V constant voltage for 100 min at room
temperature. Then, the gel was stained with Gel-Red for 10 min to
indicate the position of DNA and photographed. At this point, we
increased the corresponding concentrations of the various DNA
elements as follows: P·R and Q·C6 at 1 μM each, F at 10 μM, and T
at 50 nM.
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