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ARTICLE INFO ABSTRACT

Keywords: An innovative fluorescent and colorimetric dual-mode strategy based on Y-shaped DNA was proposed for the
Y-shaped DNA detection of rabies virus oligonucleotide. The cascade assembly of hairpin probes was initiated by the target,
Fluorescence leading to the formation of Y-shaped DNA accompanied by freeing target to catalyze the next assembly process.
Iér;{z[)\/me cascade The fluorescence recovery of the fluorophore FAM was accompanied by opening of hairpin probe. A colorimetric

signal was generated by the proximity of glucose oxidase (GOx) and horseradish peroxidase (HRP), which was
reflected by enhanced catalytic capability to TMB. Using this method, target DNA can be detected with a wide
linear range from 0.1 to 6 nM with a detection limit of 15 pM, and from 0.5 to 60 nM with a detection limit of
60 pM for fluorescent and colorimetric readout, respectively. Moreover, the dual-mode detection strategy ex-
hibited excellent selectivity towards the target compared with interference oligonucleotides. In addition, re-
coveries ranging from 96.0% to 106% with RSD values varying from 3.2% to 5.4%, and from 91.0% to 102%
with RSD values varying from 3.3% to 7.1% for fluorescent and colorimetric studies, respectively, were obtained
in diluted cerebrospinal fluid samples. The proposed dual-mode sensor is easy to operate with excellent detection
performance. It would be superior to single mode detection and more practicable for quantitative detection of

RABV oligonucleotide

nucleic acid-related biomarkers due to the self-correction capability.

1. Introduction

Nucleic acid detection at trace levels plays a significant role in
identification and diagnosis of viral infections [1,2], cancer [3,4], and
other diseases [5,6]. Given the low amount of specific target in a bio-
logical system, a variety of powerful signal amplification techniques
have been established [7-10], which promote the detection sensitivity
and dynamic range of nucleic acid-related biomarkers. Among them,
entropy-driven catalysis based signal amplification strategies [11,12],
in particular those operated at constant room temperature, including
hybridization chain reaction (HCR) [13] and catalytic hairpin assembly
(CHA) [14], pave the way for the detection of low-abundance nucleic
acids. Such mechanisms have gained comprehensive attention recently
in the field of biosensing research [15,16]. They were coupled with a
series of detection techniques, including electrochemical, fluorescent,
and colorimetric methods to achieve sensitive detection of trace amount
nucleic acids, proteins, and small molecules with negligible background
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[17,18].

CHA is the most representative example developed and is catalyzed
by targeted toehold-mediated strand displacement reactions. It has
been adapted to a series of applications, including nucleic acid detec-
tion [19], biological molecule imaging [20], and cancer therapy [21].
Diverse DNA structure assemblies including G-quadruplexes [22] and
Y-shaped DNA [23,24], can be either formed in situ or incorporated in
the final products by CHA, providing unlimited possibilities for bio-
sensing signal transduction. Among them, Y-shaped DNA has been
widely applied due to its simple structure and high stability. However,
its properties haven’t been fully exploited for the following reasons: (1)
only one-arm of the Y-shaped DNA is used to produce signal and the
other two arms do not participate the process, limiting the signal am-
plification efficiency [25] and (2) most Y-shaped DNA based amplified
biosensing platforms analyze targets based on a single signal readout
[16,26], either colorimetric or fluorescent, which may be influenced by
external interferences such as different operating personnel. Coupling
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dual-mode detection in a single Y-shaped DNA structure would be an
ideal solution for these limitations. Therefore, it is imperative to con-
struct a more effective Y-shaped DNA based biosensing system.

Alternatively, the enzyme cascade reaction has been recognized as
another simple and efficient signal amplification method for biomole-
cular detection [27]. The advantages of DNA nanotechnology, espe-
cially the site-specific addressability, allow precise tuning of the dis-
tance between enzyme pairs, permitting successful control of the
enzyme cascade activity [28-31]. Once enzymes are located onto the
DNA nanostructures within appropriate distances, the catalytic activity
would be obviously enhanced. As a result, qualitative evaluation of
target DNA is achieved via visual observation due to the generation of
colored product, providing a versatile strategy for amplified point of
care (POC) biosensing [32].

In this manuscript, in order to make full use of Y-shaped DNA na-
nostructures, we incorporated cascade enzyme pairs into the detection
system to carry out amplified dual-mode biosensing. To the best of our
knowledge, this is the first report on the utilization of Y-shaped DNA for
development of fluorescent and colorimetric dual-mode detection. As a
proof-of-concept, rabies virus (RABV) oligonucleotide (short segment:
5-TGGACTAATAACTGAAACTTATGT-3’, 24-bases, X03673.1) was
chosen as the model analyte because rabies remains the only disease
with a 100% mortality rate [33,34]. According to literature, this oli-
gonucleotide is a conservative sequence that has been identified as a
biomarker of rabies [35,36]. It is of urgent demand for a rapid and
sensitive detection method for RABV. The detection principle is shown
in Scheme 1. Three metastable hairpin DNA probes (HP-A, HP-B, and
HP-C) were employed, and each probe was designed with a stem of 18
base pairs and an additional 6 nucleotide sticky end at the 5-end.
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Initially, the HP-A, labeled with a fluorophore (FAM) at 5-end and a
quencher (BHQ1) at the 3’-end, formed a stem-loop hairpin structure
through Watson-crick interaction between the complementary se-
quences. HP-B and HP-C were functionalized with glucose oxidase
(GOx) and horseradish peroxidase (HRP) at the 3’ end, respectively. In
the absence of the target, weak fluorescence signal was observed due to
the intrinsic intramolecular fluorescence resonance energy transfer
(FRET) for HP-A. These three probes can coexist stably together. The
introduction of target activated the CHA of HP-A, GOx-B, and HRP-C,
producing the Y-shaped DNA nanostructures consisting of three hairpin
probes, along with the fluorescence recovery of HP-A and the catalytic
cascades of GOx and HRP caused by the distance proximity. Upon the
addition of 3, 3, 5, 5-Tetramethyl benzidine (TMB) and glucose, the
glucose was oxidized by GOx, generating gluconic acid and hydrogen
peroxide (H»0,). H,O acts as substrate for HRP, allowing the effective
oxidation of TMB to the colored product of oxTMB (A =652 nm). As a
result, the restored fluorescence and the subsequent colored product
can be used for expedient dual-mode signal readout. Each assembly
process was followed by a disassembly step in which HP-C displaced the
target from the complex, releasing the target to trigger the next as-
sembly process for signal amplification. In this regard, the amplified
intensity of restored fluorescence and absorbance of 0oxTMB was related
to the concentration of the target. The dual-mode detection strategy
based on single Y-shaped DNA is superior to single mode due to the
combination of qualitative and quantitative detection by elimination of
external interferences. Moreover, the method can be applied in complex
biological matrices such as serum. With the advantages of excellent
sensitivity, simple operation, fast speed, and quantitative read-out, this
sensor holds great potential for nucleic acid target detection.
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Scheme 1. Schematic illustration of the proposed Y-shaped DNA nanostructure-based dual-mode strategy for the amplified detection of rabies virus oligonucleotide.

Note: The picture is not drawn in accordance with the actual proportion.
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Fig. 1. Schematic illustration of the sulfo-SMCC conjugation chemistry used for enzyme-DNA conjugation. (note: GOx and HRP were drawn according to the Protein
Data Bank (http://www.rcsb.org); The structure of sulfo-SMCC was drawn using ChemDraw).

2. Materials and methods
2.1. Chemicals and materials

Tris (2-carboxyethyl) phosphine hydrochloride (TCEP, = 98%) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). Acrylamide mix
solution (40% w/v), ammonium persulfate (APS, = 99%), 1,2-bis(di-
methylamino)-ethane (TEMED, = 99.0%), sulfosuccinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC, > 98%),
and low range DNA ladder (25~ 500 bp) were obtained from Sangon
Biotechnology Co. Ltd. (Shanghai, China). GOx and HRP were bought
from Aladdin Chemical Co. Ltd. (Shanghai, China). Fetal bovine serum
(FBS) was purchased from GIBCO Invitrogen Corp. All the oligonu-
cleotides involved were synthesized and purified by Sangon
Biotechnology Co. Ltd. (Shanghai, China); the detailed sequences are
listed in Table S1. The secondary structures were provided by IDT Oligo
Analyzer (https://sg.idtdna.com/pages) as shown in Fig. S1, the
melting temperatures were all designed to be above 60 °C to increase
the stability and decrease non-specific leakage reaction possibility. All
the other reagents were analytically pure and used without any pur-
ification. Deionized (DI) water obtained from a Millipore water pur-
ification system (Milli-Q, Millipore, 18.2MQ resistivity) was used
throughout this study.

2.2. Apparatus

Ultraviolet-visible (UV-vis) absorption spectroscopy was carried out
on a UV-1800 spectrometer (Shimadzu, Japan). The concentration of
oligonucleotide was determined on a DS-11 spectrophotometer
(DeNovix, USA). The fluorescence intensity measurements were re-
corded by a RF-6000 spectrofluorophotometer (Shimadzu, Japan).

2.3. Enzyme conjugation with hairpin DNA probes

The GOx conjugated HP-B (GOx-B) and HRP conjugated HP-C (HRP-
C) were prepared by using sulfo-SMCC as a heterobifunctional linker.
Briefly, prior to modification, the thiol-DNA (30 puL of 100 uM) was

activated by 3 uL of 100 M TCEP at pH 5.2 for 1 h at room temperature,
the excess TCEP was separated by a cutoff filter (Amicon, 3 kDa). Then,
12 uL of 25uM enzyme was mixed with a 20-fold excess sulfo-SMCC
and incubated for 1 h at room temperature in 1 X PBS solution (with
100 mM NacCl, pH = 7.4), allowing the covalent conjugation of the N-
hydroxysuccinimide (NHS) ester group of sulfo-SMCC with primary
amines of the enzyme to form amide bonds. The excess sulfo-SMCC was
separated using a cutoff filter (Amicon, 10 kDa). The purified solution
of sulfo-SMCC modified enzyme was further coupled with 30 uL of
100 uM thiol-DNA for 48 h at 25 °C. In this respect, the maleimide group
of the sulfo-SMCC molecule reacted with the sulfhydryl group at pH 7.4
to form stable thioether bonds. Finally, this mixture was purified by a
cutoff filter (Amicon, 30 kDa) and stored at 4 °C for further use.

2.4. Procedure of dual-modal fluorescent and colorimetric measurements

In brief, a series of different concentrations of target were mixed
with the solution of 10™* M of HP-A, GOx-B, and HRP-C, to a final
volume of 0.1 mL. The fluorescence measurements were recorded under
the excitation wavelength at 490 nm. Subsequently, glucose and TMB
were added to the formed Y-shaped enzyme cascade system for the
collection of colorimetric signals. The absorbance intensities were
monitored via a SpectraMax i3x at an absorption wavelength of
652 nm.

2.5. Detection of RABV oligonucleotide in complex matrices

To test the feasibility of our proposed strategy for detecting the
target in complex matrices, FBS was mixed with the target for pre-
paration of spiked samples. Then, the detection procedure was carried
out following the procedure described, and the recovery was finally
calculated. Control experiments were the same except that no target
was added. To further assess the utility of the proposed biosensor, the
recovery experiments were performed by spiking different concentra-
tions of target into normal cerebrospinal fluid samples obtained from
Huazhong Agricultural University (Wuhan, China).
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Fig. 2. 8% native PAGE characterization of the enzyme modified hairpin
probes. (1) 500 bp DNA marker; (2) HP-B; (3) GOx; (4) GOx-B; (5) HP-C; (6)
HRP; and (7) HRP-C.

3. Results and discussion
3.1. Preparation and characterization of enzyme-conjugated hairpin probes

The preparation of enzyme-conjugated hairpin probes was per-
formed according to the previous literatures [27,37]. Sulfo-SMCC, a
typical heterobifunctional protein crosslinker, was utilized to prepare
enzyme-DNA conjugates. HP-B and HP-C were synthesized with thiol
group modification at the 3’-end. Then, a typical enzyme cascade pair
(GOx/HRP) was employed to conjugate with HP-B and HP-C by sulfo-

A
HP-A + — - — + + — — + + +
Hp-p - + - - + + - - - + -
HP-C — — F = + &+ — — 4+ — =
Target — — — + — + — — + + +
GOx-B — — — — — — 4+ — 4+ -
HRPC — — — — — — — + — + +

Absorbance
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SMCC to prepare the enzyme functionalized hairpin probes (GOx-B/
HRP-C) (Fig. 1).

To characterize whether enzyme-DNA complexes (GOx-B/HRP-C)
had been successfully formed, an 8% native PAGE was firstly per-
formed. The native PAGE procedures are presented in the Supporting
Information. DNA strands can be stained effectively by YeaRed Nucleic
Acid Gel Stain solution in native PAGE. As shown in Fig. 2, bright bands
were clearly observed for pure hairpin probes (HP-B/HP-C, lanes 2 & 5).
Pure enzymes (GOx/HRP, lanes 3 & 6) could not be stained on the gel.
After conjugation, enzyme-DNA complexes (GOx-B/HRP-C) presented
new bright bands (lanes 4 & 7) due to their greater molecular weights
than pure hairpin strands, indicating the successful formation of GOx-
B/HRP-C probes. Notably, the GOx-B band migrated slower than that of
HRP-C, indicating a larger molecular weight of GOx compared with
HRP, which is consistent with previous findings [27,29]. UV-vis ab-
sorbance spectra were conducted subsequently to further confirm the
as-prepared GOx-B/HRP-C probes (Fig. S2). The characteristic absorp-
tion peaks for the enzymes (450 nm for GOx, 403 nm for HRP) and DNA
strands (260 nm) were observed for the GOx-B/HRP-C probes, which
are consistent with a previous report [37], demonstrating the enzymes
have been conjugated with DNA as expected for further use.

3.2. Feasibility study

To evaluate the feasibility of our design, a 2% agarose gel was
employed to characterize the assembly of Y-shaped DNA, and the re-
sults are presented in Fig. 3A. The 500 bp DNA marker is shown in lane
1, and the three hairpin probes (HP-A, HP-B, and HP-C) are shown in
lanes 2, 3, and 4, respectively. Minimal hairpin probe assembly took
place in the absence of target (lane 6), and all probes assembled
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Fig. 3. Evidence for successful dual mode measurement. (A) Characterization of enzyme-functionalized Y-shaped DNA by agarose gel electrophoresis. (1) 500 bp
DNA marker; (2) HP-A; (3) HP-B; (4) HP-C; (5) target; (6) HP-A + HP-B + HP-C; (7) HP-A + HP-B + HP-C + target; (8) GOx-B; (9) HRP-C; (10) GOx-functionalized
Y-shaped DNA; (11) HRP-functionalized Y-shaped DNA; (12) enzyme pair- functionalized Y-shaped DNA. (B) Incubation time optimization by monitoring the real-
time changes of FAM fluorescence. Inset shows fluorescent images under UV irradiation (left: with target, right: without target). (C) Real-time monitoring of
absorbance in the presence of different complexes. The spectra were taken at 652 nm for oxTMB.
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Fig. 4. Parameters optimization for dual mode measurement. (A) Effect of temperature on the fluorescent signal-to-background ratio (SBR) (SBR = F/F,, where F, F,
are the fluorescence intensity of FAM in the presence or absence of target DNA, respectively). (B) Optimization of constituents of buffer for colorimetric assay. (C, D)
Optimization of concentrations of glucose and TMB for colorimetric assay, respectively.

obviously upon the addition of target (lane 7). This indicated that Y-
shaped DNA was formed by target-catalyzed hybridization assembly.
We incubated GOx-B and HRP-C with the other two pure hairpin DNA
probes (lanes 10 and 11), leading to the formation of new band that
migrated slower than the pure Y-shaped DNA shown on the gel (lane 7),
suggesting that the conjugation of enzymes with hairpin probes did not
affect the formation of Y-shaped DNA. Additionally, compared with
GOx-B (lane 8), GOx-B formed Y-shaped DNA exhibited slower migra-
tion through the gel (lane 10), which further demonstrated successful
nanostructure assembly. The band of lane 10 migrated slower than that
of lane 11 because of the molecular weight difference between GOx and
HRP. When both of the enzyme modified hairpin probes were incubated
with HP-A (lane 12), there were no hairpin probes left in the system.
This band displayed slower migration than those of single enzyme-
modified DNA structures (lanes 10 and 11), suggesting that both en-
zymes were conjugated to the Y-shaped DNA. Conclusively, the ra-
tionally designed hairpin probes can successfully form Y-shaped DNA
with addition of target, and the conjugation of enzymes with hairpin
probes did not affect the formation of Y-shaped DNA.

With the enzyme conjugated hairpin probes at hand, the feasibility
of dual-mode measurement was evaluated by monitoring the changes of
fluorescent and colorimetric signals. Firstly, real-time monitoring of the
fluorescent signal was conducted (Fig. 3B). Increasing fluorescence in-
tensity was observed along with increasing reaction time after the ad-
dition of 3nM target, and then plateaued after 20 min (red circle in
Fig. 3B). In addition, a visible green color was observed in the presence
of 1 uM target under UV light, while little background signal was ob-
served in the absence of target (inset in Fig. 3B). These results suggested
that Y-shaped DNA was formed accompanied by the recovery of
fluorescence for HP-A. Thus, the target can be detected through the
change of fluorescent signal. Then, the enzyme cascade catalytic

capability of Y-shaped DNA was evaluated by the production rate of
oxTMB. Both glucose and TMB were mixed with different systems by
observing the increment of absorbance of oxTMB at 652 nm. As shown
in Fig. 3C, the blank buffer showed no catalytic performance (line 1)
and the system of free enzymes showed enhanced catalytic performance
(line 2). The catalytic performance of the systems that contained one or
both of the enzyme-conjugated hairpin DNA probes showed negligible
changes (lines 3, 4, & 5) compared to the free enzymes systems (line 2).
Furthermore, the simple mixture of free enzymes and hairpin DNA
probes exhibited similar catalytic performance with free enzymes
whether target existed or not (lines 2, 6, & 7). This is because the
average distance between the free enzymes was the same when they
were free in solution. It should be noted that the enzymes were dis-
persed in the solution irregularly on a micrometer-scale distance [29],
with low catalytic capability. However, compared with free enzymes,
the system consisting of both enzyme-conjugated hairpin DNA probes
demonstrated a significantly enhanced catalytic performance in the
presence of target (line 8). Enzyme pairs assembled on the Y-shaped
DNA nanostructure afforded a much closer diffusion channel for H,O5.
H,0, was a key factor that influenced the catalytic rate according to
previous work [38]. Therefore, when enzyme pairs were distributed on
the Y-shaped DNA triggered by target, the distance between the enzyme
pairs was reduced to nanometer-scale. The diffusion rate of H,O, would
be faster than that catalyzed by free enzymes, which can be explained
by three-dimensional diffusion model according to Yan’s research [38].
The H,0, generated by GOx formed a high local concentration adjacent
to HRP and accelerated the oxidation of TMB accordingly [29,37]. Fi-
nally, this enhancement of absorbance was used for target detection.
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Fig. 5. Performance of dual-modal fluorescence and colorimetric measurements. (A) Fluorescent spectra of the detection system with different target concentrations
(from bottom to top: 0nM, 0.1 nM, 0.6 nM, 1 nM, 2nM, 3nM, 4nM, 6 nM, 8 nM). (B) Linear relationship between fluorescent signal and target concentration. The
inset shows the linear response from 0.1 nM to 6 nM. (C) Absorbance values of oxTMB at 452 nm plotted against different target concentrations. Inset shows naked-
eye discernible color of corresponding samples. (D) Linear relationship between colorimetric signal and target concentration with the range from 500 pM to 60 nM.

3.3. Optimization of detection conditions

In order to confirm the optimal conditions for the detection of
target, the incubation temperature for fluorescent assays, buffer com-
position, pH, and concentration of TMB and glucose for the colorimetric
assays were systematically investigated. First, temperature was opti-
mized ranging from 4 to 50 °C. As shown in Fig. 4A, the highest signal-
to-background ratio (SBR) was observed at 37 °C. This was because the
hairpin probes were too stable to be opened sequentially at lower
temperature giving weak fluorescent signal, while they were not stable
enough at higher temperature. Ultimately, 37 °C was used as the op-
timal temperature in further experiments. Next, given that the com-
position of the reaction buffer can affect colorimetric detection per-
formance, the as-prepared DNA nanostructures were incubated in 4
different buffers: TBS buffer (0.025 M Tris, 0.14 M NaCl, 1 mM MgCl,),
HEPES buffer (10 mM HEPES, 140 mM NaCl), PBS buffer 1 (0.1 M NacCl,
0.1 M Na,HPO,4, 0.1 M NaH,PO,), and PBS buffer 2 (0.1 M Na,HPO,,
0.1 M NaH,POy,). As shown in Fig. 4B, the maximum signal response
was obtained in TBS buffer. Therefore, TBS was adopted as the op-
timum buffer. Moreover, pH 8.5 for colorimetric assay displayed the
best performance (Fig. S3). The concentration effects of glucose and
TMB were also evaluated in the colorimetric detection system. Since the
rate-limiting step of the enzyme cascade reaction is the bioanalyzed
oxidation of glucose, this controls the formation of oxTMB. The kinetics
of the cascade followed a characteristic Michaelis-Menten kinetic model
guided by the rate-limiting transformation [39]. As depicted in Fig. 4C,
the initial velocity of the reaction increased gradually with increasing
glucose concentration and then reached a plateau at 0.1 M glucose,
which was chosen as the optimal glucose concentration. Meanwhile, the
initial reaction rate increased along with the addition of TMB in the

range of 0 to 0.6 mM, while the reaction rate decreased when TMB
concentration increased further (Fig. 4D). Altogether, the optimized
detection conditions are as follows: incubation of samples at 37 °C for
1h for the fluorescent assay, and substrate solution containing 0.1 M
glucose and 0.6 mM TMB in TBS buffer at pH 8.5 for the colorimetric
assay.

3.4. Dual-modal detection of target

Under optimal conditions, the proposed strategy was employed to
achieve dual-mode detection of target DNA. For fluorescent detection
(Fig. 5A and B), it was clear to see that the enhancement of fluorescence
was proportional to the concentration of target within the linear range
from 0.1 to 6 nM. The regression equation was Y = 0.236X + 336 (R>
= 0.997) with a detection limit of 15pM (S/N = 3). Meanwhile, for
colorimetric detection (Fig. 5C and D), it was obvious that gradual in-
crease of the target concentration led to the generation of a darker
solution via visual observation, and the absorbance value increased
accordingly. The calibration plot was Y = 0.351l1gX - 0.813
(R? = 0.995), and the detection limit was calculated to be 60 pM (S/
N = 3). This detection performance was equivalent to or even better
than some reported nanoparticle-, CHA-, or HCR-based amplified stra-
tegies for nucleotide detection (Table S2).

3.5. Specificity and reproducibility of the proposed strategy

To evaluate the practicability of the proposed dual-mode method,
we further assessed the specificity and reproducibility respectively
(Fig. 6). Assays were conducted by selecting 1 nM target DNA, 5nM
mismatched DNA, 5 nM deleted DNA, 5 nM inserted DNA, 5 nM random
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Fig. 6. Specificity and reproducibility of the dual mode measurement.
Responses of fluorescence intensity (F-Fo, where F, F, are the fluorescence in-
tensity of FAM in the presence or absence of corresponding DNA, respectively,
(1) ~(3)) and absorbance value (magnified 800 x, (4) ~ (6)) changes of three
hairpin probes with target DNA, random DNA, inserted DNA, deleted DNA,
mismatched DNA and the mixture. The concentration used for target DNA was
1 nM and the others were 5nM.

Table 1
Standard Addition Recovery Experiments of Target.
Sample Added Detected Recovery (%) RSD (%,
(nM) (nM) n=3)
Fluorescent 1 0.5 0.47 94.0 1.8
assay 2 1 0.93 93.0 2.9
3 5 5.33 106 3.3
Colormetric 1 0.5 0.46 92.0 5.6
assay 2 1 0.95 95.0 3.1
3 5 5.49 109 3.9
4 60 55.6 92.7 8.7

DNA, mixture including 1 nM target DNA, 5 nM mismatched DNA, 5nM
deleted DNA, 5nM inserted DNA, and 5nM random DNA. As demon-
strated in Fig. 6, only target DNA and mixture caused a strong signal
response, while minor changes were observed in the presence of any
other DNA at a concentration of 5-fold than that of target, revealing
satisfactory specificity of our proposed strategy. The reproducibility
was also evaluated under the same conditions. As shown in Fig. 6 ((1) ~
(3) represent fluorescent assays, (4) ~ (6) represent colorimetric assays),
six groups of target DNA detection were performed. The relative stan-
dard deviation (RSD) of fluorescent and colorimetric assays was 4.1%
and 3.2%, respectively, indicating acceptable reproducibility for the
proposed strategy.

3.6. Real sample analysis of target

FBS is typically the most widely used sample matrix to evaluate the
applicability of the proposed strategy in complex samples, as demon-
strated in the literature [1,40]. Therefore, in this study, FBS was se-
lected as the complex fluid. Different concentrations of target RABV
were added into the diluted FBS, and the recoveries of target were then
recorded with the proposed strategy. The results are presented in
Table 1. Satisfactory recoveries and acceptable standard deviations
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were achieved, thereby validating the reliability and practicality of the
proposed strategy. Furthermore, three different concentrations of target
were added into diluted healthy cerebrospinal fluid. The healthy cere-
brospinal fluid was extracted from spinal cord of Sprague Dawley (SD)
rats using a syringe [41]. The results in Table S3 indicate that the re-
coveries at different target content ranged from 96.0% to 106% with
RSD values varying from 3.2% to 5.4%, and from 91.0% to 102% with
RSD values varying from 3.3% to 7.1% for fluorescent and colorimetric
assays, respectively, suggesting reliability of the strategy for applica-
tions in diluted cerebrospinal fluid.

4. Conclusion

In summary, an innovative fluorescent and colorimetric dual-mode
strategy based on CHA was proposed for the detection of rabies virus
oligonucleotide. As each target can trigger many reaction cycles
forming Y-shaped DNA nanostructures, signal amplification is achieved,
yielding a detection limit down to 15 pM and 60 pM for fluorescent and
colorimetric readout, respectively. Moreover, the RSD of the fluorescent
and colorimetric assays was 4.1% and 3.2%, respectively. The proposed
strategy also showed excellent performance for target detection from
biological media. Furthermore, a dual-mode sensor provides a chance
for self-correction as opposed to single mode for quantitative detection
of a series of nucleic acid-related biomarkers and even biological mo-
lecules with proper aptamers.
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