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A B S T R A C T

DNA-templated silver nanoclusters (DNA-AgNCs) is a kind of fluorescent nanoclusters in-situ synthesized on
DNA, thereby giving the DNA probe an inherent function of label-free signal output. Herein, the DNA-AgNCs
with a GCC-loop-structure which has a quantum field of 51.6% was firstly proposed. It was proved that the
addition of the double-stranded structure on the GCC-loop drastically enhanced the fluorescence intensity of the
AgNCs. Through the further studies of the relationship between DNA secondary structure and AgNCs, a kind of
DNA-AgNCs-probe was designed based on the change of the secondary structure which was induced by the target
strand. By this, the fluorescence signal of probe was in “turn on” mode. The probe system could be directly used
for the detection of Norovirus RNA, which had a linearity of 20 nM to 1.8 μM with a detection limit of 18 nM.
Moreover, this detection platform was also selective to differentiate mismatched RNA. It was expected to be a
universal method for different RNA detection by changing the recognition sequence of the probe.

1. Introduction

Norovirus is a member of the family Caliciviridae and is the major
cause of acute viral gastroenteritis worldwide, commonly known as
“winter vomiting disease” and has been identified as the predominant
cause of food-borne outbreaks [1–3]. Both food and water are im-
portant sources of norovirus transmission. Rapid and accurate detection
is important for diagnosis of norovirus in patients and for tracing the
source of the virus in food and environmental samples. The early di-
agnosis methods of Norovirus mainly include direct electron micro-
scopy and immunoelectron microscopy (IEM). Because of the low sen-
sitivity and specificity of these methods [4], many cases of Norovirus
infection cannot be diagnosed. Nucleic acid is one of the most basic
substances in life. Research and development based on nucleic acid
detection methods had made polymerase chain reaction (PCR) espe-
cially Real-time PCR (RT-PCR) [5–8] the most routine and highly spe-
cific Norovirus RNA detection methods. Although a number of alter-
native methods for Norovirus detection have been reported,
electrochemical [3], ELISA [9], dot-blotting [10], NanoZyme apta-
sensor [11] etc. These methods have good sensitivity, but there are also
many problems, such as complicated operation, the use of enzymes,
high costs, electrode modification, enzyme modification, and difficulty

in synthesis etc. This research aimed to establish a universal, simple,
label-free method for rapid detection of Norovirus RNA.

The developments in nanotechnology have seen the emergence of
colorimetric and other potential biosensing platforms as a viable tech-
nology for point-of-care devices [12,13]. Silver nanoclusters (AgNCs),
in particular, have been at the forefront due to well-established
synthesis routes, low toxicity, smaller than semiconductor quantum
dots and better photostability and brightness than commonly used or-
ganic dyes [14–16]. DNA is an excellent type of template which can
conveniently encode the emission spectrum of AgNCs by sequence and
conformational changes of the DNA scaffold [17,18]. SsDNA [19],
dsDNA [20], DNA hairpin [21], triplex DNA [22], I-Motif Folding [23],
G-quadruplex [24] et al. had been used to synthesize AgNCs. In the
other way, functionalization of the luminophore could be easily ac-
complished to facilitate biorecognition through hybridization or ap-
tamer-target recognition of extended sequences [25–27]. However,
DNA templated AgNCs (DNA-AgNCs) with high quantum yield and
excellent optical properties are rare, which limited its applications. In
this work, based on the study of detection strategies for DNA probes of
different sequences, a DNA template which can be used to synthesize
AgNCs with a quantum yield of 51.60% was firstly used.

With the development of detection technology, it is increasingly
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necessary to develop a more convenient, novel and sensitive detection
method of RNA. In the current study, we designed a label-free DNA-
AgNCs-probe with identification and signal output capabilities which
can be easily used to specifically detect Norovirus RNA. This method
did not require enzymes or chemical modification, it was only necessary
to mix the target RNA with the probe solution to incubate for a period
of time, and then generated a strong fluorescent signal changing by
simple AgNCs synthesis. It was found through the research that the
change of fluorescence signal was due to the change of DNA secondary
structure of DNA-AgNCs. The DNA probe formed a GCC-loop which
could be used to synthesize AgNCs with high quantum yield. And the
fluorescence intensity of the GCC-loop AgNCs was significantly en-
hanced by the additional of double-strand structure.

2. Experimental

2.1. Reagents

The oligonucleotides used in this work were all synthesized by
Sangon Biotech Co. (Shanghai, China) and the sequences were listed in
Table S1. The stock solution of DNA/RNA samples was prepared in
ultrapure water, and the DNA/RNA concentration was accurately
quantified based on 260 nm UV absorbance. AgNO3, NaBH4, NaH2PO4

and Na2HPO4 were of analytical grade and used without further pur-
ification. Millipore Milli-Q (18MΩ cm) water was used in all experi-
ments.

2.2. Reaction for RNA assay and synthesis of AgNCs

The DNA-AgNCs were created as follows: the probe (2 μM) and
target RNA of different concentrations were mixed in sodium phosphate
buffer (20mM, pH 6.6) for 30min; then AgNO3 (final concentration
24 μM) were added to the mixture solution and incubated at 4 °C for
30min (under dark); Freshly prepared NaBH4 (final concentration
24 μM) was rapidly added for reduction, and silver clusters were ob-
tained after 24 h in the dark at room temperature.

2.3. Measurements

The absorption of DNA solution at 260 nm was recorded on an
Eppendorf Biophotometer (Eppendorf AG 22331 Humburg, Germany).
All fluorescence experiments were performed using a fluorescence
spectrometer (F-4600, Hitachi Co. Ltd., Japan) with a Xenon lamp as
excitation source, and slit widths for the excitation and emission were
set at 10 and 10 nm respectively. Absorption spectra were recorded on a
UV/Vis spectrometer (Lambda 25, PerkinElmer, USA) with Milli-Q
water as the reference solution. The TEM images of AgNCs were ac-
quired on a transmission electron microscope (FEI Tecnai G-20) at ac-
celerating voltage 200 kV.

2.4. Quantum yield measurement

Fluorescence quantum yield of the AgNCs was calculated using
Cresol purple as the standard (ST), Cresol purple absorbs and emits in
the same spectral region and its QY was reported to be 53% in me-
thanol. All solutions had an optical density below 0.05 at the excitation
wavelength (585 nm) to minimize reabsorption and avoid absorbance
saturation. The following equation was used for calculation,
QYNC=QYST(INC/ANC)(AST/IST)(ηNC/ηST), where I, A, and η are the
integrated emission intensity, absorbance at excitation wavelength, and
refractive index of the solvent.

3. Results and discussion

3.1. Detection feasibility

Finding a universal design for biosensing based on DNA-AgNCs,
poses an interesting challenge, as the exact interaction between the
AgNCs and the nucleic acid is not known in detail. Thus, the optimal
folding state of the oligonucleotide for stabilization of a fluorescent
species remains to be elucidated. Due to changes in the secondary
structure of DNA, the fluorescent properties of DNA-AgNCs are sig-
nificantly affected. It was expected to design a DNA-AgNCs-probe
whose secondary structure will change by recognizing and bonding the
target strand. And the altered DNA-AgNCs will have better signal ex-
pression ability. A DNA template of C65G (sequence were shown in
Table S1 in the supporting information, SI) was used, which was ex-
pected to be a template of AgNCs at this study. The characteristic se-
quence of Norovirus RNA was used to be the detection target. A special
probe was designed, because of its complementary ends, incorporated
the C65G sequence and folded it to make a secondary structure chan-
ging. When the target strand was recognized, the double-stranded
structure of probe was opened due to the bond of the target, causing the
C65G sequence to be released. The experiment protocol was shown in
Scheme 1A. The probe bonding with the target were compared to the
original probe, when used to synthesize AgNCs, producing a higher
fluorescence intensity, and the thus the probe was in “turn-on” mode.

HP8 (Table S1) was designed firstly, which has 8 base pairs com-
plementary sequence at the two ends. Shown as Fig. 1A, target se-
quence templated AgNCs did not have fluorescence intensity.
HP8+Target had an increase in fluorescence intensity compared to
HP8, but the enhancement effect was not significant due to the large
background signal. A question was proposed, whether increasing the
length of the complementary sequence will reduce the background
signal, the HP12-1 was designed because of that. As shown in Fig. 1B, it
was found that the enhancement effect increased. But it suggested that
only increasing the length of the complementary sequence did not re-
duce the background signal. At the same time, the HP12-2 was devised,
which added 4 G (Guanine) to the sequence to form a complementary
sequence with 4C (Cytosine) bases in the C65G sequence. As shown in

Scheme 1. A. Schematic illustration of the label-free assay for RNA detection.
Working principle: Target DNA hybridizes with probe leading to the change of
DNA secondary structure. Releasing the synthesis template of AgNCs. The GCC-
loop could be used to synthesize AgNCs with high fluorescence intensity by
adding Ag+, NaBH4. B. Additional double-stranded portion enhanced fluores-
cence intensity of GCC-loop templated AgNCs.
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Fig. 1C, there was a gratifying change, although the background signal
did not decrease, the fluorescence signal of the probe + target in-
creased significantly. The fluorescence intensity of HP-12-2+target was
larger than S12-2. S8, S12-1, and S12-2 are the portions of
HP8+Target, HP12-1+Target, and HP12-2+Target after removing the
double-strand, respectively (shown in Fig. 2). Since fully com-
plementary dsDNA did not provide sufficient space for the bond of
AgNCs, there was little fluorescence after the addition of Ag+ [20].
Therefore, it was believed that the fluorescence signal of AgNCs were
generated in the parts of S8, S12-1, and S12-2. When the target was
added, not only the fluorescence intensity changed, but also the fluor-
escence peak positions of the respective groups were greatly different.

To illustrate the reasons for these phenomena, the DNA secondary
structure of each group was analyzed on NUPACK website, the results
were shown in Fig. 2A–C. It was found that C2 and C3 have very stable
secondary structures compared to the other sequences, this was related
to their good fluorescence properties. It was speculated that the hairpin
structure named GCC-loop in the red dashed box is the main part uti-
lized to generate the fluorescent AgNCs. There were many reports on
the excellent properties of hairpin structures for the synthesis of AgNCs,
and almost all of them were C6-loop [21,28]. Additionally, the GCC-
loop we found is a good template for AgNCs synthesis. The DNA sec-
ondary structure of C2 altered a lot compared with C1, which was the
main factor leading to a violent change in the fluorescence signal of the
final synthetic AgNCs. Fig. 1C illustrated that the fluorescence intensity
of C2 was significantly greater than that of C3, which can only be at-
tributed to the enhanced function of the double-stranded portion,
shown as Scheme 1B. Lin [29] once proposed a method for constructing
stable DNA-AgNCs by attaching double-stranded portions, the fluores-
cence was enhanced by linking the double-stranded DNA structure to
the template sequence of the AgNCs.

Due to the successful design of the HP12-2 sequence, the number of
G complementary to C bases in C65G was studied, being 2G, 4G, 6G,
respectively. 2G is HP-12-2G, 4G corresponded to HP12-2, and 6G
amounts to HP-12-2G. As shown in Fig. 1, the results of HP12-2G are

similar to those of HP12-2 when the fluorescence intensity of HP12-6G
significantly increased. Meanwhile, the NUPACK was applied to ana-
lyze the secondary structure of those DNA sequences, shown as
Fig. 2C–E. With the exception of C1 and D1, all sequences had stable
GCC-loop, corresponding to their strong fluorescence. Owing to the
change of the secondary structure of E1 relative to D1 and C1 in Fig. 2,
the fluorescence intensity of HP12-6G in Fig. 1 remarkably increased in
comparison to HP12-2G and HP12-2. Enhancing the fluorescence in-
tensity of the AgNCs by attaching double-strand portion resulted in the
increase of the fluorescence intensity of HP12-6G + Target relative to
HP12-6G. The fluorescence intensity of C2, D2, and E2 are 0.5654 times
higher than that of C3, D3, and E3, due to the enhancement function of
double-strand, shown as Table S3. According to the above analysis of
the experiment principle, it is reasonably believed that the fluorescence
enhancement of HP12-2+Target relative to HP12-2 was attributed to
three aspects: 1. The existence of GCC-loop; 2. Stable secondary struc-
ture; 3. The enhancement function of additional double-strand.

Comparing D3, C3, E3, E1, it was found that the length of the stem
of the GCC-loop gradually increased, in the same way, the fluorescence
intensity varied accordingly. Probably because longer stems provide a
better microenvironment for AgNCs [30], reducing the occurrence of
quenching in solution [31]. It is a good discovery which can provide
some reference value for the synthesis of DNA-AgNCs. The experiment
data of the five probes were summarized in Table S2, HP12-2 was se-
lected as a probe for subsequent experiments.

3.2. Optimization of detection conditions

The experiment conditions were optimized for higher detection
sensitivity. Firstly, the pH of the Phosphate buffer solution was tested.
The results were shown in Fig. 3A, while the fluorescence spectrum was
shown in Fig. S1. The error bars represented the standard deviation,
and the black part represented the fluorescence intensity of HP12-2.
When the pH was less than 7, the fluorescence intensity of HP12-2
increased with the increase of pH, and when the pH was greater than 7,

Fig. 1. Fluorescence spectra of AgNCs synthesized by five sets of DNA sequences respectively. Green line: fluorescence spectrum of Target templated AgNCs, black
line: fluorescence spectrum of probe, red line: fluorescence spectrum of probe + target, blue line: fluorescence spectrum of S (the part of the probe + target removed
the double chain). A. HP8 group; B. HP12-1 group; C. HP12-2 group; A. HP12-2G group; A. HP12-6G group. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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it decreased with the increase of pH. Red + black on behalf of the
fluorescence intensity of HP-12-2+Target, it was found that its fluor-
escence intensity at pH 6.6 was significantly greatest, indicating that
the suitable synthesis buffer environment for GCC-loop was pH6.6. The
possible reason is that C (cytosine) has the best binding ability to AgNCs
[32], and C has better binding ability to Ag+ under weakly acidic
conditions when N3 sites are deprotonated [33]. The red portion re-
presented the increased fluorescence intensity of HP12-2+Target re-
lative to HP-12-2, it was observed that the maximum enhancement was
at pH 6.6. The conditions of pH6.6 were selected for subsequent ex-
periments.

Next, the ratio of concentration of DNA:AgNO3 was researched, and
the fluorescence intensity was measured at 480/585 nm. As shown in
Fig. 3B, the fluorescence intensity of HP12-2+Target first increased
and then decreased as the concentration of Ag+ increased. Achieved a
maximum at the condition of DNA:AgNO3=1:12. The fluorescence
spectrum was shown in Fig. S2. At the beginning, the fluorescence in-
tensity increased with the increase of Ag+. May be because of that the
Ag+ in the loop did not reach the satisfying concentration for forming
the fluorescence AgNCs. That is, with the increasing concentration of
Ag+, the fluorescence intensity strengthened as the number of AgNCs of
synthetic luminescence increased. When the concentration of Ag+

reached saturation, as the concentration increased, the fluorescence
AgNCs transformed into a larger non-luminescent silver nanoparticles.
At higher Ag+ stoichiometry, the reduced fluorescence is attributed to

the formation of larger nanoparticles, depleting more and smaller
fluorescent nanoclusters [32].

Reductants were essential in the synthesis of AgNCs, in a large
number of literatures, NaBH4 was used as a reducing agent in the
synthesis of AgNCs with a condition of AgNO3:NaBH4= 1:1 [34], 2:1
[35], 1:2 [23], or 3:1 [28]. Therefore, the effect of the ratio of Ag-
NO3:NaBH4 in a certain range concerning the synthesis of AgNCs was
studied. As shown in Fig. 3C, the fluorescence intensity of HP-12-
2+Target and HP-12-2 were both the largest at 1:1, but overall, the
enhancement of fluorescence was also best at 1:1. While the ratio of
AgNO3 and NaBH4 equals 1:3, the decrease in fluorescence intensity
was attributed to the excessive reduction ability to convert some
fluorescent AgNCs into larger non-fluorescent silver nanoparticles.
When AgNO3:NaBH4=3:1, the reducing power was insufficient. The
fluorescence spectrum was shown in Fig. S3.

Therefore, the optimized synthesis conditions were pH6.6, DNA:
AgNO3: NaBH4 = 1:12:12. After optimization, the fluorescence in-
tensity of HP12-2+Target increased by 0.9344 times. The enhancement

Fig. 2. Secondary structure diagram predicted by each sequence on NUPACK
website. As shown in the legend, the colour represents the strength of the bond.
Red dotted frame represents GCC-loop; Blue dotted frame represents an addi-
tional double-stranded structure. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Histogram of the results of optimized condition. A. different pH; B.
different ratios of DNA and AgNO3; C. different ratios of AgNO3 and NaBH4.
Black: Fluorescence intensity of HP12-2; Red: enhanced fluorescence intensity
of HP12-2+Target relative to HP12-2. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)
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factor of HP12-2+Target relative to HP12-2 increased from 4.8130 to
6.3108. The optimized results demonstrated that the optimizaton had a
good effect on the detection of the target strand.

In order to characterize the HP12-2+Target template AgNCs, a
representative TEM image was taken and shown in Fig. S5, and the size
of AgNCs is basically around 2 nm. At the same time, the quantum yield
of the HP12-2+Target template AgNCs was 51.60% by using Cresol
purple as the standard, which was higher than most of the reported
DNA-AgNCs.

3.3. Detection sensitivity and selectivity

Under the optimized conditions, we conducted experiments on de-
tection range. As shown in Fig. 4A, between 0 and 2 μM, the fluores-
cence intensity of the system strongly depends on the concentration of
the target strand, which further demonstrated that the experiment
principle owing to the change in secondary structure caused by the
binding of HP12-2 to the target strand, resulting in the changing of the
fluorescence intensity of the AgNCs. As long as the concentration of the
target chain increased, the fluorescence intensity of the system shall
have corresponding increase, reaching the maximum at around 1.8 μM.
The concentration of HP12-2 was 2.0 μM, and HP12-2 was a 1:1 com-
bination with Target, therefore, the maximum limit of theoretical de-
tection was 2 μM, which was consistent with the actual experiment
data. Fig. 4B revealed the fluorescence signal changes of probe mixture
as a function of the concentration of target RNA, the excellent linear
relationship (R2 = 0.9967) was established in the range from 20 nM to
1.8 μM by the linear equation, y = 572.742 + 44413.82x. The de-
tection limit was 18 nM (taken to be three times the standard

deviation).
We then investigated the selectivity of this DNA hairpin probe

system. Fig. S4 showed the fluorescence spectrum of the system after
adding different target strands, and Fig. 5 illustrated the increase in
system fluorescence intensity relative to the control group. As shown,
great fluorescence increase was obtained thanks to the addition of
perfectly matched RNA. However, the increase intensity for one-base
mismatched RNA was only about 74.80% of that for perfect target at
the same condition, and the increase intensity for two-base mismatched
RNA was only about 30.74%. As the number of mismatched bases in-
creased, the enhancement effect of the fluorescence intensity sharply
decreased. When there were more than four base mismatches, the
fluorescence intensity of the system after adding the target strand was
almost the same as that of the control group, and no significant fluor-
escence enhancement can be observed. The reason was that as the
number of the mismatched bases increased, the binding ability of RNA
diminished, hence, the amount of RNA bound to the system decreased.
When the number of mismatched bases increased to more than 4 bases,
the mismatched RNA was insufficient to open the double-stranded
structure of the probe, so that the secondary structure of the probe
cannot be changed to yield the fluorescence enhancement effect. These
results indicate that this RNA detection platform can provide an ex-
cellent capability in differentiating between perfectly matched and
mismatched RNA targets, demonstrating the good selectivity of this
platform.

Finally, the recovery test was conducted and the results were listed
in Table 1. We chose three appropriate concentrations of linear range to
conduct recovery test: 0.50, 1.0, and 1.5 μM. The recovery was
94.12–105.23% and the relative standard deviation was 2.89–4.82%.
The results indicated that this detection method has good accuracy and
can be applied to actual sample testing.

Fig. 4. A. Fluorescence emission spectra of AgNCs in the Presence of various
concentrations of perfectly matched target RNA. B. Linear relation between the
fluorescence signal (FIHP12-2+Target-FIHP12-2, FI: fluorescence intensity) and
target concentration. Fluorescence intensities were recorded at 655 nm with an
excitation Wavelength of 585 nm.

Fig. 5. Specificity of the RNA assay detecting different target. Control: no
Target DNA was added; Target: perfectly matched target DNA; CTS-1: one-base
mismatched DNA; CTS-2: two-base mismatched DNA; CTS-4: four-base mis-
matched DNA; CTS-6: six-base mismatched DNA; CTS-9: nine-base mismatched
DNA. The DNA concentrations of Target, CTS-1, CTS-2, CTS-4, CTS-6, CTS-9
were 1 μM. Y-axis: Fluorescence signal changes (FIHP12-2+Target-FIHP12-2).

Table 1
Recovery analysis of Norovirus RNA.

Sample Added (μM) Found (μM) Recovery (%) RSD (%)

1 0.5 0.4706 94.12 4.82
2 1.0 1.0523 105.23 3.45
3 1.5 1.5186 101.24 2.89
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4. Conclusions

In summary, it was found that the probe with a GCC-loop can be
used to synthesize AgNCs with excellent optical properties of a 51.60%
quantum yield through sequence design and principle analysis. The
fluorescence effect of GCC-loop-AgNCs was enhanced by the additional
double-strand. A label-free Norovirus RNA detection platform was de-
monstrated as follows: DNA-AgNCs-probe can bind to the target chain
to change its secondary structure, thus leading to an increase in fluor-
escence intensity. The detection limit of Norovirus RNA can be as low as
18 nM, and there was a linear relationship between 20 nM and 1.8 μM.
Moreover, this detection platform was also selective to differentiate
mismatched RNA, which makes it promising for detection applications.
This detection system based on DNA-AgNCs-probe avoid chemical
modification and is easy to operate, critically, no sophisticated ex-
perimental techniques is required. The assay can be accomplished by
using a common spectrophotometer. At the same time, it only needs to
change the recognition sequence of probe, which will be a universal
method for different RNA detection.
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