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ABSTRACT: Although researches until now have emphasized
the influence of an oligonucleotide sequence on the
fluorescence of oligonucleotide-stabilized silver nanoclusters
(AgNCs), this influence has been explored as a novel
ratiometric fluorescent signal transduction in this work. This
study builds on our original discovery of a template-
transformation phenomenon, which demonstrated that the
connection of a special DNA fragment (5'-CACCGCTTT-3')
with a green-emitting AgNC nucleation sequence (GNuS, S'-
TGCCTTTTGGGGACGGATA-3') creates a red-emitting
AgNC nucleation sequence (RNuS, §’-
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CACCGCTTTTGCCTTTTGGGGACGGATA-3’). Attempts to expand this idea and construct elegant ratiometric
NanoCluster Beacons (NCBs) for DNA sequence detection are not straightforward, and, thus, we carried out a series of
investigations with the goal of understanding the mechanism of this template-transformation phenomenon. Experimental results
showed that the six-nucleotide fragment (5-CACCGC-3') at the S’-end of RNuS acts as a template convertor and takes full
responsibility for the template transformation from GNuS to RNuS. Moreover, we found that the appropriate proximity of the
convertor to GNuS also plays a significant role in the template transformation. We then show that the insights gained here for the
template-transformation mechanism allow us to construct ratiometric NCBs by simply appending the convertor and the GNuS
onto a rationally designed stem—loop probe. This new type of NCB emits intense red fluorescence without the addition of a
target DNA and emerges as a new, bright green emission only when hybridized to its target DNA. By measuring the distinct
variation in the fluorescence intensity ratios of green and red emission, this ratiometric NCB was demonstrated to sensitively
detect Hepatitis-A virus gene sequences, a proof-of-concept target in this work, with good selectivity.
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B INTRODUCTION

Oligonucleotide-stabilized silver nanoclusters (AgNCs) are a
significant new class of fluorescence emitters,"”” which are
formed in aqueous environments using oligonucleotides as
scaffolds and act as promising alternatives to conventional
organic dyes and quantum dots. The outstanding spectral and
photophysical properties,” such as high photoemission rates,
excellent photostability, unobtrusive blinking, and tunable
photoemission bands throughout the visible to near-infrared
region from 400—900 nm, in conjunction with low cytotoxicity,
high biocompatibility, ease of synthesis, and desired small size
have facilitated wide and detailed exploitation of AgNCs as
environmentally friendly and biocompatible fluorophores for a
variety of applications, including optical sensor design for
chemical/biological assay,s_13 cellular imaging,m_w and
information possessing.””~>> On the basis of these attractive
inherent properties, AgNCs are expected to be ideal
fluorophores for designing fluorescent molecular beacons,”™**
termed NanoCluster Beacons (NCBs), which may render
further advantages over traditional fluorescence biosensors,
because they are simple and inexpensive without time-
consuming and complicated dual labeling of fluorophore
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(donor)—quencher (acceptor) pairs on the molecular beacons.
However, almost all AgNC-based fluorescence biosensors have
been developed on the basis of the fluorescence quenching
(turn—oﬁ) or enhancing (turn—on) effects at a certain wave-
length,**~>***~*% which generally suffer from the unavoidable
disturbance induced by intensity fluctuations ascribed to, for
example, the instrumental or environmental factors, resulting in
degradation of the reliability of the measured results.

With this in mind, the development of accurate and sensitive
ratiometric AgNC-based fluorescence biosensors, which can
permit simultaneous recording of the relative fluorescence
variations of two well-separated wavelengths instead of
measuring single-emission-intensity changes, is in urgent
demand to effectively overcome the above-mentioned concerns
in the single-emission-intensity measurements. It is worth
noting that ratiometric fluorescence strategies/probes”**> could
offer a built-in environmental interference correction to permit
more accurate quantification of the target concentration
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Figure 1. Schematic illustration of (A) the three DNA sequences participating in the template-transformation process and (B) their hosted AgNCs.
Two-dimensional fluorescence contour maps of AgNCs stabilized by (C) RNuS, (D) 5'-CACCGCTTT-3’, and (E) GNuS. In the 2D fluorescence
contour map, excitation and emission wavelengths are plotted along the horizontal and vertical axes, respectively, whereas the color indicates the
detected intensity. The scattered excitation light has been subtracted and masked as gray bands (regions along A, = 4.,,). Concentrations for all

sequence used in this work are 150 nM unless noted otherwise.

through eliminating systematic errors. However, until now,
reports on ratiometric AGNC-based fluorescence biosensors are
rare.® Therefore, the research in this field is still rather limited
in its infancy and it is highly desirable to develop more exquisite
and sensitive ratiometric AgNCs-based fluorescence biosensors.
Taking these motivations into consideration and following our
interest in DNA detection,””® we present, herein, a novel
design strategy for advanced ratiometric NCBs based on two
AgNC templates exploited by Gwinn and co-workers,* that is,
a red-emitting AgNC nucleation sequence (5'-
CACCGCTTTTGCCTTTTGGGGACGGATA-3', denoted
as RNuS) and a green-emitting AgNC nucleation sequence
(- TGCCTTTTGGGGACGGATA-3’, denoted as GNuS). As
shown in Figure 1, we found that the 19-nt GNuS could be split
from the 28-nt RNuS, that is, the integration of a 6-nt fragment
(5'-CACCGC-3’, named as a convertor) onto the S’ terminals
of GNusS through a T} linker ($'-TTT-3") would transform the
GNuS to RNuS, which has not been reported or demonstrated
until now.

Hence, on the basis of the observed template-transformation
phenomenon, we constructed an elegant ratiometric NCB,
where the convertor is attached at the 5'-end of the stem—loop
probe and the GNuS is attached at the 3’-end through an
appropriate T linker. In the absence of a target DNA, the
ratiometric NCB adopts a hairpin structure, bringing the
convertor and the GNusS into close proximity to each other,
which assemble to form an intact RNuS and, upon reduction in
the presence of silver ions, produce red-emissive AgNCs. When
a target DNA is introduced, the NCB opens upon hybridization
to its target. The disruption of the hairpin structure causes
physical separation of the convertor from the GNuS, resulting
in the production of green-emissive AgNCs only. In other
words, this ratiometric NCB emits intense red fluorescence
(peak emission at ~670 nm) without the addition of a target
DNA and emerges as a new, bright green emission (peak
emission at ~565 nm) only when it hybridizes to its target
DNA. Because the percentage of the opened NCBs is directly
related to the concentration of the target DNA, by measuring
the distinct variation in the fluorescence intensity ratios of
green and red emissions, label-free and sensitive ratiometric

fluorescence sensing for the target DNA is achieved. Distinctive
from the conventional molecular beacons based on energy
transfer, this ratiometric NCB could be designed on the basis of
the simple template-transformation strategy irrespective of the
strict selection and the complicated dual-labeling of an ideal
fluorophore (donor)—quencher (acceptor) pair, endowing the
probes’ design with more flexibility and low cost. Moreover, the
significant differences of the strong emission peak wavelength
between the response and background signals can avoid the
interloping among the two emission peaks, and this is favorable
for the development of ratiometric fluorescence nanoprobes in
sensitive and accurate disease DNA detection.

B EXPERIMENTAL SECTION

Chemicals and Materials. Silver nitrate (AgNO;), sodium
borohydride (NaBH,), and sodium acetate (NaAc) were purchased
from Sigma-Aldrich Chemical Co (St. Louis, MO) and used without
further purification. All reagents are of analytical grade, and solutions
were prepared using ultrapure water purified by a Milli-Q water
purification system (Millipore Corp., Bedford, MA) with a specific
resistance of 18.2 MQ cm. All of the oligonucleotides were custom-
synthesized from Sangon Biological Engineering Technology and
Services Co., Ltd. (Shanghai, China). The DNA oligonucleotide
sequences are listed in the Supporting Information. All of the synthetic
oligonucleotides were high-performance liquid chromatography
purified and freeze-dried by the supplier. They were received as
powders and centrifuged so that they would reside at the bottom of
the containers. The powder was then dissolved with 20 mM NaAc
solution (pH 7.5) to give stock solutions of 100 M.

Apparatus. All fluorescence emission and excitation scans were
performed on an F-4600 fluorescence spectrophotometer (Hitachi
Ltd,, Japan) at room temperature using a quartz cuvette with a 10 mm
light path. The fluorescence contour maps were collected using
excitation wavelengths ranging from 430 to 700 nm, and the emission
wavelengths were scanned from 500 to 800 nm. Both emission and
excitation were scanned using a 10 nm slit size, a 10 nm increment
step, and a 0.5 s integration time. For emission scans, the emission
spectra of red-emitting AgNCs were collected from 625 to 800 nm
with an excitation wavelength of 610 nm. The emission spectra of
green-emitting AgNCs were collected from 520 to 800 nm with an
excitation wavelength of 500 nm.

AgNC Synthesis. In this work, to study the template-trans-
formation mechanism, different RNuS and GNuS derivatives were
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Figure 2. Two-dimensional fluorescence contour maps of AgNCs stabilized by different GNuS derivatives. (A) 5’-TGNuS-3'; (B) §'-TTGNuS-3';
(C) S-TTTGNuS-3'; (D) 5'-CT5GNuS-3’; (E) §'-GCT3GNuS-3’; (F) 5'-CGCT;GNuS-3'; (G) 5'-CCGCT;GNuS-3’; (H) 5'-ACCGCT;GNuS-

3; (I) §'-CACCGCT;GNuS-3'.

used as scaffolds for AGNC synthesis, which were performed by mixing
the DNA template and freshly prepared AgNO; in a NaAc solution
(20 mM, pH 7.5), followed by vigorously shaking for 30 s. After
incubation for 30 min in the dark at 4 °C, the obtained solutions were
reduced by freshly prepared NaBH, solution with vigorously shaking
for another 30 s. The final concentrations of the resultant reaction
mixture were 0.15 M DNA template, 1.88 uM AgNO;, and 0.94 uM
NaBH,, which was then allowed to sit in the dark at room temperature
for 0.5 h to form AgNCs.

Analytical Procedures. Before use, the oligonucleotide NCB
probe was refolded into a hairpin structure through heating to 95 °C
for 3 min and then allowed to gradually cool down to room
temperature to ensure the formation of a stem—loop DNA structure.
Upon optimizing various conditions, a typical analytical procedure for
this ratiometric fluorescence biosensor could be briefly described as
follows: First, 20 uL of the DNA target with different concentrations
was added to 15 uL of the NaAc solution (20 mM, pH 7.5) containing
a 1.0 yuM NCB probe. After incubation for 20 min at room
temperature to enable sufficient hybridization of the target DNA and
the NCB probe, the AgNCs were prepared by adding 10 uL of 18.8
UM AgNO; into the target/NCB probe reaction solution, followed by
vigorously shaking for 30 s. Then, the mixture was incubated in the
dark at 4 °C for 30 min. Subsequently, 10 uL of 9.4 uM freshly
prepared NaBH, solution was added with vigorous shaking for another
30 s. The aqueous solution of NaBH, was prepared by dissolving
NaBH, powder in ultrapure water and adding the required volume to
the mixture within 30 s. After that, 45 uL of the NaAc solution was
added to the mixture to a final volume of 100 uL. The resultant
reaction mixture was kept in the dark at room temperature for 0.5 h to
form AgNCs and was finally transferred into a quartz cuvette for
fluorescence measurements.

B RESULTS AND DISCUSSION

In the past decade, many efforts have been made in the
oligonucleotide-stabilized AgNCs, and various DNA templates
were explored to synthesize AgNCs. Among them, RNuS (5'-
CACCGCTTTTGCCTTTTGGGGACGGATA-3')* has

been demonstrated to be an effective template to produce
1S-atom AgNCs with an intense red emission at ~670 nm
(Figure 1C) and a fluorescence quantum yield of 75%, which
could be excited by visible light (4, = ~610 nm) with a
characteristically large Stoke’s shift. In this work, we found that,
as shown in Figure 1A,B, the RNuS consists of a GNuS (5'-
TGCCTTTTGGGGACGGATA-3'), which was shown to
generate green-emissive AgNCs” with a bright green
fluorescence emission at ~565 nm when excited at 500 nm
(Figure 1E), and a 9-nt fragment (5'-CACCGCTTT-3'), which
could not generated any emissive AgNCs (Figure 1D). In other
words, the GNuS could be transformed to RNuS through the
connection of a 9-nt fragment onto its 5’ terminal.

To better understand this template-transformation mecha-
nism and to find a general rationale for designing template-
transformation-based ratiometric NCBs for DNA sequence
detection, a series of GNuS derivatives were designed through
the sequential 5" additions to GNuS base by base according to
the sequence of the 9-nt fragment (5'-CACCGCTTT-3').
These studies have practical importance because the template
sequence dictates the spectral properties of AgNCs.*’ Table S1
shows a series of DNA sequences of varying lengths, on the
basis of the original RNuS sequence. Using the above
sequences as hosts, the AgNC synthesis was carried out
under the same conditions in the presence of Ag" through the
reduction by NaBH,. Figure 2 shows the fluorescence features
of the obtained DNA-Ag solutions in the form of contour maps.
The primary fluorescence peaks produced by the first three
elongated derivatives with 20—22 nucleotides (i.e., $’-T,GNuS-
3, n =1, 2, 3, respectively) lie at the similar wavelengths with
similar intensities (Figure 2A—C). Because the optical proper-
ties of few-atom AgNCs are sensitive to changes in the cluster
size of just one atom and to the template sequence of just one
base as well as to the cluster shape,® the lack of spectral
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Figure 3. (A—]) Two-dimensional fluorescence contour maps of AgNCs stabilized by RNuSs with different T-linker lengths. (K) Bar plots of the

emission peak intensities in A—J and the calculated Rgc.

changes with §'-T, (n = 1, 2, 3) tails shows that the AgNC
structures are essentially unaffected, which was presumably
attributed to the fact that thymine has the weakest binding
affinity for silver ions among the four nucleobases (interaction
strength: C > G > A > T). " In contrast, the addition of only
one C base (5'-CT;GNuS, Figure 2D) dramatically declined
the green fluorescence emission of GNuS, indicating that the
generation of green-emissive AgNCs on this template is greatly
inhibited. With the continuous elongation of 5'-CT;GNuS-3’,
the green fluorescence emission disappeared gradually (Figure
2D—G). However, no red fluorescence emission was observed
until the eighth base was appended (5’-ACCGCT;GNuS-3’,
Figure 2H), and the red fluorescence emission of AgNCs
obtained on 5-CACCGCT;GNuS-3’ increased remarkably
(Figure 21).

Results from the above experiments reflect that the bases in
the 5’-CACCGC-3’ sequence directly contribute to the
template transformation from GNuS to RNuS. Therefore, the
5'-CACCGC-3’ sequence acts as a template convertor (Conv)
in this study, which is connected to the GNuS through the
polyT linker (S'-TTT-3’). We further checked whether the
length of the embedded polyT linker between the convertor
and the GNuS could affect the template transformation
(sequences in Table S2). Here, the fluorescence intensity
ratio of red emission (A, = 600 nm, 4., = 670 nm) and green
emission (1., = 500 nm, A, = 565 nm), which is denoted as
Rp/g, was used to estimate the template transformation
efficiency. Obviously, the larger the Ry, the higher the
template-transformation efficiency. As shown in Figure 3A—C,
none of the 5'-ConvGNuS-3/, 5’-ConvI'GNuS-3/, or §'-
ConvT,GNuS-3’ sequence produced obvious fluorescence for
excitation across the studied range. The Ry, for these three
templates is 0.5274, 0.6834, and 0.8257, respectively (Figure
3K). When using 5’-ConvT;GNuS-3’ as the scaffold for AgNC
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synthesis, an intense red fluorescence signal of AgNCs was
detected (Figure 3D) with an Rg,q of 125.1 (Figure 3K). To
our surprise, the 5'-ConvIT,GNuS-3’ template yielded more
efficient template transformation (Ry,q = 149.4, Figure 3K)
than the 5'-ConvT;GNuS-3’ sequence due to its enhanced red
emission intensity (Figure 3E), indicating that the 29-nt RNu$
with the T, linker harbored a better binding site for the red
fluorescence emissive AgNCs than the reported 5’-Con-
vT3;GNuS-3’ sequence. As evidenced by the gradually decreased
red fluorescence emission intensity in Figure 3F—]J, a longer
polyT linker (5'-T,-3’, n > 4) tended to deteriorate the cluster
growth microenvironment for the red fluorescence emissive
AgNCs. In contrast, accompanied by the rapid decrease of the
red fluorescence emission intensity, the extent of green
fluorescence emission was found to slowly increase with the
further increase of the T-base number in the polyT linker
(Figure 3F—J), which implies that the long distance between
the convertor and the GNuS weakens the template trans-
formation ability of the convertor sequence, resulting in low
Rpc (Figure 3K). These fluorescence spectra demonstrated
that appropriate proximity of the convertor to GNuS is
necessary for the template transformation and suggested that
the four-base polyT linker provided the highest Ry, and, thus,
the optimal template transformation efficiency. Therefore,
unless otherwise specified in this work, RNuS with a four-
base polyT linker was selected as the nucleation sequence for
red-emissive AgNCs.

On the basis of the above findings, we developed a new
strategy to design NCBs with a ratiometric fluorescent response
through artificially breaking the connection between the
convertor and the GNuS. The schematic illustration of the
proposed ratiometric NCB for label-free detection of the
Hepatitis-A virus (HAV) gene, a proof-of-concept target in this
work, is illustrated in Figure 4A. First, the RNuS was split into
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Figure 4. (A) Schematic illustration of the ratiometric NCB on the basis of the target-induced template transformation strategy. (B—D) Two-
dimensional fluorescence contour maps and (E—G) fluorescence emission spectra of NCBs without (B) and with a 10 nM (C) and 100 nM (D)
target. The excitation wavelength of the green line and the red line in (E)—(G) is 500 and 610 nm, respectively.

two portions with the cut site located on the T, linker, that is,
5’-ConvT-3" and 5'-T3GNuS-3’. Then, as shown in Figure 44,
the ratiometric NCB is constructed through appending the two
portions, respectively, onto the 5'-terminus and 3'-terminus of
a rationally designed hairpin probe for HAV. In the absence of
the target HAV, the two portions will be in proximity upon the
hybridization of the complementary stem to form an intact
RNuS, which, similar to the original RNuS (Figure 1C), will
facilitate the synthesis of red fluorescence emissive AgNCs.
Upon the addition of the target HAV, as shown in Figure 4A,
the NCB hybridizes with HAV by pairing to the whole loop and
stem region, which opens the stem domain of the hairpin and
allows the spatial and physical separation of the convertor from
the GNuS, leading to the formation of green fluorescence
emissive AGQNCs on GNuS upon reduction in the presence of
silver ions. Therefore, for this target-induced template-trans-
formation strategy, an intense green fluorescence emission is
expected when the target strand is present to induce the
transformation of RNuS to GNuS, whereas the fluorescence
emission should remain bright red when the target sequence is
absent. Here, this red fluorescence intensity can be treated as
the background, and the green one enhanced by the target can
be regarded as the target signal. Figure 4B—D shows the
fluorescence contour maps of the obtained DNA-Ag solutions,
0.5 h after the addition of Ag* to the above-mentioned NCB in
the absence and presence of the target and reduction with
NaBH,. As shown in Figure 4B,E, however, contrary to original
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expectation, both red and green emissions were observed in the
absence of the target strand, which can be attributed to the
trace amount of unfoldled NCB due to the incomplete
hybridization or it could be due to the transient unraveling of
the ends of the stem hybrid. With the addition of target HAV,
the fluorescence of NCB at ~670 nm decreases (Figure 4C,F),
whereas the fluorescence at ~565 nm increases, demonstrating
that target HAV disturbs the formation of the red AgNC
species fluorescing at the ~670 nm emission peak but
contributes to the production of the green species correspond-
ing to the ~565 nm emission peak. Importantly, the opposite
fluorescence changes of two emitters with the increase of the
target concentration (Figure 4D,G) further validated the
template transformation on NCB. Moreover, the ratio of the
signal to the background (Rgg) varies considerably for
different target concentrations (Figure 4B-D), suggesting
that the proposed NCB is feasible for target HAV detection.
Furthermore, compared with the contour map in Figure 1CE,
the AgNCs formed on such an NCB either in the absence or in
the presence of the target strand exhibited the same
fluorescence profiles (excitation and emission wavelengths) as
that stabilized by the original RNuS or GNuS sequence, but
they emit a lower fluorescence intensity. The reason why the
overall fluorescence intensity is higher on the original RNuS/
GNuS template versus NCB is not fully understood. One
possible explanation could be that, admittedly, the hairpin
regions of the NCB might also act as a template to support the

DOI: 10.1021/acsami.7b03198
ACS Appl. Mater. Interfaces 2017, 9, 13102—13110


http://dx.doi.org/10.1021/acsami.7b03198

ACS Applied Materials & Interfaces

Research Article

C (2:2)

=
g ' ’
:
2 ‘
w
£
=
=
500, _ 600 500, . 600 500, 600 700
g Excitation /nm Excitation /nm Excitation /nm
E 1800 —
= . == Green emission F (0.20
S = == Red emission
= 3 »
.2 E1200 +R(;/R 0.16 3 8
g z == Green emission
= ‘7 0.12 =.1200 == Red emission
=
g 600 008 & |+ 6=
=
= — 0.04 & 4
s Z L
= 4:0 3:1 2:2 1:3 0:4 o 400
S Pairs =
= 2
7)) L]
£ 0700 311 222 13 0:4
E B Intensity /a.u. Ml O pairs
0 400.0 800.0 1200 1580

Emission /nm

500 600 500 600

Excitation /nm

Excitation /nm

J (1:3)

500 . 600 500 . 600
Excitation /nm Excitation /nm

Figure S. Two-dimensional fluorescence contour maps of NCBs attached with different split pairs in the absence (A—E) and presence (G—K) of a
500 nM target. Bar plots of the emission peak intensities in A—E (F) and G—K (L) and the calculated Ry

formation of dark AgNCs, which influenced the original
fluorescence emission of the RNuS- or GNuS-stabilized
AgNCs on NCB.

Because our ratiometric fluorescent NCBs rely on the
transformation of the AgNC scaffold induced by the target, it is
of great importance to make sure that the change of the
fluorescence emission is owing to the target-induced separation
of the convertor and GNuS$ and to find out the optimal way to
split the RNuS for template transformation. Thus, a series of
control experiments were carried out in this study. First, to
clarify that the fluorescent signals were derived from the
attached RNuS or GNusS, the stem—loop sequence without the
5'-ConvT-3" and 5'-T;GNuS-3" was tested as the template for
the AgNC synthesis under the same conditions in the presence
or absence of the target HAV sequence. The data obtained
(Figure S1) clearly show that the hairpin structure without the
5'-ConvT-3" and 5'-T3GNuS-3’ overhangs could not guide the
formation of fluorescent AgNCs. Both the fluorescence
emission and the emission transformation, as detection signals
proposed in our study, were derived only from the RNuS or
GNuS sequence rather than the hairpin structure (Figure S1A),
target sequence (Figure S1B), or their hybrid (Figure SIC).
Second, we split the RNuS into two portions with the different
cut sites located on the polyT linker, that is, 5'-ConvT,-3" and
5'-T,,GNuS-3’, m + n = 4. All five possible ways to split the
RNuS are illustrated in Table S4. These five split pairs are
named pair (n:m): for example, pair (0:4), pair (1:3), pair
(2:2), pair (3:1), and pair (4:0). As shown in Figure S2, we
noticed that the emission patterns of these split pairs in the

absence and presence of the hairpin probe before and after
target introduction are all similar to that of the GNuS-hosted
AgNCs (Figure 1E), indicating that the convertor sequence (5'-
ConvT,-3') had no significant effect on the fluorescence
properties of 5’-T,,GNuS-3’ without the aid of the duplex stem
regardless of the presence or absence of the hairpin probe and
the target sequence, which further confirmed the importance of
proximity on the template transformation. Finally, we tested all
of the five split pairs attached on the hairpin probe as the
template for AgNC synthesis under the same conditions. Figure
S summarizes the fluorescence contour maps of these NCBs in
the presence and absence of a 500 nM target HAV sequence.
As both the red and green emission peaks varied in these
NCBs, the Rg/r of the different NCBs were compared. In the
absence of a target, as the cut site approaches the convertor,
that is, from pair (4:0) to pair (0:4) (Figure SA—E), the red
fluorescence emission of NCBs increased and reached a
maximum value at pair (1:3), whereas the green fluorescence
emission of NCBs (signal fluorescence) was low and remained
nearly unchanged, leading to a dramatic reduction in the R/
of pair (1:3) (Figure SF). In the presence of a target, although
both the red and the green fluorescence emissions increased as
the cut site approached the convertor (Figure SG—K), the
green fluorescence emission increased more rapidly, which led
to a high Rgr at pair (1:3) and pair (0:4) (Figure SL).
Therefore, upon close examination of the resulting spectra, we
experimentally chose pair (1:3) for the construction of NCBs,
which provides the lowest Rgp in the absence of a target and
the highest Rg g in the presence of a target.
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Figure 6. (A) Fluorescence responses of the proposed NCB to different concentrations of HAV (from a to m: 1.0, 2.0, 3.0, 5.0, 10, 20, 30, 50, 100,
200, 300, 400, and 500 nM). (B) The linear relationship of the logarithmic value of Rg/y vs the logarithm of HAV concentration. (C) Selectivity of

this ratiometric NCB.

On the basis of the above results, the proposed NCB was
then applied as a ratiometric fluorescence nanoprobe for
sensitive detection of HAV. As shown in Figure 6A, upon the
addition of increased concentrations of HAV, the green
emission intensity (Ig, at ~565 nm) of the NCBs is gradually
restored, whereas the red one (I, at ~670 nm) decreases
concomitantly, which demonstrated that the proposed NCB
was a ratiometric fluorescence sensor for HAV. Accordingly, as
can be seen in Figure 6B, the relative emission intensity ratio of
green emission to red emission (Rg,p = I/Iy) is closely related
to the amount of the target HAV and increases from 0.09281 to
6.996 along with the concentration of the target HAV over the
dynamic concentration range from 1.0 to 500 nM, which
formed the basis for the quantitative detection of target HAV. It
can be clearly seen that the logarithmic (log) value of Rg/r
exhibited a good linear relationship with the logarithm of the
target HAV concentration over the examined concentration
profile, which can be represented by the linear regression
equation, log Rg/p = 0.6747 X log[cyay (nM)] — 1.009, with a
correlation coefficient of 0.9975. Benefiting from the well-
resolved dual emissions and the relatively large range of
emission intensity ratios of Rg/, the limit of detection is
estimated to be 0.5 nM according to the 36 IUPAC criteria,
which is comparable to or even better than that of many other
reported fluorescence biosensors. The detailed comparison of
the proposed NCB-based ratiometric fluorescence biosensor
with others was illustrated in Table SS. In addition, the data
points in the calibration curve represent six independent
measurements, which show the relative standard deviations (n
= 6) ranging from 2.67 to 8.16% for the target HAV at various
concentrations, indicating good reproducibility of the proposed
NCB-based ratiometric fluorescence biosensor. Importantly,
the NCBs retain the high sequence specificity that arises from
the conformational constraint of the stem—loop structures."”
We interrogated two targets carrying a single-nucleotide
mismatch to investigate the sequence discrimination ability of
the proposed NCB. The sequences of the mismatched DNA
targets (SM1 and SM2) are shown in Table S3. As expected,
the Rg /g responses for the two single mismatched targets at the
same condition were significantly lower than those of perfectly
matched targets and are similar to those of the target-free
reaction (Figure 6C), indicating a good selectivity of the
proposed NCB. These data clearly suggest that NCB can not
only recognize specific gene targets but also might be
appropriate for more challenging applications such as allele
discrimination.

To evaluate the feasibility of the proposed ratiometric NCB
in practical sample analysis, such as human serum sample, first,

it is important to challenge the proposed NCB in a higher salt
concentration solution to test its salt tolerance. Figure S3 shows
that no significant influence on the fluorescence features of the
proposed NCB was observed in the absence or presence of the
target HAV upon the addition of up to 80 mM NaNOj before
AgNC synthesis. Then, a recovery test was performed by
challenging the ratiometric NCB in spiked human serum
samples, which was implemented through spiking different
amounts of HAV into 1% diluted human serum. The assay
results are summarized in Table 1, which shows that the

Table 1. Recovery Experiments for HAV-Spiked Human
Serum Samples

samples spiked (nM) found (nM) recovery (%)
sample 1 5.0 4.63 + 04 92.6
sample 2 NY 524 + 3.5 104.8
sample 3 500 486 + 15.7 972

calculated recoveries are in the range of 92.6—104.8% (n = 6).
These obtained results demonstrated that the proposed
ratiometric NCB shows a promise for HAV detection in
practical applications with acceptable accuracy and reliability.

B CONCLUSIONS

In summary, the starting point of our design is that the splitting
of RNuS at a specific site generates GNuS. The template-
transformation mechanism was systematically investigated
using a series of GNuS/RNuS derivatives. Experimental results
showed that the connection of the 6-nt convertor to the 5’-end
of the GNuS through a T, linker (5'-TTT-3") would transform
the GNuS to the RNuS. Importantly, we found that the RNuS
derivative with a T, linker turns out to be, unexpectedly, an
optimized RNuS in this study, having the strongest
fluorescence intensity and, thus, providing the highest template
transformation efficiency. To the best of our knowledge, this is
the first attempt to explore an AgNC template-transformation
strategy through sequence splitting or/and integrating. On the
basis of the hybridization proximity mode, a ratiometric NCB
has been developed by appending the split RNuS onto a
rationally designed hairpin probe. We further explored various
NCB designs and found that the most effective way to split the
RNuS is 1:3 cutting on the polyT linker. The generation of
green-emissive AgNCs after the binding of a target sequence to
the NCB often comes with the decrease of red-emissive
AgNCs. Therefore, this NCB could respond to the target
sequence ratiometrically with remarkable emission ratio (Rg,z)
changes, allowing sensitive detection of HAV down to 0.5 nM.
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More notably, the proposed NCB avoids both the strict
selection and the complicated dual-labeling of the ideal
fluorophore (donor)—quencher (acceptor) pair, endowing the
probes design with more flexibility and low cost. Thus, we
believe our findings would enable greater diversity of
applications of DNA-hosted AgNCs and pave the grounds for
designing new fluorescence biosensors.
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