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ABSTRACT: In this work, a multifunctional template for selective formation of fluorescent
silver nanoclusters (AgNCs) or copper nanoparticles (CuNPs) is put forward. This dumbbell-
shaped (DS) DNA template is made up of two cytosine hairpin loops and an adenine-thymine-
rich double-helical stem which is closed by the loops. The cytosine loops act as specific
regions for the growth of AgNCs, and the double-helical stem serves as template for the
CuNPs formation. By carefully investigating the sequence and length of DS DNA, the optimal
design of the template is presented. Benefiting from the smart design and facile synthesis, a
simple, label-free and ultrasensitive fluorescence strategy for adenosine triphosphate (ATP)
detection is proposed. Through the systematic comparison, it is found that the strategy based
on CuNPs formation is more sensitive for ATP assay than that based on AgNCs synthesis,
and the detection limitation was found to be 81 pM. What’s more, the CuNPs formation-based
method is successfully applied in the detection of ATP in human serum as well as the
determination of cellular ATP. In addition to small target molecule, the sensing strategy was
also extended to the detection of biomacromolecule (DNA), which illustrates the generality of

this biosensor.

KEYWORDS: multifunctional template; DNA; silver nanocluster; copper nanoparticle;

bioassays
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1. INTRODUCTION

As promising alternatives for organic dyes and quantum dots, fluorescent nanoclusters or
nanoparticles have attracted special research interest due to their unique physical, electrical,
and optical properties." The template synthesis has been the mainstream approach for
fabricating metal nanoclusters or nanoparticles with tunable fluorescence emission and high
photostability.® By virtue of a unique nanosized linear geometric structure, excellent molecule
recognition properties, and high affinity for some metal ions, DNA has been exploited as an
important template for mediated synthesis of metal nanomaterials.”® Since they were first
reported by Dickson and co-workers,' fluorescent silver nanoclusters (AgNCs) stabilized by
DNA have attracted increasing interest due to their excellent performance including facile
synthesis, easy functionalization, good compatibility, low toxicity and sequence dependence.

10-14 and

And the AgNCs have shown great promise for biological labeling,’ biosensing,
information storage.15 In general, the DNA template used to synthesize brightly fluorescent
AgNCs is cytosine-rich sequence or similar single-stranded DNA (ssDNA).'®"® Besides, there
are also studies shown that the single-stranded loop region of hairpin DNA, mismatched
double-stranded DNA (dsDNA) or dsDNA with abasic site could serve as the templates for
AgNCs synthesis and these strategies were successfully employed to identify single-
nucleotide polymorphisms (SNPs).”** As another class of powerfully fluorescent
nanomaterials, newly emerging copper nanoparticles (CuNPs), which selectively form on
DNA templates, offer excellent potential as novel fluorescent markers. Controlled formation
of CuNPs on pre-selected sections of dsDNA has been demonstrated by Mokhir and co-
workers.* The formed dsDNA-CuNPs exhibited excellent fluorescence properties and proved

efficient for biochemical sensing in further studies.”>*

What’s more, Ouyang’s group found
that, compared with random dsDNA, adenine-thymine (AT)-rich sequences were the better

templates for highly fluorescent CuNPs.”® Recently, Wang and co-workers reported that that
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ssDNA also can act as an efficient template for the formation of fluorescent CuNPs.>” And the
selective metallization on ssDNA was achieved in a sequence-specific manner.”® A high
degree of poly-T was essential for the formation of fluorescent CulNPs.

Adenosine-5’-triphosphate (ATP) is a multifunctional nucleotide, which is not only a
universal energy source, but also an extracellular signaling mediator and involved in many
biological processes, including membrane ion-channel pump, DNA replication, biosynthesis,
hormonal and neuronal activities.””>" It has also been used as an indicator of living organisms
for cell viability and cell injury.*® Therefore, the highly sensitive and selective detection of
ATP is essential for biochemical research as well as clinical diagnosis. Many methods based
on host-guest receptors, peptides, conjugated polymers, DNA/RNA aptamers, and ATP-
dependent ligation reactions have been developed for ATP detection.*>”’ Among these
reported strategies, some of them exhibit only moderate sensitivity with detection limits for
ATP in the micromolar or nanomolar range. In addition, even though some methods have
shown very good analytical performance, they usually require pre-labeling of a signal source,
which needs considerable time-consumption and may suffer from higher cost.

Herein, we designed and put forward a multifunctional template which can not only be used
to stabilize fluorescent AgNCs, but also for the formation of CuNPs. This template is a
dumbbell-shaped (DS) DNA molecule that consists of a double-helical stem closed by two
cytosine hairpin loops. The cytosine loops acted as specific regions for the growth of AgNCs,
and the double-helical stem served as template for the CuNPs formation. In order to obtain the
optimal template for the synthesis of AgNCs or CuNPs, the DS DNA was carefully designed
and investigated by adjusting the length and sequence of DNA. Furthermore, benefiting from
the smart design and facile synthesis, a label-free and ultrasensitive fluorescence strategy for
ATP detection was presented. Since ATP induced the ligation of the nicking site and sealed
the DS DNA which could resist the digestion of exonucleases and then served as the template

for the formation of AgNCs or CulNPs, both the fluorescence emission intensity of the AgNCs
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and that of CuNPs were used to quantify the ATP concentration. Through the systematic
investigation and comparison of the sensitivity of ATP detection based on the AgNCs
synthesis and that based on CuNPs formation, it is found that the CuNPs formation-based
ATP assay is more sensitive. Moreover, the satisfactory results in the analysis of ATP in
human serum as well as the determination of cellular ATP demonstrate that the proposed
sensing system possesses great potential for practical application. Additionally, the sensing
strategy was also extended to the detection of target DNA, which reveals that the biosensor is

capable to detect both small molecule and biomacromolecule.

2. EXPERIMENTAL SECTION

Materials and Reagents: All oligonucleotide with different sequences were synthesized
and HPLC purified by Sangon Biotechnology Co., Ltd (Shanghai, China). The sequences of
the oligonucleotide used in this work are listed in Table S1 (SI). T4 DNA ligase, Exo I and
Exo III were purchased from the Takara Biotechnology Co., Ltd. (Dalian, China). Silver
nitrate (AgNOs3), sodium borohydride (NaBH4), copper sulfate pentahydrate (CuSO4-5H,0)
and ascorbic acid were purchased from Sigma-Aldrich (USA). Shrimp alkaline phosphatase
(SAP), Adenosine triphosphate (ATP) and its analogues were obtained from Sigma-Aldrich
(USA) as well. Human serum sample was supplied by the Zhongnan Hospital of Wuhan
University (Wuhan, China). Cell culture dishes were was obtained from NEST Biotechnology
(Beijing, China). Culture medium and fetal bovine serum (FBS) were purchased from Gibco
BRL (Grand Island, NY, USA). All chemical reagents were of analytical grade and used
without further purification. All solutions were prepared with ultrapure water (18.25 MQ-cm)
from a Millipore system.

Apparatus: Fluorescence spectra were obtained with a RF-5301PC spectrophotometer
(Shimadzu, Japan) equipped with a 150 W xenon lamp (Ushio Inc, Japan). UV-vis absorption

spectra were recorded by a UV-2250 spectrophotometer (Shimadzu, Japan) using a 1-cm path
5
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length quartz cuvette. Gels were imaged by a ChemiDoc XRD system (Bio-Rad).
Transmission electron microscopy (TEM) and high-resolution (HR) TEM images were
recorded on a JEOL Ltd. JEM 2100 electron microscope (Japan).

Preparation of AgNCs and CulNPs: The DS DNA was firstly denatured at 95 °C for 10
minutes followed with a slow annealing treatment for 1 hour before use. For AgNCs synthesis,
50 pL of 2 uM DS DNA was mixed with 250 pL of phosphate buffer (20 mM phosphate, 1
mM magnesium acetate, pH = 7.0), and then 2 puL of 0.6 mM AgNO; solution was added to
the mixture solution. After cooling at 4 °C for 15 minutes, the mixtures were reduced with 2
pL of 1.2 mM freshly prepared NaBH,, followed by vigorous shaking for 30 seconds. The
reaction was kept in the dark at room temperature for 6 hours. For CuNPs synthesis, 50 pL of
2 uM DS DNA was mixed with 250 uL of MOPS buffer (10 mM MOPS, 150 mM NaCl, pH
=7.6), and then 5 pL of 80 mM ascorbic acid was added to the DNA solution. After blending
completely, 5 pL of 0.8 mM Cu®" was added and incubated at room temperature to form
fluorescent CuNPs within 5 minutes.

Procedures for ATP Assay: In a typical procedure, first, the DS DNA was diluted with 25
mM Tris-HCI buffer (100 mM NaNO;, 6 mM magnesium acetate, pH = 7.6) and denatured at
95 °C for 10 minutes followed with a slow annealing treatment for 1 hour before use. Then
the DS DNA was sealed by adding 1 pL. of T4 DNA ligase (350 U/ulL) and 5 uL different
concentrations of ATP into to the 50 pL of 2 uM DS DNA solution and allowing the ATP-
triggered ligation reaction at room temperature for 50 minutes. After that, 4 pL of Exo I (5
U/uL) and 5 pL of Exo III (200 U/uL) were added into the mixture solution to induce the
digestion for 60 minutes. The digestion reaction was terminated by incubation at 80 °C for 5
minutes. Finally, the remaining DS DNA template in the mixture solution was employed to

prepare AgNCs or CuNPs with the protocols mentioned above. The time scale of AgNCs
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synthesis-based sensing strategy is about 10.5 hours, and that of CuNPs formation-based
sensing strategy is about 4.5 hours.

Agarose Gel Electrophoresis: After the ligation and digestion reactions mentioned above,
the mixture was stained with 100x SYBR Green I (1 uL). 3 % agarose gel was prepared using
1x TAE buffer (40 mM Tris AcOH, 2 mM Na,EDTA, pH = 8.5). The electrophoresis was
carried out at 100 V for approximately 50 min in 1x TAE buffer. Then the gel was imaged by
a ChemiDoc XRD system (Bio-Rad).

Cellular ATP Assay: CAL27 cell is human oral squamous carcinoma cell line obtained
from School and Hospital of Stomatology, Wuhan University, China. CAL27 cells were
maintained through passaging with 0.25% Trypsin-EDTA three times a week with Dulbecco's
Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin at 37 °C under 5% CO, atmosphere. The collected cells were
centrifuged at 3000 rpm for 3 minutes at 4 °C and washed three times by PBS buffer (20 mM
phosphate, 100 mM NaCl, and 5 mM KCIl, pH = 7.4) and then suspended in 25 mM Tris-HCI
buffer (100 mM NaNO;, 6 mM magnesium acetate, pH = 7.6). Cell lysis was performed by
repeated cycles of freezing and thawing, and then the lysed cells were ready for ATP assays.
For control experiment, the above CAL27 cell lysate (approximately 100000 cells/mL, 400
pL) was treated with 5 units SAP at 37 °C for 20 minutes to remove the ATP.

Procedures for DNA Detection: First, the Probe DNA was diluted with 25 mM Tris-HCl
buffer (100 mM NaNO;, 6 mM magnesium acetate, pH = 7.6). 25 uL of 4 uM Probe DNA
was mixed with 25 pL different concentrations of Target DNA and denatured at 85 °C for 10
minutes followed with a slow annealing treatment for 1 hour. Then, 1 uL. of T4 DNA ligase
(350 U/pL) and 5 pL of 800 uM ATP were added into the mixtures and kept at room

temperature for 50 minutes. After that, 4 pL of Exo I (5 U/uL) and 5 uL of Exo III (200

U/uL) were added into the mixture solution to induce the digestion for 60 minutes. The
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digestion reaction was terminated by incubation at 80 °C for 5 minutes. Finally, the remaining
Probe DNA template in the mixture solution was employed to prepare CuNPs with the

protocols mentioned above.

3. RESULTS AND DISCUSSION

3.1. Design of the Multifunctional Template

In the past, many efforts have been made in the DNA-templated metal nanoclusters and
nanoparticles. And various DNA templates were explored to individually synthesize AgNCs
or CuNPs. Among them, Wang’s group found that the duplex DNA scaffold formed by
inserting cytosine loop into dsDNA could be used for the generation of fluorescent AgNCs. >
Mokhir and co-workers reported that dSDNA could be employed as template for the formation
of CuNPs.* Afterwards, it was proved that the dsDNA-templated CuNPs formation was
achieved in a sequence-specific manner.”® Inspired by these interesting findings, we herein
design a multifunctional DNA molecule which can serve as the template not only for the in
situ AgNCs generation, but also the CuNPs formation. This DS DNA template consists of two
cytosine hairpin loops and a double-helical stem which is closed by the loops. The cytosine
loops act as specific regions for the growth of AgNCs, and the double-helical stem serves as
template for the CuNPs formation.

In order to obtain the optimal fluorescence emission intensities of the AgNCs and CuNPs,
the size of cytosine loops and the sequence of the double-helical stem were investigated,
respectively. Firstly, the DS DNAs with same double-helical stem closed by cytosine loops
with different sizes were explored as the templates to stabilize AgNCs. As shown in Figure
1A, the fluorescence intensity of the AgNCs stabilized by the DS DNA with six-base cytosine
(C6) loops is much stronger than that by DNA 1 with C4 loops and DNA 2 with C8 loops. It

is indicated that the size of C6 cytosine loops is more suitable for AgNCs formation compared
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with that of C4 or C8, and the detailed mechanism and reason is needed to further
investigation. So the DS DNA with C6 loops was chosen as the optimal template for the
AgNCs synthesis. Secondly, the sequence and length of the double-helical stem of the
proposed multifunctional template were evaluated. Comparing the fluorescence intensity of
the CuNPs formed in the DS DNA with that in DNA 3, it obviously reveals that the CuNPs
formation in the AT-rich double-helical stem is more efficient than that in the double-helical
stem with random sequence, which is consistent with previous report (Figure 1B).*® Moreover,
the fluorescence intensity of the CuNPs formed in DNA 4 has no significant change compared
with that in DS DNA, even though the double-helical stem of DNA 4 is much longer than that
of DS DNA. It is further confirmed that the AT-rich sequences play a dominant role in the
dsDNA-templated CuNPs formation against other random sequences. Furthermore, the length
of A-T pairs in double-helix stem was evaluated. As shown in Figure 1C, the fluorescence
intensity of the formed CuNPs dramatically increased with the increase of the length of A-T
pairs range from 16 to 32. It is noted that the enhancement of fluorescence intensity became
slow down obviously when the length of A-T pairs reached to 24. Taking into consideration
of the enhancement of fluorescence intensity and the cost of DNA, the DS DNA containing
24 A-T pairs in double-helical stem was chosen as the most suitable template for CuNPs
formation in this work. Additionally, the spacers with three base pairs were inserted between

the loops and the stem.
3.2. Characterizations of Fluorescent AgNCs and CuNPs

In this work, the AgNCs were synthesized through the reduction of AgNO; with NaBH,4 in
the presence of DS DNA. And the formation of CuNPs on DS DNA was realized by reducing
CuSO, with ascorbic acid. The as-prepared AgNCs and CuNPs were studied by using
fluorescence spectroscopy, UV-vis absorption spectroscopy and transmission electron

microscopy (TEM). As shown in Figure 2A, the fluorescence excitation and emission maxima
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of AgNCs were at 490 and 573 nm, respectively. And the AgNCs solution was light yellow
under daylight and exhibited orange color under UV light. The maximum excitation and
emission wavelengths of CuNPs were 343 and 575 nm, respectively (Figure 2B). The CuNPs
solution was also bright orange under UV light, but was colorless under daylight. Moreover,
the characteristic absorption peaks of AgNCs and CuNPs similar to their excitation spectra
appeared in the recorded UV-vis absorption spectrum (Figure 2C, D). The DS DNA-
templated formations of AgNCs and CuNPs were also evidenced by the TEM images which
clearly showed that the formed AgNCs and CuNPs were spherical in shape, and the average
sizes of them were about 1.5 nm and 5.2 nm, respectively (Figure 2E, F). Besides, the obvious
crystal lattice structures of AgNCs and CuNPs were presented in the HR TEM images,
respectively, which revealed their high crystallinities (Insets of Figure 2E, F). In addition, for
the same DS DNA concentration, it is found that the fluorescence intensity of AgNCs was

weaker than that of CuNPs (Figure S1, Supporting Information (SI)).

3.3. Principle and Feasibility of ATP Detection

Benefiting from the smart design of the template and the facile synthesis of metal
nanomaterials, a simple, label-free and ultrasensitive strategy of ATP assay is developed. The
principle of this method is illustrated in Scheme 1, in addition to being a multifunctional
template for subsequent AgNCs or CuNPs formation, the unsealed DS DNA also acts as a
probe for ATP detection in the sensing system. In the absence of cofactor ATP, the ligation
reaction could not be initiated by T4 DNA ligase. So the unsealed DS DNA is digested by
Exonuclease III (Exo II) which can degrade the double-helical stem of unsealed DS DNA
from the nick, releases 5’-mononucleotides from the 3’-ends of double-helical stem and
produces stretches of ssDNA. Then the remaining ssDNA was completely digested by
Exonuclease I (Exo I) which can degrade ssDNA from 3’-ends to 5’-ends. After the cyclic

digestions by Exo IIl and Exo I, the unsealed DS DNA was completely degraded as
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mononucleotides. Therefore, no template is offered for the preparation of AgNCs or CuNPs,
which provides a low background for the sensing system. However, in the presence of ATP,
the unsealed DS DNA is sealed and can resist the digestion of Exo I and Exo III due to the T4
ligase-catalyzed ligation reaction. As a result, the selective formation of fluorescent AgNCs or
CuNPs within the DS DNA template is realized. Both the fluorescence signal of AgNCs and
that of CuNPs could be utilized for the ATP determination.

To demonstrate the feasibility of the proposed strategy, the fluorescence emission spectra
of the formed CuNPs under different conditions were investigated. As illustrated in Figure 3A,
in the absence of ATP, no obvious fluorescence emission at 575 nm was detected (curve b),
which was almost the same as the fluorescence signal in the condition that DS DNA was
completely digested by Exo I and Exo III (curve a). It is revealed that this sensing strategy
possesses a highly reduced background. This ultra-low background signal is mainly attributed
to the efficient digestion of the DS DNA template when the ligation reaction is not triggered.
In contrast, a significant fluorescence emission of CuNPs was observed in the presence of 100
nM ATP (curve c). These results suggest that the proposed method is feasible for ATP
detection. In order to further confirm the feasibility of the proposed strategy, the experiment
of agarose gel electrophoresis was carried out. As shown in Figure 3B, only in the presence of
DS DNA, a strong fluorescence band was easily identified (lane 1). The same fluorescence
intensity and mobility were observed when DS DNA, ATP and T4 ligase were included but
without Exo I and Exo III (lane 2). However, in the presence of DS DNA, T4 ligase and
exonucleases, but without ATP, the DS DNA was digested by the exonucleases due to the
failed ligation reaction. Consequently, no obvious band was visualized in lane 3. While, in the
presence of ATP, the ligation reaction was successfully triggered, so the sealed DS DNA
could resist the digestion of exonucleases. As a result, an evident band was observed in lane 4,

and the band indicated the same mobility with that in the control experiments (lane 1, 2). The
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above results successfully verified that the proposed strategy was entirely feasible for the ATP

detection.
3.4. Performance of ATP Detection

In the ATP assay, the digestion procedures of exonucleases play vital roles in the
performance of the sensing system, because they are in direct relation to the background
signal. So the effects of the exonucleases concentrations and digestion time on the
background signal were evaluated first. The optimization experiments were carried out in the
absence of ATP, and the exonucleases concentrations and digestion time were defined as
optimum value when the background signal reached to the minimum. Through the successive
investigations, the optimal concentrations of Exo III and Exo I were 2.5 and 0.05 U/uL,
respectively. The digestion time was fixed at 60 min (Figure S2, SI). Besides, as key factors
for fluorescence enhancement in the presence of ATP, the T4 ligase concentration and
ligation time were optimized as well. The optimal concentration of T4 ligase was 0.875 U/uL,
and the optimal ligation time was 50 min (Figure S3, SI). What’s more, the influence of Ag"
concentration on the AgNCs synthesis was investigated. With the increase of Ag’
concentration, the fluorescence emission intensity increased at first and then gradually
decreased after 3 uM (Figure S4, SI). Similarly, the effect of Cu®>" concentration on the
CuNPs formation was also explored. The result revealed that the fluorescence emission was
the most significant when the Cu”" concentration was 100 uM (Figure S5, SI).

Since both the fluorescence signal of AgNCs and that of CuNPs could be utilized for the
ATP detection, the sensitivity of AgNCs synthesis-based strategy and that of CuNPs
formation-based strategy were investigated, respectively. Under the optimized conditions
discussed above, the linear response range of the AgNCs synthesis-based sensing system was
measured. As shown in Figure S6 (SI), the fluorescence intensity of AgNCs dramatically

increased with the increase of the concentration of ATP, and the fluorescence intensity versus
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ATP concentration is plotted at a concentration range (50 ~ 4000 nM). There is a good linear
relationship (R* = 0.9955) between the fluorescence intensities and the concentrations of ATP
with a 28 nM detection limit (signal-to-noise ratio of 3). To our knowledge, this sensitivity
exceeds those previously reported fluorescence nanosensing strategies.” **** Moreover, the
AgNCs formation-based ATP assay broadens the application of fluorescent AgNCs in small
molecule detection. The performance of the strategy based on CuNPs formation was also
evaluated. As illustrated in Figure 4A and B, the fluorescence intensity of CuNPs gradually
increased with the increase of the ATP concentration, and shows a clear linear dependence
(R? = 0.9938) on the ATP concentration over the range from 0.1 to 125 nM. The limit of
detection (LOD) was calculated as 81 pM based on the linear fitting and the noise level of 3
times the standard deviation of a blank solution (n = 11). To the best of our knowledge, this
LOD is superior to those of previously reported fluorescence nanosensing systems, and even
can be comparable with or exceed those of some previously reported electrochemical
strategies (Table S2, SI).>’*® The high sensitivity is mainly attributed to the ultra-low
background signal caused by exonucleases digestions and the strong fluorescence emission of
CuNPs. Additionally, due to the larger Stokes shift and shorter time to prepare of CuNPs, the
sensing strategy based on CuNPs formation was mainly employed in subsequent analysis and
application.

Selectivity is a critical parameter to evaluate the performance of a fluorescence sensing
system. Thanks to the high fidelity of the coenzyme dependence of T4 DNA ligase, the
strategy possesses inherently high selectivity for ATP detection. In this work, the selectivity
of the CuNPs formation-based strategy has been tested by comparing the fluorescence signal
of samples containing ATP with those of its analogues, including cytidine triphosphate (CTP),
guanosine triphosphate (GTP), uridine triphosphate (UTP), and adenosine diphosphate (ADP).
As shown in Figure 4C and D, when ATP, CTP, GTP, UTP and ADP were added to the

sensing system, respectively, only ATP caused a marked fluorescence increase. While the
13
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others made no obvious changes in fluorescence intensity, their fluorescence intensities were
almost the same as that of the blank solution without ATP, even though the concentration of
the analogues was ten times as that of ATP. Therefore, the proposed strategy is capable for

ATP assay with a satisfactory selectivity.

3.5. Real Sample Analysis

To challenge the detection toward the target in complex biological matrix, the CulNPs
formation-based method was employed to detect ATP in human serum samples. Different
concentrations of ATP at 0, 20 nM, 50 nM and 100 nM were separately spiked into the 10%
diluted human serum and then the samples were tested with the proposed strategy. As shown
in Figure 5A, in the absence of ATP, a relatively high fluorescence background noise was
observed in the diluted serum sample. This is mainly due to the matrix effect caused by some
proteins present in serum. Nevertheless, in the presence of ATP with different concentrations,
the fluorescence signals detected in the diluted human serum had no significant differences
with those obtained in buffer. Such satisfactory results were attributed to the procedure of
annealing during the interval between the digestion reaction and CuNPs formation, which
would inactivate the interfering protein and effectively eliminate the influences of complex
matrix on the preparation of CuNPs. It is demonstrated that the ATP assay can be performed
in complex biological environment with this sensing strategy. Therefore, the ATP assay in
real sample was further carried out through the detection of ATP in cancer cells (CAL27
cells). As illustrated in Figure 5B, in the absence of cell lysates, no obvious fluorescence
emission was observed (curve a). However, in the presence of lysates from different numbers
of CAL27 cells, all the prominent fluorescence signals were obtained (curve b, ¢, and d).
Furthermore, when the cell lysates were treated with shrimp alkaline phosphatase (SAP) to

remove the ATP, almost no significant fluorescence enhancement was observed as anticipated
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(curve e). The above results clearly show the robustness of the proposed method in real

sample analysis.
3.6. Generality of the Strategy

To illustrate the generality of our design, the DNA detection was carried out through
appropriate modification of the sensing strategy. The tumor suppressor genes namely exon
segments of pl6 chosen as the target model. The principle of DNA detection is shown in
Scheme S1 (SI). In the presence of Target DNA, the ligation reaction could not be initiated
by T4 DNA ligase due to the hybridization of Probe DNA and Target DNA. So the Probe
DNA is digested by Exo I and Exo III and no template is offered for the preparation of CuNPs.
In contrary, in the absence of Target DNA, the Probe DNA is sealed and can resist the
digestion of exonucleases. Therefore, the fluorescent CuNPs were easily generated and
resulted in significant fluorescence response. As shown in Figure S7 (SI), the fluorescence
intensity of CuNPs gradually decreased with the increase of the concentration of Target DNA.
The plot of the relative fluorescence intensity (AF) versus Target DNA concentration is shown
in Figure 6A. A good liner relationship (R* = 0.9946) could be obtained over the range from
0.1 to 150 nM. Moreover, this method can provide an excellent capability in differentiating

between perfectly matched and mismatched DNA targets (Figure 6B).

4. CONCLUSIONS

In summary, a smart and multifunctional DNA template was designed and successfully
employed for the selective formation of fluorescent AgNCs or CuNPs. The AgNCs and
CuNPs were formed within the different regions of the same template. The systematic
characterization and comparison of the same DS DNA-hosted AgNCs and CuNPs confirmed
that both the template design and material synthesis were desirable as expected. To the best of

our knowledge, this is the first attempt to explore a versatile DNA template which can serve
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for the multiple preparations of different metal nanomaterials. What’s more, based on the
selective in-situ formation of AgNCs or CuNPs in the multifunctional template, a simple,
label-free and sensitive biosensor for ATP was developed. Thanks to its high sensitivity and
selectivity, the sensing strategy was successfully applied in the detection of ATP in real
sample, which indicates that the proposed sensing system possesses great potential for
practical application. Furthermore, the proposed strategy was also extended in the application

of DNA detection, displaying the versatility and generality of our design.
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Figure 1. (A) Fluorescence excitation and emission spectra of AgNCs stabilized by the DS DNA,

37

DNA 1 and DNA 2, respectively. (B) Fluorescence excitation and emission spectra of CuNPs formed

38
39
40

with the templates of DS DNA, DNA 3 and DNA 4, respectively. (C) Fluorescence emission spectra

of CuNPs formed with the templates of DNA 5, DNA 6, DS DNA, DNA 7 and DNA 8, respectively.
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Inset: the normalized fluorescence intensities of CuNPs with different DNA templates. The designs of
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corresponding DNA templates are illustrated in right.
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Figure 2. (A) Fluorescence excitation (A = 490 nm) and emission (Aem = 573 nm) spectra of DS
DNA-templated AgNCs. (B) Fluorescence excitation (A = 343 nm) and emission (A, = 575 nm)
spectra of DS DNA-templated CuNPs. The insets are the photographs of AgNCs and CuNPs under
irradiation with daylight (left) and UV light (right), respectively. UV-vis absorption spectra of DS
DNA-templated AgNCs (C) and CuNPs (D). TEM images of DS DNA-templated AgNCs (E) and

T r T T T
400 450 500 550 600
Wavelength (nm)

CuNPs (F). The insets are the HR-TEM images of AgNCs and CuNPs, respectively.
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35 Scheme 1. Schematic illustration of the mechanism for the sensitive detection of ATP based on

36 selective formation of fluorescent AgNCs or CuNPs in DS DNA.

60 23

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

a
—b
c

> 500

FL Intensity (a.u.

e QJ
__

500 550 600 650
Wavelength (nm)

Figure 3. (A) Fluorescence emission spectra of formed CuNPs under different conditions: (a) DS
DNA + Exo I + Exo III; (b) DS DNA + T4 ligase + Exo I + Exo III; (¢) DS DNA + 100 nM ATP + T4
ligase + Exo I + Exo III. (B) Agarose gel electrophoresis of the products of different experiments.
Lane M: DNA ladder; lane 1: DS DNA; lane 2: DS DNA + 100 nM ATP + T4 ligase; lane 3: DS DNA
+ T4 ligase + Exo I + Exo III; lane 4: DS DNA + 100 nM ATP + T4 ligase + Exo I + Exo IIIL
Concentration of DS DNA was 250 nM.
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Figure 4. (A) Fluorescence responses of formed CuNPs to the different concentrations of ATP. Inset:

Enlarged view of fluorescence responses at low concentrations of ATP. (B) Corresponding calibration

curve for ATP detection. Inset: Enlarged view of linear curve at low ATP concentrations. (C), (D)

Selectivity of the developed sensing platform for ATP compared to ATP analogues and blank. The
concentration of ATP is 100 nM, while the concentrations of CTP, GTP, UTP, and ADP are 1 uM,

respectively. The error bars represent the standard deviations based on three parallel measurements.
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Figure 5. (A) Fluorescence responses of the sensing platform for ATP detection in buffer and 10%

diluted human serum samples, respectively. The error bars represent the standard deviations based on

three parallel measurements. (B) Fluorescence responses of formed CuNPs in the absence of freshly

lysed cells (a), and in the presence of freshly lysed cells with different concentrations: approximately
50000 cells/mL (b), 100000 cells/mL (c), 250000 cells/mL (d), as well as in the presence of SAP-
treated lysed cells (100000 cells/mL) (e).
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Figure 6. (A) Relationships between relative fluorescence intensities and the concentrations of Target

DNA. (B) Fluorescence responses of formed CuNPs in the presence of Target DNA, single-base

mismatched target DNA (MT1), two-base mismatched target DNA (MT2) and three-mismatched

target DNA (MT3). The error bars represent the standard deviations based on three parallel

measurements.
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