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Abstract

A Cu*-mediated turn-on fluorescence biosensor based on the DNA-templated green-emitting silver nanoclusters (DNA @g-
AgNCs) was developed for label-free and sensitive detection of adenosine 5'-triphosphate (ATP). Cu®>* was able to quench
the bright green fluorescence of DNA @g-AgNCs because of the coordination and photoinduced electron transfer between
DNA@g-AgNCs and Cu**. Therefore, a unique and effective fluorescence biosensor can be constructed with the forma-
tion of DNA @ g-AgNCs/Cu**/ATP ternary-competition system. With the introduction of ATP, the DNA @ g-AgNCs/Cu?*
fluorescence sensing system will be disrupted and the fluorescence of DNA @g-AgNCs was recovered due to higher affinity
of ATP towards Cu®*. On the basis of this feature, the DNA@g-AgNCs/Cu** fluorescence sensing system demonstrated
quantitative determination of ATP in the range 0.05 - 3 pM and a detection limit of 16 nM. Moreover, the fluorescence
sensing system was successfully applied to the quantitative determination of ATP in human urine and serum samples with
recoveries ranging from 98.6 to 106.5%, showing great promise to provide a label-free, cost-efficient, and rapid platform
for ATP-related clinical disease diagnosis.

Keywords Cu”-mediated fluorescence sensing system - Silver nanoclusters (AgNCs) - Adenosine triphosphate - Label-
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Introduction

Multifunctional nucleoside polyphosphates including adeno-

sine 5'-triphosphate (ATP) play a pivotal role in metabolic
processes of living organisms [1—4]. The abnormal concen-
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Scheme 1 Schematic illustra-
tion of the construction of
DNA @g-AgNCs/Cu* fluores-
cence sensing system and its
application for ATP detection

@

_—

h\gNO:g /.‘(

&/
®

_—
NaBH,

DNA@g-AgNCs DNA@g-AgNCs/Cu?*

sensing system

:“ .

DNA template AgNCs

of ATP due to its high sensitivity, convenience, simplicity,
real-time, and fast response [19-23]. Nevertheless, these
fluorescent strategies were not able to circumvent some
shortcomings including time-consuming and complicated
probe preparation.

In the past decade, luminescent noble-metal (Au, Ag, Cu,
and so forth) nanoclusters, consisting of several to hundreds
of metal atoms with a particle size ranging from 2 to 10 nm,
have found wide application in a variety of research fields
[24-26]. Particularly, silver nanoclusters (AgNCs) have
aroused more and more attention due to their advantages of
relatively low cost, simple synthesis procedure, good bio-
compatibility, and adjustable emission wavelength [27-29].
To date, several fluorescence assays have also been reported
for the detection of ATP with assistance of DNA-templated
silver nanocluster (DNA @ AgNCs) [30-33]. As reported
in these research work, the sensing mechanisms for ATP
detection were based on ATP-caused DNA conformation
switching or ATP-induced fluorescence alteration of DNA @
AgNCs. However, the interaction between DNA-templated
silver nanocluster (DNA @AgNCs) and metal ion has not
been investigated. In addition, the construction of fluores-
cence biosensor based on DNA @ AgNCs and metal ion for
ATP sensing was not previously reported.

Herein, a novel fluorescence sensing system based on
DNA-templated silver nanocluster (DNA @ g-AgNCs) for
sensitive and label-free detection of ATP in biological flu-
ids was developed. As illustrated in Scheme 1, first, green-
emitting AgNCs (g-AgNCs) are formed on DNA template
in the presence of AgNO; and reductant NaBH,. Then,
the DNA@g-AgNCs/Cu?* fluorescence sensing system
is constructed by the incubation of DNA@g-AgNCs with
Cu?* through the chelation of DNA towards Cu>*. With
the formation of the sensing system, the bright green fluo-
rescence emitted by g-AgNCs were effectively quenched
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by Cu?" via photoinduced electron transfer (PET). When
the analytical target ATP was introduced, the coordination
between Cu®* and DNA @g-AgNCs was prevented due to the
higher affinity interaction between ATP and Cu®*, leading
to a significant recovery of the quenched fluorescence of
DNA @g-AgNCs. Therefore, the label-free detection of ATP
could be realized by monitoring the fluorescence intensity of
DNA @g-AgNCs. Because of the fast and effective fluores-
cence recovery, this developed fluorescence sensing system
will afford a useful nanoplatform for rapid, sensitive, and
selective detection of ATP and for related disease diagnosis.

Experimental section
Chemicals and materials

Silver nitrate (AgNO;), sodium borohydride (NaBH,), cop-
per sulfate pentahydrate (CuSO,-5H,0), acetic acid (HAc),
sodium acetate (NaAc), orthoboric acid (H;BO;), and borax
(Na,B,0,-10H,0) were purchased from Tianjin Zhiyuan
Chemical Reagent Co. Ltd. (Tianjin, China). The DNA oligo-
nucleotide, which was used as the template for the preparation
of AgNCs in this work, was PAGE-purified and purchased
from Sangon Biotechnology Co. Ltd. (Shanghai, China). The
sequences of DNA template are listed as follows: 5" TGC CTT
TTG GGG ACG GAT A-3'. All solutions were prepared with
ultrapure water which was purified by Millipore Milli-Q Inte-
gral ultrapure water purification system (Billerica, MA, USA)
with an electrical resistance of 18.2 MQ-cm.

Apparatus

The fluorescence spectra were collected by F-4600 fluores-
cence spectrometer (Hitachi, Japan). The measurement of
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UV-vis absorption spectra was performed on a UV-2700
spectrometer (Shimadzu, Japan). The transmission electron
microscope (TEM) images and energy-dispersive spectros-
copy (EDS) were acquired on JEM-2100HR TEM at an
acceleration voltage of 200 kV (JEOL, Japan). Dynamic
light scattering (DLS) was measured on a Malvern Nano-ZS
particle size analyzer (Malver Instruments, UK). The X-ray
photoelectron spectroscopy (XPS) analysis was carried out
on an X-ray photoelectron spectrometer (Thermo Fisher,
USA). The pH value of all solutions was measured with an
FE-28 pH acidity meter (METTLER TOLEDO, Shanghai,
China).

Synthesis of green-emitting DNA@g-AgNCs
and construction of DNA@g-AgNCs/Cu®* sensing
system

The green-emitting DNA @g-AgNCs were synthesized fol-
lowing previously reported procedures with slight modifica-
tion [34] and the detailed experimental steps for preparing
DNA @g-AgNCs is supplied in the Electronic Supporting
Material (ESM).

DNA @g-AgNCs/Cu”" sensing system was constructed
by the following steps: 30 pL 200 mM HEPES buffer solu-
tion (pH 7.4), 50 uL 300 nM copper ion (Cu>*) solution, and
10 pLL 3 pM DNA-templated g-AgNC solution were mixed
together by using a vortex mixer. Thereafter, the mixture
was incubated in water bath at 37 °C for 10 min to fabricate
DNA @g-AgNCs/Cu?* sensing system.

Determination of adenosine triphosphate

First, 60 pL of ultrapure water and 150 pL of adenosine
triphosphate (ATP) solution with different concentrations
were injected into 90 pL of DNA @g-AgNCs/Cu** sensing
system. The mixture was mixed by vortex mixer and incu-
bated in water bath at 37 °C for 30 min. The fluorescence
spectra of all the samples were measured in the range from
535 to 700 nm at the excitation wavelength of 505 nm with
both excitation and emission slits of 10 nm under a PMT
voltage of 700 V.

Detection of ATP in actual samples

Human urine and human serum were selected as actual sam-
ples to evaluate the practical applicability of the developed
sensing system. Firstly, 5 mL urine sample was centrifuged
at 8000 rpm for 10 min. Then, the supernatant was collected
and filtered with a 0.22-pm filter membrane. Subsequently,
it was diluted 10 times with ultrapure water and stored at
4 °C for further use. Human serum sample was obtained
after removing plasma protein in human blood by precipita-
tion. In brief, 1 mL blood sample was vortexed and mixed

with 1.5 mL acetonitrile solution at room temperature.
After 30 min, the mixture was centrifuged at 10,000 rpm
for 10 min. The supernatant was collected and filtered with
a 0.22-pm filter membrane. The obtained human serum sam-
ple was diluted 10 times with ultrapure water and stored at
4 °C for further use.

The ATP amount in actual samples was subsequently
determined with fluorometry and chromatography, respec-
tively. In brief, 100 pL of ATP standard solutions with dif-
ferent concentrations was firstly added to 50 pL of the urine
sample or serum sample and the solution was mixed thor-
oughly by vortexer. For fluorescence analysis method, the
total ATP concentrations were measured by using the cali-
bration curve obtained above with standard addition method
and fluorescence recovery experiments were performed. For
chromatography analysis method, the concentration of ATP
was analyzed by high-performance liquid chromatography
(HPLC). HPLC was implemented using following experi-
mental conditions: An Inertsil Kromasil-C18 column was
equipped with a pump system. The phosphate-buffered solu-
tion (pH 7.0) was chosen as the mobile phase. The UV detec-
tion wavelength for ATP, the column temperature, and flow
rate were set as 259 nm, 30 ‘C, and 1 mL/min, respectively.
ATP in the actual samples was identified by comparison with
the retention time of standard samples and the concentra-
tions of ATP were calculated by using the standard method.

Results and discussion

Optimization of the experimental conditions
of DNA@g-AgNCs

To obtain DNA @g-AgNCs with intense fluorescence
intensity and robust stability, the experimental conditions
were firstly optimized. DNA with specific AgNC nuclea-
tion sequences was selected as the template. As shown in
Fig. 1A, no fluorescence signal was detected in the absence
of AgNO; and reductant NaBH,. In contrast, bright green
fluorescence can be obviously seen under the excitation at
the wavelength of 505 nm with the addition of AgNO; and
NaBH,, implying that silver ions (Ag") can bond with the
specific base sequence of DNA, and g-AgNCs were formed
on the scaffold DNA. In addition, characteristic absorption
peak value of DNA @g-AgNCs centered at 500 nm was
observed on the UV—vis absorption spectrum [35] (Fig. 1B),
further disclosing the successful generation of g-AgNCs on
the template DNA.

As reported previously, non-fluorescent Ag nanopar-
ticles would possibly be generated on DNA template
under specific conditions [36]. Subsequently, the optimal
experimental conditions including the concentration ratio
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of DNA to silver nitrate, the concentration ratio of silver
nitrate to sodium borohydride, reaction time, pH value,
reaction buffer, and reaction temperature were investi-
gated. As shown in Figure S1A and S1B, the fluorescence
intensity of DNA @g-AgNCs reached the maximum when
the concentration ratio of DNA to silver nitrate and sil-
ver nitrate to sodium borohydride was 1 to 8 and 1 to 1,
respectively. Saturated fluorescence intensity of DNA@g-
AgNCs was attained in Figure S1C with reaction time of
4 h, suggesting the redox reaction was sufficiently com-
pleted. And it was found that the highest fluorescence
intensity of g-AgNCs was obtained with pH value of 7.5,
NaAc-HAc buffer solution, and reaction temperature at 4
°C (Figure S1D to S1F). Therefore, 1 to 8 concentration
ratio (DNA to silver nitrate), 1 to 1 concentration ratio
(silver nitrate to sodium borohydride), 4 h reaction time,
pH 7.5, NaAc-HAc buffer solution, and 4 °C reaction tem-
perature were chosen as the optimal experimental condi-
tions to perform following experiments.
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Characterization of DNA@g-AgNCs

Subsequently, the morphology, size, and element content of
DNA @g-AgNCs were characterized by using TEM and DLS.
TEM image and particle size distribution in Fig. 1C and D
show that DNA @g-AgNCs exhibited excellent dispersity and
presented a spherical structure scattered with an average size
of 1-4 nm. The HRTEM image (inset of Fig. 1C) disclosed
that the DNA @g-AgNCs have clear lattice fringes (~2.3 A),
which was close to the interplanar distance of the (111) crystal
plane of face-centered cubic Ag [37]. DLS revealed that the
hydrated average size of the synthesized DNA @g-AgNCs is
about 14 nm (Fig. 1E). The in-depth chemical state DNA @g-
AgNCs was identified by XPS (Fig. 1F) and two peaks center
at 367.8 eV (Ag 3ds;,) and 374.0 eV (Ag 3d;,,) were both
obviously seen in raw XPS spectra of DNA @g-AgNCs [37].
Furthermore, the deconvolved Ag 3ds,, (367.8 eV) and Ag
3d;/, (374.0 eV) peaks of XPS spectrum gave four binding
energies of 368.1 eV (Ag(0)), 367.7 eV (Ag(D)), 374.1 eV
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(Ag(0)), and 373.7 eV(Ag(])), respectively. The intensi-
ties of these four peaks implied that the DNA@g-AgNCs
contained about 73.1% Ag(0) and 26.9% Ag(l), indicating
that the most of Ag in DNA@g-AgNCs was zero valent. In
addition, the signal from Ag was found in elemental analy-
sis of DNA@g-AgNCs by EDS (Figure S2A) and the TEM
mapping of the metal distribution proved that the synthetic
DNA @g-AgNCs only contained the metallic elements of Ag
(Figure S2B to S2D). Taken together, these results demon-
strated that DNA @g-AgNCs has been successfully prepared.
Furthermore, photostability test was implemented and only
slight fluorescence intensity changes were observed after con-
tinuous irradiation of g-AgNCs for 2 h and even after 7 days
(Figure S3), disclosing that the prepared g-AgNCs have robust
photostability.

Verification of the principle of DNA@g-AgNCs/Cu?*
sensing system and investigation of fluorescent
sensing mechanism

Next, the feasibility of the DNA @g-AgNCs/Cu** sensing sys-
tem for detecting ATP was verified using fluorescence analy-
sis. As shown in Fig. 2, Cu®*, ATP and the mixture of Cu>*
and ATP were found to exhibit no fluorescence signal under
excitation at 505 nm (line 1, line 2, and line 5). In contrast,
the prepared DNA@g-AgNCs emits a strong fluorescence
peak signal at 575 nm (line 3) and the strong fluorescence
signal of DNA @g-AgNCs was dramatically quenched when
Cu®* was added (line 4), indicating the successful fabrication
of DNA@g-AgNCs/Cu®* sensing system. In addition, the
fluorescence intensity of DNA @g-AgNCs remains almost
the same after incubation ATP with DNA @g-AgNCs (line 6),

3000
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3: DNA@g-AgNCs
4: DNA@g-AgNCs+Cu**
~ 20001
= 6: DNA@g-AgNCs+ATP
8 : DNA@g-AgNCs+Cu?"+ATP
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Fig.2 The fluorescence spectra of Cu®* (line 1, green line), ATP
(line 2, purple line), DNA@g-AgNCs (line 3, gray line); DNA@g-
AgNCs/Cu®* sensing system (line 4, blue line), Cu>* + ATP (line 5,
pink line), DNA@g-AgNCs +ATP (line 6, red line), and DNA@g-
AgNCs/Cu.** sensing system + ATP (line 7, black line)

implying that ATP has no evident effect on the fluorescence
properties of DNA @g-AgNCs. With the addition of ATP, the
fluorescence signal of DNA @g-AgNCs was recovered and an
intense fluorescence peak centered at 575 nm appeared. These
experimental results strongly confirmed that a turn-on fluo-
rescence sensing system based on DNA @g-AgNCs/Cu** was
fabricated and it can be applied for label-free detection of ATP.

Subsequently, to understand the interaction and fluores-
cence quenching mechanism between Cu’* and DNA@g-
AgNCs, further investigations were performed by using
TEM, DLS, and XPS. After the incubation with Cu** and
DNA@g-AgNCs, copper signal was clearly observed on
TEM mapping of the metal distribution (Figure S4), testify-
ing the strong binding between DNA @g-AgNCs and Cu’*.
TEM results and particle size distribution in Fig. 3A and B
revealed that no smaller- or larger-sized AgNCs (~2 nm) were
generated and the hydrated average size of AgNCs (~ 18 nm)
remained unchanged (Figure S5A). Moreover, HRTEM
image (inset of Fig. 3A) showed that the lattice fringes of
these AgNCs (~2.3 A) were also in good concordance with
that of DNA @g-AgNCs. Additionally, deconvolution of XPS
spectra for DNA @g-AgNCs/Cu** gave two distinct compo-
nents corresponding to Ag(0) (~72.20%) and Ag(I) (~27.8%)
(Fig. 3C), which was almost the same with that of DNA @g-
AgNCs. All these experimental results evidenced that the
physicochemical properties of DNA @g-AgNCs remain invar-
iant after the addition of Cu®*. As reported previously, DNA
has a high affinity towards Cu®* [38]. Taken together, it was
speculated that the fluorescence quenching process may arise
from photoinduced electron transfer (PET) [39—41].

Further, the morphology, size, and element content of
AgNCs in DNA @g-AgNCs/Cu?* fluorescence sensing sys-
tem after the addition of ATP was also examined by TEM,
DLS, and XPS. As can be seen in Fig. 3D, E, and F and
Figure S5B, the same experimental results were observed
as those obtained in the absence or presence of ATP. These
results clearly demonstrate that ATP has higher affinity
towards Cu?* and the working principle of DNA @g-AgNCs/
Cu?* sensing system for ATP detection was also ascribed to
the combination between ATP and Cu*".

In order to obtain the DNA@g-AgNCs/Cu®* fluores-
cence sensing system with best performance, the buffer
solution, incubation temperature, incubation time, and pH
value were firstly optimized. According to the experimental
results in Figure S6 and Figure S7, HEPES buffer, incuba-
tion temperature of 37 °C, incubation time of 10 min, pH
7.4, and 300 nM Cu?" were employed for the preparation of
DNA @g-AgNCs/Cu?" in the following experiments.

Sensing performance of DNA@g-AgNCs/Cu?®*

To achieve the best sensing performance, the optimized
experiment conditions such as reaction temperature, reaction

@ Springer
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Fig.3 A Transmission electron microscopy. Inset: high-resolution
transmission electron microscopy (HRTEM), B particle size distri-
bution, and C X-ray electron spectroscopy of DNA@g-AgNCs/Cu?*
sensing system. D Transmission electron microscopy. Inset: high-res-

time, reaction buffer solution, and pH value were then
determined. Experimental results in Figure S8 demonstrate
incubation temperature of 37 °C, incubation time of 25 min,
HEPES buffer, and pH 7.4 which were the optimized experi-
mental conditions.

Next, the quantitative determination of ATP by utiliz-
ing DNA@g-AgNCs/Cu®" fluorescence sensing system
was implemented under optimized experimental condi-
tions. As shown in Fig. 4A, the fluorescence signal emitted
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550

Fig.4 A Fluorescence spectra of DNA@g-AgNCs/Cu®* sensing
system after incubation with varying concentration of ATP (0.00,
0.01, 0.05, 0.14, 0.28, 0.56, 1.12, 1.68, 1.96, 3.00, 3.50, 4.00 pM)
in HEPES buffer for 25 min. B The relationship corresponding to
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by DNA @g-AgNCs gradually increased with the increas-
ing concentration of ATP. The fluorescence peak val-
ues at 575 nm against different concentrations of ATP in
the range from 0.05 to 3 uM were then plotted and it was
found that the intensity of the fluorescence peak values
(F) at 575 nm have a good linear relation to the concentra-
tions of ATP (C,rp) (Fig. 4B). The calibration equation is
F=422.14186.8 X Cypp and the squared correlation coef-
ficient R? is 0.993. According to the 3o rule, the limit of
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the fluorescence at 575 nm versus the concentration of ATP ranging
from O to 4 uM. Inset: linear plot of the fluorescence peak intensity
at 575 nm against the concentration of ATP in the range from 0.05 to
3uM
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detection (LOD) of ATP was calculated as 16 nM, which
was comparable to or better than some reported fluores-
cence assays for ATP determination (Table S1). Although
some fluorescence methods have higher detection limit, the
fluorescent g-AgNCs adopted in this strategy have several
advantages including excellent photostability, and low bio-
toxicity over other fluorophore. Moreover, the construction
of this sensing system was one step and this method is label-
free and cost-efficient (Table S1).

Determination of ATP in actual samples

In order to further explore the selectivity of the DNA@g-
AgNCs/Cu** towards ATP, various typical anions, glucose,
HSA, thrombin, urea, and uric acid were tested. As dis-
played in Fig. 5, compared with target ATP, these analytes
showed no obvious effect on the fluorescence recovery of

3-
—_ 21
(=]
=
=
B
B
N’
T & s >
R o Tt
R N NS N S
= Ty CF° s &
S N

Fig.5 Selectivity of the DNA@g-AgNCs/Cu** sensing system for
ATP detection. All the concentration of analytical targets (ATP, F~,
Br~, I7, HCO;, H,PO,~, S*~, CO;>~, HPO,*~, PO,>~, glucose, HAS,
thrombin, urea, and uric acid) are 3 pM. F and F|, are the fluorescence
intensities at 575 nm of DNA @g-AgNCs in the presence and absence
of analytical target, respectively. Error bars indicate the standard
deviations of three repetitive experiments

Table 1 Determination of ATP in human urine and serum samples

DNA @g-AgNCs. This finding testified that the DNA@g-
AgNCs/Cu®* fluorescence sensing system is selective
towards the analytical target ATP and indicated it is feasible
for ATP detection of complex real samples. Furthermore,
the selectivity against some chemically related species of
ATP including ADP, AMP, CTP, GTP, and UTP was also
investigated. It can be seen in Figure S9 that chemically
related species of ATP except AMP could also recover the
fluorescence of the DNA @g-AgNCs/Cu’" sensing system,
but ATP has the strongest recovering ability to the fluores-
cence of DNA @g-AgNCs/Cu’* sensing system.

To assess the practical applicability of the DNA@g-
AgNCs/Cu?* fluorescence sensing system, the determina-
tion of ATP and a recovery study in human urine and serum
samples were performed with a standard addition method.
As shown in Table 1, 0.5, 1.0, and 2.0 pM ATP were respec-
tively added in human urine and serum samples, and their
recoveries were in the range from 98.6 to 106.5%. In addi-
tion, it was clearly observed that the determination values
of ATP in human serum and serum samples obtained by the
DNA @g-AgNCs/Cu®* sensing system are in good agree-
ment with those of HPLC method, which demonstrate the
reliability and accuracy of the established method for ATP
quantification in complex actual samples. Nevertheless, this
sensing system was not selective towards ATP in the pres-
ence of chemically related species of ATP. But for the sys-
tem containing both ATP and chemically related species of
ATP, simultaneous detection of ATP and chemically related
species of ATP can be performed according to the previously
reported method [42].

Conclusion

A turn-on fluorescence biosensor based on DNA-tem-
plated green-emitting AgNCs was proposed for sensitive
and label-free detection of ATP with a LOD of 16 nM.
Moreover, this fluorescence sensing system worked

Samples Spiked ATP  This strategy HPLC
UMD Found ATP Recovery RSD Found ATP (uM) Recovery RSD
(M) (%) (n=3, %) (%) (n=3, %)
Human urine 1 0.00 ND — — ND — —
2 0.500 0.493 98.6 0.46 0.496 99.2 0.35
3 1.00 0.988 98.8 1.5 0.994 99.4 1.1
4 2.00 2.13 107 1.6 2.07 104 0.98
Human serum 1 0.00 ND — — ND — —
2 0.500 0.507 101 0.52 0.504 101 0.68
3 1.00 0.991 99.1 1.8 1.02 102 1.3
4 2.00 2.06 103 1.3 2.05 103 0.85
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efficiently and stably for determination of the levels of
ATP in human serum and urine samples, implying that the
proposed biosensor may provide a useful, cost-efficient,
and robust approach for ATP-related disease diagnosis and
bioanalytical applications. However, this proposed method
was not highly selective towards ATP when chemically
related species of ATP exists. Our further research work
will focus on differentiating ATP and chemically related
species of ATP by integrating this sensing strategy and
other techniques.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-022-05617-7.
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