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ABSTRACT

Two general and reliable fluorescence sensors were proposed in this work utilizing aptamer DNA-tem-
plated silver nanoclusters (Ag NCs). Both DNA-AgNCs could be used for label-free detecting of ATP with
the limits of detection of 0.44 and 0.65 mM. One of them was further applied to monitor the activity of
adenosine deaminase (ADA). In our effort to elucidate the light-up mechanism, we studied a total of six
Ag NCs prepared by different DNA sequences, and found that they showed different sensitivity to ATP.
Both BT3T3- and BT3T3(R)-templated Ag NCs were chose to make particular studies by UV-vis, TEM,
fluorescence, and TCSPC methods. The results showed that when DNA-Ag NCs was kept for 1.5 h and
presented a strong fluorescence, the addition of ATP failed to cause a large change of fluorescence in-
tensity; on the contrary, after Ag NCs was kept for 24 h and emitted a weak fluorescence, adding ATP was
able to result in the large fluorescence enhanced of 43 and 33 times for BT3T3- and BT3T3(R)-templated
Ag NCs, respectively. The possible mechanism was also suggested that ATP binding to aptamer segment
of template induced the change of the DNA secondary structure, which made the aggregated Ag nano-
particles disperse into Ag NCs with an average diameter of about 2 nm that were responsible for the large
fluorescence increase. Moreover, ATP could protect the fluorescence intensity of BT3T3(R)-templated Ag

NCs from quenching for at least 9 h.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Silver nanoclusters (Ag NCs), usually consisting of two to a
hundred silver atoms of subnanometer size, have attracted broad
attention for their unique optical, electrical and chemical features
(Diez and Ras, 2011; Li et al., 2014). As the scaffold for preparing Ag
NCs, DNA oligonucleotides have been widely used. In particular,
the high affinity of silver ions to cytosine located in single-stran-
ded DNA favors DNA oligonucleotides as an excellent template for
the synthesis of fluorescent Ag NCs (Eichhom, 1973; Berti and
Burley, 2008). DNA-templated silver nanoclusters (DNA-Ag NCs)
(Han and Wang, 2012), as a new class of promising fluorescent
nanomaterials, were extensively used in biosensing (Liu et al,
2013; Zhang et al., 2013; Shah et al., 2012) and bioimaging (Yin
et al., 2012, 2013) due to their excellent photophysical properties,
stability, lower toxicity, strong fluorescence emission, and good
biocompatibility.

Aptamers are nucleic acids (DNA or RNA) that are evolved to
specifically bind proteins or low-molecular-weight inorganic or
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organic substrates (Ellington and Szostak, 1990; Tuerk and Gold,
1990). Because of their specificity and high binding constants,
aptamers have been used for the assembling of nanomaterials and
the detections of heavy metals, proteins, and cancer cells (Joyce,
1994; Liu et al., 2009; Sefah et al., 2009; Hensen et al., 2006; Smith
et al., 2007). Unlike most conventional affinity reagents (e.g., an-
tibodies), a group of aptamers called structure-switching aptamers
(SSAs) (Vallee-Belisle and Plaxco, 2010) can undergo target-in-
duced conformational change, which is actually the basis of many
sensing approaches including fluorescent, colorimetric (Zhu et al.,
2011; Ho and Leclerc, 2004) and electrochemical methods (Li et al.,
2010; Wu et al., 2008).

ATP is considered as the fuel molecule for life and plays im-
portant roles in regulating cellular metabolism and biochemical
pathways in almost every organism (Chen et al., 2008). It was not
only a universal energy source, but also an extracellular signaling
mediator and involved in many biological processes including DNA
replication, membrane ion-channel pump, biosynthesis, hormonal
and neuronal activities (Abraham et al., 1997; Newman and Zahs,
1997; Szewczyk and Pikua, 1998). It has also been used as an in-
dicator of living organisms for cell viability and cell injury (Eguchi
et al, 1997). Adenosine deaminase (ADA), which catalyzes the
conversion of adenosine to inosine by the removal of an amino
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group, is an important enzyme, existing in all human tissues,
especially in the lymphoid system (Aldrich et al., 2000). Therefore,
the rapid and sensitive detections of both ATP and ADA are of great
importance for biological applications including both pharma-
ceutical research and clinical treatment.

Inspired by the fluorescence light-up phenomenon of placing
two darkish DNA/Ag NCs together to form a probe pair through
their complementary linker (Yin et al., 2014), herein we put for-
ward a similar mode. The working principle of the proposed assay
was depicted as follows. DNA template designed contained two
components, an Ag NC-nucleation segment at the two terminuses
and an aptamer segment for combining with target. Because the
aptamer can bind the target with high affinity and specificity, the
conformational change of aptamer made the two darkish DNA-Ag
NCs close and enhanced the fluorescence of Ag NCs, which enabled
the detection of analyte. It was a green chemical assay in a label-
free format avoiding the need to design the complicated fluor-
escent sensor and the use of organic solvent.

2. Materials and methods
2.1. Reagents and apparatus

Oligonucleotides, adenosine deaminase (ADA), ATP, GTP, CTP,
and UTP used in this work were supplied by Shanghai Sangon
Biotechnology Co. Ltd. (Shanghai, China), and the sequences of
oligonucleotides were listed in Table S1. Silver nitrate (AgNOs,
99.8%) and sodium borohydride (NaBH, 98%) were purchased
from Aladdin Bio-Chem technology Co. Ltd. (Shanghai, China) and
used without further purification. Phosphate buffer solution (PBS,
20 mM, pH 6.6) was used in all of the experiments. All solutions
were prepared using Millipore Milli-Q water (18.2 M L cm).

Fluorescence spectra were recorded at room temperature on a
Fluoromax-4 Spectrofluorometer (Horiba Jobin Yvon Inc., France)
or a Cary Eclipse Fluorescence Spectrophotometer (Varian Inc. CA).
The emission spectra were recorded with 5 nm slit widths for both
excitation and emission. UV-vis absorbance measurements were
performed on a Cary 500 UV-vis-NIR Spectrophotometer (Varian
Inc., USA). All spectra were obtained by using a 1 cm path length
quartz cell. The average size of DNA-AgNCs was verified by
transmission electron microscopy (TEM) using a JEOL JEM-2100
high resolution TEM instrument operated at 200 kV. A drop of
clear aqueous solution was carefully placed on an ultrathin pure
carbon film and dried at ambient condition for TEM character-
ization. Time-resolved fluorescence measurements were per-
formed using FL920 Lifetime Fluorescence Spectrometer (Edin-
burgh Instruments, Livingston, UK) operating in the time-corre-
lated single photon counting (TCSPC) mode with a semiconductor
laser (405 nm) as the excitation source. For data analysis, com-
mercial software by Edinburgh Instruments was used. The pico-
second transient fluorescence decays were fitted with multi-
exponential (n) function, Z:’:laiexp( — t/zi), where a; is weight
percentages of the decay components with time constants of ;.
The average excited state lifetime was expressed by the equation
ravg = ¥ airi, when Y ai=1

2.2. Synthesis of DNA-Ag NCs

DNA-Ag NCs were synthesized according to the reported
method with minor modification (Sharma et al., 2011). Briefly,
3 uM DNA template and 18 uM AgNOs3; were sequentially added
and mixed with sodium phosphate buffer (20 mM , pH 6.6), and
the reaction mixture was incubated in the dark at 4 °C for 20 mins.
Then the freshly prepared 18 uM NaBH,4 was added (molar ratio of

Ag™* [NaBH4/DNA=6:6:1) and followed by the vigorous shaking of
the solution for 30 s, the reaction mixture was incubated in the
dark at 4 °C for one hour to form Ag NCs, then incubated in the
dark at ambient temperature for further studies. The incubation
time was calculated from after addition of NaBH.,.

2.3. The analysis of ATP

As-prepared DNA-Ag NCs solution was diluted ten times with
PBS buffer, and the standard solution of ATP was prepared in ul-
trapure water. Then the BT3T3-templated Ag NCs solution was
incubated with 13 mM ATP for 60 min in the dark at ambient
temperature; the BT3T3(R)-templated Ag NCs solution was in-
cubated with 10 mM ATP for 30 min under the same conditions. To
examine the specificity of this system towards ATP, some other
biomolecules were added in place of ATP with the same experi-
mental conditions and procedures.

2.4. Enzyme assay

The mixture solution of the BT3T3(R)-templated Ag NCs and
ATP was treated with various concentrations of ADA for different
times in the dark at room temperature. It should be noted here
that the employed ADA only refers to the enzymatically active
protein. So the concentration of ADA also refers to the ADA ac-
tivity, and enzyme unit per unit volume (UL™') was used to
characterize the concentration of ADA.

3. Results and discussion
3.1. The properties of Ag NCs based on the different DNA templetes

Firstly, we investigated the properties of Ag NCs based on
AT3T3 and BT3T3 DNA templetes (Table S1), and the results were
presented in Fig. ST and Fig. 1, respectively. After incubating with
NaHB, for 1.5 h, two absorption peaks at 430 and 525 nm were
observed (Fig. 1A, curve a), which corresponded to the surface
plasmon absorption and LMCT bands, respectively (Shaviv et al,,
2011; Link and El-Sayed, 1999; Kelly et al., 2003; Guan et al., 2012),
at the same time a strong fluorescence emission at 610 nm was
also observed upon excitation at 550 nm (inset of Fig. 1A). How-
ever, after kept for 6 h the absorption peak at 525 nm disappeared,
accompanying an increase of intensity at 430 nm (curve ¢), in-
dicating that Ag NCs aggregated into Ag nanoparticles (Ag NPs).
Interestingly, it was found that after kept for 6 h the weak fluor-
escence intensity of Ag NCs enhanced about 10-fold upon addition
of ATP (Fig. 1B); on the contrary, for a strong fluorescent Ag NCs
incubated for 1.5 h, the addition of ATP into the system only led to
a 3-fold increase of fluorescence intensity (inset of Fig. 1B).
Moreover, no matter when ATP was added into the Ag NCs solu-
tion a new absorption peak at 575 nm would appear, it was sug-
gested the formation of new species (Fig. 1A, curves b and d).
Fig. 1C showed that the fluorescence intensity of Ag NCs reached
the largest at 1.5 h and then gradually decreased with increasing
the incubation time upon excitation at 550 nm, and the corre-
sponding fluorescence spectra were displayed in Fig. S2. Ex-
pectedly, after addition of ATP, F/Fy values increased with de-
creasing of fluorescence intensity of Ag NCs and even reached
more than 40-fold after kept for 24 h (Fig. 1D). The related results
of AT3T3 DNA-Ag NCs were given in Fig. S1. It was found that its
fluorescence intensity increased with increasing incubation time
with NaBH,4, but there was only slight difference after adding ATP.
In conclusion, ATP had no obvious influence on the fluorescence
intensity of AT3T3-template Ag NCs.

In order to further explore the effect of the template DNA, we
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Fig. 1. The Ag NCs synthesized with the sequence BT3T3 in Table S1 as the template. (A) UV-vis spectra of Ag NCs after kept for 1.5 h in the absence (a) and presence of
13 mM ATP (b) or kept for 6 h in the absence (c) and presence of 13 mM ATP (d). The inset showed the excitation (lex=>550 nm) and emission spectra (lem=610 nm) after
kept for 1.5 h. (B) Fluorescence emission spectra of DNA-Ag NCs in the absence and presence of 13 mM ATP after kept for 6 h or 1.5 h (the inset). (C) Fluorescence intensity
change of Ag NCs against the incubating time with NaHB,4. (D) The change of F/F, at the different incubating time (F, is the fluorescence intensity of Ag NCs; F is the

fluorescence intensity after addition of ATP).

also studied the properties of (L)BT3T3 and BT3T3(R) DNAs-Ag NCs
and the influence of ATP. Compared to BT3T3, (L)BT3T3 and BT3T3
(R) lacked 5 and 3’ terminus Ag NC-nucleation segments (Table
S1), respectively. Fig. S3A gave the UV-vis absorption spectrum of
the BT3T3(R)-templated Ag NCs. A broad absorption band with
peaks at 430 and 550 nm was observed after incubated for 1.5 h
(curve a), and the strong fluorescence emission at 610 nm was also
observed upon excitation at 550 nm (inset of Fig. S3A). Similar to
BT3T3 DNA-Ag NCs, after kept for 6 h the absorption peak at
550 nm almost disappeared while the absorbance at 430 nm
slightly enhanced (curve c), indicating some Ag NCs also ag-
gregated into Ag NPs. The corresponding fluorescence intensity
also showed a decrease with increasing the incubation time (Fig.
S3B), staying the same with the UV-vis results. It was also inter-
estingly found that after kept for 6 h the fluorescence intensity of
Ag NCs became weak, but the addition of ATP resulted in the
dramatical enhance of the fluorescence intensity (Fig. S3C). How-
ever, as shown in inset of Fig. S3C, when the fluorescence intensity
of Ag NCs was strong, it hardly changed after addition of ATP.
Moreover, whenever ATP was added to the Ag NCs a new peak
near 625 nm would appear (curves b and d in Fig. S3A). These
results brought into correspondence with those of Fig. S3D, where
the F/Fy values increased with decreasing of the fluorescence in-
tensity of Ag NCs and reached more than 33-fold after kept for
24 h, at this time the fluorescence intensity of Ag NCs was lowest
among all test times. Accordingly, only little fluorescence enhance
was observed upon adding ATP to (L)BT3T3-templated Ag NCs (Fig.
S4).

In addition, we moved the Ag NC-nucleation segment of BT3T3
(R) from 5’ terminus to 3’ terminus (named after R2 (Table S1)),
and the related results of R2-Ag NCs were presented in Fig. S5. We
made a conclusion that the fluorescence intensity of R2-templated
Ag NCs had no significant change after addition of ATP. Finally, we
also studied the nucleation segment (X)-Ag NCs alone (Table S1).
Similarly, ATP had no obvious influence on the fluorescence in-
tensity of X-templated Ag NCs (Fig. S6).

According to above results, the sequences BT3T3 and BT3T3
(R) were chose as templetes to synthesize Ag NCs that were used
to detect ATP, and the possible mechanism was also investigated.
The working principle was shown in Scheme 1. In the presence of
ATP the fluorescence intensity of DNA-Ag NCs rapidly increased.
However, after addition of ADA the fluorescence intensity was
quenched as ATP was converted to ITP.

3.2. Optimization of detection conditions

Since our DNA-Ag NCs fluorescence light-up system relied on
the fluorescence change of DNA-Ag NCs in the absence and pre-
sence of the ATP, it was of great importance to make sure that the
enhancement of fluorescence was owing to the best binding ability
of ATP with aptamer, thus optimization for the interaction time
between ATP and Ag NCs was necessary. According to Fig. S7A, the
optimal incubation time of ATP with BT3T3-templated Ag NCs was
60 min, whereas the optimal time was 30 min for BT3T3(R)-tem-
plated Ag NCs (Fig. S7B). The prolonged incubation time indicated
that the reactions of ATP with DNA-AgNCs were much more slow
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Scheme 1. Schematic illustration of the fluorescent molecular beacon using Ag NCs
as a signal indicator, and ATP and ADA as mechanical activators. ITP is inosine
triphosphate.

I DNA-AgNCs+ATP

than expected. This could be attributed to the low affinity of ATP to
aptamer (the dissociation constant is about 10~ M) (David and
Jack, 1995) and the slow dispersion of the aggregated nano-
particles into nanoclusters induced by ATP (see below). The pro-
longed incubation time was also observed in the previous reports,
for example, Ye et al. reported that the reaction time of ATP with
DNA-Ag NCs was 20 min (Zhang et al., 2012), while it was 2 h
reported by Shi et al. (Zhu et al., 2016).

ATP concentration also played a key role in the change of the
fluorescence intensity of Ag NCs. On the one hand, the strong
fluorescence is useful for ADA assay, as it will present a high
sensitivity; on the other hand, a bright fluorescent signal is easy to
investigate the interacting mechanism of ATP and DNA-Ag NCs. In
order to optimize the ATP concentration, different concentrations
of ATP were added to the Ag NCs solution that was diluted by ten
times, and the F/Fy values were employed to evaluate the sensi-
tivity of the assay. It was found from Fig. S8 that the fluorescence
intensities of two systems increased with the ATP concentration
and reached saturation at 13 mM and 10 mM of ATP, respectively.
Thus the concentration of ATP at 13 mM or 10 mM was used
throughout the whole experiments. Furthermore, the limit of de-
tection (LOD) calculated using the 3c method was found to be
044 mM and 0.65 mM for BT3T3- and BT3T3(R)-templated Ag
NCs, respectively (Fig. S9).

3.3. Effect of ATP on the optical properties of DNA-Ag NCs

According to the results obtained from Fig. 1 and Fig. S3, we
have found that the stronger the fluorescence intensities of Ag NCs
were, the lower the F/F, values were; on the contrary, the weaker
the fluorescence intensities of Ag NCs were, the larger the F/F,
values were. Therefore, we selected Ag NCs with a stronger
fluorescence at 1.5 h and a weaker and stable fluorescence at 6 h to
separately investigate the ATP effect by TEM image and fluores-
cence lifetime methods.

Fig. 2 showed the typical TEM images of the well-mono-
dispersed BT3T3-templated Ag NCs, and the histogram of cluster
size distribution was given in inset. From the Fig. 2A and inset, it

s m s

was found that the Ag NCs exhibited uniform size with an average
diameter of about 3 nm, and the addition of ATP failed to change
the size and the dispersity of AgNCs (Fig. 2B), which consisted with
the results of the slight fluorescence enhance in the presence of
ATP. However, with the increasing incubation time (6 h) the Ag
NCs aggregated to form the larger Ag NPs with an average dia-
meter of about 10 nm (Fig. 2C), which was in accord with the re-
sults from Fig. 1A (curve c), where the peak at 550 nm disappeared
and the absorbance at 420 nm increased. Interestingly, in the
presence of ATP the Ag NPs were dispersed into Ag NCs again with
an average diameter of about 2 nm (Fig. 2D) that smaller than
those at 1.5 h, and this phenomenon was also confirmed by Fig. 1A
(curve d), furthermore, these results might explain the enhanced
fluorescence intensity upon addition of ATP (Fig. 1B and D). The
typical TEM images of BT3T3(R)-templated Ag NCs displayed in
Fig. S10, and the results were the same as those of the BT3T3-
templated Ag NCs, i.e. the ATP dispersed the larger Ag NPs into the
Ag NCs with smaller size (average diameter about 2 nm), which
should be responsible for the increases of the fluorescence in-
tensities and the absorption spectral changes after addition of ATP
into Ag NCs solution that was kept for 6 h.

Furthermore, we measured the respective fluorescence life-
times at 610 nm of Ag NCs with incubation time of 1.5 and 6 h
before and after interaction with the target ATP (Fig. S11). The
fluorescence transients of Ag NCs presented multi-exponential
time constants as tabulated in Table S2. DNA conformation and
surface properties of Ag NCs have been suggested as two major
factors for controlling the fluorescence properties of DNA-Ag NCs
(Chaikin et al., 2013; Lopez and Liu, 2013; Singh et al., 2012;
Thompson et al., 2009), thus we speculated that ATP might play
some important roles in initiating the changes of these two fac-
tors. According to the results in Table S2, there were no distinct
changes in the average fluorescence lifetimes for both BT3T3 and
BT3T3(R) DNAs-Ag NCs after kept for 1.5 h or 6 h, and upon adding
ATP their average fluorescence lifetimes had also no obvious
changes.

No obvious changes in the fluorescence lifetimes of both DNA-
Ag NCs were attained upon incorporation of 10 or 13 mM ATP,
indicating a possible static quenching mechanism. Moreover, a
new absorbance band located in the longer wavelength was ob-
served in the absorption spectra after the addition of ATP, also
suggesting the formation of new species. Furthermore, TEM ima-
ges indicated that the larger Ag NPs were dispersed into the
smaller Ag NCs in the presence of ATP. Based on current results, we
speculated that the binding of ATP to aptamer induced the con-
formational changes of DNA templates, which not only made the
aggregated Ag NPs disperse into Ag NCs with average diameters of
about 2 nm that emitted a strong fluorescence, but also protected
the fluorescence intensity of BT3T3(R)-templated Ag NCs from
quenching for a long time (see below). Nevertheless, ATP induced
increase and stability of fluorescence depended on the sequences
and positions (5’ or 3’ terminus) of Ag NC-nucleation segments on
the DNA templetes. The current findings will be very helpful to

Fig. 2. TEM images of BT3T3-templated Ag NCs after kept for 1.5 h in the absence (A) and presence (B) of 13 mM ATP or kept for 6h in the absence (C) and presence (D) of

13 mM ATP. The inset showed the size distribution histogram.
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rational designs of the target-activated aptamer-AgNCs in future.
3.4. Selectivity

The selectivity of the new detection strategy relied on highly
specific binding ability of aptamer toward the corresponding tar-
get. In order to evaluate the specificity of the present detection
system, we investigated the selectivity of this system for ATP
competing stimuli including CTP, GTP, and UTP under the same
conditions. The results from Fig. 3A and B showed that the fluor-
escence intensity of Ag NCs presented only a slight increase in the
presence of the other analogs but CTP. However, it was worth
noting that ATP could protect the fluorescence intensity of BT3T3
(R)-templated Ag NCs from quenching and keep the intensity for
at least 9 h while CTP could not (Fig. 4). As shown in Fig. S12, both
ATP and CTP were unable to protect the fluorescence intensity of
BT3T3-templated Ag NCs from quenching. To test whether the
time-dependent fluorescence decay was related to oxidation of
AgNCs, a reducing agent (NaBH,4) was added to the aged sample, it
was found that the fluorescence recovery was not achieved. The
results ruled out the possibility of change in the oxidation state of
Ag NCs.

3.5. Assay of ADA activity

ATP could keep the fluorescence intensity of BT3T3(R)-tem-
plated Ag NCs stable, which ruled out the interference from the
decrease of its instinct fluorescence intensity of Ag NCs. Therefore,
we further investigated the feasibility of the assay for ADA on the
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Fig. 4. Fluorescence intensity changes of BT3T3(R)-templated AgNCs (kept for 6 h)
in the presence of 10 mM ATP or CTP against the increasing incubation time.

F/FO
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CTP GTP

Fig. 3. Sensitivity of (A) BT3T3-templated Ag NCs and (B) BT3T3(R)-templated AgNCs after kept for 6 h to assay of ATP, CTP, GTP, UTP, and NaBH,4.

UTP NaBH4

basis of the BT3T3(R)-templated Ag NCs sensor system. In order to
achieve the good performance for ADA assay, the incubation time
was firstly determined (Fig. S13). It was found that the optimal
incubation time for ADA with BT3T3(R)-templated Ag NCs/ATP
complex was 1.5 h. Next, after different amounts of ADA from one
stock solution were added to the above BT3T3(R)-templated Ag
NCs/ATP solution and kept for 1.5 h, a gradual fluorescence de-
crease was observed from Fig. 5. The results indicated that this
sensor system could also be used to detect the activity of ADA.

The above assay of ADA activity was under an optimal condi-
tions, obviously, it included the prolonged incubations. It is clear
that such long assays will have less practical applications. In order
to evaluate the possibility to realize the proposed assay in a short
time, we incubated ATP with DNA-Ag NCs for 10 and 20 min, re-
spectively, and then each mixture solution was incubated with
ADA (5 U L) for 10, 20, 30, 60 and 90 min, respectively. The two
groups of kinetic results were given in Fig. S14. The results in-
dicated the incubation time with ATP and ADA in a short time, the
fluorescence intensity also had some changed.

4. Conclusions

In summary, we have successfully selected two suitable tem-
plates to synthesize aptamer DNA-Ag NCs and demonstrated they
could be used as fluorescence indicators for inexpensive, simple,
and label-free detection of ATP with the limits of detection was
0.44 and 0.65 mM, respectively. One of the two systems was able

500000 - __ blank
400000 =L
i —5U/L
) 300000 —A0 UL
?5 —30U/L
= — 50 U/L
.| J
= 200000 e
100000 - |I— 100 U/L|
0
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Fig. 5. Fluorescence response of BT3T3(R)-templated AgNCs/ATP complex solution
to the different amounts of ADA after incubating for 1.5 h.
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to present the stable fluorescence intensity in the presence of ATP,
and this system of ATP/Ag NCs complex was further developed to
monitor the activity of ADA. The current results suggested that ATP
induced the conformational change of DNA might be an important
reason for such a great fluorescence change. The secondary
structural change of aptamer made the larger nanoparticles dis-
perse into Ag NCs that were responsible for the enhanced fluor-
escence. Although CTP could also induce the fluorescence increase
of Ag NCs, it failed to maintain the strong fluorescence of BT3T3
(R)-templated AgNCs. Currently the exact reasons of CTP induced
the fluorescence increase were still unclear and the deeper studies
were necessary.
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