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We developed a facile one-step approach to synthesize DNA-
templated Ag/Pt bimetallic nanoclusters (DNA-Ag/Pt NCs),
which possess highly-efficient peroxidase-like catalytic
activity. With this finding, an aptamer based sandwich-type
strategy is employed to design a label-free colorimetric
aptasensor for the protein detection with high sensitivity and
selectivity.

Rapid advances in nanotechnology have opened a new door for
the development of nanomaterials in the biocatalysis field.'
Nowadays, peroxidase-like or oxidase-like activities have been
discovered in various types of nanomaterials, such as metal
oxide nanomaterials,? carbon nanomaterials,® and noble-metal
nanoparticles (NPs).* As low-cost alternatives to natural
enzymes, these nanomaterial-based enzyme mimics, termed
nanozymes,'® hold significant advantages including good
stability, tunable enzymatic activities, and design flexibility.
Currently, composite nanomaterials including bimetallic NPs’
and hybrid nanomaterials® have emerged as promising
nanozymes and attracted much attention due to their highly
improved catalytic performance. This is mainly benefited from
the synergistic effect and/or electronic effect of the individual
components.7

Up to now, nanozyme-based bioassays have been readily
applied to the sensing of DNA and protein.**’>%? In these
colorimetric aptasensors Or immunosensors, nanozymes are
usually required to conjugate with recognition moieties such as
antibodies and DNA probes.” However, the conjugation of
nanozymes with biomolecules could cause the loss of the
binding affinity of biomolecules’™'* and also the decrease of
the catalytic efficiency of nanozymes.”* In addition, it is
difficult to functionalize small-size NPs with biomolecules,
such as nanoclusters (NCs).!!
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In recent years, DNA has been renowned for its capacity to act
as building block for in situ fabrication of functional materials,
including DNA nanoscaffold,'? metallic nanowires,"** quantum
dots,'*® NPs/NCs.'*  These DNA-templated
nanomaterials exhibit outstanding properties of facile synthesis,

and metal

precisely controlled size, and excellent biocompatibility. More
additional
with
biomolecules for the biosensor construction. Although many

importantly, there is no requirement of

functionalization of DNA-templated nanomaterials
works have been done to explore DNA-templated Ag NCs and
DNA-templated Au NCs as fluorescent probes,"” their
application in enzyme mimic catalysis are rarely reported due
to their poor properties. Most
nanomaterials are found to be a highly effective peroxidase

catalytic recently, Pt
mimics.**!® Chen er al prepared a peroxidase-mimicking DNA-
Pt complex from ssDNA to establish a colorimetric bioassay of

thrombin.!”

Unfortunately, preparation process of DNA-Pt
complex was relatively complicated and time-consuming.
Moreover, since the growth of Pt NPs was random on the DNA,
it was inevitable for Pt NPs to generate on the aptamer, which
may lead to the loss of binding ability of aptamer and thus the
reduction of sensitivity or selectivity during the sensing.

In this work, we developed a facile one-step approach to
produce Ag/Pt bimetallic nanoclusters through a DNA-
templated method. The obtained DNA-templated Ag/Pt
bimetallic nanoclusters (DNA-Ag/Pt NCs) display peroxidase-
like catalytic activity and can catalyze hydrogen peroxide
(H,0,)-mediated 3,3,5,5-
tetramethylbenzidine (TMB), to produce a blue color reaction
(Fig. 1A). We choose a pre-selected C-rich DNA (template
DNA in Table S1, ESIY) as synthesis template, which has been
utilized to template the formation of fluorescent Ag NCs.

oxidation of substrate,

Because the cytosine bases exhibit strong affinity for Ag(l),
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Ag(I) could preferentially interact with C-rich DNA and form
Ag NCs after reduced with NaBH,. Then Pt(0) growth would
be initiated by the galvanic replacement reaction between Ag(0)
and Pt(II) on the surface of Ag NCs and continue by the
reduction with NaBH,. Since encapsulated in DNA matrix, the
growth of the deposited Pt NCs would be well controlled on a
few nanometer scale. In contrast to previous studies,'*!'® no
additional surfactant or high temperature was needed in our

synthesis.

@)
\ ,5 + TMB + H:0:
- # 4% neBH,
\ \4 + *

L i o P :.
®)

by

\1\/ DNA template J Ptatom _J Agatom -) thrombin €& streptavidin

Fig. 1 Schematic illustration of (A) DNA-Ag/Pt NCs synthesis protocol and (B)
colorimetric detection of human thrombin based on DNA-Ag/Pt NCs.

The size distribution of the as-synthesized DNA-Ag/Pt NCs
was characterized with transmission electron microscopy
(TEM). The DNA-Ag/Pt NCs, with average diameter of about
2.11 nm, are well dispersed and roughly spherical (Fig. 2A and
2B). The small particle size might be attributed to the
stabilization provided by DNA template. Different from

brightly fluorescent DNA-Ag NCs, nearly complete

fluorescence quenching was observed for DNA-Ag/Pt NCs (Fig.

2C). It suggested that Pt NCs were deposited on the Ag NCs
surface, since quenching efficiency is dependent upon the
separation distance.'® A typical Energy-dispersive X-ray (EDX)
spectrum of DNA-Ag/Pt NCs is given in Fig. 2D, where
elemental Ag and Pt are clearly detected, indicating the
successful formation of Ag/Pt bimetallic NCs. The X-ray
spectroscopy (XPS) analysis reveals the presence of the peaks
for Pt 4f;, at 71.09 eV and for Ag 3ds, at 367.63 eV,
respectively (Fig. S1, ESI{).

The peroxidase-like catalytic activity of DNA-Ag/Pt NCs was
studied in the catalysis of TMB oxidation with H,0,. As
illustrated in Fig. 3A, the absorbance intensity at 652 nm,
which is the characteristic peak of oxidized TMB, greatly
increased within 10 min when DNA-Ag/Pt NCs were added
(curve c).The phenomenon indicates the intrinsic peroxidase-
like activity of DNA-Ag/Pt NCs. However, DNA-Ag NCs
showed negligible catalytic activity (curve b). We inferred that
the peroxidase-like activity of DNA-Ag/Pt NCs was mainly
attributed to Pt NCs that were deposited onto the Ag NCs. In
this synthesis, Ag NCs are speculated to act as a support for the
Pt NCs deposition. To confirm our hypothesis, the identical
preparation procedure but without the addition of AgNO; was
carried out. No obvious catalytic reaction occurred in this
system (curve b in Fig. S2, ESIY), indicating that Pt NCs could
not be formed in the absence of Ag NCs under our synthesis
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condition. The reason is presumed that the affinity of
nucleobases towards Pt ions is much weaker than that towards
Ag ions. Furthermore, DNA-Ag/Pt NCs also could not be
synthesized by C-poor DNA template (random DNA and Aptl5
in Table S1, as well as curve ¢ and d in Fig. S2, ESIY),
highlighting that a C-rich DNA template is crucial to the

formation of Ag/Pt NCs.
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Fig. 2 (A) TEM images of DNA-Ag/Pt NCs. Inset: the magnified TEM image. (B)
Histogram of the particle size distribution of DNA-Ag/Pt NCs. (C) Fluorescence
spectra of DNA-Ag NCs and DNA-Ag/Pt NCs obtained at an excitation of 548 nm.
(D) EDX spectrum of DNA-Ag/Pt NCs.

To further evaluate the catalytic activity of DNA-Ag/Pt NCs,
we prepared a DNA-Pt complex according to the synthesis
method reported by Chen er al.'” As shown in Fig. 3B, DNA-
Ag/Pt NCs exhibit much higher peroxidase-like activity than
that of DNA-Pt complex at equivalent dose of Pt content. We
attribute the higher catalytic activity of DNA-Ag/Pt NCs to two
features. First, DNA-Ag/Pt NCs have a much smaller size than
that of DNA-Pt complex (tens of nanometers). For the
nanozymes with similar composition and surface properties,
smaller sized ones often exhibit higher activity.'™* Second,
DNA-Ag/Pt NCs are composed of Ag and Pt. The electronic
charge transfer effect and the synergistic effect among Ag and
Pt could promote the adsorption and the efficient oxidation of
reactants, thereby offering an improved catalytic activity.?
Moreover, some reports have confirmed that Ag in bimetallic
NPs can enhance the catalytic activities or optical responses of
the other alloying metal.”' Based on the discussion above, it can
be concluded that Ag NCs play an important role for both the
clusters formation and the enhanced catalysis.

For the purpose to get high catalytic activity, the preparation
conditions of DNA-Ag/Pt NCs, including K,PtCl,; and AgNO;
concentrations as well as the preparation time, have been
optimized. Fig. S3 (ESIY) reveals that the optimal concentration
ratio of K,PtCl;:AgNO; was 2:1, and the optimum preparation
time was chosen as 3 h. DNA-Ag/Pt NCs display highest
catalytic activity in the acetate buffer of pH 4 and the H,0,
concentration of 50 mM (Fig. S4, ESI{). Compared with
horseradish peroxidase (HRP), the catalytic activity of DNA-
Ag/Pt NCs remained stable in the wide pH and temperature
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range (Fig. S5, ESIf). It indicates that DNA-Ag/Pt NCs could

serve as a promising platform for design and development of

the nanozyme-mediated colorimetric assays.
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Fig. 3 (A) The time-dependent absorbance changes of the systems containing (a)
H,0, + TMB; (b) DNA-Ag NCs + H,0, + TMB; (c) DNA-Ag/Pt NCs + H,0, + TMB in
200 mM acetate buffer (pH 4.0). Inset: photograph of different catalytic systems.
(B) Catalytic reactions of (b) DNA-Pt complex and (c) DNA-Ag/Pt NCs in the TMB-
H,0, system as a function of time.

In order to explore the practical application of DNA-Ag/Pt
NCs, we developed a colorimetric sensing platform for the
detection of protein (Fig. 1B). We employed human thrombin
as a model target protein. In this assay, a biotinylated 29-mer
thrombin aptamer was introduced to the streptavidin-coated 96-
well microplates through biotin-streptavidin interaction. A
ssDNA (template-Aptl5 in Table S1, ESI{) containing template
DNA and 15-mer thrombin aptamer was used as template agent
to synthesize aptamer-functionalized Ag/Pt NCs. When target
thrombin was present, the specific binding of the two aptamers
to target resulted in a thrombin-Ag/Pt NCs complex, which was
immobilized on the plates. Then the bound DNA-Ag/Pt NCs, as
signal detection probe, catalyzed the oxidation of TMB to
produce colorimetric signals, which provide a quantitative
determination of human thrombin.

Followed the conventional ELISA procedure, H,SO,4 was used
to stop the catalytic reaction in which the oxidized TMB was
further oxidized to a yellow diimine with a maximum
absorption wavelength of 452 nm (Fig. S6, ESI{). So we
recorded the absorbance intensity at 452 nm to quantify the
thrombin. There was a visually observable color change
correlated to thrombin concentrations (Fig. 4A). Meanwhile, in
the UV-vis spectra, the absorbance at 452 nm increased as
(Fig. 4B).
intensity was linear to the

human thrombin concentration increased

Furthermore, the absorption
concentrations of human thrombin in the range from 1 nM to 50
nM (Fig. 4C), with a calibration function of 4=0.0192C +
0.0679 (R*=0.995). The detection limit was calculated to be 2.6
nM (defined as 3o, where o is the standard deviation of the
blank). The detection limit was much lower than that of the
colorimetric assay based on DNA-Pt complex (400 nM).!” We
presume that this improved sensitivity is due to the higher
catalytic activity of DNA-Ag/Pt NCs and the efficient retention
of recognition property of aptamer. In this study, the pre-
selected DNA template is a specific sequence for the synthesis
of DNA-Ag/Pt NCs. Besides that, it has been proved above that
Ag/Pt NCs could not grow on the Aptl5. Therefore, the
recognition function of aptamer to thrombin would be not
affected.
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Fig. 4 (A) Photograph and (B) absorption spectra of the system after incubation
with different concentrations of human thrombin (0, 1, 2, 4, 5, 8, 10, 15, 20, 30,
50 nM). (C) The absorption intensity at 452 nm was plotted as a function of the
concentrations of human thrombin.

The selectivity of the proposed aptasensor described herein
was determined in Fig. S7 (ESIf). Obviously, the system
displayed a significant change in the absorbance intensity in the
presence of human thrombin. Nevertheless, negligible
detectable signals were obtained towards the other proteins.
Furthermore, we applied this colorimetric aptasensor to detect
human thrombin in human serum samples. 10-fold diluted
human serum samples were spiked with different amounts of
human thrombin. As listed in Table S2 (ESI¥), it can be seen
that the thrombin analysis in diluted human serum samples
showed good recovery.

In summary, the DNA-Ag/Pt NCs have been successfully
prepared through a facile DNA-templated method in a mild
reaction condition. We prove that a C-rich DNA template has
an essential role for the clusters formation. The obtained DNA-
Ag/Pt NCs show intrinsic peroxidase-mimicking activity. their
high catalytic performance could be attributed to their
ultrasmall size and the synergistic effect among the alloying
metals. Based on this, we developed a label-free colorimetric
aptasensor for the detection of target thrombin, allowing a
detection limit of 2.6 nM. For this aptasensor, the template
DNA sequence for the clusters is directly coupled with a
thrombin aptamer. This design strategy can not only avoid
chemical conjugation of Ag/Pt NCs with aptamer, but also
preserve the affinity and specificity of aptamer to its target. The
proposed aptasensor is capable of detecting target in
complicated biological samples such as human serum.
Furthermore, it can be easily expanded to the determination of
other targets by preparing DNA-Ag/Pt NCs containing other
target-specific aptamers. Taken together, our work would
provide a novel and general strategy to design nanozyme-
mediated colorimetric assays for the DNA/protein detection.
We expected that it would hold potential applications in
biomedical diagnosis, environmental monitoring, and
therapeutics.
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