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ABSTRACT: One of the current challenges in nanozyme-based nanotechnology
is the utilization of multifunctionalities in one material. In this regard, Au@Pt
nanoparticles (NPs) with excellent enzyme-mimicking activities due to the Pt
shell and unique surface plasmon resonance features from the Au core have
attracted enormous research interest. However, the unique surface plasmon
resonance features from the Au core have not been widely utilized. The practical
problem of the optical-damping nature of Pt hinders the research into the
combination of Au@Pt NPs’ enzyme-mimicking properties with their surface-
enhanced Raman scattering (SERS) activities. Herein, we rationally tuned the Pt
amount to achieve Au@Pt NPs with simultaneous plasmonic and enzyme-
mimicking activities. The results showed that Au@Pt NPs with 2.5% Pt produced
the highest Raman signal in 2 min, which benefited from the remarkably accelerated catalytic oxidation of 3,3′,5,5′-
tetramethylbenzidine with the decorated Pt and strong electric field retained from the Au core for SERS. This study not only
demonstrates the great promise of combining bimetallic nanomaterials’ multiple functionalities but also provides rational
guidelines to design high-performance nanozymes for potential biomedical applications.
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■ INTRODUCTION

The functional nanomaterials such as metal oxide,1−5 metal,6−9

and others10,11 with enzymelike characteristics, termed as
nanozymes, are attracting immense attention in the field of
artificial enzymes. Although remarkable achievements have
been achieved over the past two decades, the functions of
nanomaterials have not been fully utilized to construct
multifunctional nanozymes.12−14 For example, the plasmonic
properties of noble metal nanoparticles (NPs) can enhance a
probe molecule’s Raman signal, thus providing a good
sensitivity for detection.15−17 Taking advantage of this, we
recently developed surface-enhanced Raman scattering (SERS)
active gold NPs (AuNPs) with peroxidase-mimicking properties
for detection of glucose and lactate in live tissues.18 However,
the low catalytic activity of AuNPs costs half an hour for SERS
detection, which in turn dramatically limits the future
applications. To overcome this limitation, herein we have
demonstrated a strategy to fabricate multifunctional Au@Pt
nanozymes with significantly enhanced plasmonic and perox-
idase-mimicking activities.
Recently, emerging research has focused on core−shell

bimetallic Au@Pt nanostructures because of their synergistic
properties and effective utilization of precious noble met-
als.19−23 Au@Pt nanorods24−31 and NPs32−37 with enhanced
catalytic activities have been used as peroxidase-, oxidase- and

catalase-mimics in bioassays. However, the combination of
Au@Pt NPs’ enzyme-mimicking properties with their SERS
activities is yet to be explored. This was probably because of the
optical-damping effect of Pt, which made the enhancements for
Raman and for catalytic activity apparently incompatible with
each other. Lack of deep insights into such incompatibilities
hampers the rational design of multifunctional Au@Pt
nanozymes with simultaneous plasmonic and peroxidase-
mimicking activities. To fill this gap, it is necessary to
understand the effects of Pt on the catalytic and SERS
properties of Au@Pt both experimentally and computationally,
which will offer the groundwork for the rational design of high-
performance nanozymes.
In this work, we prepared the Au@Pt NPs via a seed-

mediated method with multibranched AuNPs as seeds. Various
amounts of the Pt precursor led to Au@Pt NPs with different
shapes and surface plasmon resonance (SPR) features. The
prepared Au@Pt NPs acted not only as the peroxidase mimics
for catalytically converting Raman-inactive reporters into active
ones but also as the SERS-active substrates to enhance the
activated reporters’ Raman signals (Scheme 1). Then, we
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elucidated the role of Pt in modulating the catalytic and SERS
activities of the Au@Pt NPs by kinetics studies and the finite
difference time domain (FDTD) simulations. The Au@Pt NPs
with an optimal Pt content for providing both high catalytic
activity and good SERS activity were identified and fabricated,
which were further employed for hydrogen peroxide sensing.
The current study will not only provide deep insights into the
effects of Pt on Au@Pt NPs’ peroxidase-mimicking and SERS
activities but also boost the development of rational-designed
multifunctional nanozymes for potential biomedical applica-
tions.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Hydrogen tetrachloroaurate(III)

hydrate (HAuCl4·xH2O, Au ≥ 47.5%, Aladdin), silver nitrate
(AgNO3, 99.8%, Sinopharm Chemical Reagent Co.), L-ascorbic acid
(AA, ≥99.0%, Sigma-Aldrich), chloroplatinic acid hexahydrate(IV)
(H2PtCl6·6H2O, Pt ≥ 37.5%, Aladdin), 3,3′,5,5′-tetramethylbenzidine
dihydrochloride (TMB, Aladdin), hydrogen peroxide (H2O2,
Sinopharm Chemical Reagent Co.), and sodium acetate (NaOAc,
Nanjing Chemical Co.) were used without further purification.
Deionized water (18.2 MΩ) was used in all procedures.
Synthesis of Multibranched Gold Nanostructures. Multi-

branched AuNPs were synthesized as follows.38 Aqueous HAuCl4
solution (20 μL, 10 mM) was first mixed with 1 mL of water, and then
3 μL of 10 mM aqueous AgNO3 solution was added. After the
solutions were thoroughly mixed, 4 μL of 100 mM freshly prepared
AA was quickly added and vigorously shaken for 20 s at room
temperature. After centrifugation at a speed of 4800 rpm for 10 min,
the AuNPs were redispersed in 1 mL of water for further use.
Synthesis of Au@Pt Bimetallic Nanostructures. Au@Pt NPs

were prepared through a seed-mediated method. The as-prepared
AuNPs solution was used as the seed. H2PtCl6 solution (5 μL; 0.1, 1,
and 10 mM separately) was added to 1 mL of seed solution, and the
solution was vortexed. Next, 4 μL of 100 mM AA was introduced to
initiate the reduction reaction. After the solutions were thoroughly
mixed, they were kept at room temperature for 1 h.
Au@Pt NPs for Catalytic Oxidation of TMB and for SERS

Measurements. For a typical test, 400 μL of 0.4 nM Au@Pt NPs was
added into 50 mM NaOAc buffer (pH = 4.5) containing H2O2 (4 μL,
20 mM) and TMB (8 μL, 1 mM). The final volume of the mixed
solution was adjusted to 0.8 mL with the buffer. The mixture was then
incubated at room temperature for 2 min and used for SERS
measurements.
Kinetics Analysis of AuNPs and Au@Pt NPs. The kinetics

experiments for the catalytic oxidation of TMB with H2O2 were carried
out at room temperature in 50 mM NaOAc buffer solution (pH 4.5)
containing 0.2 nM AuNPs (or Au@Pt NPs), 16 mM H2O2, and
different concentrations of TMB. The absorbance of the reaction

solution at 652 nm was immediately measured as a function of time
using a spectrophotometer with a 1.0 cm quartz cell for 5 min. The
Michaelis constant was calculated using a double reciprocal plot: 1/v =
Km/Vmax (1/[S] + 1/Km), where v is the initial velocity, Vmax is the
maximal reaction velocity, [S] is the substrate concentration, and Km is
the Michaelis constant.

Detection of H2O2 with Au@Pt2.5% NPs. Typically, 10 μL of
H2O2 with different concentrations (final concentration was 0.5−30
μM) was added into the mixture containing 50 mM NaOAc buffer
(pH = 4.5), TMB (8 μL, 0.1 mM), and Au@Pt2.5% (400 μL, 0.4 nM).
The mixture was then incubated at room temperature for 2 min and
used for SERS measurements.

Theoretical Simulation. The simulations were performed by
using the FDTD software (Lumerical FDTD Solutions). During the
calculations, an X-polarized light with a 633 nm wavelength was
launched into a box containing the target nanostructure to simulate a
propagating plane wave interacting with the nanostructure. The
refractive index of the surrounding medium was water, set as 1.33. The
multibranched AuNP was modeled as a circle core capped with
protruding tips on the surface. The morphology and size of the AuNPs
agreed qualitatively with the one inferred from the transmission
electron microscopy (TEM) images. According to the elemental
mapping results, the Pt shell was modeled by adding different amounts
of circles onto the surface of Au.

Instrumentation and Characterization. Ultraviolet−visible−
near-infrared (UV−vis−NIR) absorption spectra were collected on a
Shimadzu UV-3600 plus spectrophotometer with a 1.0 cm quartz cell
under ambient conditions. TEM imaging was performed with a FEI
Tecnai F20 microscope at an acceleration voltage of 200 kV. Energy-
dispersive X-ray spectroscopy (EDS) elemental mapping and line-
scanning in the scanning TEM (STEM) mode were carried out on a
double aberration-corrected Titan cubed G2 60-300 S/TEM equipped
with Super-XTM Technology. Raman spectra were obtained on an
Advantage Raman spectrometer (DeltaNu) with a 633 nm laser and 2
s integration time.

■ RESULTS AND DISCUSSION

Au@Pt NPs were prepared via a seed-mediated method with
various amounts of the Pt precursor. The Au multibranched
nanostructures as seeds (∼80 nm, Figures 1, S1, and S2) were
first synthesized. These multibranched AuNPs were ideal SERS
substrates, as the large core size, cone-shaped branches, and the
gaps between the neighboring branches would ensure a high
SERS activity.38 Before growing Pt on the AuNPs, the amount
of Pt to form one layer was estimated to be 2 × 104 nM (Figure
S3). The growth of Pt on AuNPs is known to prefer the
Volmer−Weber mode because of the higher surface energy of
Pt than that of Au;21,25,39 thus, more Pt atoms than the
estimated value would be required to form the Pt shell. Here, 5
× 104 nM Pt was chosen to form an entirely covered Pt shell
(designated as Au@Pt25%, 25% for the Pt/Au molar ratio of
0.25). To study the effect of Pt content on the catalytic and
SERS properties of AuNPs, less amount of Pt (i.e., 5 × 103 and
5 × 102 nM) was chosen to fabricate Au@Pt with an
incomplete Pt coverage (designated as Au@Pt2.5% and Au@
Pt0.25%, respectively). Typical TEM images in Figure 1 showed
that there were nearly no morphological changes for Au@
Pt0.25% and Au@Pt2.5% compared to the AuNPs. By contrast, for
Au@Pt25%, well-distributed Pt nanodots (diameter ca. 2 nm)
were clearly observed on the AuNP core.
Such structural transformations were accompanied by the

corresponding changes in their optical properties. The color of
the multibranched AuNPs aqueous solution was blue, which
gradually changed to gray with the increase of the Pt precursor
amount (Figure 2 inset). As shown in Figure 2, the
multibranched AuNPs displayed two peaks of transverse and

Scheme 1. Rational Design of High-Performance Au@Pt NP
Bifunctional Nanozymes by Controlling the Pt Amount
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longitudinal mode SPR bands at 670 and 870 nm, respectively.
It is known that the position of the two bands is dependent on
the size of the core and the length of the branches.38 For Au@
Pt0.25% and Au@Pt2.5%, the growth of Pt only decreased the
intensity of the two peaks at 670 and 870 nm but did not
induce any obvious SPR band shift, which was consistent with
the TEM results, as no shape changes were observed in Figure
1. Different from Au@Pt0.25% and Au@Pt2.5%, Au@Pt25%
presented only one major transverse peak at 728 nm, and the
longitudinal plasmon band blue-shifted to 782 nm as a small
shoulder. This was easy to understand given the fact that the
obvious growth of Pt islands on AuNPs made the sphere core
bigger and the branches thicker and shorter; thus the transverse
SPR band red-shifted and the longitudinal one blue-shifted.
The larger shift of the longitudinal SPR band was due to the

more polarizable and more sensitive properties of the
longitudinal plasmon than that of the transverse one. For all
three Au@Pt NPs, although the growth of Pt decreased the
intensities of SPR bands, the SPR peaks were still retained,
providing these structures with electromagnetic fields for
SERS.40

To further study the elemental compositions of the core and
shell for each NP obtained, we performed STEM−EDS
mapping and line scan analysis. The elemental mapping (Figure
3) revealed that the Au nanostructure clearly resided at the core

of each Au@Pt NP, whereas the Pt distributed outside as the
shell. The line-scanning results (Figure S4) also demonstrated
the core−shell structures after growing Pt on the AuNPs, with a
bimodal Pt distribution at the edge and a higher concentration
of Au at the center of the NP. Furthermore, when comparing
the intensity of Pt distribution between the sphere core and
branches (Figure 3), it was found that more Pt would deposit
on the sphere core, especially for Au@Pt0.25% and Au@Pt2.5%.
This was consistent with the UV−vis−NIR results, as the
intensity of the SPR peak at 670 nm decreased much more than
the one at 870 nm.
The simultaneous peroxidase-mimicking and SERS activities

of the Au@Pt NPs were then evaluated. Pt would catalyze the
oxidation of TMB with H2O2 into oxidized TMB (TMBox),
which has an absorbance peak at 650 nm and thus could be in
resonance with a 633 nm laser excitation.41 The Au of the Au@
Pt NPs would ensure SERS enhancement, thus providing
strong SERS signals. After TMB, H2O2 and the NPs were
incubated together for 2 min (Figure S5) at room temperature,
all solutions were colorless (Figure S6), which could not be
distinguished by the naked eye or even by absorption
spectroscopy. By contrast, significantly different SERS spectra
were obtained for the NPs (Figure 4). The highest signal at
1605 cm−1 was chosen for the following quantitative study. The
Au@Pt2.5% showed the highest signal of 2582 at 1605 cm−1,
whereas the AuNPs and Au@Pt0.25% exhibited almost no
signals, and Au@Pt25% gave a much lower signal of 280.
It is widely accepted that the catalytic activities would be

enhanced by growing Pt onto AuNPs.25,36,37,42 Unexpectedly,
the SERS signals of Au@Pt25% shown in Figure 4 decreased
when compared with the signals of Au@Pt2.5%. To understand
this unexpected tendency, FDTD simulations were performed
to reveal how different Pt contents would affect the
electromagnetic field of AuNPs. The multibranched AuNP
was modeled as a solid core with protruding tips. The
morphology and size of the AuNP as well as the Pt distribution

Figure 1. Bright-field TEM images of AuNPs and Au@Pt NPs with
different Pt contents. Left panel shows the overall multibranched
shapes and good uniformity of the samples. Middle and right panels
are the TEM images of an individual NP and branches at a higher
magnification.

Figure 2. (a) UV−vis−NIR absorption spectra of AuNPs and Au@Pt
NPs. Inset: corresponding image of AuNPs and Au@Pt NPs. Circle:
magnification of the absorption peak at 782 nm for Au@Pt25%. (b)
Absorption peaks of AuNPs and Au@Pt multibranched nanostruc-
tures.

Figure 3. High-angle annular dark field STEM images of Au@Pt NPs
with different Pt contents and their corresponding elemental mapping.
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agreed qualitatively with the ones inferred from the above TEM
and EDS images. The calculated results showed that AuNPs
gave the strongest electric field with the locations at the tip of
the branches and in the gap region between the core surface
and the branch. The growth of Pt would damp the electric field
of AuNPs a lot (Figure 5). Despite 0.25%, 2.5%, and 25% Pt all

decreasing the electric field, the Raman signals did not show a
monotonic decrease tendency either. Therefore, the obtained
Raman signals should be the balanced results of catalysis and
SERS.
To clearly elucidate the two roles of Pt on Au, we first

compared the AuNPs and Au@Pt NPs. Figure 4 showed that
except Au@Pt0.25%, the other two Au@Pt NPs (i.e., Au@Pt2.5%
and Au@Pt25%) exhibited obviously higher Raman signals than
of AuNPs, suggesting that the high catalytic activity of Pt was
dominant for producing high Raman signals although the
electric field was damped. The result of Au@Pt0.25% was
interesting as it showed negligible signal at 2 min, indicating
that nearly no TMBox was produced within 2 min. The
electronic effect between the core and shell atoms may provide
some insights into the mechanism.43−45 It is known that the
catalytic oxidation of TMB with H2O2 first needed the

adsorption of both the reactants and then activated them for
further reactions. H2O2 is known to be easily adsorbed onto the
surface of Pt and activated to oxidize TMB into TMBox.

24 On
the other hand, the adsorption of TMB to the Au surface would
be promoted in the Au@Pt system. In Au@Pt NPs, subtle
electronic charges transferred from Pt to Au because of their
different electronegativity,44,46−49 which would lead to an
increase in the electron density on the Au surface (Figure S7).
Meanwhile, the acidic condition made the TMB partially
protonated and positively charged. As such, the electrostatic
interaction between the Au and TMB would facilitate the
adsorption of TMB. Benefited from the promoted adsorption
of TMB and the enhanced ability to activate H2O2, the TMBox
would be generated and give SERS signals within 2 min (Figure
S8). But when the amount of Pt was too little to make the Au
surface negative enough, the adsorption and catalytic oxidation
of TMB would consequently be slow, just like Au@Pt0.25%,
which was consistent with the kinetic studies (Figure S9 and
Table S1). To further confirm the role of the electronic effect,
we studied another two Pt contents. As shown in Figure S10,
Au@Pt0.025% showed no signal, whereas Au@Pt1.25% gave a
signal of 206 at 1605 cm−1, suggesting that the more the
electrons transferred, the more TMB adsorbed, and thus the
catalytic oxidation of TMB was promoted. Furthermore, after 2
h, these initially low signals all increased as high as ∼3000,
which further demonstrated the hypothesis. The AuNPs
presented the highest signal of 4700 because of the strongest
electric field enhancement (Figure S11).
Next, we investigated the Au@Pt NPs with different Pt

amounts. Despite Au@Pt1.25%, Au@Pt2.5% and Au@Pt25% all
exhibiting SERS signals, the intensities were different. For Pt
less than 2.5%, the above study has shown that the different
signal intensities were attributed to the rate of the reaction,
whereas for Pt more than 2.5%, the weakened signal was due to
the decayed plasmon field according to the simulation results.
Applying this explanation to the Au@Pt12.5% system with a
medium amount of Pt between 2.5% and 25%, it was predicted
to have a Raman signal between 2500 and 280. The
measurement (Figure S10) indeed presented a signal of 656
at 1605 cm−1, consistent with the prediction.
Finally, Au@Pt2.5%, with both high enzyme-mimicking

catalytic activities and SERS properties, was chosen for
developing a H2O2 assay. It was facile to determine H2O2 by
this reaction because the catalytic activity and the produced
SERS intensity were H2O2 concentration-dependent. As seen in
Figure S12, the Raman intensity of TMBox catalyzed by Au@
Pt2.5% increased with increasing H2O2 concentrations. A good
linear relationship (r = 0.99) was also obtained between the
SERS intensities at 1605 cm−1 versus the H2O2 concentrations
from 1 to 30 μM. The current system showed unique
advantages with respect to previously reported methods. As
shown in Table S2, the combination of AuNPs’ SERS activities
and PtNPs’ high catalytic activities shortened the assay time
and improved the sensitivity by 1−2 orders of magnitude.

■ CONCLUSIONS
In conclusion, we have investigated the effects of Pt contents on
the peroxidase-mimicking and SERS activities of multibranched
AuNPs. The Au@Pt NPs were synthesized through a seed-
mediated method to provide monodispersed bimetallic NPs.
The observation through TEM and elemental mapping
demonstrated that the Au@Pt NPs formed the core−shell
structures. The Raman and FDTD studies indicated that less Pt

Figure 4. (a) SERS spectra of the samples containing 0.01 mM TMB,
0.1 mM H2O2, and 0.2 nM AuNPs or Au@Pt NPs (0.25%, 2.5%, and
25% Pt) in 50 mM NaOAc (pH 4.5) after 2 min of incubation at room
temperature using 633 nm laser excitation and 2 s integration time. (b)
Plots of Raman intensity of oxidized TMB at 1605 cm−1 vs Pt content.
The error bars indicate standard deviations of three independent
measurements.

Figure 5. Simulated electric-field distributions of AuNP (a) and Au@
Pt NPs with increased Pt amount (b−d) under X-polarized
illumination at a wavelength of 633 nm. The morphologies, size,
and Pt distribution were obtained from TEM and elemental mapping
results.
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on Au exhibited lower signals, caused by weak electric effect,
and the same phenomena for more Pt was attributed to the
decreased electric field. Only Au@Pt2.5%, good peroxidase-like
nanozyme, gave the highest Raman signal in 2 min. These
insights have enriched our understanding of the effect of Pt
contents on Au. It will provide a reliable guideline to rationally
design high-performance nanozymes with sensitive SERS
properties for potential biomedical applications.
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