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Abstract: Bimetallic nanomaterials have generated significant interest across diverse scientific dis-
ciplines, due to their unique and tunable properties arising from the synergistic combination of
two distinct metallic elements. This study presents a novel approach for synthesizing branched
gold–platinum nanoparticles by utilizing poly(allylamine hydrochloride) (PAH)-stabilized branched
gold nanoparticles, with a localized surface plasmon resonance (LSPR) response of around 1000 nm,
as a template for platinum deposition. This approach allows precise control over nanoparticle size,
the LSPR band, and the branching degree at an ambient temperature, without the need for high
temperatures or organic solvents. The resulting AuPt branched nanoparticles not only demonstrate
optical activity but also enhanced catalytic properties. To evaluate their catalytic potential, we
compared the enzymatic capabilities of gold and gold–platinum nanoparticles by examining their
peroxidase-like activity in the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB). Our findings re-
vealed that the incorporation of platinum onto the gold surface substantially enhanced the catalytic
efficiency, highlighting the potential of these bimetallic nanoparticles in catalytic applications.

Keywords: platinum; gold; bimetallic; nanoparticles; Au@Pt; nanozyme; catalysis; TMB

1. Introduction

Catalysis plays a crucial role in numerous industrial and chemical processes, enabling
reactions to occur more efficiently and often under milder conditions than would otherwise
be possible [1].

In recent years, nanomaterials have emerged as highly effective nanocatalysts, offering
unique properties that enhance catalytic performance. These nanocatalysts often exhibit
higher surface area-to-volume ratios, increased active sites, and improved stability, com-
pared to their bulk counterparts. Metals such as gold (Au), platinum (Pt), or palladium (Pd)
are commonly used in the synthesis of nanocatalysts, due to their excellent catalytic proper-
ties [2]. One of the well-known applications of these nanomaterials is their ability to mimic
the activity of natural enzymes, a property that has gained significant interest recently.
These nanozymes exhibit enzyme-like catalytic behavior, offering several advantages over
their natural counterparts. Unlike natural enzymes, which can be costly and exhibit limited
stability under varying environmental conditions, nanozymes are typically more robust
and can be engineered to perform specific catalytic functions with high efficiency and
stability [3].
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It has been observed that the inner layers of structured nanomaterials may remain
inaccessible for catalytic reactions. Given the scarcity of platinum and its widespread use
in numerous chemical processes, optimizing its utilization to achieve maximum efficiency
with minimal usage is essential [4]. In this sense, bimetallic nanoparticles (NPs) have
garnered significant attention in recent years, owing to their unique ability to merge the dis-
tinct properties of two different metal compositions within a single nanoparticle. Adding a
second metal can produce novel synergies, enhancing performance across various domains,
not only in the catalysis field [5] but also in biomedicine [6], magnetism [7], optics [8], and
beyond. Gold nanoparticles (Au NPs), specifically anisotropic NPs, have demonstrated
their efficiency in different fields over the years, due to their unique characteristics, includ-
ing tunable optical properties, robustness, and stability to oxidation [9]. Among them, Au
branched NPs, such as Au nanostars, show an intense and tunable plasmon band in the
Vis-NIR region (in between 560 nm and 1260 nm, approximately) [10,11], and thanks to
their structure, they produce intense scattered electric fields located at the tips [12]. Plas-
monically active nanomaterials based on gold–platinum nanoparticles (AuPt NPs) have
attracted attention due to the possibility of combining the exceptional catalytic properties of
Pt with the characteristics of Au, namely its plasmonic properties and the variety of shapes
and sizes obtainable at the nanoscale. Pt possesses, in fact, weak plasmonic properties,
which makes the combination with more efficient plasmonic materials like Au a good
alternative to obtain plasmonically active nanoparticles. Such nanomaterials have been
employed recently in a variety of applications, including photocatalysis [13], sensing [14],
drug delivery [15], and chemotherapy [16]. In this context, designing nanomaterials with
a gold core and an outer layer of platinum can significantly enhance the effective use of
platinum. This configuration not only maximizes the catalytic activity of the exposed
platinum but also takes advantage of the unique properties of the gold nanoparticle.

The strategic combination of well-defined plasmonic properties, such as those ex-
hibited by branched gold nanostars, with the incorporation of platinum on their surface,
presents a promising solution for addressing different challenges [17]. The branched gold
nanostars provide intense and tunable plasmonic responses. When platinum is added to
the surface, it enhances the catalytic capabilities of the nanostars, leveraging the exceptional
catalytic properties of platinum. This synergy not only maximizes the use of scarce plat-
inum by concentrating it where it is most effective but also expands the functional utility
of the nanomaterials. While the synthesis of anisotropic nanomaterials based on AuPt is
more commonly documented, often employing Au nanorods as templates [18–20], there
are also a few reports on branched AuPt bimetallic nanostructures [17,21–23] that exhibit
branched or star-like morphologies. However, they are characterized by limited tunability,
high damping in UV-Vis response, or reliance on different surfactants or organic solvents
and elevated temperatures for their synthesis.

In this study, we present a straightforward approach, employing poly(allylamine
hydrochloride) (PAH) to fabricate branched AuPt NPs in an aqueous setting at an ambi-
ent temperature. This method offers precise control over the NP size, localized surface
plasmon resonance (LSPR) band, and branching degree, facilitated by a straightforward
post-synthesis surface functionalization step. The extensive tunability of the LSPR band
within the visible to near-infrared (Vis-NIR) spectrum, along with the post-functionalization
of the NP surfaces with a negatively charged polymer, underscores the potential utility of
this methodology for future applications. Finally, as a proof of concept of the improved cat-
alytic performance of these bimetallic nanostructures, the potential of the synthesized AuPt
branched NPs to act as peroxidase-mimicking nanozymes was investigated. Nanozymes,
characterized by their enzyme-like properties, have emerged as a solution to address the
inherent limitations of natural enzymes, including their high cost and low stability. Specifi-
cally, the ability of the AuPt branched NPs to catalyze the oxidation reaction of colorless
3,3,5,5-tetramethylbenzidine (TMB) to its blue oxidized form (ox-TMB) in the presence of
hydrogen peroxide (H2O2) was evaluated. This reaction serves as a model to assess the
nanozyme activity, providing insights into their potential applications in catalysis [24].
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2. Experimental Section
2.1. Reagents

Gold(III) chloride trihydrate (HAuCl4·3H2O, 99.9%), potassium tetrachloroplatinate
(K2PtCl4,98%), trisodium citrate dihydrate (C6H5Na3O7·2H2O, ≥99.5%), sodium borohy-
dride (NaBH4, ReagentPlus®, Sigma-Aldrich, Saint Louis, MO, USA 99%), L-ascorbic acid
(C6H8O6, BioXtra ≥ 99.0% crystalline), poly(allylamine hydrochloride) ([CH2CH(CH2NH2
· HCl)]n, average Mw 17,500 (GPC vs. PEG std.)), sodium hydroxide (NaOH, BioXtra ≥ 98%,
pellets, anhydrous), hydrochloric acid (HCl, ACS reagent, 37%), sodium acetate anhydrous
(C2H3NaO2 ≥ 99.5%), acetic acid glacial (CH3CO2H, ReagentPlus®, ≥99%), poly(acrylic
acid-co-maleic acid) solution (PAcMA, average Mw 3000, 50 wt. % in H2O), and phosphate
buffered saline (PBS) tablets were obtained from Sigma-Aldrich, Saint Louis, MO, USA.
TMB (3,3′,5,5′-tetramethylbenzidine, 98%) was obtained from Thermo Scientific, Waltham,
MA, USA. Hydrogen peroxide (H2O2, 30% w/v, 100 vol.) was obtained from Panreac
AppliChem, Darmstadt, Germany. Dimethyl sulfoxide (DMSO, reagent grade ≥ 99.5%)
was obtained from Honeywell. All reagents were used as received, without further pu-
rification. Ultrapure water (type I) was used for the preparation of all the water-based
solutions. The glassware was cleaned with aqua regia and rinsed with ultrapure water
prior to the experiments.

2.2. Synthesis of NPs

The synthesis of Au seeds of 3–5 nm stabilized with sodium citrate was based on a
previous report [10]. Briefly, 20 mL of an aqueous solution containing 0.125 mM HAuCl4
and 0.25 mM trisodium citrate was prepared in a round-bottomed flask at RT. Under
vigorous stirring, 300 µL of an ice-cold freshly prepared 0.01 M NaBH4 solution was rapidly
injected. Vigorous stirring was maintained for 15 more seconds and then slowed down for
15 min at RT. The seed solution was heated for 60 min at 40 ◦C with slow magnetic stirring
and then cooled with continued stirring to ensure the removal of excess NaBH4 before use.
The seed solution was diluted to a final concentration of 0.1 mM in Au metal for the NP
growth experiments.

For the synthesis of the branched bimetallic NPs, in a round-bottom flask containing
water (ca. 17 mL), 4 mL of PAH 17.5 K (1 mg/mL) and 0.3 mL of HAuCl4 (20 mM) were
added under vigorous magnetic stirring. Next, the pH was adjusted to ~5.7 with a NaOH
(0.02 M) solution. After 5 min of vigorous stirring, 0.5 mL of ascorbic acid (20 mM) and,
subsequently, the Au seeds were added. After 2 h, K2PtCl4 (20 mM) and AA (20 mM) were
quickly added one after the other. The reactions were left under vigorous magnetic stirring
overnight at room temperature (~22 ◦C). Finally, the NPs were purified by centrifugation at
for 20–30 min and redispersed in water.

2.3. Functionalization of NPs with PAcMA

The functionalization of Au and AuPt NPs with poly(acrylic acid-co-maleic acid) was
achieved following a previous report, with minor modifications [10]. PAcMA was activated
with EDC/NHS before adding it to the AuNPs. Briefly, to 5 mL of an aqueous solution
containing 12 µL (50 wt. % in H2O) of PAcMA, 5 mL of 60 mM EDC and 5 mL of 60 mM
NHS were added. The reaction was maintained under ultrasound for 15 min and then
under vigorous magnetic stirring for 2 h. The activated polymer solution was dripped onto
the NP reaction, which was vigorously stirred for 4 h. Finally, the NPs were washed with
PBS (pH = 7.4) and water.

2.4. Enzymatic Activity Studies

To calculate the steady-state enzymatic kinetic parameters of the Au branched NPs,
various concentrations of TMB (from 5 to 90 mM in DMSO) were added to a buffer solution,
always using 10 µg of nanozyme in each experiment (100 µL, 0.5 mM Au (0) of Au NPs).
To measure the AuPt branched NPs enzyme activity, 5 µg of the enzyme was used. Into
a 1 cm cuvette were added 2094 µL of acetate buffer solution (0.1 M, pH = 4.0), 100 µL
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of branched NPs (0.5 mM of Au (0)), and 50 µL of TMB. After the homogenization of the
sample, 256 µL of H2O2 (30%) was quickly added. The mixture was homogenized again,
and UV-Vis spectra at 652 nm every 10 s were recorded for 400 s. In the case of the study of
H2O2, 50 µL of 20 mM TMB was employed, and various concentrations of H2O2 (between
0.25 and 4 M) were added. All the experiments were performed at room temperature.

2.5. Characterization

The extinction spectra were recorded using JASCO 770 UV-vis-NIR, JASCO 630 UV-vis,
and a JASCO 650 UV-vis (Jasco Corporation, Tokio, Japan), and dynamic light scattering
(DLS) and ζ-potential analysis were carried out in a Malvern ZS instrument provided by
the PROTEOMASS-BIOSCOPE facility (Caparica, Portugal).

STEM and EDX analyses were obtained with a FEI Titan ChemiSTEM High Tension,
200 kV. For HRTEM imaging, samples were imaged with a JEOL JEM-2100 electron micro-
scope (Hillsboro, OR, USA) operating a LaB6 electron gun at 200 kVs, and images were
acquired with a “OneView” 4 k × 4 k CCD camera at minimal under-focus. Magnifications
were 100 kX and 1MX. HRTEM sample support: CF400-Cu-UL carbon square mesh, Cu,
400 Mesh, UL.

XPS (X-ray photoelectron spectroscopy) was performed in an ESCALAB250Xi (Thermo
Fisher Scientific, Waltham, MA, USA). Analysis area (field of view on the sample) was de-
fined by the X-ray spot size. X-ray sources included monochromated tAlKα (h = 1486.68 eV)
radiation, operated at 220 W and 14.6 kV and with a spot size of 650 µm. The XPS spectra
were collected at pass energies of 100 eV and 40 eV for survey spectra and individual
elements, respectively. The energy step for individual elements was 0.1 eV. The XPS spectra
were peak-fitted using the Avantage Data Processing Software (Thermo Fisher Scientific,
Waltham, MA, USA). For peak fitting, the Shirley-type background was used. All the XPS
peaks were referenced to adventitious carbon C1s, with the C-C peak at 284.8 eV. Charge
neutralization by means of electron and ion guns run at 120 and 70 µA emission currents,
respectively, were applied. Samples were drop-casted on the gold-coated Si wafers and
mounted on the sample holder using adhesive double-sided carbon tape.

Inductively coupled plasma–optical emission spectrometry (ICP-OES) studies were
carried out in an ICPE-9000 multitype ICP emission spectrometer from Shimadzu (Ky-
oto, Japan) equipped with a nebulizing system and using optical emission spectroscopy
for detection.

3. Results and Discussion
3.1. Synthesis and Characterization of Nanoparticles

We previously presented the versatile utilization of branched Au NPs, synthesized
with poly(allylamine hydrochloride) (PAH), as a template for the growth of palladium (Pd),
yielding branched AuPd NPs with customizable optical properties. These NPs exhibited
enhanced catalytic activity, compared to their pure Au counterparts [25]. Recognizing
the strong affinity of platinum (Pt) for amine groups [26–29], we further explored the
deposition of Pt onto branched Au NPs, resulting in the formation of AuPt bimetallic NPs
with adjustable optical characteristics (Figure S1).

In our prior research, we successfully synthesized branched AuPd NPs with high
efficiency, with tunable Pd shell thicknesses of up to 2 nm. However, to maintain their long-
term stability, additional amounts of PAH 50 K were required for post-synthesis stabilization.

Taking into account previous findings that suggest that for the same mass of polymer,
low molecular weight ones may improve the stabilization of metallic NPs due to a higher
number of single chains [30,31], we performed the synthesis of branched Au NPs using
PAH with a lower molecular weight (17.5 K) as a shape-inducing agent. Branched NPs with
a customizable optical response can be manufactured from PAH with a shorter chain length
simply by adjusting the reaction conditions, such as pH, seeds, and polymer concentration.
For instance, we obtained NPs with an LSPR band tunable from approx. 500 nm to 1000 nm
(Figure 1a) by changing the concentration of seeds using PAH at a pH of 5.7. High-
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resolution transmission electron microscopy (HRTEM) images showed a similar branched
morphology when compared with NPs produced with PAH 50 k (Figure 1b) [10]. The NPs
showed long branches with rounded tips (Figure 1c,e), with tips presenting polycrystalline
characteristics and multiple twinning planes (Figure 1d,f).
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Using branched Au NPs with an LSPR response centered at approx. 1000 nm as a
template, we investigated the deposition of Pt to create bimetallic AuPt branched NPs.
After Au NPs synthesis, potassium tetrachloroplatinate(II) (K2PtCl4) and ascorbic acid (AA)
were subsequently added to a suspension of as-synthesized, branched Au NPs in the same
reaction vessel.

We investigated three different Au:Pt ratios (1:0.1, 1:0.5, and 1:1). Following synthesis,
the NPs exhibited plasmon damping consistent with the Pt concentration. Those with
an Au:Pt ratio of 1:0.1 displayed damping without significant displacement of the main
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LSPR band. As Pt content increased, damping became more pronounced, accompanied
by a red-shift as a consequence of the increased Pt amount on the Au nanostructure, as
previously observed [23] (Figure 2a).

Nanomaterials 2024, 14, x FOR PEER REVIEW 6 of 14 
 

 

We investigated three different Au:Pt ratios (1:0.1, 1:0.5, and 1:1). Following synthesis, 
the NPs exhibited plasmon damping consistent with the Pt concentration. Those with an 
Au:Pt ratio of 1:0.1 displayed damping without significant displacement of the main LSPR 
band. As Pt content increased, damping became more pronounced, accompanied by a red-
shift as a consequence of the increased Pt amount on the Au nanostructure, as previously 
observed [23] (Figure 2a). 

The oxidation state of the metals in AuPt (1:1) NPs was studied through X-ray pho-
toelectron spectroscopy (XPS). The survey spectrum confirmed the presence of gold and 
platinum through the respective binding energies (Figure S2). The spectra presented the 
typical doublets for the Au 4f XPS at 83.75 and 87.5 eV, indicating the presence of Au (0) 
[32] (Figure S2). The signals in the Pt 4f region displayed two peaks at 70.8 and 74 eV, 
attributed to Pt (0), two other peaks at 72.2 and 75.4 eV, assigned to Pt (II) [33,34], and 
finally, two peaks at 74.6 and 77.1 eV, assigned to Pt (IV) [35,36] (Figure 2b). The Au:Pt 1:1 
NPs surface ratio obtained through XPS was ca. 1:0.8, in which 52.3% corresponded to Pt 
(0), 39.8% corresponded to Pt(II), and 7.9% corresponded to Pt (IV). The presence of oxi-
dized or ionic Pt on the NP surface may contribute to the affinity of the nanozymes for 
oxygen, thus making them suitable candidates for catalytic reactions involving oxidation 
processes [37]. Through inductively coupled plasma (ICP) analysis, we obtained a total 
result of 89.9% of Au and 10.9% of Pt (Table S1). 

 
Figure 2. (a) Normalized extinction spectra of Au and AuPt NPs obtained with different Au:Pt molar 
ratios. (b) XPS spectra of AuPt NPs. 

The morphology of AuPt NPs was studied through high-resolution transmission 
electron microscopy (HRTEM). No evident increase in size was observed in the AuPt NPs 
(Figure 3). The NPs exhibited a branched morphology, with an average size ranging be-
tween 120–150 nm (Figure 3a). Notably, while maintaining the branched structure, the 
surface of the branches appeared rougher and more granular (Figure 3b–d). Further anal-
ysis at high resolution revealed regions of branches showing Pt (111) on the surface, with 
lattice fringes showing an interplanar distance of 0.226 nm (Figure 3e,f). However, a ho-
mogeneous metallic Pt shell around the NPs was not always observed, as some regions 
displayed the characteristic crystalline features of Au without apparent Pt deposition (Fig-
ure S3). Our results seem to indicate a Pt deposition via heterogeneous nucleation and an 
island growth similar to previously reported Au@Pt nanospheres [38]. 

Figure 2. (a) Normalized extinction spectra of Au and AuPt NPs obtained with different Au:Pt molar
ratios. (b) XPS spectra of AuPt NPs.

The oxidation state of the metals in AuPt (1:1) NPs was studied through X-ray pho-
toelectron spectroscopy (XPS). The survey spectrum confirmed the presence of gold and
platinum through the respective binding energies (Figure S2). The spectra presented the
typical doublets for the Au 4f XPS at 83.75 and 87.5 eV, indicating the presence of Au (0) [32]
(Figure S2). The signals in the Pt 4f region displayed two peaks at 70.8 and 74 eV, attributed
to Pt (0), two other peaks at 72.2 and 75.4 eV, assigned to Pt (II) [33,34], and finally, two
peaks at 74.6 and 77.1 eV, assigned to Pt (IV) [35,36] (Figure 2b). The Au:Pt 1:1 NPs surface
ratio obtained through XPS was ca. 1:0.8, in which 52.3% corresponded to Pt (0), 39.8%
corresponded to Pt(II), and 7.9% corresponded to Pt (IV). The presence of oxidized or ionic
Pt on the NP surface may contribute to the affinity of the nanozymes for oxygen, thus
making them suitable candidates for catalytic reactions involving oxidation processes [37].
Through inductively coupled plasma (ICP) analysis, we obtained a total result of 89.9% of
Au and 10.9% of Pt (Table S1).

The morphology of AuPt NPs was studied through high-resolution transmission
electron microscopy (HRTEM). No evident increase in size was observed in the AuPt
NPs (Figure 3). The NPs exhibited a branched morphology, with an average size ranging
between 120–150 nm (Figure 3a). Notably, while maintaining the branched structure, the
surface of the branches appeared rougher and more granular (Figure 3b–d). Further analysis
at high resolution revealed regions of branches showing Pt (111) on the surface, with lattice
fringes showing an interplanar distance of 0.226 nm (Figure 3e,f). However, a homogeneous
metallic Pt shell around the NPs was not always observed, as some regions displayed the
characteristic crystalline features of Au without apparent Pt deposition (Figure S3). Our
results seem to indicate a Pt deposition via heterogeneous nucleation and an island growth
similar to previously reported Au@Pt nanospheres [38].
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Some nanoparticles’ branches seemed to exhibit a shell, alongside metallic Pt, on the
surface, which lacked typical metallic stacking planes (see Figure S4). Notably, this feature
was absent in pure Au NPs. This observation suggests the possible formation of complexes
between the amine-rich surface and ionic Pt [39].

The distribution of Pt along the NPs was analyzed through STEM energy-dispersive
X-ray spectroscopy (EDX) analysis (Figure 4 and Figure S5). The branched NPs exhibited a
heterogeneous distribution, with regions of higher Pt content dispersed across the entire
nanostructure, revealing the intricate spatial arrangement of Pt. Our observation seems
to align with previous calculations that identified a tendency of segregation, rather than
mixing, in AuPt bimetallic NPs [40,41] and with other reports of spherical core-shell AuPt
NPs [42].
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To gain a deeper understanding of the catalytic capabilities of AuPt NPs and to gener-
ate interest in their promising applications, we investigated the modification of the surface
chemistry, introducing carboxylic acid functionalities utilizing poly(acrylic acid-co-maleic
acid) (PAcMA). AuPt NPs, which present a positive ζ-potential (+37.5 eV), underwent
a surface charge change (ζ-potential −36 eV) after functionalization, demonstrating the
presence of PacMA [10] (Figure S6).

3.2. Catalysis Results

The catalytic capacities of natural peroxidases and their synthetic counterparts depend
on their remarkable ability to perform the oxidations of various chemical compounds using
H2O2 as a co-substrate. This catalysis involves the cleavage of H2O2, generating highly
reactive intermediates for substrate oxidation. Notably, studies have shown that both Au
and Pt NPs can mimic the peroxidase-like activity of enzymes, and their combination may
result in a highly efficient oxidase mimetic nanomaterial [43,44]. With this concept in mind,
the catalytic efficacies of Au and AuPt branched NPs were evaluated using the oxidation
of colorless TMB to its blue counterpart, ox-TMB, in the presence of hydrogen peroxide
as a model reaction under ambient conditions. Au and AuPt branched NPs exhibiting a
primarily localized surface plasmon resonance (LSPR) at approx. 1000 nm were selected
for investigation. Additionally, after PAcMA functionalization, the Au and AuPt NPs were
employed to discern differences caused by the surface potential in the catalytic results.
The TMB oxidation mediated by the nanoparticles was analyzed using UV-Vis absorption
spectroscopy to evaluate the nanomaterials’ peroxidase-like activity. Experiments were
carried out across a range of TMB and H2O2 concentrations, utilizing 10 µg of Au enzyme
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and 5 µg of AuPt (refer to materials and methods). Notably, upon employing 10 µg of AuPt,
the color transition occurred within seconds, even at lower TMB concentrations, hindering
the ability to effectively compare data from both nanozymes. Subsequently, the initial
reaction rates (V0) were determined by identifying the initial linear segment in different
curves, utilizing a molar absorption coefficient of 39,000 M−1 cm for ox-TMB. V0 was
plotted against the TMB concentration for the different nanomaterials to comprehensively
characterize the nanoparticles as catalysts. Finally, the Lineweaver–Burk equation was
employed to estimate the constants (Km) and maximum reaction velocity (Vmax). The
obtained steady-state kinetic parameters, Km and Vmax, are listed in Table 1.

Table 1. Summary of the apparent constant (Km), maximum reaction rate (Vmax) with TMB as the
substrate, and H2O2 in acetate buffer (pH = 4.0) in the presence of the different bimetallic NPs.

TMB H2O2

Nanoparticle Km (mM) Vmax (10−8 M·s−1) Km (mM) Vmax (10−8 M·s−1)

Au NPs 0.21 1.80 3229 1.72

AuPt NPs 0.42 73.2 1100.6 71.7

Au@PACMA NPs 0.22 2.78 3141 5.66

AuPt@PACMA NPs 0.80 146.4 291.5 58.7

Au NPs showed a Km and a Vmax of 0.21 mM and 1.80·10−8 M·s−1, respectively
(Figure S7). Conversely, when AuPt NPs were employed, the Km and Vmax were 0.42 mM
and 73.2 M·s−1 (Figure S9). Despite a 2-fold increase of in TMB affinity, the reaction
speed was improved to ca. 40-fold, compared with the Au counterpart. Similar results
were obtained from AuPt nanoclusters in comparison with the Au NPs in the oxidase-like
reaction with TMB as the substrate, in which the Pt showed a higher affinity but with
exceptional catalytic results when compared with pure Au or Pt nanomaterials [43]. The
result for hydrogen peroxide showed a low affinity for Au or AuPt NPs, but the Vmax
showed a 41-fold increase in the Vmax, compared to the Au counterpart. The affinities of Au
and AuPt align with other Au or Pt peroxidase-like nano-enzymes in the literature [11,45].
Due to the low affinity obtained for the Au branched nanoparticles for H2O2 and similar to
previous reports [45], it can be deduced that during the catalytic process, the TMB molecules
may adhere to the surfaces of the NPs, where they contribute with their lone-pair electrons
from their amine groups to the nanomaterials. This donation of electrons increases the
electron density and mobility within the different nanoparticles, consequently expediting
the transfer of electrons from the nanomaterials to H2O2. This enhanced electron transfer
leads to the reduction of H2O2 to H2O under acidic pH conditions and accelerates the rate
of TMB oxidation by H2O2. Additionally, the presence of Pt in the final structure makes the
TMB oxidation process more favorable [45].

Although the Km results may seem modest compared to natural enzymes (Table S2),
it is important to note that inorganic NPs have weaker interactions with substrates. In
this case, with the simple addition of Pt, the reaction rate is highly improved, not only
compared to the Au counterpart but also in comparison with natural enzymes or different
enzymes present in literature (Table S2). The presence of Pt, as expected, enhances their
efficiency, despite the lower affinity with the substrates, and confirms the need to not only
value the enzymes based on their Km values [46].

Surface charge is an essential factor when we analyze the peroxidase-like activity of
NPs. Different works have explored the peroxidase-like activity in positive or negatively
charged nanomaterials [47]. The post-functionalization proposed here allows for a better
comparison once the nanomaterials possess the same size, shape, and composition. Upon
functionalization with PAcMA, both Au and AuPt NPs showed an increase in both the
Km and Vmax (Figures S8 and S10), with the AuPt@PAcMA NPs being the most efficient
catalyst for TMB oxidation. The negatively charged NPs may have shown a higher affinity
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towards positively charged TMB substrates. The affinity between the opposite charges of
both nanozymes and substrate molecules may facilitates their charge transfer.

Additionally, and in line with previous research, the Pt nanoshell may facilitate the
radical formation and subsequent acceleration in electron transfer [48]. In addition, the
presence of a negative surface charge upon functionalization, even if it may contribute to
shielding the NP surface, could increase the stability of the nanomaterials and lead to a
lower TMB affinity but a higher reaction rate in both cases [47]. Regarding the affinity for
hydrogen peroxide upon functionalization, the Km values indicate an improved affinity
in both cases, with the enhancement being more pronounced for the AuPt nanomaterials.
Although this increase in affinity is accompanied by a slight reduction in Vmax for AuPt, the
catalytic activity of AuPt NPs remains significantly higher, being 10.8-fold greater than that
of the Au NPs. This indicates their excellent catalytic performance. The AuPt NPs exhibit
superior catalytic efficiency, compared to the HRP enzyme, showcasing their ability and
versatility for use in peroxidase catalytic processes, despite the presence of either positive
or negative charges on their surface.

4. Conclusions

This study demonstrated the successful synthesis of Au and AuPt branched NPs
using small molecular weight PAH. Au NPs exhibited excellent tunability and served
as templates for Pt deposition. Significantly, Pt deposition did not completely suppress
the LSPR of the Au NPs. Instead, the LSPR intensity decreased proportionally to the
amount of Pt added, resulting in plasmonically active bimetallic NPs. In tests mimicking
HRP enzymatic activity via TMB oxidation, AuPt NPs displayed significantly enhanced
catalytic performance, compared to pure Au NPs. Furthermore, the easy post/synthetic
protocol to change the surface charge from positive to negative expanded the versatility
of the nanomaterials to be tailored to different decided applications, showcasing their
high versatility in future applications. This work expanded the synthetic protocols present
in literature for plasmonically active nanoparticles. Future studies could explore how
variations in Pt coating thickness influence the properties of these bimetallic nanocatalysts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano14131166/s1. Figure S1. Schematic representation of the
AuPt nanostars synthesis, Figure S2. Survey spectra of the sample (left) and enlarged XPS spectra
spectrum of AuPt NPs in the Au4f region, Figure S3. (a) One representative branch in which no
apparent metallic Pt deposition occurs. (b) FFT of the white box showed in (a) with bright spots at
0.23 nm. (c) Inverse FFT of one of the bright spot showed in (b). (d) Plot profile corresponding to
the red arrow in (c) corresponding to the interplanar distance of 0.235 nm of Au (111), Figure S4.
HRTEM of different branched of AuPt NPs showed polycrystalline tips and regions with a ticker
non crystalline shell, Figure S5. (a) HAADF-STEM image of AuPt NPs. (b) EDX map of AuPt NPs
shows Au and Pt dis-tribution. (c) EDX map of AuPt NPs showing Au distribution. (d) EDX map
of AuPt NPs showing Pt distribution. (e) EDX spectrum of AuPt NPs showing the presence of Au
and Pt, Figure S6. ζ—potential of AuPt and functionalized AuPt@PAcMA NPs, Figure S7. Michaelis-
Menten plots for Au NPs nano-enzymatic activity in the oxidation of TMB at (a) constant [H2O2]
and (c) constant [TMB]. Lineweaver–Burk plots indicating Km and Vmax values at (b) constant
[H2O2] and (d) constant [TMB]. Error bars represent the standard deviation derived from three
independent experiments, Figure S8. Michaelis-Menten plots for Au@PAcMA NPs nano-enzymatic
activity in the oxidation of TMB at (a) constant [H2O2] and (c) constant [TMB]. Lineweaver–Burk plots
indicating Km and Vmax values at (b) constant [H2O2] and (d) constant [TMB]. Error bars represent
the standard deviation derived from three independent experiments, Figure S9. Michaelis-Menten
plots for AuPt NPs nano-enzymatic activity in the oxidation of TMB at (a) constant [H2O2] and (c)
constant [TMB]. Lineweaver–Burk plots indicating Km and Vmax values at (b) constant [H2O2] and
(d) constant [TMB]. Error bars represent the standard deviation derived from three independent
experiments, Figure S10. Michaelis-Menten plots for AuPt@PAcMA NPs nano-enzymatic activity
in the oxidation of TMB at (a) constant [H2O2] and (c) constant [TMB]. Lineweaver–Burk plots
indicating Km and Vmax values at (b) constant [H2O2] and (d) constant [TMB]. Error bars represent
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the standard de-viation derived from three independent experiments, Table S1. ICP analysis of AuPt
NPs, Table S2. Comparison of the kinetic parameters (Km and Vmax) of the NPs presented in this
work with other reported metallic nanozymes in the literature. References [49–61] are cited in the
supplementary materials.

Author Contributions: S.N., A.F.-L. and J.F.-L.: nanomaterials investigation, catalysis investigation,
formal analysis, data curation, methodology, and writing the original draft. A.F.-L., J.F.-L., C.L.,
J.-L.C.-M. and J.M.P.: supervision, funding acquisition, and resources. The manuscript was written
through the contributions of all authors. All authors have read and agreed to the published version
of the manuscript.

Funding: This work received financial support from PT national funds (FCT/MCTES, Fundação
para a Ciência e Tecnologia, and Ministério da Ciência, Tecnologia e Ensino Superior) through
the projects Met4Cat, EXPL/QUI-COL/0263/2021 DOI: 10.54499/EXPL/QUI-COL/0263/2021;
UIDP/50006/2020 DOI: 10.54499/UIDP/50006/2020; and UIDB/50006/2020 DOI: 10.54499/UIDB/
50006/2020. The authors thank the Spanish National Research Council (CSIC) (project 202480E088)
for their support.

Data Availability Statement: Data are contained within the article and supplementary materials.

Acknowledgments: The authors acknowledge the project LA/P/0008/2020 DOI: 10.54499/LA/P/
0008/2020; (FCT/MCTES, Fundação para a Ciência e Tecnologia, and Ministério da Ciência, Tecnolo-
gia e Ensino Superior). The authors thank the PROTEOMASS Scientific Society (Portugal) (General
Funding Grant 2023) for their financial support. S.N. thanks FCT/MCTEC Portugal for her doctoral
grant associated with the Chemistry PhD program (SFRH/BD/144618/2019). J.F.L. thanks FCT
(Fundação para a Ciência e Tecnologia) for their funding through the program DL 57/2016–Norma
transitória. The work was carried out partially through the INL User Facilities (Braga, Portugal). The
authors thank the Spanish National Research Council (CSIC) for their support.

Conflicts of Interest: The authors declare not conflict of interest.

References
1. Melián-Cabrera, I. Catalytic Materials: Concepts to Understand the Pathway to Implementation. Ind. Eng. Chem. Res. 2021, 60,

18545–18559. [CrossRef]
2. Olveira, S.; Forster, S.P.; Seeger, S. Nanocatalysis: Academic Discipline and Industrial Realities. J. Nanotechnol. 2014, 2014, 1–19.

[CrossRef]
3. Huang, Y.; Ren, J.; Qu, X. Nanozymes: Classification, Catalytic Mechanisms, Activity Regulation, and Applications. Chem. Rev.

2019, 119, 4357–4412. [CrossRef] [PubMed]
4. Takagi, Y.; Wang, H.; Uemura, Y.; Nakamura, T.; Yu, L.; Sekizawa, O.; Uruga, T.; Tada, M.; Samjeské, G.; Iwasawa, Y.; et al. In Situ

Study of Oxidation States of Platinum Nanoparticles on a Polymer Electrolyte Fuel Cell Electrode by near Ambient Pressure Hard
X-Ray Photoelectron Spectroscopy. Phys. Chem. Chem. Phys. 2017, 19, 6013–6021. [CrossRef] [PubMed]

5. Wu, C.H.; Liu, C.; Su, D.; Xin, H.L.; Fang, H.T.; Eren, B.; Zhang, S.; Murray, C.B.; Salmeron, M.B. Bimetallic Synergy in
Cobalt–Palladium Nanocatalysts for CO Oxidation. Nat. Catal. 2019, 2, 78–85. [CrossRef]

6. Chen, Q.; Huang, X.; Zhang, G.; Li, J.; Liu, Y.; Yan, X. Novel Targeted PH-Responsive Drug Delivery Systems Based on
PEGMA-Modified Bimetallic Prussian Blue Analogs for Breast Cancer Chemotherapy. RSC Adv. 2023, 13, 1684–1700. [CrossRef]
[PubMed]

7. Cao, Y.-Q.; Zi, T.-Q.; Liu, C.; Cui, D.-P.; Wu, D.; Li, A.-D. Co–Pt Bimetallic Nanoparticles with Tunable Magnetic and Electrocatalytic
Properties Prepared by Atomic Layer Deposition. Chem. Commun. 2020, 56, 8675–8678. [CrossRef] [PubMed]

8. Zaleska-Medynska, A.; Marchelek, M.; Diak, M.; Grabowska, E. Noble Metal-Based Bimetallic Nanoparticles: The Effect of the
Structure on the Optical, Catalytic and Photocatalytic Properties. Adv. Colloid Interface Sci. 2016, 229, 80–107. [CrossRef]

9. Pearce, A.K.; Wilks, T.R.; Arno, M.C.; O’Reilly, R.K. Synthesis and Applications of Anisotropic Nanoparticles with Precisely
Defined Dimensions. Nat. Rev. Chem. 2020, 5, 21–45. [CrossRef] [PubMed]

10. Nuti, S.; Fernández-Lodeiro, C.; Fernández-Lodeiro, J.; Fernández-Lodeiro, A.; Pérez-Juste, J.; Pastoriza-Santos, I.; LaGrow, A.P.;
Schraidt, O.; Luis Capelo-Martínez, J.; Lodeiro, C. Polyallylamine Assisted Synthesis of 3D Branched AuNPs with Plasmon
Tunability in the Vis-NIR Region as Refractive Index Sensitivity Probes. J. Colloid Interface Sci. 2022, 611, 695–705. [CrossRef]
[PubMed]

11. Fernández-Lodeiro, C.; Fernández-Lodeiro, J.; Fernández-Lodeiro, A.; Nuti, S.; Lodeiro, C.; LaGrow, A.; Pérez-Juste, I.; Pérez-Juste,
J.; Pastoriza-Santos, I. Synthesis of Tuneable Gold Nanostars: The Role of Adenosine Monophosphate. J. Mater. Chem. C 2023, 11,
12626–12636. [CrossRef]

12. Tsoulos, T.V.; Fabris, L. Interface and Bulk Standing Waves Drive the Coupling of Plasmonic Nanostar Antennas. J. Phys. Chem. C
2018, 122, 28949–28957. [CrossRef]

https://doi.org/10.1021/acs.iecr.1c02681
https://doi.org/10.1155/2014/324089
https://doi.org/10.1021/acs.chemrev.8b00672
https://www.ncbi.nlm.nih.gov/pubmed/30801188
https://doi.org/10.1039/C6CP06634H
https://www.ncbi.nlm.nih.gov/pubmed/28184398
https://doi.org/10.1038/s41929-018-0190-6
https://doi.org/10.1039/D2RA06631A
https://www.ncbi.nlm.nih.gov/pubmed/36712642
https://doi.org/10.1039/D0CC03381B
https://www.ncbi.nlm.nih.gov/pubmed/32613966
https://doi.org/10.1016/j.cis.2015.12.008
https://doi.org/10.1038/s41570-020-00232-7
https://www.ncbi.nlm.nih.gov/pubmed/37118104
https://doi.org/10.1016/j.jcis.2021.12.047
https://www.ncbi.nlm.nih.gov/pubmed/34979340
https://doi.org/10.1039/D3TC01567J
https://doi.org/10.1021/acs.jpcc.8b09263


Nanomaterials 2024, 14, 1166 12 of 13

13. An, H.; Lv, Z.; Zhang, K.; Deng, C.; Wang, H.; Xu, Z.; Wang, M.; Yin, Z. Plasmonic Coupling Enhancement of Core-Shell Au@Pt
Assemblies on ZnIn2S4 Nanosheets towards Photocatalytic H2 Production. Appl. Surf. Sci. 2021, 536, 147934. [CrossRef]

14. Zhao, Y.; Fu, Q.; Cui, X.; Chi, H.; Lu, Y.; Liu, X.; Yu, M.; Fei, Q.; Feng, G.; Shan, H.; et al. A Colorimetric Sensor for Detecting
Thiourea Based on Inhibiting Peroxidase-like Activity of Gold-Platinum Nanoparticles. Anal. Methods 2021, 13, 1069–1074.
[CrossRef] [PubMed]

15. Stavropoulou, A.P.; Theodosiou, M.; Sakellis, E.; Boukos, N.; Papanastasiou, G.; Wang, C.; Tavares, A.; Corral, C.A.; Gournis,
D.; Chalmpes, N.; et al. Bimetallic Gold-Platinum Nanoparticles as a Drug Delivery System Coated with a New Drug to Target
Glioblastoma. Colloids Surf. B Biointerfaces 2022, 214, 112463. [CrossRef] [PubMed]

16. Yang, Q.; Peng, J.; Xiao, Y.; Li, W.; Tan, L.; Xu, X.; Qian, Z. Porous Au@Pt Nanoparticles: Therapeutic Platform for Tumor
Chemo-Photothermal Co-Therapy and Alleviating Doxorubicin-Induced Oxidative Damage. ACS Appl. Mater. Interfaces 2018, 10,
150–164. [CrossRef] [PubMed]

17. Xu, L.; Xu, J.; Wang, X.; Zhu, X.; Kan, C. Preparation of Gold Nanostars Covered with Platinum Particles and Their Photoelectro-
catalysis Properties. CrystEngComm 2023, 25, 6814–6821. [CrossRef]

18. Bazán-Díaz, L.; Mendoza-Cruz, R.; Liao, C.-K.; Mahmoud, M.A. Asymmetric Deposition of Platinum Atoms on Gold Nanorods
Reduced the Plasmon Field Distortion Induced by the Substrate. J. Phys. Chem. C 2019, 123, 30509–30518. [CrossRef]

19. Grzelczak, M.; Pérez-Juste, J.; De Abajo, F.J.G.; Liz-Marzán, L.M. Optical Properties of Platinum-Coated Gold Nanorods. J. Phys.
Chem. C 2007, 111, 6183–6188. [CrossRef]

20. Pedrazo-Tardajos, A.; Irmak, E.A.; Kumar, V.; Sánchez-Iglesias, A.; Chen, Q.; Wirix, M.; Freitag, B.; Albrecht, W.; Van Aert,
S.; Liz-Marzán, L.M.; et al. Thermal Activation of Gold Atom Diffusion in Au@Pt Nanorods. ACS Nano 2022, 16, 9608–9619.
[CrossRef] [PubMed]

21. Bian, T.; Sun, B.; Luo, S.; Huang, L.; Su, S.; Meng, C.; Su, S.; Yuan, A.; Zhang, H. Seed-Mediated Synthesis of Au@PtCu Nanostars
with Rich Twin Defects as Efficient and Stable Electrocatalysts for Methanol Oxidation Reaction. RSC Adv. 2019, 9, 35887–35894.
[CrossRef] [PubMed]

22. Moon, Y.; Mai, H.D.; Yoo, H. Platinum Overgrowth on Gold Multipod Nanoparticles: Investigation of Synergistic Catalytic Effects
in a Bimetallic Nanosystem. ChemNanoMat 2017, 3, 196–203. [CrossRef]

23. Peng, Y.; Li, L.; Tao, R.; Tan, L.; Qiu, M.; Guo, L. One-Pot Synthesis of Au@Pt Star-like Nanocrystals and Their Enhanced
Electrocatalytic Performance for Formic Acid and Ethanol Oxidation. Nano Res. 2018, 11, 3222–3232. [CrossRef]

24. Jiang, B.; Duan, D.; Gao, L.; Zhou, M.; Fan, K.; Tang, Y.; Xi, J.; Bi, Y.; Tong, Z.; Gao, G.F.; et al. Standardized Assays for Determining
the Catalytic Activity and Kinetics of Peroxidase-like Nanozymes. Nat. Protoc. 2018, 13, 1506–1520. [CrossRef]

25. Nuti, S.; Fernández-Lodeiro, A.; Chinchilla, L.E.; Hungría, A.B.; Capelo-Martinez, J.-L.; Lodeiro, C.; Fernández-Lodeiro, J.
Synthesis and Structural Characterization of Branched Bimetallic AuPd Nanoparticles with a Highly Tunable Optical Response. J.
Phys. Chem. Lett. 2023, 14, 6315–6320. [CrossRef] [PubMed]

26. Xiong, Y.; Adhikari, C.R.; Kawakita, H.; Ohto, K.; Inoue, K.; Harada, H. Selective Recovery of Precious Metals by Persimmon
Waste Chemically Modified with Dimethylamine. Bioresour. Technol. 2009, 100, 4083–4089. [CrossRef]

27. Ooi, M.D.J.; Aziz, A.A. Enhanced Pt Surface Activation: A Strategy for Catalyst Application. Int. J. Hydrogen Energy 2019, 44,
30532–30542. [CrossRef]

28. Navaee, A.; Salimi, A. Anodic Platinum Dissolution, Entrapping by Amine Functionalized-Reduced Graphene Oxide: A Simple
Approach to Derive the Uniform Distribution of Platinum Nanoparticles with Efficient Electrocatalytic Activity for Durable
Hydrogen Evolution and Ethanol Oxid. Electrochim. Acta 2016, 211, 322–330. [CrossRef]

29. Huang, X.Y.; Wang, A.J.; Zhang, L.; Fang, K.M.; Wu, L.J.; Feng, J.J. Melamine-Assisted Solvothermal Synthesis of PtNi Nanoden-
trites as Highly Efficient and Durable Electrocatalyst for Hydrogen Evolution Reaction. J. Colloid. Interface Sci. 2018, 531, 578–584.
[CrossRef]

30. Rónavári, A.; Bélteky, P.; Boka, E.; Zakupszky, D.; Igaz, N.; Szerencsés, B.; Pfeiffer, I.; Kónya, Z.; Kiricsi, M. Polyvinyl-Pyrrolidone-
Coated Silver Nanoparticles—The Colloidal, Chemical and Biological Consequences of Steric Stabilization under Biorelevant
Conditions. Int. J. Mol. Sci. 2021, 22, 8673. [CrossRef] [PubMed]

31. Kang, H.; Buchman, J.T.; Rodriguez, R.S.; Ring, H.L.; He, J.; Bantz, K.C.; Haynes, C.L. Stabilization of Silver and Gold Nanoparti-
cles: Preservation and Improvement of Plasmonic Functionalities. Chem. Rev. 2019, 119, 664–699. [CrossRef] [PubMed]

32. Sylvestre, J.P.; Poulin, S.; Kabashin, A.V.; Sacher, E.; Meunier, M.; Luong, J.H.T. Surface Chemistry of Gold Nanoparticles Produced
by Laser Ablation in Aqueous Media. J. Phys. Chem. B 2004, 108, 16864–16869. [CrossRef]

33. Shao, J.; Liu, M.; Wang, Z.; Li, K.; Bao, B.; Zhao, S.; Zhou, S. Controllable Synthesis of Surface Pt-Rich Bimetallic AuPt
Nanocatalysts for Selective Hydrogenation Reactions. ACS Omega 2019, 4, 15621–15627. [CrossRef] [PubMed]

34. Muelas-Ramos, V.; Belver, C.; Rodriguez, J.J.; Bedia, J. Synthesis of Noble Metal-Decorated NH2-MIL-125 Titanium MOF for the
Photocatalytic Degradation of Acetaminophen under Solar Irradiation. Sep. Purif. Technol. 2021, 272, 118896. [CrossRef]

35. Shyu, J. Characterization of Pt/$gamma;-Alumina Catalysts Containing Ceria. J. Catal. 1989, 115, 16–23. [CrossRef]
36. Bera, P.; Priolkar, K.R.; Gayen, A.; Sarode, P.R.; Hegde, M.S.; Emura, S.; Kumashiro, R.; Jayaram, V.; Subbanna, G.N. Ionic

Dispersion of Pt over CeO2 by the Combustion Method: Structural Investigation by XRD, TEM, XPS, and EXAFS. Chem. Mater.
2003, 15, 2049–2060. [CrossRef]

37. Bonet-Aleta, J.; Garcia-Peiro, J.I.; Irusta, S.; Hueso, J.L. Gold-Platinum Nanoparticles with Core-Shell Configuration as Efficient
Oxidase-like Nanosensors for Glutathione Detection. Nanomaterials 2022, 12, 755. [CrossRef] [PubMed]

https://doi.org/10.1016/j.apsusc.2020.147934
https://doi.org/10.1039/D0AY02283G
https://www.ncbi.nlm.nih.gov/pubmed/33576364
https://doi.org/10.1016/j.colsurfb.2022.112463
https://www.ncbi.nlm.nih.gov/pubmed/35316703
https://doi.org/10.1021/acsami.7b14705
https://www.ncbi.nlm.nih.gov/pubmed/29251910
https://doi.org/10.1039/D3CE00999H
https://doi.org/10.1021/acs.jpcc.9b07935
https://doi.org/10.1021/jp0671502
https://doi.org/10.1021/acsnano.2c02889
https://www.ncbi.nlm.nih.gov/pubmed/35687880
https://doi.org/10.1039/C9RA06893G
https://www.ncbi.nlm.nih.gov/pubmed/35528081
https://doi.org/10.1002/cnma.201600322
https://doi.org/10.1007/s12274-017-1851-5
https://doi.org/10.1038/s41596-018-0001-1
https://doi.org/10.1021/acs.jpclett.3c01431
https://www.ncbi.nlm.nih.gov/pubmed/37409744
https://doi.org/10.1016/j.biortech.2009.03.014
https://doi.org/10.1016/j.ijhydene.2019.07.118
https://doi.org/10.1016/j.electacta.2016.06.019
https://doi.org/10.1016/j.jcis.2018.07.051
https://doi.org/10.3390/ijms22168673
https://www.ncbi.nlm.nih.gov/pubmed/34445378
https://doi.org/10.1021/acs.chemrev.8b00341
https://www.ncbi.nlm.nih.gov/pubmed/30346757
https://doi.org/10.1021/jp047134+
https://doi.org/10.1021/acsomega.9b02117
https://www.ncbi.nlm.nih.gov/pubmed/31572863
https://doi.org/10.1016/j.seppur.2021.118896
https://doi.org/10.1016/0021-9517(89)90003-1
https://doi.org/10.1021/cm0204775
https://doi.org/10.3390/nano12050755
https://www.ncbi.nlm.nih.gov/pubmed/35269243


Nanomaterials 2024, 14, 1166 13 of 13

38. Fan, F.-R.; Liu, D.-Y.; Wu, Y.-F.; Duan, S.; Xie, Z.-X.; Jiang, Z.-Y.; Tian, Z.-Q. Epitaxial Growth of Heterogeneous Metal Nanocrystals:
From Gold Nano-Octahedra to Palladium and Silver Nanocubes. J. Am. Chem. Soc. 2008, 130, 6949–6951. [CrossRef] [PubMed]

39. Fu, G.; Wu, K.; Jiang, X.; Tao, L.; Chen, Y.; Lin, J.; Zhou, Y.; Wei, S.; Tang, Y.; Lu, T.; et al. Polyallylamine-Directed Green Synthesis
of Platinum Nanocubes. Shape and Electronic Effect Codependent Enhanced Electrocatalytic Activity. Phys. Chem. Chem. Phys.
2013, 15, 3793–3802. [CrossRef] [PubMed]

40. Divi, S.; Chatterjee, A. Understanding Segregation Behavior in AuPt, NiPt, and AgAu Bimetallic Nanoparticles Using Distribution
Coefficients. J. Phys. Chem. C 2016, 120, 27296–27306. [CrossRef]

41. Danielis, N.; Vega, L.; Fronzoni, G.; Stener, M.; Bruix, A.; Neyman, K.M. AgPd, AuPd, and AuPt Nanoalloys with Ag- or Au-Rich
Compositions: Modeling Chemical Ordering and Optical Properties. J. Phys. Chem. C 2021, 125, 17372–17384. [CrossRef]
[PubMed]

42. Higareda, A.; Kumar-Krishnan, S.; García-Ruiz, A.F.; Maya-Cornejo, J.; Lopez-Miranda, J.L.; Bahena, D.; Rosas, G.; Pérez, R.;
Esparza, R. Synthesis of Au@Pt Core–Shell Nanoparticles as Efficient Electrocatalyst for Methanol Electro-Oxidation. Nanomaterials
2019, 9, 1644. [CrossRef] [PubMed]

43. Zhang, C.X.; Gao, Y.C.; Li, H.W.; Wu, Y. Gold-Platinum Bimetallic Nanoclusters for Oxidase-like Catalysis. ACS Appl. Nano Mater.
2020, 3, 9318–9328. [CrossRef]

44. Fu, Z.; Zeng, W.; Cai, S.; Li, H.; Ding, J.; Wang, C.; Chen, Y.; Han, N.; Yang, R. Porous Au@Pt Nanoparticles with Superior
Peroxidase-like Activity for Colorimetric Detection of Spike Protein of SARS-CoV-2. J. Colloid Interface Sci. 2021, 604, 113–121.
[CrossRef]

45. Bao, Y.-W.; Hua, X.-W.; Ran, H.-H.; Zeng, J.; Wu, F.-G. Metal-Doped Carbon Nanoparticles with Intrinsic Peroxidase-like Activity
for Colorimetric Detection of H 2 O 2 and Glucose. J. Mater. Chem. B 2019, 7, 296–304. [CrossRef] [PubMed]

46. He, W.; Han, X.; Jia, H.; Cai, J.; Zhou, Y.; Zheng, Z. AuPt Alloy Nanostructures with Tunable Composition and Enzyme-like
Activities for Colorimetric Detection of Bisulfide. Sci. Rep. 2017, 7, 40103. [CrossRef] [PubMed]

47. Navyatha, B.; Singh, S.; Nara, S. AuPeroxidase Nanozymes: Promises and Applications in Biosensing. Biosens. Bioelectron. 2021,
175, 112882. [CrossRef]

48. Sun, Y.; Wang, R.; Liu, X.; Shan, G.; Chen, Y.; Tong, T.; Liu, Y. Laser-Induced Formation of Au/Pt Nanorods with Peroxidase
Mimicking and SERS Enhancement Properties for Application to the Colorimetric Determination of H2O2. Microchim. Acta 2018,
185, 445. [CrossRef]

49. Gao, L.; Zhuang, J.; Nie, L.; Zhang, J.; Zhang, Y.; Gu, N.; Wang, T.; Feng, J.; Yang, D.; Perrett, S.; et al. Intrinsic Peroxidase-like
Activity of Ferromagnetic Nanoparticles. Nat. Nanotechnol. 2007, 2, 577–583. [CrossRef] [PubMed]

50. Yu, C.-J.; Chen, T.-H.; Jiang, J.-Y.; Tseng, W.-L. Lysozyme-Directed Synthesis of Platinum Nanoclusters as a Mimic Oxidase.
Nanoscale 2014, 6, 9618–9624. [CrossRef]

51. Cui, Y.; Lai, X.; Liang, B.; Liang, Y.; Sun, H.; Wang, L. Polyethyleneimine-Stabilized Platinum Nanoparticles as Peroxidase Mimic
for Colorimetric Detection of Glucose. ACS Omega 2020, 5, 6800–6808. [CrossRef] [PubMed]

52. Son, S.E.; Gupta, P.K.; Hur, W.; Lee, H.B.; Park, Y.; Park, J.; Kim, S.N.; Seong, G.H. Citric Acid-Functionalized Rhodium–Platinum
Nanoparticles as Peroxidase Mimics for Determination of Cholesterol. ACS Appl. Nano Mater. 2021, 4, 8282–8291. [CrossRef]

53. Fu, Y.; Zhao, X.; Zhang, J.; Li, W. DNA-Based Platinum Nanozymes for Peroxidase. J. Phys. Chem. C 2014, 118, 18116–18125.
[CrossRef]

54. Zhang, D.Y.; Liu, H.; Younis, M.R.; Lei, S.; Yang, C.; Lin, J.; Qu, J.; Huang, P. Ultrasmall Platinum Nanozymes as Broad-Spectrum
Antioxidants for Theranostic Application in Acute Kidney Injury. Chem. Eng. J. 2021, 409, 127371. [CrossRef]

55. Fan, L.; Ji, X.; Lin, G.; Liu, K.; Chen, S.; Ma, G.; Xue, W.; Zhang, X.; Wang, L. Green Synthesis of Stable Platinum Nanoclusters with
Enhanced Peroxidase-like Activity for Sensitive Detection of Glucose and Glutathione. Microchem. J. 2021, 166, 106202. [CrossRef]

56. Deng, H.-H.; Lin, X.-L.; Liu, Y.-H.; Li, K.-L.; Zhuang, Q.-Q.; Peng, H.-P.; Liu, A.-L.; Xia, X.H.; Chen, W. Chitosan-Stabilized
Platinum Nanoparticles as Effective Oxidase Mimics for Colorimetric Detection of Acid Phosphatase. Nanoscale 2017, 9,
10292–10300. [CrossRef] [PubMed]

57. Wang, X.; Wei, G.; Liu, W.; Zhang, Y.; Zhu, C.; Sun, Q.; Zhang, M.; Wei, H. Platinum– Nickel Nanoparticles with Enhanced
Oxidase-like Activity for Total Antioxidant Capacity. Anal. Chem. 2023, 95, 5937–5945. [CrossRef] [PubMed]

58. Pham, X.-H.; Tran, V.-K.; Hahm, E.; Kim, Y.-H.; Kim, J.; Kim, W.; Jun, B.-H. Synthesis of Gold-Platinum Core-Shell Nanoparticles
Assembled on a Silica Template and Their Peroxidase Nanozyme Properties. Int. J. Mol. Sci. 2022, 23, 6424. [CrossRef]

59. Xue, Y.; Liu, K.; Gao, M.; Zhang, T.; Wang, L.; Cui, Y.; Ji, X.; Ma, G.; Hu, J. VancomycinStabilized Platinum Nanoparticles with
Oxidase-like Activity for Sensitive Dopamine Detection. Biomolecules 2023, 13, 1312. [CrossRef] [PubMed]

60. Gao, Y.C.; Wang, C.; Zhang, C.X.; Li, H.W.; Wu, Y. Controlled Preparation and Application of Glutathione Capped Gold and
Platinum Alloy Nanoclusters with High Peroxidase-like Activity. J. Mater. Sci. Technol. 2022, 109, 140–146. [CrossRef]

61. Shah, J.; Singh, S. Unveiling the Role of ATP in Amplification of Intrinsic Peroxidase-like of Gold Nanoparticles. 3 Biotech 2018, 8,
1–12. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/ja801566d
https://www.ncbi.nlm.nih.gov/pubmed/18465860
https://doi.org/10.1039/c3cp44191a
https://www.ncbi.nlm.nih.gov/pubmed/23396500
https://doi.org/10.1021/acs.jpcc.6b08325
https://doi.org/10.1021/acs.jpcc.1c04222
https://www.ncbi.nlm.nih.gov/pubmed/34476040
https://doi.org/10.3390/nano9111644
https://www.ncbi.nlm.nih.gov/pubmed/31752428
https://doi.org/10.1021/acsanm.0c01965
https://doi.org/10.1016/j.jcis.2021.06.170
https://doi.org/10.1039/C8TB02404A
https://www.ncbi.nlm.nih.gov/pubmed/32254554
https://doi.org/10.1038/srep40103
https://www.ncbi.nlm.nih.gov/pubmed/28051159
https://doi.org/10.1016/j.bios.2020.112882
https://doi.org/10.1007/s00604-018-2981-5
https://doi.org/10.1038/nnano.2007.260
https://www.ncbi.nlm.nih.gov/pubmed/18654371
https://doi.org/10.1039/C3NR06896J
https://doi.org/10.1021/acsomega.0c00147
https://www.ncbi.nlm.nih.gov/pubmed/32258915
https://doi.org/10.1021/acsanm.1c01457
https://doi.org/10.1021/jp503242e
https://doi.org/10.1016/j.cej.2020.127371
https://doi.org/10.1016/j.microc.2021.106202
https://doi.org/10.1039/C7NR03399K
https://www.ncbi.nlm.nih.gov/pubmed/28702672
https://doi.org/10.1021/acs.analchem.2c05425
https://www.ncbi.nlm.nih.gov/pubmed/36972556
https://doi.org/10.3390/ijms23126424
https://doi.org/10.3390/biom13091312
https://www.ncbi.nlm.nih.gov/pubmed/37759712
https://doi.org/10.1016/j.jmst.2021.08.074
https://doi.org/10.1007/s13205-017-1082-1
https://www.ncbi.nlm.nih.gov/pubmed/29354378

	Introduction 
	Experimental Section 
	Reagents 
	Synthesis of NPs 
	Functionalization of NPs with PAcMA 
	Enzymatic Activity Studies 
	Characterization 

	Results and Discussion 
	Synthesis and Characterization of Nanoparticles 
	Catalysis Results 

	Conclusions 
	References

