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Peroxidase-Mimicking Nanozyme with Enhanced Activity and
High Stability based on Metal-Support Interaction

Zhihao Li, Xiangdong Yang, Yanbing Yang, Yaning Tan, Yue He, Meng Liu, Xinwen Liu, Quan Yuan* [

Abstract:  Peroxidase-mimicking nanozyme offers  unique
advantages of high stability and low cost over natural peroxidase for
applications in bioanalysis, biomedicine and pollution treatment.
However, the design of high-efficiency peroxidase-mimicking
nanozymes remains a grand challenge. In this work, we adopted a
structural design approach through hybridization of cube-CeO, and
Pt nanoparticles to create a novel peroxidase-mimicking nanozyme
with high efficiency and excellent stability. Compared to pure cube-
CeO, and Pt nanoparticles, the as-hybridized Pt/cube-CeO,
nanocomposites display much improved activity because of the
strong metal-support interaction. Meanwhile, the nanocomposites
also maintain high catalytic activity after long-term storage and
several-time recycle. Based on their excellent properties, Pt/cube-
CeO, nanocomposites were used to construct high-performance
colorimetric biosensors for the sensitive detection of metabolites
including H,O, and glucose. Our findings highlight opportunities for
the development of high-efficiency peroxidase-mimicking nanozyme
with potentially various applications in diagnostic, biomedicine and
pollution treatment.

Introduction

Enzymes carry out a host of biochemical reactions in living
things.!*! Up to date, natural enzymes have been extensively studied
in various areas such as fundamental research, biomedicine and
biosensing due to their extraordinary substrate specificity and
fascinating catalytic efficiency.>® However, they generally suffer
from several drawbacks such as inherent intolerance to harsh
conditions and ease of denaturation, seriously limiting their large-
scale applications.”® To circumvent these limitations, substantial
efforts have been channeled toward creating enzyme mimetics over
the past decades. Driven by the rapid development of
nanotechnology, numerous nanozymes with enzyme-mimicking
properties have been discovered and received increasing attention
recently because of their high stability and robustness while
compared to enzymes.>® Meanwhile, the distinct advantages of
large surface area, tunable catalytic activities, ease to synthesize, as
well as low costs, promise nanozyme as a viable alternative to
natural enzymes.*1? To date, nanozymes have been demonstrated
to display mimetic activities of diverse natural enzymes including
catalase*>*¥, peroxidase™>'7, oxidase®'¥ and phosphatasel®”.
Among them, peroxidase-mimicking nanozymes which can catalyze
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the decomposition of peroxides and the oxidation of certain
substrates, have entered the market with fast growing rate for
enormous potential applications in medical diagnostics and disease
therapy.?*2l For instance, they are known to play important roles in
detoxifying hydrogen peroxide and maintaining the oxidative balance
in biological systems. In addition, peroxidase-mimicking nanozymes
are capable of catalyzing color reactions and can be utilized to
construct biosensors for applications in detection and imaging. In
spite of the opportunities, it remains highly desirable but challenging
to develop novel peroxidase-mimicking nanozymes with high
efficiency.

In recent years, oxide-based nanocomposites are emerging as
promising materials for highly efficient catalysts because the
interaction between oxide and other components often results in an
improved catalytic performance.?>?7 Particularly, cerium oxide
(CeO,), one of the most attractive rare-earth oxides, has been a
significant active component of nanocomposites because of its high
oxygen storage capacity and excellent catalytic activity.?®-3% CeO,
has a mixed oxidation state (Ce®*', Ce*"), and exhibits strong redox
behavior by switching between these two states, which is analogous
to the catalytic cycle of natural redox enzymes.*3 As such, CeO,
has been reported to display mimetic properties of multi-enzymes
including peroxidase.3* In this regard, rational design of CeO,-
based nanocomposites can provide a highly promising strategy to
enhance the overall catalytic performance, and thus develop a new
candidate of high-efficiency peroxidase-mimicking nanozymes.

Herein, we constructed a high-efficiency peroxidase-mimicking
nanozyme based on the hybrid of CeO, nanocubes (cube-CeO,) and
platinum (Pt) nanoparticles. Pt nanoparticle is demonstrated to be an
excellent antioxidant that can scavenge peroxides, resembling the
activities of peroxidase.®® Moreover, the introduction of Pt
nanoparticle contributes to a strong interaction between two
components, which can dramatically improve the catalytic activity of
nanocomposites.®*% As a result, this designed nanozyme, termed
as Pt/cube-CeO, nanocomposite, exhibits remarkably enhanced
peroxidase-mimicking activity over pure cube-CeO, and Pt
nanoparticles. In addition, the Pt/cube-CeO, nanocomposite exhibits
high long-term stability and reusability. The enhanced activity and
high stability enabled the Pt/cube-CeO, nanocomposite to construct
high-performance biosensors for the colorimetric detection of H,O,
and glucose. Our demonstration of Pt/cube-CeO, nanocomposite
provides a vivid example to develop high-efficiency and high-stability
nanozymes for a variety of applications in various fields including
bioanalysis, biomedicine and environmental protection.

Results and Discussion

The synthetic approach for preparing the Pt/cube-CeO,
nanocomposites is illustrated in Scheme 1. The original CeO,
nanoparticles stabilized with oleic acids (designed as cube-CeO,-
COOH) were synthesized by a facile hydrothermal method reported
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previously®® (see details in Experimental Section). For further
decoration of Pt nanoparticles, the as-synthesized oil-dispersed
cube-CeO,-COOH nanoparticles were functionalized with PEI to
transfer to aqueous phase and alter the surface charges.
Subsequently, Pt nanoparticles were directly immobilized onto the
surface of cube-CeO,-NH, nanoparticles via a polyol reduction
process described by Kim et al.*%, in which ethylene glycol (EG) and
H,PtCls act as reduction agent and Pt precursor, respectively. To be
specific, the alcohol groups of EG are oxidized to aldehydes and
carboxyl acids, and at the same time, the electrons donated from EG
trigger the reduction of PtCl,2~ which was absorbed at the surface of
cube-CeO,-NH; nanopatrticles via electrostatic interaction.
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:COOH COOH
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Scheme 1. Schematic illustration of the synthesis process of the Pt/cube-
CeO2 nanocomposites.

The functionalization of cube-CeO, nanopatrticles were confirmed
by Fourier Transformed infrared (FTIR) spectroscopy (Figure S1).
For oleic acid-cappd cube-CeO,-COOH nanopatrticles, the
characteristic peak at 1550 cm™ and 1430 cm™* were assigned to
the in-plane bending vibration of =C—H in the oleic acid molecules.
After PEI functionalization, cube-CeO,-NH, nanopatrticles display
two bands around 1650 cm™ and 1380 cm™ which are assigned to
the bending and vibration of N-H. Additionally, zeta potential
analysis indicates that cube-CeO,-NH, nanoparticles have a
positive charge of +36 mV (Figure S2), indicating that the amino
groups have been successfully introduced into the cube-CeO,-NH,
nanoparticles. Transmission electron microscopy (TEM) was
performed to investigate the morphology and structure of the as-
prepared Pt/cube-CeO, nanocomposites. Figure S5 shows the
TEM image of cube-CeO,-NH, nanoparticles. Evidently, these
nanoparticles display excellent monodispersity and highly uniform
in cubic shape with an average size of 6 nm. After functionalization
with Pt, spherical shaped nanoparticles with uniform distribution
and an average size of 2 nm can be seen clearly around the cube-
CeO; as depicted in Figure 1a, revealing the successful growth of
Pt nanoparticles on the surface of cube-CeO, nanoparticles.
Moreover, the well-defined crystalline fringe with interplanar
spacing of 0.32 nm in the cube-CeO, is consistent with the d
spacing of the (111) plane of cube-CeO,. Figure 1b shows the
XRD pattern of the cube-CeO, nanoparticles and Pt/cube-CeO,
nanocomposites. The as-prepared cube-CeO, nanoparticles
exhibit a series of characteristic peaks which correspond to a
typical cubic fluorite CeO, crystal phase (JCPDS No. 34-0394). In
comparison, an extra characteristic peak at 260 = 32.5° which is
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assigned to the (111) crystal plane of Pt nanoparticles appears in

the Pt/cube-CeO, nanocomposites, indicating that well-crystallized

Pt nanocrystals were successfully included in the nanocomposites.

Based on the above results, it can be concluded that the well-

defined Pt/cube-CeO, nanocomposites with superior dispersity and

high uniformity were successfully fabricated.

To validate the peroxidase-mimicking activity of Pt/cube-CeO,
nanocomposites, a typical colorimetric reaction was carried out with
TMB as a chromogenic substrate. The mechanism of this reaction is
schematically illustrated in Figure 2a. Specifically, in the presence of
H,0O,, Pt/cube-CeO, nanocomposites can simultaneously catalyze
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Figure 1. (a) TEM image of Pt/cube-CeO2 nanocomposites (b) XRD pattern of
the Pt/cube-CeO2 nanocomposites and cube-CeO: nanoparticles.

the degradation of H,O,to O, and the oxidation of TMB to oxTMB
which is a blue-colored product. An absence experiment was
performed to verify the necessary components for the catalytic
reaction as shown in Figure 2b. In the absence of Pt/cube-CeO,
nanocomposites or H,O,, the absorbance at 650 nm displays
negligible change and the reaction solution remains transparent and
clear, indicating that nanocomposites or H,O, alone cannot catalyze
the generation of oxTMB. On the other hand, when Pt/cube-CeO,
nanocomposites and H,O, were both present in the system, a strong
absorbance at 650 nm emerges and the color of the solution
immediately changes to blue, suggesting that TMB was oxidized to
oxTMB only in the synchronous presence of both nanocomposites
and H,O,. At the same time, time-dependent absorbance changes of
the three different systems were measured to record the reaction
process. As depicted in Figure S8, absorbance of the system with
only H,O, or Pt/cube-CeO, nanocomposites remains at the original
value over the whole reaction process, while absorbance of the
solution with nanocomposites and H,O, rapidly increases to a high
value at the initial 10 min and then slowly saturates after 25 min
reaction. As the reaction proceeds, UV-vis absorption spectra of the
solution containing nanocomposites and H,O, clearly reveals the
successively increase of absorbance (Figure 2c). To further confirm
the generality of catalytic activity of Pt/cube-CeO, nanocomposites,
another substrate 2,2‘-azino-bis(3-ehtylbenzothiazoline) (ABTS) was
used to test the catalytic activity of Pt/cube-CeO, nanocomposites
and similar results were obtained as shown in Figure S9. The
findings from all the experiments above demonstrate that Pt/cube-
CeO;, nanocomposites exhibit a peroxidase-mimicking behavior
toward typical peroxidase substrates.

In order to further investigate the peroxidase-like activity of
Pt/cube-CeO, nanocomposites, steady-state kinetics analysis was
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Figure 2. (a) Schematic drawing of TMB oxidation in the presence of H202
using Pt/cube-CeO2 hanocomposites as peroxidase-mimicking nanozymes. (b)
UV-vis absorption spectra of different reaction solutions with (1) Pt/cube-CeO:
nanocomposites and H202, (2) H202 only and (3) Pt/cube-CeO2
nanocomposites only. Insets are the corresponding photograph of different
reaction solutions. (c) Time-dependent UV-vis absorption spectra of the
catalytic system with TMB as substrate in the presence of both Pt/cube-CeO2
nanocomposites and H202.

performed using the enzyme kinetic model™®. In the kinetic assays,
the concentration of Pt/cube-CeO, nanocomposites used for TMB
oxidation was kept at 10 ug mL™t. As shown in Figure 97a, with
varied TMB concentration from 0.05 mM to 0.6 mM and fixed H,O,
concentration at 0.05 mM, the reaction catalyzed by Pt/cube-CeO,
nanocomposites shows a typical Michaelis-Menten kinetics!"®. A
similar result was observed when TMB concentration was fixed at
0.1 mM and H,0, concentration was varied from 0.05 mM to 0.5 mM
as depicted in Figure S10b. Then, the Michaelis-Menten curve of
TMB was fitted to Lineweaver-Burk plot“®4 as Figure S10c shows
and Lineweaver-Burk plot of H,O, was obtained in a similar way as
presented in Figure S10d. According to the plots, the Michaelis-
Menten constant (Kn) and the maximum reaction velocity (Vmax) Were
calculated to quantatively evaluate the catalytic activity of enzymes
as listed in Table S1. Here, Ky is recognized as an important
indicator to assess the affinity between nanozyme and substrates,
with a small K, value representing a strong affinity to substrates.
The K, value of Pt/cube-CeO, nanocomposites with H,O, as
substrate (0.21 mM) was much lower than that of horseradish
peroxidase (HRP, 3.70 mM). The K, value with TMB (0.26 mM) was
lower than that of HRP (0.43 mM). These results indicate that the
Pt/cube-CeO, nanocomposites exhibit strong binding affinity to
substrates. In addition, the Vmax Vvalue of Pt/cube-CeO,
nanocomposites with TMB as substrate was calculated as 1.47 1077
M s, which is found to be comparable to that of HRP (1.00 10~ M
s™1). A comparable Vma value (0.85 107 M s?) with H,O; as
substrate was also calculated compared to that of HRP (0.87 107 M
s7). The K, and Vmax Values of Pt/cube-CeO, nanocomposite were
also compared with other nanozymes. As listed in Table S2,
compared to most of other nanozymes, the K, values of Pt/cube-
CeO; nanocomposites were smaller, indicating that Pt/cube-CeO,
nanocomposites exhibit strong affinity to substrates. Besides, the
Vmax values of Pt/cube-CeO, nanocomposites are comparable to
other nanozymes. All the results above demonstrate that Pt/cube-
CeO, nanocomposites exhibit excellent catalytic activity.
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Next, the peroxidase-mimicking activities of Pt/cube-CeO,
nanocomposite, cube-CeO, nanoparticles and Pt nanoparticles were
investigated. As shown in Figure 3a, in the presence of TMB and
H,O,, the solution containing individual cube-CeO,-NH,
nanoparticles shows little color change as well as negligible
absorbance variation at 650 nm. A similar result was obtained in the
solution containing Pt nanoparticles. In addition, it was clearly
observed that the solution containing both cube-CeO, and Pt
nanoparticles also displays little absorbance variation and negligible
color change. In contrast, the system containing Pt/cube-CeO,
nanocomposites shows a remarkable absorbance variation and the
color of the reaction solution immediately changes to deep blue in a
short time. These findings demostrate that the designed Pt/cube-
CeO, nanocomposites exhibit improved catalytic activity.

In  the previous works, numerous noble metal-ceria
nanocomposites including Au/CeO,“3, Pt/CeO,* and Pd/CeO,?,
have been reported to exhibit enhanced catalytic activity. A lot of
experiments, characterizations and calculations“>*4 were carried
out to understand the interaction between noble metal and ceria,
which was proposed as metal-support interaction“’l, Recently,
Pt/ceria nanocomposite has been demonstrated to be a highly
efficient catalyst for carbon dioxide reforming of methane and the
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Figure 3. (a) UV-vis absorption spectra of different reaction solutions with (1)
(2) the mixture of Pt and cube-CeO:2

nanoparticles, (3) Pt nanoparticles alone, and (4) cube-CeO2 nanoparticles

Pt/cube-CeO2 nanocomposites,

alone as catalysts. Insets are the corresponding photographs of different
reaction solutions. (b) High-resolution XPS spectra of the Ce 3d for the cube-
Ce02-COOH nanoparticles, cube-CeO2-NH2 nanoparticles, and Pt/cube-CeO:
nanocomposites.

high activity of the Pt/ceria nanocomposite can be explained by a Pt-
support interaction.*! To be specific, Pt nanoparticles would cause a
change of the electronic states on the surface of CeO, nanoparticles
and thus contribute to a shorter distance between oxygen atom and
Pt atoms.*! Consequently, the oxygen atom is readily reduced, and
at the same time, Ce*" is easily transferred to the low oxidation state
of Ce®, resulting in an increased ratio of Ce®*/Ce* .l Besides,
previous reports?+4¢l have demonstrated that a higher Ce®*/Ce*
ratio is related to an enhanced peroxidase-mimicking activity of
ceria-based nanozymes. X-ray photoelectron spectra (XPS) was
recorded to analyze the surface Ce chemical states of different
nanoparticles including cube-CeO,-COOH, cube-CeO,-NH, and
Pt/cube-CeO,. As indicated in Figure 4b, the characteristic peaks of
Ce 3d XPS spectra are divided into two groups, Vo, V', Uy, U’ for
ce** and Vv, V' V", U, U, U" for Ce*. Then, the Ce®*/Ce* ratio of
cube-Ce0O,-COOH nanoparticles, cube-CeO,-NH, nanoparticles, and
Pt/cube-CeO, nanocomposites were calculated according to the
XPS spectra and the results are compared as presented in Table 1.
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From the table, it can be seen that among the three systems, the
Pt/cube-CeO, nanocomposites show the highest Ce®*/Ce*" ratio. On
the basis of these models and results, the enhanced peroxidase-
mimicking activity of Pt/cube-CeO, nanocomposites is probably
ascribed to the strong interaction between Pt and cube-CeO,. To
further explore the effect of Pt on the peroxidase-mimicking activity
of nanocomposites, the Pt/cube-CeO, nanocomposites with different
Pt contents were synthesized and their activities were compared. As
depicted in Figure S12, a remarkable increase of peroxidase-
mimicking activity is observed as the concentration of Pt precursor
solutions used for the synthesis of Pt/cube-CeO, nanocomposites
ranging from 19.3 uM to 145 puM. When the concentration of Pt
precursor solution increases to more than 145 uM, the catalytic
activity of nanocomposites gradually decreases. A previous work
has demonstrated that the aggregation of Pt nanoparticles can
reduce the effective reactive sites and lead to a decrease in catalytic
activity.*” Accordingly, the decreased catalytic activity in the case of
Pt/cube-CeO;, nanocomposites at high Pt content can be explained
by the aggregation of Pt nanoparticles. Based on the above results,
we can infer that Pt/cube-CeO, nanocomposites exhibit enhanced
peroxidase-mimicking activity due to strong metal-support interaction
and that the content of Pt has a significant impact on the catalytic
activity of Pt/cube-CeO, nanocomposites.

Table 1. The percentage of Ce®* and Ce** in the cube-CeO2-COOH, cube-
CeO2-NHg, Pt/cube-CeO..

Ce3* [ (Ce® + Ce™) (%) Ce*/ (Ce® + Ce™) (%)

cube-Ce0,-COOH  20.1 79.9
cube-CeO2-NH2 25.2 74.8
Pt/cube-CeO:2 28.9 71.1

Stability is one of the most important properties for catalysts.“8
Due to their protein or RNA nature, natural enzymes are easy of
inactivation in surrounding environments and suffer from poor
stability.[* The insufficient stability of natural enzyme not only limits
the lifetime of enzyme-based biosensors and bioreactors,® but also
leads to high cost in production and storage of enzymes.®%
Therefore, a catalyst with high stability and a long shelf life is of
great importance. To evaluate the stability of Pt/cube-CeO,
nanocomposite, the long-term stability and reusability were
investigated. To investigate the long-term stability, the Pt/cube-CeO,
nanocomposite was kept at room temperature and its catalytic
activity was measured during a two-week period as presented in
Figure 4a. It can be observed that after two weeks, Pt/cube-CeO,
nanocomposites exhibit only a slight decrease in catalytic activity,
indicating that the Pt/cube-CeO, nanocomposite is easy to storage
and possess excellent long-term stability. In addition, the Pt/cube-
CeO; nanocomposites were collected by centrifugation after each
reaction, washed with water twice and redispersed into water for
reuse. The peroxidase-mimicking activity of each cycle was
measured as presented in Figure 4b. After 6 cycles, the catalytic
activity of the nanocomposites remained over 90% with only a little
decrease. The slight decay in activity may be ascribed to the loss of
nanocomposites during centrifugation. According to the above
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investigations, the Pt/cube-CeO, nanocomposites display excellent
long-term stability as well as high reusability, and hold great promise
in practical applications.
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Figure 4. Catalytic activity of the Pt/cube-CeO. nanocomposites with (a)
different storage time and (b) different cycle numbers.

The as-synthesized Pt/cube-CeO, nanocomposites were used to
construct biosensors for colorimetric detection of H,O, and glucose.
H,O; is an important signalling molecule and is involved in a variety
of vital processes such as inflammation, immune and
tumorigenesis.® Based on the peroxidase-mimicking properties of
Pt/cube-CeO, nanocomposites, the quantitative determination of
H,O, using the nanocomposites is demonstrated as Figure 5
presents. Figure 5a depicts the UV-vis absorption spectra of the
reaction solutions with different concentrations of H,O,. As the H,0,
concentration increases, the absorbance of the reaction solutions
shows a successively increase. Meanwhile, color of the solution with
different H,O, concentration changes from colorless to deep blue
due to the amplified TMB oxidation (Figure S13), indicating that this
biosensor based on Pt/cube-CeO, nanocomposites can be
successfully used for visual determination of H,O,. Furthermore,
absorbance at 650 nm as a function of H,O, concentration is plotted
in Figure 5b and the inset shows the initial linear response of the
biosensor. According to the curve, it can be calculated that the limit
of detection (LOD) for H,O, was as low as 10.7 uM. All the above
results suggest that the Pt/cube-CeO, nanocomposites can be used
to construct sensitive biosensors for colorimetric detection of H,O,.
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Figure 5. (a) UV-vis absorption spectra of the reaction systems with the
Pt/cube-CeO2 nanocomposites-based biosensor for the detection of H202. The
H20:2 concentration was 0, 25, 50, 75, 100, 200, 300, 400, 500, 600, 700, and
800 uM. (b) Absorbance at 650 nm as a function of H202 concentration. Inset
is the initial linear response of the Pt/cube-CeO: nanocomposites-based
biosensor.

Glucose is the most important energy source in biosystems and
the fluctuation of glucose concentration is often associated with
many diseases such as diabetes, cancer, and neurological
disorders.®? Based on the fact that the Pt/cube-CeO,
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nanocomposites exhibit superior activity for the detection of H,O,, a
colorimetric  glucose biosensor based on Pt/cube-CeO;
nanocomposites was developed. The design principle of glucose
biosensor is outlined in Figure 6a. Specifically, the glucose oxidase
catalyzes the oxidation of glucose to generate H,O, in the presence
of dissolved O, As the H,O, forms, the Pt/cube-CeO,
nanocomposites can subsequently catalyze the oxidation of TMB to
oxXTMB. The formed oxTMB can produce a strong absorbance at
650 nm as Figure 6b shows. The absorbance of the reaction solution
exhibits an obvious increase with the increase of glucose
concentration, which is consistent with the absorption variations in
Figure S14. As depicted in the inset of Figure 6b, it can be observed
that the linear response is in the range of 0 to 100 uM, and the
calculated LOD is 4.1 uM. At the same time, the corresponding
photographs of the reaction solutions with different glucose
concentrations were presented in Figure S15. It can be clearly seen
that the colour of the solution changes from colourless to light blue
and then gradually turns deep blue with the increase of glucose
concentration, indicating that the glucose can be directly read out by
naked eyes. Furthermore, the selectivity of the Pt/cube-CeO;
nanocomposites-based biosensor was investigated. As indicated in
Figure 6c, the introduction of glucose analogues such as fructose,
mannose, galactose, sucrose and maltose with a high concentration
of 1 mM into the reaction system just generate a negligible
absorption variation. On the contrast, the reaction system with
glucose results in a considerable absorbance variation even with a
much lower concentration, demonstrating that the Pt/cube-CeO,
nanocomposites-based biosensor exhibits high selectivity towards
glucose. These results indicated that the Pt/cube-CeO,
nanocomposites can be utilized to construct biosensors for the
colorimetric detection of H,O, and glucose with good sensitivity and
selectivity.

a gluconic H,0,
acid -
¥ 1 \
glucose/ & o,
+ glucose oxidase #§ Pt/cube-CeO,
Do 5 Cc
: . {iie ,70'3 (1) glucose  (2) fructose
- i E]
:0'2 5 g% 1 s (3) mannose (4) galactose
- . 4014 £0.2
H o~ £0.12 t H (5) sucrose  (6) maltose
0014 " : P
291, 2 0.10 2
< < <
“T 0 25 50 75 100 0.1
0.0 s M,
0 0 iy M @ & @ 6 ©

glucose

Figure 6. (a) Schematic drawing for the detection of glucose using the
Pt/cube-CeO2 nanocomposites-based biosensor. (b) Absorbance at 650 nm as
a function of glucose concentration. The concentration of glucose solution was
0, 25, 50, 75, 100, 200, 300, 400, 500, 600, 700, 800, and 900 uM. Inset is the
initial response of the Pt/cube-CeO2 nanocomposites-based biosensor. (c)
Selectivity assays for glucose detection. The concentrations of glucose,
fructose, mannose, galactose, sucrose and maltose are all kept at 1 mM.

Conclusions
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In conclusion, we designed a high-performance peroxidase-
mimicking nanozyme based on Pt/cube-CeO, nanostructure.
Compared to pure cube-CeO, and Pt nanopatrticles, the Pt/cube-
CeO, nanocomposite exhibits a higher catalytic efficiency because
of the metal-support effect between cube-CeO, and Pt nanoparticles.
In addition, this nanocomposite possesses good long-term stability
and reusability. Based on these excellent properties, Pt/cube-CeO,
nanocomposite-based biosensors were constructed and used for the
sensitive and selective colorimetric detection of metabolites including
H>O, and glucose. This nanocomposite provides a new strategy to
construct high-efficiency peroxidase-mimicking nanozymes based on
the metal-support effect for applications in medical diagnostic and
therapy.

Experimental Section

Chemicals

Oleic acid (OA), oleylamine (OM, 80% ~ 90%), cyclohexane (>99%),
ethanol (AR), dimethyl sulfoxide (DMSO, AR), sodium dodecyl sulfate
(SDS), chroloplatinic acid (H2PtCls*6H20, AR), sodium chloride (>99.8%),
sodium acetate (>99%), acetic acid (>99.5%), sodium hydroxide (>96%),
ethylene glycol (>99%), hydrogen peroxide (H202, 30 %) and 3, 3', 5, 5-
tetramethylbenzidine (TMB, >99%) were purchased from Sinopharm
Chemical Reagent Co. (China). Ammonium cerium
((NH4)2Ce(NO3)s, >99%), glucose oxidase (GOx), horseradish
peroxidase (HRP), 2,2-azino-bis(3-ehtylbenzothiazoline) (ABTS) and
polyethyleneimine (PEI) were purchased from Sigma Aldrich.

nitrate

Synthesis of cube-CeO,-COOH nanoparticles

Oleic acid capped cube-CeO: (designated as cube-CeO2-COOH)
nanoparticles were synthesized according to a previously reported
method.% Briefly, 0.5482 g of (NH4)2Ce(NOz3)s and 9.7 mL of oleylamine
were added into a flask and heated to 110 °C with vigorous stirring. Then,
3.2 mL of oleic acid was added to the above transparent solution under
stirring at room temperature. Next, the mixed solution was transferred to
a Teflon bottle containing 50 mL water and 0.0136 g sodium dodecyl
sulfate (SDS). After stirring at room temperature for 30 min, the resultant
slurry was transferred into a steel autoclave. Subsequently, the system
was heated to 220 °C and kept for 24 h. After cooling to room
temperature, the obtained products were separated by centrifugation,
and then purified by washing with cyclohexane and ethanol for three
times.

Preparation of cube-CeO,-PEI nanoparticles

5 mg of cube-CeO2-COOH nanoparticles were dispersed into 20 mL of
dimethyl sulfoxide (DMSO) through ultrasonic treatment and then heated
to 95 °C. Subsequently, 10 mL of DMSO with 0.1 g polyethyleneimine
(PEI) was added into the slurry and kept at 95 °C for 4 h. After cooling
down to room temperature, the as-obtained PEl-functionalized cube-
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CeO2 (designated as cube-CeO2-NHz) nanoparticles were obtained by
centrifugation and washed with deionized water for three times.

Synthesis of Pt/cube-CeO, nanocomposites

The as-prepared cube-CeO2-NHz nanoparticles were redispersed into 2
mL deionized water and 22.5 mL ethylene glycol with ultrasonic for 15
min. Subsequently, the H2PtCls solution (19.3 mM) with different volumes
of 25 ulL, 50 pL, 75 pL and 100 uL were separately added into the above
mixture solution under ultrasonic to give Pt/cube-CeO2 nanocomposites
with different Pt contents. The resultant solution was then transferred into
a three-necked bottle, followed by addition of 100 uL of NaOH solution
(0.07 g mL™1) under stirring. Different volume of water was added into the
solution to keep the total volume at 25 mL. Subsequently, the mixture
was heated to 140 °C and refluxed for 2.5 h. Finally, the nanocomposites
were recovered by centrifugation and washed with water for three times.
SiO2 nanoparticles were synthesized according to a previously reported
method®3l, Briefly, CTAB (1 g) and NaOH aqueous solution (2 M, 3.50
mL) were added into a bottle containing 480 mL water. Next, the mixture
was heated to 85 °C and TEOS (22.4 mmol, 5 mL) was added, followed
by stirring for 2 h. The solid product was filtered and washed with
methanol. For -NH2 modification, 25 mg SiO2 was dispersed in 25 mL
isopropyl alcohol and heated to 85 °C, followed by the addition of 100 uL
3-aminopropyltriethoxysilane. Finally, SiO2—NH2
obtained after reaction for 6 h. Pt/SiO2 was synthesized in a similar way
to the fabrication of Pt/cube-CeO2 nanocomposites.

nanoparticles were

Peroxidase-like catalytic activity of Pt/cube-CeO, nanocomposites

Typically, the peroxidase-like catalytic reaction based on Pt/cube-CeO2
nanocomposites was carried out at 25 °C with 100 uL of 0.1 mg mL=%
Pt/cube-CeO2 nanocomposites, 50 uL of 1 mM 3, 3, 5, 5-
tetramethylbenzidine (TMB) and 100 pL of 1 mM H202 successively
added into 750 uL of acetate buffer (0.05 M, pH = 4.0), unless otherwise
stated. The absorbance at 650 nm after 30 min reaction or the
absorbance variation at 650 nm within 25 min was measured by a UV-vis
spectrophotometer.

Steady-state kinetic analysis of Pt/cube-CeO, nanocomposites

All the kinetic assays were conducted at room temperature in a UV-vis
cell. Specifically, 750 pL of acetate buffer (0.05 M, pH = 4.0) and 100 pL
of 0.1 mg mL™? c-CeO2/Pt nanocomposites were mixed into the cell
followed by addition of 50 uL of TMB and 100 pL of H202 with certain
concentrations. After addition of substrates, the absorbance changes at
650 nm were immediately measured with an interval of 5 seconds for 3
min. The assays using TMB as substrate were conducted with fixed H202
concentration of 1 mM and varied TMB concentration from 1 mM to 12
mM. Kinetic analysis with H>O2 as substrate was carried out in a similar
way as TMB by fixing TMB concentration at 1 mM and varying H202
concentration from 0.5 mM to 5 mM. The kinetic parameters were
calculated from Michaelis-Menten equation: 1/V = Kn / Vmax(1/[S] +
1/Kn), where V represents the initial rate, K, is the Michaelis
constant, Vmax corresponds to the maximal reaction velocity and [S]
is the concentration of substrate.
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Detection of H,O, and glucose

For H202 detection, 750 pL of acetate buffer (0.05 M, pH = 4.0) solution,
50 ub of 1 mM TMB and 100 uL of 0.1 mg mL™?' c-CeO/Pt
nanocomposites were mixed in a tube followed by addition of 100 uL
H202 solution with a certain concentration. After 30 min reaction, the
absorbance of the reaction solution at 650 nm was measured by a UV-vis
spectrophotometer. Glucose detection was carried out as follows: 20 pL
of 1000 U mL™ glucose oxidase, 100 pL of 0.1 mg mL™* c-CeOa/Pt
nanocomposites, 50 uL of 1 mM TMB and 530 pL of acetate buffer (0.05
M, pH = 4.0) were thoroughly mixed in a tube. Then, 300 uL glucose
solution with a certain concentration was added into the mixed solution
and reacted for 1 h. Then, the absorbance at 650 nm was measured to
quantify the glucose concentration.
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A novel peroxidase-mimicking
nanozyme with enhanced activity and
excellent stability was created by
adopting a structural design approach
through hybridization of cube-CeO,
and Pt nanoparticles. This nanozyme
can be used to construct high-
performance colorimetric biosensors
for the sensitive detection of
metabolites including H;0, and
glucose, holding great promise in
diaanostics and biomedicine.
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