
Analyst

PAPER

Cite this: Analyst, 2017, 142, 2500

Received 8th April 2017,
Accepted 24th May 2017

DOI: 10.1039/c7an00589j

rsc.li/analyst

Excellent peroxidase mimicking property of
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Due to low cost and high stability, the applications of inorganic nanomaterials as efficient alternatives to

natural enzymes are drawing much attention. In this work, novel CuO/Pt nanocomposites with high per-

oxidase-like activity were designed and applied for the colorimetric detection of ascorbic acid (AA). The

nanocomposites were prepared by decorating Pt NPs on the surface of CuO nanosheets, which displayed

good uniformity and showed improved distribution and stability. The catalytic activity of the prepared

CuO/Pt nanocomposites was tested against various chromogenic substrates in the presence of H2O2,

which displayed efficient peroxidase-like activity and high catalytic stability against temperature. The cata-

lytic mechanism of the CuO/Pt nanocomposites was investigated by hydroxyl radical detection. The per-

oxidase-like activity decreased significantly in the presence of AA. On the basis of the inhibition property,

a colorimetric biosensor was constructed by using the CuO/Pt nanocomposites for the detection of AA. It

showed a high selectivity against amino acids, carbohydrates and normal ions. Thus, this work provides

new insights into the application of inorganic nanocomposite-based nanozymes in the biosensing field.

1. Introduction

As a type of biological catalyst, enzymes are present in all
organisms and involved in almost all reactions in vivo with
high efficiency and specificity.1,2 However, the secondary, ter-
tiary, and quaternary structures of enzymes can be easily
damaged by high temperature or chemical denaturants, which
leads to a decrease or the loss of catalytic activity. Moreover,
enzyme applications are also restricted by difficult preparation,
high purification cost, and critical storage conditions.
Therefore, it is more desirable to develop stable and efficient
enzyme mimics for various applications.3–5 The advances in
nanoscience and nanotechnology have provided a new insight
into the design and fabrication of enzyme mimics.

Inorganic nanomaterials as enzyme mimics have received
increasing attention because of their several distinct pro-
perties, such as the abundance of reactive groups for further

functionalization and more catalytic sites on their surfaces.
Iron magnetic nanoparticles were first discovered with an
intrinsic peroxidase-like activity similar to horseradish peroxi-
dase (HRP).6 Since the report, the design of functional nano-
materials with enzyme-like catalytic activity has attracted
extensive attention.7–15 Various nanomaterials, such as FeS
nanoparticles,16 V2O5 nanowires,17 and Pt nanoparticles,18

have been discovered with peroxidase-like activity. Cu species
have a similar Fenton reactivity to Fe species, which is found
to be associated with the peroxidase-like activity of Fe-based
nanoparticles.19 In addition, Cu is one of the cheapest metals
and a precursor for copper oxides and metal-based nano-
materials. Furthermore, cupric oxide (CuO), a p-type semi-
conductor with a narrow band gap (1.2 eV), has been widely
studied and applied in catalysis,20 high temperature supercon-
ductors,21 solar cells22 and sensors.23 The peroxidase-like
activity of Cu-based nanomaterials has been studied.24,25 Xia’s
group reported that CuO nanoparticles exhibited good peroxi-
dase-like activity.26 Thus, it is desirable to explore the enzy-
matic activity of CuO based nanomaterials.

Pt nanoparticles are one of the most important catalysts
due to their excellent catalytic activity.27 However, the catalytic
activity of Pt nanoparticles is easily affected by the aggregation
or the presence of capping agents. Two-dimensional (2D)
layered materials like graphene or few-layer molybdenum di-
sulfide (MoS2) nanosheets, which have abundant active edges
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and large surface areas, can provide support sites to load
nanoparticles. Dong et al. synthesized graphene oxide–Fe3O4

magenetic nanocomposites with stable peroxidase-like
activity.28 However, to our knowledge, there are few reports
focusing on the peroxidase-like activity of CuO/Pt nano-
composites and their application as biosensors.

Ascorbic acid (AA) is the main biological form of vitamin C,
which participates in many biochemical functions as a cofac-
tor for several enzymes.29,30 Various methods have been devel-
oped for the detection of AA in recent years, including electro-
chemical,31 spectrophotometric,32 chromatographic,33 and
colorimetric methods. Due to its simplicity, rapidity, and low-
cost, the colorimetric assay observed by the naked eyes has
drawn increasing attention. On the basis of the antioxidant
properties of AA, nano-peroxidase-based sensors are appealing
for the detection of AA.34

Herein, we report a facile method to synthesize CuO/Pt
nanocomposites as peroxidase mimics for the colorimetric
detection of AA. Pt nanoparticles were well-dispersed on the
surface of CuO nanosheets with high stability. The peroxidase-
like activity of CuO/Pt was then confirmed with 3,3′,5,5′-tetra-
methylbenzidine (TMB), o-phenylenediamine (OPD) and 2,2′-
azinobis(3-ethylbenzo-thiazoline-6-sulfonic acid) diammonium
salt (ABTS) as chromogenic substrates. The reaction kinetics
showed that CuO/Pt exhibited excellent peroxidase-like activity
in comparison with HRP. On the basis of the antioxidant pro-
perties of AA, a fast and sensitive colorimetric method for AA
detection was developed. This work explores a new CuO
nanosheet-based peroxidase mimic with high catalytic activity
for biosensing applications.

2. Materials and methods
2.1 Materials

Copper(II) chloride dihydrate (CuCl2·2H2O), hexadecyltrimethyl
ammonium bromide (CTAB) and o-phenylenediamine (OPD)
were purchased from Alfa Aesar. 3,3′,5,5′-Tetramethylbenzidine
(TMB) was bought from Acros. Chloroplatinic acid hexahydrate
(H2PtCl6·6H2O) and 2,2′-azinobis(3-ethylbenzo-thiazoline-6-sul-
fonic acid) diammonium salt (ABTS) were obtained from J&K
Scientific Ltd (Beijing, China). Terephthalic acid was bought
from Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). H2O2 was provided by Beijing Chemical Works
(Beijing, China).

Other reagents and chemicals were at least analytical
reagent grade. Ultrapure water was obtained by using a Milli-Q
ultrapure system (18 MΩ cm).

2.2 Preparation of CuO nanosheets

CuO nanosheets were prepared via a hydrothermal method.
Briefly, 0.5 g CuCl2·2H2O and 0.5 g CTAB were dissolved and
mixed with 15 mL ultrapure water. Then, 1 mL (0.3 g mL−1)
sodium hydroxide (NaOH) aqueous solution was added into
the mixture under vigorous stirring. Finally, the mixture was
transferred to a 20 mL Teflon-lined stainless-steel autoclave

and heated at 120 °C for 6 h. After being cooled to room temp-
erature, the obtained materials were separated by centrifu-
gation at 8000 rpm for 10 min, then washed with ultrapure
water twice, and finally dispersed into ultrapure water.

2.3 Preparation of CuO/Pt nanocomposites

660 μL CuO nanosheet solution (170 mg L−1) was dispersed in
2.34 mL water and sonicated for 10 min. 23.5 μL H2PtCl6·6H2O
aqueous solution (19.3 mM) was added. The mixture was
stirred in an ice-water bath for 15 min. Then NaBH4 (4.8 mM,
1 mL) aqueous solution was added into the mixture dropwise
under vigorous stirring. After 2 h stirring, the resulting solu-
tion was centrifuged and washed three times. The obtained
precipitate was re-dispersed in water before further characteriz-
ation and application.

2.4 Characterization

Transmission electron microscopy (TEM) images were col-
lected by using a transmission electron microscope (FEI
Tecnai G2 20 S-TWIN). The analysis of the powder X-ray diffrac-
tion (XRD) spectrum was carried out on a D8 Advance X-ray
diffractometer (Bruker, Germany). X-ray photoelectron spectra
(XPS) were recorded by using an X-ray photoelectron spectro-
meter (Thermo Fisher ESCALAB 250Xi). The composition of
the products was measured by using an energy dispersive
spectra (EDS) detector.

2.5 Peroxidase-like catalytic activity evaluation

The peroxidase-like activity of CuO/Pt was assessed by the cata-
lytic oxidation of TMB as the peroxidase substrate in the
presence of H2O2. The reaction was carried out at room temp-
erature in sodium acetate (NaOAC) buffer (0.2 M, pH = 4) using
2.5 μg CuO/Pt and H2O2 (1 mM) in the presence of
TMB (1 mM), and the total reaction volume was 500 μL. The
oxidation of TMB was evaluated by obtaining the absorption
spectra at 652 nm using a UV-Vis spectrophotometer
(PerkinElmer Lambda 950). The kinetic analysis of the per-
oxidase-like activity was performed at 40 °C with 4 μg CuO/Pt
in NaOAC buffer (pH = 4.6) in the system of CuO/Pt–H2O2–

TMB. The assay was carried out by varying the concentration
of TMB with a constant concentration of H2O2 (5 mM) or
varying the concentration of H2O2 with a constant TMB
concentration (1 mM). The concentration of the oxidized TMB
was quantified by using a molar absorption coefficient of ε =
39 000 M−1 cm−1. The Michaelis–Menten constant was
obtained based on the Lineweaver–Burk plots of the double
reciprocal of the Michaelis–Menten equation:

1
υ
¼ Km

υm

1
½S� þ

1
Km

� �

where υ is the initial velocity, υm represents the maximal reac-
tion velocity, [S] is the concentration of the substrate and Km is
the Michaelis constant.
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2.6 The investigation of catalytic reaction mechanism

To investigate the catalytic reaction mechanism, ·OH was
evaluated by using terephthalic acid (TA) as a fluorescence
probe in the CuO/Pt–H2O2 system, which was widely used for
the detection of ·OH. 4 μg CuO/Pt and H2O2 (5 mM) were
mixed at 40 °C in a total volume of 500 μL. TA (5 mM) solution
was added and reacted for 30 min. The fluorescence spectrum
was obtained by using a fluorescence spectrophotometer
(PerkinElmer Lambda 950).

2.7 Colorimetric detection of ascorbic acid (AA)

The detection system was kept at a total volume of 500 μL.
H2O2 (2 mM) and AA with different concentrations were mixed
in NaOAC solution (0.2 M, pH = 4.6). Then, 3 μg CuO/Pt and
TMB (1 mM) were added to the reaction system. The absorp-
tion spectra were obtained after 20 min of the reaction at
40 °C.

3. Results and discussion
3.1 Characterization of CuO/Pt nanocomposites

A schematic illustration of the synthesis of CuO/Pt nano-
composites is given in Fig. 1A. CuO nanosheets were first pre-
pared via a hydrothermal synthesis method. The as-prepared
CuO sheets could provide abundant anchor sites for Pt nano-
particles and could facilitate the formation of uniform Pt
nanoparticles. Then, Pt nanoparticles were synthesized by
NaBH4 reduction using the CuO nanosheets as templates.
Fig. 1B shows the catalytic properties of the CuO/Pt nano-
composites with TMB oxidation as a model reaction. A typical
absorbance and a deep blue color could be observed, when
TMB molecules were co-treated with CuO/Pt and H2O2.
However, when AA was added, the oxidation of TMB was inhi-
bited and the solution displayed a light blue colour. Moreover,

the solution containing CuO/Pt and AA had no clear absor-
bance at 652 nm. Therefore, the nanocomposites with high
peroxidase-like catalytic activity can be used for the detection
of AA by a colorimetric method.

The morphology of the CuO/Pt nanocomposites was
studied by using a transmission electron microscope (TEM).
As shown in Fig. 2A, CuO exhibited a typical nanosheet struc-
ture with a smooth surface, and lots of homogeneous Pt nano-
particles were well formed on the surface of the CuO
nanosheets. The average size of the Pt nanoparticles was less
than 20 nm. The corresponding images of CuO nanosheets
and Pt nanoparticles are shown in Fig. S1 and S2.† The syn-
thesized CuO nanosheets were up to 2 μm in length and
several tens of nm in width. The crystal structure of CuO/Pt
was determined by X-ray diffraction (XRD) (Fig. 2B). The main
diffraction peaks at 34.5°, 48.2°, 53.5° and 58.3° could be
indexed to the (11−1), (20−2), (020) and (202) planes of CuO,
and the peaks at 39.6° and 67.2° to the (111) and (220) planes
of Pt. Energy dispersive X-ray spectroscopy (EDS) was per-
formed for the elemental analysis of the CuO/Pt nano-
composites. From Fig. 2C, we can see the Cu, Pt and O signals
of the sample. To further analyze the nature of the CuO/Pt
nanocomposites, X-ray photo electron spectroscopy (XPS) was
performed. In Fig. 2D and Fig. S3,† the peaks corresponding
to Cu (2p3/2), Cu (2p1/2), O (1s), Pt (4f5/2) and Pt (4f7/2) could be
seen in the spectra. The existence of satellite peaks in the
spectra further confirmed that Cu existed in the sample as
Cu2+.24 The survey spectrum revealed that Cu, Pt and O were
present in the sample, which was consistent with the EDS ana-
lysis results. As shown in Fig. S4,† the zeta potentials of CuO
nanosheets, Pt nanoparticles and CuO/Pt composites were
10.5 eV, −21.9 eV and −7.93 eV, respectively. The Pt nano-
particles could anchor on the surface of the CuO nanosheets
through the electrostatic force. The above results indicated
that the Pt nanoparticles were successfully fabricated on the
surface of the CuO nanosheets.

3.2 Peroxidase-like catalytic activity of CuO/Pt
nanocomposites

As classical chromogenic substrates, 3,3′,5,5′-tetramethyl-
benzidine (TMB), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic-
acid) (ABTS) and o-phenylenediamine (OPD) were selected
to investigate the peroxidase-like activity of the CuO/Pt nano-
composites in the presence of H2O2. As seen in Fig. 3A, all the
three substrates were colorless; however, they displayed a
typical color change upon the addition of CuO/Pt nano-
composites and H2O2. The TMB solution exhibited a deep blue
color, the ABTS solution showed a green color and the OPD
solution revealed a bright yellow color. The color changes indi-
cated that the CuO/Pt exhibited the peroxidase-like activity.
The enzymatic activities of CuO, Pt and CuO/Pt were further
compared using TMB as a model substrate; H2O2 and buffer
were applied as positive and negative controls, respectively, as
shown in Fig. 3B. The CuO/Pt nanocomposites displayed the
highest absorbance at 652 nm indicating the improved peroxi-
dase-like catalytic activity. All materials were stable in solution

Fig. 1 Schematic illustration of (A) the synthesis of CuO/Pt nano-
composites and (B) CuO/Pt as peroxidase mimics with excellent peroxi-
dase-like activity for highly selective colorimetric detection of ascorbic
acid.
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at pH 4.5 (Fig. S5†), and the corresponding color changes of
oxidized TMB are also shown in Fig. S6.† The highest enzyme
mimicking activities can be ascribed to the synergistic effects
of both the active sites of the Pt nanoparticles and the large
surface area of the CuO nanosheets.

To optimize the catalytic reaction conditions, we further
investigated the absorbance changes of the oxidized TMB with
several important parameters, including pH, temperature and
concentrations of CuO/Pt and H2O2 during the oxidation
process of TMB (Fig. 4). The effects of pH and temperature
were measured by varying the pH from 2 to 10 and the reaction
temperature from 0 to 90 °C (Fig. 4A and B). The catalytic
activities still remained high and stable when the reaction
temperature was increased to 90 °C. The optimal conditions
for the catalytic activities are a pH close to 4.6 and a tempera-
ture about 40 °C, respectively. Under the optimal conditions,
the peroxidase activity was enhanced directly with the increas-
ing concentration of H2O2 (Fig. 4C). Furthermore, a linear
relationship was obtained between the absorbance of oxidized
TMB and the CuO/Pt concentration at a constant concen-
tration of H2O2, which suggested that the peroxidase mimick-
ing activity was of first-order activity with respect to the CuO/Pt
nanocomposites (Fig. 4D). The kinetics of the absorbance
changes of oxidized TMB at 652 nm at different concentrations
of the CuO/Pt nanocomposites are also shown (Fig. S7†).

The kinetic analysis of the CuO/Pt nanocomposites as a per-
oxidase mimic was further investigated using apparent steady-
state kinetic experiments for the oxidation of TMB in the pres-

ence of H2O2. The kinetic data were obtained by using a series
of TMB concentrations at a constant H2O2 concentration and
vice versa (Fig. S8A and S8B†). The catalytic performance was
fitted for the typical Michaelis–Menten model.6 The
Michaelis–Menten constant (Km) and the maximum initial
velocity (υmax) were obtained from the Lineweaver–Burk double
reciprocal plots, which showed a good linear relationship
between υ−1 and [S]−1 (Fig. S8C and S8D†).

It is known that Km and υmax are two crucial parameters to
quantify the catalytic capacity of enzymes.6 Km represents the
affinity of an enzyme to its substrate. The smaller the Km

values, the higher the affinity. υmax indicates the reaction
activity when an enzyme is saturated with the substrate. The
apparent Km and Vmax values of CuO/Pt and HRP are listed in
Table S1.† The Km value of CuO/Pt with TMB as a substrate is
smaller than that of HRP. A similar phenomenon is observed
for H2O2 as a substrate when the results of CuO/Pt and HRP
are compared. These results demonstrate that a lower concen-
tration of TMB or H2O2 is required for CuO/Pt than HRP to
achieve maximum activity. Moreover, the υmax value of CuO/Pt
with either TMB or H2O2 as a substrate is slightly better than
that of HRP. Furthermore, the mechanism of the CuO/Pt per-
oxidase-like activity was investigated. It was assumed that
CuO/Pt could decompose H2O2 and generate hydroxyl radicals,
which could oxidize the substrate molecule. As a fluorescence
probe to capture the hydroxyl radicals generated from the reac-
tion, terephthalic acid (TA) was selected to evaluate the pro-
duction of hydroxyl radicals during the reaction progress of

Fig. 2 (A) TEM image, (B) XRD pattern, (C) EDS spectrum, and (D) XPS full survey spectrum of the CuO/Pt nanocomposites.
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CuO/Pt–H2O2.
2,35 TA itself is nonfluorescent, but it can easily

react with the hydroxyl radicals to generate highly fluorescent
2-hydroxy terephthalic acid, which emits unique fluorescence
around 435 nm. As shown in Fig. S9,† the remarkable
enhancement of the fluorescence intensity was the evidence
for the production of hydroxyl radicals by CuO/Pt in the pres-
ence of H2O2. The rise in fluorescence intensity was significant
when compared with CuO/Pt in the absence of H2O2 or H2O2

alone. The results were consistent with the peroxidase-like
activity of the CuO/Pt nanocomposites. The possible catalytic
mechanism of the CuO/Pt nanocomposites might be ascribed
to the generation of hydroxide radicals as shown in Fig. S10.†

3.3 Colorimetric detection of ascorbic acid

It is known that antioxidants can quench free radicals and
inhibit their oxidation process. Among the radicals, hydroxyl
radicals are known to be highly reactive species that rapidly
oxidize the colorimetric substrate, such as TMB, during the
H2O2-mediated oxidation reaction. Based on their peroxidase-
like properties, CuO/Pt nanocomposites can be explored to
detect antioxidants. Ascorbic acid (AA) is a well-known anti-
oxidant and a form of vitamin C. In the current work, a colori-
metric method was developed to detect AA, by using CuO/Pt
nanocomposites.32 CuO/Pt nanocomposites displayed peroxi-
dase-like activity by generating hydroxyl radicals during the
reaction process, which made it possible to detect AA. As
shown in Fig. S11,† in the presence of H2O2, a typical absor-
bance and a deep blue color were observed with CuO/Pt and
TMB in the solution. When AA was added, the oxidation of
TMB was inhibited and the solution displayed a light blue
color. Moreover, the solution containing CuO/Pt and AA did
not show clear absorbance at 652 nm.

Therefore, a colorimetric method for the detection of AA
was developed. Fig. 5A shows the absorbance of oxidized TMB
responding to various concentrations of AA. In the presence of
H2O2, the typical absorption peaks and a deep blue color of
oxidized TMB could be observed for the solution containing
CuO/Pt nanocomposites and TMB. Upon the introduction of
both H2O2 and AA, the absorbance of the solution at 652 nm
decreased. When the concentration of AA increased, the
corresponding solution color changed from deep blue to color-
less as shown in the inset of Fig. 5A. Therefore, AA-induced
absorbance changes could be observed by the naked eyes. The
corresponding absorbance changes versus concentrations of
AA are presented (Fig. 5B). The absorbance changes displayed
a good linear range from 1 μM to 0.6 mM. The limit of detec-
tion was estimated to be 0.796 μM (signal/noise = 3).
Compared with other nanostructure-based detection methods
for AA, the proposed colorimetric method not only showed a
very comparable detection limit, but also provided a way to
directly see AA-induced absorbance changes by the naked eyes.
Furthermore, the detection method possessed the advantages
of simple and low-cost detection procedures.36 The kinetics of
the absorbance changes of oxidized TMB at 652 nm were also
shown in the system of CuO/Pt–H2O2–TMB with the addition
of AA with different concentrations (Fig. S12†). The mechan-

Fig. 4 Dependence of the peroxidase-like activity of CuO/Pt on (A) pH,
(B) temperature, (C) H2O2 concentration and (D) CuO/Pt nanocomposite
concentration.

Fig. 3 (A) Color evolution of TMB, OPD and ABTS oxidation upon the
addition of the CuO/Pt nanocomposites in the presence of H2O2. (B) UV-Vis
absorption spectra of oxidized TMB treated with different samples.
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ism for the evaluation of the AA behavior can be understood.
The hydroxyl radicals generated by H2O2 catalyzed by the CuO/
Pt nanocomposites were quenched by AA, which led to the
suppression of the TMB oxidation and resulted in a decrease
of the absorbance at 652 nm (Fig. S13†).

The selectivity for AA detection was further investigated
against amino acids, carbohydrates and normal ions in the
system of CuO/Pt–H2O2–TMB. Fig. 6 shows the absorbance at
652 nm upon the addition of AA and other inferential sub-
strates at the same concentration. Only the addition of AA
caused the decrease in absorbance at 652 nm. Compared to
the absorbance change with the addition of AA, no obvious
inhibition effects were observed after the system was treated
with inferential substrates alone. Therefore, the colorimetric
assay based on CuO/Pt–H2O2–TMB in this study appears to be
a useful method for AA detection.

4. Conclusions

In summary, we reported that CuO/Pt nanocomposites exhibi-
ted peroxidase-like activity against typical chromogenic sub-
strates (TMB, OPD, and ABTS) in the presence of H2O2. The
peroxidase-like activity was optimized by adjusting pH, temp-
erature, H2O2 and CuO/Pt concentrations. The peroxidase-like
activity behavior of CuO/Pt showed a typical Michaelis–Menten
kinetics and good affinity to TMB and H2O2, indicating that
CuO/Pt nanocomposites were efficient peroxidase-mimicking
materials. A simple colorimetric method for AA detection
using the CuO/Pt nanocomposites was developed. We believe
that these results would be beneficial in the development of
nanozymes for biomedical diagnosis, environmental monitor-
ing and therapeutic applications.
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