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PtPd nanoflowers (PtPd NFs) exhibit intrinsic peroxidase-like activity as nanozymes, but the nanozymes lack

substrate specificity and have low catalytic activity. Herein, a molecularly imprinted nanogel on PtPd NFs

was prepared by using 3,30,5,50-tetramethylbenzidine (TMB) as the template through the aqueous

precipitation polymerization method. After the TMB was washed out, many substrate binding pockets

were retained in the PtPd NFs. Scanning electron microscopy (SEM), transmission electron microscopy

(TEM) and powder X-ray diffraction (XRD) were employed to characterize the molecularly imprinted

polymer (MIP) PtPd nanoflowers (T-MIP-PtPd NFs). The obtained T-MIP-PtPd NFs exhibited enhanced

catalytic activity and specific recognition for TMB. Compared with PtPd NFs, T-MIP-PtPd NFs showed

a linear range from 0.01–5000 mM and a detection limit of 0.005 mM toward the detection of H2O2.

Glucose can also be sensitively detected through cascade reaction by the T-MIP-PtPd NFs and glucose

oxidase. Therefore, molecular imprinting on nanozymes technology shows promising application in

biocatalysis and sensing fields.
Introduction

Nanozymes, a nanomaterial with enzyme-like activity, are
attracting more and more attention thanks to their outstanding
properties.1–3 To date, various nanozymes, including metal–
organic frameworks (MOFs),4–7 metal nanoparticles,8 oxidized
metal nanoparticles9,10 and some other nanomaterials,11 have
been successfully prepared and used as enzyme mimics for
catalytic applications.2 As one of the enzyme mimics, Pt nano-
particles have been demonstrated to exhibit versatile catalytic
activity like peroxidase, catalase and superoxide dismutase.2,12

Recent studies reported that the Pt-based bimetallic nano-
particles (i.e. PtPd nanodendrites) can exhibit peroxidase-like
activity.13,14 For this kind of nanozyme, the creation of meso-
porous nanostructures is considered to be an effective method
to improve the enzyme mimetic activity.14 With the presence of
a mesoporous structure, specic surface area and accessible
pores of the Pt-based nanozymes will be increased, and the
activity will be improved. Recently, a surfactant-directing
method for synthesizing multimetallic spheres with ultra-
large mesoporous was reported15,16 and the obtained
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mesoporous multimetallic spheres exhibited enhanced elec-
trochemical activity thanks to the high surface area and meso-
porous structure. Despite the progress made in the synthesis of
multi-metal nanospheres, their enzyme mimetic properties are
rarely reported and the mechanism remains elusive. In addi-
tion, there are still disadvantages for these nanozymes, such as
complicated synthesis process, low specicity and low catalytic
activity.1 Thus, the synthesis of the PtPd bimetallic nano-
materials with high peroxidase-mimic activity and substrate
specicity are still challenges for further investigation.

Compared to natural enzymes, nanozymes are stable to
denaturation, low in cost, highly resistant to high concentra-
tions of substrates, exible storage conditions and easy to
manipulate catalytic activity. However, most nanozymes have
no substrate specicity and can catalyze a lot of substrates
leading to the lack of molecular recognition function. Molecu-
larly imprinted polymers (MIPs) could create functional poly-
mer materials with selective recognition properties.17 MIPs are
usually prepared by bulk polymerization, photopolymerization,
surface graing polymerization and sol–gel mechanisms to
generate imprinting specic cavities.18,19 Thus, combining MIPs
with nanozymes provides a new class of nanozymes with
improved selectivity and activity.20–22 For example, Zhang et al.23

imprinted substrate binding pockets gels on three different
nanozymes and the experimental results showed that the
molecular imprinting on nanozymes remarkably increased the
selectivity and catalytic activity.

Thus, in this study, PtPd nanoowers (PtPd NFs) were
synthesized by a surfactant-directing method. Then, the MIP
This journal is © The Royal Society of Chemistry 2019
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layer was created on the surface of PtPd NFs and the obtained
nanocomposites were named as T-MIP-PtPd NFs. The structure
and composition of PtPd and T-MIP-PtPd were analyzed by
scanning electron microscopy (SEM), transmission electron
microscope (TEM), energy dispersive X-ray spectroscopy (EDX)
and powder X-ray diffraction (XRD). Their intrinsic peroxidase-
like activities were investigated. The T-MIP-PtPd NFs was used
to detect H2O2 and glucose through a sensitive colorimetric
method. To the best of our knowledge, it is the rst report
regarding the preparation of TMB imprinted PtPd NFs and its
application in detecting hydrogen peroxide and glucose.

Materials and methods
Chemicals

Chloroplatinic acid (H2PtCl6) was purchased from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). Potassium
tetrachloroplatinate(II) (K2PtCl4), sodium tetra-
chloropalladate(II) (Na2PdCl4), ascorbic acid, 3,3,5,5-tetrame-
thylbenzidine (TMB), 2,20-azinobis-(3-ethylbenzthiazoline-6-
sulphonate) (ABTS), F127 and glucose oxidase (GOD) were
purchased from Shanghai Aladdin Bio-Chem Technology Co.,
Ltd. (Shanghai, China). Glacial acetic acid, anhydrous sodium
acetate, and ethanol were purchased from Tianjin Fengchuan
Chemical Reagent Technologies Co., Ltd.

Preparation of PtPd NFs

Typically, the solutions of H2PtCl6 (20 mM, 1.2 mL), K2PtCl4
(20 mM, 1.8 mL) and Na2PdCl4 (20 mM, 0.6 mL) were mixed
uniformity in a 10 mL centrifuge tube. Then F127 (60 mg) and
HCl solution (6 M, 60 mL) were added. Aer F127 was completely
dissolved, ascorbic acid (0.1 M, 3 mL) was added with ultrasonic
at 40 �C. Aer 4 hours, the obtained PtPd NFs were centrifuged
and washed with Milli-Q water and ethanol, respectively.

Molecular imprinting on PtPd NFs

The aqueous precipitation polymerization method is used to
prepare TMB imprinted PtPd NFs (T-MIP-PtPd NFs). Typically,
PtPd NFs (1 mg mL�1, 0.5 mL) and TMB solution (7.5 mM, 20
mM) were mixed in HEPES buffer solution (20 mM, pH 7.6) that
was purged with N2. Acrylamide (2.9 mg, 42 mM), N-iso-
propylacrylamide (NIPAAm) (4.6 mg, 42 mM), N,N0-methyl-
enebisacrylamide (MBAAm as crosslinker) (2.4 mg, 16 mM) and
SDS (0.8 mg) were dissolved in 0.5 mL HEPES buffer solution to
prepare a monomer solution. Polymerization of the monomer
solutions was initiated by adding ammonium persulfate (0.2
mg) and tetramethyl-ethylenediamine (0.3 mL). The monomer
and the PtPd NFs-containing solutions were mixed aer 20 min
of initiation, and then themixture was continued to react for 1 h
at room temperature. The resulting imprinted gels were
collected by centrifugation at 5000 rpm for 5 min. Then 1 mM
H2O2 was added to react with the imprinted substrates so they
can be easily removed by subsequent washing. As a control
experiment, non-imprinted PtPd NFs nanozymes (NIP-PtPd
NFs) were also prepared in the same way except that no
substrate template was added.
This journal is © The Royal Society of Chemistry 2019
Determination of peroxidase-like activity of PtPd NFs, NIP-
PtPd NFs and T-MIP-PtPd NFs

Typically, 10 mL (0.1 mg mL�1) nanozymes (PtPd NFs, NIP-PtPd
NFs and T-MIP-PtPd NFs) and 50 mL of substrate (0.375 mM,
TMB or ABTS) were added to 0.93 mL HAc–NaAc buffer solution
(0.05 M, pH 4.0) containing 10 mL H2O2 (0.2 M). The reaction
mixture was incubated at 25 �C for 10 min, and the peroxidase-
like activity was investigated by detecting the absorbance
(652 nm for TMB and 420 nm for ABTS). To measure the steady-
state kinetics, various concentrations of substrates (TMB and
ABTS) were used, respectively. For colorimetric detection,
0.1 mgmL�1 of nanozymes (PtPd NFs, NIP-PtPd NFs and T-MIP-
PtPd NFs) and 0.1 mM of H2O2 were added to 9.3 mL acetate
buffer solution (0.1 M, pH 4) containing substrates (TMB and
ABTS) with various concentrations for 10 min at 25 �C. The
kinetic parameters were calculated by the Michaelis–Menten
equation (eqn (1)):

1

v
¼ Km

Vmax

�
1

½S� þ
1

Km

�
(1)

where [S] is the concentrations of TMB or ABTS.
Detection of H2O2 and glucose

The detection of H2O2 by a colorimetric assay was carried out as
follows: 10 mL of nanozyme (0.1 mg mL�1) (PtPd NFs, NIP-PtPd
NFs and T-MIP-PtPd NFs), 50 mL of TMB (7.5 mM), and 10 mL of
H2O2 (0.2 M) were added into 930 mL of HAc–NaAc buffer
solution (0.05 M, pH 4.0). Aerward, the absorbance was
measured at 652 nm aer 15 min of incubation at room
temperature. For comparison, ABTS (50 mL 7.5 mM) was also
used as colorimetric substrate to detect H2O2, and the absor-
bance was measured at 420 nm aer 15 min of incubation at
room temperature.

PtPd NFs, NIP-PtPd NFs and T-MIP-PtPd NFs were also used
to detect glucose through catalyzing the production of H2O2

from the oxidation of glucose by glucose oxidase. In a typical
process, 300 mL of PBS (phosphate buffer solution, pH 7.0)
containing a serials concentration of glucose and 100 mL of PBS
(pH 7.0) containing 1 mg mL�1 glucose oxidase were mixed at
37 �C for 30 min. Then 540 mL of HAc–NaAc buffer solution, 50
mL of TMB (0.35 mM) and 10 mL of (0.1 mg mL�1) nanozymes
(PtPd NFs, NIP-PtPd NFs and T-MIP-PtPd NFs) were added to
the above mixture, and incubated at 25 �C for 10 min to oxidize
the reaction solution from colorless to blue.
Results and discussion
Characterization of T-MIP-PtPd NFs

As shown in Fig. 1, PtPd NFs were synthesized rstly and then
the monomers including acrylamide, NIPAAm and MBAAm
were mixed with PtPd NFs to perform precipitation polymeri-
zation. TMB was used as a template for imprinting. Aer the
TMB imprinted polymer layer was formed on the PtPd NFs
surface, the TMB molecules were washed away, leaving behind
the binding pockets that can selectively rebinding TMB. As
shown in Fig. 2A and C, SEM and TEM images of PtPd NFs
RSC Adv., 2019, 9, 33678–33683 | 33679
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Fig. 1 The schematic diagram of preparing T-MIP-PtPd NFs.

Fig. 3 Photographs with color change showing the activity and
specificity of T-MIP-PtPd NFs for oxidation of (A) TMB and (B) ABTS
with H2O2.
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indicated a spherical nanostructure with ower-like
morphology and mesoporous on the surface. The particle size
of PtPd NFs was approximately 120 nm (Fig. 2A and C).
Compared to PtPd NFs, T-MIP-PtPd NFs had a bigger size due to
the polymer coating on the surface of PtPd NFs (Fig. 2B and D).
XRD pattern of T-MIP-PtPd NFs showed four strong diffraction
peaks at 39.7�, 46.4�, 67.5� and 81.2�, which can be assigned to
the (111), (200), (220) and (311) crystalline planes of the stan-
dard pattern of Pt and Pd, respectively16,24 (Fig. 2E). EDX analysis
of the T-MIP-PtPd NFs showed obvious Pt, Pd, C, N and O peaks
Fig. 2 SEM images of (A) PtPd NFs, (B) T-MIP-PtPd NFs, TEM images of
(C) PtPd NFs, (D) T-MIP-PtPd NFs, (E) XRD pattern of T-MIP-PtPd NFs,
(F) EDX spectrum of T-MIP-PtPd NFs and (G) elemental mapping
images of T-MIP-PtPd NFs.

33680 | RSC Adv., 2019, 9, 33678–33683
(Fig. 2F). Moreover, elemental mapping images of T-MIP-PtPd
NFs (Fig. 2G) showed that C, Pt and Pd element were homoge-
neously distributed through the T-MIP-PtPd NFs structure. The
content of C element is much lower than Pt and Pd, and the
boundary between C and Pt (and Pd) is unclear, indicating the
polymer layer coating on the PtPd NFs is thin.

Peroxidase-like activity of T-MIP-PtPd NFs

The peroxidase activity of PtPd NFs, NIP-PtPd NFs and T-MIP-
PtPd NFs was investigated at 25 �C using TMB as the
substrate (Fig. S1†). Besides, similar reaction was also carried
out using ABTS as reductant (Fig. S2†). These results conrmed
that PtPd NFs, NIP-PtPd NFs and T-MIP-PtPd NFs were peroxi-
dase mimicking nanozyme (Fig. 3A and B). The mechanism for
the oxidation of TMB may be as follows: rstly, the d-band of
platinum will become nearly bare when palladium atoms
combine with platinum atoms. Then, the lone electron pairs of
H2O2 will ll the d-band. Aer that, H2O2 cleave into –OH, and
–OH can oxidize TMB to TMB+.25 Although both TMB and ABTS
can be oxidized by T-MIP-PtPd NFs, it showed poor catalytic
activity for ABTS.

Imprinting enhanced the activity of nanozyme

To compare the catalytic activity of PtPd NFs, NIP-PtPd NFs and
T-MIP-PtPd NFs, the value changes in absorption spectra during
the catalytic process was measured using UV-vis
Fig. 4 UV-vis spectra after 30min of reaction for (A) TMB and (B) ABTS
oxidation, inset: photographs with color change showing peroxidase-
like enzyme activity, the kinetics of (C) TMB oxidation monitored at
652 nm and (D) ABTS oxidation monitored at 420 nm by PtPd NFs,
NIP-PtPd NFs and T-MIP-PtPd NFs.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Reaction rates with various concentrations of (A) TMB and (B)
ABTS, kinetic parameters for oxidizing (C) TMB and (D) ABTS, and the
catalytic efficiency (kcat/Km) of PtPd NFs and T-MIP-PtPd NFs for (E)
TMB oxidation and (F) ABTS oxidation.

Fig. 6 Linear calibration plot for H2O2 with different concentration in
absorbance of 652 nm reacted with (A) PtPd NFs and TMB, (B) PtPd NFs
and ABTS, (C) T-MIP-PtPd NFs and TMB, (D) T-MIP-PtPd NFs and
ABTS.
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spectrophotometer. When PtPd NFs was used as catalyst, the
absorbance at 652 nm reached 0.47 aer reaction for 10 min
(Fig. 4A, black trace). In contrast, when T-MIP-PtPd NFs were
used as catalyst, the absorbance reached 0.71 (Fig. 4A, red
trace), indicating the enhanced activity. According to these
results, T-MIP-PtPd NFs could enhance the catalytic activity for
TMB oxidation. The improved catalytic activity can be attributed
to the TMB pockets, which imprinted in the PtPd NFs and had
selective recognition for TMBmolecules (Fig. 4C). Moreover, the
increased local substrate concentration aer MIP may also
enhance the catalytic rate according to the mass action law.26

The system of NIP-PtPd NFs with TMB and H2O2 exhibited
similar absorption value to PtPd NFs system (Fig. 4A, green
trace), indicating similar catalytic activity of NIP-PtPd NFs and
PtPd NFs. Because the polymer layer around the PtPd NFs was
thin, the polymer layer might have no obvious inuence on the
activity. In contrast, when ABTS was used as another substrate
to investigate the selectivity of T-MIP-PtPd NFs, the catalytic
activity of T-MIP-PtPd NFs for ABTS was lower than that of PtPd
NFs and NIP-PtPd NFs (Fig. 4B and D). Therefore, aer TMB
imprinting, the selectivity of T-MIP-PtPd NFs was improved for
TMB oxidation and inhibited for ABTS oxidation. In order to
Table 1 Comparison of catalytic parameters of the PtPd NFs, T-MIP-PtP

Nanozyme Substrate Km (mM)

PtPd NFs TMB 0.211
T-MIP-PtPd NFs TMB 0.137
HRP TMB 0.434 (ref. 27)
PtPd NFs ABTS 0.097
T-MIP-PtPd NFs ABTS 0.112

This journal is © The Royal Society of Chemistry 2019
achieve an optimal colorimetric effect, the effect of pH,
temperature, reaction time, H2O2 concentration, and quantity
of T-MIP-PtPd NFs on relative activity were investigated
(Fig. S4†). The highest absorbance was reached when 0.1 mg
mL�1 of T-MIP-PtPd NFs, 0.35 mM TMB, and 2.0 M H2O2 were
used. Therefore, the above condition was selected in the
following experiments.
Kinetic analysis

In order to investigate the mechanism of peroxidase-mimetic
activity, the reaction kinetics of PtPd NFs and T-MIP-PtPd NFs
were measured (Fig. 5A and B). Reaction rates with PtPd NFs and
T-MIP-PtPd NFs as catalysts were tested by varying the concen-
tration of TMB while xing H2O2 concentration. For comparison,
Km of free HRP was also determined. The Km value for PtPd NFs
and T-MIP-PtPd NFs with TMB as substrate was 0.211 mM and
0.137 mM, respectively (Fig. 5C and D). The Km value for T-MIP-
PtPd NFs is much lower than those of PtPd NFs and free HRP
(Table 1), indicating that T-MIP-PtPd NFs had stronger affinity to
TMB than PtPd NFs and free HRP. However, the Km for T-MIP-
PtPd NFs with ABTS as substrate was higher than that of PtPd
NFs, implying that the imprinting process only offer accessible
site for TMB and then enhance substrate specicity.

Using TMB as substrate, the catalytic efficiency (kcat/Km) of
PtPd NFs and T-MIP nanozymes were also investigated.
Compared to PtPd NFs, the kcat value of the T-MIP-PtPd NFs
increased by 0.2-fold, while the Km value dropped by 10% for
d NFs and HRP with TMB and ABTS as substrate

Vmax (10
�8 M s�1) kcat (s

�1) kcat/Km (s�1 mM�1)

10.87 16.28 77.2
13.30 17.94 131
10.00 (ref. 27) — —
6.180 0.0756 0.78
5.603 0.0715 0.639

RSC Adv., 2019, 9, 33678–33683 | 33681

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05677g


Table 2 Comparison of different H2O2 sensors in terms of linear range and LOD

Materials Substrate Linear range (mM) LOD (mM) Reference

Fe3O4@C YSNs TMB 1–20 0.39 28
PtPd NDs/GNs TMB 0.5–150 0.1 13
PtPd NRs TMB 0.02–50 000 0.0086 14
HRP TMB 0.43 3.70 29
PtPd NFs TMB 0.05–2000 0.02 This article
T-MIP-PtPd NFs TMB 0.01–5000 0.005 This article
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ABTS oxidation. We plotted kcat/Km of T-MIP-PtPd NFs for TMB
and ABTS oxidation to compare PtPd NFs (Fig. 5E and F). The
catalytic efficiency of T-MIP-PtPd NFs showed 0.7-fold higher
than that of PtPd NFs for oxidizing TMB, but 0.15-fold lower for
oxidizing ABTS. The imprinting in PtPd NFs can selectively
enrich TMB substrate near the T-MIP-PtPd NFs and then result
in enhanced catalytic activity.
Detection of H2O2

Under the optimized experimental conditions (see ESI†),
a series concentration of H2O2 were detected based on the
peroxidase-like activity of T-MIP-PtPd NFs through colorimetric
method. When TMB was used as substrate, the absorbance of
oxidized TMB is linearly correlated to concentration of H2O2

from 0.05–2000 mM (limit of detection (LOD) was 0.02 mM)
catalyzed by PtPd NFs (Fig. 6A). The absorbance ranged from
0.01–5000 mM (LODwas 0.005 mM) catalyzed by T-MIP-PtPd NFs.
This result proved that molecular imprinted nanozyme
enhances its activity thanks to the pockets of TMB molecule
(Fig. 6C). When ABTS was used as the substrate, the linear range
between the absorbance and concentration of H2O2 was ranged
from 0.05–2000 mM by PtPd NFs (Fig. 6B). For T-MIP-PtPd NFs,
the linear range for H2O2 sensing was ranged from 0.01–1500
Fig. 7 Linear calibration plot for glucose with different concentration
of glucose in absorbance of 652 nm with (A) PtPd NFs and (B) T-MIP-
PtPd NFs.

Table 3 Comparison of colorimetric detection of glucose with differen

Materials Substrate Linear r

PB NPs ABTS 0.1–50
PB/MIL-101(Fe) TMB 0.1–1000
Fe3O4@C YSNs TMB 1–10
Au NPs TMB 18–1100
PtPd NFs TMB 0.05–150
T-MIP-PtPd NFs TMB 0.02–400

33682 | RSC Adv., 2019, 9, 33678–33683
mM (Fig. 6D), indicating that the special pockets of TMB will
hinder the approach of ABTS molecule. It can be seen from
Table 2 that detection of H2O2 based on the T-MIP-PtPd NFs
exhibited good performance, which further conrmed that the
molecular imprinted method can enhance the catalytic activity.
Detection of glucose

Through combining T-MIP-PtPd NFs and GOx, we further
developed a colorimetric method for the determination of
glucose. Glucose can be catalyzed by GOx to generate gluconic
acid and H2O2. In the presence of H2O2, TMB can be oxidized
through the catalytic action of peroxidase-like nanozymes. The
combination of two catalytic reactions was used to detect
glucose through colorimetric method. With the increasing
concentrations of glucose, the absorbance will increase from
0.05 to 1500 mM and a LOD of 0.023 mM for PtPd NFs was ob-
tained (Fig. 7A). The T-MIP-PtPd NFs exhibits a linear detection
range from 0.02 to 4000 mM and a LOD of 0.017 mM (Fig. 7B).
Compared with the reported glucose sensors, T-MIP-PtPd NFs
showed better catalytic performance for detecting glucose
owing to the molecularly imprinted process (Table 3). This
efficient detection performance was mainly ascribed to: (i) the
T-MIP-PtPd NFs had excellent selectivity to TMB; (ii) the T-MIP-
PtPd NFs provided an optimal microenvironment to stabilize
GOx.

To evaluate the selectivity of the established method for
glucose detection, the inuence of lactose, galactose, fructose,
and arabinose were investigated (Fig. S5†). All above interfer-
ences showed negligible effect on glucose detection. This
phenomenon demonstrates that the reaction system is highly
selective for glucose. The reproducibility of the T-MIP-PtPd NFs
was investigated by analyzing 0.6 mM glucose for six times in
parallel. The relative standard deviation (RSD) was 4.8%, which
indicates that the testing results had acceptable reproducibility.
To verify the feasibility of the as-prepared colorimetric method,
t nanomaterials

ange (mM) LOD (mM) Reference

0.03 30
0.04 4
1.12 28
4 31

0 0.023 This article
0 0.017 This article

This journal is © The Royal Society of Chemistry 2019
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glucose concentration in human serum samples were measured
by the standard addition method (ESI†). All the obtained results
were listed in Table S1.† It was found that the colorimetric
method has a favorable recovery of 92.3–98.7% to detect
glucose, which indicates that T-MIP-PtPd NFs, TMB and H2O2

system could be reliable for glucose detection in the biological
environment.
Conclusions

In summary, molecular imprinting PtPd nanoowers were
successfully fabricated. The integration of PtPd nanozyme and
molecular imprinting can enhance the peroxidase like activity
and specicity of T-MIP-PtPd NFs. The obtained T-MIP-PtPd
NFs exhibit better catalytic efficiency than that of PtPd NFs
and HRP. Based on T-MIP-PtPd NFs, colorimetric sensor was
developed for detecting hydrogen peroxidase and glucose. The
T-MIP-PtPd showed better catalytic performance as peroxidase
mimetic in the optical detection of hydrogen peroxidase and
glucose. Thanks to these benets, T-MIP-PtPd NFs provides
a facile, low-cost, sensitive and selective method for colori-
metric detection of H2O2 and glucose molecules. With good
enzyme-like activity and specicity, the method of combining
molecular imprinting with nanozyme can be extended to
fabricate other kinds of nanozymes.
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