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latinum alloy nanoparticles and
a novel glucose oxidase mimic with enhanced
activity and selectivity constructed by molecular
imprinting†

Fan Lin,a Tian Yushen,b Lou Doudou,a Wu Haoan,a Cui Yan,c Gu Ning*a

and Zhang Yu *a

Gold nanoparticles have attracted a great deal of interest, but also exhibit inherent disadvantages of limited

catalytic efficiency and lack of selectivity. Here Au–Pt alloy nanoparticles with significantly improved

oxidase-like activity were synthesized, and on this basis, a novel mimic enzyme with substrate-selectivity

and further enhanced catalytic efficiency was constructed. According to the exploration of the oxidase-

like activities, Au–Pt alloy nanoparticles with a Au–Pt molar ratio of 1 : 1 were found to have the highest

catalytic activity due to the combined effects of size and elemental composition. The Au–Pt alloy

nanoparticles were coupled to magnetic microspheres to increase the stability and ease of magnetic

separation. Besides that, glucose-bindable aminophenylboronic acid was employed to improve the

affinity to the substrate and polymerized to build molecularly imprinted polymer shells with specific

glucose binding pockets, which successfully led to about 200-fold higher catalytic efficiency (kcat/Km)

than gold nanoparticles with an average diameter of 10 nm.
1. Introduction

As glucose (Glu) plays a crucial role in various physiological
activities, catalysts for Glu oxidation possess high research and
application value. The oxidation of Glu produces H2O2 and
gluconic acid, and is broadly encountered in industrial and life
processes, such as oxygen removal, sterilization, improving the
taste of our-made dishes, regulating gastrointestinal func-
tions, detection of Glu in food and biological samples, and
producing gluconic acid as the raw material for microelement
supplements.

Since the concept of mimic enzymes was brought forward by
Gao,1 metal nanomaterials with catalytic activities have received
a great deal of interest.2,3 Gold nanoparticles (AuNPs) show
important signicance in both theoretical research and prac-
tical application due to multiple catalytic activities,4,5 especially
in the catalysis of Glu.3,6–8 AuNP catalyzed Glu oxidation has
been widely applied in industrial production, scientic research
and biomedical detection. AuNPs can not only be employed as
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a glucose oxidase mimic,6,9 but also promote electron transfer to
improve the natural enzyme catalyzed reaction.10,11

In spite of the competitive advantages, there still remains
a broad improvable space in the glucose oxidase (GOD)-like
activity of AuNPs. Compositing other elements is an effective
method to improve the limited catalytic activity. Nanomaterials
with different elemental compositions were demonstrated to
have different enzyme-like properties.12 Besides that, the
composite ratio and structure also have great inuence on the
catalytic activity. He13 and his coworkers coated gold nanorods
with a shell of Pt nanodots and demonstrated a composite
structure exhibiting triple enzyme-like activity. Comotti14 used
Au, Pt, Pd and Cu nanoparticles with a diameter of 3–5 nm to
catalyze Glu oxidation, and AuNPs were reported to possess
more superior performance than any other material. Gao12 and
his coworkers used density functional theory calculations to
investigate mechanisms of oxidase- and SOD-like properties of
Au, Ag, Pd, and Pt and alloys of these elements. The catalytic
activity could be predicted by the activation (Eact) and reaction
energies (Er), and was found to be critically dependent on metal
compositions and exposed facets.

Apart from the limited catalytic activity, the lack of substrate-
selectivity is also an inherent disadvantage for Au-based nano-
enzymes. Among various ideas on engineering substrate-selec-
tivity, molecular imprinting technology15 exhibits signicant
advantages in constructing specic and selective binding
structures. Liu16,17 employed TMB and ABTS as template
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Catalytic properties of AuNPs and different Au-based nano-
particles. The absorbance was measured at 405 nm. (A) Glu concen-
tration dependence of 10 nm AuNP, Au@Ag (1 : 1.10), Au@Ag (1 : 1.5),
Au@Pt (1 : 1.10) and AuPtNP (1 : 1) catalyzed Glu oxidation. (B) The
enzymatic kinetics, (C) Glu concentration dependence and (D) time
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molecules to realize substrate-selective catalysis of catalytic
nanoparticles by molecular imprinting, which also resulted in
a 100-fold increased catalytic efficiency. In our previous work,18

a AuNP based glucose oxidase mimic with signicantly
enhanced selectivity and catalytic activity was constructed on
polystyrene microspheres. Aminophenylboronic acid was
employed to increase the affinity to glucose, as well as build
molecularly imprinted polymer shells to realize substrate-
selectivity.

Magnetic separation has been an international research
hotspot and is broadly applied in biomedicine, environmental
protection, industrial manufacturing and many other aspects.
As a widely used magnetic material, magnetic microspheres can
be combined with various detection, preparation and separa-
tion techniques to construct drug delivery, protein purication,
cell separation and chemiluminescence systems, which lead to
an improvement in efficiency and speed, as well as a reduction
in cost. So, magnetic microspheres not only possess signicant
advantages in small-scale systems, but also exhibit great
potential in large-scale industrial production.

Here we improved the limited catalytic activity of AuNPs by
compositing other metal elements. We prepared composite
nanostructures of Au, Ag and Pt with different composite ratios.
Au–Pt alloy nanoparticles (AuPtNPs) with a Au–Pt molar ratio of
1 : 1 were screened out and exhibited the highest GOD-like
activity. On this basis, molecular imprinting technology was
introduced to construct a novel Au-based GOD mimic with
substrate-selectivity and further enhanced catalytic activity. Glu-
bindable aminophenylboronic acid (APBA) was conjugated to
AuPtNP modied magnetic microspheres as recognition mole-
cules to increase the affinity to Glu and then polymerized to
engineer molecularly imprinted shells, which successfully
enhanced the catalytic efficiency (kcat/Km) to up to about 200-
fold that of 10 nm AuNPs.
dependence of AuPtNPs with different Au–Pt ratios. (E) Au–Pt molar
ratio dependence of the GOD-like activities of AuPtNPs and (F) per unit
area of AuPtNPs.
2. Results and discussion
2.1 GOD-like activity of Au-based nanoparticles prepared by
different composite methods

The unsatisfactory catalytic efficiency was an important factor
that severely restricted the practical application of AuNP cata-
lyzed Glu oxidation. We tried to improve the limited GOD-like
activity of AuNPs by surface coating and compositing other
metal elements. Four different citrate modied Au-based
nanoparticles with a Au–Pt or Au–Ag molar ratio of 1 : 1 were
prepared to study the GOD-like activity and 10 nm AuNPs
prepared by a sodium citrate-tannic acid method were used as
the control (Fig. S1–S3 and Table S1†).

The Glu oxidation reaction catalyzed by Au-based nano-
particles was evaluated by ABTS based H2O2 detection. Au-based
nanoparticles induced a similar Glu oxidation process as
GOD:18

GluþO2 ������!GOD=AuPtNPs
GlAþH2O2
This journal is © The Royal Society of Chemistry 2019
Glu oxidation catalyzed by AuPtNPs could produce H2O2,
which initiated ABTS coloration.

According to the Glu-concentration dependence in Fig. 1A,
all the Au-based nano-enzyme catalyzed Glu oxidation reactions
showed gradually increasing tendency in the range of experi-
mental concentration. Compared with AuNPs with an average
diameter of 10 nm, all the Au-based nanoparticles of around 10
nm size signicantly improved the catalytic activity. Among
them, Au–Pt alloy nanoparticles (AuPtNPs) with a Au–Pt molar
ratio of 1 : 1 (AuPtNPs (1 : 1)) were screened out, which
possessed a minimum average diameter of 7.9 nm and the
maximal improvement of GOD-like activity.

As seen from the TEM images of Au core-Ag shell nano-
particles with a Au–Ag molar ratio of 1 : 1 using 10 nm (Au@Ag
(1 : 1.10)) and 5 nm (Au@Ag (1 : 1.5)) AuNPs as cores, a uniform
and compact shell of Ag was formed and coated tightly on the
surface of the Au core (Fig. S1C and D†). Au core-Pt shell
nanoparticles with a Au–Pt molar ratio of 1 : 1 using 10 nm
Anal. Methods, 2019, 11, 4586–4592 | 4587
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AuNPs as cores (Au@Pt (1 : 1.10)) mainly existed as Au cores
adsorbed with surrounding Pt clusters (Fig. S1E†). The loose
structure of Pt shells and the untight binding between Pt shells
and Au cores might increase the contact with substrates, and
also could lead to an increase in the size and a decrease in
dispersibility and uniformity. According to the comparison of
the reaction results, Au@Ag (1 : 1.10) performed better than
Au@Pt (1 : 1.10) with the same 10 nm Au cores. The difference
in catalytic activity not only resulted from the elemental
composition, but might be also caused by the different struc-
tures. Compared with Au@Ag (1 : 1.10), Au@Ag (1 : 1.5) with a 5
nm Au core (Fig. S1A and S2A†) showed a further increased
catalytic activity due to the reduced size.
2.2 GOD-like activity of AuPtNPs with different composite
ratios

Citrate modied AuPtNPs with a Au–Pt molar ratio from 3 : 1 to
1 : 3 (AuPtNPs (3 : 1), AuPtNPs (2 : 1), AuPtNPs (1 : 1), AuPtNPs
(1 : 2) and AuPtNPs (1 : 3)) were prepared to further explore the
enhanced GOD-like activity of Au-based nanoparticles.
Fig. 2 TEM images and EDX results of AuPtNPs with different Au–Pt
molar ratios. (A) AuPtNPs (3 : 1), (B) AuPtNPs (2 : 1), (C) AuPtNPs (1 : 1),
(D) AuPtNPs (1 : 2) and (E) AuPtNPs (1 : 3).

4588 | Anal. Methods, 2019, 11, 4586–4592
AuPtNPs with different composite ratios had the same total
molar concentration of Au and Pt, and showed satisfactory
dispersibility and stability (Fig. 2). The sizes of AuPtNPs
exhibited an obvious uptrend with increasing composite ratio of
Pt (Table 1). The average diameter based on TEM images of
AuPtNPs with a Au–Pt molar ratio from 3 : 1 to 1 : 3 increased
from 5.09 nm to 15.05 nm and the hydrodynamic size increased
from 20.43 nm to 31.69 nm. As seen from the results, a higher Pt
composite ratio led to an increase in the size of AuPtNPs. The
above AuPtNPs with different composite ratios were all
prepared from HAuCl4 and H2PtCl6, using trisodium citrate as
the reductant. The redox potentials of AuCl4

�/Au and PtCl6
2�/Pt

were +0.93 V and +0.75 V, respectively. Due to stronger oxida-
tion, the reduction of HAuCl4 to Au had a more rapid reaction
rate under the same concentration of the reductant. A xed total
molar concentration of Au and Pt was used in the preparation of
AuPtNPs. When the concentration of AuCl4

� was high, a large
number of Au atoms nucleated rapidly and grew into nano-
particles with a large amount and small size. When the
concentration of PtCl6

2� was high, the nucleation was relatively
slow and more Au3+ and Pt4+ tended to grow on the surface of
the nuclei. As a result, nanoparticles with a small amount and
large size were formed when the Pt composite ratio was high.

Compared with 10 nm AuNPs, AuPtNPs with different
composite ratios exhibited signicantly improved GOD-like
activity. Seen from the enzymatic kinetics, Glu-concentration
dependence and reaction–time curves, all AuPtNP catalyzed Glu
oxidation reactions showed a gradually increasing tendency in
the range of experimental concentration. The catalytic activity
of AuPtNPs with a Au–Pt molar ratio from 3 : 1 to 1 : 3 exhibited
a bell-shaped variation tendency, and the order was AuPtNPs
(1 : 1) > AuPtNPs (2 : 1) > AuPtNPs (1 : 2) > AuPtNPs (1 : 3) >
AuPtNPs (1 : 3) > 10 nm AuNPs (Fig. 1B–D).

The catalytic properties could be inuenced by a variety of
intrinsic factors, such as the elemental composition,12,13

size,9,19,20 morphology21–23 and surface modication.1,24 Consid-
ering the aspect of size, the catalytic activity of nanomaterials is
obviously size-dependent and decreases with increasing
size.9,14,19,20 As seen from the TEM images, the above AuPtNPs
with different composite ratios were all torispherical. The
similarly shaped AuPtNPs with a smaller size tend to have
a larger specic surface area, which leads to a higher catalytic
activity. Considering the aspect of the composite ratio, Gao12

and his coworkers proposed that the catalytic activity of Au–Pt
alloy nanoparticles was dependent on metal compositions and
could be predicted by Eact. Predicted for bimetal (111) facets, the
Eact of Au (111), Au3Pt (111), Au2Pt2 and AuPt3 (111) was 2.10,
1.48, 1.22 and 0.99, which meant that the GOD-like activity of
AuPtNPs increased with the Pt composite ratio within the range
of exploration.

Taking both size and elemental composition into consider-
ation, the increasing composite ratio of Pt would lead to an
enhanced GOD-like activity and also resulted in an enlarged
size. As a result, AuPtNPs (1 : 1) with a moderate Au–Pt molar
ratio and relatively small size exhibited the highest catalytic
activity. AuPtNPs (1 : 3) performed the worst due to the exces-
sively large size, and the catalytic activity of AuPtNPs (3 : 1) with
This journal is © The Royal Society of Chemistry 2019
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Table 1 Synthesis and characterization results of AuPtNPs with different Au–Pt molar ratios

Nanoparticles AuPtNPs (3 : 1) AuPtNPs (2 : 1) AuPtNPs (1 : 1) AuPtNPs (1 : 2) AuPtNPs (1 : 3)

HAuCl4/mL 450 400 300 200 150
H2PtCl6/mL 190 255 380 505 570
Theoretical Au–Pt ratio 3 : 1 2 : 1 1 : 1 1 : 2 1 : 3
Average diameter (nm) 5.09 6.56 7.90 12.07 15.05
Hydrodynamic size (nm) 10.43 14.91 16.35 23.76 31.69
Mass percent Au 76.02 63.17 44.27 37.11 25.75

Pt 23.98 36.83 55.73 62.89 74.25
Atomic percent Au 75.84 62.95 44.03 36.89 25.96

Pt 24.16 37.05 55.97 63.11 74.04
Practical Au–Pt ratio 1 : 0.3 1 : 0.6 1 : 1.3 1 : 1.7 1 : 2.9
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the smallest average diameter was limited by the less reactive
elemental composition (Fig. 1E). Neglecting the inuence of
size, the GOD-like activities per unit area of AuPtNPs increased
with the Pt composite ratio as reported12 (Fig. 1F).

2.3 Construction of MIP(AuPt) with enhanced catalytic
activity and selectivity

Au-based nano-enzymes have a signicant limitation of lacking
selectivity and there is wide scope for the improvement of their
catalytic efficiency. Based on AuPtNPs with an enhanced GOD-
like activity, molecular imprinting was introduced to construct
mimic enzymes with further improved catalytic activity and
specic recognition of Glu (Fig. 3A).

AuPtNPs (1 : 1) with the highest GOD-like activity were
employed as catalytic centers. MMs (Fig. 3B) were used as
supporters and modied with AuPtNPs (1 : 1) (AuPt-MM).
AuPtNPs (1 : 1) could be seen as plenty of little dots dispersed
on the surface of MMs (Fig. 3C). According to calculations, the
average number of AuPtNPs (1 : 1) on a single MM was about
5804.

As the recognition molecule and polymeric monomer, APBA
was adsorbed on AuPtNPs through both electrostatic adsorp-
tion and N–Au bonds between Au atoms and the amine groups
Fig. 3 Construction of MIP(AuPt). (A) Principle of the AuPtNP-based
GOD mimic with enhanced catalytic activity and selectivity con-
structed by molecular imprinting. SEM images of (B) bare MMs, (C)
AuPtNP (1 : 1) modified MMs and (D) MIP(AuPt).

This journal is © The Royal Society of Chemistry 2019
of APBA.25 Since APBA could bind to the adjacent hydroxyls of
saccharides under alkaline or neutral conditions as shown in
eqn (1), Glu was bound to the APBA modied AuPt-MM under
oxygen-free conditions as the template molecules.

Besides that, the polymerization of APBA could be initiated
due to the reactive amino groups as shown in eqn (2). In the
presence of a cross-linking agent, a network structure of APBA
(pAPBA) was formed and deposited on the surface of AuPt-MM
as a shell.

(1)

APBA
�!MBA

APS
pAPBA (2)

As the bond between APBA and the adjacent hydroxyls of Glu
could be open under acidic conditions, the template molecules
were eluted with acidic phosphate buffer, and thus a molecu-
larly imprinted polymer shell with specic Glu binding pockets
was formed (Fig. 3D). Compared with the bare MM, the average
diameter of MIP(AuPt) increased from 1.04 mm to 1.18 mm and
the hydrodynamic size increased from 1.15 mm to 1.35 mm, with
good dispersibility.

To compare the catalytic properties, Glu oxidation was
catalyzed by 10 nm AuNPs, AuPtNPs (1 : 1) and MIP(AuPt) with
the same total molar concentration of Au and Pt. As seen from
the Glu-concentration dependence, MIP(AuPt) catalyzed Glu
oxidation showed a gradually increasing tendency in the range
of experimental concentration and the introduction of molec-
ular imprinting yielded a signicant improvement in catalytic
activity (Fig. 4A). The porous molecularly imprinted APBA
polymer shells increased affinity to the substrate, and provided
more binding sites and specic binding pockets to capture and
enrich Glu around the active centers. The results of enzymatic
kinetics and reaction–time curves indicated a similar conclu-
sion (Fig. 4B and C). kcat/Km was used as a measure of the
enzyme efficiency.16,17 Beneted from the composite of Pt and
Anal. Methods, 2019, 11, 4586–4592 | 4589
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Fig. 4 Catalytic properties of AuPtNPs (1 : 1) and MIP(AuPt). (A) Glu
concentration dependence, (B) enzymatic kinetics and (C) time
dependence of AuPtNP (1 : 1) and MIP(AuPt) catalyzed Glu oxidation.
(D) The Km, (E) Vmax, (F) catalytic efficiency (kcat/Km) and (G) catalytic
efficiency enhancement of 10 nm AuNP, AuPtNP (1 : 1) and MIP(AuPt)
catalyzed Glu oxidation. (H) Specificity study of MIP(AuPt) using 556.56
mM Glu, Mal, Fru and Gal as the substrate. (I) Magnetic recovery study
of MIP(AuPt).

Fig. 5 The Glu content detection results of Glu in common drinks
(Watson Spring Water, Coca Cola, Seven-Up and bottled Nescafe)
using GOD, AuPtNPs (1 : 1) and MIP(AuPt) as the catalyst.
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the introduction of molecular imprinting technology, Km

decreased while Vmax and kcat/Km increased, which implied
stronger affinity to the substrate and higher maximal velocity
and catalytic efficiency (Fig. 4D–F). Compared with 10 nm
AuNPs, the catalytic efficiency of AuPtNPs (1 : 1) and MIP(AuPt)
was improved by about 3-fold and 200-fold, respectively (Fig. 4G
and Table S2†).

Mal, Fru and Gal with adjacent hydroxyls and similar
oxidation processes as Glu were used to explore the selectivity of
MIP(AuPt). From the results, MIP(AuPt) exhibited improved
enzymatic activity for Glu specically (Fig. 4H). MIP(AuPt)
constructed as above had no binding pockets to capture and
enrich saccharides other than Glu and thus hardly obtained
improved selectivity and enhanced catalytic activity. Beyond
that, the existence of APBA polymer shells without suitable
binding sites might even lead to a diffusion limitation and an
increased distance between AuPtNPs and substrates other than
Glu.

We tested the magnetic separation and recovery of
MIP(AuPt) for 4 cycles. MIP(AuPt) was eluted adequately and
dispersed to the original volume before the next cycle each time.
4590 | Anal. Methods, 2019, 11, 4586–4592
The sample for each cycle was dried and weighed. Due to the
introduction of MMs, it was easy for MIP(AuPt) to be magneti-
cally separated and the recovery ratio of MIP(AuPt) was 95.55%
aer 3 times of reuse (Fig. 4I).

Due to the demonstrated catalytic properties, AuPtNPs (1 : 1)
and MIP(AuPt) were successfully applied in practical food
analysis. Watson Spring Water, Coca Cola, Seven-Up and
bottled Nescafe were tested using GOD, AuPtNPs (1 : 1) and
MIP(AuPt) as the catalyst. The concentration of Glu in different
drinks was calculated by UV-vis absorption values based on the
standard curve obtained from a Glu solution of known
concentration, and the Au-based nano-enzymes provided
similar results without signicant statistical difference to GOD
(Fig. 5).
3. Experimental
3.1 Synthesis of AuNPs

A sodium citrate-tannic acid method was used for preparing
gold nanoparticles with a diameter of 5 nm and 10 nm. Chlor-
oauric acid (1 mL, 0.01 gmL�1, Aladdin Industrial Corporation),
potassium carbonate (100 mL for 5 nm and 25 mL for 10 nm, 0.1
M, Sinopharm Chemical Reagent Co. Ltd), trisodium citrate (4
mL, 0.01 g mL�1, Sinopharm Chemical Reagent Co. Ltd) and
tannic acid (700 mL for 5 nm and 100 mL for 10 nm, 0.01 g mL�1,
Sinopharm Chemical Reagent Co. Ltd) were mixed in a system
with a volume of 100 mL and stirred at 60 �C for 10 min, and
then cooled to room temperature. The as-obtained AuNP colloid
has a concentration of 0.05 mg mL�1.
3.2 Synthesis of Au core-Ag shell nanoparticles (Au@Ag)

For Au@Ag (1 : 1.10) and Au@Ag (1 : 1.5), 10 nm and 5 nm
AuNPs were used as cores respectively and the molar ratio of Au
to Ag was 1 : 1. AuNPs (30 mL, 0.05 mg mL�1) were stirred and
heated to boiling. Silver nitrate (150 mL, 3 mg mL�1, Sinopharm
Chemical Reagent Co. Ltd) was added to the Au cores dropwise
followed by trisodium citrate (200 mL, 114.1 mg mL�1). The
system was stirred at 100 �C for 1 h, and then cooled to room
temperature.
3.3 Synthesis of Au core-Pt shell nanoparticles (Au@Pt)

For Au@Pt (1 : 1.10), 10 nm AuNPs were used as cores and the
molar ratio of Au to Pt was 1 : 1. 10 nm AuNPs (30 mL, 0.05 mg
mL�1) were stirred and heated to boiling. Silver nitrate (150 mL,
This journal is © The Royal Society of Chemistry 2019
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3mgmL�1) was added to the AuNP colloid dropwise followed by
trisodium citrate (200 mL, 114.1 mg mL�1). The system was
stirred at 100 �C for 1 h. Chloroplatinic acid (385 mL, 0.01 g
mL�1, Aladdin Industrial Corporation) was added to the system,
which was stirred at 100 �C for another 1 h before cooling to
room temperature.

3.4 Synthesis of Au–Pt alloy nanoparticles (AuPtNPs) with
different composite ratios

Chloroauric acid (0.01 g mL�1), Chloroplatinic acid (0.01 g
mL�1) and pure water (45 mL) were mixed in a system with
a volume of 100 mL and heated to boiling (Table 1). Trisodium
citrate (200 mL, 114.1 mg mL�1) was added to the system, which
was stirred at 100 �C for 1 h and then cooled to room
temperature.

3.5 Synthesis of the selective GOD mimic constructed by
molecular imprinting technology (MIP(AuPt))

Amino modied magnetic microspheres (MMs, 1 mm) (200 mL,
50 mg mL�1, Nanoeast Biotech) were used as supporters and
incubated with an aqueous solution containing AuPtNPs (1 : 1)
(10 mL, 0.05 mg mL�1) for 2 h. The mixture was then magnet-
ically separated to remove unbound AuPtNPs (1 : 1).

MIP(AuPt) was prepared under oxygen-free conditions.
Under N2, AuPtNP (1 : 1) coated MMs were incubated with APBA
(5 mg, Aladdin Industrial Corporation), Glu (4 mg, Sinopharm
Chemical Reagent Co. Ltd) and N,N0-methylenebis(2-propena-
mide) (MBA) (50 mg, Biosharp) for 2 h sequentially, then mixed
with ammonium persulfate (APS) (0.8 mL, 22.82 mg mL�1,
Beyotime Biotechnology) and phosphate buffer (10 mL, 0.02 M,
pH 9) for 10 min, and then heated at 60 �C overnight. The ob-
tained MIP(AuPt) was washed thoroughly with phosphate buffer
(0.02 M, pH 5) to remove the template molecules of Glu and the
free APBA polymers. Then MIP(AuPt) was collected and
dispersed in distilled water.

3.6 Activity assays

The activity assays were performed in 96-well plates.
Glu of 555.56, 444.45, 333.34, 222.22, 111.11, 55.56, 27.78,

13.89, 6.94 and 0mM concentration was dissolved in phosphate
buffer (0.02 M, pH 7.4) and used as substrates for exploring the
catalytic activity of AuNPs and Au-based nanoparticles. 555.56
mM Glu was chosen to explore the time dependence, Au–Pt
molar ratio dependence and reusability. Glu, maltose (Mal),
fructose (Fru) and galactose (Gal) (555.56 mM, Sinopharm
Chemical Reagent Co. Ltd) were used as the substrate to
compare the selectivity of AuPtNPs (1 : 1) and MIP(AuPt).

Glu (50 mL) was mixed with horseradish peroxidase (1 mL, 1
mg mL�1, Aladdin Industrial Corporation) and 2,20-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS)
(10 mL, 10 mg mL�1, Aladdin Industrial Corporation), and then
incubated with AuNPs (200 mL, containing 2.5 mg mL�1 Au),
Au@Ag (200 mL, containing 2.5 mg mL�1 Au), Au@Pt (200 mL,
containing 2.5 mg mL�1 Au), AuPtNPs (200 mL, containing 2.5 mg
mL�1 Au and Pt) or MIP(AuPt) (200 mL, containing 2.5 mg mL�1

Au and Pt) at 25 �C.
This journal is © The Royal Society of Chemistry 2019
The absorbance (A) at 405 nm was measured using a Multi-
scan Spectrum (Tecan M200) and the reactions catalyzed by
different Au-based nano-enzymes were measured at the same
time before the one with highest reaction rate over the range of
experimental concentration.

The maximum reaction velocity (Vmax), Michaelis constant
(Km) and catalytic constant (kcat) were obtained by tting the
data with the Beer–Lambert law: A ¼ 3bc (3 ¼ 36 000 M�1 cm�1

for oxABTS and b is the path length of 0.81 cm), and the
Michaelis–Menten equation: V0 ¼ Vmax[S]/(Km + [S]) and kcat ¼
Vmax/[E], where [S] and [E] are the concentration of substrates
and Au-based nano-enzymes, respectively.

The detection of Glu in drinks was performed in a similar
way. Watson Spring Water, Coca Cola, Seven-Up and bottled
Nescafe were used as substrates. The drinks were catalyzed by
GOD, AuPtNPs (1 : 1) and MIP(AuPt). Standard curves were
established by detecting the Glu solution to calculate the
results.
3.7 Materials characterization

The Au, Au@Ag, Au@Pt and AuPt nanoparticles were evaluated
by transmission electron microscopy (TEM) (JEOL, JEM-2100),
scanning electron microscopy (SEM) (Ultra Plus, Zeiss), energy
dispersive X-ray spectroscopy (EDX) (Ultra Plus, Zeiss), ultravi-
olet visible spectroscopy (UV-vis) (Shimadzu Scientic Instru-
ments, UV-3600) and dynamic light scattering (DLS)
(Brookhaven, Zeta Plus). MIP(AuPt) was evaluated by SEM and
DLS.
4. Conclusions

In summary, various Au-based nanostructures were synthesized
to improve the limited oxidase-like activity of AuNPs, and Au–Pt
alloy nanoparticles with a Au–Pt molar ratio of 1 : 1 were found
to have the highest catalytic activity due to the combined effects
of size and elemental composition. Employing APBA as both
recognition molecules and polymeric monomers, a novel
AuPtNP based GOD mimic with substrate-selectivity and an
enhanced catalytic activity of up to about 200-fold that of 10 nm
AuNPs was constructed by molecular imprinting technology.
Considering the cost and stability, compositing other elements
is an effective method to make full use of the advantages of
AuNPs and improve the limited catalytic activity. Besides that,
nanomaterials with catalytic activity and substrate-selectivity
seem to have great potential in theoretical research and prac-
tical application.
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