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sing of glucose and GSH using
core–shell Cu/Au nanoparticles with peroxidase
mimicking activity

Ruimeng Sun, Ruijuan Lv, Yang Zhang, Ting Du, Yuhan Li, Lixia Chen and Yanfei Qi *

The catalytic properties of bimetallic nanoparticles have been widely studied by researchers in many fields.

In this paper, core–shell Cu/Au nanoparticles (Cu/Au NPs) were synthesized by a simple and mild one-pot

method, and their peroxidase activity was proved by catalyzing the oxidation of 3,30,5,50-
tetramethylbenzidine (TMB) with color change to blue. The change of solution color and absorbance

strongly depends on the concentration of H2O2, so it can be used for direct detection of H2O2 and

indirect detection of glucose. What's more, GSH can efficiently react with the hydroxyl radicals from

H2O2 catalyzed by core–shell Cu/Au NPs to inhibit the production of ox-TMB. Thus, the concentration

of GSH can be determined by the decrease in the absorbance of the solution at 652 nm. The results

showed that our proposed strategy had good detection range and detection limit for the detection of

glucose and GSH. This method has been used in the detection of practical samples and has great

application potential in environmental monitoring and clinical diagnosis.
Introduction

In the past decades, the synthesis and application of single
metal nanoparticles (NPs) have attracted extensive attention in
the elds of analytical medicine, catalysis, chemistry and so
on.1–4 In contrast, bimetallic nanoparticles composed of two
different metal elements have signicantly improved physical
and chemical properties (such as unique optical, electronic and
catalytic properties), which made researchers gradually focus
on bimetallic nanomaterials for the detection of various
substances.5–7 Among the reported nanoparticles, gold-based
nanoparticles have become one of the most attractive mate-
rials because of their intrinsic enzyme activity, such as peroxi-
dase activity based on chitosan-AuNPs for the detection of
glucose in serum,8 labeling-free sulfate colorimetric sensing
based on inhibition of peroxidase like activity of cysteamine-
AuNPs,9 peroxidase mimics based on BSA-AuNCs for colori-
metric detection of Ag+,10 nano-enzyme activity of histidine-Au
nanoclusters for the detection of Cu2+ and histidine,11 gold
core/ceria shell based nano-enzyme activity for glucose detec-
tion12 and a nanoceria PTA*-AuNP composite13 and 11-MUA
coated gold-core CeO2-shell NP-based nanozyme14 with high
peroxidase activity. In order to further improve the catalytic
properties and applications of gold-based nanomaterials, their
composites have been widely studied, such as Au@TiO2 yolk–
shell structure,15 ZnFe2O4@Au,16 Cu@Au NPs5,6 and Au@Ag.17

Besides, as a cheap alternative to precious metals, copper-based
ngchun 130021, Jilin, P. R. China. E-mail:
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semiconductor nanomaterials have been widely studied
because of their well-dened shape characteristics18 and
peroxidase activity, such as Cu NCs19 and CuS NCs.20 Therefore,
the excellent properties of gold and copper were combined for
the construction of sensors to be widely studied, such as the
detection of chromium (III) based on Cu/Au NCs,21 the detection
of lysozyme6 and cancer cells7 based on the special reaction of
Cu/Au NPs to iodine and the electrochemical detection of
Escherichia coli based on Cu/Au NPs.5 Inspired by these previous
works, we prepared core–shell Cu/Au NPs and investigated their
peroxidase activities.

Hydrogen peroxide (H2O2), as an important oxidant, is not
only proved to be a by-product of metabolic oxidation process,
but also plays a signicant role in food production, biomedi-
cine, pharmacy, industry and environment. It is harmful to
organisms when the concentration reaches 0.5 mmol L�1.22–24

Thus, the high sensitivity detection of H2O2 is signicant in
many elds.25 In addition, as the main energy of human body,
glucose is of great signicance in physiological process and is
also widely used in food and pharmaceutical industry.23,26

However, the disorder of glucose levels in the blood can lead to
diabetes.27 Thus, the development of sensitive and selective
glucose detection methods plays an important role in moni-
toring diseases and preventing complications, such as kidney
failure, hypertension, stroke, heart disease and blindness and
so on.28 In recent years, different glucose detection methods
have been reported, such as colorimetry,29 uorescence,30,31

surface enhanced Raman spectroscopy (SERS)32 and electro-
chemical methods.33 Most glucose detection methods are based
on the oxidation or reduction of H2O2 produced by enzymatic
RSC Adv., 2022, 12, 21875–21884 | 21875
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method.34–36 Compared with natural enzymes, nano-enzymes
have the advantages of high denaturation resistance, high
stability, low cost and easy storage. They are attractive and
promising candidate enzymes in the eld of chemical sensing.37

It has been widely reported to develop colorimetric methods for
the detection of hydrogen peroxide by using the peroxidase like
activity of nano-materials.23,29,38 Cu/Au NPs were composed of
two metal atoms with different properties, which have special
sensing ability. Consequently, Cu/Au NPs with peroxidase
activity were used for the sensitive detection of hydrogen
peroxide and glucose.

Glutathione is a tripeptide containing g-amide bond (g-) and
sulydryl (-SH), composed of glutamate, cysteine and glycine,
and exist in almost every cell of the body.39 Glutathione can be
divided into reduced L-glutathione (GSH) and oxidized L-gluta-
thione (GSSG), and help maintain normal immune system
function, and has antioxidant effect, integration and detoxi-
cation effect.39–41 More importantly, GSH can protect the normal
oxygen transport function of hemoglobin by reducing methe-
moglobin to hemoglobin and combining with oxidant to
generate GSSG and water.42–44 Besides, GSH can eliminate
redundant free radicals (ROS) in human body, remove toxic
substances in human body, and even regulate gene expres-
sion.45,46 The level of GSH is closely related to a variety of clinical
diseases, such as aging, cancer, AIDS, diabetes, liver injury,
cardiovascular disease and Alzheimer's disease.47,48 Hence, it is
extremely important to develop a simple and fast GSH detection
method.

In this paper, we established a simple colorimetric assay for
the detection of H2O2, glucose and GSH based on the
peroxidase-like activity of core–shell Cu/Au NPs (Scheme 1). In
this assay, the effects of pH, temperature and reaction time have
been investigated. Under the optimal reaction conditions, the
resulting biosensor exhibited good responses to H2O2, glucose
and GSH. In addition, it displayed excellent anti-interference
ability and fast response in the actual sample.
Scheme 1 Illustration of the preparation process for core–shell Cu/Au N

21876 | RSC Adv., 2022, 12, 21875–21884
Materials and methods
Chemicals and materials

All the chemicals used were of analytical grade without further
purication. CuSO4$5H2O were purchased from Tianjin
Guangfu Fine Chemical Research Institute (Tianjin, China).
Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4$3H2O) was
provided by Alfa Aesar (Shanghai, China). Sodium borohydride
(NaBH4) and a-Lactose monohydrate were obtained from
Guoyao Chemical Research Institute (Shanghai, China).
3,30,5,50-Tetramethylbenzidine (TMB) was purchased from
Tokyo Chemical Industry Co. Ltd (Tokyo, Japan). Glucose
oxidase (GOx) was obtained from Aladdin Reagent Co. Ltd
(Shanghai, China). L-glutathione was provided by J&K Scientic
Ltd (Beijing, China). Sodium acetate trihydrate (CH3-
COONa$3H2O, NaAc), Acetic acid (CH3COOH, HAc), sodium
citrate, KI, glucose and hydrogen peroxide (H2O2, 30%) were
purchased from Beijing Chemical Works (Beijing, China). L-
arginine (L-Arg), L-alanine (L-Ala), L-Lysine (L-Lys), D-alanine (D-
Ala), L-valine (L-Val) and L-aspartic acid (L-Asp) were purchased
from Shanghai HuiShi Biological Technology Co. Ltd
(Shanghai, China). The water used in the experiments was
puried. The resistivity (r) of water was 18 MU cm.
Apparatus and characterization

The morphologies of the samples were observed using TEM
(JEM-1011, Japan) with a working voltage at 100 kV. Particles'
size (nm) and surface charge (z-potential, mV) were character-
ized using Zetasizer (Nano-ZS90) dynamic light scattering
detector (Malvern Instruments Ltd, Worcestershire, UK). The
UV/vis spectra were recorded in the range of 400 nm–800 nm on
a TU 1810 UV-vis spectrophotometer (Beijing Persee General
Instrument Co. Ltd, Beijing, China) or Microplate reader (Bio-
Tek, Winooski, Vermont, USA). 1 cm path length quartz cuvette
or 96-well microplates were used in the experiment. The pH
Ps and sensing assay H2O2, glucose and GSH.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) TEM, (b) EDS, (c) particle size distribution, (d) size and z-potential of core–shell Cu/Au NPs. Error bars represent the standard deviation
of three repeated measurements.
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measurements were performed by a PHS-25 pH meter
(Shanghai INESA Scientic Instrument Co. Ltd, Shanghai,
China).
Synthesis of core–shell Cu/Au NPs

We synthesized core–shell Cu/Au NPs according to the methods
reported in the literature.49 Briey, a beaker containing 20mL of
water was added with 50 mL of CuSO4$5H2O (0.1 M) and 50 mL of
sodium citrate (0.1 M) at room temperature. Subsequently, 1 mL
of freshly prepared NaBH4 (3.8 mg in 4 mL of H2O) was quickly
injected into the stirring system in ambient condition. Aer
15 min, HAuCl4 solution (50 mL, 0.1 M) was added to the rapid
stirring system and maintained 20 min. The obtained core–
Fig. 2 (a) UV-vis absorption spectra of the solution in presence of iod
absorption spectra of the solution containing 0/10mM iodide, respectivel
KI).

© 2022 The Author(s). Published by the Royal Society of Chemistry
shell Cu/Au NPs solution was stored at 4 �C for 24 h before its
further application.

Characterization of iodide-responsive core–shell Cu/Au NPs

Different concentrations of KI were mixed with 270 mL of core–
shell Cu/Au NPs, the mixed solution was allowed to react for
25 min at room temperature. Subsequently, the spectra were
obtained using Microplate reader (BioTek, Winooski, Vermont,
USA).

Peroxidase-mimicking catalytic activity

By measuring the formation of ox-TMB at 652 nm by UV/vis
spectroscopy, the peroxidase-like catalysis of core–shell Cu/Au
ide with different concentrations (0–10 mM); (b) photos and UV-vis
y (Inset: Color changes of core–shell Cu/Au NPs with 0mM and 10mM

RSC Adv., 2022, 12, 21875–21884 | 21877
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Fig. 3 (a) Schematic of the enzyme-like performance of core–shell Cu/Au NPs. (b) UV-vis absorbance spectrum of the core–shell Cu/Au NPs,
TMB and H2O2 reaction solutions and controls. (c) Visual photographs of varied control systems.
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NPs was studied by spectrophotometry. In details, 40 mL 65 mg
mL�1 core–shell Cu/Au NPs and 96 mL 1.5 mM TMB were rst
added to 152 mL HAc-NaAc buffer (pH 5) and followed to be
mixed thoroughly with 12 mL H2O2.
Steady-state kinetic assay

The steady-state kinetics of Cu/Au NPs were carried out using
100 mL 65 mg mL�1 Cu/Au NPs at the optimal condition by
varying the concentration of H2O2 (0–20 mM) or TMB (0–6.4
mM) one at a time. The absorbance values were measured at
652 nm by using a multi-well plate reader (BioTek, Winooski,
Vermont, USA).
Fig. 4 (a, b) Steady-state kinetic assays of core–shell Cu/Au NPs. Insets ar
Menten equations.

21878 | RSC Adv., 2022, 12, 21875–21884
According to the Michaelis–Menten equation, V0 ¼ Vmax [S]/
(Km+[S]), the kinetic parameters of catalytic activity were esti-
mated by the initial rate method, where V0, Vmax and [S] repre-
sent the initial rate, maximum reaction rate and substrate
concentration of the reaction, respectively. Vmax and Km are also
calculated from the Lineweaver–Burk double–reciprocal plot. By
the Beer–Lambert law (A ¼ 3bc), the absorbance signal was
converted into concentration, where 3 ¼ 39 000 M�1 cm�1 at
652 nm for the oxidized TMB.27
Optimization of reaction conditions

To obtain the best detection performance, the pH (from 3 to 8)
and temperature (from 25–75 �C) of the reaction system were
e the Lineweaver–Burk plots of the double reciprocal of theMichaelis–

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Optimization of variable experimental factors of colorimetric detection; (a) pH; (b) reaction temperature; (c) reaction time; (d) the linear
range of H2O2 colorimetric detection. Error bars represent the standard deviation of three repeated measurements.

Table 1 Comparison of different colorimetric systems for the detec-
tion of H2O2 and glucose

Nanozymes Linear range Limit of detection Ref.

H2O2

Au–Ag NPs 15.63–250 mM — 53
Pt-DNA complexes 0.979–17.6 mM 392 mM 54
Au@TiO2 5–100 mM 4 mM 15
Au@Ag nanorods 10–10 000 mM 6 mM 55
HRP 1–69 mM 1 mM 56
Core–shell Cu/Au NPs 9.8–625 mM 2.73 mM This work
Glucose
Au@Ag nanorods 0.05–20 mM 39 mM 55
Au@TiO2 0–1 mM 3.5 mM 15
R–Cu@Au/Pt NPs 0–1.9 mM 6 mM 27
Core–shell Cu/Au NPs 0.02–0.67 mM 15 mM This work
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optimized. In the presence of H2O2 and TMB, the mixture
reacted at room temperature for 5 min. The absorbance was
measured at 652 nm with a microplate reader using buffer as
blank control. Aerwards, we optimize the reaction time on the
reaction system using UV/vis spectrum.

Preparation of BEAS-2B cell lysate samples

BEAS-2B cells (purchased from the cell bank of Shanghai typical
culture preservation Committee, Chinese Academy of Sciences)
were cultured in DMEM medium containing 10% fetal bovine
© 2022 The Author(s). Published by the Royal Society of Chemistry
serum and 100 U/ml penicillin streptomycin, CO2 concentration
of 5%, temperature of 37 �C and humidity of 95% �C. To prepare
BEAS-2B cell lysate samples, 3.3 � 105 cells were collected and
resuspended with 200 mL KPE buffer (0.1% TritonX-100 and
0.6% sulfosalicylic acid, 0.1 M potassium phosphate buffer,
5 mm EDTA, pH 7.5). Then, the suspension was sonicated for 5
minutes and then centrifuged at 3000 g for 5 minutes. 10 mL of
the obtained cell suspension was diluted to 300 mL to prepare
for GSH analysis.

H2O2 detection using core–shell Cu/Au NPs

Using TMB as substrate, H2O2 was quantitatively detected by
colorimetric method at room temperature, and the corre-
sponding absorbance values were recorded by Microplate
reader (Biotek, USA). Briey, 100 mL 65 mg mL�1 Cu/Au NPs
solution and 96 mL 1.5 mM TMB were added into 92 mL 0.2 M
HAc-NaAc buffer solution (pH 5) in the 96 well plates. Then, 12
mL H2O2 of different concentrations was mixed with the above
solution and start timing immediately. Aer incubating for 20
minutes at room temperature, the absorbance of the solution
was measured at 652 nm. LOD is equal to three times the
standard deviation of the blank divided by the analytical cali-
bration slope.50

Glucose detection using core–shell Cu/Au NPs

10 mL GOx, 10 mL glucose of different concentrations (0.625 to 20
mM), 100 mL 65 mg mL�1 core–shell Cu/Au NPs solution and 96
RSC Adv., 2022, 12, 21875–21884 | 21879
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Fig. 6 (a) Schematic illustration of core–shell Cu/Au NPs applied for the colorimetric biosensing of glucose. (b) The dependence of the
absorbance on the concentration of glucose in the range from 0.625 to 20 mM. (c) Linear calibration plot for glucose from 20 to 670 mM.

Fig. 7 Selectivity test for glucose detection by the proposed assay.
Glucose was 10 mM, the other sugars were 20 mM. Error bars repre-
sent the standard deviation of three repeated measurements.
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mL 1.5 mM TMB were added into 84 mL 0.2 M HAc-NaAc buffer
solution (pH 5) in the 96 well plates. Aer incubating for 90
minutes at 37 �C, the absorbance values of the solution were
measured at 652 nm in a microplate meter (Biotek, USA).

Selectivity of the detection system toward glucose

In order to study the selectivity of the proposed method,
sucrose, lactose and fructose were evaluated in the glucose
assay. The concentration of glucose was 10 mM, and other three
sugars were 20 mM. The detection methods were the same as
the detection of glucose.
21880 | RSC Adv., 2022, 12, 21875–21884
GSH detection using core–shell Cu/Au NPs

The determination of GSH with colorimetric detection were
carried out as followed: 100 mL of 65 mg mL�1 core–shell Cu/Au
NPs and 12 mL of 0.5 MH2O2 were added into 92 mL of HAc-NaAc
buffer solution (pH 5). Then 50 mL of varied concentrations of
GSH were added. Finally, 96 mL of 1.5 mM TMB were added into
the mixture. The change of absorbance at 652 nm was recorded
aer 10 min of the adding of TMB.
Selectivity of the detection system toward GSH

The inuence of a series of biologically relevant amino acids (L-
Arg, L-Ala, L-Lys, D-Ala, L-Val, L-Asp), and glucose were evaluated
in the GSH assay. The concentrations of L-Arg, L-Ala, L-Lys, D-Ala,
L-Val, L-Asp, glucose were 10 mM and GSH was 2 mM, respec-
tively. The detection methods were the same as the detection of
GSH.
Detection of glucose and GSH in the spiked samples

For recovery analysis, dissolve commercial biscuits in water to
form a solution of 1 mg mL�1, and add 0, 2.5, 5 and 10 mM
glucose, respectively. All the spiked samples were performed
according to the above colorimetric detection procedure. The
recoveries (%) of glucose was analyzed and calculated.

The colorimetric determination of GSH in BEAS-2B cells was
carried out according to the above detection method. Briey
speaking, 100 mL of 65 mg mL�1 core–shell Cu/Au NPs, 12 mL of
0.5 M H2O2 and 92 mL of HAc-NaAc buffer solution (pH 5) were
mixed with 50 mL of BEAS-2B Cell Lysate Samples containing
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Linear calibration plot for GSH from 0.5 mM to 10 mM. (b) The dependence of the absorbance on the concentration of GSH in the
range from 0.07 to 0.29 mM (b) and 0.57 to 1.43 mM (c). (d) Selectivity test for GSH detection by the proposed assay. GSH was 2 mM, the other
amino acids were 10 mM.

Table 2 The recoveries of glucose in the biscuits by the standard
addition (n ¼ 3)

Sample Added/mM Detected/mM Recovery/%

1 2.5 2.64 � 0.21 105.56
2 5 5.83 � 0.19 116.59
3 10 10.82 � 0.30 108.16

Table 3 The recoveries of GSH in SH-SY5Y Cell Lysate samples (n¼ 3)

Sample Added/mM Detected/mM Recovery/%

1 2 1.91 � 0.06 95.65
2 4 3.63 � 0.37 90.76
3 8 7.98 � 0.34 99.69
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varied concentrations of GSH (with nal concentrations of 0.29,
0.57, 1.14 mM). Finally, 96 mL of 1.5 mM TMB were added into
the mixture. The change of absorbance at 652 nm was recorded
aer 10 min of the adding of TMB.
Results and discussion
Characterization of iodide-responsive core–shell Cu/Au NPs

According to the literature,49 core–shell Cu/Au NPs were
prepared by reducing CuSO4 and HAuCl4 in the presence of
© 2022 The Author(s). Published by the Royal Society of Chemistry
NaBH4 and sodium citrate. The morphology and size of nano-
particles were analyzed by TEM image. As shown in Fig. 1a,
core–shell Cu/Au NPs synthesized were non-spherical and
interconnected with each other. The structural composition of
the particles was determined by estimating the atomic content
in the EDX spectrum, and the results showed that Cu and Au
coexisted (Fig. 2b). The size distribution result indicated that
the diameter was about 7 nm (Fig. 1c). Fig. 1d demonstrated
that the hydrodynamic diameter of core–shell Cu/Au NPs was
about 26.81 � 0.15 nm and the surface zeta potential of core–
shell Cu/Au NPs was approximately�31.4� 1.87 mV. According
to previous literature reports,49 citrate stabilized core–shell Cu/
Au NPs can recognize and detect iodine ions with high selec-
tivity. In the presence of iodine ions, interconnected and
irregular nanoparticles are transformed into single, separated
and approximately spherical nanoparticles, and the solution
changed from purple to red. Therefore, iodine recognition
colorimetric experiments were carried out at room temperature
to verify the successful synthesis of core–shell Cu/Au NPs.
Native Cu/Au NPs held a wide absorption band with amaximum
absorbance at around 550 nm. And the solution appeared dark
purple gray in sunlight. With the increase of iodine ion
concentration, the color of the solution gradually changed to
light red. The maximum absorption peak changed from 550 nm
to 520 nm, and the absorption band became narrower (Fig. 2a).
When the Cu/Au NPs were incubated with 10 mM KI for 25 min,
RSC Adv., 2022, 12, 21875–21884 | 21881
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the solution showed light red, and there was a narrowed
absorption peak at 520 nm, as displayed in Fig. 2b. This
phenomenon was similar with the result of the literature,6

indicating that core–shell Cu/Au NPs were successfully
synthesized.

The peroxidase-mimicking activity of core–shell Cu/Au NPs

Using 3,30,5,50-tetramethylbenzidine (TMB) as substrate, the
peroxidase-mimicking activity of core–shell Cu/Au NPs was
determined by colorimetric method. Fig. 3a demonstrated
a colorimetric method for detecting H2O2 established on the
prepared Cu/Au NPs. In the absence of H2O2, Cu/Au NPs did not
catalyze TMB to produce blue products ox-TMB, while the color
of solution was blue and there was a remarkable peak at 652 nm
in the presence of H2O2 (Fig. 3b). At the same time, this process
was accompanied by color changes visible to the naked eye, as
shown in the illustration in Fig. 3c. It can be clearly observed
only when core–shell Cu/Au NPs, TMB And H2O2 coexist in the
reaction, the color of the solution was bright blue, but there was
no obvious change in other control systems. The above results
indicated that core–shell Cu/Au NPs has peroxidase-mimicking
activity.

In order to further explored the peroxidase-mimicking
catalytic mechanism of core–shell Cu/Au NPs, the steady-state
kinetic analysis was carried out by changing the concentration
of H2O2 or TMB in the reaction system while keeping the other
concentration invariant. We used H2O2 and TMB as substrates
and kept the core–shell Cu/Au NPs concentration constant
throughout the experiment. As demonstrated in Fig. 4a and b,
the oxidation reaction catalyzed by the core–shell Cu/Au NPs
followed a Michaelis–Menten behavior. Michaelis–Menten
constant (Km) and the maximum reaction rate (Vmax) can be
acquired from Lineweaver–Burk curve and Michaelis–Menten
curve. The Km of core–shell Cu/Au NPs with TMB and H2O2 were
1.63 mM and 2.74 mM. The Vmax of core–shell Cu/Au NPs with
TMB and H2O2 were 9.80 � 10�8 M S�1 and 4.77 � 10�8 M S�1.

Optimization of reaction conditions

Similar to other nano-enzymes, the peroxidase activity of core–
shell Cu/Au NPs is decided by reaction pH, temperature and
reaction time. Thus, we studied the above factors affecting the
catalytic efficiency. As shown in Fig. 5a, the catalytic perfor-
mance of core–shell Cu/Au NPs gradually enhanced with the
increase of pH from 3 to 5, and then decreased with the further
increase of pH, indicating that the catalytic activity of Cu/Au
NPs was higher in acidic environment. Thereupon, the pH
value of 5 was selected in the colorimetric detection. Subse-
quently, we further optimized the temperature of the reaction
system, in order to obtain high catalytic efficiency. With the
increase of temperature, the catalytic activity of core–shell Cu/
Au NPs and the absorbance of the reaction system decreased
(Fig. 5b). When the reaction temperature was in the range of 25–
45 �C, the catalytic efficiency of Cu/Au NPs was similar. For the
convenience of the experiment, we chose 25 �C for the follow-up
experiment. As shown in Fig. 5c, we optimized the reaction time
to detect hydrogen peroxide. The result exhibited that the
21882 | RSC Adv., 2022, 12, 21875–21884
absorbance increased gradually with the extension of time.
When the reaction time was 20 min, the absorbance tended to
be stable. Hence, we chose 20 min as the reaction time to detect
hydrogen peroxide.

Calibration curve for H2O2 detection

Under the determined optimal experimental conditions, the
catalysis-based colorimetric assay displayed absorption changes
with different concentrations of H2O2.

As shown in Fig. 5d, with the increase of H2O2 concentration,
the absorbance of the solution increased gradually. The corre-
lation between the absorbance values and H2O2 concentration
were linear over the range of 9.8–625 mM with a correlation
coefficient of 0.9984. The lower limit of detection (LOD) of core–
shell Cu/Au NPs for H2O2 was found to be 2.73 mM (3s/S). The
analytical performance of Cu/Au NPs as peroxidase mimetic
enzyme was compared with other nano-enzymes, as shown in
Table 1. Compared with other nano-enzymes, the constructed
sensor has considerable detection range and sensitivity. More-
over, this method of synthesizing nanoparticles is simple and
mild, and is expected to become a candidate method for H2O2

detection.

Calibration curve for glucose detection

It is well known that colorimetric detection method is widely
used to prepare highly sensitive and selective sensors because of
its simplicity, low cost and no need for complex instruments,
and the color change in the reaction process can be observed by
naked eyes.51 Considering the above advantages, we established
a simple glucose detection method (Fig. 6a). In the presence of
glucose, GOx can catalyze glucose to produce gluconic acid and
H2O2. Subsequently, H2O2 and core–shell Cu/Au NPs oxidize
TMB to blue ox-TMB, so as to realize the visual detection of
glucose. With the increase of glucose content, the absorbance at
around 652 nm enhanced gradually (Fig. 6b). The correlation
between the absorbance values and glucose concentration was
linear over the range of 20–670 mMwith a correlation coefficient
of 0.9910 (Fig. 6c). The lower limit of detection (LOD) of core–
shell Cu/Au NPs for glucose was found to be 15 mM (3s/S).
Compared with the previously reported colorimetric method for
glucose detection, our proposed method has considerable
linear range and sensitivity (Table 1). And compared with other
methods, Au@TiO2

15and R–Cu@Au/Pt NPs50 have lower detec-
tion limits, but the synthesis method of Au@TiO2 is complex
and Pt is a relatively expensive metal material, which would
increase the cost accordingly. This method has some advan-
tages in glucose detection because of its simple operation and
low cost.

Selectivity of the detection system toward glucose

To evaluate the selectivity detection system for glucose, the
investigations were carried out with three sugars including
sucrose, lactose and fructose. And the concentrations of the
other three sugars were two times higher than that of glucose.
As shown in Fig. 7, compared with the other three sugars, the
absorbance value increased signicantly in the presence of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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glucose, but the other three substances were difficult to detect
changes in absorbance. The above results indicated that our
method has high selectivity for glucose detection.

Calibration curve for GSH detection

Under the optimized conditions, different concentrations of
GSH were introduced into the core–shell Cu/Au NPs peroxidase
reaction system to evaluate the analytical performance of the
sensor, including linear response range and detection limit, as
shown in Fig. 8. With the increase of GSH concentration, the
value of A0 � A (A0 and A refer to the absorbance value in the
absence and presence of GSH) gradually increased (Fig. 8a). The
correlation between the absorbance values and GSH concen-
tration was linear over the range of 0.07 to 1.43 mM with
a correlation coefficient of 0.9902 and 0.9953 (Fig. 8b and c).
The lower limit of detection (LOD) of Cu/Au NPs for GSH was
found to be 13 mM (3s/S). Colorimetric detection of GSH has
been widely concerned because of its simple operation, low cost
and high sensitivity. In addition, nano-enzyme is a promising
material for the detection of GSH.52 Compared with other
materials for the detection of GSH, the performance of our
colorimetric method is equivalent to that of other methods.
Moreover, the synthesis method of Cu/Au NPs is simple, which
is expected to be an ideal material for the detection of GSH.

Selectivity of the detection system toward GSH

Selectivity is also an important factor in evaluating the perfor-
mance of the proposed method. To better simulate the intra-
cellular, some potential interfering substances including L-Arg,
L-Ala, L-Lys, D-Ala, L-Val, L-Asp and glucose were investigated in
the detection. As shown in Fig. 8d, the proposed method
displays high selectivity for the detection of GSH.

Detection of glucose and GSH in the spiked samples

To evaluate the accuracy and practicality of the established
method, glucose with different concentrations were further
detected in the spiked samples by conducting three replicate
analyses. As shown in Table 2, the average recoveries were in the
range of 105–116%. Therefore, this colorimetric method is
applicable to real samples to determine glucose concentration.

In order to verify the detection performance of the proposed
detection in real samples, GSH in BEAS-2B cell samples was
detected. The BEAS-2B cell lysate samples were diluted to be
consistent with the linear response range of our proposed
colorimetric method. The recovery experiment was carried out
by standard addition method, the average recovery was from
90% to 100%, as shown in Table 3. This result indicated that our
method has great potential in detecting GSH in real samples.

Conclusions

In summary, we successfully synthesized and characterized
core–shell Cu/Au NPs, and developed a colorimetric assay for
H2O2, glucose and GSH detection. Under the optimal experi-
mental conditions, the method displayed good responses
toward H2O2 with a linear range from 9.8 to 625 mM. The LOD
© 2022 The Author(s). Published by the Royal Society of Chemistry
value was 2.73 mM. Determination of glucose was achieved from
20–670 mM with a LOD of 15 mM. For the detection of GSH, the
linear range was from 0.07 to 1.43mMwith a LOD of 13 mM. The
above results showed that the proposed method had a wide
linear range for the detection of H2O2, glucose and GSH, and
was fast, simple and sensitive. And this method can be used for
the detection of actual samples, and has great application
potential in environmental monitoring and clinical diagnosis.
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