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ABSTRACT: Many studies have recently produced artificial enzymes with metal nanoparticles (NPs) to overcome the limitations
of natural enzymes, such as low stability, high cost, and storage problems. In particular, gold NPs exhibit peroxidase-like activity and
are strongly influenced by external parameters, such as pH, temperature, size, shape, and functional layer, which change the enzyme
activity. Here, chitosan-capped multibranched Au−Ag−Pt NPs (CCNPs) that mimic peroxidase were synthesized using various
peroxidase-mimicking strategies. The results demonstrated that enzyme activity sequentially increased because of the multibranched
Au−Ag NPs coated with Pt and chitosan. The enzyme activity of the particle was evaluated through the oxidation of 3,3′,5,5′-
tetramethylbenzidine (TMB), which causes a color change into blue. This change was observable with the naked eye and could be
used practically. The color change depended on the concentration of hydrogen peroxide (H2O2), and it was shown that the CCNPs
could be applied to measure H2O2 with a limit of detection (LOD) of 0.054 mM. Furthermore, with glucose oxidase, the CCNPs
can be used for glucose detection with an LOD of 0.289 mM. Also, the potential of the CCNP application in human serum was
shown through the serum test. Thus, this study suggested the utilization of the multibranched Au−Ag−Pt NPs that mimic the
peroxidase activity of natural enzymes and the possibility of application in various biological analyses.

1. INTRODUCTION
Diabetes is a chronic disease caused by the resistance to insulin
or inadequate insulin, causing complications in various body
organs, such as the eyes, skin, liver, stomach, kidney, foot,
blood vessels, nerves, and sexual organs.1 Diabetes patients
have a high incidence of cardiovascular (arteriosclerosis, stroke,
angina, and myocardial infarction) and neurological complica-
tions (peripheral neuropathy, retinopathy, cataracts, and
glaucoma). Diabetes can directly or indirectly affect many
body organs; therefore, the failure to detect diabetes early can
lead to the rapid deterioration of health owing to
complications.

Various methods have been developed to measure blood
sugar or glucose contents in body fluids for the early diagnosis
of diabetes. In these methods, colorimetric detection is
inexpensive and highly versatile. Conventionally, for colori-
metric detection, hydrogen peroxide (H2O2) is generated using
glucose and glucose oxidase, and the generated H2O2 is

combined with peroxidase to oxidize the chromogenic agent.2

However, the peroxidase used in this process is a natural
enzyme derived from living organisms. Natural enzymes are
mainly protein-based compounds, and enzyme activity is
greatly affected by the changes in temperature, pH, and salt
concentration.3 In a study that confirmed the enzymatic
activity of peroxidase, the enzyme activity decreased by 30%
when the temperature was near the body temperature. Outside
a pH of 7, the enzyme activity sharply dropped, and the
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enzyme activity sharply dropped even with a change in the salt
concentration.

To replace protein-based enzymes extracted from nature,
previous studies have been conducted to replace the role of
enzymes based on nonprotein-based nanoparticles (NPs),
including noble metals (Au,4 Ag,5 Pt,6 and Pd7), transition
metal oxides (Fe3O4,

8 CuS,9 Fe3S4,
10 and CuZnO11), and

carbon nanomaterials (single-walled carbon nanotube, multi-
walled carbon nanotube, and graphene).12 These are called
nanozymes.13 Nanozymes are created using many different
enzyme mimicking strategies. The usage of Au NPs is one of
them. Au NPs have been used to mimic various enzymes, such
as oxidase,14 superoxide dismutase (SOD),15 catalase,16

peroxidase,17 and glucose oxidase.18 Moreover, Au NPs possess
the advantage of maximizing the surface-interface resolution
owing to the plasmon effect through surface modification.19

This indicates that the specific chemical reaction of the
material to be analyzed on the surface of the Au NP can be
maximized.20,21 Recently, it was discovered that the morphol-
ogy of Au NPs can be changed to maximize the enzyme
function.22,23 To increase the surface chemistry efficiency of
NPs, a study established a method of increasing the surface
area. Methods for manufacturing NPs in various forms/shapes,
such as the porous structure, star shape, and rod shape, have
been developed.24 Especially, it was found that in the process
of growing Au NPs, Ag NPs were reduced to the surface,
thereby inhibiting the growth of the Au NPs and exhibiting a
star-shaped morphology.25 According to the previous research,
the star-shaped NPs showed a 60% increase in surface area to
volume compared to the spherical NPs.26 In addition, the
enzymatic performance of spherical and star-shaped NPs was

directly compared. The activity of the star-shaped NPs was
higher than that of the spherical gold NPs.27

In addition, studies have been conducted to change the
composition of the surface chemistry to increase the catalytic
activity. Au NPs were manufactured in the form of nanorods28

and urchins29 by covering Au NPs with Pt, and it was observed
that the higher the Pt fraction on the particle surface, the
higher the catalytic activity.30 Chitosan is also used to enhance
the peroxidase activity. Chitosan is a polysaccharide derived
from chitin and is specifically polycational and chelating using
amino and hydroxyl groups.31 It is known that the polycation
of chitosan can mimic the peroxidase enzyme because of its
surface charge.32 In addition, metal ions could be uniformly
distributed around chitosan because of chelation, thereby
increasing the stability of the generated NPs.33,34

Here, we produced chitosan-capped multibranched Au−
Ag−Pt NPs (CCNPs) by applying the aforementioned
peroxidase-mimicking strategies (Figure 1). To date, no
study has applied strategies, such as particle shape change,
surface modification through Pt coating, and charge change
and stability enhancement through polymer coating at once to
develop nanozymes to mimic peroxidase. Moreover, by merely
mixing the ingredients, CCNPs can be produced in situ in
about an hour at room temperature. The surface evaluation
was performed through scanning electron microscopy (SEM).
Afterward, enzyme activity was measured using an ultraviolet−
visible (UV−vis) spectrophotometer to quantitatively analyze
its ability to replace natural horseradish peroxidase (HRP). We
applied it to glucose measurements. This suggested a great
potential for the peroxidase replacement of CCNPs for
biodetection.

Figure 1. Illustration of the reaction cascade for glucose detection using CCNPs.
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2. RESULTS AND DISCUSSION
2.1. Characterization of CCNPs. The multibranched Au−

Ag−Pt NPs and CCNPs were characterized by SEM. The
multibranched Au−Ag−Pt NPs were spherical with multiple
branches, and their sizes were in a range of 150−200 nm
(Figure 2a). Therefore, the formation of multibranched NPs
with an increased specific surface area was confirmed. It was
observed that the CCNPs were surrounded by a thin film
produced by chitosan and there was no significant difference in
size with the bare Au−Ag−Pt NPs (Figure 2b). The CCNPs
were characterized by TEM (Figure S1). Figure S1 shows that
the multibranched forms were observed at a high magnifica-
tion.

The SEM-EDS mapping shows the distribution of Au, Ag,
and Pt in the CCNPs (Figure 2c). Au, Ag, and Pt are indicated
in red, purple, and green, respectively. The concentration of
red dots is high at the core; therefore, it was considered that
Au was distributed in the core of the NPs. Importantly, Ag was
scattered on the Au surface. According to Cheng et al., adding
Ag to the Au NPs changed the morphology of the NPs. As the
Ag concentration increased, the NPs became multibranched
and irregularly quasi-spherical. Au ions have a higher reduction
potential than Ag ions; therefore, on the surface of the reduced
Au NPs, the Ag ions were first reduced and served as an active
surface for further growth.35 Accordingly, the multibranched
morphology with a larger specific surface area than those of the
Au NPs was created, thereby exhibiting a stronger enzyme
activity. In addition, Pt was scattered over the CCNPs. The

distributions of the Au, Ag, and Pt elements in the CCNPs
were determined by quantitative analysis of the each element
intensity in the SEM-EDS data to be 44.24, 27.66, and 28.10%,
respectively. As a result of XPS data analysis, gold and silver
were not observed on the surface, indicating that the star-
shaped gold NPs, which are the core of the particles, are not
active sites. However, since the elements of Pt and chitosan
were observed in the XPS data, it can be expected that Pt and
chitosan, which have intrinsic peroxidase mimic ability, are
active sites (Figure S2).

The particle sizes of the Au−Ag NPs, Au−Ag−Pt NPs, and
CCNPs were measured by DLS to be 181.9, 178.3, and 197.2
nm, respectively (Figure 2d). There was a minimal change in
the particle size because of the Pt coating, and the particle size
increased by approximately 15 nm after the chitosan coating.
Furthermore, the absorption bands from the Au−Ag−Pt NPs
and CCNPs were recorded by Fourier transform infrared (FT-
IR) spectroscopy. Then, the IR spectrum of the Au−Ag−Pt
NPs and CCNPs was compared (Figure S3). As shown in the
IR spectrum of the CCNPs, the bands at 1215 and 1550 cm−1

showed the presence of C−O and N−H peaks from chitosan,
respectively. As shown in the IR spectrum of the Au−Ag−Pt
NPs, the aforementioned peaks were not observed. Thus, it
was confirmed that the CCNPs were coated with chitosan.
2.2. Peroxidase-like Activity of CCNPs. We confirmed

that the CCNPs exhibited peroxidase-like activity (Figure 3a).
The CCNPs decomposed H2O2 and oxidized TMB. The UV−
vis spectra of the oxidized TMB (ox-TMB) exhibited a
characteristic peak at 652 nm. Prior to verifying the peroxidase

Figure 2. SEM images of (a) multibranched Au−Ag−Pt NPs and (b) CCNPs. (c) SEM-EDS analysis of Ag, Au, and Pt in CCNPs. (d) DLS data of
Au−Ag NPs, Au−Ag−Pt NPs, and CCNPs.
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activity of the CCNPs, we conducted various optimization
experiments. First, the change in absorbance at 652 nm
according to the Pt concentration was compared (Figure S4).
As Pt was added, the absorbance rapidly increased even at low
concentrations. The volume of 10 mM Pt showed the greatest
change in absorbance when 50 μL was added, followed by a
decrease. Thus, we set the optimal Pt concentration. The
change in absorbance by the CCNPs according to temperature
and pH was then measured. The changes in absorbance at 652
nm were measured in the temperature range of 20−80 °C
(Figure S5a). The absorbance was the highest at 20 °C, and
there was no significant change in the absorbance up to 60 °C
despite the increase in temperature. However, a sharp change
in absorbance occurred above 60 °C. Therefore, it was
confirmed that the normal activity temperature of CCNPs
ranged between 4 and 60 °C. The absorbance at 652 nm
according to the pH range of 1−10 was measured and plotted
through normalization (Figure S5b). The highest change in
absorbance was observed at a pH between 4 and 8. The change
in absorbance remarkably decreased at a pH of 4 or less and 8
or more. Therefore, it was confirmed that the normal activity
pH of CCNPs was between 4 and 8. The temperature of most
body fluids is approximately 37 °C, and the pH of most body
fluids is around 7.4. Thus, it was confirmed acceptable for
practical use as a biosensor. The absorbance at 652 nm with
time was recorded (Figure S6). Initially, the absorbance
gradually increased with time, but after 5 min, it was saturated
at a constant value. In addition, the absorbance tended to
slightly decrease over time. Therefore, 5 min was set as the
saturation time of the reaction, and the experiment was
conducted.

After optimizing various conditions such as the pH,
temperature, and time, the peroxidase-like activity of CCNP

was verified. Before verification, the spectra of Au−Ag NPs,
Au−Ag−Pt NPs, and CCNPs itself were measured (Figure
S7). Figure 3b shows the spectra of the five conditions by UV−
vis spectroscopy. Dissimilar to the other conditions, strong
absorption bands were observed around 652 nm only when
CCNPs, H2O2, and TMB were present. TMB could be
oxidized because the CCNPs exhibited peroxidase-like activity
that decomposed H2O2. Figure 3c shows the image of each
experimental condition. Dissimilar to the remaining exper-
imental conditions with transparent or light yellow or green
light, strong color light was observed in the experiment in
which CCNPs, H2O2, and TMB were reacted.

As previously mentioned, we improved the peroxidase-like
activity of the metal NPs by adding Pt to Au−Ag NPs.
Furthermore, they were coated with chitosan to prevent the
aggregation of the Au−Ag−Pt NPs and increase the catalytic
activity. To confirm the effectiveness of these strategies, the
peroxidase-like activities of the Au−Ag NPs, Au−Ag−Pt NPs,
and CCNPs were measured. Figure 3d shows the UV−vis
spectra of the peroxidase-like activities of the three
aforementioned NPs. The Au−Ag NPs did not exhibit a
significant peak around 650 nm, but the Au−Ag−Pt NPs
exhibited an absorbance around 0.5. However, this absorbance
was so weak that it was incomparable to that of the CCNPs.
The CCNPs exhibited an absorbance around 1.0 and showed
the strongest peroxidase-like activity. Figure 3e shows the
results of the colorimetric observation. The Au−Ag NPs
appeared practically transparent, and the Au−Ag−Pt NPs had
a pale-blue light, while the CCNPs had the strongest blue light.
Thus, it was confirmed that the enzyme activity gradually
increased as Pt and chitosan were added.
2.3. Sensitivity of CCNPs against H2O2 and TMB. To

determine the extent of the peroxidase-like activity of the

Figure 3. (a) Schematic illustration of peroxidase-like activity of CCNPs. (b) UV−vis absorbance spectra of CCNPs, TMB, TMB + H2O2, CCNPs
+ H2O2, CCNPs + TMB, and CCNPs + H2O2 + TMB in peroxidase-like activity test. (c) Images corresponding to the spectra shown in Figure 3b.
(d) UV−vis absorbance spectra of Au−Ag NPs, Au−Ag−Pt NPs, and CCNPs in the peroxidase-like activity test. (e) Images corresponding to the
spectra shown in Figure 3d.
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CCNPs, we measured the absorbance at different H2O2
concentrations. The H2O2 concentration was sequentially
adjusted from 0 to 1 mM. When observed with the naked
eye, from 0 mM, the higher the concentration, the darker the
blue light. As shown in each UV−vis spectra, the absorbance
increased as the H2O2 concentration increased (Figure 4a).
Each maximum absorbance wavelength was 652 nm (a
characteristic peak of ox-TMB). Figure 4b shows the
correlation between the absorbance and the H2O2 concen-
tration. When the H2O2 concentration was low, the absorbance
linearly increased as the substrate concentration increased. As
the substrate concentration increased, it did not appear linearly
because the enzymes were saturated. This indicated that H2O2
was detected in proportion to the degree to which the solution
had blue light. At this time, the R-square value was 0.9919. The
limit of detection (LOD) value was obtained by (standard
error/slope) × 3.3. The standard error refers to the amount of
error of the predicted absorbance value for the H2O2
concentration. The LOD for H2O2 was calculated to be
0.0544 mM.

We then measured the absorbance at different TMB
concentrations. The TMB concentrations were sequentially
adjusted from 0 to 10 mM. When observed with the naked eye,
from 0 mM, the higher the concentration, the darker the blue

light. As the TMB concentration increased, the UV−vis
absorbance value at 652 nm (the maximum absorbance
wavelength) also increased (Figure 5a). The association
between the absorbance value and TMB concentration is
depicted in Figure 5b. When the TMB concentration was low,
the absorbance linearly increased as the substrate concen-
tration increased. This indicated that the TMB was detected in
proportion to the degree to which the solution had blue light.
The R-square value was 0.9953. The LOD of TMB was
calculated similarly to that of H2O2 to be 0.0932 mM.
2.4. Kinetic Analysis of CCNPs. Michaelis−Menten

kinetics is one of the most well-known models of enzyme
reaction kinetics in biochemistry. Through this kinetics, the
initial reaction rate at different substrate concentrations can be
calculated. The reaction rate was expressed by eq 1.

V
V s

s K
max

m
= [ ]

[ ] + (1)

A cl= (2)

V
K

V s V
1 1m

max max
=

[ ]
+

(3)

Figure 4. Sensitivity of CCNPs at different H2O2 concentrations. (a) UV−vis absorption spectra of the sensing platform with increase in the
concentration of H2O2 (0.05−1.00 mM). Inset shows the images of the colorimetric detection of H2O2. (b) Correlation between the content of
H2O2 and the absorbance at 652 nm. Inset plot shows the reaction of the initial concentration.

Figure 5. Sensitivity of CCNPs at different TMB concentrations. (a) UV−vis absorption spectra of the sensing platform with an increase in the
concentration of TMB (0.05−10.0 mM). Inset shows the images for various concentrations of TMB. (b) Correlation between the content of TMB
and the absorbance at 652 nm. Inset plot shows the reaction of the initial concentration.
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The smaller the Km value, which is the Michaelis constant,
and the larger the Vmax value, which is the maximum reaction
rate, the higher the reaction rate. We used Beer−Lambert’s law
equation to calculate the concentration from the absorbance
and molar extinction coefficient using eq 2. The molar
extinction coefficient of ox-TMB is 39000 M−1 cm−1,36 and
the path length of the cuvette is 1 cm. Therefore, the molar
concentration was obtained by substituting the absorbance at
652 nm into this equation. The reaction rate was obtained by
dividing the change in the molar concentration by the reaction
time. When the conditions of the other reagents were the
same, the reaction rate according to the H2O2 concentration
changed (Figure 6a). At this time, when the graph is illustrated
by taking the reciprocal of each variable, the first-order
function was obtained as eq 3.
Km and Vmax were obtained using the slope and y-intercept

of the straight line, Lineweaver−Burk plot. The Vmax and Km
values were 14.68 × 10−8 M/s and 3.61 mM, respectively. This
was a better value than those of PT50-PEI or Au NPs, which
are reported nanozymes, and HRP, which was used as a
conventional natural enzyme (Table 1). In addition, the
reaction rate with time was compared by fixing the H2O2
concentration and varying the TMB concentration (Figure

6b). In that case, the Vmax and Km values were 18.55 × 10−8 M/
s and 3.15 mM, respectively.
2.5. Glucose Detection. We confirmed the detection

sensitivity of CCNPs for glucose. To achieve the ultimate goal
of colorimetric glucose detection, CCNPs must accurately and
sensitively detect low glucose concentrations. The inset of
Figure 7a is an image of the cuvettes reacted with CCNPs and
TMB by varying the glucose concentration from 0 to 10 mM.
The higher the glucose concentration, the darker the blue light.
Moreover, we recorded the UV−vis spectra by changing the
glucose concentration from 0 to 10 mM (Figure 7a). Using a
UV−vis spectrophotometer, the absorbance was shown to rise
as the glucose concentration increased. Figure 7b shows the
absorbance at 652 nm according to the glucose concentration.
When the glucose concentration was low, the absorbance
linearly increased as the glucose concentration increased. At
this time, the R-square value was 0.9959. The LOD of glucose
was 0.2896 mM. This indicated that glucose was detected in
proportion to the degree to which the solution had blue light.
2.6. Selectivity Test and Serum Test. The sensitivity of

the glucose detection was evaluated with maltose, galactose,
sucrose, and lactose as controls. The concentrations of the
sugars used were 10 mM. Figure 8a shows that the absorbance
of the control group was considerably lower than that of
glucose. Therefore, this detection method showed a high
glucose selectivity due to the selective oxidation of glucose by
glucose oxidase. Next, the serum application test was
conducted to see if the CCNPs could be applied to human
serum. UV−vis spectra were recorded by adding the glucose
concentration from 0 to 1 mM to a 10-fold diluted serum
(Figure 8b). Using a UV−vis spectrophotometer, the
absorbance was shown to rise as the glucose increased. Figure
8c shows glucose concentration versus 652 nm absorbance
with an R-square value of 0.941 and an LOD of 0.3778 mM.
Therefore, CCNPs showed the potential to be applied to
glucose measurement in human serum.

Figure 6. Reaction rate of CCNPs at different H2O2 and TMB concentrations. (a) Steady-state kinetic assay of CCNPs at varied H2O2
concentrations. (b) Steady-state kinetic assay of CCNPs at varied TMB concentrations.

Table 1. Comparison of Different Enzymes with Km and
Vmax Values

37−42

enzyme Km (mM) Vmax refs

CCNPs 3.61 14.68 this work
HRP 3.70 8.71 37
CNZ 25 0.038 38
Pt50-PEI 43.60 8.5 39
PtNPs/GO 221.4 12.45 40
Fe3O4 MNPs 154 9.78 41
Au NPs 33 6.1 42
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3. CONCLUSIONS
Here, we observed the peroxidase-like activity of CCNPs. We
increased the catalytic activity by adding Pt to the Au−Ag NPs,
which were known to exhibit better peroxidase-like activity,
and coating them with chitosan. The characterization of the
NPs was completed by SEM, SEM-EDS, TEM, XPS, FTIR,
and DLS. The peroxidase-mimicking enzymes decomposed
H2O2 and oxidized TMB, which emits blue light. Here,
CCNPs (artificial enzymes), H2O2, and TMB were reacted.
We observed a strong peak around 652 nm using a UV−vis
spectrophotometer. Moreover, the higher the concentration of
H2O2 or TMB, the higher the catalytic activity. The LOD
values for H2O2 or TMB were 0.0504 and 0.0932 mM,
respectively. Using Michaelis−Menten kinetics, the Vmax and
Km values were 14.68 × 10−8 M/s and 3.61 mM, respectively.
This was a better value than those of a reported nanozyme or
natural enzyme. Finally, after measuring the catalytic activity of
CCNPs at different glucose concentrations, it was observed
that the absorbance proportionally increased as the glucose
concentration increased. Therefore, it is expected that the
CCNPs can be effectively used for the easy and early diagnosis
of diabetes in the developing countries.

4. MATERIALS AND METHODS
4.1. Chemicals and Reagents. Gold(III) chloride hydrate

(HAuCl4·H2O), silver nitrate (AgNO3), potassium
tetrachloroplatinate(II) (K2PtCl4), glucose oxidase from

Aspergillus niger (GOx), ascorbic acid, ethanol, acetic acid,
human serum, and HRP were purchased from Sigma-Aldrich
(St. Louis, USA). In addition, 3,3′,5,5′-tetramethylbenzidine
(TMB) and glucose were purchased from TCI (Tokyo, Japan).
Chitosan, maltose monohydrate, fructose, lactose monohy-
drate, galactose, and H2O2 were obtained from Samchun
Chemicals (Seoul, Korea). All chemicals and reagents were of
analytical grade.
4.2. Instruments. SEM and energy-dispersive X-ray

spectroscopy (EDS) mapping images were obtained using a
focused ion beam scanning electron microscope (Helios 5 UC,
FEI). Transmission electron microscopy (TEM) images were
captured using a high-resolution transmission electron micro-
scope (JEM-3010, JEOL). Dynamic light scattering (DLS) was
measured using a Zetasizer (Zetasizer Nano ZS, Malvern
Instruments). UV−vis spectra were recorded using UV−vis
spectroscopy (Lambda 25 UV−vis spectroscopy, PerkinElmer)
and a microplate reader (Synergy H1, BioTek).
4.3. Preparation of CCNPs. In order to synthesize the

Au−Ag NPs, 20 μL of the 10 mM HAuCl4 aqueous solution
and 1000 μL of DI water were mixed into the vial and
vortexed. Afterward, 5 μL of a 10 mM AgNO3 aqueous
solution was added, followed by 4 μL of 100 mM ascorbic acid.
The mixture was then vortexed after 50 μL of 10 mM K2PtCl4
was added. A 1 wt % chitosan solution was then prepared using
ethanol as a solvent. Aqueous NP solution that had already
been made and the chitosan solution were combined 1:1 and
agitated for 24 h. The collected NP solution was washed with

Figure 7. Glucose detection of CCNPs at different concentrations. (a) UV−vis absorption spectra of the sensing platform at different
concentrations of glucose (0.1−10 mM). Inset shows theimages for various concentrations of glucose. (b) Correlation between the content of
glucose and the absorbance at 652 nm. Inset plot shows the reaction of the initial concentration.

Figure 8. (a) Selectivity analysis of CCNPs for glucose detection. The normalization result of the 652nm wavelength value according to 10 mM
glucose, maltose, galactose, sucrose, and lactose. The inset table is a comparison result of the normalized intensity. (b) UV−vis absorption spectra
of the sensing platform at different glucose concentrations (0.1−1 mM) in a 10-fold diluted serum. (c) Correlation between the content of glucose
in a 10-fold diluted serum and the absorbance at 652 nm.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04129
ACS Omega XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acsomega.2c04129?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04129?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04129?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04129?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04129?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04129?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04129?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04129?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


DI water three times and stored at room temperature for
further use.
4.4. Characterization of CCNPs. SEM and TEM were

used to observe the CCNPs’ morphology and size. To examine
the distribution of different elements in CCNPs, SEM-EDS
was used. The sizes of the Au−Ag NPs, Au−Ag−Pt NPs, and
CCNPs were compared through DLS. The absorbance of
CCNPs was measured using UV−vis spectroscopy to confirm
if it exhibited peroxidase-like activity.
4.5. Peroxidase-like Activity of CCNPs. To observe the

decomposition of H2O2 using CCNPs, we set five conditions.
Each vial contained or did not contain CCNPs, H2O2 (10
mM), or TMB (10 mM). The five conditions were as follows:
DI water (800 μL) and TMB (100 μL); DI water (400 μL),
H2O2 (400 μL), and TMB (100 μL); CCNP solution (400
μL), H2O2 (400 μL), and DI water (100 μL); CCNP solution
(400 μL), TMB (100 μL), and DI water (400 μL); and CCNP
solution (400 μL), H2O2 (400 μL), and TMB (100 μL). The
maximum absorbance wavelength and value of absorbance
were measured using a UV−vis spectrophotometer for each
condition.
4.6. Comparison of Peroxidase-like Activity for Au−

Ag NPs, Au−Ag−Pt NPs, and CCNPs. To compare the
peroxidase-like activity of the Au−Ag NPs, Au−Ag−Pt NPs,
and CCNPs, 1 mM H2O2 (500 μL) and 10 mM TMB (100
μL) were reacted with 1000 μL of each aqueous NP solution.
Each was measured using a UV−vis spectrophotometer.
4.7. Peroxidase-like Activity of CCNPs for Temper-

ature, pH, and Incubation Time. In the temperature
experiment, 1 mM TMB and H2O2 were reacted for 5 min with
the CCNP solution at different temperatures from 4 to 80 °C.
Thereafter, the absorbance at 652 nm at different temperatures
was recorded. In the pH experiment, 1 mM TMB and H2O2
were reacted for 5 min with the CCNP solution adding buffers
of different pH from pH 1 to pH 10. Thereafter, the
absorbance at 652 nm at different pH was recorded. In the
incubation time experiment, 1 mM TMB and H2O2 were
reacted for 5 min with the CCNP solution at different time
intervals from 0 to 10 min. Thereafter, the absorbance at 652
nm at different time intervals was recorded.
4.8. Sensitivity of CCNPs against H2O2 and TMB. The

H2O2 concentration was increased from 0 to 0.05, 0.1, 0.2, 0.4,
0.6, 0.8, and 1 mM and reacted with the CCNP solution (100
μL) and 1 mM TMB (100 μL). The mixtures were examined
using a UV−vis spectrophotometer after 5 min of incubation at
37 °C. Thereafter, the absorbance at 652 nm at different
concentrations of H2O2 was recorded.

Similarly, the TMB concentration was increased from 0 to
0.05, 0.1, 0.3, 0.5, 0.7, 1, 3, 5, 7, and 10 mM, reacting with the
CCNP solution (100 μL) and 0.2 mM H2O2 (100 μL). The
mixtures were incubated for 5 min at 37 °C. Thereafter, the
absorbance at 652 nm at different concentrations of TMB was
recorded.
4.9. Glucose Detection. The glucose concentration was

increased from 0 to 0.1, 0.3, 0.5, 1, 3, 5, and 10 mM, and the
glucose was reacted with glucose oxidase at 50 °C for 10 min.
The mixtures were reacted with the CCNP solution (100 μL)
and 10 mM TMB (100 μL). Then, the mixtures were
examined using a UV−vis spectrophotometer after 5 min of
incubation at 37 °C. Thereafter, the absorbance at 652 nm at
different glucose concentrations was recorded.
4.10. Selectivity of CCNPs. 10 mM glucose, maltose,

galactose, sucrose, and lactose were reacted with glucose

oxidase at 50 °C for 10 min. The mixtures were incubated with
100 μL each of the 10 mM TMB solution and the CCNP
solution for 5 min at 37 °C. Thereafter, the absorbance at 652
nm at different sugars was recorded. The absorbance at 652nm
was normalized to the absorbance of the mixture to which
TMB, glucose oxidase, and CCNP were added. The minimum
value was set to a wavelength of 652 nm in the control
experiment, and the maximum value was set to a wavelength
value of 652 nm in the 10 mM glucose reaction experiment for
normalization.
4.11. Serum Test of CCNPs. Human serum for the

experiment was diluted 10-fold. The glucose concentration in a
10-fold diluted serum was increased from 0 to 0.1, 0.3, 0.5, and
1 mM, and the glucose was reacted with glucose oxidase at 50
°C for 10 min. The mixtures were reacted with the CCNP
solution (100 μL) and 10 mM TMB (100 μL). Then, the
mixtures were examined using a UV−vis spectrophotometer
after 5 min of incubation at 37 °C. Thereafter, the absorbance
at 652 nm at different glucose concentrations was recorded. All
the above experiments were repeated at least three times.
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