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Nanozymes are particles with diameters in the range of 1–100 nm, which has been widely
studied due to their biological enzyme-like properties and stability that natural enzymes do
not have. In this study, several reducing agents with different structures (catechol (Cc),
hydroquinone (Hq), resorcinol (Rs), vitamin C (Vc), pyrogallic acid (Ga), sodium citrate (Sc),
sodium malate (Sm), and sodium tartrate (St)) were used to prepare colloidal gold with a
negative charge and similar particle size by controlling the temperature and pH. The affinity
analysis of the substrate H2O2 and TMB showed that the order of activities of colloidal gold
Nanozymes prepared by different reducing agents was Cc, Hq, Rs, Vc, Ga, Sc, Sm, St. It
was also found that the enzyme activity of colloidal gold reduced by benzene rings is higher
than that of the colloidal gold enzyme reduced by linear chains. Finally, we discussed the
activity of the colloidal gold peroxidase based on the number and position of isomers and
functional groups; and demonstrated that the nanozymes activity is affected by the surface
activity of colloidal gold, the elimination of hydroxyl radicals and the TMB binding efficiency.
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INTRODUCTION

Traditional biocatalysts, including natural enzymes; such as proteins, RNAs, or their complexes, have
been shown to be of great value in various biological studies because of their effective catalytic,
zymolytic activities under mild conditions (Breaker, 1997; Bornscheuer et al., 2012; Gurung et al.,
2013; Zhang et al., 2020). However, natural enzymes are expensive and prone to denaturation due to
temperature increase, present of enzyme inhibitors, and humidity increase (Gao et al., 2015).
Therefore, it is desirable to find natural enzyme substitutes with strong catalytic activities and
stabilities (Kirby, 1994; Yan, 2018). In 2007, Yan et al. discovered for the first time that ferrous oxide
magnetic nanoparticles (Fe3O4 MNPs) possess intrinsic peroxidase-like activity (Gao et al., 2007).
The enzymatic properties of nanomaterials were systematically studied from the perspective of
enzymology, and corresponding determination standards were established (Jiang et al., 2020). In
2013, Wei et al. defined mimetic enzymes nanomaterials as Nanozymes. Nanozymes are artificial
mimetic enzymes with catalytic functions and unique physicochemical properties (Wu et al., 2013).
At present, most metal oxides, noble metals, and carbon-based nanomaterials have been found to
have enzymatic-like activity, and can simultaneously exhibit the activity of one or more enzymes,
such as oxidase, superoxide enzyme, and catalase (Fu et al., 2015; Ray et al., 2017; Yao et al., 2018;
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Chang et al., 2019; Lin and Wei, 2019). Their catalytic reactions
are similar to those of natural enzymes, which not only conforms
to the kinetic curve of the Michaelis-Menten equation but also is
affected by temperature, substrate concentration, and pH (Zhou
et al., 2017).

The catalytic reaction of Nanozymes; is essentially the process
of surface electron transfer; the size effects and surface active sites
of these materials are key factors that affect the catalytic activity
(Peng et al., 2008; Asati et al., 2009; Ahmed et al., 2016; Wu et al.,
2019). Kinetic analysis of the enzyme reaction shows that the
surface modification of nanoscale biomimetic enzymes can
change an enzyme’s affinity for a substrate, thus affecting its
catalytic performance (Liu and Liu, 2017; Shi et al., 2019).
Therefore, the size and surface modification of Nanozymes
have become an important means of regulating the activity of
Nanozymes and providing a new route for the further research
and application of Nanozymes.

Luo et al. speculated that the reaction followed the Eley-Rideal
mechanism (Luo et al., 2010). In addition, JV et al. explored
whether colloidal gold has the characteristics of intrinsic
peroxidase mimic and applied colloidal gold nanoparticles to
glucose detection (Jv et al., 2010). They studied the difference in
peroxidase activity between gold nanoparticles modified with
different surface charges and unsupported (+)AuNPs; and
found through a series of characterization data that the
peroxidase activity of the positively-charged AuNPs ((+)
AuNPs) was the highest (Jv et al., 2010). Ocsoy et al. have also
achieved enhanced catalytic activity of horseradish peroxidase
using copper (II) and iron (II) ions (Burcu, 2015; Ocsoy et al.,
2015). Hizir et al. reports the multiplexing and adjusting of the
intrinsic peroxidase-like activity of gold nanoparticles using DNA
and RNA molecules (Hizir et al., 2016).

In this study, reductants with obvious structural differences
were used to prepare colloidal gold with similar particle sizes, and
enzyme activity was detected. Through the optimization of the
morphology and particle size of colloidal gold, the
characterization of a series of data, and the detection of
enzyme activity, it was found that the enzyme activity of
colloidal gold reduced by benzene rings was higher than that
of colloidal gold enzyme reduced by linear chains. The above
experimental results verified the differences in nanozymes
activities with different surface modifications and provide a
theoretical basis for the in-depth study and application of
nanozymes surface modification.

Experiment Methods
Preparation of Colloidal Gold
To avoid affecting the accuracy of the experimental results, it is
necessary to prepare colloidal gold by reduction without any
stabilizer. Certain concentrations of the reducing agent, pH
regulator and chloroauric acid solution were added in a
certain proportion and order, and nanoparticles with similar
particle size and morphology were prepared by controlling the
reaction conditions (Alkilany et al., 2015). First, 50 ml of water
that had been boiled twice was added to a conical flask and heated
to the reaction temperature (60–100°C). The reducing agent and
HAuCl4 solution were added at the same temperature to the

conical flask (the order of addition could be adjusted), and the
reaction mixture was stirred until the color of the gold nano
solution is stable. After preparation, the conical flask was
removed and cooled to room temperature, and the original
volume was supplemented with water that had been boiled
twice to prepare the gold nanosolution. The solution was
sealed and stored in a 4°C refrigerator for later use. To
maintain the accuracy of experimental results, a control
experiment was performed in which stabilizer was not used in
the preparation of the gold nanoparticles, due to the nature of the
reducing agent. Based on previous studies, the concentrations of
the reducing agent (catechol (Cc), hydroquinone (Hq), resorcinol
(Rs), vitamin C (Vc), pyrogallic acid (Ga), sodium citrate (Sc),
sodium malate (Sm), pH regulator (NaOH, K2CO3, HCl) and
chlorine acid solution were determined based on set proportions,
and the components were combined in a specific order.
Nanoparticles with similar sizes and morphologies were
prepared by controlling the reaction conditions.

The specific proportions are shown in Table 1.

Nano-Enzyme Activity Verification
First, the activity of peroxidase-mimicking enzymes was
preliminarily verified. It is generally believed that peroxidase-
mimicking enzymes can catalyse the decomposition of H2O2 to
produce free radicals that can chemically react with a certain
chromogenic substrate. In this study, TMB was used as the
chromogenic substrate, and its oxidation product had an
absorption peak at 652 nm. The activity of the peroxidase-
mimicking enzyme was preliminarily verified according to the
change in absorbance. The enzyme activity was measured after
confirming that it has peroxidase activity, and a (IU·mg−1)was
calculated.

The specific proportions are shown in Table 2

Nanozymes Activity Determination and Catalytic
Kinetics Research
Various nanozymes solutions (1.2 ml) were added to vials
containing 2 ml of a 0.2 M NaAc-HAc buffer (pH � 3.6), 40 μl
of TMB solution (10 mg ml−1) was added into the penicillin bottle
and mixed. In addition to the above prepared samples, a blank
sample was prepared without the addition of H2O2. The reaction
was carried out in the dark at 35°C, and the absorbance at 652 nm
was measured every 20 s. The relationship between the
absorbance at 652 nm and the reaction time was plotted to
obtain the reaction -time curve.

The following formula was used to calculate the activity of the
nanozyme (IU·mg−1) (Jiang et al., 2018):

bnanozyme � V/(ε × l) × ΔA/Δt

ananozyme � bnanozyme/[m]
By changing the concentration of the substrate H2O2 within a

certain concentration range, the enzyme kinetics of the nanozyme
were evaluated by the steady-state kinetic method. TMB was
oxidized via the oxygen produced by catalytic decomposition and
underwent a chromogenic reaction. As the concentration of the
substrate increases, the reaction rate increased linearly and then
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because saturated at a high concentration. This finding conforms
to typical Michaelis-Menten kinetics. The Michaelis-Menten plot
was fitted with the substrate concentration and initial catalytic
velocity as the horizontal and vertical coordinates, respectively.
Then, through the double reciprocal method, the Michaelis
equation V�Vmax×[S]/(Km+[S]) was used to calculate the
reaction kinetics parameters. In this equation Km is the
Michaelis constant, V is the initial rate of the reaction, and [S]
is the concentration of the substrate. The Michaelis constant is a
measure of the ability of the enzyme to bind to the substrate. The
smaller the Km value is, the stronger the binding capacity to the
substrate, the greater the Km value and the weaker the affinity.

RESULTS AND DISCUSSION

Optimization of Nanoparticles
Due to the requirements of experimental research, spherical
gold nanoparticles of identical size were synthesized. The
characterization outcomes demonstrated that the colloidal
gold, produced via the methods in the relevant literature
(Turkevich et al., 1954; Lee and Park, 2011; Balbuena
Ortega et al., 2014; Luo et al., 2019; Liu et al., 2017), has
different sizes and various morphologies, except for some
linear chain organic acids (tartaric acid, malic acid, citric
acid) and catechol. Resorcinol cannot undergo rapid
oxidative self-conversion into its quinone forms because of
the lack of electronic resonance in the aromatic nucleus;
therefore, its slow reduction, unlike that of other
hydroxylphenols, causes colloidal gold to exhibit irregular
diameters. The negative and positive charges of
hydroxylphenols, whose magnitudes also affect the ability
to gain and lose electrons, are mainly distributed on the
oxygen and the aromatic ring. Compared with other
hydroquinones, 1,4-hydroquinone has the strongest

electron gain and loss ability. Colloidal gold fabricated
using pyrogallic acid to reduce the corresponding metal
ions (Au3+) is affected by the quantity and position of
their hydroxyphenols, which makes their charge
distribution uneven and ultimately leads to the uneven
particle size. The formation of colloidal golds mediated by
ascorbic acid occurs through the release of protons and
electrons in an acidic medium, and the freed electrons
eventually reduce Au (Ⅲ) ions into colloidal gold particles,
which are then covered by dehydroascorbic acid (DHAA)
(Rastogi et al., 2017). The four alcoholic hydroxyl groups
contained in nanoparticles are extremely reductive, as
observed from the structure of ascorbic acid, which
ultimately results in the inhomogeneity of the colloidal
gold sizes caused by the rapid reaction. In summary, there
are two feasible main options for acquiring colloidal gold
nanoparticles with uniform particle size and a spherical
shape. The first is to add a stabilizer during the
preparation process, and the second is to adjust the

TABLE 1 | Proportion of reagents for preparing colloidal gold.

Reducing agent
concentration

ddH2O HAucl4 (1%) NaOH (0.1 M) K2CO3 (0.1 M) HCl (0.1 M) Reaction condtions

▲72.7 µL Hq (30 mM) 9.696 ml ■100 µL +150 µL - - 50 °C Stir
▲100 µL Cc (30 mM) C9.62 ml ■100 µL - +100 µL - 50 °C Stir
▲60 µL R (1%) C9.74 ml ■100 µL - +20 µL - Room temperature
▲20 µL Ga (1%) C9.73 ml ■100 µL +150 µL - - Room temperature
▲400 µLVc (1.98 mM) C9.52 ml ■100 µL - - +100 µL 0 °C Stir
▲100 µL St (1%) C9.72 ml ■100 µL +100 µL - - 50 °C Stir
■100 µL Dm (2%) C9.8 ml +100 µL - - - Boil and stir
■100 µL Sc (2%) C9.8 ml +100 µL - - - Boil and stir

Note(addition order of reagents C + ■ ▲ ◆).

TABLE 2 | Nano-enzyme activity determination verification.

Reactant vial number NaAc-HAc buffer (mL) AuNPs(mL) TMB(µL) H2O2(µL)

Vial 1 2 1.2 40 363.7
Vial 2 2.364 1.2 40 0
Vial 3 3.2 0 40 363.7

FIGURE 1 | Visible light (400–700 nm) absorption spectra of colloidal
gold (λ/nm).

Frontiers in Chemistry | www.frontiersin.org January 2022 | Volume 9 | Article 8120833

Ma et al. The Enzyme Activity of AuNPs

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


temperature and pH changing the reducing agent and
reaction rate. We eventually chose the second option
because it was realistically more feasible. The results shown
in Table 1 are the specific optimization methods.

Characterization of Nanozymes
It is generally accepted that both the temperature and pH or
enzyme concentration have a strong influence on enzyme activity.
On the basis of the experiment carried out at room temperature,
at a pH of 3.6, the OD values of all kinds of colloidal gold are
similar according to UV-vis spectroscopy (Figure 1). The results
showed that the concentrations of colloidal gold were extremely
similar, which suggests that enzyme concentration dose not have
a strong impact.

However, the size and surface modification of colloidal
gold significantly impact the activity of the nanomaterials,
illustrating that it is vital to fabricate colloidal gold with
similar particle sizes. As shown in Table 1, the concentration
and doses of various reducing agents are different because the
agents have large structural differences. It can be concluded
from the maximum UV-vis absorption peak that there is little

difference in the sizes of the nanoparticles prepared by
different reducing agents (Figure 1). Transmission electron
microscopy (TEM) images also reflect this result (Figure 2)
(Average particle size of different colloidal gold: Cc (A) 21.2 ±
6.5nm, Hq (B) 21.4 ± 6.6nm, Rs (C) 22.7 ± 7.4nm, Vc (D)
22.5 ± 4.9nm, Ga (E) 21.9 ± 4.9nm, Sc (F) 20.6 ± 6.3nm, Sm
(G) 22.6 ± 4.9nm, St (H) 20.8 ± 6.5 nm)

The zeta potential shows that the surface charges of all the
colloidal gold particles are negative. (Figure 2).

Nanozyme Activity Verification
The activity of the biomimetic enzyme was initially verified by
the development of colour during the reaction, and the
catalytic ability of the enzyme was determined, as shown in
Figure 3.

The activities of eight prepared nanozymes indicated that
their catalytic effects were similar. When hydroquinone was
used as the reducing agent, for example, as shown in
Figure 3B, the clear solution in bottle #1, which contained
both nanozymes, TMB and H2O2, gradually turned blue, and
the product had a strong absorption peak at 652 nm, which

FIGURE 2 | The particle size distribution, TEM and zeta potential of colloidal gold prepared by reduction with Cc (A), Hq (B), Rs (C), Vc (D), Ga (E), Sc (F), Sm (G)
and St (H).
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was attributed to TMB oxidation. This oxidation occurred
because H2O2 decomposed after being catalysed by
nanozymes to produce a large amount of O2- in the
system, this ion oxidized TMB causing the colour to
change to blue (Figure 3A). A slightly blue colour
appeared in the solution of the second bottle containing
Nanozymes and TMB, and the product also had a faint
peak at 652 nm which was judged to be the absorption
peak of oxdized TMB, which was oxidized to a lesser
degree by a small quantity of oxygen-containing

substances adsorbed on the surface of the nanozymes.
Because the contents of bottle #3, which contained TMB
and H2O2, did not change colour, it was concluded that
H2O2 did not decompose, and TMB was not oxidized
when the nanozymes were added to the system. In
conclusion, nanozymes possess catalytic peroxidase
activity. To determine the unambiguous differences
between Nanozymes fabricated by various reducing agents,
the enzyme activity and enzymatic reaction kinetics were
explored.

FIGURE 3 | (A) Mechanism of peroxidase activity of colloid gold (B) UV spectrogram and photo of nanozymes activity verification. (1: AuNPs at TMB at H2O2; 2:
AuNPs at TMB; 3: TMB at H2O2).

FIGURE 4 | Orthogonal analysis of the pH and temperature of colloidal gold prepared by sodium citrate reduction.
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Study on activity determination and catalytic kinetics of
nanozymes.

Research on the Most Suitable Conditions for
Nanozymes Activity
Taking the preparation of colloidal gold by Sc reduction as an
example, through orthogonal design under different
temperature and pH conditions, the optimal temperature
and pH conditions were determined, as shown in Figure 4.
When the pH was 3.6 and the temperature was 40°C, the OD
value (2.91) is the highest, which reflects the highest activity
of the nanozymes.

Determination of Nanozymes Activity
The peroxidase-like activity of colloidal gold nanoparticles results
from their own activity. Before use, the prepared colloidal gold
was centrifuged and then redispersed in ultrapure water to
confirm the accuracy of the experiment and eliminate the
influence of other impurities. H2O2 was decomposed into two
HO− radicals, which adsorbed on the surface of the AuNPs and
were stabilized by the AuNPs through the interaction of partial
electron exchange (Perez-Benito, 2004). Finally, the catalytic
performance of the AuNPs was improved. In this experiment,
the effects of reductants with different chemical structures on the
properties of the prepared biomimetic enzymes were explored by

FIGURE 5 | The initial linear section of the reaction–time curves of the colorimetric TMB reaction catalysed by colloidal gold nanozymes prepared with eight different
reducing agents, Cc, Hq, Rs, Vc, Ga, Sc, Sm and St.

FIGURE 6 |Michaelis–Menten plots for nanozymes prepared with eight different reducing agents, Cc, Hq, Rs, Vc, Ga, Sc, Sm, and St. The concentration of TMB
used was 1%, and the H2O2 concentration varied from 0 to nearly 30%. The error bars represent the s. e. derived from three independent experiments.
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investigating the enzyme activities and catalytic reaction kinetics
of the mimic enzymes. According to the standard method
provided by Yan (Jiang et al., 2018), the initial reaction rate
under the condition of substrate saturation was selected as the
standard to evaluate the enzyme activity. The rate of change in
absorbance over time was converted into that of concentration

over time according to the Beer-Lambert Law. The activities of
these eight enzymes were in the following sequence from high to
low, Cc, Hq, Rs, Vc, Ga, Sc, Sm and St (Figure 5). The control
variable method was used to analyse whether the difference in
colloidal gold surface modification leads to the difference in the
affinity for the substrate. The affinity of the enzyme for the two

TABLE 3 | Km and Vmax with H2O2 as substrate.

Reducing
agent

Cc Hq Rs Ga Vc Sc Sm St

Km (mg/ml) 0.2489 0.4971 0.3782 0.2258 0.8490 1.634 2.752 2.382
Vmax 6.596 6.057 6.12 5.385 6.897 4.228 3.785 6.369

Note: Km is the Michaelis constant, Vmax is the maximum reaction velocity.

TABLE 4 | Km and Vmax with TMB as substrate.

Reducing
agent

Cc Hq Rs Vc Ga Sc Sm St

Km (mg/ml) 0.0074 0.0153 0.0105 0.003 0.0059 0.0026 0.0008 0.0016
Vmax 6.689 4.496 5.010 6.039 3.495 1.866 1.306 2.729

Note: Km is the Michaelis constant, Vmax is the maximum reaction velocity.

TABLE 5 | The results of enzyme activity measurements.

Reducing
agent

Cc Hq Rs Vc Ga Sc Sm St

Amount nanozyme added 4 ml
500 µL

Nanozyme concentration (mg/ml) 0.0816 0.1 0.1 0.1 0.1 0.1 0.1 0.1
b nanozyme (IU) 0.058 0.023 0.018 0.012 0.011 0.004 0.0023 0.0022
a nanozyme (IU·mg−1) 1.415 0.464 0.378 0.242 0.219 0.084 0.047 0.044

Note: a nanozyme and b nanozyme are calculated from the formula. (Page 4, Line 97,98).

FIGURE 7 | Michaelis–Menten plots of the nanozymes prepared with eight different reducing agents, Cc, Hq, Rs, Vc, Ga, Sc, Sm, and St. The concentration of
H2O2 used was 30%, and the TMB concentration varied from 0 to nearly 1%. The error bars represent the s. e. derived from three independent experiments.
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substrates, H2O2 and TMB, was compared. When the substrate
was H2O2, the Km values were in the order of Sm, St, Sc, Vc, Rs,
Hq, Cc and Ga (Figure 6). The affinity of the biomimetic enzyme
for the substrate had an almost a linearly positive correlation with
the reducibility of the reductant, and the stronger the reducibility
of the simulated enzyme was, the greater the affinity of the
biomimetic enzyme for the substrate. Table 3 shows that the
affinity of the mimic enzyme modified by benzene ring is
strongest, and the affinity of the biomimetic enzyme modified
by Vc was stronger than that of the biomimetic enzyme modified
by the linear chain. The surface properties of the AuNPs changed
as well. Due to the absorption of H2O2, the electron transfer
processes mediated by particles are different. The stronger the
reducibility of the reductants is, the easier it is for the reductants
to bind to the colloidal gold surface and the easier it is for charge
transfer occur, making the colloidal gold surface more active and
facilitating H2O2 adsorption on the colloidal gold surface to form
HO− radicals (Cui et al., 2005). when TMB was used as the
substrate, the Km value magnitudes, when the substrate is TMB
are in the following order: Hq, Rs, Cc, Ga, Vc, Sc, St, Sm (Table 4).
Research shows that the activity of colloidal gold peroxidase was
positively correlated with the affinity of the substrate hydrogen
peroxide (Zhang et al., 2020). As shown in Table 5, the colloidal
gold peroxidase activity modified by eight different reducing
agents is in order Cc, Hq, Rs, Vc, Ga, Sc, Sm, and St (from
high to low).

The reasons for the differences were taken into consideration
(Figure 7). First, due to the resonance between the nonbonding
PZ orbital of the phenolic hydroxyl oxygen atom and the π-
bonding orbital of the benzene ring, the phenolic hydroxyl
oxygen has a higher electron density (Li et al., 2011), and it
was bound to the surface of colloidal gold, which greatly increased
its reactivity. Second, as a radical scavenger, Vc competed with
TMB, which resulted in the incomplete reaction between the HO−

radicals and TMB. Finally, the colloidal gold nanoparticles
capped with carboxyl groups (citrate, etc.) tended to
electrostatically attract the amino groups of TMB, moreover,

the carboxyl moieties of linear chain organic acids are more
easily adsorbed on the surface of colloidal gold, resulting in
relatively fewer exposed colloidal gold surface moieties, and
leading to the relative difficulty of H2O2 adsorption on the
colloidal gold surface. Compared with nanoparticles modified
with other structures, their affinity for TMB was greater. The
results showed that the affinity of the nanozymes prepared by the
reduction of phenolic compounds was higher than that of the
nanozymes reduced by linear chain organic acids.

The IR spectra of the colloidal gold prepared by Vc, Sc, Sm and
St reduction were analysed (Figure 8B), and the results showed
that there was a -OH stretching vibration peak at 3,449 cm−1. The
results indicate that the peak intensity of Sc is the lowest, but the
peak intensity of Sm is very strong because it may contain water
molecules. The wavenumbers 2984 cm−1 and 2,980 cm−1 are due
to C-H stretching vibrations on saturated carbon chain, those at
1750–1,680 cm−1 are carbonyl stretching vibration peaks, and
those at 1,422, 1314, and 1,039 cm−1mainly occur due to C-H in-
plane bending vibrations and single C-C skeleton vibration.
However, during the colloidal gold preparation process, the
ring of Vc is opened and the double bond is reduced, resulting
in the disappearance of two characteristic IR peaks. To further
study the effect of the amount and position of carboxyl and
hydroxyl groups in linear chain organic acids on the enzyme
activity, three linear chain organic acids with insignificant
structural differences (tartrate, citrate, malate) were used as
reductants to prepare colloidal gold, and the enzymatic-like
activity of colloidal gold was examined. The detection results
are shown in Figure 8C, and the enzymatic activities were in
the order of sodium citrate > sodium malate > sodium tartrate.
Citric acid is tricarboxylic acid, while malic acid and tartaric acid
are dicarboxylic acids. Malic acid has one fewer alcohol hydroxyl
group than tartaric acid. Under conditions with the same carbon
skeleton, tartaric acid has one more hydroxyl group than malic
acid, which eventually leads to the easy elimination of hydroxyl
radicals generated fromhydrogen peroxide adsorbed on the surface
of colloidal gold. Malic acid has one fewer carboxyl group than

FIGURE 8 | (A) The molecular structure of Vc, Sc, Sm and St and (B) the infrared spectra of the prepared colloidal gold nanoparticles after reduction. (C) Part of
Figure 5.
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citric acid. Although they both contain hydroxyl groups, due to
bond angle differences, the hydroxyl groups of citric acid are less
active than those of malic acid which ultimately leads to the
generation of hydroxyl radicals that better bind to TMB.

The colloidal gold prepared by four kinds of phenol reduction
method were analysed by FTIR (Figure 9B). There is a broad
peak at 3,417 cm−1, which is attributed to the stretching vibration
of water molecules. The C-H stretching vibration peaks appear at
2,991 cm−1 and 2,900 cm−1, the quinone carbonyl stretching
vibration peak appears at 1,667 cm−1 and benzene absorption
peaks appear at 1,426 cm−1 and 1,314 cm−1. However, no
characteristic peaks of four phenols were found in the
fingerprint area, indicating that all phenols participated in the
reduction and stabilization of colloidal gold. Experimental studies
on Cc, Rs, and Hq were carried out mainly to comparatively
analyse the differences in the nanozyme activity of prepared
colloidal gold from the perspective of isomers. Due to their
different molecular structures, the ease of their redox reactions
varies. The hydroxyl group on the benzene ring belongs to
electron withdrawing group, but because its conjugation effect
is greater than its electron withdrawing ability, the hydroxyl
group will eventually act as electron donating group. The two
hydroxyl groups on the phenyl ring differ in position and
therefore in the distribution of charge density, which leads to
differences in their degree of redox. Among the three isomers,
when the two hydroxyl positions are in the para position of
benzene ring, the charge density is the highest, followed by the
ortho position and the meta position. However, because the
phenolic hydroxyl group of catechol is in the ortho position,
their electron cloud densities influence each other, which greatly
enhances the charge effect. Finally, the colloidal gold prepared by
catechol reduction method had the highest surface activity,
followed by hydroquinone and resorcinol.

CONCLUSION

Colloidal gold nanoparticles with similar particle sizes were
prepared by optimized processes, and the enzyme activities of

eight different surface-modified colloidal gold samples were
verified. The results showed that the enzymatic-like activity
of the colloidal gold reduced by benzene ring is higher than
that of colloidal gold enzyme reduced by linear chain. The
effects of isomers, and the number and location of functional
groups on the enzymatic-like activity of colloidal gold
prepared with three different hydroquinones and three
kinds of linear chain organic acids as reductants were
discussed separately. Hydroquinone affected the reactivity
of the colloidal gold surface, resulting in a different number of
hydroxyl radicals produced, while linear chain organic acids
affect the reaction efficiency of hydroxyl radicals and TMB,
resulting in a difference in enzyme activity.
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FIGURE 9 | (A) The molecular structure of Cc, Hq, Rs, Ga and (B) the infrared spectrum of the reduced colloidal gold (C) Part of Figure 5.

Frontiers in Chemistry | www.frontiersin.org January 2022 | Volume 9 | Article 8120839

Ma et al. The Enzyme Activity of AuNPs

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


REFERENCES

Ahmed, S., AnnuIkram, S., and Yudha, S. S. (2016). Biosynthesis of Gold
Nanoparticles: A Green Approach. J. Photochem. Photobiol. B: Biol. 161,
141–153. doi:10.1016/j.jphotobiol.2016.04.034

Alkilany, A. M., Bani Yaseen, A. I., and Kailani, M. H. (2015). Synthesis of
Monodispersed Gold Nanoparticles with Exceptional Colloidal Stability with
Grafted Polyethylene Glycol-G-Polyvinyl Alcohol. J. Nanomater. 2015, 1–9.
doi:10.1155/2015/712359

Asati, A., Santra, S., Kaittanis, C., Nath, S., and Perez, J. M. (2009). Oxidase-Like
Activity of Polymer-Coated Cerium Oxide Nanoparticles. Angew. Chem. Int.
Edition. 48, 2308–2312. doi:10.1002/anie.200805279

Balbuena Ortega, A., Arroyo Carrasco, M. L., Méndez Otero, M. M., Gayou, V. L.,
Delgado Macuil, R., Martínez Gutiérrez, H., et al. (2014). Nonlocal Nonlinear
Refractive index of Gold Nanoparticles Synthesized by Ascorbic Acid
Reduction: Comparison of Fitting Models. J. Mod. Opt. 61, S68–S73.
doi:10.1080/09500340.2014.950621

Bornscheuer, U. T., Huisman, G. W., Kazlauskas, R. J., Lutz, S., Moore, J. C., and
Robins, K. (2012). Engineering the Third Wave of Biocatalysis. Nature. 485,
185–194. doi:10.1038/nature11117

Breaker, R. R. (1997). DNA Enzymes. Nat. Biotechnol. 15, 427–431. doi:10.1038/
nbt0597-427

Burcu, S. (2015). Synthesis of Copper Ion Incorporated Horseradish Peroxidase-
Based Hybrid Nanoflowers for Enhanced Catalytic Activity and Stability.
Dalton T. 44 (31), 13845–13852. doi:10.1039/C5DT01250C

Chang, C.-C., Chen, C.-P., Wu, T.-H., Yang, C.-H., Lin, C.-W., and Chen, C.-Y. (2019).
Gold Nanoparticle-Based Colorimetric Strategies for Chemical and Biological Sensing
Applications. Nanomaterials. 9, 861–885. doi:10.3390/nano9060861

Cui, H., Zhang, Z.-F., Shi, M.-J., Xu, Y., and Wu, Y.-L. (2005). Light Emission of
Gold Nanoparticles Induced by the Reaction of Bis(2,4,6-Trichlorophenyl)
Oxalate and Hydrogen Peroxide. Anal. Chem. 77, 6402–6406. doi:10.1021/
ac050882q

Fu, Y., Zhang, H., Dai, S., Zhi, X., Zhang, J., and Li, W. (2015). Glutathione-
stabilized Palladium Nanozyme for Colorimetric Assay of Silver(I) Ions.
Analyst. 140, 6676–6683. doi:10.1039/c5an01103e

Gao, L., Zhuang, J., Nie, L., Zhang, J., Zhang, Y., Gu, N., et al. (2007). Intrinsic
Peroxidase-Like Activity of Ferromagnetic Nanoparticles. Nat. Nanotech. 2,
577–583. doi:10.1038/nnano.2007.260

Gao, Z., Xu, M., Lu, M., Chen, G., and Tang, D. (2015). Urchin-like (Gold Core)
@(platinum Shell) Nanohybrids: A Highly Efficient Peroxidase-Mimetic
System for In Situ Amplified Colorimetric Immunoassay. Biosens.
Bioelectron. 70, 194–201. doi:10.1016/j.bios.2015.03.039

Gurung, N., Ray, S., Bose, S., and Rai, V. (2013). A Broader View: Microbial
Enzymes and Their Relevance in Industries, Medicine, and beyond. Biomed.
Res. Int. 2013, 329121. doi:10.1155/2013/329121

Hizir, M. S., Top, M., Balcioglu, M., Rana, M., Robertson, N. M., Shen, F., et al.
(2016). Multiplexed Activity of perAuxidase: DNA-Capped AuNPs Act as
Adjustable Peroxidase. Anal. Chem. 88 (1), 600–605. doi:10.1021/
acs.analchem.5b03926

Jiang, B., Duan, D., Gao, L., Zhou, M., Fan, K., Tang, Y., et al. (2018). Standardized
Assays for Determining the Catalytic Activity and Kinetics of Peroxidase-like
Nanozymes. Nat. Protoc. 13, 1506–1520. doi:10.1038/s41596-018-0001-1

Jiang, B., Fang, L., Wu, K., Yan, X., and Fan, K. (2020). Ferritins as Natural and
Artificial Nanozymes for Theranostics. Theranostics 10, 687–706. doi:10.7150/
thno.39827

Jv, Y., Li, B., and Cao, R. (2010). Positively-charged Gold Nanoparticles as
Peroxidiase Mimic and Their Application in Hydrogen Peroxide and
Glucose Detection. Chem. Commun. 46, 8017–8019. doi:10.1039/c0cc02698k

Kirby, A. J. (1994). Enzyme Mimics. Angew. Chem. Int. Ed. Engl. 33, 551–553.
doi:10.1002/anie.199405511

Lee, Y., and Park, T. G. (2011). Facile Fabrication of Branched Gold Nanoparticles
by Reductive Hydroxyphenol Derivatives. Langmuir. 27, 2965–2971.
doi:10.1021/la1044078

Li, J., Wu, J., Zhang, X., Liu, Y., Zhou, D., Sun, H., et al. (2011). Controllable
Synthesis of Stable Urchin-like Gold Nanoparticles Using Hydroquinone to
Tune the Reactivity of Gold Chloride. J. Phys. Chem. C. 115, 3630–3637.
doi:10.1021/jp1119074

Lin, S., and Wei, H. (2019). Design of High Performance Nanozymes: a Single-
Atom Strategy. Sci. China Life Sci. 62, 710–712. doi:10.1007/s11427-019-9518-0

Liu, B., and Liu, J. (2017). Surface Modification of Nanozymes. Nano Res. 10,
1125–1148. doi:10.1007/s12274-017-1426-5

Liu, N., Wang, K., and Gao, Y. Y. (2017). Tartrate as a Substitute of Citrate to
Prepare Gold Colloids from Chloroauric Acid. Colloids Surf. A Physicochemical
Eng. Aspects. 535, 251–256. doi:10.1016/j.colsurfa.2017.09.017

Luo, W., Zhu, C., Su, S., Li, D., He, Y., Huang, Q., et al. (2010). Self-catalyzed, Self-
Limiting Growth of Glucose Oxidase-Mimicking Gold Nanoparticles. Acs Nano
4, 7451–7458. doi:10.1021/nn102592h

Luo, X., Xie, X., Meng, Y., Sun, T., Ding, J., and Zhou, W. (2019). Ligands
Dissociation Induced Gold Nanoparticles Aggregation for Colorimetric Al3+
Detection. Analytica Chim. Acta 1087, 76–85. doi:10.1016/j.aca.2019.08.045

Ocsoy, I., Dogru, E., and Usta, S. (2015). A New Generation of Flowerlike
Horseradish Peroxides as a Nanobiocatalyst for superior Enzymatic Activity.
Enzyme Microb. Technology 75-76, 25–29. doi:10.1016/j.enzmictec.2015.04.010

Peng, F. F., Zhang, Y., and Gu, N. (2008). Size-dependent Peroxidase-like
Catalytic Activity of Fe3O4 Nanoparticles. Chin. Chem. Lett. 19, 730–733.
doi:10.1016/j.cclet.2008.03.021

Perez-Benito, J. F. (2004). Iron(III)−Hydrogen Peroxide Reaction: Kinetic
Evidence of a Hydroxyl-Mediated Chain Mechanism. J. Phys. Chem. A. 108,
4853–4858. doi:10.1021/jp031339l

Rastogi, L., Dash, K., and Ballal, A. (2017). Selective Colorimetric/visual Detection
of Al3+ in Ground Water Using Ascorbic Acid Capped Gold Nanoparticles.
Sensors Actuators B: Chem. 248, 124–132. doi:10.1016/j.snb.2017.03.138

Ray, B., Singh, S., and Mitra, K. (2017). Colorimetric Detection of Hydrogen
Peroxide and Glucose Using Brominated Graphene. Anal. Methods-uk 9,
6675–6681. doi:10.1039/c7ay02212c

Shi, J., Yin, T., and Shen, W. (2019). Effect of Surface Modification on the
Peroxidase-like Behaviors of Carbon Dots. Colloids Surf. B: Biointerfaces
178, 163–169. doi:10.1016/j.colsurfb.2019.03.012

Turkevich, J., Garton, G., and Stevenson, P. C. (1954). The Color of Colloidal
Gold. J. Colloid Sci. 9, 26–35. doi:10.1016/0095-8522(54)90070-7

Wu, J., Wang, X., Wang, Q., Lou, Z., Li, S., Zhu, Y., et al. (2019).
Nanomaterials with Enzyme-like Characteristics (Nanozymes): Next-
Generation Artificial Enzymes (II). Chem. Soc. Rev. 48, 1004–1076.
doi:10.1039/c8cs00457a

Wu, J. X., Wang, X. Y., and Wang, Q. (2013). Nanomaterials with Enzyme-like
Characteristics (Nanozymes): Next-Generation Artificial Enzymes. Chem. Soc.
Rev. 42, 6060–6093. doi:10.1039/c8cs00457a

Yan, X. Y. (2018). Nanozyme: a New Type of Artificial Enzyme. Prog. Biochem.
Biophys. 45, 101–104. doi:10.16476/j.pibb.2018.0041

Yao, J., Cheng, Y., Zhou, M., Zhao, S., Lin, S., Wang, X., et al. (2018). ROS
Scavenging Mn3O4nanozymes Forin Vivoanti-Inflammation. Chem. Sci. 9,
2927–2933. doi:10.1039/c7sc05476a

Zhang, R., Fan, K., and Yan, X. (2020). Nanozymes: Created by Learning from
Nature. Sci. China Life Sci. 63, 1183–1200. doi:10.1007/s11427-019-1570-7

Zhou, Y., Liu, B., Yang, R., and Liu, J. (2017). Filling in the Gaps between
Nanozymes and Enzymes: Challenges and Opportunities. Bioconjug. Chem.
28, 2903–2909. doi:10.1021/acs.bioconjchem.7b00673

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ma, Cao, Fang, Xu, Zhang and Shi. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Chemistry | www.frontiersin.org January 2022 | Volume 9 | Article 81208310

Ma et al. The Enzyme Activity of AuNPs

https://doi.org/10.1016/j.jphotobiol.2016.04.034
https://doi.org/10.1155/2015/712359
https://doi.org/10.1002/anie.200805279
https://doi.org/10.1080/09500340.2014.950621
https://doi.org/10.1038/nature11117
https://doi.org/10.1038/nbt0597-427
https://doi.org/10.1038/nbt0597-427
https://doi.org/10.1039/C5DT01250C
https://doi.org/10.3390/nano9060861
https://doi.org/10.1021/ac050882q
https://doi.org/10.1021/ac050882q
https://doi.org/10.1039/c5an01103e
https://doi.org/10.1038/nnano.2007.260
https://doi.org/10.1016/j.bios.2015.03.039
https://doi.org/10.1155/2013/329121
https://doi.org/10.1021/acs.analchem.5b03926
https://doi.org/10.1021/acs.analchem.5b03926
https://doi.org/10.1038/s41596-018-0001-1
https://doi.org/10.7150/thno.39827
https://doi.org/10.7150/thno.39827
https://doi.org/10.1039/c0cc02698k
https://doi.org/10.1002/anie.199405511
https://doi.org/10.1021/la1044078
https://doi.org/10.1021/jp1119074
https://doi.org/10.1007/s11427-019-9518-0
https://doi.org/10.1007/s12274-017-1426-5
https://doi.org/10.1016/j.colsurfa.2017.09.017
https://doi.org/10.1021/nn102592h
https://doi.org/10.1016/j.aca.2019.08.045
https://doi.org/10.1016/j.enzmictec.2015.04.010
https://doi.org/10.1016/j.cclet.2008.03.021
https://doi.org/10.1021/jp031339l
https://doi.org/10.1016/j.snb.2017.03.138
https://doi.org/10.1039/c7ay02212c
https://doi.org/10.1016/j.colsurfb.2019.03.012
https://doi.org/10.1016/0095-8522(54)90070-7
https://doi.org/10.1039/c8cs00457a
https://doi.org/10.1039/c8cs00457a
https://doi.org/10.16476/j.pibb.2018.0041
https://doi.org/10.1039/c7sc05476a
https://doi.org/10.1007/s11427-019-1570-7
https://doi.org/10.1021/acs.bioconjchem.7b00673
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Detection and Difference Analysis of the Enzyme Activity of Colloidal Gold Nanoparticles With Negatively Charged Surfaces P ...
	Introduction
	Experiment Methods
	Preparation of Colloidal Gold
	Nano-Enzyme Activity Verification
	Nanozymes Activity Determination and Catalytic Kinetics Research


	Results and Discussion
	Optimization of Nanoparticles
	Characterization of Nanozymes
	Nanozyme Activity Verification
	Research on the Most Suitable Conditions for Nanozymes Activity
	Determination of Nanozymes Activity


	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


