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Abstract In search of novel artificial mimic enzymes with catalytic properties, new nitrogen-containing carbon
nanomaterials were designed and fabricated using polypyrrole as a precursor and magadiite, a naturally occurring
layered clay, as a template. X-ray diffraction spectroscopy (XRD), Fourier infrared transform spectroscopy (FTIR),
X-ray photoelectron spectroscopy (XPS), and field emission scanning electron microscopy (FESEM) were used to
describe the structure, morphology, and functional components of carbon nanomaterials. The reducing substrate
used was 3,3,5,5-tetramethylbenzidine (TMB), which could be oxidized and discolored by the nanozyme in the
presence of H,O,. Initial simulated enzymatic activity probes demonstrated that the nanocarbon material containing
nitrogen had a strong affinity for the chromogenic substrates TMB and hydrogen peroxide. The Michaelis constant
for the substrate TMB is 0.452 mM, which is comparable to that of the natural peroxidase HRP, whereas the
Michaelis constant for the substrate hydrogen peroxide is 1.89 mM, which is approximately 50% lower than that of
HRP, indicating that its affinity for the substrate H,O, is greater than that of HRP. The nitrogen-containing carbon
nanomaterials' enzyme-like activity maintained high catalytic activity in extreme conditions such as strong acid and
high temperature, giving them the potential for widespread use and stable storage.
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Being an essential subfield within the study of hanozyme,
carbon-based nanozyme have garnered the interest of
numerous scientists in recent years. From the zero-
dimensional fullerene [7] and carbon quantum dot

1. Introduction

In 2004, Scrimin and Pasquato [1] identified the exceptional
catalytic characteristics of gold-zinc nanoclusters, and
based on these findings, the notion of "nanozyme", a
material with both nanomaterial and mimicking enzyme
properties [2], was developed for the first time. Due to the
rapid growth of nanotechnology, scientists have created a
vast array of nanozymes with a variety of natural enzyme
capabilities. Traditional biological enzymes lack the
benefits of high stability, simple storage, controlled
activity, and low cost. Nevertheless, synthetic enzymes
provide these qualities. Utilizing nanozymes, numerous
chemical sensors [3] may be fabricated. These sensors
have been utilized in the detection of food [4], monitoring
of the environment [5], and treatment of disease [6].
Currently, the creation and application of nanozymes are
expanding their boundaries, and research into their
underlying mechanisms is advancing.

nanozyme [8] to the two-dimensional graphene nanozyme
[9] and the three-dimensional mesh-like structure of
carbon-based nanozyme [10], carbon-based nanozyme
with a variety of morphological structures exhibit outstanding
characteristics including a variety of simulated enzymatic
activities, simple preparation, simple functionalization,
low cost, and high enzymatic activity. Doping carbon
materials [11] improves their electrocatalytic activity in
the field of electrochemistry, and the addition of
heterogeneous elements disrupts the normal arrangement
of carbon elements and offers more active sites on the
material surface. In the field of nanozyme, nitrogen-doped
carbon materials have comparable improved simulated
enzymatic activity. Calculations based on the density
flooding theory (DFT) indicate that the addition of
nitrogen increases the number of catalytic reactive sites
surrounding peroxides [12], hence increasing the
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generation of free radicals that attack peroxides. However,
the drawback of graphene and carbon nanotubes, which
are frequently reported in research [13,14], is that
nanoparticles tend to aggregate, reducing the contact
between the active site and the substrate to be tested,
which is not conducive to the catalytic reaction. This issue
must be resolved. As an ideal substitute for natural
enzymes, nitrogen-containing carbon compounds offer
superior catalytic activity, stability, and absence of metal
contamination [15]. In prior research [16], we discovered
that carbon nanomaterials containing nitrogen had a
significant specific surface area and may create
superoxide radicals and breakdown tetracycline in the
presence of water. This shows that carbon nanostructures
containing nitrogen have the potential to facilitate the
catalytic reduction of substrates.

In this study, polypyrrole was utilized as a precursor to
incorporate layered silicate magadiite into the structure in
order to discover efficient nanozyme mimics, which were
inspired by the theories presented above. Utilizing XRD,
FTIR, XPS, and FESEM, novel nitrogen-containing carbon
nanomaterials with a high specific surface area were
developed, fabricated, and characterized. By observing the
color shift of the chromogenic substrate TMB, its imitated
enzymatic activity was demonstrated. The preliminary
simulated enzyme activity probes revealed that the
nitrogen-containing carbon nanomaterials had a higher
affinity for the chromogenic substrates TMB and
hydrogen peroxide than the natural enzyme HRP, and its
maximum reaction rates of TMB and H,O, were 2.52 and
3.05 times that of HRP, respectively, indicating that the
nitrogen-containing carbon nanomaterials prepared in this
study possessed a greater peroxidase-like activity. In
addition, it has excellent sensitivity to the detection limit
of hydrogen peroxide. This work gives a specific
foundation and direction for future research.
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Figure 1. Synthesis route of nitrogen-containing carbon nanomaterials

2. Materials and Methods

2.1. Chemicals and Instrumentation

All solvents and reagents were purchased from
commercial suppliers. The generated nitrogen-containing
nanocarbon material was designated as CP-X (X=0,1,2,3),

CP-0 is the nitrogen-containing nanocarbon material
without a magadiite template, and MP was designated as
the precursor. For the measurement of the simulated
enzyme activity, a 0.2 M buffer solution of acetic acid and
sodium acetate (HOAc-NaOACc) at a pH of 4.0 was utilized.
Nicolet 2000 UV-Vis spectrophotometer (Nicolet, USA)
was used to collect the UV spectral data of the solutions.
Field emission scanning electron microscopy (FESEM)
images were recorded and analyzed by Nova Nano SEM
430 (FEI, USA). Energy dispersive X-ray spectroscopy
(EDS) was measured with an X-MaxN20 dual detector
system (Oxford, UK). Fourier transform infrared (FT-IR)
spectra were tested by a NEXUS 670 (Nicolet, USA).
X-ray photoelectron spectra (XPS) were collected by a
Kratos Axis Ulra DLD X-ray photoelectron spectrometer
with an Al Ka achromatic X-ray source (Kratos, UK).

2.2. Evaluation of Peroxidase-Like Activity of
Nitrogen-Containing Nanocarbons(CPs)

As the solution environment for the assessment of the
simulated enzyme activity, a 0.2 M HAc-NaAc buffer
solution (pH=4.0) was used. Several forms of nanocarbon
materials containing nitrogen (CP-0, CP-1, CP-2, and
CP-3) and ultrasonically dispersed, homogenous
1 mg/mL water solutions of the four CPs were used. The
peroxidase-like activity was evaluated based on the
findings of H,O,'s catalytic oxidation of TMB. In a typical
technique, the catalytic reaction was conducted in 20 mM
TMB and 50 mM H,0, in HAc-NaAc buffer (0.2 M,
pH 4.0). The total volume of the reaction was 1.5 mL. The
absorption spectra were measured using an ultraviolet
spectrophotometer between 500 and 800 nm. Following a
time of reaction, the solution was withdrawn to evaluate
the color change, and photographs were taken to identify
the nitrogen-containing porous nanocarbon material with
the greatest simulated enzyme activity under the same
circumstances.

2.3. CP-based Colorimetric Detection of
Hydrogen Peroxide

By fixing the CP and TMB concentrations, a specific
ratio exists between the catalytic reaction rate and H,0O,
concentration, from which the H,O, concentration in the
system can be calculated based on the absorbance of
oxidized TMB (TMBox) at 652 nm, and this ratio can be
used to detect the H,O, content in the system, which is
essential for disease detection and environmental testing.
This proportional relationship was determined by
preparing 25 mM, 100 mM, and 500 mM H,0O, solutions
and sequentially adding buffer solution, TMB-ethanol
solution, and CP solution to 14 centrifuge tubes based on
the optimal enzyme activity conditions determined by
screening. A specified amount of H,0, solution was
introduced separately to create a gradient of low to high
final H,O, concentration in the system (0-10mM). After 5
minutes of reaction, the absorbance at 652 nm was
measured using a UV-Vis spectrophotometer. The
experiment was repeated three times for each hydrogen
peroxide concentration, and the mean absorbance was
recorded. Using absorbance data, the absorbance- H,0,
concentration relationship curve was constructed, and fit
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analysis was done to determine the H,O, concentration
detection range.

3. Results and Discussion

3.1. Characterization of Nitrogen-Containing
Nanocarbons(CPs)

Copies of the spectra of the characterization data
and the target products have been included in the
supplementary materials.

3.2. Optimization of Synthesis Routine

3.2.1. The Influence of Temperature
on the Structure of Precursors MP

The system temperature during the polymerization
process is one of the major parameters influencing the
shape of polypyrrole. The FTIR spectra of the nitrogen-
containing carbon material precursors generated in an ice
bath (0 °C) and at room temperature (25 °C) are shown in
Figure 2. The MP precursors synthesized in the ice bath
exhibit N-H stretching vibration peaks at approximately
3442 cm™, the absorption peak at 1540 cm™ corresponds
to the C=C bond stretching vibration on the pyrrole ring,
and the absorption peak at 1460 cm™ corresponds to the
C-N stretching vibration on the pyrrole ring [17]. At 25 °C,
the broad peak at 1700 cm™-1800 cm™ was slightly shifted
to the right and lost intensity, whereas the characteristic
N-H absorption peak of PPy at 3442 cm™ was enhanced,
indicating that a portion of the PPy molecule chain
did not completely intercalate into the template MAG
interlayer, and more Py completed the oxidative
polymerization without entering the template compared to
the compounding process in the ice bath.

Figure 3 depicts the SEM images of the MP precursors
synthesized at various temperatures, revealing that the MP
precursor synthesized at 25 °C has poor regularity, the
polypyrrole particles have uneven diameters, there are fewer
lamellar template agents visible in the photographs, and
the polypyrrole particles are aggregated into clusters. In
contrast, the lamellar MAG template is observable in the
SEM picture of the MP precursor produced in a cold bath,
and the polypyrrole particles have a more uniform shape
and are mostly bound to the lamellae of the template agent.
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Figure 2. XRD images of MP precursor synthesized at different
temperatures

Figure 3. SEM images of MP precursor synthesized at different
temperatures a) 25°C; b) 0°C

3.2.2. Effects of Polymerized Gases
on the Structure of Precursors MP

The precursors of MP produced with and without
nitrogen protection are shown in Figure 4, respectively. In
comparison to spectral line a, the relative intensities of the
N-H stretching vibration absorption peak at 3459 cm™, the
C=C stretching vibration absorption peak of the pyrrole
ring, and the C-N stretching vibration absorption peak at
1169 cm™ are all increased. These peaks in absorption are
all classic absorption peaks for polypyrrole. Due to its
high activity, it is possible that the pyrrole monomer is
especially vulnerable to self-polymerization in the
presence of oxygen. Thus, there are a considerable number
of PPy molecular chains in the composite system that have
not intercalated into the MAG template, which is
represented in the IR spectrogram by the increased relative
strength of the PPy absorption peaks.
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Figure 4. FTIR diagram of the precursor a) synthesized in a nitrogen
atmosphere and the precursor b) synthesized in air
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3.2.3. Effect of Polymerization Time
on the Structure of Precursors MP

The preparation of MP precursors was conducted at a
constant reaction temperature of 0°C and under nitrogen
protection, and the FTIR characterization of the final
products was performed at various reaction times; the
results are depicted in Figure 5. During the reaction, it was
observed with the naked eye that approximately 30
minutes after the addition of the oxidant, the formerly
milky-white mixed solution changed to dark green, then to
black, and continued to darken as the reaction time was
extended. With the prolongation of the reaction time,
the relative intensity of the C-H stretching vibration
absorption peak at 1640 cm™ gradually increases, whereas
the C=C stretching vibration peak at 1552 cm™ gradually
decreases, and the broad absorption peak of MAG near
1072 cm™ is gradually flattened by the C-N stretching on
the polypyrrole ring vibration peak at 1170 cm™ [18]. This
suggests that the rate of polymerization of polypyrrole
rises with reaction time and that a high number of
molecular chains penetrate between the lamellae of the
MAG template. The FTIR images of the MP precursors
after 12 h and 18 h of reaction have virtually identical
peak shapes, indicating that the polymerization reaction is
essentially complete after 12 h.
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Figure 5. The effect of reaction time on the structure of the precursor:
FTIR diagram of the precursor after reacting for 4h, 6h, 12h, 18h
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3.2.4. Effect of Calcination Temperature
on the Structure of Nitrogen-Containing
Nanocarbon Materials

Before calcination, the precursors of nitrogen-doped
nanocarbon materials undergo a thermogravimetric (TG)
test analysis in nitrogen to aid the selection of an appropriate
carbonization temperature (Figure 6a). The precursor
experiences around three phases of weight loss at
temperatures between 0 and 800 °C. After the TG curve
was produced, three heat absorption temperatures were
obtained. At 68.9°C, desorption of physically adsorbed water
molecules occurred in all three samples, resulting in a mass
loss of 3.86, 4.84, and 5.74 percent, respectively. Consequently,
a greater proportion of weight was lost between 200°C
and 400°C and beyond 400°C. When the temperature rises,
the rate of molecular chain breakdown and the degree of
carbonation both increase progressively. After the
commencement of PPy carbonization, the precursors were
selected to be calcined at 400°C, 600°C, and 800°C.

After calcination and etching, the nitrogen-doped
nanocarbon materials were analyzed using energy
spectroscopy (EDS) to determine the elemental distribution
of the products, and the findings are shown in
Figure 6b. Comparing the three nitrogen-doped carbon
nanomaterials at various calcination temperatures, we
discovered that their elemental compositions follow the
pattern C>N>0>Si, and the Si concentration is below 0.2%,
which is insignificant. The carbon-to-nitrogen ratio of
nitrogen-doped carbon nanomaterials calcined at 400°C is
close to 5:1, which is compatible with polypyrrole's
structural makeup. Polypyrrole's N loss rapidly increased
as the calcination temperature rose. The study of the rise
in the ratio of carbon to nitrogen may be attributable to the
increase in calcination temperature and the conversion of
N atoms in the five-membered ring of polypyrrole into
other small molecule compounds lost during the chain-
breaking breakdown of molecular chains. It was
discovered that as the temperature in the tube rose, white
powder condensed at the lower ends of the tube furnace
temperature.
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Figure 6. a) TG curve of the precursor of nitrogen-doped porous carbon material: a.MP-3, b.MP-2, ¢.MP-1, d.MP-0; b) Distribution image of C, N, O,
Si elements of nitrogen-doped porous carbon material MP; ¢) FTIR diagram of decomposition products of calcined MP precursor; SEM images of CP
nitrogen-doped carbon nanomaterials with calcination temperature of d) 400°C e) 600°C f) 800°C
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As shown in Figure 6c, the white particles were
analyzed by infrared spectroscopy (FTIR) as a mixture of
benzamide and phenol, all of which were generated during
the pyrolysis of the laboratory-prepared MP precursors.

The SEM in Figure 6 reveals that when the calcination
temperature is 400°C, the nitrogen-doped carbon material
is in the form of particles with a particle size between 20-
40 nm and a relatively uniform particle size distribution;
when the calcination temperature is 600°C, the morphology
is no longer entirely composed of particles, and many
flake-like structures appear; with further increase in
temperature, when the calcination temperature is 800°C,
CP nitrogen-doped nanocarbon emerges as an ultrathin
sheet structure like graphene that joins the remaining
particles to create a three-dimensional mesh. The findings
indicate that the calcination temperature has a significant
effect on the microstructure of the nitrogen-doped nanocarbon
material. When the temperature rises, the degree of
carbonization increases and the structure of the material
transforms from granular to graphene-like. To produce a
greater degree of nitrogen doping and N element protection,
the calcination temperature was ultimately set at 400°C.

Table 1. Comparison of element content of various nitrogen-doped
carbon materials

Sample name C (at%) O (at%) N (at%) Si (at%)
CP-400°C 71.53 14.67 13.61 0.19
CP-600°C 78.54 14.4 7.22 0.2
CP-800°C 87.75 10.84 1.35 0.06

NG@H-MMT [19] 88.6 7.2 4.2 —
CDs [20] 97.37 - 2.63 —
FN-CNF [21] 73.82 9.25 13.93 —

3.3. Evaluation of Enzyme Activity
and Adaptive Conditions

In order to determine if the nitrogen-containing
nanocarbon material CP has simulated enzymatic activity,
the type of simulated enzymatic activity, and whether its
activity originates from CP itself, four systems were set up
for the catalytic oxidation of TMB, and their UV-visible
absorption spectra were measured between 500 and 800
nm. As seen in Figure 7, under all other circumstances,
only the [TMB+ H,0,+CP-1] system exhibited evident
UV absorption at 652 nm, and the solution's color changed
from colorless and clear to blue, suggesting that the
substrate TMB was oxidized. In contrast, the [TMB+
H,0,], [TMB+CP-1], and [H,0,+CP-1] systems exhibited
no visible absorption at 652 nm, and there was no visible
change in the solution. This shows that CP-1 has excellent
peroxidase-like activity and that this activity arises from
CP-1 itself. CP-1 may possess some mimic peroxidase
activity, but it is negligible in comparison to the mimic
peroxidase activity.

Figure 8a depicts an examination of the simulated
peroxidase activity of CP-1, CP-2, CP-3, and CP-0 with
varying amounts of template agent. Under the same other
conditions, CP-containing nitrogen carbon nanomaterials
prepared with the highest simulated peroxidase-like activity
when the precursor was the template agent to pyrrole
monomer ratio of 1:2, and their absorbance after 5 min of
reaction was approximately 7 times that of CP-0 obtained
by calcination of pure polypyrrole. This may be because

the template effectively enhances the material's specific
surface area, creating more active spots where TMB
molecules may be adsorbed and so facilitating the positive
reaction. In Figure 8b, the enzyme with the greatest
enzymatic activity, CP-1, was chosen for additional
investigation to determine the influence of its concentration
on the system's catalytic oxidation process. When the
concentration of CP-1 rises, the initial reaction rate of the
system increases, the absorbance after 5 minutes of
reaction increases in order, and the system's color
transforms from colorless to dark blue. It was determined
that the rate of catalytic oxidation of the system was positively
connected with the concentration of CP-like peroxidase,
and that the reaction rate of its catalytic oxidation increased
as the concentration of CP-1 rose from 0 to 80 pg/mL.
This is consistent with the fact that the natural HRP
reaction rate [22] is dependent on its own concentration.

1.4 —— TMB+H,0,+CP1
—— TMB+CP-
— HJO‘,OCF‘ﬂ

1.2+ —— TMB+H,0,

1.04 d

0.8 4

0.6

Absorbance(652nm)

0.4 4 c
— b

a

0.2 4

0.0 T T
500 600 700 800

‘Wavelength(nm)

Figure 7. Using TMB as a chromogenic substrate to study the intrinsic
peroxidase activity of CP-1: UV absorption Spectral of different reaction
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The CP reaction with the substrates hydrogen peroxide
and TMB followed the standard Michaelis-Menten model
[23], as determined by kinetic calculations. Michaelis
constant K, for the substrate hydrogen peroxide is 1.89
mM, which is almost 50% lower than that of HRP,
showing that its affinity for the substrate H,O, is superior
to that of HRP. In the meanwhile, the affinity of CP for
TMB is greater than that of H,0,, similar with the
behavior of peroxidases such as HRP. Comparing the
maximal reaction rate v, revealed that the CP peroxidase
Vmax for TMB and H,0O, was about 2.52 and 3.05 times that
of HRP, respectively.

3.4. CP-Based Colorimetric Detection of
Hydrogen Peroxide

As seen in Figure 9a, at optimal reaction circumstances,
the absorbance of the system rose sequentially with
increasing hydrogen peroxide concentration after 5
minutes of reaction, and the wavelength scan curve
exhibited a similar trend. Take the difference between the
absorbance at each concentration and the absorbance
when the concentration of hydrogen peroxide is zero,
create a graph of the relationship between the difference
and the concentration of hydrogen peroxide (Figure 9b),
and make a linear fit; the results indicate that it has good
linear characteristics between 20 and 6000 uM. The linear
regression equation was Agsonm=7.7958x10°[H,0,]+0.0410,
while the correlation coefficient R? was 0.9795. Using the
formula LOD = 3o/s (where o is the relative standard
deviation of the absorbance value of the blank sample and
s indicates the slope of the standard curve), the limit of
detection for H,0O, was determined to be 20 uM,
indicating a high degree of sensitivity.
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Figure 9. a) Wavelength scan of the system after the reaction; b) The
detection range of hydrogen peroxide; inner inset: linear detection range

Table 2 presents the detection ranges, correlation
coefficients, and detection limits of other mimetic
enzymes reported in the literature for the colorimetric
detection of hydrogen peroxide. The comparison reveals
that the CP-like peroxidase experimentally prepared in
this paper has a wide detection range and reasonable
detection limits, making it suitable for the detection of
hydrogen peroxide over a broad concentration range.

Table 2. Comparison of the ability of CP and other peroxidases to
detect hydrogen peroxide

Sample Range/uM Detection limit/ uM R?
CP 20-6000 20 0.9795
CPeoo-s [24] 20-200 15 0.9697
CWNS; [25] 0.5-100 0.15 0.9947

4. Conclusion

In this study, polypyrrole macromolecules were
introduced between layers of the layered silicate magadiite
(MAG) using an in situ polymerization method, and CP
nitrogen-containing carbon nanozymes with different
template contents were prepared by post-calcination and
etching processes. The results demonstrated that the
nitrogen-containing  porous  carbon  nanomaterials
synthesized by MAG template intervention had a large
specific surface area, good retention of N elements, and a
high pore size distribution. Consistent with the substrate
and catalyst concentration dependency of natural HRP
activity, the activity of CP-like peroxidase increased when
concentrations of the substrate hydrogen peroxide and the
enzyme itself increased. Investigations of its catalytic
mechanism show that the peroxidase-like activity of CP
materials results from their large specific surface area,
which catalyzes the oxidation of H,O, by producing the
intermediate product -OH in order to oxidize the substrate.
The reaction kinetic data are consistent with the standard
Michaelis-Menten model, and the K, values for TMB and
hydrogen peroxide are 0.45 and 1.89 mM, with v, values
of 25.22x10° and 26.6x10° Ms™, respectively. The
affinity for the substrate is greater and the detection limit
for H,0, is 20 uM. In conclusion, the current study not
only presents a unique artificial peroxidase for effective
sensors, but also encourages researchers to investigate
further uses of MAG-based enzyme mimics.
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