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Abstract: Nanozymes are emerging as a promising strategy for the treatment of tumors. Herein, to
cope with the tumor microenvironment (TME), weak acidity (pH 5.6 to 6.8) and trace amounts of
overexpressed hydrogen peroxide (H2O2) (100 µM–1 mM), we report nitrogen-doped graphene nano-
materials (N-GNMs), which act as highly efficient catalytic peroxidase (POD)-mimicking nanozymes
in the TME for tumor-specific treatment. N-GNMs exhibit POD catalytic properties triggered by a
weakly acidic TME and convert H2O2 into highly toxic hydroxyl radicals (•OH) thus causing the
death of tumor cells while in the neutral pH surroundings of normal tissues, such catalysis is re-
strained and leaves normal cells undamaged thereby achieving a tumor-specific treatment. N-GNMs
also display a high catalytic activity and can respond to the trace endogenous H2O2 in the TME
resulting in a high efficiency of tumor therapy. Our in vitro chemical and cell experiments illustrated
the POD-like activity of N-GNMs and in vivo tumor model experiments confirmed the significant
inhibitory effect of N-GNMs on tumor growth.

Keywords: POD-mimicking nanozyme; N-doped graphene; high catalytic activity; pH-triggered;
tumor-specific treatment; tumor microenvironment

1. Introduction

Tumor treatment faces essential challenges in tumor-specific and high efficiency treat-
ment [1]. Nanozymes, the catalytic nanoparticles with enzyme-like properties that can
catalyze enzyme reactions with comparable activity and robust stability, have recently
attracted great interest in tumor treatment [2,3]. Tumor tissue forms a specific tumor
microenvironment (TME) exhibiting hallmarks of mild acidity and an overexpression of
hydrogen peroxide (H2O2) [4]. These peculiar features in the TME can thus be exploited
as a strategy for tumor-specific treatment by introducing a peroxidase (POD)-mimicking
nanozyme [5]. In the presence of a POD-mimicking nanozyme, H2O2 can be decomposed
into hydroxyl radicals (•OH) under acidic conditions [6]. The produced •OH is a highly
toxic substance that can attack and oxidize most organic molecules (cell proteins, cell
proteins, etc.) at a rate constant of up to 106–109 M·s−1, thereby leading to apoptosis or the
necrosis of tumor cells [7–9]. POD-mimicking nanozymes have been greatly developed.
Nevertheless, POD-mimicking nanozymes adapted to a specific TME for highly efficient
tumor-specific treatment are still required.
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Due to glycolysis when the glucose oxidation capacity is not enough to maintain
the energy for tumor cell proliferation, tumor cells create an acidic TME. In normal cells,
glycolysis is inhibited and the pH is controlled at approximately 7.4 [10,11]. The catalytic
performance of POD-mimicking nanozymes is acidic pH-triggered [6]. POD-like catalytic
activities are activated in the acidic TME to generate highly toxic •OH and cause tumor cell
death while this does not occur in the neutral pH environment of normal tissues, leaving
the normal cells unharmed. The acidic TME hence becomes a trigger for tumor-specific
treatment. Unfortunately, the TME merely presents weak acidity (pH 5.6 to 6.8). Most
current POD-mimicking nanozymes are only sensitive to low pH acidic conditions and can
only respond to intracellular endo/lysosomes (pH 4.5 to 5.5) in tumor treatment [12–14].
POD-mimicking nanozymes with a weakly acidic TME response are thus highly desired.

Induced by the disproportionation of superoxide dismutase in mitochondria, H2O2
in the TME is overproduced compared with that in normal tissues but endogenous H2O2
in the TME is still at the microscale of 100 µM–1 mM [15,16]. For those POD-mimicking
nanozymes utilized in organisms, in cases of low POD-like catalytic activity, endoge-
nous H2O2 in the TME is insufficient. Therefore, catalase inhibitors [17], glucose oxi-
dase [18] or exogenous H2O2 [19] are directly added to increase the concentration of H2O2.
Alternatively, certain synergistic treatments such as external energy fields (heat, [20] mi-
crowave [21] or near infrared (NIR) light [22] fields) are exerted or other functional materials
are composited to increase the therapeutic performance. For example, highly catalytically
active metal particles (Fe [23], Cu [24] nanoparticles) are incorporated for synergistic catal-
ysis; targeted substances (such as ferritin [25]) are assembled to help nanozymes enter
more acidic lysosomes aiming to improve catalytic efficiency. However, these synergistic
treatment strategies still suffer from various complications. The low stability and combi-
natory effect ratio of composite materials [26], restricted penetration depth and localized
irradiation of the external energy field [27] hamper the actual therapeutic efficiency. The
limitations of synergistic treatment and trace amounts of H2O2 in the TME ask for new
POD-mimicking nanozymes with a higher catalytic activity to make the best harness of
trace H2O2 in the TME to enhance tumor treatment efficiency.

Carbon-based POD nanozymes are believed to have a high biocompatibility and
tunable enzyme-like activity and offer more opportunities for forthputting in organisms
than metallic nanozymes [28]. The catalytic pathway of POD-mimicking activity usually
involves •OH generation and electron transfer processes [29]. Based on the catalysis mech-
anism, graphene, which possesses a large specific surface area, has a greater opportunity
over other carbon materials (such as carbon nanotubes and carbon dots) to become a highly
active catalyst [30]. Improving the nature and density of active sites on graphene materials
can increase the catalytic activity to a certain extent [31]. The study of the mechanisms of
oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) has shown that
quaternary nitrogen (N) and pyridine N are potential active sites [32]. N-doped graphene is
emerging in biomedical applications due to its biocompatibility, redox ability and stability
impacted by doping. N-doped graphene exerts a POD-like activity in the acidic environ-
ment (around pH = 4) and good biocompatibility is combined with Fe3O4 on the surface
of DNA for catalytic antibacterial treatment [33]. The direct proportional relationship of a
POD-like catalytic activity of N-doped graphene with an H2O2 concentration is used to
determine the amount of H2O2 in a pH = 3~4 acidic environment, thereby detecting bio-
logical macromolecules such as glucose whose metabolite is H2O2 [34]. However, current
N-doped graphene displays a POD-like catalytic activity in a low pH acidic environment.
For tumor treatment by TME, N-doped graphene is expected to possess an efficient catalytic
activity in a weak acidic environment (pH = 5.8~6.5) to be capable of dealing with trace
amounts of H2O2. To date, N-doped graphene has not been reported as having been used
in tumor treatment. N doping can introduce a large number of vacancies to graphene
thereby increasing the defect density and number of active sites and improving the catalytic
activity. In addition, the C/N ratio and the formation of various N functional groups play
important roles in the electronic pathway [35]. Therefore, an appropriate regulation of N
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atom doping in graphene can increase the active sites and optimize the electron transfer
process by changing the charge distribution to obtain a higher catalytic activity.

Here, we prepare N-doped graphene nanomaterials (N-GNMs) with high biocatalytic
activity for an in vivo tumor-specific catalytic therapy. We confirm that N-GNMs are POD-
mimicking nanozymes with a single structure and a high catalytic activity that can respond
to endogenous 100 µM–1 mM H2O2 and weak acids in the TME. Endogenous H2O2 was
used only to produce •OH and cause tumor cell death so as to achieve a sensitive minimum
lethal dose antitumor effect. The nanomaterial can be triggered by the weak acidity of the
TME. In a weakly acidic environment, it shows the catalytic properties of POD mimics and
triggers the processing of the TME but not in other normal tissues with a neutral pH (as
shown in Scheme 1). This N-GNM is a non-metallic enzyme with excellent biocompatibility.
This is the first application of N-doped graphene materials as catalysts in the biomedical
field, providing opportunities for the future application of N-doped graphene and the
discovery of new nanozyme materials.

Scheme 1. Schematic illustration of the application of N-doped graphene nanomaterials (N-GNMS)
for pH-triggered tumor-specific catalytic treatment. Catalase (CAT).

2. Materials and Methods

The mouse cervical cancer cell line Hela was obtained from the cell bank of the
Chinese Academy of Sciences (Shanghai, China) and the experiments were approved by
the Utilization Committee of the South China Normal University (SCNU-BIP-2021-004).

2.1. Synthesis of N-Doped Graphene

The preparation process of N-GNMs is shown in Scheme 2. A total of 7.5 mg graphene
oxide (GO) was dissolved into a 15 mL solution. Next, 1 mL of H2O2 solution with a mass
fraction of less than 30% and 0.3 mL of ammonia solution with a mass fraction of less
than 28% were added to 15 mL of the GO solution (0.5 mg/mL) and mixed [36]. After
uniform mixing, the mixture was transferred to an autoclave lined with Teflon and heated
to 180 ◦C for a constant temperature reaction for 3 h. After cooling to room temperature,
the resulting light brown solution was concentrated to one-tenth of its original volume and
then dialyzed against ultrapure water (retention molecular weight: 3500 Da) for 48 h.



Materials 2021, 14, 1933 4 of 15

Scheme 2. Schematic of the synthesis process of N-GNMs.

2.2. Characterization of N-Doped Graphene

TEM images were observed with a JEM-2010HR transmission electron microscope
(JEOL, Tokyo, Japan). Raman spectra were measured by a Raman spectrometer (Derbyshire,
UK). Ultraviolet–visible–near-infrared (UV-vis-NIR) absorption spectra were obtained
using an UV-vis-NIR spectrometer (UV-3200S, Mapada, Shanghai, China). Electron spin
resonance (ESR) spectra were measured with an ESR spectrometer (Bruker e-scan). XRD
was obtained with a Bruker D8 ADVANCE X (Madison, WI, USA). X-ray photoelectron
spectroscopy (XPS) spectra were carried out using a Thermo Scientific ESCALAB 250 XI
(Waltham, MA, USA). The infrared spectrum was measured with a Fourier transform
infrared spectrometer (Nicolet 6700, Thermo Scientific). The particle potential and particle
size were determined using a Nano ZS90 dynamic light scattering (DLS) system (Malvern,
Surrey, UK). Cell fluorescence imaging was observed using a fluorescence microscope
(MSX10, MSHOT, Guangzhou, China).

2.3. POD-Like Activity of N-Doped Graphene and Kinetic Assay

A total of 400 µL of 5 mM 3,3′,5,5′-tetramethylbenzidine (TMB) was mixed with
different concentrations (0, 0.1, 0.2, 0.3, 0.5, 0.8, 0.9 and 1.0 mg/mL−1) of N-GNMs in H2O2
(1.0 M, 0.8 M, 0.5 M, 0.3 M, 0.1 M, 0.01 M, 1 × 10−3 M and 1 × 10−4 M) to monitor the
chromogenic reaction (λ = 650 nm). A 66.7 mmol.L−1 buffer solution of KH2PO4/Na2HPO4
was heated at 35 ◦C for 8 min. One hundred microliters of 0.5 mM terephthalic acid (TA)
was mixed with the buffer solution to monitor the fluorescence spectra of the N-GNMs and
H2O2 was excited at a wavelength of 315 nm.

2.4. Cell Viability Assay Analysis

The CCK-8 cell viability kit was used to determine the in vitro cytotoxicity of N-GNM.
Specifically, HeLa cells were seeded in a 96-well plate at a density of 1 × 104 cells per
well and 100 µL of high glucose medium dulbecco’s modified eagle medium (DMEM)
containing 10% fetal bovine serum (FBS) were added. The cells were then exposed to a
series of N-GNM dilutions prepared with different concentrations of phosphate buffered
saline (PBS) and incubated. After incubating for 24 h, 10 µL of CCK-8 solution was added to
each well, incubated for 2 h at 37 ◦C and then the absorbance at 450 nm with the microplate
reader was measured.

2.5. Cellular Reactive Oxygen Species (ROS) Assay

The fluorescent probe 2′,7′-dichlorofluorescein diacetate (DCFH-DA) was used to
observe the generation of ROS. In short, confluent HeLa cells on 6-well plates (2 × 105 cells)
were incubated with 0.4 mg/mL−1 of N-GNM solution for 48 h. After washing with
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serum-free DMEM, the cells were incubated in serum-free DMEM with 10 µM DCFH-DA
dissolved at 37 ◦C for 30 min. The fluorescence imaging of DCFH-DA was observed by a
fluorescence microscope under a 488 nm excitation and 525 nm emissions. Image J was
used to analyze the average green fluorescence intensity.

2.6. Intracellular POD Activity

HeLa cells were seeded in 6-well plates (2 × 105 cells), incubated for 12 h and
treated with a PBS (0.40 mg/mL−1) solution containing N-GNMs for 24 h. Calcein-
AM (1 µL) and propidium iodide (PI, 1 µL) were added to the medium to assess cell
survival/death, incubated for 15 min, washed with PBS three times and observed through
fluorescence microscopy.

2.7. Tumor Models

All female BALB/c nude mice were purchased from the Guangdong Medical Lab-
oratory Animal Center and the experiments were approved by the Animal Protection
and Utilization Committee of the South China Normal University (SCNU-BIP-2021-004).
Approximately 2 × 106 HeLa cells were made into 200 µL PBS cell suspension and injected
subcutaneously into the armpit of each mouse to establish the HeLa tumor model. When
the tumor volume reached approximately 50 mm3 during growth, mice were randomly
divided into two groups for different treatments (three mice in each group). Normal saline
(200 µL) and N-GMNs (200 µL, 1 mg/mL−1) were respectively administered regularly into
mouse tumors and they were observed for 14 days. After the mice were sacrificed, the
tumor pedicle tissue and main organs were collected for a histological analysis.

3. Results and Discussion
3.1. Characterization of N-GNMs

To characterize the structure of the N-GNMs, we used XPS to analyze their elemental
composition. As Figure 1b shows, the scanned spectrum of the N-GNMs showed a C 1s
peak (at approximately 283.9 eV) and an O 1s peak (at approximately 531.8 eV). The C/O
atomic ratio was approximately 2.47. The N 1s peak was clearly observed in the N-GNMs
spectrum at ~399.4 eV and the N/C atomic ratio estimated from the XPS peaks was ~6.17.
These elemental analysis results confirmed that N atoms were doped into graphene. At the
same time, compared with the XPS spectrum of GO (Figure 1a), a significant decrease in the
O content was observed, indicating that the incorporation of nitrogen reduced the oxygen
content in the graphene, which might be due to the reduction of graphene by H2O2 before
doping. As Figure 1c shows, the deconvolution of the N 1s peak provided more detailed
information about the N functional group. Under different experimental conditions, due to
the different doping positions, the N atom could be incorporated into the carbon material
to form different kinds of N functional groups such as pyrrolyl, pyridyl, amino and nitrile
groups. Therefore, we deconvolved the N 1s peak. The four components were centered
at ~398.6, 399.9, 402.5 and 406.7 eV. It is generally considered that the main types of N
functional groups are pyridine N (referring to the N atom on the edge of the graphene
plane; each atom is bonded to two carbon atoms to provide a pair of lone electrons (N1 in
Figure 1c)), pyrrole N (referring to N and two carbon atoms that are bonded and provide
two p-electron N atoms (N2 in Figure 1c)), graphitic N (also known as quaternary N or
substituted N where N atoms are incorporated into the graphene layer and replace carbon
atoms in the plane (N3 in Figure 1c)) and oxidized N (oxidized pyridine dinitrogen, which
combines two carbon atoms and one oxygen atom (N4 in Figure 1c)) [32]. The atomic
compositions of pyridine, pyrrole, graphite and oxynitride at the surface were ~16.16%,
49.65%, 5.04% and 29.15%, respectively. We speculated that the incorporation of various
types of nitrogen atoms could increase graphene defects and active sites.

The TEM images showed that the N-GNMs were nearly fusiform with a uniform size
and excellent dispersion. Rod particles with smaller diameters have been shown to have
better tumor permeability than spherical particles [37]. As shown in Figure 2a, d = 84.3 nm
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and h = 258.6 nm. This was fairly consistent with the particle size data measured by DLS
and shown in Figure 2c. The aspect ratio was approximately 3.06, which suggested a
greater advantage for particle retention in the tumor tissue [38]. The XRD pattern of the
N-GNMs (Figure 2b) showed that the diffraction peak at 2θ = 25.5◦ corresponded with the
(002) graphene plane, indicating that the N-GNM material still had the excellent structure
of graphene [39]. Figure 2d shows that the zeta potential of the N-GNMs was −32.34 mV
and the particle diffusion stability was good.

Figure 1. Characteristics of N-GNMs. (a) XPS spectrum of the N-GNMs; (b) XPS spectrum of the
graphene oxide (GO); (c) High-resolution XPS spectrum showing the N 1s region of the N-GNMs; (d)
High-resolution XPS spectrum showing the C 1s region of the N-GNMs.

In addition, Fourier transform infrared (FTIR) spectra (Figure 3a) were analyzed to
determine the surface functional groups of the N-GNMs. Through an FTIR spectroscopy
analysis, a few new functional groups were found under a high temperature and high
pressure. The stretching vibration of N-H near 3134 cm−1 may have been caused by
hydrogen bonds. The peaks at 1590 and 1331 cm−1 corresponded with the tensile vibrations
of C-N and C-N-C, respectively. Furthermore, the typical tensile vibration of C-H at
3024 cm−1 was significantly enhanced, indicating that the prepared N-GNMs had a degree
of conjugation.

Raman spectroscopy is typically used in chemistry to provide structural fingerprints
that can identify different materials and is suitable for characterizing the structure and
electronic properties of carbon materials. Figure 3b displays the typical Raman spectra of
N-GNMs and GO and two different peaks were observed. After a reduction by H2O2 and
ammonia, the characteristics of the N-GNMs Raman spectrum were similar to those of the
GO spectrum (Figure 3b) indicating that the basic structural characteristics of graphene
were retained after N doping. However, the intensity of the D band increased indicating
that there were more N doping defects. The G peaks for GO and the N-GNMs were present
at 1594 and 1600 cm−1, respectively. Compared with GO, the downward shift of the G
peak in the spectrum of the N-GNMs might be related to the electron donor ability of N
heteroatoms. The intensity ratio of the D band to the G band (ID/IG) used to evaluate
graphene defects [40] increased from 1.34 for GO to 1.45 for the N-GNMs, indicating that N
doping caused an increase in graphene defects and illustrated that N-GNMs might provide
many more chelating sites for small molecules than GO. Figure 3c,d shows 3D Raman
maps for GO and the N-GNMs over a 12 µm × 13 µm region at wavelengths of ~1331 and
~1600 cm−1, respectively. These maps showed the significant difference in peak intensity,
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which directly proved that a greater number of defects were present in N-doped graphene
than in GO. We confirmed that the experimentally prepared N-GNM material introduced a
large number of vacancies into the graphene due to N doping thereby increasing the defect
density and the number of active sites. In addition, the carbon to nitrogen ratio and the
formation of nitrogen (N) also changed, which changed the material performance from a
structural change and improved the catalytic ability.

Figure 2. (a) TEM images of the N-GNMs; (b) XRD patterns of the N-GNMs and GO; (c) Particle size
distribution and (d) Surface potential (ζ) analysis of the N-GNMs.

Figure 3. (a) Fourier transform infrared (FTIR) spectrum of the N-GNMs; (b) Raman spectra of the
N-GNMs and GO; 3D spatial Raman mapping for N-GNMs (c) at ~1331 cm−1 and (d) at ~1600 cm−1.
The field of view was 12 µm × 12 µm with a pixel-to-pixel distance of 2 µm.



Materials 2021, 14, 1933 8 of 15

3.2. POD-Like Catalytic Activity of N-GNMs

POD activity is manifested in electron transfer and the generation of •OH. To verify
the POD-like activity of the N-GNMs, the TMB colorimetric method was used. The
combination of colorless TMB and •OH can produce chromogenic TMB groups and a clear
absorption peak can be observed at 650 nm using ultraviolet absorption spectroscopy [35].
As shown in Figure 4a, neither H2O2 nor N-GNMs alone could oxidize TMB. The combined
N-GNMs + H2O2 + TMB solution was blue and had the characteristic absorption peak of
oxidized TMB, indicating that the combination of N-GNMs and H2O2 could generate •OH.
There was a Fenton-like reaction and these results indicated that N-GNMs had a POD-like
catalytic activity. As shown in Figure 4b, the absorbance of the TMB color reaction of
N-GNMs gradually increased with a decreasing pH. We found that N-GNMs could still
exhibit a POD-like activity at pH 6.0, indicating that they could respond to TME in a weakly
acidic environment. The continuous increase in the absorbance indicated that the POD-like
activity of N-GNMs continued to increase and a POD-like activity was not observed in
a neutral environment. This was confirmed by our ESR spectrum at pH = 6.0 (Figure 4g).
The absorbance change at the characteristic peak was linearly positively correlated with
the concentration of N-GNMs and H2O2. (Figure 4c–f). The fitting curve for the absorbance
and concentration of N-GNMs was A = 0.90884x + 0.06652 mg/mL−1 and the correlation
coefficient was 0.98479. The fitting curve for the absorbance and H2O2 concentration
was A = 0.87029x + 0.96807 M and the correlation coefficient was 0.85369. N-GNMs that
oxidized TMB were affected by the concentration of N-GNMs and H2O2 and showed a
highly linear relationship.

N-GNMs catalyze the disproportionation and decomposition of H2O2, producing
highly toxic •OH under acidic pH conditions and non-toxic O2 and H2O under neutral
pH conditions. Therefore, N-GNMs showed a POD-like activity under acidic conditions
and it was inferred that N-GNMs became a POD activity nanozyme in an acidic TME. To
observe the ability of N-GNMs to regulate ROS, we measured the in vitro generation of
free radicals by electron paramagnetic resonance spectrometry (ESR) [41]. As shown in
Figure 4g, a strong characteristic •OH/BMPO peak (1:2:2:1) was observed in the spectrum
measured under acidic conditions (pH 6.0), indicating that •OH was produced by the
disproportionation of H2O2 catalyzed by N-GNMs and •OH oxidized TMB to chromogenic
TMB under acidic conditions. To further explain the mechanism underlying the POD-like
activity of N-GNMs, fluorescence experiments were conducted. As shown in Figure 4h,
in the presence of both N-GNMs and H2O2, the conversion of the non-fluorescent com-
pound TA to the fluorescent product 2-hydroxyterephthalic acid was observed, indicating
the formation of •OH radicals [42]. The results of TA fluorescence detection and TMB
ultraviolet absorption experiments were consistent. The TA fluorescence detection results
were consistent with the results of the TMB ultraviolet absorption experiments, jointly
proving that N-GNMs could exert POD activity in a weakly acidic environment and were
sensitive to trace amounts of µM H2O2, reflecting the sensitive weak acid response and
high catalytic activity of N-GNMs.
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1 
 

 

Figure 4. In vitro peroxidase (POD)-like catalytic activity of N-GNMs. (a) Catalytic oxidation
of 5.0 mM TMB; absorption data for 1.0 M H2O2, 1 mg/mL−1 N-GNMs and 1.0 M H2O2 with
1 mg/mL−1 N-GNMs (*** p < 0.001, two-tailed t test); (b) pH-sensitive POD-like catalytic activity
of 1 mg/mL−1 N-GNMs; (c) Absorbance spectra of the N-GNMs after the addition of different
concentrations of H2O2 (1 × 10−4, 1 × 10−3, 0.01, 0.10, 0.30, 0.50, 0.80, 1.0 M H2O2 and 1.0 mg/mL−1

N-GNMs). Absorbance spectra of the N-GNMs after the addition of different concentrations of
N-GNMs (0.10, 0.20, 0.30, 0.50, 0.80, 0.90, 1.0 mg/mL−1 N-GNMs and 1.0 M H2O2); (d) Linear
calibration plot for the POD-like catalytic reaction of N-GNMs for H2O2 detection; (e) Absorbance
spectra of the N-GNMs after the addition of different concentrations of N-GNMs (0.10, 0.20, 0.30,
0.50, 0.80, 0.90, 1.0 mg/mL−1 N-GNMs and 1.0 M H2O2); (f) Linear calibration plot for the N-
GNM POD-like catalytic reaction for N-GNM detection; (g) Spin-trapped electron spin resonance
(ESR) spectrum of •OH radicals in the H2O2/BMPO system with N-GNMs. (h) Fluorescence
spectra of the phosphate buffered saline (PBS) solution (pH = 6.0, 10 mM) with TA, H2O2, N-GNMs,
N-GNMs + TA, H2O2 + TA, TA + N-GNMs + H2O2.
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3.3. In Vitro Therapeutic Efficacy of N-GNMs

Encouraged by the efficient •OH production, we used pH 7.4 PBS and pH 6.0 medium
solutions to simulate the neutral environment of normal tissues and weakly acidic TME,
respectively, without adding any exogenous H2O2. The cells were incubated with calcein-
AM, which exhibited a green fluorescence after excitation and propidium iodide (PI), which
exhibited a red fluorescence and the fluorescence images were observed to further confirm
the effect of N-GNMs on HeLa cells under different experimental conditions. As shown
in Figure 5a, in the medium at pH 7.4 and 6.0, the control group treated with PBS had no
obvious cell damage while the cells of the experimental group treated with 0.1 mg/mL−1

N-GNMs had only slight damage. When HeLa cells were incubated with 0.4 mg/mL−1

N-GNMs in a pH 6.0 medium, a large amount of apoptosis was observed. After incubation
with 0.4 mg/mL−1 N-GNMs in a pH 7.4 medium, most HeLa cells were still alive. It could
be inferred that the catalytic properties of N-GNMs had pH selectivity and no cytotoxicity
under neutral conditions but a high toxicity to tumor cells in a weakly acidic environment.
In addition, the cytostatic effect of N-GNMs was related to their concentration.

The DCFH-DA fluorescent dye, which is widely used in intracellular ROS probes, was
used to prove the mechanism of cell death caused by hydroxyl radicals generated by the
catalytic reaction. DCFH is oxidized by ROS and exhibits green fluorescence after being
excited by a specific wavelength. As shown in Figure 5b, in a weakly acidic environment
(pH = 6.0) that simulates the TME, HeLa cells treated with N-GNMs showed a stronger
fluorescence than the control group and it was speculated that a large amount of •OH
was produced. As shown in Figure 5c, the mean fluorescence intensity (MFI) of the DCFH
staining was analyzed and similar results were obtained. The ROS generated only in the
acidic environment confirmed that N-GNMs had sensitive pH-selective POD-mimicking
nanozyme activity at the cell level.

To further quantify the catalytic activity of N-GNMS, a CCK-8 kit was used to further
analyze the in vitro cytotoxicity of N-GNMs. As shown in Figure 5d, using the above
experimental conditions to separately control the pH and N-GNMs concentration, the
results showed that N-GNMs exhibited a synergistic dose-dependent and pH-dependent
cytotoxicity on cell inhibition. In a pH 7.4 medium, N-GNMs did not affect or even
promote cell growth. However, in an acidic (pH 6.0) simulated medium, the TME cells
were incubated with N-GNMs and a certain concentration of N-GNMs might cause a
significant decrease in cell viability. This showed that N-GNMs could specifically inhibit
cancer cells and did not affect normal tissues. The comparison of both N-GNMs and
graphene oxide in a tumor treatment showed that the tumor cell lethal rate induced by
graphene oxide was 80% when 0.58 mg/mL was applied while the tumor cell lethal rate of
N-GNMs was 87% when 0.4 mg/mL was used. As the same concentration (0.3 mg/mL) of
graphene oxide and N-GNMs was adopted, the tumor cell lethal rate caused by graphene
oxide was about 30% but by N-GNMs it was 75% [35]. Additionally, the IC50 of the in vivo
N-GNM catalyzed treatment was significantly lower than that of the graphene oxide
catalyzed Fenton reaction treatment, indicating that N-GNMs alone could achieve a higher
catalytic treatment effect with a lower dosage, which reflected that N doping significantly
improved the catalytic activity of graphene oxide materials.
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Figure 5. In vitro therapeutic efficacy of N-GNMs. (a) Live/dead assay of HeLa tumor cells incubated
with 0.40 mg/mL−1 N-GNMs under acidic and neutral conditions for 24 h. The cells were stained
using calcein-AM/PI. Scale bar: 200 µm; (b) HeLa tumor cells incubated with 0.40 mg/mL−1 N-
GNMs in acidic and neutral media that contained the reactive oxygen species (ROS) fluorescent probe
2′,7′-dichlorofluorescein diacetate (DCFH-DA) for 24 h. Scale bar: 200 µm; (c) The mean fluorescence
intensity (MFI) of HeLa cells treated with PBS or N-GNMs (0.4 mg/mL−1) for 12 h was stained with
DCFH; (d) Cell viability (as determined by the CCK-8 assay) of HeLa cells treated with N-GNMs
under acidic and neutral conditions (* p < 0.05, *** p < 0.001, two-tailed t test).

3.4. In Vivo Therapeutic Efficacy of N-GNMs

The previously observed in vitro antitumor efficacy of N-GNMs encouraged us to
further investigate its tumor suppressive effect in vivo. HeLa tumor-bearing nude mice
(female, four weeks) were used as in vivo tumor models and randomly divided into two
groups (n = 3). The tumors were treated with saline and N-GNMs to study the inhibition of
tumor growth by the different treatment methods. As shown in Figure 6a,b, normal saline
showed no inhibitory effect on the tumor growth. However, tumors in mice treated with
N-GNMs showed a significant growth inhibition, which indicated that N-GNMs had an
inhibitory effect on the tumor growth. After the mice were sacrificed, the tumor tissues and
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main organs were stained with hematoxylin and eosin (H and E) to confirm the anticancer
effect and biocompatibility of different treatment methods. As shown in Figure 6c, there
was a significant difference in the H and E staining between the saline-treated control
group and the N-GNM experimental group. In contrast to the normal morphology of the
membrane and nucleus of the tumor cells in the saline treatment group, the tumors treated
with N-GNMs showed severe membrane morphology and nuclear structure destruction,
indicating that N-GNMs could inhibit tumor cell growth through catalytic therapy and the
material exhibited highly effective in vivo nanocatalytic therapeutic effects. In addition,
the main organs of the mice in the N-GNM injection group and the saline control group
were subjected to an H and E staining histological examination. As shown in Figure 6e,
there was no significant difference in all groups and the body weight of the mice did not
change significantly during the observation experiment (Figure 5d), demonstrating that the
N-GNMs showed a low toxicity in these animals. In the acidic TME, N-GNMs exhibited
mimicked POD nanozyme activity, decomposed endogenous H2O2 in tumors and inhibited
tumor growth. In the non-tumor areas, the neutral environment did not produce toxic •OH.
Due to the high biocompatibility and high catalytic activity of N-GNMs, a proper amount
of nanozyme materials is not toxic to animals. To further evaluate the effect of N-GNMs
on mouse systemic circulation, N-GNMs and normal saline were injected intravenously
into healthy female BALB/c mice to monitor the changes in white blood cell (WBC), red
blood cell (RBC), hemoglobin(HGB), hypersensitive C-reactive protein (HS-CPR) and red
blood cell distribution width (RDW) values. For the purpose of determining whether the
immune system was abnormal, a routine blood analysis was performed three days after
the injection of the drug and no obvious abnormality was found (p < 0.05). The results
showed the high biocompatibility of N-GNMs (Table 1).

Figure 6. In vivo cancer therapy efficacy. (a) Representative photos of mice after different treatments
for 1, 6, 10 and 14 days; (b) Representative tumor tissues collected from different groups at 14 days;
(c) Hematoxylin and eosin (H and E) stained slices of tumor tissues from different groups collected
at 14 days. Scale bar: 100 µm; (d) Body weight changes in HeLa tumor-bearing mice after various
treatments for 14 days; (e) Histological H and E staining of major organs in nude mice after 14 days.
Scale bar: 100 µm.
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Table 1. Determination of the blood components of BALB/c Mice.

Index N-GNMs Normal Saline

WBC (109/L) 4.57 ± 1.22 3.79 ± 0.32
RBC (1011/L) 9.51 ± 0.22 9.22 ± 0.15
RBC (1011/L) 141 ± 11.00 141 ± 0.00
RDW-SD (%) 18.3 ± 4.50 16.8 ± 0.40

HS-CPR (mg/L) 0.06 ± 0.06 0.00 ± 0.00
WBC: leukocyte; RBC: red blood cell; HGB: hemoglobin; RDW-SD: coefficient of variation in RBC distribution
width; HS-CPR: high sensitivity C-reactive protein. Statistical analyses showed that there were no significant
differences between the N-GNM and normal saline groups (p < 0.05, n = 4).

4. Conclusions

In summary, our research has found that N-doped graphene nanomaterials (N-GNMs)
were a nanozyme with efficient POD-like biocatalytic performance for tumor-specific
treatment. Furthermore, we proved that N-GNMs had a high catalytic activity, sensitive
pH selectivity and trace endogenousH2O2 concentration (100 µM–1 mM) responsiveness,
which could be used in the TME. At a weakly acidic pH, N-GNMs catalyzed decomposition
of the low toxicity reactive oxygen species H2O2 into highly toxic •OH. Under neutral pH
conditions of normal tissue, N-GNMs split H2O2 into non-toxic H2O and O2. Combining
the pH selectivity of this nanozyme with the unique physical and chemical properties
of the TME, this could act as a new tumor-specific treatment therapy. In addition, our
highly catalytically active POD-mimicking nanozyme N-GNMs responded to the trace
amount of endogenous H2O2 in the TME for efficient tumor treatment. This specific method
of improving the biological activity of materials was designed to provide ideas for the
development of tumor catalytic therapy drugs with significant curative effects. This is the
first time that N-GNMs have been found to have a biocatalytic function. Furthermore,
this is the first time that they have been used in the body as a tumor treatment. As a new
type of POD-mimicking nanozyme first applied in tumor therapy, N-GNM expands the
family of nanozymes and broadens the applications of N-doped graphene materials in
biomedicine as well.

Author Contributions: Conceptualization, X.D., D.L.; methodology, X.D., D.L.; validation, D.L., Y.Y.,
G.L., Q.W., H.C.; investigation, D.L.; data curation, D.L., Y.Y., G.L., Q.W., H.C.; writing—original
draft preparation, D.L.; writing—review and editing, X.D., D.L.; funding acquisition, X.D. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number No. 81671729, the Science and Technology Program of Guangzhou, grant number No.
2019050001, the Guangzhou Municipal Science and Technology Project of China, grant number No.
201804010051.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
National Institutes of Health (NIH) Guidelines for the Care and Use of Laboratory Animals of South
China Normal University and approved by the Animal Protection and Utilization Committee of
South China Normal University (SCNU-BIP-2021-004).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shen, Z.; Liu, T.; Li, Y.; Lau, J.; Yang, Z.; Fan, W.; Zhou, Z.; Shi, C.; Ke, C.; Bregadze, V.I.; et al. Fenton-Reaction-Acceleratable

Magnetic Nanoparticles for Ferroptosis Therapy of Orthotopic Brain Tumors. ACS Nano 2018, 12, 11355–11365. [CrossRef]
2. Wang, Q.; Wei, H.; Zhang, Z.; Wang, E.; Dong, S. Nanozyme: An emerging alternative to natural enzyme for biosensing and

immunoassay. TrAC Trends Anal. Chem. 2018, 105, 218–244. [CrossRef]

http://doi.org/10.1021/acsnano.8b06201
http://doi.org/10.1016/j.trac.2018.05.012


Materials 2021, 14, 1933 14 of 15

3. Wang, D.; Jana, D.; Zhao, Y. Metal–Organic Framework Derived Nanozymes in Biomedicine. Acc. Chem. Res. 2020, 53, 1389–1400.
[CrossRef]

4. Dai, Y.; Xu, C.; Sun, X.; Chen, X. Nanoparticle design strategies for enhanced anticancer therapy by exploiting the tumour
microenvironment. Chem. Soc. Rev. 2017, 46, 3830–3852. [CrossRef]

5. Gong, F.; Yang, N.; Wang, Y.; Zhuo, M.; Zhao, Q.; Wang, S.; Li, Y.; Liu, Z.; Chen, Q.; Cheng, L. Oxygen-Deficient Bimetallic
Oxide FeWOX Nanosheets as Peroxidase-Like Nanozyme for Sensing Cancer via Photoacoustic Imaging. Small 2020, 16, 2003496.
[CrossRef]

6. Chen, M.; Deng, G.; He, Y.; Li, X.; Yang, S. Ultrasound-Enhanced Generation of Reactive Oxygen Species for MRI-guided Tumor
Therapy by Fe@Fe3O4-Based Peroxidase Mimicking Nanozyme. ACS Appl. Bio Mater. 2020, 3, 639–647. [CrossRef]

7. Munoz, M.; De Pedro, Z.M.; Casas, J.A.; Rodriguez, J.J. Preparation of Magnetite-Based Catalysts and their Application in
Heterogeneous Fenton Oxidation—A Review. Appl. Catal. 2015, 176, 249–265. [CrossRef]

8. Chiarugi, P.; Cirri, P. Redox Regulation of Protein Tyrosine Phosphatases During Receptor Tyrosine Kinase Singnal Transduction.
Trends Biochem. Sci. 2003, 28, 509–514. [CrossRef]

9. Cadet, J.; Douki, T.; Ravanat, J.-L. Oxidatively Generated Base Damage to Cellular DNA. Free Radic. Biol. Med. 2010, 49, 9–21.
[CrossRef] [PubMed]

10. Warburg, O. Über den Stoffwechsel der Carcinomzelle. Naturwissenschaften 1924, 12, 1131–1137. [CrossRef]
11. Justus, C.R.; Dong, L.; Yang, L.V. Acidic Tumor Micro-environment and pH-Sensing G protein-Coupled receptors. Front. Physiol.

2013, 4, 354. [CrossRef]
12. Fu, J.; Shao, Y.; Wang, L.; Zhu, Y. Lysosome-Controlled Efficient ROS Overproduction Against Cancer Cells with a High

pH-Responsive Catalytic Nanosystem. Nanoscale 2015, 7, 7275–7283. [CrossRef]
13. Maji, S.K.; Mandal, A.K.; Nguyen, K.T.; Borah, P.; Zhao, Y. Cancer Cell Detection and Therapeutics using Peroxidase-Active

Nanohybrid of Gold Nanoparticle-Loaded Mesoporous Silica-Coated Graphene. ACS Appl. Mater. Interfaces 2015, 7, 9807–9816.
[CrossRef]

14. Peng, Y.; Wang, Z.; Liu, W.; Zhang, H.; Zuo, W.; Tang, H.; Chen, F.; Wang, B. Size-and Shape-Dependent Peroxidase-Like Catalytic
Activity of MnFe2O4 Nanoparticles and Their Applications in Highly Efficient Colorimetric Detection of Target Cancer Cells.
Dalton. Trans. 2015, 44, 12871–12877. [CrossRef]

15. López-Lázaro, M. Dual Role of Hydrogen Peroxide in Cancer Possible Relevance to Cancer Chemoprevention and Therapy.
Cancer Lett. 2007, 252, 1–8. [CrossRef]

16. Buettner, G.R.; Ng, C.F.; Wang, M.; Rodgers, V.G.J.; Schafer, F.Q. A New Paradigm: Manganese Superoxide Dismutase Influences
the Production of H2O2 in Cells and Thereby Their Biological State. Free Radic. Biol. Med. 2006, 41, 1338–1350. [CrossRef]
[PubMed]

17. Chen, J.; Lei, S.; Zeng, K.; Wang, M.; Asif, A.; Ge, X. Catalase-Imprinted Fe3O4/Fe@ Fibrous SiO2/Polydopamine Nanoparticles:
An Integrated Nanoplatform of Magnetic Targeting, Magnetic Resonance Imaging, and Dual-Mode Cancer Therapy. Nano Res.
2017, 10, 2351–2363. [CrossRef]

18. Huo, M.; Wang, L.; Chen, Y.; Shi, J. Tumor-Selective Catalytic Nanomedicine by Nanocatalyst Delivery. Nat. Commun. 2017, 8, 357.
[CrossRef]

19. Zhang, C.; Bu, W.; Ni, D.; Zhang, S.; Li, Q.; Yao, Z.; Zhang, J.; Yao, H.; Wang, Z.; Shi, J. Synthesis of Iron Nanometallic Glasses and
Their Application in Cancer Therapy by a Localized Fenton Reaction. Angew. Chem. Int. Ed. 2016, 55, 2101–2106. [CrossRef]
[PubMed]

20. Tang, Z.; Zhang, H.; Liu, Y.; Ni, D.; Zhang, H.; Zhang, J.; Yao, Z.; He, M.; Shi, J.; Bu, W. Antiferromagnetic Pyrite as the Tumor
Microenvironment-Mediated Nanoplatform for Self-Enhanced Tumor Imaging and Therapy. Adv. Mater. 2017, 29, 1701683.
[CrossRef]

21. Wu, Q.; Yu, J.; Li, M.; Tan, L.; Ren, X.; Fu, C.; Chen, Z.; Cao, F.; Ren, J.; Li, L.; et al. Nanoengineering of nanorattles for tumor
treatment by ct imaging-guided simultaneous enhanced microwave thermal therapy and managing inflammation. Biomaterials
2018, 179, 122–133. [CrossRef]

22. Hu, P.; Wu, T.; Fan, W.; Chen, L.; Liu, Y.; Ni, D.; Bu, W.; Shi, J. Near Infrared-Assisted Fenton Reaction for Tumor-Specific and
Mitochondrial DNA-Targeted Photochemotherapy. Biomaterials 2017, 141, 86–95. [CrossRef]

23. Yue, L.; Wang, J.; Dai, Z.; Hu, Z.; Chen, X.; Qi, Y.; Zheng, X.; Yu, D. A pH-Responsive, Self-Sacrificial Nanotheranostic Agent for
Potential in Vivo and in Vitro Dual Modal MRI/CT Imaging, Real-Time and in-Situ Monitoring of Cancer Therapy. Bioconj. Chem.
2017, 28, 400–409. [CrossRef] [PubMed]

24. Kankala, R.K.; Liu, C.-G.; Chen, A.-Z.; Wang, S.-B.; Xu, P.-Y.; Mende, L.K.; Liu, C.-L.; Lee, C.-H.; Hu, Y.-F. Overcoming Multidrug
Resistance through the Synergistic Effects of Hierarchical pH-Sensitive, ROS-Generating Nanoreactors. ACS Biomater. Sci. Eng.
2017, 3, 2431–2442. [CrossRef] [PubMed]

25. Fan, K.; Xi, J.; Fan, L.; Wang, P.; Zhu, C.; Tang, Y.; Xu, X.; Liang, M.; Jiang, B.; Yan, X.; et al. In Vivo Guiding Nitrogen- Doped
Carbon Nanozyme for Tumor Catalytic Therapy. Nat. Commun. 2018, 9, 1440. [CrossRef] [PubMed]

26. Ranji-Burachaloo, H.; Gurr, P.A.; Dunstan, D.E.; Qiao, G.G. Cancer Treatment through Nanoparticle-Facilitated Fenton Reaction.
ACS Nano 2018, 12, 11819–11837. [CrossRef] [PubMed]

27. Lucky, S.S.; Soo, K.C.; Zhang, Y. Nanoparticles in Photodynamic Therapy. Chem. Rev. 2015, 115, 1990–2042. [CrossRef]

http://doi.org/10.1021/acs.accounts.0c00268
http://doi.org/10.1039/C6CS00592F
http://doi.org/10.1002/smll.202003496
http://doi.org/10.1021/acsabm.9b01006
http://doi.org/10.1016/j.apcatb.2015.04.003
http://doi.org/10.1016/S0968-0004(03)00174-9
http://doi.org/10.1016/j.freeradbiomed.2010.03.025
http://www.ncbi.nlm.nih.gov/pubmed/20363317
http://doi.org/10.1007/BF01504608
http://doi.org/10.3389/fphys.2013.00354
http://doi.org/10.1039/C5NR00706B
http://doi.org/10.1021/acsami.5b01758
http://doi.org/10.1039/C5DT01585E
http://doi.org/10.1016/j.canlet.2006.10.029
http://doi.org/10.1016/j.freeradbiomed.2006.07.015
http://www.ncbi.nlm.nih.gov/pubmed/17015180
http://doi.org/10.1007/s12274-017-1431-8
http://doi.org/10.1038/s41467-017-00424-8
http://doi.org/10.1002/anie.201510031
http://www.ncbi.nlm.nih.gov/pubmed/26836344
http://doi.org/10.1002/adma.201701683
http://doi.org/10.1016/j.biomaterials.2018.06.041
http://doi.org/10.1016/j.biomaterials.2017.06.035
http://doi.org/10.1021/acs.bioconjchem.6b00562
http://www.ncbi.nlm.nih.gov/pubmed/28042941
http://doi.org/10.1021/acsbiomaterials.7b00569
http://www.ncbi.nlm.nih.gov/pubmed/33445301
http://doi.org/10.1038/s41467-018-03903-8
http://www.ncbi.nlm.nih.gov/pubmed/29650959
http://doi.org/10.1021/acsnano.8b07635
http://www.ncbi.nlm.nih.gov/pubmed/30457834
http://doi.org/10.1021/cr5004198


Materials 2021, 14, 1933 15 of 15

28. Ding, H.; Hu, B.; Zhang, B.; Zhang, H.; Yan, X.; Nie, G.; Liang, M. Carbon-based nanozymes for biomedical applications. J. Nano
Res. 2021, 14, 570–583. [CrossRef]

29. Chen, T.; Wu, X.; Wang, J.; Yang, G. WSe2 few layers with enzyme mimic activity for high-sensitive and high-selective visual
detection of glucose. Nanoscale 2017, 9, 11806. [CrossRef] [PubMed]

30. Navalon, S.; Herance, J.R.; Álvaro, M.; García, H. General aspects in the use of graphenes in catalysis. Mater. Horiz. 2018, 5,
363–378. [CrossRef]

31. Guo, D.; Shibuya, R.; Akiba, C.; Saji, S.; Kondo, T.; Nakamura, J. Active sites of nitrogen-doped carbon materials for oxygen
reduction reaction clarified using model catalysts. Science 2016, 351, 361–365. [CrossRef] [PubMed]

32. Xu, H.; Ma, L.; Jin, Z. Nitrogen-doped graphene: Synthesis, characterizations and energy applications. J. Energy Chem. 2018, 27,
146–160. [CrossRef]

33. Bhatt, J.; Mondal, D.; Devkarc, R.V.; Prasad, K. Synthesis of functionalized N-doped graphene DNA hybrid material in a deep
eutectic solvent. Green Chem. 2016, 18, 4297–4302. [CrossRef]

34. Lin, L.; Song, X.; Chen, Y.; Rong, M.; Zhao, T.; Wang, Y.; Jiang, Y.; Chen, X. Intrinsic peroxidase-like catalytic activity of nitrogen-
doped graphene quantum dots and their application in the colorimetric detection of H2O2 and glucose. Anal. Chim. Acta 2015,
869, 89–95. [CrossRef]

35. Lin, B.; Chen, H.; Liang, D.; Lin, W.; Qi, X.; Liu, H.; Deng, X. Acidic pH and High-H2O2 Dual Tumor Oxide for Cancer Selective
Therapy and Recognition. ACS Appl. Mater. Interfaces 2019, 11, 11157–11166. [CrossRef]

36. Jiang, B.; Tian, C.; Wang, L.; Sun, L.; Chen, C.; Nong, X.; Fu, H. Highly concentrated, stable nitrogen-doped graphene for
supercapacitors: Simultaneous doping and reduction. Appl. Surface Sci. 2012, 258, 3438–3443. [CrossRef]

37. Chu, K.S.; Hasan, W.; Rawal, S.; Walsh, M.D.; Enlow, E.M.; Luft, J.C.; Bridges, A.S.; Kuijer, J.L.; Napier, M.E.; Zamboni, W.C.; et al.
Plasma, tumor and tissue pharmacokinetics of Docetaxel delivered via nanoparticles of different sizes and shapes in mice bearing
SKOV-3 human ovarian carcinoma xenograft. Nanomedicine 2013, 9, 686–693. [CrossRef]

38. Zhou, X.; Cao, C.; Chen, Q.; Yu, Q.; Liu, Y.; Yin, T.; Liu, J. PEG modified graphene oxide loaded with EALYLV peptides for
inhibiting the aggregation of hIAPP associated with type-2 diabetes. J. Mater. Chem. B 2015, 3, 7055–7067. [CrossRef]

39. Honary, S.; Zahir, F. Effect of Zeta Potential on the Properties of Nano-Drug Delivery Systems—A Review (Part 1). Trop. J. Pharm.
Res. 2013, 12, 265–273.

40. Yadav, R.; Dixit, C.K. Review on: Synthesis, Characterization and Potential application of Nitrogen-doped Graphene. J. Sci. Adv.
Mater. Devices 2017, 2, 141–149. [CrossRef]

41. Wang, L.; Huo, M.; Chen, Y.; Shi, J. Iron-Engineered Mesoporous Silica Nanocatalyst with Biodegradable and Catalytic Framework
for Tumor-Specific Therapy. Biomaterials 2018, 163, 1–13. [CrossRef] [PubMed]

42. Wang, Z.; Dong, K.; Liu, Z.; Zhang, Y.; Chen, Z.; Sun, H.; Ren, J.; Qu, X. Activation of biologically relevant levels of reactive
oxygen species by Au/g-C3N4 hybrid nanozyme for bacteria killing and wound disinfection. Biomaterials 2017, 113, 145–157.
[CrossRef] [PubMed]

http://doi.org/10.1007/s12274-020-3053-9
http://doi.org/10.1039/C7NR03179C
http://www.ncbi.nlm.nih.gov/pubmed/28786467
http://doi.org/10.1039/C8MH00066B
http://doi.org/10.1126/science.aad0832
http://www.ncbi.nlm.nih.gov/pubmed/26798009
http://doi.org/10.1016/j.jechem.2017.12.006
http://doi.org/10.1039/C6GC00853D
http://doi.org/10.1016/j.aca.2015.02.024
http://doi.org/10.1021/acsami.8b22487
http://doi.org/10.1016/j.apsusc.2011.11.091
http://doi.org/10.1016/j.nano.2012.11.008
http://doi.org/10.1039/C5TB00487J
http://doi.org/10.1016/j.jsamd.2017.05.007
http://doi.org/10.1016/j.biomaterials.2018.02.018
http://www.ncbi.nlm.nih.gov/pubmed/29452944
http://doi.org/10.1016/j.biomaterials.2016.10.041
http://www.ncbi.nlm.nih.gov/pubmed/27815998

	Introduction 
	Materials and Methods 
	Synthesis of N-Doped Graphene 
	Characterization of N-Doped Graphene 
	POD-Like Activity of N-Doped Graphene and Kinetic Assay 
	Cell Viability Assay Analysis 
	Cellular Reactive Oxygen Species (ROS) Assay 
	Intracellular POD Activity 
	Tumor Models 

	Results and Discussion 
	Characterization of N-GNMs 
	POD-Like Catalytic Activity of N-GNMs 
	In Vitro Therapeutic Efficacy of N-GNMs 
	In Vivo Therapeutic Efficacy of N-GNMs 

	Conclusions 
	References

