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Abstract

Background
Single-atom catalyst (SAC) is one of the newest catalysts, and attracting people’s wide attention in cancer
therapy based on their characteristics of maximum speci�c catalytic activity and high stability.

Methods
This study designed and synthesized a Fe-N decorated graphene nanosheet (Fe-N5/GN SAC) with the
coordination number of �ve. Its material characteristics were detected by different methods including
scanning electron microscopy, transmission electron microscopy, and X-ray photoelectron spectroscopy.
Also, its enzyme-like properties were calculated based on Density functional theory (DFT). In addition, 3D
cancer cell models were constructed and cytotoxic effects of Fe-N5/GN SAC were tested by �ow
cytometry and RT-PCR.

Results
Through enzymology and theoretical calculations, the Fe-N5/GN SAC has outstanding intrinsic
peroxidase-like catalytic activity due to single-atom Fe site with �ve-N-coordination structure. It could kill
human lung adenocarcinoma cells (A549) by decomposing hydrogen peroxide (H2O2) into toxic ROS
under acidic microenvironment condition to induce the cell apoptosis in 3D lung cancer cell model.

Conclusion
Our study synthesized a novel SAC with peroxidase-like catalytic activity for tumor therapy. And it
demonstrates a promising application of SAC with highly e�cient single-atom catalytic sites for cancer
treatment.

Introduction
Lung cancer is one of the most common occurrence and fatality cancer in worldwide. There are
2.2 million new cases and 1.75 million deaths per year [1]. As the improvement of understanding of lung
cancer biology, the diagnose and therapy projects of lung cancer have a remarkable development. In
addition to conventional chemotherapy, new therapeutic opportunities including targeted therapy and
immunotherapy catch people’s attention. Furthermore, more and more therapy strategies were designed
based on the unique tumor microenvironment (TME). As we known, the TME is hypoxia, mildly acidic, and
overproducing H2O2 (5-10x10-5 M) [2]. These characteristics have been applied in some new treatment
strategies on cancers, especially in nano-catalytic therapy.
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In recent years, nano-catalysts has been researched in biomedical �eld including biosensing [3, 4],
antibacterial [5], and biomedicine [6–8]. All of these applications were because of nano-catalysts’ unique
properties of peroxidase-, oxidase-, superoxide dismutase-, and catalase-like activities. In biomedicine
�eld, these researches focused on some cancer therapy, including pancreatic cancer [2], esophageal
cancer [9], breast cancer [10], and malignant glioma [11]. Although these nano-catalysts have been used
widely, their weakness are still apparent: 1) an inhomogeneous elemental composition of nanomaterials;
2) poor catalytic speci�city; 3) complex catalytic mechanisms [12]. These drawbacks limited their
catalytic capacity and catalytic selectivity. Moreover, they limited the development and biomedical
applications of nano-catalysts. To overcome these drawbacks, developing new nano-catalysts which
mimic the active sites and spatial con�guration of natural enzymes [12] is the key.

Single-atom catalysts (SACs), a new type of nano-catalysts, have great promise in the applications
because of higher catalytic activity compared to common nano-catalysts [12]. SACs characterized by
atomically dispersed active sites, designable geometric structure, and electronic coordination, provide
great opportunities to mimic the structure of natural peroxidase and thus exhibit superior catalytic
performance. Therefore, SACs are one of the most potential candidates for replacing natural enzymes. In
particular, Zhao and co-workers found that Fe-N4 decorated zeolitic-imidazolate‐framework (ZIF-8)
exhibited excellent peroxidase-like property, exceeding those of Fe3O4 nano-catalysts by a factor of 40
[13, 14]. Xu and co-workers have shown that atomic Zn-N4 decorated ZIF-8 derivative can serve as a
highly e�cient peroxidase mimic for wound antibacterial applications [15]. In previous study from our
team, we used atomic Fe-N4 decorated carbon nanotube or ZIF-8 as the signaling element in a series of
paper-based bioassays for ultrasensitive detection of H2O2, glucose, ascorbic acid, and pesticides [16–
18]. By controlling the morphology and structure of SACs, high peroxidase-like activity can be achieved. It
shows the great potential for lung cancer therapy.

For imitating TME in vivo model, we established a 3D lung cancer cell model in this study. It is closer to
the complex in vivo conditions, and could not only eliminate the differences of cell line and animal
models, but also overcome the shortcomings of individual differences in animal experiments. Moreover,
the 3D cancer cell model could reserve key characteristics of in vivo models, such as cell genotypes and
TME [13, 19]. These models are emerging and applying in biomedical �elds including drug screening,
tumor therapy, and toxicology evaluation [13, 20]. It is gradually replacing 2D cancer cell model.
Therefore, we introduced 3D cancer cell model in this study to explore potential application of new SAC in
lung cancer therapy.

Herein, we synthesized a novel SAC with peroxidase-like catalytic activity for tumor therapy (Scheme 1).
Speci�cally, Fe-N decorated graphene nanosheet (Fe-N5/GN SAC), featured single-atom Fe site with �ve-
N-coordination structure, was careful designed and synthesized as a representative SAC. This Fe-N5/GN
SACbeliver was employed as a natural enzyme mimic and showed superior peroxidase-like activity.
Density functional theory (DFT) calculations revealed that the reaction process to generate hydroxyl
radicals is via catalytic H2O2 decomposition. Finally, the SAC was used in a 3D cancer cell model to kill
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lung cancer cells by inducing the excess toxic ROS and apoptosis to demonstrate the great potential of
the SAC in tumor therapy. We believe this work will provide a promising application of SAC with highly
e�cient single-atom catalytic sites for cancer treatment.

Materials And Methods
Materials

Human lung adenocarcinoma cell line (A549) was puchursed from National Biomedical Experimental Cell
Resource (BMCR) (China). Dulbecco's minimal essential medium (DMEM), 100x Penicillin-Streptomycin-
Amphotericin B, 0.25% trypsin (w/v) containing 0.52 mM EDTA were purchased from Gibco company
(USA). And fetal bovine serum (FBS) was from HyClone company (USA). All the chemicals were of
analytical grade. Unless otherwise stated, all solutions were prepared with ultrapure water from Barnstead
Nanopure Water System.

Preparation of Fe-N5 decorated graphene nanosheet (Fe-N5/GN SAC)

Firstly, 50 mg of graphene oxide was dispersed in 60 ml 0.2 M HCl solution and mixed with 0.5 ml pyrrole,
followed by 30 min sonication and 3 h vigorous stirring. Subsequently, 1.0 g ammonium peroxydisulfate
(APS) was added dropwise to the above mixture under continuous stirring at room temperature. After
stirring for 24 h to allow polymerization, the product was separated by vacuum �ltration and washed with
ethanol and water. The wet hybrid was then dispersed in 100 ml mixture solution of potassium chloride
(2.98 g) and potassium ferricyanide (0.658 g), followed by 5 min sonication and 24 h vigorous stirring.
This hybrid precursor was collected by vacuum �ltration and dried at 60°C for 12 h and pyrolyzed at
900°C under N2 atmosphere for 30 min and NH3 atmosphere for 30 min. The obtained carbon material
was soaked in with a 0.5 M H2SO4 solution at 60°C for 4 h to remove KCl and unstable Fe species and
then annealed at 900°C under NH3 atmosphere for 30 min to achieve atomically dispersed Fe-N-doped
graphene (Fe-N5/GN SAC). 

Material characterization

The material was characterized using scanning electron microscopy (SEM, FEI Sirion 200, operated at 30
kV), transmission electron microscopy (TEM, Tecnai G2 T20, 200 kV; Titan G 60-300 S/TEM, 60 kV, FEI,
Hillsboro), and X-ray photoelectron spectroscopy (XPS, Escalab 250, Al Kα). The X-ray absorption
spectroscopy measurement at Fe K-edge was performed at the Advanced Photon Source (APS) on the
bending-magnet beamline 12-BM and 20-BM with electron energy of 7 GeV and average current of 100
mA. The radiation was monochromatized by a Si (111) double-crystal monochromator. Harmomic
rejection was accomplished with Harmonic rejection mirror. All spectra were collected in �uorescence
mode by vortex four-element silicon drift detector. XAS data reduction and analysis were processed by
Athena software.

Evaluation of enzyme-like properties
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Enzyme-like properties were evaluated following the previous method [21]. To verify the peroxidase-like
feature, 10 μL of 0.8 mM TMB solution and 1 μL of 1 M H2O2 solution were �rst added to 0.488 mL of 0.2
M NaAc-HAc buffer (pH 3.5), and then 1 μL of 0.05 mg/mL Fe-N5/GN SAC solution was added to the
above mixture. To evaluate the catalytic activity units (U) of Fe-N5/SAC, the absorbance at 652 nm was
immediately recorded at a 15 s interval within 1200 s. After subtracting the background, the catalyst
activity expressed in units (U) was calculated according to the following equation:

 

where bcatalyst is the catalyst activity (U), V is the volume of reaction solution (μL), ε is the molar

absorption coe�cient of the TMB substrate (39,000 M-1 cm-1 at 652 nm), l is the optical path length
through reaction solution (cm), and ΔA/Δt is the initial rate (within 1 min) of the absorbance change (min-

1). When using different amounts of Fe-N5/GN SAC to measure the peroxidase-like activity, the speci�c
activity of catalyst was determined using the following equation:

 

where acatalyst is the speci�c activity of catalyst (U mg-1), and m is the catalyst amount (mg).

For the steady-state kinetic measurements of peroxidase-like Fe-N5/GN SAC, 10 μL of various
concentraions of TMB solution (from 0 to 3.5 mM) and 1 μL of 1 M H2O2 solution were added to NaAc-
HAc buffer (pH 4.0). After 1 μL of 0.05 mg/mL Fe-N5/GN SAC solution was added and mixed together for
reaction, the absorbance at 652 nm was immediately recorded at a 10 s interval within 60 s. Then, the
initial rates of the chromogenic reaction upon different concentrations TMB were obtained. The substrate
concentration-dependent reaction rate curves were �tted with the Michaelis-Menten model. The maximum
reaction rate vmax and Michaelis constant Km were calculated according the following Michaelis-Menten
equation:

 

where v is the initial rate of the chromogenic reaction, and [S] is the TMB concentration. The catalytic
constant kcat was calculated using the following equation:

 

where [E] is the catalyst concentration (M).
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Density functional theory (DFT) calculations

The spin-polarized Kohn-Sham DFT [22, 23] calculations were performed by using the Quantum
ESPRESSO software package [24] with the Projector Augmented-Waves (PAW) type
pseudopotentials [25]. The exchange-correlation functional was treated in the Perdew-Burke-Ernzerhof
(PBE) type of generalized gradient approximation (GGA) [26]. The electronic wavefunction was expressed
as a planewave summation truncated at an energy cutoff of 1,360 eV and the electron density was
represented on a grid with an energy cutoff of 5500 eV. A periodic 6×6 graphene with lattice parameters a
= b = 14.76 Å and γ = 120° was used as a basis and Fe-N4 site were embedded in the center of the
graphene sheet to construct the Fe-N4 model (Figure S2). An Fe-N4 structure in a graphene matrix coupled
with pyridinic N was built to model the twin-layer atomic Fe-N5 structure (Figure S2) [27, 28]. The vacuum
spacing was set to 20 Å to avoid the interactions between neighboring sheets. The Brillouin zone
integration was performed within the Monkhorst-Pack scheme [29] using the k-points set of 2×2×2. The
semiempirical Grimme's DFT-D2 [30] was applied in order to determine the in�uence of Van der Waals
force on the adsorption of intermediates on active site. All atoms were allowed to relax until the
calculated forces were converged to better than 5 meV/Å. The charge density difference was evaluated
using the formula Δρ = ρ(A+B) − ρA − ρB, where ρX is the electron charge density of X.

Preparation and culture of 3D cancer cells model

Human lung adenocarcinoma cells (A549) were cultured in DMEM, 10% FBS, and 100x Penicillin-
Streptomycin-Amphotericin B. They grew in carbon dioxide incubatorat with 5% CO2 and 95%
atmospheric humidity at 37°C. For establishing 3D cancer cell model, cells were seeded into Magrigel
(Corning, USA) with Y27632 (Selleck, USA) on the �rst day. Change medium every other day. After 7 days,
the single cell grew into 3D cancer cell colony. Then the Matrigel was degraded using Dispase II protease
at 37°C. And colonys were collected and used 0.25% trypsin (w/v) containing 0.52 mM EDTA to digested
into the single cell to conduct the following experiments. 

Cell viability assay by Cell Counting Kit-8 (CCK-8)

A549 were seeded into 96-well plate to grow into 3D cancer cell colony. Fe-N5/GN SAC were dilluted into
cell medium. Different concentrations of Fe-N5/GN SAC including 1, 5, 10, and 20 μg/mL treated 3D
cancer cell colony for 24, 48, and 72 h. Then the medium contained Fe-N5/GN SAC were discarded. 100
μL new medium were added into each well. 10 μL CCK-8  (Beyotime, China) were added into each well to
incubate with cells at the same time. After incubation for 1 h, the absorbance at 450 nm of each well in
96-well plate was detetcted using microplate reader. 

Cell cytotoxicity assay by LDH Assay Kit

For detect the cell cytotoxicity of Fe-N5/GN SAC, we used LDH assay Kit (Beyotime, China). This kit would
detect the activity of lactate dehydrogenase (LDH) released into the cell medium to achieve the
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determination of cytotoxicity. This parameter could indicate the cell membrane integrity. First, A549 cells
were seeded into the 96-well plate for 7 days to grow into the 3D cancer cell colony. Then, used PBS wash
cells once and prepared to added Fe-N5/GN SAC and other reagents. The wells were devided into different
groups: blank control group(only cell medium), control group (only cell), positive group (maximum
enzyme activity), and sample group (20 and 50 μg/mL Fe-N5/GN SAC).   All cells were cultured for 24 h.
And the cell culture medium in each well were collected and detected by the kit. The cell cytotoxicity could
be calculated as this formula:

Cellular ROS level by ROS Assay Kit

Cellular ROS level was mesured using ROS assay Kit (Beyotime, China). DCFH-DA is one type of
�uorescence probe and could free access to cell membrane. When it enters into cells, cellular esterase
could hydrolyze it to DCFH. And DCFH can’t pass through the cell membrane and loaded into cells. Then
cellular ROS could oxidize non-�uorescent DCFH to achieve �uorescent DCF. So we can detect the cellular
ROS level. A549 cells were seeded into 12-well plate for 7 days to grow to 3D cancer cell colony. Cells
were treated and devided into different groups, including control group (only cells), positive group
(200 μM H2O2 treatment for 4 h), and sample group (20 μg/mL Fe-N5/GN SAC treatment for 24 h). In
each group, there were three repeat wells. Then, cells were digested with Dispase II and trypsin protease
continuously. Finally, single cells were collected and analyzed using �ow cytometry.

Cell apoptosis by Annexin V-FITC Apoptosis Detection Kit

Cell apoptosis was measured using Annexin V-FITC Apoptosis Detection Kit (Beyotime, China). In this kit,
Annexin V could selectively bind with phosphatidylserine (PS) distributing into the inside the cell. At the
initial stage of cell apoptosis, PS could be exposed to bind with Annexin V-FITC. For late apoptotic cells,
the integrity of destroycell membrane would be destroyed. Propidium Iodide (PI) is one type of nucleic
acid dyes and couldn‘t transfer the whole cell membrane and enter into cell. However, when cell apoptosis
occurs, PI enters into cells and dyes cell nucleus. Based on these, we can detect cell aoptosis using this
kit. In the assay, we seeded A549 cells in the 12-well plate for 7 days to grow to 3D cancer cell colony.
Cells were treated and devided into different groups, including control group (only cells) and sample
group (20 and 50 μg/mL Fe-N5/GN SAC treatment for 24 h). Three repeat wells in each group were
conducted. Also cell colony were digested into single cells. Then, cells were collected and dyed with the
kit to perform the �ow cytometry analysis.

Expression levels of apototic-related genes by RT-PCR assay

Cells were seeded into12-well plate for 7 days to grow to 3D cancer cell colony. Then they were treated
with 20 μg/mL Fe-N5/GN SAC for 24 h. Cell colony were digested into single cells. And single cells were
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collected into TRIzol reagent (CWBIO, China) for 10 min on the ice. Then add chloroform and centrifuge at
12,000 rpm for 10 min at 4℃. Collect the uppest layer into a new Rnaes-free tube and add isopropanol
for 15 min on the ice. Then centrifuge at 12,000 rpm for 20 min at 4℃ again. Discard the supernate and
use 75% ice ethanol to wash the sediment and centrifuge at 12,000 rpm for 10 min at 4℃. Finally, we
discard the supernate and collect RNA. 

After that, reverse transcription-polymerase chain reaction (RT-PCR) was conducted. First, reverse
transcription was performed with the FastQuant RT kit (Tiangen, China). We can achieve the cDNA.
Second, cDNA, primers, RealMasterMix (Tiangen, China), and ddH2O were mixed to conducted the RT-PCR
using a 7500 Real-Time PCR System (Applied Biosystems, USA). The system was set as 95℃ for 5 min,
40 cycles of 95℃ for 30 s, 65℃ for 30 s, and 72℃ for 30 s [31]. The relative expression of genes was
calculated as 2-ΔΔCt.The primers showed in Table S4.

Results

Synthesis of Fe-N5/GN SAC
The synthetic process of Fe-N5/GN SAC is showed in Scheme 1a-d. Typically, pyrrole monomer was
adsorbed and then coated on graphene oxide by chemical oxidative polymerization to achieve the
graphene oxide/polypyrrole (GO/PPy). The wet GO/PPy hybrid was then dispersed in the mixture solution
of potassium chloride and potassium ferricyanide to obtain Fe/K-modi�ed GO/PPy (GO/PPy-Fe/K)
precursor. This hybrid precursor was pyrolyzed at 900°C under N2 atmosphere for 30 min and NH3

atmosphere for 30 min. The obtained carbon material was then suffered from acidic leaching and
secondary heat-treatment to achieve Fe-N5/GN SAC. Then, the catalytic activity of Fe-N5/GN SAC was
detected in vitro, such as the peroxidase-like catalytic activity. Next, we used a 3D cancer cell model for
exploring the effects of Fe-N5/GN SAC in lung cancer therapy (Scheme 1e). Human lung adenocarcinoma
cell (A549) were seeded into Matrigel for 7 days to establish the 3D cancer cell model. Results showed
that 20 µg/mL Fe-N5/GN SAC could decrease cell viability to 50% at 24 h. The concentration and the time
were chosen as the following experimental treatment conditions. Furthermore, we detected the production
of ROS and cell apoptosis induced by the novel Fe-N5/GN SAC under mild acidity microenvironment of
3D cancer cell model. Also, we preliminarily explored apoptotic-related signaling pathway to receal the
molecular mechanism, which is invovled in lung cancer therapy.

Characterization of Fe-N5/GN SAC
The morphology and structure of Fe-N5/GN SAC were characterized by SEM and TEM. As shown in
Fig. 1a and 1b, Fe-N5/GN SAC inherits the structure of graphene oxide, showing nanosheet structure. The
size of nanosheets is a few hundred nanometers. High-resolution TEM image in Fig. 1c shows that the
nanosheet plane is enriched with abundant distorted well-graphitized carbon layers. Such structure
endows Fe-N5/GN SAC with abundant defects and defective N doping species (pyridinic N and/or pyrrolic
N). Furthermore, no nanosized metal species were detected, suggesting that Fe in Fe-N5/GN SAC can be
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in the form of isolated atoms and/or nanoclusters. To further verify the Fe species in Fe-N5/GN SAC, X-ray
absorption �ne structure measurements were performed. Figure 1d shows Fourier-transform X-ray
absorption �ne structure (EXAFS) curve of Fe-N5/GN SAC. The scattering peak at 1.4 Å is attributed to Fe-
N species while the Fe-Fe scattering peak at 2.1 Å and any other long-range-order scattering peaks are not
detected, which demonstrates that Fe is atomically dispersed in Fe-N5/GN SAC. Furthermore, to achieve
the quantitative structural parameters of single Fe atoms in Fe-N5/GN SAC, EXAFS �tting was carried out
(Fig. 1e). According to �tting parameters (Table S1), the coordination number of Fe-N in Fe-N5/GN SAC is
about 5. Figure 1f shows X-ray absorption near-edge structure (XANES) curve of Fe-N5/GN SAC. The
position of the absorption edge is between those of standard FeO and Fe2O3, suggesting that the
oxidation state of Fe in Fe-N5/GN SAC is between 2 + and 3+.

To directly observe the Fe species, we performed high-angle annular dark-�eld scanning TEM (HAADF-
STEM) imaging. As shown in Fig. 2a, large numbers of isolated Fe atoms in Fe-N5/GN SAC are observed,
which is revealed by the bright dots marked by red cycles. Auxiliary energy-dispersive X-ray spectroscopy
(EDS) elemental analysis was performed to detect the chemical composition. As shown in Fig. 2b, C, N, O,
and Fe were detected in Fe-N5/GN SAC, suggesting that nitrogen coordinated with Fe atoms can be
incorporated into the carbon matrix. Illustratively, the Si signal is attributed to the EDS probes while Cu
signal originates from the TEM grid. To further reveal the composition of Fe-N5/GN SAC, X-ray
photoelectron spectroscopy (XPS) was carried out. Figure 2c shows that the N and Fe contents are 6.02
at.% and 0.36 at.%, respectively, in well agreement with previous reports about single-atom Fe-N-C
materials [32–34]. On the basis of binding energies, the high-resolution N 1s spectrum was �tted with
four peaks at 398.4, 400.1, 401.0, and 402.7 eV (Fig. 2d) [35, 36]. The �rst one is attributed to pyridinic N
or Fe-Nx because of their similar binding energies [37, 38]. The Fe-N5/GN SAC holds high pyridinic N (Fe-
Nx) ratio of 58.6% and is expected to use as high-activity nano-catalyst.

Evaluation of enzyme-like properties of Fe-N5/GN SAC
Given the structural similarity between heme cofactor of peroxidase and atomic Fe-N5 decorated
graphene nanosheet (Supporting information, Figure S1), we investigated the intrinsic peroxidase-like
catalytic activity of the as-prepared atomic Fe-N5/GN SAC by colorimetric assays. We used the oxidation
of 3,3′,5,5′-tetramethylbenzidine (TMB) as a model catalytic reaction to investigate the interaction of H2O2

molecules with atomic Fe-N5 decorated graphene nanosheet. According to the standardized protocol, the
typical reactions of TMB colorimetric catalyzed by atomic Fe-N5 decorated graphene nanosheet were
conducted within 1200 s and typical iamges for color change from colorless to characteristic blue were
obtained (Fig. 3a). Additionally, an initial resction period of 60 s was observed based on linear-regression
analysis (R2 = 0.9997) (Fig. 3b). These results indicated that the as-prepared atomic Fe-N5 decorated
graphene nanosheet possesses excellent enzyme-like characteristics and can be applied as a good SAC
candidate.
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We further evaluated the potential effects of various harsh environments on the peroxidase-like activity of
Fe-N5/GN SAC. Over a pH rang of 2.5–9.5, no obvious reactions were observed on Fe-N5/GN SAC when
the pH was greater than 4.5 (Fig. 3c), which suggested that the reaction prefered acidic conditions with
an optimal pH value of 3.5. We then evaluated how temperature affects the Fe-N5/GN SAC performance.
A temperature screen showed that Fe-N5/GN SAC maintained above 60% activity from 4 to 70°C and
exhibited the highest catalytic activity at 37°C (Fig. 3d). Considering that Fe-N5/GN SAC would be used in
kinging A549 cells, 37°C was seleted as the standard temperature for the subsequent activity analysis
and biosensing applicaiton.

Under optimal conditions, the catalytic activity units (U) of Fe-N5/SAC plotted against their masses were
obtained (Fig. 3e). After yielding a unity slope, the speci�c activity (SA) of the Fe-N5/SAC as a peroxidase
mimic was determined to be 71.999 U/mg, which is higher than reported Fe-Nx/SAC and conventional
nano-catalysts (Supporting information, Table S2).The evalation of catalytic kinetics of Fe-N5/SAC were
obtained by �tting the curves with the Michaelis-Menten equation (Fig. 3f). The steady-state kinetics
parameter of Fe-N5/SAC in terms of catalytic rate constant (Km) showed its superior binding a�nity of
TMB compared to natural HRP (Supporting information, Table S3).

Generation of hydroxyl radicals by Fe-N5/GN SAC catalysis
Previous reports have demonstrated that the superior peroxidase-like activity of SACs is attributed to their
high capacity of catalyzing H2O2 to generate hydroxyl radicals (•OH) [15, 39, 40]. To elucidate the origin
of the excellent peroxidase-like activity of Fe-N5/GN SAC, we performed density functional theory (DFT)
calculations to investigate the reaction process of generation of hydroxyl radicals through catalyzing
H2O2. The proposed reaction process [15, 39] for generating hydroxyl radical under acidic catalytic milieu
for Fe-N5 model is shown in Fig. 4a. The H2O2 molecule is �rstly adsorbed on Fe active site in the Fe-N5

(Fig. 4a(ii)). The activated H2O2
* molecules easily dissociate and then a hydroxyl group desorbs from the

adsorbed site, leading to the generation of an active hydroxyl radical and a hydroxyl group adsorbed at
the single Fe site (Fig. 4a(iii)). The adsorbed hydroxyl group reacts with protonated hydrogen atom under
acidic conditions, forming an H2O* molecule adsorbed on Fe active site. The catalyst surface returns to

its free state (Fig. 4a(i)) after the desorption of this adsorbed H2O* molecule [41, 42]. Differently, the

adsorbed H2O2
* on Fe active site in the Fe-N4 model is spontaneously cleaved homolytically into two OH*

species adsorbed on Fe atom (Figure S3) [6, 43]. One of the adsorbed OH* subsequently dissociates and
desorbs from adsorbed site and forms an active intermediate •OH, leaving a OH* adsorbed on Fe atom.
According to the free energy diagram shown in Fig. 4b, the adsorption of H2O2 on Fe active site is
downhill in free energy, indicating the thermodynamical favor of this step for both Fe-N5 and Fe-N4

models. Moreover, the adsorption of H2O2 on Fe active site in Fe-N4 model is stronger than that in Fe-N5

model, leading to the homolytic cleavage of adsorbed H2O2* into two OH* species (Figure S3). The rate
determining step (RDS) is the generation of a reactive hydroxyl radical and an adsorbed hydroxyl group
for both Fe-N5 and Fe-N4 models with the energy barrier of 0.72 eV and 1.23 eV, respectively (Fig. 4b),
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indicating that the single Fe active site in Fe-N5 model is energetically more favorable for the reaction
process of generation of hydroxyl radical. This results in a higher peroxidase-like activity for Fe-N5 model,
which is in good agreement with our experimental observations.

Figure S4 shows the projected density states (PDOS) of d, dz2 and dx2−y2 orbitals of Fe atom in Fe-N5 and
Fe-N4 models. The PDOS curves of d, dz2 and dx2−y2 orbitals of Fe atom in Fe-N5 model are signi�cantly
different compared with that in Fe-N4 model due to the charge transfer from pyridinic N layer to Fe atom,
as shown in Fig. 4c, indicating that the number of electrons �lled in these orbitals are different between
Fe atoms in these two models. Integration of PDOS of an orbital to the Fermi level obtains the number of
electrons �lled in that orbital. There are more electrons �lled in eg orbitals (dz2 and dx2−y2) of the Fe atom
in the Fe-N5 model than that in the Fe-N4 model (Fig. 4d), implying the weaker binding strength between
the Fe atom and the H2O2* for the Fe-N5 model. This can be con�rmed by the d-band center analysis. The
d-band center of Fe atom in the Fe-N5 model (-1.13 eV) is further with the respect to the Fermi level than
that in the Fe-N4 model (-0.98 eV), indicating the weaker bonding interaction between the Fe atom and the
intermediates for the Fe-N5 model, thus contributing to the superior catalytic performance.

Cell killing effects of Fe-N5/GN SAC
To investigate whether the excellent Fe-N5/GN SAC is compatible with biomedical application, we
explored the potential of Fe-N5/GN SAC in caner therapy. Firstly, we established the 3D cancer cell model
by seeding A549 cells into Matrigel. After 7 days, the single cell embedding in the matix proliferated into
the colony of tumor cell to form the 3D cancer cell model (Fig. 5a). For evalating the cytotoxicity of Fe-
N5/GN SAC, it incubated with the 3D model for 24, 48 and 72 h at different concentrations. Results
showed us that concentration-dependent cytotocixity could be abserved and the cell viabilities decreased
to about 55%, 70%, and 77%, respectivly, at a concentration of 20 µg/mL Fe-N5/GN SAC (Fig. 5b). The cell
killing e�ciency of Fe-N5/GN SAC was the highest at 24 h. The killing e�ciencies of Fe-N5/GN SAC were
almost same at same concentrations at 48 and 72 h. The result might be that Fe-N5/GN SAC enterring
into the colony and taken up by cells is used up by intracellular H2O2, while, there is sitll some cells alive.
If the addition of Fe-N5/GN SAC is not continuous, the alive cells will play a leading role in the colony. And
the cell viability would have a bounced back. Therefore, the cell viabilities at 48 and 72 h are higher than
that at same concentrations at 24 h. Here, we also detetcted the cell viablity in control group. There is no
any signi�cant changes (Data not shown). Based on these results, we chose 20 µg/mL and 24 h as the
concentration and timepoint of Fe-N5/GN SAC treatment. In addition, we also detected the LDH release
level after Fe-N5/GN SAC treatment. Comparing with that in control group, we found that 20 and 50
µg/mL Fe-N5/GN SAC enhanced signi�cantly the LDH release in 3D cancer cell model (Fig. 5c). However,
they are a little decrease than that in positive group. It proved that the addition of Fe-N5/GN SAC resulted
in the membranolysis, which could induce the LDH release into the cell culture medium.
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The hypoxic condition in tumor has been known, and it could promote the invasiveness and metastasis,
angiogenesis, suppressing immune reactivity, increasing the generation of ROS and antioxidant capacity
[44]. Here, we examined the ROS level after Fe-N5/GN SAC incubation. The result showed us that Fe-
N5/GN SAC could increase signi�cantly the ROS level. And the increase is higher than that in positive
group (H2O2 incubation) (Fig. 5d and 5e). It could be predicted that the oxidative stress happened in 3D
cancer cell model. Moreover, the cell apoptosis after 20 and 50 µg/mL Fe-N5/GN SAC incubation was
investigated. We knowed that this SAC induced cell apoptosis to some extent. The percents of cell
apoptosis were about 10% and 15%, respectively (Fig. 6a and 6b). There are signi�cant increases than
that in control group. However, the changes were not as much as that in ROS levels.

Finally, we tried to explore the changes of the expression levels of apoptotic-related genes, including
Caspaes-3, Caspase-9, Bcl-2, and Bax. Results showed us that the expression levels of Cas-3, Cas-9, and
Bcl-2 increased signi�cantly after 20 µg/mL Fe-N5/GN SAC incubation for 24 h (Fig. 6c). While, no change
in the expression level of Bax (Fig. 6c). It has been reported that ROS also can induce mitochondria
damage, which further activated Cas-9. Next, caspase cascade was trigged. That is to say, Cas-3, 6, 7
activated to induce further cytotoxicity [45, 46]. Finally, cell aoptosis happened. Bcl-2 is the oncogene, and
could inhibite ROS-induced cell apoptosis [47]. Its increase might be the resistance response of tumor
cells after Fe-N5/GN SAC incubation. However, for revealing the molecular mechanism, much more
explorations need to be done. All these changes indicated that Fe-N5/GN SAC is of promising cancer
therapy.

Discussion

Exploration of the stronger adsorption of H2O2 on Fe active
site
In this study, the �lling degree of atomic d orbital of active metal plays a crucial role in the binding
strength of adsorbate to the active metal atom [48]. Speci�cally, eg-like orbitals (dz2 and dx2-y2) of the
active metal atom signi�cantly effect on the bonding interaction between adsorbate and active site
because of their favorable vertical orientation toward intermediates [48]. With the increase of number of
electrons �lled in eg orbital of active metal atom, the binding interaction between intermediates and active
metal site decreases due to the increased �lling degree of antibonding states [49]. Here, the electronic
structures of Fe atom were calculated to obtain the number of electrons �lled in Fe d orbital in Fe-N5 and
Fe-N4 models, therefore explaining the stronger adsorption of H2O2 on Fe active site in Fe-N4 model.

Exploration of killing effects of Fe-N5/GN SAC
In this study, 3D cancer cell model was chosen as the in vitro model for exploring the killing effects of Fe-
N5/GN SAC. The model is more precise to show the realistic response, which closed to the natural
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conditions in vivo. 3D culture system is used widely in drug screen, cell biology, and developmental
biology. Moreover, 3D model could maintain cell-to-cell and cell-to-matrix interaction, which is important
to explore all life processes in vivo [20]. Therefore, we used the 3D cancer cell model to exploration the
killing effects of Fe-N5/GN SAC.

In addition, The excellent killing effects were induced by enzyme-like properties of Fe-N5/GN SAC. In
general, tumor cells have an accelerated metabolism and demand high ROS concentrations to maintain
their high proliferation rate [50]. Thus, there are two therapies targeting the oxidative stress in tumor cells,
antioxidant and pro-oxidant therapy. Antioxidants could scavenge overproducting ROS and decrease the
metabolism of tumor cell to inhibit the proliferation [51]. Applications of pro-oxidant somehow seems
contradictory with the upper therapy. However, it could be understood as “Hair of the dog that bit you“.
Same with clssical cancer drug, 5-�uorouracil (5-FU) and oxaliplatin, it could induce increase the ROS
level in vitro and in vivo. Both of them have been used in cancer therapy. It could also be speculated that
the capacity of anti-oxidative stress was enhanced in tumor cells. While, the overproducting ROS might
exceed the capacity and induce antioxidative system collapse to dyfucntion of cells. Furthermore, it has
been reported that oxidative stress could induce cell apoptosis in multiple cell types, including HepG2
cells [52], breast cancer MDA-MB-231 cells [53], smooth muscle cells [52], et al. The molecular
mechanism is that ROS actives several transcription factors, including nuclear factor-Kappa B (NF-κB),
p53, and Nrf2, which participate in the activation of apoptosis pathway. After NF-κB activation, it would
enter into the cell nucleus and combine with apoptotic-related genes, such as c-myc, to promote the gene
transcription and cell apoptosis. Also, ROS could induce DNA break to lead to the activation of polypADP
nucleic transferase and accumulation of p53, which could induce the expressions of pro-apoptotic genes
[54]. In a word, all of these results proved that the potantial of Fe-N5/GN SAC to cancer therapy.

Conclusion
In this study, we presented an example of atomically dispersed Fe-N5 active sites in graphene nanosheets
as SAC and demonstrated its performance for cancer therapy. The new SAC is of unique properties
including maximum speci�c activity, atomic utilization, and especially �ve-nitrogen-coordinated single-
atom Fe sites. Moreover, combing with the characteristics of TME, the excellent peroxidase-like catalytic
activity of Fe-N5/GN SAC could induce the overproduction of ROS in tumor cells. Furthermore, oxidative
stress triggered the occurrence of cell apoptosis, which lead to the tumor cell killing. We believe that this
novel SAC has a great potential for cancer therapy.

Abbreviations
SAC
Single-atom catalyst
Fe-N5/GN
Fe-N decorated graphene nanosheet
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DFT
Density functional theory
H2O2

hydrogen peroxide
TME
tumor microenvironment
APS
ammonium peroxydisulfate
SEM
scanning electron microscopy
PAW
Projector Augmented-Waves
PBE
Perdew-Burke-Ernzerhof
LDH
lactate dehydrogenase
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phosphatidylserine
PI
Propidium Iodide
GO/Ppy
graphene oxide/polypyrrole
GO/PPy-Fe/K
Fe/K-modi�ed GO/PPy
XANES
X-ray absorption near-edge structure
EDS
energy-dispersive X-ray spectroscopy
XPS
X-ray photoelectron spectroscopy
TMB
3,3′,5,5′-tetramethylbenzidine
RDS
rate determining step
PDOS
projected density states
Cas-3
Caspaes-3
Cas-9
Caspase-9
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Figure 1

(a) SEM and (b) TEM imgaes of Fe-N5/GN SAC. (c) Fourier-transform EXAFS, (d) EXAFS �tting, and (f)
XANES spectrum of Fe-N5/GN SAC and reference samples.
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Figure 2

(a) Typical HAADF-STEM and (b) EDS element analysis images of Fe-N5/GN SAC. (c) N, O, and Fe
contents in Fe-N5/GN SAC detected from XPS measurement. (d) N 1s spectra of Fe-N5/GN SAC.
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Figure 3

Intrinsic peroxidase-like catalytic activity of single-atom catalyst. (a) Reaction-time curves of TMB
colorimetric reaction catalyzed by single-atom catalyst. (b) The magni�ed initial linear portion of the
single-atom catalyst reaction-time curves. (c) Peroxidase-like catalytic activity of single-atom catalyst
against various pH value. (d) Peroxidase-like catalytic activity of single-atom catalyst against various
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temperature. (e) The relationship between the enzyme spici�c activity (SA) of the single-atom catalyst
and its amount. (f) Michaelis-Menten �tting curve for Fe-N5/SAC toward various concentations of TMB.

Figure 4

(a) Schematic illustration of the proposed reaction process for the Fe-N5 model under acidic catalytic
milieu. The Gray, bule, brown, red, and white balls represent the C, N, Fe, O, and H atoms, respectively. (b)
Free energy diagram of the proposed reaction process for the Fe-N4 and Fe-N5 models. The * represents
represents the single Fe active site where the intermediates adsorbed on. (c) Charge density difference
which is obtained as the difference between the valence charge density of the twin-layer atomic Fe-N5

structure and the Fe-N4 and pyridinic N structure layers. The Gray, bule, and brown balls represent the C, N,
and Fe atoms, respectively. Yellow and cyan areas indicate electron accumulation and electron depletion,
respectively. The isosurfaces is 0.008 and the color scale is given in units of e/Bohr3. (d) Number of
electrons �lled in dz2 and dx2-y2 orbitals of Fe atom in Fe-N5 and Fe-N4 models.
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Figure 5

(a) Schematic illustration of the 3D cancer cell model. (b) The cell viability after Fe-N5/GN SAC incubation
at 24, 48, and 72 h. (c) LDH release after Fe-N5/GN SAC incubation. (d) ROS level after Fe-N5/GN SAC
incubation by �ow cytometry. (e) Data statistics of ROS level by �ow cytometry. * P<0.05, ** P<0.01. 
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Figure 6

(a) Cell apoptosis after Fe-N5/GN SAC incubation by �ow cytometry. (b) Data statistics of cell apoptosis
by �ow cytometry. (c) Expression level of apoptotic-related genes, including Cas-3, Cas-9, Bcl-2, and Bax. *
P<0.05, ** P<0.01. 
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