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In recent years, nanozymes have received more and more attention, but the low activity limits the devel-
opment of nanozymes. Therefore, the design and development of efficient nanozymes is still a major chal-
lenge for researchers. Herein, the Fe,N co-doped ultrathin hollow carbon framework (Fe,N-UHCF) exhibit
ultra-high peroxidase-like activity. The specific activity of Fe,N-UHCF nanozyme is as high as 36.6 U/mg,
which is much higher than almost all of other reported nanozymes. In practical applications, the Fe,N-
UHCF show good antibacterial effects.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Natural enzymes are a class of biomolecules, which can ef-
fectively catalyze various specific biochemical reactions, control
the metabolism, nutrition and energy conversion process of the
body [1-3]. Therefore, they play an important role in organisms,
and have a wide range of applications in the field of biomedical
[4-6]. However, the high cost, difficult preparation, instability and
other problems of natural enzymes seriously restrict their practical
application. Therefore, artificial mimetic enzymes are one of the
important topics in recent decades [7-10].

Nanozymes as nanomaterials endowing with enzyme-like
activity are a new type of artificial enzymes. The potential alter-
natives of nanozymes as natural enzymes have caused extensive
attention in catalytic fields [11-14]. Compared with natural en-
zymes, nanozymes have the advantages of good stability, low cost,
and easy-scale production. Therefore, they are ideal substitutes
for natural enzymes and are suitable for various applications
[15,16]. Since the pioneering work reported by Yan's group [17],
many nanozymes have been developed for various applications,
ranging from analytical detection, environmental remediation to
therapeutic applications [18,19]. A series of nanozymes including
peroxidase, oxidase, superoxide dismutase, catalase and so on have
been explored up to now [20,21]. Although nanozymes have made
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significant progress, their development is hindered by problems
such as relatively low activity, poor specificity, and uncertain cat-
alytic mechanism [22-25]. Therefore, the design and development
of efficient nanozymes is still a major challenge.

Bacterial infectious diseases is one of the biggest health prob-
lems worldwide, afflicting millions of people every year [26]. At
present, treatment is heavily dependent on antibiotics. Due to the
dependence on antibiotics, many kinds of drug-resistant ‘super-
bacteria’ continue to appear, and the treatment effect has dropped
sharply [27,28]. Huge efforts have been made to develop alter-
native antibacterial materials. In recent years, nanozyme-based
antibacterial therapy has become a new generation of antibiotics
due to its extensive antibacterial activity, negligible toxicity and
lack of resistance to nanozymes [29]. Inspired by natural enzymes
that destroy bacteria by catalyzing the production of harmful
reactive oxygen species (ROS), nanozymes can convert H,O, or
0, into highly toxic hydroxyl radicals (*OH) for the treatment of
bacterial infections [30,31].

Herein, in order to obtain high activity of nanozyme, the Fe,N
co-doped ultrathin hollow carbon framework (Fe,N-UHCF) with
high content of Fe-Nx bonding and unique morphology were
synthesized. The Fe,N-UHCF exhibit ultra-high peroxidase-like
activity, which is much higher than almost all of other reported
nanozymes. And its antibacterial effects were also investigated.

Using silicon spheres as a template, the Fe,N-UHCF was syn-
thesized by a one-pot high-temperature calcination method using
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Fig. 1. (a, b) TEM images of Fe,N-UHCF and (c) the corresponding low-magnification
HAADF-STEM image, (d) EDS mapping images of C, N, O and Fe.

porous carbon (PC), iron nitrate, glucose and dicyandiamide as
carbon substrate, Fe source, chelating agent and nitrogen source.
The crystal structure of Fe,N-UHCF and N doped carbon (N-C) was
characterized by XRD. Similar to N-C, the XRD pattern of Fe,N-
UHCF shows a broad diffraction peak and no other peaks (Fig. S1
in Supporting information). This implies no formation of crystal-
lized Fe species except for amorphous carbon. The morphology of
Fe,N co-doped carbon (Fe,N-C), N-doped ultrathin hollow carbon
framework (N-UHCF) and Fe,N-UHCF was characterized by trans-
mission electron microscope (TEM). It shows that the morphology
of Fe,N-C and N-UHCF is nanosheet and hollow spherical frame-
work, respectively (Figs. S2a and b in Supporting information).
The electron dispersive spectra (EDS) mapping images indicate the
uniform distributions of C, N, and O in the whole architecture of
N-UHCF (Fig. S2c in Supporting information). The morphology of
Fe,N-UHCF exhibits amounts of hollow spherical framework after
removal of silica spheres templates, with an ultrathin shell thick-
ness of ~4nm (Figs. 1a and b). And the surface of hollow spheres
is covered with a layer of lamellar and flocculent structure, which
may be composed of PC substrate and glucose pyrolysis. The big
Fe-based particles are not observed during the TEM images. The
electron dispersive spectra (EDS) mapping images indicate the
uniform distributions of C, N, O, and Fe in the whole architecture
of Fe,N-UHCF (Figs. 1c and d). The above results verify that Fe
is successfully doped into the hollow carbon spheres. Measured
by inductively coupled plasma atomic emission spectrometry
(ICP-AES), the actual Fe loading is 5.85 wt%. The chemical envi-
roments of Fe,N-UHCF and Fe,N co-doped carbon (Fe,N-C) were
investigated by X-ray photoelectron spectroscopy (XPS) (Fig. S3
in Supporting information). The C 1s spectra show the existence
of C-C, C=C, C-N and C=0 [32]. The N 1s signals indicate the
presence of pyridinic N, Fe-Nx species, pyrrolic N, graphitic N and
oxidized N, in which the peak at 399.5eV is assigned to Fe-Ny
species [25]. The Fe 2p spectra of Fe,N-UHCF and Fe,N-C have two
peaks at 711.1 and 724.7 eV, indicating the presence of oxidized
Fe [24]. The O 1s spectra consist of two peaks labelled as O1
and 02, corresponding to the oxygen defects and chemisorbed
species (such as H,0 or O,), respectively [33]. Moreover, in the
O 1s spectra there is no distinct features of Fe-O bonding, which
should appear around 530eV [25]. The above XPS analysis show
that Fe-Nx bonding is the dominant Fe species in Fe,N-UHCF and
Fe,N-C. Compared with Fe,N-C, the Fe,N-UHCF have larger amount
of Fe-Ny bonding, which may provide more active sites and
contribute to the improvement of catalytic performance. The BET
specific surface areas of Fe,N-UHCF and Fe,N-C were measured to
be 502.1 m2/g and 180.6 m2/g, respectively (Fig. S4 in Supporting
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information). The unique hollow structure enables Fe,N-UHCF to
have a larger specific surface area, which can expose more active
sites, and be conducive to efficient mass transfer.

The typically chromogenic reaction of 3,3’,5,5'-tetramethyl-
benzidine (TMB) oxidized by H,0, can be used to verify the
peroxidase activity of catalysts. In absence of catalyst, H,0, cannot
oxidize TMB (Fig. 2a). After adding the N-C catalyst, TMB is oxi-
dized, and the solution is slightly blue, which corresponds to the
absorption peak at 652nm measured by the UV-vis spectropho-
tometer. While in presence of N-UHCF, the blue of the solution
deepened. The result shows that the morphology of hollow spher-
ical framework greatly increases the peroxidase-like activity of
the catalysts. While in presence of Fe,N-C, the solution turns blue
obviously, and the absorption peak is much larger than that of
N-C as the catalyst. It shows that the Fe doping greatly enhances
the peroxidase-like activity of the catalysts. Most importantly, the
Fe,N-UHCF exhibits highest peroxidase-like activity, indicating that
the synergistic effect of Fe doping and unique ultrathin hollow
framework greatly enhances the catalytic performance of the
catalyst. The above results indicate that specific ultrathin hollow
framework can expose more Fe-Ny catalytic sites, thus greatly im-
prove its catalytic activity. The effect of Fe-doped content on their
activity was investigated (Fig. S5a in Supporting information). The
results show that the activity first increases and then decreases
with the increase of Fe-doped content. The decrease of activity
may be attributed to Fe aggregation at a higher doping. And the
optimum Fe content was 5.85%. Therefore, we chose Fe,N-UHCF
with Fe content of 5.85% for the following research. With the
increase of Fe,N-UHCF concentration, the peroxidase-like activity
of catalytic system increases gradually, showing a good linear
relationship (Fig. S5b in Supporting information).

In order to study the effect of pH on the peroxidase-like
activity of Fe,N-UHCF, the reaction at different pH from 3 to 8
was measured. As shown in Fig. S6a (Supporting information), the
catalytic activity of Fe,N-UHCF is dependent on pH. The Fe,N-UHCF
exhibits the highest catalytic activity at pH 5. More importantly,
the catalytic activity only decreases a little below pH 5. Even under
neutral conditions, the Fe,N-UHCF still retains the catalytic activity.
The above results indicate that Fe,N-UHCF exhibits good perfor-
mance at a wide pH range, which is rarely reported in the litera-
tures. The effect of temperature on the mimetic peroxidase activity
of Fe,N-UHCF was investigated at temperature from 20°C to 60 °C.
The catalytic activity of Fe,N-UHCF is closely related to tempera-
ture, and the optimum temperature is 40 °C (Fig. S6b in Supporting
information). Notably, the Fe,N-UHCF still maintains efficient cat-
alytic activity even at a high temperature of 60°C, indicating
that the Fe,N-UHCF nanozyme has a wide range of temperature
adaptation.

The specific activity of Fe,N-UHCF was evaluated according to
the standardized protocol [34]. By choosing 60s as the initial
rate period, the catalytic activity of Fe,N-UHCF expressed in units
(U) was then calculated (Fig. S7 in Supporting information). After
adding the nanozymes, the catalytic activity increases linearly with
the added amount of nanozymes (Fig. 2b). The specific activity of
Fe,N-UHCF as peroxidase nanozyme is calculated to be 36.6 U/mg,
which is nearly 6 times higher than that of N-C (6.3U/mg), and
nearly 2.5 times higher than that of Fe,N-C (15.2U/mg). The spe-
cific activity of this Fe,N-UHCF nanozyme is much higher than
most of reported nanozymes (Table S1 in Supporting information).
The high specific activity of Fe,N-UHCF may be originated from the
following factors: On the one hand, the unique ultrathin hollow
framework of Fe,N-UHCF exhibits much larger BET specific surface
area (502.1 m?/g) than that of Fe,N-C (180.6 m?/g), and the large
specific surface area can help fast mass transfer. On the other hand,
the Fe,N-UHCF exposes more Fe-Ny active sites, which greatly en-
hance its catalytic performance. All in all, the unique morphology
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Fig. 2. (a) UV-vis absorption spectra of (1) H,0, + TMB, (2) NC+H,0, + TMB, (3) N-UHCF+H,0, + TMB, (4) Fe,N-C+H,0, + TMB, (5) Fe,N-UHCF + H,0, + TMB, insert
shows the color change of these systems, reaction for 5min. (b) The specific activities (U/mg) of Fe,N-UHCF, Fe,N-C and N-C. (¢, d) The steady-state Kinetics curves of

Fe,N-UHCF toward H,0, and TMB, respectively.

and high content of Fe-Nx active sites (Fe doping) endow the Fe,N-
UHCF nanozyme with ultra-high specific activity.

The catalytic performance of Fe,N-UHCF was further studied by
steady-state kinetic. Firstly, at a fixed concentration of TMB, the
catalytic kinetics curves under different H,O, concentrations were
measured (Fig. S8a in Supporting information). With the increase
of H,0, concentration, the initial reaction rate gradually increases.
And the growth rate flattens out at a high concentration of H,0,
(Fig. 2¢). Then, the catalytic kinetic curves at different TMB concen-
trations with a fixed concentration of H,0, were measured (Fig.
S8b in Supporting information). The initial reaction rate increases
with the increase of TMB concentration, and tends to the highest
value at a high TMB concentration (Fig. 2d). The kinetic curves
of the Fe,N-UHCF under the substrates TMB and H,0, indicate
that the catalytic reaction follows the typical Michaelis-Menten ki-
netics. Using the Lineweaver-Burk equation to fit the data of the
Michaelis-Menten curves, the Lineweaver-Burk plots were obtained
(Figs. S8c and d in Supporting information). According to the slopes
and intercepts, the kinetic parameters including Ky, and Vpax were
calculated (Table S2 in Supporting information). Ky, represents the
affinity of the enzyme toward the substrate. The smaller the Kp
value, the higher the enzyme’s affinity toward the substrate. The
Km value of the Fe,N-UHCF toward TMB is smaller than the other
reported nanozymes, indicating that the Fe,N-UHCF have a much
higher binding ability toward TMB. While the Ky, value of the Fe,N-
UHCF toward H,0, is the same order of magnitude as that of HRP.
The kinetic results show that the Fe,N-UHCF exhibits good affinity
for the substrates.

In order to further explore the high peroxidase activity of Fe,N-
UHCEF, the catalytic mechanism was investigated. The production of
hydroxyl radicals (‘OH) was monitored by the luminescence exper-
iment with terephthalic acid (TA). As a typical fluorescent probe,
TA can capture *OH, resulting in strong fluorescence. As shown in
Fig. 3a, there is a significant fluorescence signal in presence of both
Fe,N-UHCF and H,0,. As the concentration of the nanozyme in-
creased, the stronger fluorescence signals indicate the production
of more "OH (Fig. 3a). Therefore, the Fe,N-UHCF can catalyze H,0,
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Fig. 3. (a) The effect of the amount of Fe,N-UHCF on the generation of the hydroxyl
radical by H,0, with terephthalic acid (TA) as a fluorescent probe, (b) Bacterial ac-
tivity of P. aeruginosa bacteria after treatments of (I) control; (1I) H,0, (100 pmol/L);
(1) Fe,N-UHCF (200pg/mL); (IV) Fe,N-UHCF (200pg/mL)+H,0, (100 pmol/L) at
pH 4.5. The data were based on three parallel experiments (Mean + SD, n=3,
* P < 0.05, ** P < 0.01, *** P < 0.001 compared to control group).

to produce "OH, which oxidizes the organic substrate TMB to pro-
duce color changes, resulting in its peroxidase-like activity.

P. aeruginosa, widely distributed in humid environments, is one
of the main pathogens of hospital infections. It can spread diseases
and pose a huge threat to human health. According to reports,
highly toxic reactive oxygen species (ROS) including ‘OH can ef-
fectively kill bacteria [21]. The above results show that Fe,N-UHCF
nanozyme can catalyze the generation of "OH from H,0,. Encour-
aged by the excellent performance of Fe,N-UHCF nanozyme, its an-
tibacterial application against P. aeruginosa in vitro was studied.
For in vitro antibacterial experiments, the plate count method was
used to determine the antibacterial activity of Fe,N-UHCF against
P. aeruginosa (Fig. 3b and Figs. 4a-d). The growth inhibition rate
of H,0, alone against P. aeruginosa is only 24.9%, while the growth
inhibition rate of Fe,N-UHCF in absence of H,0, increases to 66.3%.
In the presence of H,0,, the Fe,N-UHCF shows a high antibacte-
rial effect against P. aeruginosa, with inhibiting growth by up to
91.5%. The high antibacterial activity of Fe,N-UHCF is due to its ef-
ficient nanozyme activity to generate ‘OH. To further decipher the
antibacterial behavior, TEM images were used to study the mor-
phological changes of P. aeruginosa (Figs. 4e-h). P. aeruginosa is rod-
shaped with smooth surface, and its length of about 1 um (Fig. 4e).
In presence of H,O, alone, there is no obvious change, indicat-
ing the negligible damage to the bacteria (Fig. 4f). After treatment
with Fe,N-UHCEF, a few disruptions can be observed on the bacterial
cell walls (Fig. 4g). However, after exposed to Fe,N-UHCF+ H,0,,
the bacterial cell wall becomes wrinkled and incomplete, and the
length of the bacteria is reduced to about 700~800 nm, indicating
a stronger antibacterial ability of the synergistic system (Fig. 4h).
The above results demonstrate that the Fe,N-UHCF is a superior
nanozyme for effective antibacterial application.

In summary, a highly active Fe N-UHCF nanozyme was suc-
cessfully constructed using a one-pot high-temperature calcination
method, which overcomes the challenges faced by nanozymes with
low activity in the past. The specific activity of Fe,N-UHCF is much

Fig. 4. (a-d) Photographs of the remaining P. aeruginosa bacteria in agar plates (a.
control; b. H,0,; c. Fe,N-UHCF; d. Fe,N-UHCF+H,0,). TEM images of P. aerugi-
nosa bacterial colonies treated with (e) control, (f) H,0,, (g) Fe,N-UHCF, (h) Fe,N-
UHCF + H,0,.
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higher than most of other reported nanozymes. The untra-high
activity is from the unique ultrathin hollow framework and high
loading of Fe-Nx bonding. Based on the excellent nanozyme activ-
ity, the Fe,N-UHCF was applied to in vitro antibacterial applications,
showing good antibacterial effects. This provides a new way for the
rational design of efficient nanozymes.
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