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ARTICLE INFO ABSTRACT:

Keywords: Due to robustness, easy large-scale preparation and low cost, nanomaterials with enzyme-like characteristics
Single-atom catalysis (defined as ‘nanozymes’) are attracting increasing interest for various applications. However, most of currently
Nanozyme developed nanozymes show much lower activity in comparison with natural enzymes, and the deficiency greatly

Metal-organic framework
Peroxidase mimic
Activity
Butyrylcholinesterase

hinders their use in sensing and biomedicine. Single-atom catalysts (SACs) offer the unique feature of maximum
atomic utilization, providing a potential pathway to improve the catalytic activity of nanozymes. Herein, we
propose a Fe-N-C single-atom nanozyme (SAN) that exhibits unprecedented peroxidase-mimicking activity. The
SAN consists of atomically dispersed Fe—N, moieties hosted by metal-organic frameworks (MOF) derived porous
carbon. Thanks to the 100% single-atom active Fe dispersion and the large surface area of the porous support,
the Fe-N-C SAN provided a specific activity of 57.76 U mg™, which was almost at the same level as natural
horseradish peroxidase (HRP). Attractively, the SAN presented much better storage stability and robustness
against harsh environments. As a proof-of-concept application, highly sensitive biosensing of butyr-

ylcholinesterase (BChE) activity using the Fe-N-C SAN as a substitute for natural HRP was further verified.

1. Introduction

In the past few years, nanoscale materials with enzyme-like char-
acteristics (defined as ‘nanozymes’) have drawn wide interest as po-
tential alternatives to natural enzymes (Gao et al., 2007; Huang et al.,
2019b; Wang et al., 2019; Wei and Wang, 2013; Wu et al., 2019).
Compared with natural enzymes, nanozymes exhibit the merits of ro-
bustness under harsh conditions, low cost, and easy mass preparation.
With these superiorities, they have been extensively used in various
fields ranging from catalysis and sensing to biomedicine and environ-
mental treatment (Fan et al., 2018; Gao et al., 2017; Niu et al., 2016;
Song et al., 2019; Wang et al., 2016, 2018b; Zuo et al., 2009). Up to
now, a series of nanozymes with inherent peroxidase-, oxidase-, su-
peroxide dismutase- or/and catalase-like properties have been explored
(Ragg et al., 2016; Wei and Wang, 2013). However, most of currently
developed nanozymes show much lower catalytic activity than natural
enzymes, significantly hindering their promising applications in bio-
sensing and biomedicine (Huang et al.,, 2019b; Nagvenkar and
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Gedanken, 2016). Although several strategies, including reducing size
(Li et al., 2015), tuning structure (Liu et al., 2011; Singh et al., 2017),
controlling surface modification (Fan et al., 2017; Liu and Liu, 2017)
and optimizing composition (He et al., 2018a; Xia et al., 2015), have
been proposed to improve the activity of nanozymes, these enhance-
ments are still far from satisfactory. Besides, these strategies may bring
some additional defects. For instance, reducing the size of nanozymes is
often accompanied with the rise of surface free energy (Bing et al.,
2018), which inevitably results in the rapid loss of activity. Therefore,
effectively enhancing the catalytic activity of nanozymes is still one of
the biggest challenges in the community (Huang et al., 2019b).
Recently, single-atom catalysts (SACs) have attracted particular at-
tention (Qiao et al., 2011; Wang et al., 2018a). Our group has devel-
oped several single-atom electrocatalysts for fuel cells and water split-
ting (Fu et al., 2018; Zhu et al., 2017a, 2017b, 2018a, 2018b). SACs
contain isolated metal atoms that are well dispersed on supports
without notable interactions between each other (Zhu et al., 2017a).
Thus, every metal atom on surface can act as an active site for reaction,
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theoretically providing 100% atomic utilization. In addition, porous
supports are often employed to load these active atoms, offering rich
surfaces and channels for mass transfer. These unique characteristics
are expected to provide maximum specific activity. Moreover, active
metal atoms are usually anchored into the cavities of supports strongly,
thus endowing them with excellent stability even in harsh environ-
ments. With the above features, SACs are supposed to be ideal nano-
zymes with favorable activity and stability (Jiao et al., 2019; Lin and
Wei, 2019). However, only a very few studies, as far as we know, have
investigated the enzyme-like properties of SACs (Cheng et al., 2019;
Huang et al., 2019a; Ma et al., 2019; Xu et al., 2019; Zhao et al., 2019).

In the present work, we proposed a Fe-N-C single-atom nanozyme
(SAN) that was able to offer impressive peroxidase-mimicking activity.
The SAN is composed of atomically dispersed Fe—N, moieties hosted by
MOF derived porous carbon. Due to the full utilization of single-atom
active Fe sites and the large surface area of the porous carbon support,
the Fe-N-C SAN exhibited a specific activity as high as 57.76 U mg,
which was nearly comparable to natural horseradish peroxidase (HRP).
Besides, the SAN showed excellent robustness under harsh conditions
and favorable storage stability, suggesting it as a promising alternative
to natural HRP in the biosensing field. As a typical application, high-
performance detection of butyrylcholinesterase (BChE) activity using
the Fe-N-C SAN was achieved.

2. Material and methods
2.1. Materials

Fe(NO3)36H,O (98%) was obtained from Alfa Aesar. Zn
(NO3)2'6H,0 (98%), 2-methylimidazole, 3,3’5,5-tetramethylbenzidine
(TMB, > 99%), terephthalic acid (TA, 98%), natural HRP (327 U mg'l),
S-butyrylthiocholine iodide (BTCh, > 98%) and BChE from equine
serum (331 U mg'l) were provided by Sigma-Aldrich. H,O, (30%) was
purchased from Fisher Scientific. Dihydroethidium (DHE) was provided
by Cayman Chemical. All the other chemicals were of analytical grade.
Unless otherwise stated, all solutions were prepared with ultrapure
water from Barnstead Nanopure Water System.

2.2. Preparation of Fe-N-C SAN

The procedure for preparing atomically dispersed Fe-N-C has been
reported in our previous work (Fu et al., 2018). Typically, 1.68g Zn
(NO3)>6H,0 and 50 mg Fe(NO3)36H,0 were first dissolved together in
80 mL methanol to form solution A, and 3.7 g 2-methylimidazole was
dissolved in 80 mL methanol to form solution B. Then, solution A was
added to solution B along with a vigorous stir for reaction at room
temperature. After 24 h, the formed solid products were centrifuged
and washed with methanol several times before freeze drying. With
these, Fe-doped ZIF-8 was obtained.

To gain Fe-N-C SAN, the above Fe-doped ZIF-8 was first pyrolyzed
in N, atmosphere at 900°C for 2 h, and then the material was further
pyrolyzed in NH3 atmosphere at 900°C for 1h. With the simple pro-
cedure, Fe-N-C SAN was obtained.

2.3. Characterization of Fe-N-C SAN

Transmission electron microscopy (TEM) images were obtained by
Philips CM200 UT (Field Emission Instruments, USA). X-ray diffraction
(XRD) characterization was performed on Rigaku Miniflex 600. All
colorimetric and fluorescent measurements were accomplished by
Tecan Safire? Multi-Mode Microplate Reader.

2.4. Evaluation of the enzyme-like properties of Fe-N-C SAN

To verify the peroxidase- and oxidase-like features of the obtained
Fe-N-C SAN, TMB was employed as a typical substrate for study. In
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detail, for the peroxidase-like feature, 10 L of 10 mg mL™ TMB solution
and 1pL of 1M H,0, solution were first added to 0.488 mL of 0.2 M
NaAc-HAc buffer (pH 4.0), and then 1 pL of 0.02 mg mL?! Fe-N-C SAN
solution was added to the above mixture. After reaction for 3 min, the
color change was recorded by a smartphone. For the oxidase-mimicking
feature, the procedure was the same as that in studying the peroxidase-
like feature, except no H,O, was added.

To study the peroxidase-like reaction mechanism of Fe-N-C SAN, TA
was employed to specifically identify hydroxyl radicals that were pos-
sibly generated during the reaction (Barreto et al., 1994). In detail,
10 uL of 5mM TA solution (dissolved in DMSO) and 1 pL of 1 M H,0,
solution were first added to 0.088 mL of 0.2 M NaAc-HAc buffer (pH
4.0), and then 1 pL of 0.02 mg mL? Fe-N-C SAN solution was added to
the mixture for reaction. After 30 min, the fluorescence spectrum of the
mixture was recorded with an excitation wavelength of 320 nm. To
study the oxidase-like reaction mechanism of Fe-N-C SAN, DHE was
utilized as a specific fluorescent probe to identify superoxide radicals
that were possibly produced during the reaction (Cheng et al., 2016). In
detail, 10 uL. of 20 uM DHE solution (dissolved in DMSO) was first
added to 0.089 mL of 0.2 M NaAc-HAc buffer (pH 4.0), and then 1 pL of
0.02mg mL™ Fe-N-C SAN solution was added to the mixture for reac-
tion. After 30 min, the fluorescence spectrum of the mixture was re-
corded with an excitation wavelength of 350 nm.

Further, the enzyme-like activity of Fe-N-C SAN was carefully
evaluated according to the protocol proposed by Yan's group with a
little modification (Jiang et al., 2018). For comparison with natural
HRP, all experiments were carried out at 37°C with the use of 0.2M
NaAc-HAc buffer (pH 4.0). For the time-dependent absorbance curves,
10 uL of 10 mgmL™* TMB solution and 1 pL of 1 M H,0, solution (no
H,0, for the oxidase-like activity evaluation) were first added to
0.088 mL buffer. Then, 1 pL of 0.02mg mL™" Fe-N-C SAN solution was
added and mixed together for reaction, and the absorbance at 652 nm
was immediately recorded at a 10 s interval within 10 min. After sub-
tracting the background, the nanozyme activity expressed in units (U)
was calculated according to the following equation:
bnanozyme = K X ﬁ

el At
where bpanozyme is the nanozyme activity (U), V is the total volume of
reaction solution (L), ¢ is the molar absorption coefficient of the TMB
substrate (39,000Mcm™ at 652nm), [ is the optical path length
through reaction solution (cm), and AA/At is the initial rate (within
1 min) of the absorbance change (min™). When using different amounts
of the nanozyme to measure the peroxidase-like activity, the specific
activity of the nanozyme was determined using the following equation:

a _ bnanozyme
nanozyme —
g m

where @panozyme is the specific activity of the nanozyme (U mg™"), and m
is the nanozyme amount (mg).

2.5. Steady-state kinetics measurement of Fe-N-C SAN as a peroxidase
mimic

For the steady-state kinetics measurement of peroxidase-like Fe-N-C
SAN, a certain volume of 10 mgmL™' TMB solution and a certain vo-
lume of 1 M H,0, solution were added to NaAc-HAc buffer (pH 4.0).
After 1L of 0.2pgmL™ Fe-N-C SAN solution was added and mixed
together for reaction, the absorbance at 652 nm was immediately re-
corded at a 10s interval within 1 min. After subtracting the back-
ground, the initial rates of the chromogenic reaction upon different
concentrations of H,O, or TMB were obtained. The substrate con-
centration-dependent reaction rate curves were fitted with the
Michaelis-Menten model. The maximum reaction rate Vg, and
Michaelis constant K, were calculated according to the Michaelis-
Menten equation:
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Vinax [S]
Kn + [S]

where v is the initial rate of the chromogenic reaction, and [S] is the
substrate (H,O, or TMB) concentration. The catalytic constant k.,s was
calculated using the following equation:

vmax
kear =

[E]

where [E] is the nanozyme concentration (M).

2.6. Robustness and storage stability of Fe-N-C SAN

To check the robustness of Fe-N-C SAN against harsh pH and tem-
perature, the nanozyme was first incubated in buffers with different pH
or at various temperatures for 2 h, and then its peroxidase-mimicking
activity was tested under standard conditions.

To check the storage stability of Fe-N-C SAN as a peroxidase mimic,
the nanozyme solid or solution was stored at room temperature for a
certain time, and its peroxidase-mimicking activity was measured
under standard conditions.

2.7. Application of Fe-N-C SAN in BChE activity biosensing

For the detection of BChE activity, 19 uL PBS (pH 7.4), 50 uL. BTCh
solution (20 mg mL?) and 1 puL BChE solution (activity varied) were
first incubated together at room temperature for 10 min, and then 18 pL
of 0.2M NaAc-HAc buffer (pH 4.0), 1 pL of 0.02 mgmL™ Fe-N-C SAN
solution, 1 uL of 1 M H,0, solution and 10 pL of 10 mg mL™* TMB so-
lution were added to the above mixture for reaction. After 5min, the
absorbance of the mixture was monitored by the microplate reader.

Further, paper-based test strips integrated with a smartphone were
fabricated for BChE activity detection more facilely. In detail, chro-
matographic paper (Whatman™ 3MM) was immersed in a solution
containing Fe-N-C SAN (0.02 mg mL ") and BTCh (20 mg mLY). After
10 min, the paper was removed and dried at 37°C for 2 h. The obtained
test paper was punched into wafers for use. During measurement, 10 pL
BChE solution (activity varied) was first added onto the reaction zone;
after reaction for 10 min, 10 puL of a mixture of TMB (10 mg mL™1) and
H,0, (1 M) were further added onto the reaction zone. After 5 min, the
color was captured by a smartphone and analyzed by the Color Detector
App (Zhang et al., 2018).

3. Results and discussion

The Fe-N-C SAN was prepared via a two-step procedure according to
our previous work (Fu et al., 2018). As illustrated in Fig. 1A, Fe-doped
ZIF-8 was first prepared by adding a certain amount of Fe** during the
coordination reaction between Zn?" and 2-methylimidazole. Then, the
formed Fe-doped ZIF-8 was pyrolyzed under N, and NH3 atmospheres
at 900°C, respectively. The prepared Fe-N-C SAN was characterized by
several methods. Fig. 1B shows the TEM image of the synthesized na-
nozyme. After pyrolysis from Fe-doped ZIF-8, the collected Fe-N-C SAN
maintains the dodecahedral structure of Fe-doped ZIF-8 well, providing
a size of ~90 nm. Our previous study (Fu et al., 2018) has revealed that
isolated Fe atoms formed using the procedure can be observed in the
high-angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) image clearly, verifying the single-atom feature
of the obtained Fe-N-C SAN. The X-ray diffraction (XRD) pattern
(Fig. 1C) exhibits two broad peaks at approximately 24° and 44°, which
should be assigned to the (002) and (100) planes of graphitic carbon in
the Fe-N-C SAN, respectively. Because of the extremely low amount
(~1.85 at%) of Fe atoms in the Fe-N-C SAN, no XRD peak attributed to
Fe is observed. The XPS result (Fu et al., 2018) suggests that the Fe
species exists mainly in the states of Fe(I) and Fe(III).

First, the enzyme-mimicking feature of the Fe-N-C SAN was verified

Biosensors and Bioelectronics 142 (2019) 111495

by using TMB as a typical substrate. As shown in Fig. 2A, the TMB
substrate is very stable even with the presence of a certain amount of
H,0,, leading to no chromogenic reaction. When a small amount of the
Fe-N-C SAN is added to the TMB + H,0, system, a notable color change
from colorless to blue-green occurs rapidly, giving a maximum ab-
sorption peak at 652 nm. This chromogenic reaction should be ascribed
to the oxidation of colorless TMB to its corresponding product TMBox.
The result clearly demonstrates the peroxidase-like feature of the Fe-N-
C SAN. What should be noted is that, when no H,0, is added to the
system, a chromogenic reaction also occurs. This means that the Fe-N-C
SAN can play an oxidase-mimicking role as well. However, the oxidase-
like reaction occurs much more slowly than the peroxidase-mimicking
one (Fig. 2A), indicating that the Fe-N-C SAN exhibits a more remark-
able peroxidase-like activity.

Previous studies have suggested that both metal and carbon-based
materials are able to exhibit enzyme-like properties (Huang et al.,
2019b; Song et al., 2010). Since the Fe-N-C SAN contains single-atom Fe
and carbon-based support, its enzyme-like activity can only originate
from the two components. To uncover which component in the Fe-N-C
SAN is the active center, we used the N-C material originating from the
pyrolysis of ZIF-8 under identical conditions as a control group. It is
found that the N-C material cannot trigger any chromogenic reaction
with the presence of H>O, or not (Fig. S1, Supporting Information). The
result implies that only single-atom Fe in the Fe-N-C SAN provides
active sites for its peroxidase- and oxidase-like features.

Further, the mechanism for the Fe-N-C SAN catalyzed enzyme-like
reaction was studied. Generally, the pathways of enzyme-like catalytic
activity can be classified to the production of free radicals or the
electron transfer process (Chen et al., 2017). To check whether active
intermediates are generated during the enzyme-like reaction, TA and
DHE were employed as specific fluorescent probes to identify hydroxyl
and superoxide radicals, respectively (Barreto et al., 1994; Cheng et al.,
2016). As shown in Fig. 2B, addition of H,O, and Fe-N-C SAN triggers
the turn-on fluorescence of TA, confirming the production of hydroxyl
radicals during the peroxidase-like reaction. When the DHE probe and
Fe-N-C SAN are mixed together, the fluorescence of the former is sig-
nificantly quenched (Fig. 2C), suggesting the production of superoxide
radicals during the oxidase-like reaction. Thus, the enzyme-mimicking
chromogenic reaction observed in Fig. 2A can be explained as follows:
first, the Fe-N-C SAN plays the peroxidase- or oxidase-like catalytic
activity to activate the H,0, and dissolved O, substrates to produce
hydroxyl and superoxide radicals, respectively; then, the generated
radicals with very strong oxidizing capacity induce the oxidation of
colorless TMB to its blue-green product TMBox (Fig. S2, Supporting
Information).

Similar to other nanozymes (He et al., 2017, 2018a, 2018b), the
enzyme-mimicking activity of the Fe-N-C SAN highly depends on the
pH of the buffer employed. As depicted in Fig. S3 (Supporting In-
formation), with the increasing buffer pH from 3 to 8, the peroxidase-
mimicking activity of the Fe-N-C SAN first increases and then decreases,
offering a maximum activity at pH 4. A similar phenomenon is observed
for the oxidase-like activity (Fig. S4, Supporting Information).

Next, the specific activity and steady-state kinetics properties of the
Fe-N-C SAN were systematically evaluated according to the standar-
dized protocol with a little modification (Jiang et al., 2018). Fig. 3A
exhibits the typical absorbance-time curves of the TMB chromogenic
reaction catalyzed by the Fe-N-C SAM with the presence of H,O,, or not.
It is found that the absorbance at 652 nm increases along with reaction
time. Furthermore, the absorbance is linear to reaction time in the first
minute (the inset in Fig. 3A). By choosing 60 s as the initial rate period,
the catalytic activity of the nanozyme expressed in units (U) was further
calculated. When using different amounts of the Fe-N-C SAM to trigger
the TMB chromogenic reaction, it is observed that the activity measured
is linearly increased with the amount of the nanozyme used (Fig. 3B).
As a result, the specific activity of the Fe-N-C SAN as a peroxidase
mimic is determined to be 57.76 U mg™. As far as we know, this is the
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Fig. 1. (A) illustrates the preparation process of the Fe-N-C SAN; (B) and (C) show its TEM image and XRD pattern, respectively.
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Fig. 2. (A) compares the TMB chromogenic reaction with different combinations of TMB, H,O, and Fe-N-C SAN; (B) shows the fluorescence spectra of TA with the
presence of H>O, and Fe-N-C SAN or not; (C) exhibits the fluorescence spectra of DHE with the presence of Fe-N-C SAN or not.
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Fig. 3. (A) shows the absorbance-time curves of the TMB chromogenic reaction catalyzed by the Fe-N-C SAN; (B) exhibits the relationship between the enzyme-like
activity of the Fe-N-C SAN and its amount; (C) and (D) depict the steady-state kinetics curves of the Fe-N-C SAN toward H,O, and TMB, respectively.

Table 1
Comparison of the peroxidase-mimicking specific activity of typical nanozymes.
Enzyme Peroxidase-like specific activity (U Ref.
mg™)
Fe-N-C SAN" 57.76 This work
Fe;0,4 NPs” 5.143 Jiang et al., (2018)
Carbon NPs” 3.302 Jiang et al., (2018)
Au NPs” 1.633 Jiang et al., (2018)
Fe SAEs” 6.75 Zhao et al., (2019)
Fe3;04 NPs® 0.17 Zhao et al., (2019)

N-C material® 0.04 Zhao et al., (2019)
Natural HRP* 327 Manufacture's value
297 Measured by the protocol

2 The nanozyme or enzyme concentration was determined by directly cal-
culating the amount added.

> The nanozyme concentration was determined by a nanoparticle-tracking
analysis system.

highest peroxidase-mimicking specific activity of a nanozyme assessed
by the standardized method. As compared in Table 1, the specific ac-
tivity is far greater than that of typical FesO4 NPs, carbon NPs, and Au
NPs. Also, the Fe-N-C SAN exhibits a larger peroxides-like specific ac-
tivity than the Fe SAEs reported by Wu's group (Zhao et al., 2019). For
comparison, the specific activity of natural HRP was also assessed using
the same protocol. Natural HRP exhibits a specific activity of 297 U mg”
1 which is in accordance with the manufacture's value (327 U mg’l).

Compared with natural HRP, the specific activity of the Fe-N-C SAN is
almost comparable. The unprecedented specific activity of the Fe-N-C
SAN should be attributed to the following factors: on the one hand,
different from common nanozymes in which only surface atoms play a
real catalytic role and a large proportion of atoms inside are useless, the
Fe-N-C SAN offers 100% atomic utilization, and every single-atom Fe
can act as an active site for the activation of H,O,, significantly pro-
moting the reaction rate; on the other hand, these active Fe atoms are
loaded on the porous carbon support. Our previous result (Fu et al.,
2018) has indicated that the Fe-N-C SAN with rich micropores and
mesopores can offer a BET surface area and a pore volume as large as
540.3m? g and 0.88 cm®g™, respectively. The high surface area and
large pore volume can make a great contribution to fast mass transfer.
Both of the above unique features jointly endow the Fe-N-C SAN as a
peroxidase mimic with the impressive specific activity. By using the
same procedure, the oxidase-mimicking specific activity of the Fe-N-C
SAN is determined to be 19.77 U mg™, which is also much better than
other oxidase mimics.

Then, the peroxidase-mimicking catalytic kinetics of the Fe-N-C SAN
was measured and compared with natural HRP. As shown in Fig. 3C and
D, typical Michaelis-Menten curves are observed in the nanozyme for
both H>0, and TMB, similar to those observed in natural HRP (Fig. S5,
Supporting Information). By fitting the curves with the Michaelis-
Menten model, steady-state kinetics parameters were obtained, as
shown in Table S1 (Supporting Information). The apparent K;,, values of
both Fe-N-C SAN and natural HRP toward the H,O, substrate are higher
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Fig. 4. (A) and (B) show the robustness of the Fe-N-C SAN against harsh pH and temperature, respectively; (C) and (D) compares the storage stability of the Fe-N-C

SAN and natural HRP.

than those toward TMB, in agreement with the fact that a higher con-
centration of H,0, is required to obtain maximum reaction rates than
TMB. In comparison with natural HRP, the K, of the Fe-N-C SAN to-
ward H,0, is at the same level as that of HRP, while the K, of the
former toward TMB is about 100-fold smaller, suggesting that the Fe-N-
C SAN has a much stronger affinity toward TMB than natural HRP.
Besides, the Fe-N-C SAN can provide comparable k., and k¢./K, with
natural HRP (Table S1, Supporting Information), demonstrating the
impressive catalytic activity and efficiency of the artificial nanozyme
again.

Finally, the robustness of the Fe-N-C SAN against harsh environ-
ments and its storage stability were assessed and compared with natural
HRP. To evaluate the robustness of the nanozyme, it was first incubated
in buffers with different pH or at different temperatures for 2 h, and
then its peroxidase-like activity was tested under standard conditions.
As compared in Fig. 4A, natural HRP gradually loses its catalytic ac-
tivity when it is treated in buffers with increasing pH larger than 4,
while the relative activity of the Fe-N-C SAN has no notable change.
Similarly, the nanozyme activity is quite stable against temperature
(Fig. 4B), while natural HRP undergoes severe inactivation when the
temperature is too high or too low. These results imply that the Fe-N-C
SAN as a peroxidase mimic can provide much better robustness under
harsh conditions. When not in use, the Fe-N-C SAN solid or solution was
stored at room temperature for stability evaluation. As depicted in
Fig. 4C, natural HRP solid has a ~30% decrease in activity. In solution,

HRP loses almost 75% activity. However, the Fe-N-C SAN solid or so-
lution exhibits no obvious decrease of the peroxidase-like catalytic ac-
tivity (Fig. 4D), demonstrating the much better storage stability of the
nanozyme. Both the excellent robustness of the Fe-N-C SAN against
harsh environments and storage stability should be attributed to its
unique structure. In the nanozyme, single-atom active Fe—Ny moieties
are strongly anchored by the porous carbon support, providing favor-
able physical and chemical stabilities even under harsh conditions. The
outstanding storage stability of the Fe-N-C SAN makes it more compe-
titive in practical applications.

As a proof-of-concept application, the Fe-N-C SAN was used as an
HRP substitute for BChE activity biosensing. BChE is a natural enzyme
that is able to catalyze the hydrolytic process of butyrylcholine (BCh),
and its activity is often regarded as a typical biomarker of exposure to
organophosphorus pesticides (Du et al., 2011; Yang et al., 2018; Zhao
et al., 2018). As illustrated in Fig. 5A, the sensing method is based on
the target-induced inhibition of the TMB chromogenic reaction cata-
lyzed by the Fe-N-C SAN. In detail, BChE can catalyze the BTCh sub-
strate to TCh, and the TCh product with certain reducibility is able to
suppress the chromogenic reaction via its competitive oxidation against
TMB. As a result, it is observed that the absorbance of the solution
system decreases along with the increase of BChE activity (Fig. 5B). It is
further found that the absorbance response is linear to BChE activity in
the range of 0.1—10 U L (Fig. 5C). According to the signal-to-noise of
three (S/N = 3) rule, the limit of detection (LOD) is calculated to be
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Fig. 5. (A) illustrates the biosensing principle of BChE activity; (B) and (C) show the relationship between the absorbance at 652 nm and the activity of BChE; (D)
illustrates the preparation of paper bioassay for BChE activity; (E) and (F) exhibit the relationship between the G/(R+ G + B) ratio and the activity of BChE.
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0.054 U L', much lower than that of previously reported methods
(Table S2, Supporting Information). Further, we fabricated a paper
bioassay integrated with a smartphone for BChE activity sensing more
facilely (Fig. 5D). By taking the G/(R+ G+ B) ratio as a factor (Zhang
et al., 2018), the factor provided by the paper bioassay decreases along
with increasing BChE activity (Fig. SE), offering a linear range from 2 to
40 U L™ (Fig. 5F) and a LOD of 1.7 U L'}, also superior over most of
previously reported methods (Table S2, Supporting Information). Be-
sides, the paper bioassay shows favorable repeatability for BChE ac-
tivity determination, providing a relative standard deviation (RSD) of
7.8% for nine parallel measurements.

4. Conclusions

In summary, we have developed a single-atom Fe-N-C nanozyme
that is able to offer unrivaled peroxidase-mimicking activity, even
comparable to natural HRP. The impressive activity is mainly ascribed
to the outstanding active Fe atom dispersion and the large surface of the
carbon support. With the Fe—N, moieties hosted by MOF derived
porous carbon, the SAN also exhibits excellent robustness against harsh
environments and favorable storage stability. As a proof-of-concept
application, highly sensitive detection of BChE activity in regular so-
lution or using paper bioassay has been demonstrated. With the im-
pressive catalytic properties, the Fe-N-C SAN will have promising ap-
plications in the biosensing field as an alternative to natural HRP.
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