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Introduction

Natural enzymes are powerful biocatalysts and widely used in
different fields for their prominent catalytic activities and
specificities.' However enzymes are mostly composed of
proteins and bioorganic molecules, and the enzymatic activity
and stability are highly dependent upon the mild reaction
conditions and environments. These intrinsic drawbacks of
enzymes as well as high cost dramatically hinder their practical
application.”® To address these limitations, enormous efforts
have been devoted to exploring artificial enzyme mimics over
the past few decades.”' Nanozymes, the nanomaterials with
enzyme-like properties, possess the advantages of high stability,
low cost and mass production compared to natural and artificial
enzymes."*® This ground-breaking research field originated
from the unexpected discovery of the peroxidase mimicking
activity of magnetic Fe;0, nanoparticles by Yan and coworkers
in 2007, and was then clearly defined by Wei and Wang in the
first comprehensive review in 2013.*® Since then, nanozymes
have attracted enormous interest from various fields, and
related research has been growing exponentially. Up to now,
more than 200 research laboratories around the world have
been working on nanozymes revealing the great value and
significance of this field."
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SAzymes, so that SAzyme may achieve its full potential as the next-generation nanozyme.

Nanozymes are nanomaterial-based enzyme mimics that
catalyze the conversion of substrates to products under physi-
ological conditions following the catalytic pathway of natural
enzymes. With the rapid development of nanotechnology, over
50 kinds of diverse nanomaterials have been found with
different enzyme-like catalytic activity, including noble-metal
nanocrystals, transition metal oxides, sulfides, selenides,
nitrides, and phosphides, carbon-based nanomaterials, poly-
mer-metal complexes and metal-organic frameworks
(MOFs).>** Most of which belong to oxidoreductase- and
hydrolases-mimics, such as oxidase, peroxidase, catalase,
superoxide dismutase, nuclease, phosphatase and so forth.
Moreover, the inherent physicochemical properties (magnetic,
optical, thermal and electrical properties) of these nano-
materials integrated with the unique enzyme-like activities will
endow them with extensive potential compared to natural
enzymes. They have been adequately investigated for diverse
applications in bioimaging, biosensing, therapeutics, tissue
engineering and environmental toxicology.’**' However, the
progress or barrier of nanozymes is totally due to the nature of
the nanomaterial itself. The enzyme-like catalysis for nano-
zymes essentially is a kind of heterogeneous catalysis between
a nanomaterial-based catalyst and substrates. Thus the crucial
assessment criteria of the activity and selectivity of nanozymes
are mainly affected by the nanostructure and composition of
the nanomaterials. These factors give rise to two inevitable
challenges. First, the size-, shape-, facet-and coordination-
dependent enzyme-like activities of nanozymes are always
inconsistent and hard to regulate and control. Meanwhile, only
small amounts of active atoms on the surface of nanozymes
contribute to the enzyme-like catalysis, which lead to the low
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active site density and atomic utilization efficiency as well as
catalytic activity. Second, due to the synthetic strategies and the
solid spatial structures of the nanomaterials, nanozymes
commonly exhibit inhomogeneous elemental distribution and
various facet structures on the surface. These not only give rise
to the complicated catalytic mechanisms, but also result in
multiple catalytic pathways and enzyme-like activities.**** Thus
it is extremely difficult to promote the enzyme-like specificity,
distinguish the actual active sites and as well as investigate the
origin of enzyme-like activity for nanozymes. It is urgent for
nanozyme technologies to get out of the current predicament.*®

Fortunately, since the groups of Flytzani-Stephanopoulos,
Gates, and Zhang successively demonstrated the unexpected
performance of single-atom catalysts (SACs), the nanotechnol-
ogies have entered the atomic age.**** The emerging SACs can
not only reduce the negative effects of the physicochemical
parameters such as the local facet effect of nanomaterials, but
can also uncover the intrinsic active sites.***® Furthermore, the
atomically dispersed metal sites with simple coordination
structures are quite similar to the active centers of the metal-
loenzymes, which endows them with ultrahigh activity of each
site.>*"** Inspired by the specific spatial structures of SACs and
metalloenzymes, we put forward the new concept of single-atom
nanozymes (SAzymes), which integrated the state-of-the-art
single-atom technologies with inherent active sites of enzyme
mimics (Fig. 1). Then we demonstrated the great potential and
feasibility of FeN5; SAzymes as highly active and stable oxidase
mimics.* In the meantime, some other SAzymes with superior
catalytic activities were also reported with diverse enzyme-like
properties, and biological and catalytic applications.®*"* These
dramatic results indicate that the emerging SAzymes are
important breakthroughs and promising next-generation
nanozymes.”*”*

Therefore, in this perspective, we would like to provide
a systematic and timely review of the impressive progress and
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achievements of SAzymes, which aims to provide deep insight
into the unique attributes and great potential of SAzymes, and
in turn promote their further development and extensive
applications. Firstly, we will highlight the advantages of
SAzymes with respect to the specific coordination structure and
catalytic mechanism, which are derived from the intrinsic
properties of SACs. Then, the synergetic enhancement of the
enzyme-like activities and catalytic selectivity of SAzymes, as
well as the consequent superiority in biological applications will
be discussed in detail. Finally, the current challenges faced by
SAzymes are outlined and our viewpoints on boosting this
exciting research topic are suggested.

Structural advantages of single-sites

As mentioned above, the enzyme-like catalysis of nanozymes is
a special kind of heterogeneous catalytic reaction. Compared to
natural enzymes, the activity and selectivity of enzyme mimics
are the most important parameters, which are heavily depen-
dent on the structural and atomic properties of the nano-
materials.”®"® However for those nanozymes with inherent
enzymatic properties, the activities are primarily derived from
the very few highly-active sites on the nanomaterial surface,
such as the coordinatively unsaturated atoms in the sites of
steps, edges, kinks and defects, and so on.”*”* These factors are
difficult to distinguish and quantitatively control, thus resulting
in the ultralow enzyme-like catalytic activity and extremely
complex mechanism compared with natural enzymes. To
further boost the catalytic performance, researchers decreased
the size of nanomaterials to increase the number of surface
atoms and active sites. When further downsizing the nano-
particles to the atomic level, namely single atoms, the geometric
and electronic properties of the SACs are distinctly different
from nanomaterials, which only contain isolated metal atoms
anchored on substrates and served as the active centers along
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Fig. 1 Schematic illustration of the resembling atomically dispersed active centers between SAzymes and various representative types of

metalloenzymes.
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with the coordination atoms.>” The SACs with a maximum atom
utilization and simplest atomic structure always exhibited
definite active centers, an unambiguous catalytic mechanism
and superior catalytic performance. Meanwhile, SACs also
bridged the gaps between homogeneous and heterogeneous
catalysis, and broke through the limitations in material design.
Therefore, developing SAzymes based on the SAC technology
will provide us a promising new perspective in nanozyme
research. In this case, SAzymes will have atomically dispersed
sites with a definite coordination structure. We can clearly
identify the active sites, generally isolated metal atoms coordi-
nated with non-metallic moieties on the supports, and in turn
rationally design powerful SAzymes. Furthermore, well-defined
configuration of active sites allows us to investigate the catalytic
mechanism in depth (Fig. 2a).

Benefiting from the booming SAC technology, it is possible
for us to synthesize SAzymes with a desired center metal atom
and coordination structure controllably as well as to optimize
the catalytic performance. And the density of active sites is also
controllable and adjustable. Furthermore, based on the
advanced electron microscope and spectrum technologies with
atomic resolution, such as spherical aberration corrected
transmission electron microscopy (ACTEM), scanning
tunneling microscopy (STM), X-ray absorption spectroscopy
(XAS) and so on, we can directly observe the atomic distribution
and clearly characterize the spatial structure of active centers
(Fig. 2b-d).”7® These technologies are important guarantees for
SAzyme research. Size-controllable SAzymes with exceptional
oxidase-mimic activity by pyrolysis of Fe-Zn bimetallic ZIFs
were prepared by Chen et al.”® The oxidase-mimic activity could
be regulated by changing the ratio of methanol to metal
precursors and the calcination temperature. Based on the
synergistic effects of the degree of graphitization, particle size-
dependent surface areas and exposure level of active sites, an
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Fig. 2 (a) Fe/Mo centers in natural sulfite oxidase enzyme and simu-
lated active centers in single-atom Fe doped MoS,. Reproduced from
ref. 74 with permission from Elsevier. (b) HAADF-STEM image of FeN,4/
GN-2.7. (c) Low-temperature scanning tunneling microscopy (LS-
STM) image of FeN,/GN-2.7, measured at a bias of 1.0 V and a current
() of 0.3 NA (2 nm x 2 nm). (d) Simulated STM image for (c). Repro-
duced from ref. 76 with permission from the American Association for
the Advancement of Science.
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optimal SAzyme was prepared with a molar ratio of methanol to
Zn>" of 1320:1 and pyrolysis at 900 °C. In natural sulfite
oxidase enzyme, Fe and Mo active sites work synergistically for
sulfite oxidation. Inspired by this, Huang et al. prepared single
Fe atoms confined in MoS, nanosheets, denoted as Fe,Mo,_,S,,
to simulate the active sites in natural sulfite oxidase enzyme for
sulfite activation and oxidative degradation of propranolol
(PPA).”* The activity initially was enhanced with increasing Fe
content, while a decrease was observed if the Fe content was
excessive, indicating that both Fe and Mo were crucial for the
activity. Acting like natural sulfite oxidase enzyme, the Fe atoms
confined in two-dimensional nanosheets worked collaboratively
with Mo atoms in the MoS, nanosheets for sulfite activation via
Fe**/Fe** or Mo*'/Mo0>"/Mo®" redox cycles. They are efficient for
PPA degradation with ~90% degradation efficiency within only
30 min at an optimal pH 4.0, proving to be an efficient enzyme
counterpart.

Taking advantage of the definite structure of SAzymes,
reasonable catalytic models were built, and the mechanism of
simulating enzyme activity could be investigated clearly by
combining density functional theory (DFT) calculations. This is
of great significance for understanding the structure-activity
relationship between the active centers and enzymatic proper-
ties, which is crucial for the rational design of multifarious
SAzymes and improving the activity and selectivity.”>”® A
comprehensive study was performed by Wang et al. to elucidate
the mechanism of the structure-dependent oxidase-like activity
of Fe-N/C.”” They synthesized a series of single atom nano-
materials and investigated the catalytic mechanism systemati-
cally. The results revealed that Fe-N;/C was a preferable oxidase
mimic compared with the Fe-C; model and other Fe-N/C
models with different nitrogen coordination numbers. And
they further made a comparison between the Fe-N3/C model
and other M-N;/C models (M = Co, Ni) to illuminate the
mechanism. They explored end-on and side-on O, adsorption
configurations on Fe atoms and revealed that the O, molecule
preferred to adsorb on the Fe-C; and Fe-N;/C by side-on
adsorption configuration while the end-on configuration ten-
ded to occur on the four- or five-coordinated Fe atom. Fe-N;/C
had a minimum adsorption energy and showed the highest
chemical reactivity towards O,. They investigated the relation-
ship between oxidase-like activity, the Fe-N site content and the
single Fe content, and found that the activity was related to the
Fe-N site content rather than the Fe content, indicating that Fe—
N sites were the active sites instead of the isolated Fe atoms. The
Fe-N sites exhibited oxidase-like activity via a 4e” reduction
pathway and free radical capture experiment confirmed that
0O,"~ was the main active species in the reaction. The reaction
path was deciphered as follows: O, was adsorbed on the surface
of the catalysts and dissociated into two O* atoms, which
attracted H' from solvent to form OH* species. The N atom
around the Fe site also attracted H' from the solvent and
generated H* species, which transferred to OH* species to
generate H,O subsequently. The H,O finally desorbed from the
catalytic site and revived the catalysts. They elucidated that the
oxidase-like activity was closely related to the reaction energies
of O, — 20*(E,). Compared with other models and other M-N,/
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C models, Fe-N3/C had minimum E,, coincided well with the
highest activity. At this point, the catalytic mechanism was
investigated thoroughly at the atomic-level benefitting from the
definite construction of SAzymes, which is hard to be realized in
nanoparticles. Zhao, Xiong and Liu prepared single iron SACs
with high peroxidase, oxidase and catalase mimic activity like
nature heme-containing enzymes.”® In spite of the low Fe
content of 1.2 wt%, the Fe-N-C nanozymes exhibit high
enzyme-like activity due to the structural similarity with natural
enzymes. And they unveiled the mechanisms of enzyme simu-
lation by operando XAFS spectroscopy, time-resolved quick-
scanning XAFS (QXAFS) and DFT calculations. The energy
profiles of catalysts and reaction intermediates in peroxidase-
like catalysis are depicted in Fig. 3c; H,O, can form an Fe=0
intermediate on the Fe-N, site with releasing a H,O molecule.
Subsequently, another H,O, dissociates on the other side of Fe-
N, and formed an O=Fe=0 intermediate. An O species of the
O=Fe=O0 intermediate attracted the H atom from TMB by
forming an O-H bond and turned O=Fe=0 into O=Fe=O0H
and oxidized TMB to oxTMB. O=Fe=OH also could attract a H
atom from TMB and generated a H,O molecule and another
oxTMB. In Fig. 3c we can observe that the total change of energy
is —2.80 eV, meaning a thermodynamically favorable reaction.
Guo et al. developed a single Mn atom catalyst dispersed on
graphitic carbon nitride (g-C3;N,) exhibiting superior catalytic
activity for the peroxone reaction under acidic conditions.” X-
ray absorption fine structure (EXAFS) and DFT calculations
confirmed that Mn atoms worked as efficient sites in the form of
Mn-N, configurations, showing superior catalytic activity even
better than that of the homogeneous MnCl, catalyst. Different
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Fig. 3 (a) The potential oxidase-like model of Fe—N/C (top left: Fe—-Cs,

top right: Fe—N3/C, bottom left: Fe—N,4/C, and bottom right: Fe—Ns/C).
(b) Adsorption energies of O, adsorption on Fe—Cs, Fe—N3/C, Fe—N4/
C, and Fe—Ns/C with optimized structures. (c) Optimized geometric
structures and free energy profiles of various intermediates in the
oxidase-like reaction. (a and b) and (c) reproduced from ref. 77 and 78
with permission from the Royal Society of Chemistry, respectively. (d)
Energy change plot for different steps and (e) the reaction mechanism
in the Mn—N4 site-catalyzed peroxone reaction. Reproduced from ref.
79 with permission from the American Chemical Society. (f) Sulfite
activation mechanism on Fe,Mo,_,S,. Reproduced from ref. 74 with
permission from Elsevier.
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catalytic mechanisms from the conventional peroxone reaction
were uncovered. The “OH was generated from the breakage of
the HOO-Mn-N, bond rather than HO,  anion relevant free
radical chain reactions. The HOO-Mn-N, was formed by the
absorption of H,O, by Mn-N, sites with the release of a proton,
and the breaking to generate HO,  and Mn'-N,was an endo-
thermal reaction. The addition of O; helped the breaking of the
HOO-Mn-N, bond and then generated HO,", O;" and Mn'-
Ny, which is an exothermal reaction (Fig. 3d). O;"~ combined
with H' from the acidic solvent and converted to "OH subse-
quently. O,"" originated from HO," would generate O;"" by
reacting with O;. The proposed catalytic mechanism is shown in
Fig. 3e.

Considering single-atom dual-site catalysts, the atomically
dispersed SACs were also favorable for understanding the
mechanism in enzyme-like catalytic reactions. In the Mo-Fe
single atom dual-site nanozyme mentioned above, it was
confirmed that the catalytic activation of sulfite was on account
of the loop of Fe**/Fe** in the Fe center and Mo**/Mo”>*/Mo®" in
the Mo center. SOs"~ is the major ROS in the reactions proved
by contrast experiments of free radical scavenging and ESR
spectra. Combining the facts observed in the experiments with
the DFT calculations, a synergistic mechanism of sulfite acti-
vation catalyzed by Mo-Fe was proposed as shown in Fig. 3f.
The electron transport between Mo and Fe in MoS, facilitated
the respective loop of Fe and Mo, resulting in a better catalytic
performance of Fe,Mo, _,S,.” In non-carbon support anchored
SAzymes, the catalytic mechanism was also investigated clearly
for both single atoms and the supports by Zhao and Cui's
groups.® The heterogeneous single-atom Co-MoS, was adopted
as a proof-of-concept nanozyme, and the electron transfer
mechanism favored by the single Co atom and Fenton-like
reaction dependent mechanisms favored by MoS, supports
were uncovered unambiguously.

In general, the SAzymes belong to single-site heterogeneous
catalysts, and their single sites resemble the active centers in
homogeneous molecular catalysts, which are spatially isolated,
structurally well-characterized, and exert the same interaction
energy for each reactant or zymolyte. Therefore, SAzymes will
possess the integrated structual advantages of both homoge-
neous and heterogeneous catalysts, which are far beyond
nanomaterial-based nanozymes.>* For example, even uniform
or mono-crystalline nanozymes with unified surface facets still
have multiple adsorption and reaction sites, which result in
diverse enzyme-like activities and catalytic pathways, in turn
deeply blurring the actual active sites and catalytic mecha-
nisms. However for SAzymes with the definite and simple
single-site, the enzyme-like properties and mechanism are
much easier to deduce and confirm.

However, the SAzyme research and even SAC research are in
the startup phase; there are still many difficulties to break
through before fully utilizing the crucial advantages of the
single-atom structure. The following two aspects should be
studied emphatically in future research. Firstly, more effective
and controllable synthetic strategies for SAzymes need to be
developed to further improve the uniformity of the single-atom
structure and distribution. Currently, SAzymes are mainly

This journal is © The Royal Society of Chemistry 2020
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synthesized through bottom-up strategies, and the adsorption
and coordination of metal atoms were uncontrollable, which
tended to aggregate rather than atomically disperse. Hence, we
should lower the non-selective dispersion and enhance the
controllability of the single-atom sites to improve the structural
and dispersion homogeneity. For instance, complexing the
single-atoms to functional organic ligands (such as porphyrin,
pyridine, imidazole and sulfydryl groups) and coordinatively
unsaturated metal nodes of MOFs, or confining the single-
atoms to metal defect sites and non-metallic vacancies (such
as N, O, S, and C vacancies) of transition-metal compounds to
guarantee the stabilization and definition of the atomic active
sites of SAzymes can be carried out.** Secondly, the SAzyme
categories with different coordination structures and enzyme-
like properties need to be extended, which largely depend on
the central metal atoms and neighboring atoms.**** However,
most reported SAzymes were metal-nitrogen active sites derived
from the uncontrollable pyrolysis of metal-organic complexes.
Although these SAzymes exhibited high redox activities, the
enzyme-like properties were bound in peroxidase or oxidase-like
mimics. Through imitating the precise synthesis of nano-
crystals, divided into top-down and bottom-up methods, further
development of more novel and controllable synthetic strategies
to expand the diversity of SAzymes, as well as the enzyme-like
mechanisms and applications, can be achieved.

High catalytic activities

Apart from the specific spatial structures and the derived
advantages in mechanism investigation, the enzyme-like
activity is also a crucial factor for a type of SAzyme. As proved
in numerous reports of single-atom catalysis, the SACs were
much superior to nanomaterials in both atomic coordination
and catalytic activity when the metal sites presented an atomi-
cally dispersed state. This is not only because of the maximum
atom utilization and active site density, but is also attributed to
the high intrinsic activity of each individual metal center.
Similarly, the apparent activities of SAC-based SAzymes were far
beyond those of nanomaterial-based nanozymes, especially in
oxidoreductase-like catalysis, although the metal loading of
SAzymes was quite low. For instance, Dong's group designed
oxidase-like SAzymes with carbon nanoframe-confined Fe-N-C
active centers through a bottom-up strategy.®* With the struc-
tural characterization by Fe K-edge X-ray absorption near edge
structure (XANES) and Mdssbauer spectroscopy, they deduced
the atomic structure of the synthesized SAzymes to be FeNs
(Fig. 4a). The Fe-N-C active centers resemble the active sites of
natural cytochrome P450, an axial N containing ligand-
coordinated heme. The definite structure of synthesized
SAzymes (FeN5; SA/CNF) equipped it with an electron push-effect
and crucial synergistic effects, creating ultrahigh oxidase-mimic
activity (Fig. 4b). In spite of the extremely low Fe content of
1.2 wt%, it's activity is higher than that of other FeN, SACs, FePc
and most reported nanoparticles with oxidase-like characteris-
tics, such as CeO,, Fe;0,, MnO,, CuO, Au, Pd, Pt, and Prussian
blue. The oxidase-mimic activity was 70 times higher than that
of commercial Pt/C and the oxidase-like catalytic rate constant

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Illustration of FeNs SA/CNF-catalyzed TMB oxidation. (b)
Ultrahigh oxidase-like activity of FeNs SA/CNF. Reproduced from ref.
64 with permission from the American Association for the Advance-
ment of Science. (c) Structural similarity of Fe—N, sites in Fe—N-rGO
and the cofactor of HRP. (d) Comparison of the peroxidase-like activity
of Fe—N-rGO and control groups. Reproduced from ref. 85 with
permission from John Wiley & Sons.

was more than 30 to 1000 times greater than that of
nanomaterial-based nanozymes. The definite structure, high
density of active sites and maximal atom utilization efficiency
ensured the highest oxidase-like activity. In addition, the
oxidase-mimic activity of FeN5 SA/CNF maintained at the lowest
90% after being exposed to 21 hour treatment of a strong acid
(alkali), indicating the stability of FeN5 species stabilized by the
coordination of N atoms on the supports. Kim et al. fabricated
single-atom iron sites embedde graphene (Fe-N-rGO) by heat
treatment of the mixture of GO and an Fe precursor in an NH;
atmosphere at 750 °C.** The sites were confirmed to be Fe-Ny;
the four N atoms form a square-planar structure with the Fe
atom at the center, resembling the heme cofactor present in
natural horseradish peroxidases (HRP) (Fig. 4c). When Fe or N is
doped alone, or Fe was replaced by another transition metal,
there is almost no increase in activity compared with rGO,
showing the necessity of mimicking the essential cofactor
structure of natural enzymes (Fig. 4d). The peroxidase-like
activity of the as prepared Fe-N-rGO SAyzme was measured by
the oxidation of 3,3,5,5-tetramethylbenzidine (TMB) in the
presence H,0,, which was up to =700 fold higher than that of
undoped rGO even with the weight percentage of Fe being only
1.8 wt%. When it comes to relative activity per iron atom, the
Fe-N-rGO SAzyme exhibits 5 million times higher activity
compared with Fe;O, NPs, and even higher than that of the Pt
atom in Pt NPs. Moreover, Fe-N-rGO showed effective
peroxidase-mimic activity with higher k.,/K,, compared with
HRP. The unprecedented activity of Fe-N-rGO was attributed to
its single-atom dispersed Fe-N, steric configuration similar to
nature enzymes. Wang and Liang's groups reported that single
Pt atoms anchored on Te nanowires were used to catalyze the
dehydrogenation of formic acid.*® Platinum with 1.1% mass
loading on Te nanowires was proved to be atomically dispersed,
while increasing the Pt mass loading to 4.6% and 32.0% led to
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the coexistence of Pt single atoms and Pt nanoclusters on
nanowires (4.6% Pt/Te) and Pt nanocrystals supported Te
nanowires (32.0% Pt/Te), respectively. At room temperature, the
dehydrogenation of HCOOH was enhanced by 1.1% Pt/Te via
a plasmon-enhanced catalytic process. The turnover frequency
number was 3070 h™", which is 2.5 and 5.4 times higher than
that of 4.6% Pt/Te and 32.0% Pt/Te, respectively, even 8.5 times
higher than that of Pt/C. The single Fe atom contained Fe SAE
SAzymes reported by Zhao et al. possessed peroxidase, oxidase
and catalase enzyme-like activities simultaneously. The
peroxidase-like activity was about 40 times higher than that of
Fe;0,4, even when the content of Fe was 1.2 wt%.”® Similar work
has been reported by Chen and Shi's groups. The V., of the as
prepared Fe SAzymes used in the reaction of TMB and H,0, was
76.4 fold higher than that of Fe;0, at the same mass concen-
tration.”® Another study revealed that the turnover number of
SAzymes was 4500 times more than that of Fe;0,.*” Zhang's
group reported single Fe atom catalysts with FeN, (x = 4-6)
species by using MgO as the sacrificial template and an
Fe(phen), (phen = 1,10-phenanthroline) complex as the
precursor.® The relative concentration of FeN, species is related
to the pyrolysis temperature, which resulted in different cata-
lytic performances for each sample. For the oxidation of C-H
bonds with ethylbenzene as the substrate, the Fe-N-C-700
(pyrolysis at 700 °C) sample had the highest turnover
frequency among the three catalysts, attributed to the highest
content of FeNs species. Poisoning experiments by potassium
thiocyanate (KSCN) demonstrated that FeN; was the most active
moiety as well, followed by FeN,, and FeNg was the least active
one. The activity of FeN5 was at least 1 order higher than that of
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Fe-Ng and Fe-N, species. Among these three FeN, species, FeNj5
configuration is most similar to that of natural enzymes with
coordination of four nitrogen atoms in the plane and axial
coordination of a nitrogen-containing ligand. The unique
construction endows it with high intrinsic activity compared to
others. For the oxidation of ethylbenzene, 98% conversion was
achieved within 5 h. Compared with other catalysts reported
previously, Fe-N-C has the highest activity in the oxidation of
hydrocarbons at room temperature.

Furthermore, substrate specificity (K,), the maximal reac-
tion rate (V;,,), the catalytic rate constant (k.,.) and the catalytic
efficiency (kca/Km) were usually used to compare the catalytic
characteristics of nanozymes quantitatively. Yan et al. presented
a protocol for measuring and defining the catalytic activity units
and kinetics for peroxidase nanozymes.” The kinetics param-
eters V, and K, were calculated by fitting the reaction velocity
values and the substrate concentrations to the Michaelis-
Menten equation as follows: V = (Vi X [S])/(Km + [S])- kcar Was
obtained from the equation kc,s = Vy/[E]. [E] is the nanozyme
concentration (M). We took the most researched peroxidase-like
SAzymes and TMB to compare the catalytic activity of single-
atom nanozymes and natural enzymes and listed them in the
tables above (Tables 1 and 2). As we can see, the K, values of
SAzymes on TMB were at the same level as that of HRP, indi-
cating similar affinity toward TMB. But the K;,, values on H,0,
were much higher than that of HRP, meaning that a higher
concentration of H,0, was required to obtain maximum reac-
tion rates, and SAzymes could tolerate high concentration H,O,.
When taking [E] as the molar concentration of single-atom
nanozymes, the catalytic efficiency was much higher than that

Table 1 Comparison of the kinetic constants of SAzymes with those of natural enzymes

Sample [E] (M) Substrate K (mM) Vin (1M s7Y) keat (571 keat/Km (MM~ s71) Ref.

PMCS* 2.147 x 10 TMB 0.224 0.1066 5.66 x 10° 2.5268 x 107 66
H,0, 40.160 0.1215 4.97 x 10° 1.2376 x 10°

Fe-N-rGO sheets” 1.2 x 1071 TMB 0.074 1.74 1.45 x 10° 1.9595 x 10° 85
H,0, 43 1.44 1.20 x 10° 2.7907 x 10°

Fe-N-C SAN“ 1.6 x 107 TMB 0.08 0.7452 4.66 x 10* 5.8219 x 10° 67
H,0, 28.3 0.4285 2.68 x 10* 9.4633 x 10>

CNT/FeNC? 1.7 x 1077 TMB 0.1294 0.156 0.9176 7.0912 87
H,0, — — — —

SAF NCs? 6.07 x 107° TMB — — — — 68
H,O0, 0.0120 0.223 0.0367 3.0711

Fe SAEs” 1.07 x 10°° TMB 3.92 0.588 0.5495 0.1402 78
H,0, 0.243 0.0825 0.0771 0.3173

Fe-N-C? 1.48 x 10°° TMB 3.6 1.16 0.7838 0.2177 103
H,0, 12.2 0.356 0.2405 0.0197

Cu-N-C? 2.68 x 107° TMB 3.76 0.7505 0.2803 0.0746 113
H,0, 19.94 0.2007 0.0750 0.0038

Fe-N-C SAzymes” — TMB 5.20 1.49 — — 65
H,0, 4.31 0.62 — —

Co-N-C SAzymes” — TMB 5.06 0.190 — —
H,0, 16.26 0.165 — —

Zn-N-C SAzymes® — TMB 0.28 0.043 — —
H,0, 6.27 0.048 — —

HRP 2.5 x 107" TMB 0.434 0.100 4.00 x 10° 9.2166 x 10° 17
H,0, 3.7 0.087 3.50 x 10° 9.4595 x 10>

a
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[E] is the concentration of nanozymes. ? [E] is the concentration of the metal in nanozymes.
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Table 2 Comparison of the specific activity (SA) of SAzymes and
natural enzymes

Metal atom

Sample loading SA (Umg ™) Ref.
Fe-N-C SAzymes 13.5 wt% 25.33 65
Co-N-C SAzymes — 6.33
Zn-N-C SAzymes — 2.46
Fe SAEs 1.2 wt% 6.75 78
Fe;0, — 0.17
N-C — 0.04
Fe-N-C SAN 1.85 at% 57.76 67
Natural HRP — 327¢

297°

@ Manufacture's value. > Measured using the protocol.

of HRP. However, when we calculate the kinetic constants with
[E] as the molar concentration of the metal in the SAzymes, the
catalytic efficiency of some SAzymes was inferior compared with
HRP.

The superior enzyme-like activity of SAzymes should be
ascribed to not only the maximum atom utilization of the active
centers, but also the high intrinsic activity of each single-site.
Although the apparent activities of SAzymes have exceeded
those of nanomaterial-based nanozymes, they still far below
those of the corresponding natural enzymes.”>*® Therefore, we
should greatly improve the enzyme-like activity of SAzymes
through the above two aspects to meet the requirements of
practical applications. Since the single-site loading rates of
most SAzymes were lower than 1 wt%, there is still room for
activity improvements. Through more moderate synthetic
conditions and stronger metal-support interactions to dramat-
ically increase the density and stabilize the single-sites, the fold
increase of the enzyme-like activity can be realized. In addition,
regulating the coordination structure of the active center, such
as the coordination atom, coordination number and spatial
structure, will essentially alter the catalytic properties of
SAzymes, and even exhibit orders of magnitude enhancement of
the enzyme-like activity. Furthermore, the definite and atomi-
cally dispersed active sites of SAzymes afford us with new
opportunities to establish more suitable evaluation methods to
reflect the intrinsic enzyme-like activity of each single-atom.
Whether SAzymes or nanozymes, if one nanoparticle contains
a number of active sites, it is inappropriate to consider the
nanoparticle as the enzyme unit while ignoring the size, surface
area and active site density.” Different from the uncountable
nanozymes, for the SAzymes with definite active centers and
atomic density it is much easier to uniformize and quantify the
enzyme-like activity, which is crucial for the activity evaluation
of different SAzymes.

Enzyme-like selectivities

Enzymatic specificity is the most important feature that
distinguishes natural enzymes from other chemical catalysts.
They would exhibit remarkable chemo-, regio-, and stereo-
selectivities for specific biochemical processes, which are
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dependent not only on the uniform and simple active centers,
but also on the intricate and complete hierarchical structure of
the protein dimensional folding configurations.*>*° Therefore,
it is nearly impossible to achieve the enzyme-like specificity or
selectivity by nanomaterial-based nanozymes, although that is
the ultimate goal for enzyme mimics research. On the one hand,
it is difficult to mimic the spatial structure of enzymes for
heterogeneous nanoparticles to attain the selective adsorption,
activation and desorption of the substrate molecules. On the
other hand, the inhomogeneous distribution of elements and
facets of the nanozymes leads to a distinctly different coordi-
nation environment and atomic structure for metal active sites,
and then inevitably brings about distinguishing enzyme-like
activity intensity, different catalytic mechanisms, and even
multiple enzyme properties. While these atomic structures of
nanozymes become simpler, such as SAzymes, things might be
changed. For SAzymes with a uniform coordination structure,
the metal active centers are equivalent, so the enzyme-like
catalytic process and mechanism on each active site are the
same owing to these reactions being inclined to the reaction
paths with the lowest potential energy barrier and free energy.
As a consequence, it is possible for SAzymes to obtain the
catalytic selectivity for a specific substrate through altering the
coordination environment to divide their reactive activations.”™
For example, He et al. synthesized Pt single-atom catalysts on
a N-doped porous carbon support via a precursor-dilution
strategy.”* Tetraphenylporphyrin (TPP) with chelated metal
cations (TPP-M) was used as the precursor and excess amount
of free TPP as the diluent. By changing the concentration of
TPP-M and free TPP, they could tune the surface Pt atom
density in Pt/N-C. And they prepared single atoms, nano-
clusters and nanoparticles of Pt catalysts (denoted as Pt/N-C, Pt-
NCs/N-C and Pt-NPs/N-C respectively) at different pyrolysis
temperatures. The Pt/N-C exhibited superior chemoselectivity
and regioselectivity in hydrogenation reactions (Fig. 5a and b).
Pt/N-C showed 99% chemoselectivity in hydrogenation of 1-
nitro-4-ethynylbenzene and 1-ethynyl-4-vinylbenzene at a 20%
conversion level, and commendable chemoselectivity even at
a 100% conversion level. It only transformed alkyne groups into
alkenyl groups and kept -NO, and -C=CH, intact, with 99%
selectivity to 1-nitro-4-vinylbenzene in the hydrogenation of 1-
nitro-4-ethynylbenzene and 99% selectivity to 1,4-divinylben-
zene in the hydrogenation of 1-ethynyl-4-vinylbenzene at the
20% conversion level. As expected, multiple products were
produced in the hydrogenation reactions catalyzed by Pt-NPs/
N-C. What is more, Pt/N-C exhibited regioselectivity in the
hydrogenation of 1-ethynyl-4-(phenylethynyl)benzene and 1-
(dec-1-yn-1-yl)-3-ethynylbenzene. 99%  selectivity to 1-
(phenylethynyl)-4-vinylbenzene and 99% selectivity to 1-(dec-1-
yn-1-yl)-3-vinylbenzene at the ~20% conversion level were
realized, indicating that Pt/N-C only converted terminal alkyne
to alkenyl while keeping internal alkyne intact. However, both
terminal and internal alkynes were hydrogenated in the reac-
tions catalyzed by Pt-NPs/N-C, indicating the lack of regiose-
lectivity of nanoparticle-catalysts. The chemoselectivity was
explained as the good match between the relatively low catalytic
activity of Pt SACs and high reactivity of terminal alkynes, while
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Fig. 5 Catalytic performance of Pt/N-C and Pt-NPs/N-C in the
hydrogenation of (a) 1-nitro-4-ethynylbenzene and (b) 1-ethynyl-4-
vinylbenzene. Reproduced from ref. 91 with permission from the
Nature Publishing Group. (c) HAADF-STEM images of Rh/MoS, SAC. (d)
Rh—-S, configuration of the Rh active site simulated by DFT calcula-
tions. (e) Catalytic performance and (f) stability of a Rh/MoS, SAC.
Reproduced from ref. 92 with permission from the American Chemical
Society.

the regioselectivity was deciphered as the possible steric
hindrance effect of Pt/N-C, neither of which could be achieved
by nanoparticles. The hydrogenation of unsaturated aldehydes
to unsaturated alcohols with high selectivity is challenging
since the hydrogenation of C=C bonds is much easier than that
of the C=0 bonds. Homogeneous catalysts could catalyze these
reactions effectively but suffer from the difficulty of separation.
And 100% selectivity was hard to realize by other heterogeneous
catalysts. SAzymes were expected to realize selective catalysis
due to their well-defined active sites. Steric hindrance around
the active sites may further improve the selectivity. Lou et al.
reported single atoms Rh anchored to the edges of 2D MoS,
sheets with Rh-S, configuration (Fig. 5c and d), showing
excellent selectivity in the conversion of crotonaldehyde to
crotyl alcohol.”” Hydrogen molecules dissociate on the
anchored Rh atoms from MoS, edges and formed OH moieties.
The OH moieties bonded to the edge Mo atoms later and
formed pocket-like HO-Mo-Rh-Mo-OH configuration, with
unique geometric and electronic structures like enzymes. The
single Rh atoms catalysts realized 100% selectivity even at
a high conversion level for the hydrogenation of crotonaldehyde
to crotyl alcohol under mild reaction conditions (Fig. 5e and f).
In contrast, nano-Rh/MoS, with nanoparticles dispersed onto
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2D MoS, nanosheets showed only 47% selectivity with the main
product of 1-butanol. The perfect selectivity could be attributed
to the special Rh-S, configuration formed by the edge-anchored
Rh atom and S atoms in MoS,. The unique adsorption proper-
ties of positive charged Rh atoms facilitated the adsorption of
the strongly polarized C=O bond rather than the C=C bond
due to the steric effect. Back-bonding interactions between the
Rh and C=O0 7* orbital prompted the electron transfer from Rh
atoms to the C=0 7* orbital and the weak C=0 bond, leading
to the preferential hydrogenation. Conventional catalysts coex-
isting with single atoms and nanoparticles have an inherent
defect for realizing the goal of 100% selectivity. Selective
oxidation of the C-H bond is challenging because of the high
dissociation energy of the C-H bond and probable over-
oxidation side reactions. The groups of Zhang and Wang
demonstrated that Fe SACs were capable of selective oxidation
of the C-H bond.®* Fe-N-C converted ethylbenzene to aceto-
phenone with 97% selectivity at a 98% conversion level, and
showed excellent selectivity for other aromatic hydrocarbons
with electron-donating groups or electron-withdrawing groups.
Lee and colleagues reported that single-atom Pt catalysts sup-
ported on titanium nitride (TiN) nanoparticles showed high
selectivity for the 2e” process in electrochemical oxygen
reduction.”® And lower Pt loading with higher portion of single-
atom Pt showed higher selectivity, reaching 90%. Similarly, the
formation of Pt-S, configuration through sulfur-doped carbon
stabilized Pt single atoms has realized 96% selectivity for
producing H,0, through the 2e~ O, reduction process, while Pt
loaded on low S-content supports with clusters or nanoparticles
showed selectivity far below that of single-atom Pt catalysts.**
These facts indicate that SACs have commendable selectivity
comparable to that of homogeneous catalysts and enzymes.

As enzyme mimics, the performance of nanomaterial-based
nanozymes was not satisfactory in specific recognition of
substrates, which is a primary feature of enzymes. They always
have multiple enzyme activities, lacking selectivity for the target
substrate. Although molecular imprinting and chiral molecular
modification were developed to improve the selectivity of
nanozymes, the selectivity did not originate from the material
itself and the actual selectivity was low. The Fe-N-rGO
mentioned above showed excellent peroxidase-like activity
without any oxidase activity.”> The sole enzyme activity of Fe-N-
rGO means that it could selectively activate hydrogen peroxide
rather than O,. DFT calculations indicated that the O, dissoci-
ation reaction is endothermic on Fe-N-rGO, hindering the
oxidase activity (Fig. 6b). Based on the high and selective
peroxidase-mimic activity of Fe-N-rGO, trace amounts of H,0,
would be successfully quantified. Wei's group uncovered that
doping the nitrogen element into graphene can dramatically
enhance the peroxidase-like activity of reduced graphene oxide
(rGO) by 105-fold while barely affecting oxidase, SOD and
catalase activity (Fig. 6¢).*® This strategy is proved to be adapt-
able for mesoporous carbon with more than 60-fold enhance-
ment in peroxidase-like activity, which means that N-doping
could be a general strategy for designing highly active nano-
zymes with specific peroxidase-like activity. It can be seen that
the sole enzyme activity, which is the precondition for
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substrate-specificity, could be realized by N-doped tailoring. In
addition to nitrogen, other elements could also be doped to
improve the activity or allow them to show specific enzyme
activity. Well-defined SACs, generally metal atoms with coordi-
nation of N or S, could be regulated more easily than other
nanomaterials.

The above examples have demonstrated some catalytic
selectivity of SAzymes under certain conditions for heteroge-
neous and enzyme-like catalysis. These could be attributed to
the concise single-site structures of SAzymes that resemble the
active centers of enzymes and homogeneous catalysts. However,
the selectivity of these SAzymes was still far less than that of
natural enzymes, and most of the SAzymes even have no
selectivity at all. Based on the best of our knowledge and the
reported results, the ab initio prediction and rational design of
highly selective single-sites, as well as an effective post-
processing strategy to endow the SAzymes with tunable cata-
lytic selectivity will be a crucial approach to promote the future
nanozyme research. Firstly, bioinspired design has been proved
to be an effective approach for research on both artificial
enzyme mimics and SAzymes. By mimicking the active center of
enzymes and constructing the derived single-site structures on
SACs, the SAzymes might possess a similar enzyme-like mech-
anism and selectivity to natural enzymes.®® Secondly, due to the
enzyme-like properties of SAzymes depending mainly upon the
steric configuration of the single-sites, the features of the
simple composition, definite structure and few atoms make it
feasible to predict and simulate the corresponding enzyme-like
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selectivity of different active sites through theoretical calcula-
tions, such as first-principles, the ab initio method and DFT.*”
Thirdly, the enzyme-like catalysis on SAzymes in essence is the
heterocatalysis process, the selectivity arises from the differ-
ences of interaction force between single-sites and reactants,
which includes the adsorption, desorption, and electron and
proton transfer processes. Based on the well-established single-
atom electrocatalyst and electrochemical research systems, the
reaction kinetics and electrocatalytic properties of SACs could
be extended to the analogous enzyme-like catalysis to filtrate
highly selective SAzymes,*® for instance, the SACs with highly
selectivity in four-electron or two-electron oxygen reduction
reaction electrocatalysis respectively corresponding to the half-
reaction of oxidase-like or glucose oxidase-like SAzyme catal-
ysis.**** Shen et al. reported the catalyst of single-atom Pt with
a CusS, support (h-Pt;-CuS,), which can consistently reduce O,
to H,O, with high selectivity.” Due to the stronger affinity
between Pt-S than between Pt-O or Pt-N, the H,0, selectivity
and activity of h-Pt;-CusS, are much higher than that of other Pt
single-atom catalysts. In addition, the DFT calculations show
that the *O is preferentially adsorbed on the 3-fold hollow sites
of Pt clusters rather than single Pt sites, and thus the O,
reduction is limited to yielding H,0, through a 2e~ process.
Therefore, through altering the coordination number and
single-atom support will be potential and effective strategies for
regulating the inherent properties of single-atom nanozymes,
which will tailor the intrinsic electronic and geometric struc-
tures of the active sites and the nanosupports, and then the
regulation of the binding energy between different organic
substrates can further enhance the enzyme-like selectivity of
SAzymes. The above train of thoughts are put forward to avoid
trial-and-error attempts and guide the rational and efficient
design of SAzymes with tunable specificity and selectivity in
future research.

Applications of SAzymes

For nanozymes, the inherent enzyme-like properties, which
were essentially determined by nanostructures, definitively
determined their diverse applications in bioanalysis, thera-
peutics, tissue engineering, heterocatalysis and even environ-
mental toxicology. As discussed above, SAzymes consist of
atomically dispersed metal sites, with an ideal atomic structure,
superior catalytic activity and uniform catalytic properties.
These advantages endow SAzymes with highly enzyme-like
activity and possible specificity which are more similar to
those of natural enzymes. Integrated with the intrinsic struc-
tural and physicochemical properties simultaneously, the
emerging SAzymes will undoubtedly boost the crucial applica-
tions of nanozyme technologies.®”*>'** For instance, in vivo and
in vitro bioassays, such as H,0,, glucose, ascorbic acid, and
glutathione, are the most extensive and essential applications of
nanozymes. The detection sensitivity could be significantly
improved benefitting from the ultrahigh activity of SAzymes,
and specific detections could be realized by the SAzymes with
sole enzyme activity. Single-Fe-site SAzymes, Fe atoms anchored
on N-doped carbons supported on carbon nanotubes, were
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applied for ultrasensitive bioassays of H,0,, glucose and
ascorbic acid.®” Ultra-low detection limits were realized, which
were much lower than the allowance level. This strategy was
generic for the detection of H,0,, biomolecules that can
produce H,0,, small molecules that can reduce oxTMB and
other peroxidase substrates or enhance/inhibit enzyme activity
(Fig. 7a and b)."**'%* Fe-N-rGO reported by Kim et al. exhibits
sole peroxidase-like activity without any oxidase-like activity,
and could be applied for the detection of trace amounts of
H,0,. Previously reported peroxidase-like nanozymes always
had oxidase-like activity as well, which could interfere the with
detection of H,O, because of the reaction of O, in the atmo-
sphere, especially at a low H,0, content. The specific SAzyme
Fe-N-rGO was used to detect trace amounts of H,0, produced
from enzymatic reactions and cancerous cells. When Fe-N-rGO
was applied to detect choline and acetylcholine, limit of detec-
tion values of =10 x 10~° M and 20 x 10~ ° M were obtained,
respectively, indicating the sensitivity of Fe-N-rGO in H,0,
detection.®

In environmental pollution treatment, homogeneous catalysts
and enzymes faced difficulties in separation and were easy to
degrade and the complex preparation process hinders their
application. Heterogeneous catalysts such as metallic oxide, and
metal sulfide nanoparticles used in the treatment of pollutants
face the risk of metal ion leaching, causing secondary pollution
probability. Single-atom catalysts with a minimal metal content
but high catalytic efficiency have inherent advantages over other
catalysts in pollutant degradation. Single iron atom SAzyme with
40 times higher peroxidase-like activity than Fe;O, was applied to
degrade phenol in polluted water.”® Fe SAzymes showed effective
pollutant removal ability, which removed 83% phenol within
30 min. After ten cycles, Fe SAzymes maintained almost unal-
tered activity, demonstrating the durability of Fe-N, SAzymes
under harsh conditions. Single-atom Mn-N, sites supported on
graphitic carbon nitride (g-C3N,) could catalyze a peroxone
reaction efficiently in acid solution (Fig. 8a), which could be
applied to degrade stubborn organic pollutants by the generation
of hydroxyl radicals ("OH).” In the solution with O; and H,0,, the
addition of Mn-N, catalysts leads to complete degradation of
oxalic acid within 40 min, while only 28% degradation efficiency

a
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Fig.7 (a) Synthesis of CNT/FeNC SAzyme and colorimetric biosensing
of H,O5, via various chromogenic substrates. Reproduced from ref. 87
with permission from John Wiley & Sons. (b) Schematic diagram of
four different types of bioassays.
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Fig. 8 (a) Single-atom Mn-N, site-catalyzed peroxone reaction for
efficient production of hydroxyl radicals and organic pollutant
degradation in acidic solution. (b) Degradation curves of oxalic acid in
ozonation, the H,O, process, and the peroxone process with or
without Mn—CN. (c) Single-Co-atom anchored on N-doped graphene
for degradation of bisphenol A. (a—c) reproduced from ref. 79 and 104
with permission from the American Chemical Society, respectively. (d)
Schematic illustration of *OH generation and antibacterial applications
of single-iron-atom nanozyme with peroxidase-like activity. (e) NIR-
involved antibacterial experiment and corresponding IR images of E.
coli or S. aureus bacterial suspension. (f) Digital photographs of
remaining bacteria-inoculated agar plates after treatment of respec-
tive conditions. Reproduced from ref. 68 with permission from John
Wiley & Sons.

was obtained after 60 min without Mn-N, catalysts (Fig. 8b). Mn—
N, mediated a special mechanism to catalyze the peroxone
reaction and generated "OH effectively, and the catalytic activity
had no obvious decrease after 5 cycles. Single-Co-atom anchored
on N-doped graphene was developed as an efficient Fenton-like
catalyst and used for catalytic oxidation of recalcitrant organics
via activation of peroxymonosulfate (PMS).'* In the catalytic
oxidation of bisphenol A (BPA), Co-N, was confirmed to be the
sites for PMS activation while the pyrrolic N served as the site for
organics adsorption. The dual sites in catalysts reduced the
migration distance for singlet oxygen (*O,), and were able to
recognize and activate the respective substrates independently,
making active species generation and substrate activation occur
simultaneously (Fig. 8c). As a result, the catalytic activity was
improved dramatically. The catalysts were able to completely
remove BPA in 4 min with minimum leaching of Co.
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SAzymes could also be used for antibacterial and cancer
treatment, for their superiority in biosecurity with little leakage
of metal ions. Huo et al. prepared single iron atom catalysts
fabricated in N-doped amorphous carbon.®® The as prepared
SACs showed high peroxidase-like activity, generating abundant
hydroxyl radicals in the presence of H,0,. The SAzymes with
free radical production capacity could kill both Gram positive
(Staphylococcus aureus) and Gram negative (Escherichia coli)
bacteria at the physiological level of H,0,, which benefited from
the synergetic effect of physical contact damages and "‘OH
toxicity to bacteria (Fig. 8d). In the group of bacteria treated with
SAzymes and H,0,, the remaining activities were only 28.9%
and 17.40% for E. coli and S. aureus respectively. In addition, the
N-doped amorphous carbon supported single iron atom cata-
lysts showed optical absorption and 19.37% of the high pho-
tothermal conversion effects in the near infrared region (NIR)
(Fig. 8e). Under NIR irradiation conditions, the antibacterial
efficiency was improved to almost 100% for both E. coli and S.
aureus (Fig. 8f). The in vivo wound healing experiment revealed
that SAzymes and H,O, treated groups showed a shorter wound
healing time compared with the contrast groups, and SAzymes +
H,O0, + NIR treated groups reduced the time further, showing
a better antibacterial effect with NIR irradiation. The antibac-
terial mechanism was explained by the membrane destruction,
leading to the breaking of cell biointegrity. These results were
consistent with the findings of Yan's group. They reported a Zn-
N, SAzyme with efficient peroxidase activity derived from
pyrolysis of zinc-based zeolitic-imidazolate-frameworks (ZIF-
8).°® The Zn-N, SAzyme was used for antimicrobial treatment
and showed a 99.87% inhibition rate of P. aeruginosa. The in
vivo bactericidal efficacy was revealed by the fact that the mice
infected by P. aeruginosa needed more than 11 days for wound-
healing, while infected mice treated with Zn-N, SAzyme ach-
ieved complete wound-healing in only 6 days. And toxicological
analysis of the main organs showed that no obvious toxicity was
detected, indicating the good biosafety of the Zn-N, SAzyme.
Dong's group found that SAzymes of FeN5 SA/CNF with oxidase-
like activity would generate reactive oxygen species or oxidative
stress during the catalytic reduction of oxygen; it was used to
destroy the integrity of bacterial cell membranes.* When E. coli
and S. aureus cells were exposed to FeN5 SA/CNF, the bacterial
survival rates were markedly reduced, indicating a high anti-
bacterial efficiency. When used in vivo, the clear remission of
ulceration and accelerated wound healing in the mice were
observed compared with the control group.

The group of Mao prepared SAzyme through the pyrolysis
process after encapsulating FePc molecules into the cages of
ZIF-8. The obtained single iron sites were confirmed to be Fe-N,
resembling heme-contained enzymes, and exhibited bifunc-
tional enzyme-like activity of catalase and SOD. Fe-N, SAzymes
were used for cytoprotection by reducing oxidative stress. SOD
activity could convert O, to H,O, and O, while catalase-like
activity can decompose hydrogen peroxide into oxygen and
water, and therefore scavenging ROS in cells and protecting
cells from oxidative stress. When HeLa cells were treated with
10 uM B-lapachone (B-Lap), which could be bioactivated by
NAD(P)H quinone oxidoreductase 1 (NQO1) to generate ROS
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swiftly, cell viability was reduced to 20%. However, cell viability
could be increased to 85% if the HeLa cells were pre-incubated
with SAzymes before being treated with B-Lap, while N-doped
carbon did not change the cell viability, showing the excellent
cell protection ability of the as prepared Fe-N, SAzymes.'*
Similar work was reported by Lu et al.'®® Besides, Ming and
Zhang's groups developed single-atom Pt/CeO, based bandage
for treatment of brain trauma.®® The single-atom Pt/CeO,
showed excellent peroxidase (POD)-, catalase (CAT)-, superoxide
dismutase (SOD)- and glutathione peroxidase (GPx)-like activity,
much higher than that of CeO, clusters (Fig. 9a). Attributed to
the multi-antioxidant activities, the SAzymes could scavenge
active oxygen and nitrogen species (RONS) induced by trau-
matic brain injury, preventing subsequent neuronal damage. In
addition, single-atom Pt/CeO, showed great anti-inflammation
responses to inflaimmation caused by H,O, and lipopolysac-
charides, and improved cell viability significantly. Treatment of
mice with traumatic brain injury (TBI) demonstrated that the
single-atom Pt/CeO, based bandage showed a remarkable
wound healing effect, reducing the wound size to healthy levels
while the untreated mice only recovered 50% (Fig. 9b and c).
Compared with previously reported Pt-based materials, single-
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Digital photographs of the healing effect and (c) residual wound over
time with or without the treatment of Pt/CeO, based bandage. (d)
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In vivo 4T1 tumor proliferation curves and (f) corresponding digital
photos of mice treated under different conditions. (a—c) and (d—f)
reproduced from ref. 88 and 108 with permission from the American
Chemical Society, respectively.
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unchanged after 30 days. Single Co atoms supported on
nitrogen-doped carbon was shown to have SOD, catalase and
GPx activity under physiological conditions, which would be
used to eliminate RONS as well.'®” O, could be eliminated by
SOD-like activity, while H,O, was consumed by mimicking
catalase and GPx catalysis. "NO was scavenged through the
formation of a nitrosyl-metal complex with Co-porphyrin
centers. Based on the ability to eliminate RONS, the SAzyme
was used for sepsis management. In vivo treatment demon-
strated that the SAzyme could eliminate RONS effectively, which
protected cells from DNA damage and inhibited lipid perox-
idation, leading to remarkable therapeutic effects of sepsis.
Huo and Wang prepared single iron atom catalysts for tumor
therapy through an “isolation-pyrolysis” method.'*® The tumor
therapy was realized by toxic hydroxyl radicals ("OH) generated
from the Fenton reaction in a faintly acid tumor microenvi-
ronment, leading to cell apoptosis and ferroptosis caused by
accumulation of lipid peroxides (Fig. 9d). The therapy was
tumor-selective because of the acidity-accelerated heteroge-
neous Fenton reactions and reduced ‘OH generation under
neutral conditions. Pegylation endowed the SAzymes with
biocompatibility, combining the high-performance peroxidase-
like activity of Fe-SAzyme with the pegylation endowed
biocompatibility, it was used for in vivo tumor therapy. The in
vitro antiproliferation effects were evaluated by treating 4T1
mammary tumor cells with Fe-SAzymes and investigated the
cytotoxic impacts. They had a substantial proliferation inhibi-
tion effect under mild acid conditions while much weaker in
a neutral medium, indicating the target of the tumor microen-
vironment. By introducing ascorbic acid and a-Tocopherol to
the system, the cell death was reduced adequately. Therefore,
they elucidated the mechanism of cell death to be the combined
action of "OH induced oxidative stress and lipid peroxidation. In
vivo therapeutic experiments showed that Fe-SAzymes had
sustained catalytic performance in inhibiting tumor cell
proliferation. Benefiting from the high photothermal conver-
sion efficiency of N-doped carbon, the SAzymes exhibited better
therapeutic effects under NIR irradiation, with more than 150%
tumor inhibition rates compared with the control group (Fig. 9e
and f). Single-atom Ru assembled with the chlorin e6 photo-
sensitizer was used as a catalase-like nanozyme for photody-
namic therapy treatment of tumors.* Local generation of O, by
Ru SAzyme using the highly expressed intracellular H,O, in
tumors could relieve the hypoxia in the tumor microenviron-
ment and enhance the therapeutic efficiency. Au SACs were
used for cancer treatment by breaking the mitochondrial redox
homeostasis,'* which was maintained by the balance of reac-
tive oxygen species and antioxidants. The homeostasis imbal-
ance always leads to apoptosis. Carbon-dot supported
atomically dispersed gold modified with triphenylphosphine
and cinnamaldehyde (MitoCAT-g) was used as a mitochondrial
oxidative stress amplifier reported by Liang and Li's groups.
MitoCAT-g could deplete intracellular antioxidants GSH though
the formation of Au-S bonds, and then amplify the oxidative
stress caused by cinnamaldehyde, as well as the cancer cell
death. The atomically dispersed Au atoms in MitoCAT-g had the
highest atom utilization and more active sites. These inspired
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the development of single-atom catalysts with GPx-like activity
or other antioxidant enzyme-like activity for cancer treatment.

The high catalytic activity and selectivity of SAzymes also
made them capable for the application in organic synthesis and
conversion. Fe-N-C SAzyme was applied to biomimetic catalysis
and industrial oxidation processes reported by He et al.**
Dehydrogenation of 1,4-dihydropyridine (1,4-DHP) into diethyl
2,6-dimethyl-3,5-pyridine-dicarboxylate (DDPD) was realized
using O, as the terminal oxidant with comparable activation
energy as nature enzymes. In addition to biomimetic catalysts
like the cytochrome P450 enzymes, Fe-N-C SAzyme could also
be used in dehydrogenation of a series of N-heterocycles and
monoxygenation of triphenylphosphine with 100% selectivity.
Due to their robust structure, they can remain active in a variety
of organic solvents. The catalytic mechanism was investigated
and it was uncovered that Fe-N-C catalyzed the activation of O,
with formation of '0,, O,"”, and H,0, rather than strongly
aggressive OH' ™, ensuring the selective oxidation of substrates.
Meanwhile, Fe-N-C exhibited both accelerated and inhibited
cytochrome P450-like behaviors in the drug metabolization
based on the enzyme-like central structures. Fe-N-C obtained
at 400 °C could catalyze the oxidation of 1,4-DPH and showed
similar inhibiting interactions with other drugs like cytochrome
P450,"" indicating that Fe-N-C SAzyme could replace cyto-
chrome P450 in the evaluation of potential chemicals, studies of
drug-drug interactions, dosage guidance and outcome
prediction.

Enzymes were employed in the electrochemical field
frequently, such as enzyme-modified electrodes used for
sensing and enzymatic biofuel cells. Nanozyme modified elec-
trodes were fabricated for detection of a wide range of species,
such as small molecules, proteins and cells. In addition, Mu
et al. recently reported that the addition of Zn-TCPP(Fe) nano-
zymes to Li-O, batteries would scavenge superoxide radicals,
reduce the damage caused by aggressive superoxide interme-
diates, and improve the cycling stability."*> The Zn-TCPP(Fe)
nanozymes performed as an ORR/OER bifunctional catalyst and
served as a molecular shuttle of superoxide species and elec-
trons between cathodes and products in both discharge and
recharge processes, leading to enlarged discharge capacity and
elevated energy efficiency.

In short, the emerging SAzymes have been used in many
fields. However, their scope of application is still limited
because of some key issues being unresolved. For example,
sensitivity and selectivity are crucial in sensing applications.
SAzymes with higher activity and selectivity are desired to be
prepared for practical application. Besides, more convenient
and sensitive detection means should be developed by
combining the properties of nanomaterial-based supports and
excellent enzyme activity of single-atom active sites. In the
removal of pollutants, more stable SAzymes are desired to
remain active under harsh conditions and reduce metal ion
leakage to avoid secondary contamination. In the treatment of
disease, disease diagnosis and treatment could be combined
based on the ability of SAzymes to detect various biological
substances. Thermal conversion capacity of N-doped carbon
supports was integrated with the enzyme-mimic activity, and
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more types of support loaded single-atom active sites could be
developed for a synergistic effect in disease treatment. More-
over, although SAzymes with good biosafety were demonstrated
by some researchers, more in vivo experiments should be con-
ducted before clinical therapeutics and effective SAzymes with
low toxicity are needed.

In addition to the applications mentioned above, a wider
range of applications should be taken into consideration based
on the superiority of SAzymes. For example, SAzymes are ex-
pected to replace natural enzymes in industrial catalysis for
their satisfactory selectivity and high organic conversion
capacity. And in consideration of the high enzyme-like activity
of SAzymes, we except them to be used in enzymatic biofuel
cells to substitute natural enzymes. The development of
SAzymes is still in its infancy, and only oxidoreductase-mimics
are developed. More types of SAzymes are required to be used in
more fields.

Conclusion and outlook

In this perspective, we have detailedly described the develop-
ments of the emerging SAzymes, which were defined as single-
site heterogeneous catalysts with inherent enzyme-like charac-
teristics. Because of the indivisible correlations between the
structure, properties and application of SAzymes, we succes-
sively discussed the features and advantages of SAzymes with
respect to the single-site structure, enzyme-like activity, catalytic
selectivity and extensive applications based on the reported
results. Meanwhile, we also gave our perspective on the current
challenges facing SAzyme research and the corresponding
possible directions for future research to the best of our
knowledge. Firstly, attributed to the atomically dispersed sites,
SAzymes have gained outstanding structural advantages in
comparison with nanozymes. The atomized moieties of
SAzymes made the active centers much simple, more control-
lable and definite, which in consequence promote the
comprehension of the catalytic reaction process, enzyme-like
mechanism and rational design of SAzymes. However, the
current outcomes were unable to fulfill the potential applica-
tions, thus calling for development of more effective strategies
to increase the structural uniformity and expand the enzyme-
like categories. Secondly, SAzymes always feature high
enzyme-like activity, which was mainly derived from the struc-
tural advantages: the maximum atom utilization and high
intrinsic activity of single-sites. Therefore, for the insufficient
activity of SAzymes compared to natural enzymes, the above two
aspects should be taken into full consideration. On the one
hand, even though SAzymes maximized the atom utilization of
metal sites, the metal loading rate and active site density were
still relatively low. Developing novel synthetic strategies to
increase the active site density can effectively promote the
catalytic activity. On the other hand, the intrinsic enzyme-like
activity originates from the central metal atoms and the
neighboring coordination atoms. The enzyme-like activity can
also be radically boosted by tailoring the electronic and
geometric structures of the single-sites. Furthermore, the defi-
nite and atomically dispersed active sites of SAzymes afford us
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with new opportunities to establish more suitable evaluation
methods for reflecting the intrinsic enzyme-like activity of each
single-atom. Thirdly, the catalytic selectivity, including
substrate selectivity and product selectivity, was the most
important property for enzymes and enzyme mimics, which
promotes the corresponding applications in analysis and
catalysis, respectively. Although the current SAzymes exhibited
few enzyme-like selectivity or specificity, the superior structural
advantages of the single-sites make it more easy to regulate the
inherent properties through the central metal atom and coor-
dination structure tailoring. The purposive adjustment and
rational design of SAzymes require the collaborative interplay of
SAC catalysis and theoretical calculations to indicate how single
metal atoms coordinated with adjacent atoms act as the active
sites and affect the kinetic process. Finally, the extensive
applications of SAzymes were derived from not only the
advantages of high enzyme-like properties but also the physi-
cochemical features. The future research of SAzymes applica-
tions need to fully explore the irreplaceable advantages that are
far beyond those of natural enzymes, and develop novel and
multiple SAzyme-combined catalytic systems to carry forward
their significant role in the enzyme mimics field.

In conclusion, the emergence of SAzymes do promote the
nanozyme research entering a new period of the atomic level.
Through the summary and outlook of the endeavor and prog-
ress of SAzymes from the structure and properties to applica-
tions, we believe that the SAzyme research will usher in a bright
prospect in the near future.
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