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Recently, remarkable progress has been made in nanozyme research due to the
rapid development of nanomaterials. Two-dimensional nanomaterials such as metal
nanosheets, graphene-based materials, transition metal oxides/dichalcogenides, etc.,
provide enhanced physical and chemical functionality owing to their ultrathin structures,
high surface-to-volume ratios, and surface charges. They have also been found to
have high catalytic activities in terms of natural enzymes such as peroxidase, oxidase,
catalase, and superoxide dismutase. This review provides an overview of the recent
progress of nanozymes based on two-dimensional nanomaterials, with an emphasis on
their synthetic strategies, hybridization, catalytic properties, and biomedical applications.
Finally, the future challenges and prospects for this research are discussed.
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INTRODUCTION

Enzymes are catalysts that speed up almost all biochemical reactions in cells. They have some
inherent defects that make them unfavorable in large-scale applications. Since the fascinating
discovery of enzymatically active Fe304 nanoparticles (NPs) for immunoassay (Gao et al., 2007),
the last decade has witnessed great advances in nanozyme research (Wei and Wang, 2013; Huang
etal., 2019; Jiang D. W. et al., 2019), deriving from the growth of nanoscience and developments in
technology. Various types of catalytic nanomaterials (NMs), primarily zero-dimensional (0D) NPs
based on metals [e.g., Pt (Ju and Kim, 2015)], bimetallic compounds [e.g., AuPt (He et al., 2010)],
metal oxides [e.g., Co304 (Mu et al., 2013)], and metal chalcogenides [e.g., CuS (He et al., 2012)],
have been extensively explored to mimic peroxidases (PODs), oxidases (ODs), catalases (CATs),
and superoxide dismutases (SODs) for biomedical applications. Despite much progress in the
structural design of 0D nanozymes, there are still several obvious drawbacks. Firstly, most metal-
based NPs are often used in a disposable manner, which inevitably causes either economic concerns
for the precious metals used or environmental issues due to the pollution and toxicity of these
heavy metals (Zhang T. et al., 2014). Secondly, it is known that NPs tend to agglomerate because
of huge surface energy, which decreases catalytically active sites, impairing catalytic performance
(Yang et al., 2004). Lastly, the inherently imperfect surface accessibility of 0D nanostructures is
unfavorable and it is difficult to fully exert the biocatalytic capacity to mimic enzymes (Maromeze
et al,, 2016). Therefore, researchers should develop nanozymes with novel types of structures and
functionalities, a significant research frontier in the nanozyme area.
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Two-dimensional (2D) NMs within general sheet-like
structures are a newly emerging but very important class
of materials. Their lateral dimensions are generally one or
several orders of magnitude larger than the thickness, with
typical morphologies of nanosheets (NSs), nanoribbons,
nanoplates, and nanowalls (Zhang, 2015). Different from their
0D counterparts, 2D NMs with these unique shapes could
render large specific surface and distinctive physicochemical
attributes, especially in terms of extraordinary surface chemistry,
due to the exposure of most of the atoms in 2D NMs on
their surface. Initial work about layered materials focused on
MoS,, dating back nearly half a century (Gan et al, 2017).
A surge of interest and studies on 2D NMs started after
the discovery of graphene in 2004 (Novoselov et al., 2004).
Since then, a host of 2D NMs, including layered double
hydroxides (LDHs) (Harvey et al., 2016), transition metal
dichalcogenides (TMDs) (Zhu et al, 2013), ultrathin metal
NMs (Huang et al, 2011), transition metal oxides (TMOs)
(Zhou et al., 2017), Xenes (e.g., black phosphorus) (Khan
et al,, 2020), metal carbides/nitrides (MXenes) (Jiang C. M.
et al, 2019), graphitic carbon nitride (g-C3Ny4) (Yang et al,
2013), hexagonal boron nitride (h-BN) (Chen M. M. et al,
2017), and metal-organic frameworks (MOFs) (Ding et al,
2017), have attracted considerable attention in numerous
research fields, such as sensing, catalysis/electrocatalysis,
batteries, electronics/optoelectronics, supercapacitors, and
biomedical areas.

In terms of mechanical, chemical, and optical attributes,
the potential biocompatibility and degradability, 2D NMs have
been enthusiastically researched in various biomedical fields
including biosensing (Oudeng et al., 2018), antibacterial agents
(Lu et al., 2017), bioimaging (Ma D. T. et al, 2020), and
cancer therapy (Kong et al., 2017). Also, with a single-atom
layer or several-atoms-thick layers, 2D NMs possess the highest
specific surface areas among all known materials, thus they
have large reservoirs and abundant anchoring sites to load and
deliver therapeutic agents (Qian et al., 2017). Moreover, the
planar structure endows them with unusual properties including
light/ultrasonic/magnetic responses and biological behaviors
(e.g., endocytosis, biodistribution, biodegradation, and excretory
pathways), which evokes the broad interest in developing 2D
NMs as biomaterials (Chimene et al., 2015).

The rapid development of 2D NMs as versatile biomaterials
has benefited from significant research progress in graphene,
especially its  bulk-quantity production and surface
functionalization to improve its water solubility (Li et al,
2008; Sun et al., 2008), which paved the way for graphene to
be potentially utilized for biomedical purposes. Meanwhile,
it should be pointed out that, the success of 0D nanozymes
in biomedical applications has promoted the exploration of
the enzymatic properties of other nanostructures. As the first
example of the employment of 2D NMs to mimic enzymes,
the carboxyl-modified graphene oxide (GO) NSs were found
to be able to mimic horseradish peroxidase (HRP), which were
further developed as a glucose biosensor based on POD-like
activity (Song et al., 2010). Later, a large number of 2D NMs
with enzymatic activities have been successively reported and
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FIGURE 1 | Two-dimensional NMs with enzyme-like activities for biomedical
applications.

become a new type of enzyme-mimic, hereafter referred to as
2D nanozymes.

To our knowledge, despite many reviews (Huang et al,
2016; Agarwal and Chatterjee, 2018; Chen Y. et al,, 2018;
Dong et al, 2018; Merlo et al, 2018; Tao et al., 2019; Yan
et al,, 2019; Zhang X. L. et al, 2019; Ren et al,, 2020) on the
outstanding biomedical performance of 2D NMs, few of them
have emphasized enzymatic properties, which are of significant
importance to the development of 2D NMs. In this mini-
review, we aim to highlight recent progress in 2D NMs with
enzymatic properties for biomedical applications. Firstly, we
briefly introduce crystal structures, synthesis, and hybridization
strategies for 2D NMs. Then, we discuss the enzyme-like
activities of 2D NMs. In the following, we summarize the recent
advances of 2D nanozymes in diversified biomedical applications,
ranging from biosensors, antibacterial agents, and antioxidants
to therapeutics (Figure 1). Finally, we share our insights into the
development prospects and challenges of 2D nanozymes.

CRYSTAL STRUCTURES, SYNTHESIS, AND
HYBRIDIZATION STRATEGIES OF 2D NMs

Crystal Structures of 2D NMs

In essence, the unusual physicochemical attributes of 2D NMs
largely depends on their atomic arrangements, which have been
clarified in detail elsewhere (Butler et al., 2013; Zhang, 2015;
Tan et al., 2017). Despite multifarious composition and structural
differences, 2D NMs can be generally categorized as layered and
non-layered (Hu et al, 2019). For the former, each in-plane
atom connects to the neighboring ones through strong chemical
bonding in every layer. The layers, however, stack together via
weak van der Waals (VDW) interaction (Bhimanapati et al.,
2015). A typical layered compound is graphite, in which each
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atom covalently bonds to three adjacent atoms in planes by o -
bond but weak VDW interaction exists between layers (Allen
et al, 2010). LDHs, TMDs, g-C3Ny, h-BN, Xenes, MXenes,
and MOFs, also have a graphite-like crystallite structure. By
contrast, the non-layered NMs crystallize in three dimensions
by atomic/chemical bonds to form bulk crystals, which typically
include 2D metals, metal oxides/chalcogenides, and others (Tan
and Zhang, 2015). Relying on the specific arrangement of
atoms, coordination modes between atoms, or stacking order
between layers, these non-layered NMs can crystallize into
different crystal phases, which greatly affect their attributes and
functionalities (Tan et al., 2017).

Synthetic Approaches of 2D NMs

The top-down and bottom-up methodologies, as two types of
commonly used approaches to the synthesis of 2D NMs, are well-
summarized in the literature (Chen et al., 2015; Tan et al., 2017).
The former is based on direct cleavage of bulk precursors, aiming
to break weak VDW interaction between layers in 2D NMs
by various driving forces, typically mechanical/liquid-phase/ion-
intercalation and exfoliation (Zeng et al., 2011; Huo et al., 2015;
Yi and Shen, 2015). Notably, these methods are only suitable
for layered materials. They are relatively simple but suffer from
certain disadvantages and limitations. Take synthesis of MoS,
NSs for example, mechanic exfoliation (Novoselov et al., 2005)
is limited by low throughput, thereby making it unsuitable
for most biomedical applications: Li-intercalation process not
only requires a long time (e.g., 3 days) and high temperature
(e.g., 100°C) but results in semiconducting-to-metallic phase-
transition of MoS; bulk (Yuwen et al., 2016); liquid exfoliation
proposes difficulties in removing high-boiling organic solvents
(Coleman et al., 2011).

Contrarily, the bottom-up methods usually begin with
small organic or inorganic molecules/atoms, employing crystal
growth/assembly into a 2D ordered structure, which includes
classical chemical vapor deposition (CVD) (Shi et al., 2010) and
wet-chemical synthesis (hydro-/solvo-thermal (Duan et al., 2014;
Huang et al., 2014) and the self-assembly (Wu et al, 2015)
of crystals, etc.). Since the bottom-up methods are based on
the chemical reactions of certain precursors in given synthetic
systems, they are more versatile than the top-down methods
in enabling access to all types of 2D NMs. Despite the above
protocols, it is still challenging to develop an appropriate strategy
to synthesize 2D NMs with controlled and desirable structural
parameters so as to satisfy the specific requirements.

Hybridization of 2D NMs

It is known that the hybridization of 2D NMs with functionalized
species is an effective strategy to extend and expand their
functionalities, which could potentially make them suitable for
practical applications. Numerous functionalized species (e.g.,
atoms, ions, molecules, polymers, and nanostructures), have been
modified onto/into 2D NMs by various methods such as doping,
adsorption, electrodeposition, covalent functionalization,
chemical reduction, and self-assembly (Guan and Han,
2019). For example, to improve water dispersibility and the
stability of pristine MXenes NSs in a physiological solution

for biomedical applications, Shi’s group reported modification
of TizC; NSs with soybean phospholipid by adsorption (Lin
et al, 2017). The functionalized materials were found to
possess enhanced permeability, stable circulation, and retention
ability. In a similar study by Geng’s group, titanium carbide
NSs terminated with AI(OH),, obtained by intercalation of
Ti3AIC, bulk with tetramethylammonium (TMAOH) were
modified with polyethylene glycol (PEG) molecules. The
functionalized NSs demonstrated excellent stability in various
physiological solutions, which were further developed as
promising photothermal therapeutic agents (Xuan et al., 2016).

A variety of 0D metal NPs-functionalized 2D NSs have
also been reported by different groups, including 0D/2D
nanostructured Au/GO (Tao et al., 2013), Au/MOF (Huang
et al.,, 2017a), and Pt/black phosphorus (Ouyang et al., 2018).
In recent studies, the in-situ growth method was also adopted
by different groups for the synthesis of Pt/h-BN (Ivanova et al.,
2019) and “naked” Au NPs on g-C3N4 NSs (Wu et al., 2019),
via the reduction of metal precursors on NSs with various
reducing agents like NaBHy, ascorbic acid, etc. Our group also
constructed a variety of 0D/2D heterostructures, including PtAg
NPs-decorated MoS; NSs through the hydrothermal process (Cai
et al., 2016), Pt NPs-covered CuO NSs by NaBHy reduction
(Wang X. H. et al,, 2017), and IrO, NPs-modified GO (Sun
et al., 2020) and reduced GO (rGO) (Liu X. L. et al., 2019)
NSs by electrostatic adsorption/hydrothermal treatment. The
modification of NPs onto 2D NMs could not only prevent
NPs from aggregation but inhibit the restacking of NSs, which
could facilitate practical applications. However, to access these
nanocomposites, a multi-step procedure was generally required
for synthesis. In a recent study, our group reported a one-pot
fabrication of PtRh NPs-modified Rh NSs (Cai et al., 2019).
During the synthesis, Pt atoms/clusters as seeds were first
formed by reduction of Pt precursors (H,PtClg-6H,0), which
promoted the reduction of Rh precursors (Rh(acac)s) to form
PtRh NPs and directed formation of Rh NSs around PtRh NPs.
In another work, our group demonstrated the one-pot synthesis
of Pd NPs-modified NiCl, NSs, by using a three-step process
of “in situ reduction-oxidation-assembly” (Cai et al., 2018a).
Notably, the pre-preparation and/or functionalization of NSs
as well as immobilization of NPs on NSs, generally involved
in conventional synthetic protocols, were unnecessary in the
above studies.

ENZYMATIC PROPERTIES OF 2D
NANOZYMES

POD- and OD-Like Properties

PODs and ODs are a class of known oxidative enzymes
in biosystems, which activate H,O, and O, to catalyze the
oxidation of respective substrates under mild conditions (Wei
and Wang, 2013; Huang et al., 2019; Jiang D. W. et al., 2019).
To evaluate the POD-/OD-like activity of 2D NMs, catalytic
oxidations of enzymatic chromogenic substrates like 3,335,5™-
tetramethylbenzidine (TMB), which are often carried out in
acidic media and produce colored products (Equation 1), are
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chosen as a probe reaction by most researchers (Gao et al., 2007;
Song et al., 2010; Tao et al,, 2013; Cai et al., 2016, 2018a, 2019;
Huang et al., 2017a; Wang X. H. et al, 2017; Ouyang et al,
2018; Ivanova et al., 2019; Liu X. L. et al., 2019; Wu et al., 2019;
Sun et al., 2020). The reaction process is tracked by UV-Vis
spectroscopy and the color variation of the reaction solution can
be easily observed by naked eyes.

HsC CH;
H,N NH
ho on, 2 H ()N

POD- /OD-mimic HsC CH;

2“2NNH2 T | He CH, &

HsC CH, Ha0:/02 HNNH

HsC CH,

TMB (colorless) oxidized TMB (blue)

Since the first report of GO NSs as a 2D POD-mimic by Qu’s
group (Song et al., 2010), similar observations were obtained
from other types of 2D NMs, which also exhibited typical
Michaelis-Menten kinetics during POD-catalysis. The apparent
kinetic constant (K,) and maximum reaction rate (Viax), as
two important parameters related to enzyme-catalysis, could be
determined from the Linewearver-Burk plot. The constant Ky,
characterizes the binding affinity of a substrate to the enzyme, in
which a lower K, value means the higher affinity. Table 1 lists
the kinetic parameters of typical 2D NMs as POD-mimics based
on GO (Zhang L. N. et al,, 2014; Sun et al., 2020) or rGO (Liu
X. L. et al., 2019), TMDs (Lin et al., 2014a,b; Chen T. M. et al.,
2017; Huang et al., 2018; Wu et al,, 2018; Feng et al., 2020), LDHs
(Zhan et al.,, 2018; Yang et al., 2020), g-C3N4 (Darabdhara et al.,
2019), MOF NSs (Chen J. Y. et al., 2018), h-BN (Ivanova et al.,
2019), metal oxides (Wang X. H. et al., 2017; Li et al., 2019), and
metallic NSs (Wei et al., 2015; Cai et al., 2018b, 2020).

In an earlier study on the POD-like properties of TMDs,
Guo’s group reported that the commercially obtained MoS; NSs
by solution-based exfoliation gave a K, value of 0.0116 mM
with H,O, as substrate, far lower than those of HRP (3.7 mM)
(Gao et al,, 2007) and Fe3O4 NPs (154 mM) (Gao et al., 2007),
suggesting good affinity of as-obtained materials toward H,0,
(Lin et al., 2014a). The authors also found the POD-catalysis of
MoS; NSs was efficient over a broad pH range (2.0-7.5), wider
than those of GO NSs and several 0D NPs [e.g., Fe304 (Gao
et al., 2007), Co304 (Mu et al,, 2012), and ZnFe,O4 (Su et al,,
2012)]. In a recent study, Wang’s group synthesized MoS; NSs
using a hydrothermal method, followed by the treatment of N,
plasma, producing N-doped MoS; NSs (Feng et al., 2020). With
H,0; as a substrate, the as-obtained materials not only gave
a much lower Ky, value (0.4459 mM) compared to that of the
undoped ones (2.0828 mM), but presented a larger V. value
(4.348 x 1078 M s71) than that of undoped NSs (1.346 x 10~8
M s 1), suggesting enhanced affinity and the activity of NSs
by N-doping. The N, plasma treatment efficiently increased the
surface wettability and affinity of pristine NSs, thus improving
the access of the electrons and substrates of catalytic reactions.
In another study, Dass group synthesized a series of metal
NPs (e.g., Au, Ni, and AuNi NPs) decorated g-C3N4 NSs by a

solvothermal method (Darabdhara et al., 2019). With a substrate
of either TMB or H,O,, the bimetallic nanocomposites gave both
lower Ky, values and larger V. values (Table 1) than those
of monometallic ones, indicating better affinity and POD-like
activity by introducing bimetallic NPs into g-C3N4 NSs. Similar
observations were obtained by Pt/CuO (Wang X. H. et al., 2017),
IrO,/rGO (Liu X. L. et al., 2019), Pd/NiCl, (Cai et al., 2018a), and
PtM/MoS; (M = Ag, Cu, and Au) (Cai et al., 2016, 2017; Qi et al.,
2016) as reported by our group.

Compared to the layered NM-based POD-mimics, non-
layered examples are few. In a study by our group, the Pd NSs
were prepared in CH3 COOH by bubbling of CO gas, followed by
Galvanic replacement of Au** ions to obtain Au NPs decorated
Pd NSs (Cai et al., 2020). When TMB and H,0, respectively
acted as a substrate, the as-obtained nanocomposites afforded
two large V. values (19.65 x 1078 and 8.19 x 1078 M S~ 1),
an ~2-fold enhancement in those of Pd NSs (7.01 x 10~® and
4.02x1078 M S1). In another study, Zheng’s group synthesized
ultrathin Pd NSs with a thickness below 10 atomic layers in
the presence of PVP and a halide salt, followed by coating
Pt nanodots onto the Pd NSs by reduction of Pt(acac), with
hydrazine hydrate in DMF solution (Wei et al., 2015). As listed in
Table 1, compared to Pd NSs, the as-prepared nanocomposites
gave lower Ky, values and larger Vi, values, demonstrating
superior affinity and activity. To further make a meaningful
comparison of catalytic efficiency between Pd NSs and the
nanocomposites, the catalytic rate constant (K,) was introduced
by the authors, which was calculated from the equation K¢yt =
Vmax/E, where E is the concentration of the catalyst. With either
TMB or H,O; as a substrate, the obtained K.yt value for the
nanocomposites was appropriately two times larger than those
of Pd NSs. However, compared to several NPs such as Fe3O4 NPs
(Gao et al., 2007), the catalytic efficiency of the nanocomposites
is not high enough. In an interesting study, our group presented
superior POD-catalysis of single-layer Rh NSs synthesized via the
solvothermal method (Cai et al., 2018b). The obtained K, values
for Rh NSs that were comparable to those of HRP (Gao et al,
2007), while the V .y value for Rh with H, O, as the substrate was
exceptionally larger than those of HRP (Gao et al., 2007), Rh NPs
(Choleva et al., 2018), and layered NMs based on GO (Gao et al,,
2007), and TMD-based NSs (Lin et al., 2014a,b; Chen T. M. et al,,
2017; Wu et al., 2018). Moreover, the obtained K, value for Rh
NSs to H,O, was 128 times, 323 times, and 34 times larger than
those of HRP (Gao et al., 2007), Rh NPs (Choleva et al., 2018),
and few-layer Pd NSs (Wei et al., 2015), respectively. This high
activity could be attributed to the large number of exposed active
Rh atoms that were coordinately unsaturated, which facilitated
efficient interaction with reactants during catalysis. The Rh NSs
also demonstrated satisfactory chemical/thermal stability.

Previous studies revealed that POD-catalysis generally
involves two types of pathways: (1) the generation of reactive
oxygen species (ROS) including hydroxyl radicals (-OH) (Song
et al, 2010; Lin et al., 2014a; Wei et al, 2015; Wang X. H.
et al.,, 2017; Cai et al., 2018a), and (2) electron-transfer (ET)
process (Cai et al., 2018b, 2020). The former is believed to
undergo a radical chain mechanism, in which the O-O bonds
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TABLE 1 | The kinetics parameters of HRP, FezO4 NPs, and typical 2D POD-mimics?.

Catalyst [E] Substrate Km V max K cat References
(10-12 M) (mM) (108 Ms) (10*s™)

HRP 25 T™B 0.434 10 0.4 Gao et al., 2007
H20, 3.7 8.71 0.348

FesO4 NPs 1.14 T™B 0.098 3.44 3.02 Gao et al., 2007
H20, 154 9.78 8.58

GO NA T™B 0.0237 + 0.001 3.45 + 0.31 NA Song et al., 2010
H20, 3.99 + 0.67 3.85+0.22

PY/GO NA T™B 0.1864 10.2 NA Zhang et al., 2014
Ho05 221.4 12.45

Ir0,/GO NA T™MB 0.56 32.8 NA Sun et al., 2020
H2 0, 5.19 20.8

IrO2/rGO NA T™B 0.276 42.7 NA Liu X. L. etal., 2019
H20, 229 372.9

MoS, NA T™B 0.525 5.16 NA Lin et al., 2014a
H20, 0.0116 4.29

WS, NA T™B 1.83 4.31 NA Lin et al., 2014b
H202 0.24 4.52

MoSez NA T™B 0.014 0.56 NA Wu et al., 2018
H20, 0.155 0.99

WSes NA T™B 0.0433 1.43 NA ChenT. M. et al., 2017
H20, 19.53 2.22

VS, NA T™B 0.28 41.6 NA Huang et al., 2018
H20, 3.49 55.7

PtAg/MoS, NA T™B 25.71 7.29 NA Caietal., 2016
H20, 0.386 3.22

N-doped MoS; NA T™B 0.7916 1.796 NA Feng et al., 2020
H20, 0.4459 4.348

NiFe LDHs NA T™B 0.5 £ 0.05 NA NA Zhan et al., 2018
Ho02 2.4+ 041

Ce0,/CoFe LDHs NA T™MB 0.419 NA NA Yang et al., 2020
H2 0, 10.82

AuNi/g-C3Ny NA T™B 0.16 2.34 NA Darabdhara et al., 2019
H20, 4.47 6.16

Au/g-C3Ny NA T™B 0.27 1.27 NA Darabdhara et al., 2019
H20, 11.13 3.44

Ni/g-CsNa NA T™B 0.49 0.75 NA Darabdhara et al., 2019
H202 19.91 1.38

MOF NA T™B 0.365 6.53 NA Chen J. Y. etal., 2018
H20, 2.49 130

h-BN NA T™™B 0.42 NA NA lvanova et al., 2019
H20, 12.2

Pt/h-BN NA T™B 0.21 NA NA Ivanova et al., 2019
H202 9.2

WOs3 NA T™B 10.6 1.58 NA Lietal., 2019
Ho02 1260 3

Pt/CuO NA T™B 0.413 14.6 NA Wang X. H. et al., 2017
H20, 2.887 8.85

Pd NA T™B 0.21 7.01 NA Cai et al., 2020
HoO02 4.44 4.02

Pd 5.06 T™B 0.1098 5.82 1.2 Wei et al., 2015
H2 0, 4.398 6.51 1.3

(Continued)
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TABLE 1 | Continued

Catalyst [E] Substrate V max K cat References
(10-12 M) (mM) (108 Ms) (10*s™)

Au/Pd NA T™B 0.295 19.65 NA Cai et al., 2020
H20, 8.19

Pt/Pd 1.9 T™B 0.0865 6.228 3.1 Wei et al., 2015
H20, 2.231 5 2.5

Rh 1.58 T™B 0.264 12.56 8.2 Caiet al., 2018b
H20, 68.09 445

aKeat = Vmax/E, where E is the concentration of the catalyst.
Not available, NA.

of H,0O, molecules are broken to generate -OH radicals, which
subsequently oxidize the substrates. In a representative example,
Yang’s group found that after the coverage of Au NPs onto the
g-C3Ny NSs (Wu et al.,, 2019), the generation of -OH radicals
remarkably increased during catalysis, evidenced by electron
spin resonance (ESR). The increase in -OH radicals could be
attributed to the synergistic effect of Au NPs and g-C3N4 NSs,
which enhanced the POD-catalysis. By contrast, for the latter,
the 2D NMs mediate ET between the substrates and H,O,
molecules, instead of ROS generation. Take the Au NPs coated
Pd NSs reported by our group (Cai et al., 2020) for example,
with the introduction of Au atoms, the electronic structure of Pd
NSs was modified, which subsequently caused a change in the
catalytic pathway of Pd NSs (i.e., from -OH generation to rapid
ET process).

Different from PODs, ODs catalyze oxidations with O, as the
oxygen source (generally in the open air), instead of unstable
H,0,. The potential oxidative damage of biological species by
H,0; could also be avoided by the use of O,. The metal oxide
NSs like MnO;, NSs (Liu et al., 2017; Yan et al., 2017; Ge et al,,
2019) were found to exhibit OD-like activities, with the merits
of operational simplicity and fine compatibility. Besides, good
stability of MnO; NSs as OD-mimics was also found by several
research groups. For example, Dyson’s group synthesized the
MnO; NSs by exfoliation of bulk §-MnO, in BSA aqueous
solution (Liu et al, 2017). After storage for 3 months, no
significant loss in the activity of NSs was observed. Similar
findings were obtained from Rh NSs (Cai et al, 2018b) and
PtRh/Rh nanocomposites (Cai et al., 2019). In some studies, the
OD-catalysis was believed to go through the generation of ROS
such as superoxide ions (O} ), via cleavage of O-O bonds in O,
molecules (Cai et al., 2019; Ge et al., 2019).

Notably, besides temperature and substrate concentration, the
POD/OD-like activities of 2D nanozymes greatly depend on
system pH (often around 4 is efficient), which is similar to the
0D examples and enzymes. Thus, to facilitate their application in
biosystems, it is highly desirable to develop 2D nanozymes with
a wide range of pH, especially at neutral pH. In an early study,
Qu’s group synthesized the lysozyme-stabilized Au clusters on
GO NSs (Au/GO), which exhibited good catalytic activity over
a broad pH range, even in physiological pH (Tao et al., 2013).
Compared to that at pH 3.0, the POD-like activity of Au/GO
remained about 82 % at pH 7.0. In a recent study, Kim’s group

reported the rosette-shaped C3Ny by the polymerization reaction
between cyanuric acid and melamine, followed by calcination
(Heo et al., 2020). Due to larger surface area and higher porosity,
the activity of as-prepared materials was appropriately 10-fold
higher than that of conventional bulk-C3Ny. Interestingly, the
maximal activity was shown at pH 8.0, and over 80% of the
activity relative to the maximum activity remained across a pH
range of 6.0-9.0.

Although numerous 2D nanozymes exhibited high activity,
the catalysis is also lacking selectivity, similar to the 0D ones.
To this end, Lee’s group synthesized the N- and B-codoped
rGO NSs, which showed high efficiency in POD-catalysis, nearly
1000-fold higher than that of undoped rGO (Kim et al.,, 2019).
More importantly, no OD-like activity was observed for the as-
prepared materials, suggesting high selectivity. The same group
also provided another valuable example, in which the Fe-Ny4
single site, resembled the heme cofactor present in HRP, was
embedded in graphene to obtain the Fe-N-rGO nanocomposites
(Kim et al., 2020). Intriguingly, the nanocomposites not only
showed a remarkable enhancement in catalytic efficiency, up to
appropriately 700-fold higher than that of undoped rGO but had
excellent selectivity toward H>O;. The single-atom nanozymes
(SAzymes), as a very new concept in the nanozyme field (Jiao
etal, 2019), could open a window to develop a new type of highly
active and selective 2D hybrid nanozymes at the atomic scale.

SOD- and CAT-Like Properties

Contrary to oxidative biocatalysts, SODs and CATs are a type of
antioxidant enzyme, which plays an essential part in maintaining
redox balance in living organisms by scavenging excess ROS (Liu
Y. et al, 2014). There are three forms of human SODs [i.e.,
cytosolic CuZn SOD, mitochondrial Mn SOD, and extracellular
SOD, of which the first is the most studied (Korschelt et al.,
2017)]. In a typical cycle of CuZn SOD (Yu et al., 2014; Korschelt
et al., 2017), the metal Cu center shuttles between the Cu?t/Cut
redox states (Equations 2, 3), catalyzing the disproportionation
of O, into O, and H,O; under neutral conditions (Equation 4).

0, + Cu(Il) - O, + Cu(l) )
O, + Cu(l) + 2H" — H,0, + Cu(Il) 3)
205 +2H' — H,0,+ 0, (4)
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Following a similar mechanism to that described above, several
NMs based on V,0s5 nanowires (Vernekar et al., 2014) and
CeOy NPs (Korsvik et al., 2007) have displayed intrinsic
SOD-like activities. The polyvinylpyrrolidone (PVP)-modified
Nb,C NSs obtained by liquid-phase exfoliation (Ren et al,
2019) also provide an interesting example of SOD-mimics. By
density functional theory (DFT) calculations together with the
characterization of active intermediates via X-ray photoelectron
spectroscopy (XPS) and X-ray diffraction (XRD) analysis, the
authors discovered the SOD-like activity of Nb,C NSs originated
from the surface oxidation process, in which Nb,Os formed as
catalytically active species.

CATs accelerate the dismutation of H,O, into O, and H,0,
often in the reaction solutions at a high pH (Wei and Wang,
2013; Huang et al., 2019; Jiang D. W. et al, 2019). Previous
studies have revealed that the CAT-like activities of 0D metal
oxide NPs originated from ion pairs (catalytic sites in two
different oxidation states), such as Co**/Co®t (Mu et al., 2013),
Fe2/Fe3t (Lin and Gurol, 1998), and Mn3*/Mn** (Hasan et al.,
1999). Take Co304 NPs (Mu et al, 2013) for example, the
catalytic mechanism can be described as follows. Under alkaline
conditions, it is believed that there is a larger concentration of
perhydroxyl anions (OOH™) in the reaction system (Equation
5) (Mu et al., 2013). Since OOH™ radicals are more nucleophilic
than H,O, molecules, they could readily interact with Co(III)
centers (Equation 6) to generate Co(II) species and release -OOH
radicals (Equation 7), while H,O, molecules were activated
by Co(II) center to produce -OH radicals (Equation 8). The
coupling reaction of the generated -OH and -OOH radicals gave
water and oxygen as final products (Equation 9).

H,0, + OH™ — OOH™ + H,0 (5)
Co(IIT) + OOH™ — Co(II) - OOH (6)
Co(II) - OOH — Co(II) + -OOH (7)
Co(Il) + H,0, — Co(III) + -OH + OH™ (8)
-OH 4+ -OOH — H;0 + 0O, 9)

The above mechanism could also apply to 2D counterparts.
For example, Jiang’s group prepared MnFe LDHs by simple co-
precipitation, which exhibited intrinsic CAT-like activities (Ruan
et al, 2018). The authors explained that both the Mn3*/4+
and Fe’t species exhibited catalytic activity toward H,O,,
which could be used for H,O, decomposition to generate
oxygen in cancer tissues, to enhance the effect of oxygen-
dependent photodynamic therapy (PDT). In another study,
besides the metal center shuttling during catalysis, Zheng’s group
demonstrated the role of ligands in the CAT-like activity of
MOF NSs. The Cu MOF NSs were synthesized based on the
coordination reaction between the Cu?" ions and isophthalic
acids as ligands, with different substituent groups (e.g., -CHs, -
NO,, -OH, and -NH;) at 5-position (Wang et al., 2019). The
authors found that the CAT-like activity of as-obtained materials
was related to the charge density around Cu atoms in the
NSs, in which the nitro-functionalized NSs exhibited the highest
activity. Since the nitro group is an electron-drawing group while

other groups are electron-donating ones, the positive charge
density around Cu atoms for the nitro-modified NSs was the
highest, which was favorable for the binding of H,O, as an
electron donor.

It is also of note that several 2D NMs were found to have
multiple enzymatic activities. For example, Yang’s group found
that the few-layer MoS,; NSs prepared by liquid-exfoliation
exhibited ternary activities (POD-, OD-, and CAT-like activities)
(Chen T. M. et al,, 2018). As discussed above, these enzymatic
activities could be closely associated with specific reaction
conditions especially system pH, in which the acidic conditions
are usually favorable for POD/OD-mimic catalysis (Qi et al.,
2016; Cai et al., 2017; Darabdhara et al., 2019; Feng et al., 2020),
while a high pH is beneficial to CAT-catalysis (Liu Y. et al., 2014;
Ruan et al., 2018; Wang et al., 2019). Due to the use of various 2D
NM:s in biomedical fields, for a meaningful discussion of enzyme-
like activity, the reaction parameters, nature of materials (e.g.,
morphology, structure, composition, and size), capping agents,
and surface charge, are believed to be taken into account (Cai and
Yang, 2020).

BIOMEDICAL APPLICATIONS OF 2D
NANOZYMES

Toxicology of 2D NMs

To access the full potential of 2D NMs for practical applications,
it is necessary to know their toxicity, including in vitro
cellular uptake, location, toxicity, in vivo biodistribution,
degradation, and excretion. However, to date, few studies have
highlighted biocompatibility.

The in vitro biocompatibility of graphene-based materials,
as the oldest and most studied 2D examples, was found to be
highly related to their structural/compositional parameters
and physicochemical properties, such as morphology, size,
layer numbers, hydrophobicity/hydrophilicity, dispersion,
and concentration (Ghosal and Sarkar, 2018). For example,
hydrophobic and large-size graphene had higher cytotoxicity
than hydrophilic and nanosized counterparts (Sukumar et al,
2020). Cui’s group found that the cytotoxicity of GO was affected
by their concentration, in which the presence of GO with a low
concentration (<10 g mL™!) slightly decreased the viability
of human fibroblast cells (<20% when exposed for 4 days),
but high concentrations of graphene (>50png mL~!) showed
obvious cytotoxicity even after only 1 day of exposure (>20%)
(Wang et al., 2011). This was caused by the agglomerates of
the physiological medium formed between GO layers via 7
- 7 interactions. Since the aggregated macroparticles could
not enter into the cells, they became entrapped on the cell
membrane and gave rise to cytoskeleton disruption, membrane
deformation, and an increase in intercellular stress, ultimately
resulting in cell death. In addition, Koyakutty’s group observed
that the cytotoxicity of pristine graphene could be improved
by carboxyl functionalization (Sasidharan et al., 2011). As the
concentration of pristine graphene increased from 0 to 300 pg
mL~!, the viability of Vero cells decreased remarkably. A lower
concentration of pristine graphene (100 ug mL™!) resulted in
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the death of appropriately 50% of cells, which further increased
to about 60% at 300 pg mL~!. Contrarily, the functionalized
graphene showed negligible effects on the viability, even at the
highest concentration studied. In another study by the same
group, functionalized hydrophilic graphene was found to be
favorable for macrophage cell (RAW 264.7) uptake (Sasidharan
et al., 2012), distinct from the hydrophobic pristine graphene.
The pristine graphene was primarily accommodated at the
cell surface and induced ROS-mediated apoptosis when the
concentration was above 50 g mL~!, which has not been
found for functionalized graphene at a higher concentration of
75 wg mL~!. Despite enhanced cytocompatibility by surface
functionalization, all forms of graphene-based materials could
lead to ROS generation in mammalian cells, which should be
carefully taken into account for biomedical applications (Liao
etal., 2011; Gollavelli and Ling, 2012).

In an earlier study on the in vivo biodegradability of graphene,
Koyakutty’s group revealed that time-bound spectral alternations
using confocal Raman imaging, such as the formation of the
defective D' band, widening of D and G bands, and increase in
Ip/Ig ratio of pristine graphene, embedded in different organs
(e.g., lung, liver, kidney, and spleen of mice) over a time of 8-
90 days (Girish et al., 2013). These observations arose from the
increase in structural disorders in graphene phagocytosed by
macrophages. The most enhanced amount of disorder, which
was observed for the spleen bound samples, caused complete
amorphization after 90 days of intravenous injection. In another
study, after intravenous GO administration, the accumulation
of GO was increased largely in the lung and liver for a longer
time (Liu et al, 2012). GO NSs accumulated because of the
possible instability and nonspecific binding of GO with different
proteins. Since the blood initially flowed to the lung, more GO
NSs were accumulated in the lung than other organs. Dash’s
group investigated the effect of GO and rGO on blood platelet
functions (Singh et al., 2011). In this study, the GO sheets
were found to cause strong aggregatory responses in platelets by
activating a family of Src kinases, which further led to the release
of calcium from intercellular compartments. Moreover, this study
revealed that, due to charge distribution on the surface of GO
NSs, the intravenous administration of GO in mice could trigger
pulmonary thromboembolism. By contrast, rGO was unable to
effectively activate platelets because of reduced charge density on
the graphene surface.

The exploration of TMDs in biomedical areas began in
2013-2014. Similar to graphene-based materials, after surface
modification, several members of TMDs also showed good in
vitro biocompatibility. A relevant example is the WS, NSs
prepared by Lius group using the Li ions insertion method
(Cheng et al., 2014). Without surface modification, the authors
found that the WS, NSs exhibited obvious toxicity toward 4T1
(murine breast cancer cells), HeLa (human epithelial carcinoma
cells), and 293T (human embryo kidney cells) after incubation
for 24h. At a high concentration of 0.1 mg mL~! of WS, NSs,
only about 50% of cells were alive; however, after modification
with PEG, the as-obtained NSs demonstrated no significant
cytotoxicity under the same conditions. Contrarily, without

surface functionalization, Zhao’s group prepared the WS, NSs
by H,SOy intercalation and exfoliation in an aqueous solution,
which showed low toxicity toward HeLa cells (Yong et al., 2014).
The cell viability remained high (above 85%) even at a high
concentration (0.2 mg mL™!). The authors outlined that the
biocompatibility of unmodified WS, NSs could be attributed
to a mild aqueous phase in synthesis, in which the toxic
organic solvents/chemicals were unnecessary. Using a similar
method, Zhao’s group prepared MoS; NSs, followed by coating
with chitosan (Yin et al., 2014). Even at a high concentration
up to 0.4mg mL™!, the as-obtained NSs demonstrated low
cytotoxicity against KB (human epithelial carcinoma cell line)
and Panc-1 (pancreatic carcinoma, epithelial-like cell line). The
functionalized NSs also showed negligible hemolysis of red
blood cells (RBCs), suggesting good blood compatibility. The
above studies revealed that the in vitro toxicity of TMDs could
be affected by synthetic methodology, surface chemistry, and
specific cells. For the investigations on in vivo biocompatibility,
Liu’s group evaluated the toxicity of PEGylated WS, NSs (Cheng
etal., 2014) toward Balb/c mice, by hematoxylin and eosin (H&E)
assay, serum biochemistry assay, and complete blood panel test.
In their study, no obvious abnormal behavior of mice at the
dose of 20 mg kg™! was observed during the assay (45 days after
photothermal therapy). In a similar study by the same group,
the PEGylated MoS, NSs also demonstrated no obvious toxicity
against Balb/c mice, at a relatively lower dose of 3.4mg kg™!
(Liu T. et al., 2014). However, to fully understand their potential
toxicity/metabolism in longer terms, more studies are needed.

Compared to graphene-based materials and TMDs, the
biocompatibility/biosafety of other 2D NMs especially Xenes,
MXenes, and ultrathin metallic NSs, is less explored. Considering
these structural and compositional differences, their solubility,
biodegradation, and biocompatibility could be different
from each other. Presently, the evaluations of in vitro/vivo
biocompatibility of these materials are in progress (Wang S.
G. et al, 2020). Despite the low toxicities of several types of
2D NMs [e.g., MnO; (Gao et al., 2020), g-C3Ny (Liang et al.,
2017), and h-BN (Mateti et al., 2018)] exhibited in preliminary
investigations, it is too soon to confirm the biosafety of 2D NMs
at this stage. Thus, careful systematic tests on their toxicity are
required before practical applications can be developed.

Biomedical Applications of 2D Nanozymes
Biosensors

The accurate determination of biologically important analytes
is of significance for clinical diagnosis. The colorimetric
method, as an appealing one for point-of-care (POC)
applications with many merits (e.g., low cost, simplicity, and
practicality), has attracted considerable interest in biosensing
(Song et al,, 2011).

With good stability and adjustable catalytic activities, 2D
NM:s provide useful platforms for in vitro colorimetric detection.
Recently, the assays for various bioanalytes like small molecules,
cancer cells, and ions, have been proposed based on POD-
like activities of 2D NMs (Table 2). As a typical example, the
colorimetric assays for glucose have been largely developed based
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TABLE 2 | Summary of several typical 2D nanozymes for colorimetric detection of various target analytes.

Analyte Materials Activity LDR LOD References

Glucose GO POD 1-20 uM 1uM Song et al., 2010
Glucose FePd/rGO POD 1-200 uM 1.76 uM Yang et al., 2019
Glucose MoS, POD 5-150 uM 1.2puM Linetal., 2014a
Glucose WS; POD 5-300 pM 29uM Linetal., 2014b
Glucose WSe, POD 10-60uM 10uM ChenT. M. etal., 2017
Glucose VS, POD 5-250 pM 1.5uM Huang et al., 2018
Glucose PtAg/MoS, POD 1-10puM 0.8uM Caiet al., 2016
Glucose NiFe LDHs POD 0.05-2.0mM 23 +2uM Zhan et al., 2018
Glucose CeO,/CoFe POD 0.05-2.0mM 15uM Yang et al., 2020
Glucose 9-C3Ny POD 5-100 uM 1.0puM Linetal., 2014c
Glucose Au/g-CsNy POD 5-100 pM 1.2puM Wu et al., 2019
Glucose Pd/g-CsNa POD 50-2,000 pM 50 uM Zhang W. C. et al., 2019
Glucose Fe/g-C3Ny POD 0.5-10uM 0.5uM Tian et al., 2013
Glucose AuNi/g-C3N4 POD 0.5-30 M 1.7puM Darabdhara et al., 2019
Glucose Au/Pd POD 5-400 pM 0.85uM Cai et al., 2020
Glucose Pt/Pd POD 0.1-0.5mM NA Wei et al., 2015
Glucose Au/MOF GOx, POD 10-300 uM 8.5uM Huang et al., 2017a
AA Pt/CuO POD 1 uM—-0.6mM 0.796 uM Wang X. H. et al., 2017
AA Ir02/GO POD 5-70 uM 324nM Sun et al., 2020

GSH MnOz oD NA 300nM Liu et al., 2017

GSH MnO» oD 10 nM—=5uM 5.6nM Ge et al.,, 2019

GSH IrO2/rGO POD 0.1-50 uM 83nM LiuX. L. etal., 2019
Cysteine IrO2/rGO POD 0.1-50 uM 40nM LiuX. L. etal., 2019
Homocysteine IrO>/rGO POD 0.1-50 uM 57nM Liu X. L. et al., 2019
Xanthine Rh POD 2-80 uM 0.73uM Caiet al., 2018b
Xanthine WOg3 POD 25-200 uM 1.24uM Lietal, 2019

Xanthine MoSez POD 0.01-0.32mM 1.964 M Wu et al., 2018
Dopamine Pt/BN POD 2-55uM 0.76 uM lvanova et al., 2019
Dopamine CuS/rGO POD 2-100 uM 0.48 uM Dutta et al., 2015
Cholesterol CuS/BN POD 10-100 uM 2.9uM Zhang et al., 2017
AChe MnO» oD 0.1-15mU mL~! 35 pU mL! Yan et al., 2017

MCEF-7 cells Au/GO POD NA 1,000 Tao et al., 2013

MCEF-7 cells PtCu/MoS, oD NA 300 Qietal., 2016

MCF-7 cells Pt/GO POD NA 125 Zhang L. N. et al., 2014
S%~ ions MoS5/g-C3Ny POD 0.1-10pM 37nM Liu et al., 2020

Fe?t ions MoS, POD 0.01-0.8 uM 7nM Wang et al., 2016
Pb?* ions WS, POD 5-80 pg L 4pg LT Tang et al., 2020
aAcetylcholinesterase.

AChe, Linear detection range; LDR, Limit of detection, LOD.

on a host of 2D NMs and their hybrids, including graphene
derivatives [e.g., GO (Song et al., 2010), FePd/rGO (Yang et al.,
2019)], TMDs [e.g., MoS; (Lin et al.,, 2014a), WS, (Lin et al.,
2014b), WSe; (Chen T. M. et al,, 2017), VS, (Huang et al,
2018)] and their hybrids [e.g., PtAg/MoS, (Cai et al., 2016)],
LDHs [e.g., NiFe (Zhan et al,, 2018)], and their hybrids [e.g.,
CeO,/CoFe (Yang et al., 2020)], g-C3Ny (Lin et al., 2014c) and its
hybrids [e.g., Au/g-C3Ny (Wu et al., 2019), Pd/g-C3Ny4 (Zhang
W. C. et al,, 2019), Fe/g-C3Ny (Tian et al., 2013), and AuNi/g-
C3Ny (Darabdhara et al., 2019)], and metallic NSs-based hybrids
[e.g., Au/Pd (Cai et al, 2020) and Pt/Pd (Wei et al, 2015)].

Some of them showed excellent analytic performance (e.g.,
wide linear detection range, high sensitivity, and selectivity) for
glucose detection and demonstrated practicality and superiority
for real samples. However, it is noteworthy that these materials
could only be employed to mimic PODs and that glucose
oxidase (GOx) was required for detection, since it catalyzed
the aerobic oxidation of glucose to generate H,O,. Intriguingly,
Zhang’s group proposed a non-enzyme colorimetric assay
for glucose based on GOx- and the POD-like activities of
Au/MOF, which catalyzed cascade reactions for detection (Huang
et al., 2017a). The multifunctional enzymatic properties of
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hybridized 2D NMs provide valuable opportunities to develop
advanced biosensors.

By taking advantage of POD-/OD-like activity of 2D NMs,
the colorimetric assays for other analytes like AA (Wang X. H.
et al,, 2017; Sun et al., 2020), biothiols [e.g., GSH (Liu et al.,
2017; Ge et al.,, 2019; Liu X. L. et al., 2019), cysteine (Liu X. L.
et al,, 2019), and homocysteine (Liu X. L. et al., 2019)], xanthine
(Cai et al.,, 2018b; Wu et al,, 2018; Li et al, 2019), dopamine
(Dutta et al., 2015; Ivanova et al., 2019), cholesterol (Zhang et al.,
2017), acetylcholinesterase (Yan et al., 2017), cancer cells (Tao
et al., 2013; Zhang L. N. et al., 2014; Qi et al,, 2016), ions [e.g.,
S2~ (Liu et al., 2020), Fe** (Wang et al., 2016), and Pb** (Tang
et al.,, 2020)], have also been established by different groups. The
colorimetric biosensing based on 2D nanozymes continues to be
a rapidly growing field.

Antibacterial Agents

The POD-like activities of 2D NMs have gained ever-increasing
interest in antibacterial applications. For example, Yang’s group
prepared MoSe, NSs by exfoliation of bulk MoSe, powder in
the aqueous solution of carboxyl-modified silk fibroin under
sonication conditions (Huang X.-W. et al, 2017). In their
study, a high concentration of H,O, (100mM) alone was
required to eliminate most Gram-negative bacteria E. Coli,
while only 100 uM H;O; could display excellent antibacterial
activity in the presence of MoSe; NSs (50 pg mL~!). The
effectiveness of a combination of MoSe, NSs and H,O, was
further verified for disinfection and healing of Kunming mice
with infected skin wounds. The study provided a type of TMD-
based antibacterial agents with the usage of low-dose H,O»,
which potentially avoid the harmful side effects of high-dose
H,0; in traditional medical therapy. Similarly, Yin’s group (Ma
D. Q. et al, 2020) and Gu’s group (Wang T. et al, 2020)
respectively reported good antibacterial efficacy of lysozyme-
modified MoS, NSs and N-doped MoS; or WS, NSs, against
E. Coli and Gram-positive Bacillus subtilis. The POD-mimics
catalyzed H,O, decomposition to generate -OH radicals, which
promoted bacteria-infected wound healing. Several 2D hybrid
NMs like Au/g-C3Ny (Wang Z. Z. et al, 2017) also showed
potential in antibacterial agents.

Recently, Qu’s group constructed a self-activated cascade
reagent based on GOx-adsorbed 2D Cu-TCPP(Fe) MOF NSs
(Figure 2A), which was used together with glucose in the
antibacterial system (Liu X. P. et al, 2019). The authors also
created the wound model on the back of Kunming mice
and prepared a MOF/GOx-band-aid for the in vivo bacterial
study (Figure 2B). The principle was based on the consecutive
reactions, in which GOx firstly catalyzed the oxidation of glucose
to gluconic acid and H,O,, which was further catalytically
decomposed into -OH radicals by MOF NSs as a POD-mimic,
thus leading to an antibacterial effect and ultimately, wound
healing (Figure 2C). In the in vitro antibacterial investigation, the
group (glucose + MOF/GOx) led to high bacteria inactivation
rates, up to 88% and 90 % for E. Coli and S. aureus, respectively.
By contrast, for the control groups including (1) PBS, (2) glucose,
(3) glucose + MOE and (4) MOF/GOx, the viabilities remained
above 50% for the two bacteria. In the in vivo antibacterial study,
the bacteria for the group (glucose + MOF/GOx-band-aid) were
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FIGURE 2 | lllustration of (A) composition, (B) use for wound healing of mice,
and (C) antibacterial mechanism of 2D MOF/GOx hybrid nanozyme.
Reproduced with permission from Liu X. P. et al. (2019). Copyright 2019
American Chemical Society.

decreased to 9.1%; however, the bacteria for the control group
(glucose + GOx-band-aid) were only decreased to 56.5%. These
results showed high antibacterial activity of MOF/GOx. More
interestingly, since H,O, is an oxidant that was continuously
produced by oxidation of glucose in the cascade catalysis, the
study provided a benign antibacterial system to avoid the direct
introduction of highly concentrated H,O5.

Antioxidants

2D NMs had important applications in antioxidants. Table 3
shows a summary of 2D nanozymes as antioxidants. Typical
examples include GO NSs (Halim et al., 2019), Se NPs in situ
grown on GO NSs (Huang et al., 2017b), and MoS; NSs prepared
by sonication-assisted exfoliation (Chen T. M. et al.,, 2018). In
another example, the different TMDs (WS,, MoSe;, and WSe;)
were functionalized with an amphiphilic poly(e-caprolactone)-b-
PEG (PCL-b-PEG) diblock copolymer, which efficiently captured
mitochondrial and intracellular ROS and reaction nitrogen
species (RNS) like -NO radicals, of which the WS, NSs displayed
the best performance (Yim et al., 2020). With effective scavenging
of ROS and RNS as well as suppression of inflammatory cytokines
of WS, NSs, the survival rate of the septic mice remarkably
increased to 90%.

Chen’s group found that the PVP-functionalized Nb,C
NSs could greatly reduce ROS generation caused by ionizing
radiation, thereby providing a kind of antioxidant based on 2D
nanozymes for radioprotective applications (Ren et al., 2019).
Wang’s group also demonstrated the potential of Se-modified
g-C3Ny NSs against oxidative stress (Cao X. N. et al., 2020).

Therapeutics

A new hotspot in nanozyme research is the integration of
enzymatic properties for therapy. Using an in situ growth
strategy, Liu’s group fabricated Pt NPs decorated on the surface
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TABLE 3 | Summary of representative 2D nanozymes as antioxidants.

2D NMs Enzymatic Applications References
activity
GO NSs SOD, CAT Protecting mesenchymal Halim et al., 2019
stem cells from ROS
accumulation
Se/GO Glutathione protecting RAW264.7 cells
Peroxidase from oxidative stress by Huang et al., 2017
catalyzing HoO2
decomposition to HoO
MoS, NSs SOD, CAT Protecting Escherichia coli ~ Chen T. M. et al.,
(E. coli), Staphylococcus 2018
aureus (S. aureus) and A549
cells from HyOs-induced
oxidative stress
WS;, MoSe,  SOD, CAT Scavenging mitochondrial ~ Yim et al., 2020
and WSe, NSs and intracellular ROS and
coated with RNS in lipopolysaccharide
PCL-b-PEG (LPS)- or bacteria-induced
inflammatory cells
PVP-modified SOD Scavenging ROS against Ren et al., 2019
Nb>C NSs ionizing radiation
Se-modified CAT Protecting A549 cells from  Cao X. N. et al.,
9-C3N4 NSs ROS-induced damage 2020

of black phosphorus (BP) NSs, obtained by the liquid exfoliation
method (Figure 3A) (Ouyang et al, 2018). The as-obtained
BP NSs were freestanding with several hundred nanometers
(Figure 3B), while the Pt NPs had an average size of appropriately
4.2 nm (Figure 3C), with the crystal lattice fringe of 0.223 nm of
(111) plane. The element distribution was further obtained from
high-angle annular dark-field scanning TEM (HAADF-STEM)
image (Figure 3D) and element maps (Figures 3E,F). The as-
obtained Pt/BP nanocomposites integrated CAT-like activity of
Pt NPs and photodynamic therapy (PDT) activity of BP NSs,
in which the Pt NPs catalytically decomposed the accumulated
H,0; in tumors to relieve tumor hypoxia (Figure 3A). In the
in vitro antitumor experiment, the BP NSs alone only reduced
26% of cell viability under near infrared (NIR) light irradiation,
while about 65% of tumor cells were dead after the treatment
of the Pt/BP. The result showed that the elevated O, level
caused by CAT-catalysis of Pt NPs remarkably improved the
PDT efficiency of BP NSs. Moreover, as a result of the Pt/BP
treatment, the overexpression of hypoxia-inducible factor-lo
(HIF-1a), which is associated with therapy resistance in tumor
cells, was significantly down-regulated, since the intensity of
fluorescence appeared on the tumor slices of mice was decreased
by 64% in the immunohistochemical staining experiment. The
down-regulation of HIF-1a by the Pt/BP decreased the tumor
apoptotic resistance, which ultimately enhanced the therapeutic
effect in the in vivo antitumor experiment, in which the growth
of the tumor was completely regressed by the treatment of Pt/BP,
while the treatment of BP NSs alone only led to a decline in about
47% of average tumor size.

By using a similar in situ growth method, Sun’s group
synthesized Pt NPs coated 2D MOE that is, Sm-modified
tetrakis(4-carboxyphenyl)porphyrin (Sm-TCPP), which afforded

a multifunctional nanozyme with excellent tumor specificity
for enhanced PDT efficiency (Cao Z. G. et al., 2020). In their
study, the Pt NPs acted as a CAT-mimic, catalyzing over-
expressed H,O; in a tumor microenvironment (TME) into O,.
The generated O, was further catalytically transformed to 'O,
by Sm-TCPP, owing to its high ROS generation capacity under
light irradiation.

PROSPECT AND CHALLENGES

This review has undertaken a summary of recent progress in
developing 2D NMs with enzyme-like activities for diversified
biomedical applications. The continuous advancement of
nanoscience and nanotechnology in relation to 2D NMs will
offer great opportunities to develop new types of nanozymes with
varied functionalities in the future. Meanwhile, the exploration
of new biocatalytic properties and integration of enzymatic
activities of 2D NMs with other nanostructures like 0D NPs have
potentially limitless applications in biomedical areas, and more
fundamental technological breakthroughs in 2D nanozymes are
expected in the near future.

Despite the many achievements that have been made in
research on 2D nanozymes, studies on this field are still in the
initial stages and future studies must address some challenges.
Firstly, compared to 0D NPs with easy preparation, it is
challenging to achieve the controlled synthesis of 2D NMs with
uniform thickness, desirable size, and colloidal stability. Despite
great success in creating layered materials by the top-down
methods, there are still some obvious shortcomings. A typical
example is the synthesis of TMDs for biomedical applications,
in which the liquid exfoliation and chemical intercalation
methods were adopted in most studies. Although the former
had a high yield with simple operations, the morphologies
of the obtained products had a lack of uniformity, often
involving a mixture of single and few-layer sheets with different
lateral dimensions (Agarwal and Chatterjee, 2018). Despite the
more uniform single-layer NSs created by the latter, it both
brought structural and electronic deformations and involved
toxic reagents. The chemical intercalation process was highly
sensitive to the environment and time-consuming. Therefore,
it is still desirable to develop an efficient method to prepare
TMDs. Another example is the metallic NSs. Bearing lots of
unsaturated atoms, the ultrathin metallic nanostructures are
difficult to stabilize, because metal atoms readily form 3D close-
packed crystals. Despite tremendous efforts in the synthesis of
metallic NSs by bottom-up protocols, the formation mechanism
in most reports was proposed based on a simple correlation
between a few synthetic parameters and the final shape, in which
several characterization techniques (e.g., TEM, XRD, etc.) were
employed to identify reaction intermediates, were formed either
at certain time intervals or in the control experiments (Chen Y.
et al., 2018). However, there is not enough evidence relating to
authentic reactive species during synthesis. Therefore, to better
understand the formation process (e.g., nucleation, growth, and
assembly) of metallic NSs for synthesis, it is essential to carry out
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FIGURE 3 | (A) lllustration of synthesis and antitumor process of Pt/BP nanocomposites as well as their characterization: (B) TEM image of BP NSs and (C) Pt/BP
nanocomposites (inset shows the high-resolution TEM image of a Pt NP), (D) high-angle annular dark-field scanning TEM (HAADF-STEM) image of Pt/BP, elemental
maps of (E) P, and (F) Pt. Adapted with permission from Ouyang et al. (2018). Copyright 2018 Royal Society of Chemistry.

more in situ studies on the morphological evolution toward the  (both short-term and long-term), cellular-uptake mechanism,

2D structure. and the metabolic pathways of 2D NMs should be systematically
Secondly, despite the fascinating enzymatic properties of  tested for clinical trials.
numerous 2D NMs, few studies on the in-depth catalytic Finally, it is acknowledged that many of the current

mechanism are available. At present, it is still difficult to predict  applications of 2D nanozymes that display an outstanding

the nanozyme activity of 2D NMs for a specific structure.  performance are just proof-of-concept and have only

It is also difficult to achieve the best performance (e.g., been performed in laboratories. A number of reports fail

activity and selectivity) for a specific application in biomedical = to examine processability, scale-up possibility, and cost.

areas, and hard to design the desired 2D nanozymes with  The long-term stability and durability of 2D nanozymes

optimal structures. Fundamentally, the missing link of structure- ~ are also less explored by researchers. Accordingly, there

property relationship is largely because the enzyme-catalysis is still a long way to go before 2D nanozymes can be

mechanism of 2D NMs remains unclear. For example, we must ~ implemented in practical applications, which ultimately

ask what the true active sites of 2D NMs and catalytically  require interdisciplinary collaboration from chemistry, materials

active intermediates during enzyme-catalysis are. In this regard,  science, and biology.

a deeper understanding of the catalytic mechanism of 2D

nanozymes could benefit from in situ experimental studies AUTHOR CONTRIBUTIONS

and theoretical calculation by establishing appropriate models

for catalysis, which are beneficial to the structural design of = RY: design the work. SC: drafting the manuscript. All

2D nanozymes. authors contributed to the article and approved the
Thirdly, unlike 0D nanosystems, the biocompatibility and  submitted version.

environmental stability of 2D NMs remains largely unknown,

to date. Despite numerous studies on the biocompatibility ~FUNDING

of graphene-based NMs and TMDSs, evaluations of the

toxicity of other types of 2D NMs are urgently required. The = This work was supported by the Strategic Priority Research

solubility, biodegradation, and biocompatibility of 2D NMs  Program of the Chinese Academy of Sciences (XDB36000000),

could be different from each other due to differences in  the National key research and development program

their structure, composition, the methodology of synthesis and  from the Ministry of Science and Technology of China

functionalization, and the cells studied. Therefore, it is hard to  (2016YFC0207102), and the National Natural Science

speculate whether a specific 2D NM is toxic or not. Their toxicity =~ Foundation of China (21503053).
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