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Single-atom nanozymes: From bench to bedside
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ABSTRACT
Single-atom nanozymes (SANs) are the new emerging catalytic nanomaterials with enzyme-mimetic activities, which have many
extraordinary  merits,  such as  low-cost  preparation,  maximum atom utilization,  ideal  catalytic  activity,  and optimized selectivity.
With  these  advantages,  SANs  have  received  extensive  research  attention  in  the  fields  of  chemistry,  energy  conversion,  and
environmental  purification.  Recently,  a  growing  number  of  studies  have  shown  the  great  promise  of  SANs  in  biological
applications. In this article, we present the most recent developments of SANs in anti-infective treatment, cancer diagnosis and
therapy, biosensing, and antioxidative therapy. This text is expected to better guide the readers to understand the current state
and future clinical possibilities of SANs in medical applications.
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1    Introduction
Enzymes  are  catalytically  active  proteins  or  RNAs  produced  by
cells  which  speed  up  specific  biological  reactions  in  living
organisms. They have an enormous potential for being applied in
various  fields  like  environmental  protection,  biomedicine,
agricultural  engineering,  and  food  industry  [1–3].  However,  the
protein  or  RNA  nature  of  enzymes  hinders  their  large-scale
application  because  of  their  instability,  high  preparation  cost,
immunogenicity,  low recycling efficiency, and strict requirements
for external  conditions.  Thus,  it  is  meaningful  to develop various
artificial catalysts for different reactions [4–7]. Benefiting from the
progress  of  nanotechnology,  more  and more  nanomaterial-based
enzyme  mimics  have  been  discovered  [8, 9].  In  2004,  the  name
“nanozyme” was  firstly  proposed  by  Scrimin,  describing  a  gold
nanoparticle-based transphosphorylation catalyst [10]. Three years
later,  Yan  et  al.  found  that  Fe3O4 nanoparticles  have  peroxidase
(POD)-like  activities,  which  significantly  encouraged  the
development  of  nanozymes  [11].  Nanozymes  have  attracted
worldwide  attention  due  to  their  advantages  of  low  cost,
convenient  preparation,  long-term  storage,  less  immunogenicity,
and  especially  higher  efficiency  [9, 12–14].  Nonetheless,  the
practical  application  of  nanozymes  is  constrained  by  their
ambiguous  structure,  uncertain  catalytic  mechanism,  and
insufficient substrate selectivity.

With the progress  of  synthetic  technologies,  in 2011,  Zhang et
al.  firstly  brought  the term of “single-atom catalysts  (SACs)” and
opened a new window for nanozymes by fabricating a novel single-
atom Pt1/FeOx catalyst,  which possessed high catalytic activity for

CO  oxidation  [15].  Subsequently,  numerous  researchers  have
devoted themselves to synthesizing more variety of SACs [16–22].
Up  to  now,  various  kinds  of  SACs  including  noble  metal-based
SACs (e.g., Au, Pd, Pt, and Ag), common metal-based SACs (e.g.,
Fe, Co, Ni, Cu, and Zn), and dual metal SACs exhibiting excellent
performance have been successfully prepared for diverse catalytic
reactions  [23–25].  SACs  combine  the  strong  points  of
homogeneous and heterogeneous catalysts and exhibit superiority
in  catalytic  activity  and  selectivity.  Undoubtedly,  SACs  have
become a research hotspot and frontier trend in the field of energy
storage  and  conversion,  electrocatalysis,  thermocatalysis,
photocatalysis,  etc.  [26–35].  In  contrast  with  the  conventional
metal  catalysts,  SACs  are  formulated  by  uniformly  isolating
separate  single  metal  atoms  onto  various  supports.  SACs  have
diverse types of structures, such as M-Nx (M: Fe, Mn, Co, Zn, Cu,
etc.; N: nitrogen), metal-metal oxides (e.g., Pt/CeO2) [21]. Among
SACs, M-Nx SACs have been intensively studied and are expected
to  be  substitutes  for  natural  enzymes  because  the  stable
coordination  bonds  (M–Nx)  formed  between  metal  atoms  and
nitrogen  atoms  are  similar  to  natural  metalloenzymes,  such  as
heme  Fe–N4 and  cytochrome  P450.  Since  the  structure  and
catalytic performance of SACs can be fabricated similar to natural
enzymes,  SACs  with  enzyme-like  properties  can  be  used  for
mimicking  the  biocatalytic  reactions  and  referred  to  as  single-
atom  nanozymes  (SANs)  [36, 37].  Attributed  to  their  superior
performance, high substrate specificities, excellent catalytic activity,
and  good  biocompatibility,  single-atom  catalysts  exhibit  huge
application  potential  in  biomedicine  [38–40].  In  this  review,  we
mainly  focus  on  the  latest  research  progress  of  single-atom
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nanozymes  in  biomedical  applications,  including  anti-infective
treatment,  cancer  diagnosis  and  treatment,  biosensing,  and
antioxidative therapy. 

2    Applications  of  SANs  in  the  treatment  of
infection
Infectious diseases caused by bacteria or virus pose a huge threat
to health and even lead to death. Infection can occur in almost all
organs or systems of the body. In recent decades, antibiotics have
been considered as terminators of infections. However, the misuse
and abuse of antibiotics results in the emergence of drug-resistant
bacteria. It is estimated 700,000 people a year die of drug-resistant
bacteria infections [41–43]. In this case, it is important to develop
novel  materials  for  treating  infections  [44, 45].  Recently,
SACs/SANs  have  shown  great  potential  in  fighting  against  the
infection (Table 1).
  
Table 1    Applications of SACs/SANs in infection treatment

SACs/SANs Enzyme-like
activities Application References

g-ZnN4-MoS2
Sonocatalytic

property Osteomyelitis treatment [46]

HNTM-Pt@Au Sonocatalytic
property Osteomyelitis treatment [47]

Cu SASs/NPC POD, GSH Wound disinfection [48]

PMCSs POD Wound disinfection [49]

SAF NCs POD Wound disinfection [50]

FeN5 SA/CNF OXD Wound disinfection [51]

Co/PMCS SOD, CAT, GSH-Px Sepsis [52]

Ag-TiO2 POD Elimination of SARS-
CoV2 [53]

  

2.1    Treatment of bone infection
Bone  infection  is  mainly  caused  by  bacteria  and  can  lead  to
progressive  bone  destruction,  permanent  disability,  and  even
death.  Despite  current  treatment  combines  various  antibiotics
with  surgery,  the  emergence  of  multi-drug  resistant  microbes
presents significant therapeutic challenges [54, 55].  Recent studies
have  demonstrated  SACs  provide  a  new  breakthrough  for  the
treatment  of  osteomyelitis.  For  example,  Feng  and  co-workers
designed  a  sonosensitizer  named  g-ZnN4-MoS2,  consisting  of
porphyrin-like  Zn  single-atom  catalysts  (g-ZnN4)  and  MoS2
quantum  dots  [46].  The  antibacterial  efficiency  of  killing
methicillin-resistant Staphylococcus  aureus (MRSA)  could  reach
99.58% via efficiently generating O2 under ultrasound irradiation.
Moreover, the sustained release of Zn2+ from g-ZnN4-MoS2 in safe
concentration  significantly  promoted  osteogenic  differentiation
(Fig. 1(a)).

In  another  study,  Yu  and  colleagues  fabricated  a  single-atom
catalyst  consisting  of  rat  red  cell  membrane  (RBC)  and  gold
nanorods (Au NRs) driving single-atom doping zirconium-based
porphyrin metal-organic skeleton (HNTM-Pt@Au). The obtained
RBC-HNTM-Pt@Au  showed  good  efficacy  in  treating
osteomyelitis  caused  by  MRSA  via  its  sonodynamic  bactericidal
activity  and  dynamic  detoxification  ability  (Fig. 1(b)).  The  above
works  suggested  that  SACs  could  be  therapeutic  alternatives  for
efficient treatment of bone infection [47]. 

2.2    Treatment of infected wounds
Wound  infection  is  one  of  the  leading  causes  of  non-healing
wounds [56, 57]. Recent studies showed SANs could accelerate the
wound  healing  process.  For  example,  Cu  single-atom  sites/N
doped  porous  carbon  (Cu  SASs/NPC)  was  produced  through  a

pyrolysis-etching-adsorption-pyrolysis  method  [48],  which
exhibited higher POD-like catalytic activity and generated a great
amount  of  hydroxyl  radicals  (·OH)  to  fight  bacteria.  In  addition,
the  glutathione  peroxidase  (GSH-Px)-mimic  property  of  Cu
SASs/NPC also assists the sterilization effect by depleting GSH of
bacteria. Moreover, the noteworthy near-infrared light absorption
ability  of  Cu  SASs/NPC  generated  hyperthermia  and  improved
the POD-like catalytic activity to kill bacteria. The MRSA-infected
wound  model  revealed  that  Cu  SASs/NPC  could  remarkably
eliminate  bacterial  infections  and  promote  wound  healing  (Fig.
2(a)).  Xu  and  coworkers  prepared  a  SAN  by  using  zinc-based
zeolitic-imidazolate  framework  (ZIF-8)  as  precursor.  This  SAN
(named PMCSs) showed excellent POD-like activity, which could
effectively  inhibit Pseudomonas  aeruginosa and  eventually
significantly accelerate wound healing [49].

Huo  et  al.  prepared  a  nitrogen-doped  amorphous  carbon
supported  iron  single-atom  Fe  nanocatalysts  (SAF  NCs)  with
POD-mimic  activities  and  excellent  photothermal  performance
[50].  Both  the  Gram-negative  representative  bacteria Escherichia
coli and Gram-positive  representative  bacteria S.  aureus could  be
effectively  killed  at  62.5  μg/mL  of  SAF  NCs. Moreover,  the
antibacterial  efficiency  was  enhanced  by  the  photothermal
performance of  SAF NCs.  Bacterial  infection models  proved that
SAF  NCs  effectively  eradicated E.  coli and S.  aureus and  aided
wound healing (Fig. 2(b)). Huang and fellows developed a SAN of
axial  N-coordinated  single-atom  Fe  confined  by  carbon
nanoframe  (FeN5 SA/CNF)  via  bottom-up  strategy  [51].  They
found  FeN5 SA/CNF  exhibited  excellent  bactericidal  effect  and
promoted wound healing in vivo. 

2.3    Treatment of sepsis
Sepsis, which has high morbidity and mortality, is a severe organ
dysfunction  resulted  from  the  dysregulated  host  response  to
infection  [58, 59].  During  sepsis,  overproduction  of  endogenous
reactive oxygen species (ROS) and reactive nitrogen species (RNS)
results in cytotoxic effects and organ damage [60, 61]. It is urgent
to  develop  new  materials  with  the  ability  to  obliterate  ROS  and
RNS.  In  2020,  Cao  et  al.  prepared  Co/PMCS  through  the  high
temperature  decomposition  of  Co-doped  ZIF-8,  which  could
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Figure 1    Application of  single-atom catalysts  in  bone infection treatment.  (a)
Schematic  illustration  of  treatment  of  osteomyelitis  through  g-ZnN4-MoS2.
Reproduced  with  permission  from  Ref.  [46],  ©  Feng,  X.  B.  et  al.  2021.  (b)
Schematic  illustration  of  treatment  of  osteomyelitis  through  RBC-HNTM-
Pt@Au.  Reproduced  with  permission  from  Ref.  [47],  ©  American  Chemical
Society 2021.
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efficiently scavenge multiple ROS and RNS to mitigate sepsis [52].
Co/PMCS  possessed  excellent  superoxide  dismutase  (SOD)-like
activity,  catalase  (CAT)-like  activity,  and  GSH-Px-like  activity  to
eliminate  O2

·− and  hydrogen  peroxide  (H2O2)  and  removed  ·OH
through  the  redox  cycling.  More  importantly,  Co/PMCS  also
eliminated nitric oxide by forming nitrosyl-metal complex. In vivo
lipopolysaccharide  (LPS)-induced sepsis  model  showed Co-SACs
could not only effectively reduce pro-inflammatory cytokines, but
also  reduce  the  production  of  systemic  ROS  and  RNS  and
promote  functional  recovery  of  multiple  organs  in  mice  with
sepsis.  This  study  proved  the  therapeutic  potentials  of  SANs  for
sepsis management. 

2.4    Antiviral activity against coronavirus
The emergence of severe acute respiratory syndrome coronavirus
2  (SARS-CoV2)  has  caused  an  unprecedented  pandemic,  which
not  only  threatens  human  health,  but  also  drastically  affects  our
way  of  life  and  puts  a  huge  burden  on  the  economy  of  entire
world [62]. Up to date, there are no specific drugs against SARS-
CoV2.  Recently,  Wang  et  al.  prepared  a  titanium  dioxide
supported  SAN  composed  of  atomically  dispersed  silver  atoms
(Ag-TiO2 SAN) using a wet chemistry technology [53]. Since Ag-
TiO2 SAN can interact with the spike protein of SARS-CoV2, the
adsorption  capacity  of  Ag-TiO2 SAN  to  pseudo-typed  SARS-
CoV2 was higher than that of traditional nano-Ag and nano-TiO2.
Besides,  the  strong  binding  between  Ag  atoms  of  Ag-TiO2 SAN
and  cysteine  and  asparagine  of  spike  1  receptor  binding  domain
(S1 RBD) significantly inhibited the binding of S1 RBD to human
angiotensin  converting  enzyme  2  and  thus  protected  host  cells
against SARS-CoV2 infection.

Ag-TiO2 SAN promoted the ingestion of  pseudo-typed SARS-
CoV2  by  macrophages,  and  subsequently  induced  high  level  of
ROS  in  macrophages  lysosomes  under  acid  conditions,  thereby
degrading  the  virus  without  damaging  cells. In  vivo experiment
indicated  that  Ag-TiO2 SAN  exhibited  efficient  antiviral  activity

against  pseudo-typed  SARS-CoV2  in  the  early  and  late  infection
phases  (Fig. 3).  These  results  prompted  us  to  design  more  SANs
against SARS-CoV2.
  

Figure 3    Schematic  illustration  of  the  anti-SARS-CoV2  activity  of  Ag-TiO2

SAN. Reproduced with permission from Ref. [53], © Wang, D. J. et al. 2021.
  

3    Applications of SANs in cancer diagnosis and
therapy
Cancer  is  one  of  the  most  feared  disabling  diseases,  which  is
difficult to be diagnosed at early stage and has a high mortality. It
brings  both  physical  and  mental  damage  to  individuals  and
imposes huge economic burden on the family and society. Despite
significant  advances  in  theories  and  technologies  of  surgery
therapy,  chemotherapy,  and  radiotherapy,  these  conventional
methods  encounter  many  problems  and  challenges  such  as  high
cost,  low therapeutic efficiencies, drug resistance, and undesirable
severe  side  effects.  Hence,  it  is  of  great  significance  to  find  more
effective  ways  to  diagnose  and  treat  cancer.  In  the  last  decades,
multiple  studies  demonstrated  the  great  potential  of  SACs/SANs
in  cancer  diagnosis  and  treatment  (Table  2).  SACs/SANs  can  be
used in combination with other therapeutic patterns, which could
remarkably  enhance the anticancer  efficacy while  reduce the side
effects [63–70]. 

3.1    Diagnosis of prostate cancer
Prostate cancer is a common malignant cancer in male worldwide
[84].  The  early  diagnosis  of  cancer  is  critical  for  the  therapeutic
efficacy  and  prognosis.  The  screening  and  diagnosis  of  prostate
cancer often relies on the measurement of prostate specific antigen
(PSA),  which  is  generated  from  prostatic  epithelial  cells  and
elevated in prostate cancer and other prostate diseases [85, 86].

Based  on  ion  exchange  reaction  of  Zn0.5Cd0.5S  anchored  by
single-atom  Pt  (denoted  as  Pt  SA-Zn0.5Cd0.5S)  with  cupric  oxide
nanoparticle,  a  highly  sensitive  photoelectrochemical
immunoassay  was  successfully  constructed  for  determination  of
PSA [71]. Pt SA-Zn0.5Cd0.5S exhibited strong specificity and ultra-
sensitivity  for  PSA  and  the  detection  limit  was  as  low  as
0.22  pg/mL.  There  is  not  much  difference  between
commercialized  PSA  ELISA  kit  and  Pt  SA-Zn0.5Cd0.5S  in
determination  of  PSA,  suggesting  Pt  SA-Zn0.5Cd0.5S  has  great
potential for prostate cancer screening and diagnosis.

In another study, Chen et al. synthesized a Pt clusters loaded Fe
single-atom  catalyst  (denoted  as  FeSA-PtC)  [72].  Owing  to  the
hierarchical porous structure and synergism of Fe single-atom and
Pt clusters, FeSA-PtC possessed highly active POD-like activity. The
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Figure 2    Application of single-atom nanozymes in wound infection treatment.
(a) Cu SASs/NPC were prepared against bacteria. Reproduced with permission
from Ref. [48], © Wang, X. W. et al. 2021. (b) Antibacterial effect of SAF NCs.
Reproduced with permission from Ref. [50], © WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim 2019.
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cascade signal amplification method was constructed for detection
of PSA by combining glucose oxidase (GOD) with POD-like FeSA-
PtC nanozyme,  exhibiting  a  wide  linearity  range  of  PSA  (8  to
1,000 pg/mL) and a low detection limit at 1.8 pg/mL. 

3.2    Breast cancer treatment
According to  the  recent  statistics  of  the  International  Agency for
Research on Cancer, breast cancer has become the most diagnosed

cancer  in  both  sexes  [87].  Much  attention  has  been  paid  to
develop  novel  materials  for  breast  cancer  treatment  [88–91].
Recently,  increasing number of studies have shown the efficiency
of single-atom nanozymes in breast  cancer therapy.  For instance,
Wang  et  al.  prepared  Ru  SAN  by  loading  dispersed  Ru  single-
atoms on biocompatible carbon dot via a pyrolyzing coordinated
complex  strategy  [73].  Ru  SAN  exhibited  various  enzyme-like
activities, including oxidase (OXD)-like activity, POD-like activity,
and  glutathione  oxidase  (GSHOx)-like  activity,  which  produced
ROS  and  depleted  glutathione  simultaneously,  thus  inducing
intracellular  oxidative  damage  and  ultimately  resulting  in  breast
cancer  cells  death.  Moreover,  the  excellent  photothermal  stability
of Ru SAN improved the therapeutic effect. In vivo assay showed
the  tumors  remarkably  disappeared  on  day  8  in  Ru  SAN  group
after  the  addition  of  laser  (Fig. 4(a)).  Another  research  group
prepared  a  SAN  (denoted  as  OxgeMCC-r)  by  isolating  single-
atom ruthenium on a metal-organic skeleton Mn3[Co(CN)6]2 with
photosensitizer chlorin e6 (Ce6) [74]. The results showed that the
obtained OxgeMCC-r SAN effectively enhanced ROS generation,
enhanced  photodynamic  therapy  (PDT)  efficiency,  and  killed
nearly 90% of breast cancer cells.

Xu  et  al.  synthesized  an  iron-based  SAN  containing  five-
coordinated  structure  (FeN5)  which  could  effectively  kill  breast
cancer cells  by the oxidative damage of  ROS due to the excellent
POD-like  activity  [75].  Zhu  et  al.  reported  a  manganese-based
PEGylated  SAN  (Mn/PSAE)  could  effectively  generate  abundant
toxic  ROS  [76].  In  addition  to  mimicking  the  multiple  catalytic
activity  of  CAT,  OXD,  and  POD  enzymes,  Mn/PSAE  also
possessed  excellent  photothermal  performance.  The  authors
confirmed the enzymatic and photothermal activities of Mn/PSAE
synergistically killing breast cancer cells.

Nanoparticle-based  photothermal  therapy  (PTT)  is  a

 

Table 2    Applications of SACs/SANs in cancer diagnosis and treatment

SACs/SANs Enzyme-like
activities Application References

Pt SA-Zn0.5Cd0.5S Photocatalyst Detection of PSA [71]

FeSA-PtC POD Detection of PSA [72]

Ru SAN OXD, POD, GSHOx Breast cancer
treatment [73]

OxgeMCC-r CAT Breast cancer
treatment [74]

FeN5 POD Breast cancer
treatment [75]

Mn/PSAE CAT, OXD, POD Breast cancer
treatment [76]

Pd SAN POD, GSHOx Breast cancer
treatment [77]

PMS POD Breast cancer
treatment [78]

SAFe-NMCNs CAT, POD Breast cancer
treatment [79]

SAF
NPs@DOX@CM POD Lung cancer treatment [80]

Au-Fe SAN GOD Esophageal cancer
treatment [81]

Fe SAN Fenton-like, OXD,
POD

Osteosarcoma
treatment [82]

MitoCAT-g OXD Liver cancer treatment [83]

 

(a)

(b)

Figure 4    Application of single-atom nanozymes in breast cancer treatment. (a) Ru SAN effectively inhibited the tumor growth. Reproduced with permission from
Ref. [73], © American Chemical Society 2021. (b) The synthesis of PEGylated Pd SAN and the mechanism by which mild PTT promoted ferroptosis. Reproduced with
permission from Ref. [77], © Wiley-VCH GmbH 2021.
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prospective  strategy  for  cancer  treatment,  which  converts  laser
energy into heat to destroy cancer cells. However, the PTT efficacy
is  alleviated  once  cancer  cells  expressed  heat-shock  proteins.
Moreover,  PTT  brings  excessive  heat  which  inevitably  damages
the  proximal  tissues.  Thus,  it  is  imperative  to  develop  a  low-
temperature  PTT  strategy  with  higher  efficiency  and  minimal
harm to adjacent tissues at the same time. Chang et al. prepared a
Pd  SAN  with  POD  and  GSHOx  mimic  activities  and
photothermal conversion performance [77].  Pd SAN upregulated
the  amount  of  ROS  and  lipid  peroxides  and  thus  inhibited  the
expression  of  heat  shock  proteins  and  finally  enabled  mild  PTT.
Chang et al. demonstrated Pd SAN could successfully make breast
cancer  cells  sensitive  to  mild  PTT  with  high  curative  effect  and
good  biosafety  (Fig. 4(b)).  Qi  et  al.  also  developed  a  low-
temperature  PTT  strategy  by  formulating  a  platelet  membrane-
coated  mesoporous  Fe  SAN  (PMS)  [78].  The  obtained  PMS
showed  a  high  POD  activity,  good  photothermal  property,  and
excellent  tumor-targeting  ability,  which  may  also  be  applied  as
drugs  carrier.  Results  showed  that  PMS  could  enhance  mild-
temperature  PTT  efficacy  and  inhibited  growth  of  breast  cancer
cells  with  minimal  injury  to  normal  tissues  at  the  same  time.  In
another study, Su et al. designed a dual enzyme mimic single-atom
Fe  dispersed  N-doped  mesoporous  carbon  nanospheres
nanozyme  (denoted  as  SAFe-NMCNs)  possessing  remarkable
light-to-heat  conversion  capability,  which  could  efficiently
suppress  growth  of  breast  cancer  cells  through  a  synergistic
therapeutic  effect  with  photothermal-enhanced  nano-catalytic
treatment [79]. 

3.3    Lung cancer treatment
The  mortality  of  lung  cancer  is  highest  among  all  cancer  types,
which  has  attracted  widespread  attention  from  researchers  [92].
Recently,  Liu  et  al.  prepared  single-atom  Fe-containing
nanoparticles  (SAF  NPs)  for  killing  lung  cancer  cells.  SAF  NPs
possessed POD-like activity,  which could produce plenty of  toxic
·OH  and  consequently  have  a  significant  antitumor  effect  [80].
Moreover,  antitumor  drug  doxorubicin  (DOX)  was  effectively
delivered by SAF NPs owing to the porous structure. Since cancer
cell  membrane  (CM)  has  attract  extensive  attention  in  cancer
therapy,  Liu  et  al.  camouflaged  SAF  NPs  with  lung  cancer  cell
(A549)  membrane,  which  improved  the  biological  compatibility,
prolonged blood circulation time,  helped SAF NPs escaped from
early  systemic  clearance,  and  increased  tumor  targeting. In  vivo
BALB/c nude mice experiments showed SAF NPs + DOX + A549
CM group exhibited the most significant tumor suppressive effect

(Fig. 5). 

3.4    Esophageal cancer treatment
The high malignancy and poor survival rate of esophageal cancer
highlight  the  need  for  developing  new  treatment  strategies  [93,
94].  Feng et  al.  established Au-FeSAN through the fixation of  an
ultra-small  Au  nanozyme  into  a  metal-organic  skeleton  [81].
Owing to the interaction between Au nanoparticles with glucose,
this  SAN  exhibited  excellent  GOD-like  activity,  which  could
reduce  the  intracellular  glucose  level  of  tumor  cells,  inhibit  the
expression  of  HSP,  and  realize  low  temperature  PTT.  The  Au-
FeSAN  exhibited  satisfactory  photodynamic  and  photothermal
performances  and  POD  activity,  enabling  simultaneous  efficient
chemodynamic, photothermal, and photodynamic tumor therapy
under  near-infrared  light. In  vivo esophagus  cancer  model
revealed  that  the  Au-FeSAN  group  exhibited  remarkably  higher
tumor inhibition rate without any substantial side effects. 

3.5    Osteosarcoma treatment
In  a  recent  study,  a  SAN  for  the  treatment  of  osteosarcoma  was
successfully  developed  by  dispersing  single-atom  Fe  catalysts
(FeSAN)  onto  a  three-dimensional  (3D)  printed  bioactive  glass
(BG)  scaffold  [82].  The  authors  demonstrated  that  the  FeSAN
composite  scaffold  effectively  eliminated  both  osteosarcoma  cells
and  bacteria.  Mechanistically,  they  found  FeSAN  displayed
superior  Fenton  catalytic  activity  to  produce  large  quantities  of
toxic  ·OH.  Moreover,  FeSAN  exhibited  OXD-like  and  POD-like
activities  and  favorable  photothermal  effect  to  kill  osteosarcoma
cells and bacteria. Besides, in vivo experiments showed that the BG
scaffold  promoted  the  osteogenesis  of  bone  marrow  derived
mesenchymal stem cells  in the bone defects.  The combination of
Fe SAN with BG scaffold exhibited antibacterial,  anti-tumor, and
osteo-inductive  effects  simultaneously,  advancing  the  application
of SAN in osteosarcoma treatment (Fig. 6). 

3.6    Liver cancer treatment
Another study developed a promising agent (MitoCAT-g) for liver
cancer  treatment,  which  consists  of  atomically  dispersed  gold
supported  by  carbon-dot  (CAT-g)  with  modifications  of  ROS-
producing  cinnamaldehyde  and  mitochondrion-targeting
triphenylphosphine.  The  endocytosis  of  MitoCAT-g  leads  to  the
amplification  of  oxidative  stress  in  mitochondria  via  depleting
antioxidant  GSH  and  elevating  ROS,  ultimately  leading  to  the
highest  degree  of  cancer  cell  apoptosis.  Meanwhile,  MitoCAT-g
showed  limited  cytotoxicity  to  normal  cells  because  of  the  lower
level  of  oxidative  stress  in  normal  cells  [83]. In  vivo experiments
demonstrated  that  MitoCAT-g  significantly  inhibited  tumor
growth. 

4    Applications of SANs in biosensing
Although various nanozymes with OXD, POD, or other enzyme-
like  activities  have  been applied  in  biosensing,  the  lower  catalytic
activity  and  unsatisfactory  selectivity  hinder  the  application.
Owing to the excellent catalytic activity and substrate selectivity of
SANs, there has been a boom in the usage of SANs in biosensing
[95–103].  SANs  have  been  conducted  to  detect  various  types  of
biomolecules, such as small molecules and proteins (Table 3). 

4.1    Acetylcholine and acetylcholinesterase
Wu et al. synthesized Cu-N-C SAN using a salt-template method,
which  exhibited  POD-like  activity  [104].  The  authors  established
three-enzyme  cascade  system  consisting  of  acetylcholinesterase,
choline  oxidase,  and  Cu-N-C  SAN  for  tracing  the  amounts  of
acetylcholine.  This  study  showed  the  ascendancy  of  Cu-based

 

(a)

(b)

Figure 5    Application  of  single-atom  nanozyme  in  lung  cancer  treatment.  (a)
The synthesis of SAF NPs@DOX@CM. (b) SAF NPs@DOX@CM showed the
most obvious tumor suppressive effect. Reproduced with permission from Ref.
[80], © Wiley-VCH GmbH 2021.
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SAN with plentiful active sites in biosensing.
Since  mercapto  molecules  could  interact  with  Fe-N-C  single-

atom  nanozyme  (Fe-N-C  SAN)  and  suppress  the  nanozyme
activity,  Wu  and  colleagues  developed  Fe-N-C  SAN  based
biosensor for detection of the acetylcholinesterase activity [105]. In
another  study,  Qin  et  al.  also  constructed  photoelectrochemical
sensing  platform  for  detection  of  acetylcholinesterase  activity  via
harnessing  the  oxygen  reduction  property  and  POD-like  activity
of Fe SAN [106]. 

4.2    Butyryl cholinesterase
Niu  et  al.  proposed  a  Fe-N-C  SAN  for  replacing  natural
horseradish  peroxidase  (HRP)  to  detect  butyrylcholinesterase
(BChE) activity, which exhibited unprecedented POD-mimicking
activity  (Fig. 7).  Due  to  the  100% active  iron  sites  utilization  and
the  porous  carbon  support  with  large  surface  area,  the  specific
activity of Fe-N-C SAN was as high as 57.76 U/mg, which was far

superior  to  other  POD mimics  and close  to  that  of  natural  HRP
[107].  Notably,  the  Fe-N-C  SAN  exhibited  excellent  storage
stability  and  favorable  robustness  under  harsh  conditions,
indicating  its  potential  to  act  as  candidate  of  natural  HRP  in
biosensing application. 

4.3    Alkaline phosphatase
Xie  and  coworkers  established  Fe-N-C  single-atom  nanozyme
(Fe/NC-SAN) for detection of alkaline phosphatase (ALP) activity
[108].  Fe/NC-SAN  possessing  excellent  POD-like  activity  could
oxidize 3,3′5,5′ -tetramethylbenzidine (TMB) to a  blue color,  and
the blue color faded after adding ascorbic acid. ALP could catalyze
ascorbic  acid  2-phosphate  to  generate  ascorbic  acid.  Results
showed  that  Fe/NC-SAN  provided  a  detection  limit  (0.05  U/L)
with  high  selectivity,  anti-interference,  and  good  stability.  The
practicability  of  Fe/NC-SAN-based  assay  was  verified  by  serum
samples  from  human,  suggesting  Fe/NC-SAN  could  be  used  as
alternative  for  detecting  ALP  in  clinical  application.  In  another

 

Table 3    Applications of SACs/SANs in biosensing

SACs/SANs Enzyme-like activities Detection References

Cu-N-C POD Acetylcholine [104]

Fe-N-C OXD Acetylcholinesterase [105]

Fe SAN POD Acetylcholinesterase [106]

Fe-N-C POD Butyryl cholinesterase [107]

Fe/NC-SAN POD Alkaline phosphatase [108]

Fe-N/C OXD Alkaline phosphatase [109]

CNT/FeNC POD
Glucose, ascorbic acid,

H2O2
[110]

Co-SAC Electrocatalytic
property Glucose [111]

Fe SSN POD Glucose [112]

Fe-N/C-CNT OXD GSH [113]

Fe-NDs POD, OXD GSH, H2O2 [114]

Fe-N-C SAN POD H2O2 [115]

 

(a) (b) (c)

(d)

Figure 6    Application of single-atom nanozyme in osteosarcoma treatment. (a) Illustration of osteosarcoma ablation achieved by FeSAN-BG. (b) Tumor volume and
(c)  survival  rates  of  mice  in  each  group.  Control:  saline;  and  near-infrared  (NIR)  only:  primitive  BG  scaffold  +  NIR.  (d)  Hematoxylin  and  eosin  (H&E)  staining,
terminal  deoxynucleotidyl  transferase-mediated  dUTP  nick  end  labeling  (TUNEL)  staining,  and  antigen  Ki-67  staining  showed  that  FeSAN-BG  +  NIR  effectively
eliminated tumor tissue. Scale bar: 100 μm. Reproduced with permission from Ref. [82], © Wiley-VCH GmbH 2021.
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Figure 7    Application  of  single-atom  nanozyme  in  the  detection  of  BChE
activity.  (a)  Illustration  of  the  biosensing  principle  of  BChE  activity.  BTch:  S-
butyrylthiocholine  iodide.  (b)  Illustration  of  the  paper  bioassay  procedure  for
BChE  activity.  Reproduced  with  permission  from  Ref.  [107],  ©  Elsevier  B.V.
2019.
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study, a Fe-N/C nanozyme based biosensing strategy was designed
for  screening  ALP  activity,  which  possessed  a  detection  scope  of
0.05  to  100  U/L  and  minimum  concentration  limit  of  0.02  U/L
[109]. 

4.4    Glucose and ascorbic acid
Cheng  et  al.  proposed  a  novel  SAN  (CNT/FeNC)  with  excellent
POD-like  activity,  enabling  ultrasensitive  quantitation of  ascorbic
acid,  glucose,  and  H2O2.  The  catalytic  capacity  parameter  of
CNT/FeNC was 4,500 times more than that of the classical Fe3O4
nanozyme [110].  Hou et al.  established an online electrochemical
biosensor using Co single-atom catalyst for in vivo monitoring of
glucose [111].

In  another  study,  single  iron  site  nanozyme  (Fe  SSN)  was
prepared  for  quantification  of  glucose  via  a  support-sacrificed
strategy. The Fe SSN exhibited high POD activity and successfully
catalyzed TMB into oxidized TMB with color change [112]. Based
on  Fe  SSN,  the  authors  established  a  low  cost  and  ultrasensitive
colorimetric platform for visual assessment and rapid quantitative
determination  of  glucose,  which  is  better  than  most  reported
colorimetric glucose assays (Fig. 8). 

4.5    GSH
GSH  is  critical  for  maintaining  redox  homeostasis.  It  is  of  great
significance  to  develop  methods  for  GSH  detection  [116].  Wang
and  coworkers  proposed  an  Fe-N/C-CNT  nanomaterial,  which
showed splendid OXD-mimicking activity and was further used as
viable colorimetric biosensor for detecting GSH [113]. In another
study,  Liu  et  al  designed  single-atom  iron  oxide  nanoparticle-
modified  nanodiamonds  (Fe-NDs),  which  exhibited  POD-like
and  OXD-like  activities.  Fe-NDs  could  oxidize  TMB  from
colorless  to  blue  color,  while  adding  GSH  could  reduce  blue-
colored  oxidized  TMB  to  colorless  TMB.  Hence,  the  Fe-NDs
based biosensor for  detecting GSH was established by measuring
the absorbance. The results showed that the Fe-NDs-based sensor
has  a  lower  detection  limit  compared  to  the  previously  reported
nanozyme-based colorimetric GSH sensors [114]. 

4.6    H2O2
Recently,  detection  of  H2O2 has  attracted  much  attention  from
researchers  [117].  Jiao  et  al.  prepared  Fe-N-C SAN by  using  one
pot  calcination  at  high  temperature,  which  exhibited  POD-like

activity.  Attributed  to  the  maximum  atomic  utilization,  Fe-N-C
SAN  exhibited  higher  catalytic  efficiency  than  other  POD-like
nanozymes. In vitro experiment proved the satisfactory sensitivity
and specificity of Fe-N-C SAN for the quantitative determination
of  H2O2.  For  practical  applications,  the  authors  also  performed a
quantitative determination of H2O2 produced from the Hela cells
with Fe-N-C SAN [115]. 

5    Applications of SANs in antioxidative therapy
Owing to the multi-antioxidant activities, SANs were also used for
cyto-protection  [118, 119].  For  example,  Ma  et  al.  prepared  a
bifunctional  Fe-SAs/NC  catalysts  with  excellent  CAT-like  and
SOD-like  properties.  The  authors  demonstrated  that  Fe-SAs/NC
could  protect  cells  from  oxidative  stress  by  removing  H2O2 and
O2

− with minimal cytotoxicity [120].
Lu  et  al.  designed  a  Fe-N/C  SAN  which  possessed  diverse

enzyme  mimic  activities,  including  POD-mimic,  CAT-mimic,
OXD-mimic,  and  GPx-mimic  activities.  The  Fe-N/C  SAN
powerfully  scavenged  intracellular  ROS  in  HeLa  cells  because  of
the CAT-mimic and GPx-mimic activities [121].

Brain  trauma  always  induces  the  generation  of  ROS,  which
subsequently leads to a complex cascade of biochemical responses
and  even  permanent  damage.  Yan  and  fellows  developed  single-
atom  Pt/CeO2 as  a  bandage  for  non-invasive  treatment  of
traumatic  brain  injury  (TBI)  [122].  In  comparison  with  CeO2
clusters,  Pt/CeO2 displayed  a  significant  higher  ROS  and  RNS
scavenging activity,  and higher multiple enzyme catalytic activity.
In  vitro results  showed  Pt/CeO2 remarkably  downregulated  the
levels  of  inflammatory  cytokines. In  vivo experiments
demonstrated  the  single-atom  Pt/CeO2 based  bandage  could
significantly reduce the size and area of wound, remove the ROS
near  injured  tissues,  and  recover  the  SOD  and  MMP-9  levels,
resulting in a reduction in overall neuroinflammation (Fig. 9). 

6    Conclusions
Benefiting  from  low  costs,  desirable  stability,  and  modification
versatility, nanozymes successfully overcome the disadvantages of
natural  enzymes  and  show  great  potential  in  biomedical
applications.  Nevertheless,  the  catalytic  activity  of  nanozymes  is
not ideal due to the low active site density of nanozymes and the

 

(a)

(b)

Figure 8    Application of single-atom nanozyme in the detection of glucose. (a)
The synthesis of Fe SSN. (b) Illustration of agarose-based hydrogel colorimetric
quantification  of  glucose.  Reproduced  with  permission  from  Ref.  [112],  ©
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2020.
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Figure 9    Application  of  single-atom  nanozyme  in  noninvasive  treatment  of
brain  trauma.  (a)  Noninvasive  TBI  treatment  through  Pt/CeO2.  (b)
Representative photos of wound healing over time. (c) Recruitment of astrocyte
and microglia was obviously reduced in Pt/CeO2 group, suggesting a decrease in
neuroinflammation. Reproduced with permission from Ref. [122], © American
Chemical Society 2019.
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fact that only the surface atomic layer participates in the catalytic
reaction.  Moreover,  the  unsatisfactory  selectivity  of  nanozymes
limits its practical applications [123]. The emergence of SANs has
been  identified  as  a  breakthrough  of  nanozyme  due  to  their
multiple  merits  like  higher  selectivity  and  remarkable  catalytic
activity. By summarizing the biomedical applications of SANs, we
firmly believe that SANs have a broad range of applications in the
future. However, SANs are in the early stage of development, and
still face some challenges.

(1) Biosafety
When  used in  vivo,  the  biosafety  of  materials,  especially  long-

term  biosafety,  is  a  primary  concern.  Presently,  most  reported
SANs  showed  good  biocompatibility  and  low  toxicology.
However,  SANs  have  only  been  reported  for  over  a  decade  and
their  long-term  biosafety  has  not  been  well  explored.  The  large-
sized SANs may prolong blood circulation time and accumulate in
the body,  resulting in potential  cytotoxicity,  while  the small-sized
SANs  may  cross  the  blood-brain  barrier  and  produce  some
adverse  effects.  Furthermore,  the  metabolic  characteristics  and
cytotoxicity of SANs can be affected by many factors, such as light,
temperature,  pH,  and  solvent.  Therefore,  it  is  required  to
systematically  investigate  their  pharmacokinetics,  potential
cytotoxicity, and immunogenicity.

(2) Therapeutic efficacy
All natural enzymes in body are tightly and precisely regulated

by  the  complex  biological  microenvironments.  The  complicated
microenvironment and immune systems may reduce the efficacy
of  SANs.  SANs  need  to  be  delicately  designed  to  enhance  the
specific  targeting  ability  for  improving  the  therapeutic  specificity
and efficacy.

(3) Detailed catalytic mechanisms
Although  catalytic  mechanism  can  be  calculated  by  density

functional  theory  (DFT)  calculations,  it  is  difficult  for  DFT
theoretical  calculations  to  verify  catalytic  mechanisms  under  real
conditions,  especially  in  complex  biological  experiments.  It  is  of
great  significance  to  develop  more  atomic  resolution in  situ
characterization tools to clarify the catalytic mechanism.

(4) The scope of biomedical applications
Current SANs that mimic enzymes are mainly exhibited POD

or OXD activity to generate ROS. There have been few reports of
SANs mimicking other natural enzymes, which are insufficient to
meet  various  clinical  needs.  The  applications  of  SANs  in  the
biomedical  field  are  mainly  concentrated  in  cancer  treatments,
antibacterial  therapy,  antioxidant  therapy,  and  biosensing.
However,  biomedical  applications  in  other  fields  such  as  drug
delivery  and  tissue  engineering  should  be  explored.  It  is  highly
imperative  to  develop  SANs  with  new  enzyme-like  properties  to
broaden their practical applications.
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