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Abstract

Copper  chalcogenide  nanoparticles,  particularly  Cu2–xE  (E  =  S,  Se,  Te;  0  ≤  x  ≤  1),  have  gained
significant interest in recent years due to their distinct physical and chemical properties, making them
highly  versatile  for  a  wide  range  of  applications.  Among  these,  copper  selenide  nanoparticles  (CS
NPs)  have  attracted  special  attention  due  to  their  remarkable  characteristics, which  can  be  tailored
through various modification strategies, providing significant potential for the diagnosis and treatment
of neurological diseases. This review summarizes emerging trends and explores future perspectives on
the use of CS NPs for diagnosing and treating central nervous system diseases, including glioblastoma
and neurodegenerative disorders.

Keywords: copper  chalcogenides;  biomimetic  nanomaterials;  glioblastoma;  neurodegenerative
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Introduction

With  advancements  in  nanotechnology,  copper
chalcogenide  nanomaterials  have  found  extensive
applications  in  the  biomedical  field  [1].  Copper
chalcogenide  nanoparticles,  including  copper  oxides,
sulfides,  selenides,  and  tellurides,  offer  distinct
advantages due to their unique physical and chemical
properties.  For  instance,  CuO  nanoparticles  are
utilized  in  tumor  photothermal  therapy  (PTT)  and
chemodynamic  therapy  (CDT),  as  well  as  in
addressing  bacterial  resistance  for  treating  various
infectious diseases.  Lu et  al.  developed an ES@CuO

nanosystem  to  induce  cuproptosis,  suppress  B16
melanoma  cell  growth,  and  enhance  immune
responses. This nanosystem also remodeled the tumor
microenvironment  and improved therapeutic  efficacy
against murine melanoma when combined with PD-1
[2].  CuS  nanoparticles  have  applications  in
biomolecule,  chemical,  and  pathogen  detection,
molecular imaging, and tumor therapy [3].  Likewise,
Cu2–xTe  nanosheets  modified  with  polyethylene
glycol  (bioCu2–xTe  NSs)  function  as  multifunctional
CDT  agents  for  effective  cancer  treatment  via  mild-
photothermally  enhanced  CDT  [4].  These  examples
highlight  the  significant  potential  of  copper
chalcogenide nanoparticles in the biomedical field.
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Another  copper  chalcogenide,  copper-deficient
cuprous  selenide  (Cu2–xSe),  has  been  extensively
studied  due  to  its  tunable  properties  and  versatile
bioapplications, similar  to  other  copper chalcogenide
nanomaterials.  Additionally,  both  copper  and
selenium  are  essential  trace  elements  for  the  human
body,  playing  crucial  roles  in  maintaining  overall
health  [5].  Copper  selenide  nanoparticles  (Cu2–xSe
NPs,  CS  NPs)  exhibit  strong  localized  surface
plasmon  resonance  (LSPR)  in  the  second  near-
infrared (NIR-II) window [6], granting them potential
applications  in  photoacoustic  (PA)  imaging [7], PTT
[8],  photodynamic  therapy  (PDT)  [9],  and  more.  CS
NPs  efficiently  convert  absorbed  light  into  heat,
causing  thermal  damage  to  tumor  cells  or  diseased
tissues  to  achieve  treatment  through  thermal  effects
[10].  They can also generate reactive oxygen species
(ROS)  via  electron  transfer  and  energy  transfer
mechanisms  under  NIR-II  light  irradiation,  making
them  effective  for  PDT  [11,  12].  Without  light
irradiation, they catalyze the degradation of hydrogen
peroxide (H2O2) through their Fenton-like properties,
producing  ROS  to  induce  intracellular  oxidative
stress  and  exert  cytotoxic  effects  on  tumor  cells  for
CDT [13, 14].  More importantly,  their  properties  are
strongly  influenced  by  copper  deficiency  (i.e.,
vacancy),  which  not  only  enhances  their
characteristics  but  also  provides  space  for
incorporating other elements to further improve their
functionality  [15].  These  features  can  be  further
expanded  and  explored  for  disease  diagnosis  and
treatment. Therefore, the unique properties of CS NPs
make  them  highly  promising  for  biomedical
applications.

CS  NPs  can  be  synthesized  through  simple  and
controllable  methods, with  their  size,  vacancies,  and
properties  precisely  regulated  by  adjusting  synthesis
conditions  [16,  17].  Additionally,  specific  surface
functional  groups  can  be  introduced  for  further
functionalization.  Compared  to  other  inorganic
nanoparticles, CS  NPs  can  be  prepared  at  extremely
small  sizes  without  compromising  their  intrinsic
properties  due  to  their  size-independent
characteristics  [18].  This  allows  them  to  be
synthesized  as  small  as  possible  to  efficiently  cross
the  blood–brain  barrier  (BBB)  with  the  assistance  of
focused  ultrasound,  a  major  challenge  in  treating
central  nervous  system  (CNS)  diseases  such  as
glioblastoma  (GBM)  and  Parkinson’s  disease  (PD)
[19–22].  Under  normal  circumstances,  many

therapeutic  drugs  struggle  to  reach  the  lesion  site,
significantly  limiting  treatment  effectiveness  [23].
Moreover, ultrasmall CS NPs exhibit prolonged blood
circulation  time,  facilitating  their  diffusion  into  the
brain  with  ultrasound  assistance.  Furthermore,  the
ability of CS NPs to cross the BBB can be enhanced
through  conjugation  with  targeting  peptides  and
functional  cell  membranes  [24,  25].  These  unique
properties  provide  CS  NPs  with  significant
advantages  and  potential  for  diagnosing  and  treating
CNS diseases.

As  a  typical  CNS  disease, GBM can  benefit  from
the enhanced immunotherapeutic efficacy of CS NPs
through  multiple  mechanisms  [26,  27].  The  ROS
generated by CS NPs can induce tumor immunogenic
cell  death  (ICD),  thereby  activating  the  antitumor
immune  response  [28].  Additionally,  CS  NPs  help
alleviate  the  immunosuppressive  tumor
microenvironment  by  reducing  the  infiltration  of
immunosuppressive  cells,  relieving  T  cell
dysfunction,  and  ultimately  enhancing  the  overall
efficacy of GBM immunotherapy [29, 30].

Beyond GBM immunotherapy, CS NPs also play a
crucial  role in treating PD. The primary pathological
characteristics  of  PD  include  the  abnormal
aggregation of misfolded alpha-synuclein (α-syn) and
the  degeneration  and  death  of  dopaminergic  (DA)
neurons  in  the  substantia  nigra.  Additionally,
oxidative  stress  is  a  key  factor  in  PD  pathogenesis
[31,  32].  Polyphenol-functionalized  CS  NPs  exhibit
antioxidative properties and can effectively scavenge
excess  intracellular  ROS,  reducing  oxidative  stress-
induced  neuronal  damage  when  combined  with
reductive drugs [33]. Moreover, CS NPs can inhibit α-
syn  aggregation  through  multiple  mechanisms,
thereby  alleviating  disease  symptoms  [34].
Collectively,  these  mechanisms  enable  CS  NPs  to
indirectly  slow  the  progressive  loss  of  neurons.
Furthermore,  CS  NPs  can  directly  contribute  to
neuronal  restoration  by  promoting  mitochondrial
biogenesis and enhancing the differentiation of neural
stem  cells  (NSCs)  into  DA  neurons,  thereby
replenishing lost DA neurons [35, 36].

In summary, CS NPs have emerged as a promising
biomaterial  due  to  their  unique  advantages,  diverse
physical  and  chemical  properties,  and  significant
potential  in  treating  CNS  diseases.  This  review
highlights  recent  advances  in  CS  NPs  and  their
applications  in  CNS  disorders  (Fig.  1).  We  first
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introduce  their  synthesis  methods  and  intrinsic
properties,  followed by an  overview of  how CS NPs
enhance  the  immune  response  in  GBM  treatment.
Next, we discuss their role in PD therapy. Finally, by
analyzing  their  applications  in  GBM immunotherapy
and neurodegenerative  disease treatment, we provide
an  in-depth  discussion  on  future  research  directions
and clinical applications. These insights are expected
to  drive  innovative  breakthroughs  in  overcoming
CNS  diseases  and  advancing  personalized  treatment
strategies. 

Syntheses  and  Properties  of  the
CS NPs
 

Synthesis of CS NPs

A  variety  of  methods  have  been  developed  for
synthesizing  nanoscale  copper  chalcogenides,  with
the  dimensions,  morphology,  and  characteristics  of
the resulting nanostructures being intricately linked to
the  chosen  synthesis  approach.  Among  the  different
techniques,  the  most  widely  employed  methods

include  solvothermal/hydrothermal  synthesis,
colloidal  synthesis,  microwave-assisted  synthesis,
template-directed  synthesis,  and  cation  exchange
synthesis [18]. In our previous studies, we developed
several universal synthesis methods. For example, we
used Se powder as a precursor to synthesize CS NPs
under ambient conditions. Se powder was reduced by
NaBH4 in an aqueous solution under magnetic stirring
and  nitrogen  protection.  A  mixture  of  CuCl2·2H2O
and mercaptosuccinic acid (MSA) was fully dissolved
in  distilled  water  and  then  immediately  added  to  the
selenium  precursor  solution,  forming  a  dark  green
solution,  which  indicated  the  formation  of  copper-
deficient Cu2–xSe (0 ≤ x ≤ 1) nanoparticles (denoted as
MSA  Cu2–xSe  NPs)  (Fig.  2(a))  [37].  In  another
method, Se NPs were synthesized via the reduction of
SeO2 by vitamin C. These Se nanoparticles served as
sacrificial  templates  and  reacted  with  Cu  ions  to
produce  copper  selenide  nanoparticles,  which  were
gradually  oxidized in  the  presence  of  air  to  form CS
NPs  (Fig.  2(b))  [38].  Additional  synthetic  methods
have  been  comprehensively  summarized  elsewhere
[18, 39–44]. 

 

Fig. 1 Properties and applications of Cu2–xSe NPs.
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Properties of the CS NPs

The  copper  deficiency  endows  CS  NPs  with  strong
LSPR in the NIR-II window, which could be used for
PA imaging and PTT [45]. For example, the CS NPs
could  produce  vast  amounts  of  ROS  via  electron
transfer  and  energy  transfer  mechanisms  under  the
irradiation  of  the  NIR-II  laser  for  PDT  (Fig.  2(c))
[12]. Apart from the LSPR, CS NPs could react with
H2O2 to generate ·OH for CDT through their Fenton-
like properties (Fig. 2(d)) [25, 46]. Their performance
can  be  enhanced  by  increasing  the  concentration  of
H2O2 within the tumor and irradiating with the NIR-II
light.

Furthermore,  copper  deficiency  in  CS  NPs
provides  vacancies  that  can  be  utilized  for  the
incorporation  of  other  elements,  enabling
multifunctional  engineering.  For  instance,  to
modulate the vacancy levels of CS NPs, Zhang et al.
doped  them with  magnetic  ferric  ions  (Fe3+)  at  room
temperature.  The  peak  position  and  intensity  of  the
near-infrared  LSPR  in  the  resulting  nanostructures

were  finely  tuned  by  adjusting  the  Fe3+  ion
concentration  (Figs.  2(e)  and  2(f))  [15].  Similarly,
gold  ions  (Au+)  were  incorporated  into  CS  NPs,
yielding  nanoparticles  that  function  as  effective  and
efficient  radiosensitizer  for  enhanced  radiotherapy
(Fig. 2(g)) [38].

Overall,  the  diverse  physical  and  chemical
properties  of  CS  NPs  highlight  their  immense
potential for CNS disease treatment. To improve their
aqueous  solubility,  colloidal  stability,  and
biocompatibility,  CS  NPs  have  been  surface-
functionalized with dimercapto poly(ethylene glycol)
(HS-PEG-SH)  [37].  Additionally,  to  further  enhance
therapeutic  efficacy,  CS  NPs  can  be  functionalized
with  small-molecule  drugs  [47],  and  encapsulated
within  various  cell  membranes  to  construct
biomimetic nanoparticles [48–50].

The  BBB  is  an  essential  structure  of  the  CNS,
creating a relatively independent internal environment
distinct  from  other  bodily  systems,  thereby  ensuring
normal  physiological  functions  [51,  52].  However,

 

Fig. 2 (a) Schematic illustration of the synthesis of the MSA-stabilized Cu2–xSe nanoparticles. Reproduced from Ref. [37] © 2016
WILEY-VCH Verlag. (b) Schematic illustration of the BSA-stabilized Cu2–xSe nanoparticles. Reproduced with permission from
Ref. [38] © 2019 American Chemical Society. (c) Schematic illustration of the generation of ROS through the electron transfer
(·OH radicals) and energy transfer (1O2 radicals) mechanisms under the NIR-II laser irradiation. Reproduced with permission from
Ref. [12] © 2019 Royal Society of Chemistry. (d) Schematic illustration of the boosted Fenton reaction through improvement of
H2O2  concentration  within  the  tumor  using  cell-membrane-coated  CS-GOD  nanoparticles  (CS,  Cu2–xSe).  Reproduced  with
permission from Ref. [25] © 2019 WILEY-VCH Verlag. (e) Synthesis of Fe3+-doped Cu2–xSe nanoparticles. (f) Variation of the
absorption and XRD patterns of the nanoparticles prepared from different dopant ratios. Reproduced with permission from Ref.
[15] © 2018 Royal Society of Chemistry. (g) Schematic illustration of the preparation of Au–CS heterostructured NPs, which can
serve  as  effective  radiosensitizers  to  enhance  radiotherapy.  Reproduced  with  permission  from  Ref.  [38]  ©  2019  American
Chemical Society.
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the  BBB  acts  as  a  double-edged  sword.  A  major
challenge  in  GBM  treatment,  particularly  for
immunotherapy,  is  the  presence  of  the  BBB,  which
obstructs  the  delivery  of  most  drugs,  including
immune  checkpoint  antibodies,  preventing  their
accumulation  at  the  tumor  site  [53,  54].  Thus,  a  key
challenge in treating GBM and other CNS diseases is
how  to  reversibly  and  selectively  open  the  BBB  on
demand.  Recently,  focused  ultrasound  has  been
clinically  tested  as  a  method  to  transiently  open  the
BBB  for  GBM  treatment  [55–58].  In  our  previous
study, we  synthesized  CS  NPs  of  different  sizes  and
used  them  to  evaluate  BBB  opening  and  recovery
following focused ultrasound treatment. Our findings
revealed  that  polyethylene  glycol  (PEG)-modified
ultrasmall  CS  NPs  exhibited  prolonged  blood
circulation  time  (Figs.  3(a)  and 3(b))  and  effectively

diffused  into  the  brain  with  ultrasound  assistance,
outperforming  larger  nanoparticles.  This  was
confirmed by strong signals  observed in PA imaging
and  single-photon  emission  computed  tomography
(SPECT/CT)  imaging  (Figs.  3(c)–3(f)).  Furthermore,
biodistribution  studies,  blood  routine  examinations,
and  histological  staining  demonstrated  that  the
accumulated  ultrasmall  CS  NPs  were  excreted  from
the  brain  and  major  organs  within  15  days  without
causing adverse side effects [59].

To  further  enhance  the  ability  of  CS  NPs  to  cross
the  BBB,  they  were  functionalized  with  targeting
modifiers.  In  our  previous  study,  biomimetic
nanoparticles  were  designed  by  functionalizing  CS
NPs with  CD6 and  encapsulating  them with  a  tumor
cell  membrane,  resulting  in  CS-J@CM/6  NPs.  The

 

Fig. 3 (a)  Transmission  electron  microscopy  (TEM)  image  of  CS  NPs.  (b)  Blood  circulation  half-life  of  CS  NPs  in  mice,
determined  by  measuring  Cu  concentration  at  various  time  points  postinjection  using  inductively  coupled  plasma  mass
spectrometry  (ICP–MS)  (dose:  5  mg/kg).  (c)  Schematic  illustration  of  the  reversible  opening  of  the  BBB  using  focused
ultrasound.  (d)  Evans  Blue  (EB)  staining  of  mouse  brain  tissues  after  ultrasound  treatment  (Left:  with  microbubbles;  Right:
without  microbubbles).  After  ultrasound-induced  BBB  opening,  the  brains  of  mice  were  stained  with  EB  to  observe  dynamic
changes. (e) Whole-body single-photon emission computed tomography/computed tomography (SPECT/CT) images of mice from
two  groups  at  2-h  postinjection  of  99mTc-labeled  CS  NPs,  with  white  arrows  indicating  the  sonicated  locations.  (f)  Signal
enhancement in a mouse brain from the subtraction of PA images before treatment and 2 h after treatment with US+MB+UCS.
The  subsequent  signal  decrease  from  2  to  8  h  is  also  shown.  Reproduced  with  permission  from  Ref.  [59]  ©  2018  American
Chemical Society. (g) Schematic diagram of CS-J@CM/6 NPs actively crossing the BBB. (h) TEM image of CS-J@CM/6 NPs.
(i) Schematic representation of the in vitro BBB transwell model setup. (j) Cu concentration in GL261 glioblastoma cells from the
lower  chamber,  as  detected  by  ICP-MS, demonstrating  nanoparticle  penetration  across  the  BBB model.  Reproduced  from Ref.
[60] © 2023 T.T. Wang, et al.
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specific  interaction  between  CD6  and  the  activated
leukocyte cell adhesion molecule, which is expressed
by  endothelial  cells,  facilitated  their  passage  across
the  BBB.  Once  inside  the  brain,  these  nanoparticles
effectively  targeted  tumor  cells  through  the
homophilic  adhesion  effect  (Figs.  3(g)  and  3(h)).
Both  in vitro and  in vivo experiments confirmed that
CS-J@CM/6  NPs  could  actively  cross  the  BBB
without  external  assistance (Figs.  3(i) and 3(j)).  This
demonstrates that CS NPs are capable of crossing the
BBB  through  both  passive  and  active  mechanisms,
enabling  their  accumulation  at  tumor  sites  for  GBM
immunotherapy  and  other  brain  disease  treatments
[60]. 

Glioblastoma  Immunotherapy
Boosted by CS NPs

This  section  summarizes  the  applications  of  CS  NPs
in  enhancing  the  immune  response  for  GBM
treatment.  GBM  is  one  of  the  most  common  CNS
diseases  in  neurosurgery,  characterized  by  a  high
recurrence  and  mortality  rate.  Despite  significant
advancements  in  medicine,  the  prognosis  for  high-
grade  invasive  GBM  remains  poor,  with  a  five-year
survival  rate  of  less  than  5%  [61,  62].  Therefore,

developing  innovative  treatments,  such  as
immunotherapy, is essential to improving therapeutic
efficacy  [63].  However,  immunotherapy  has  limited
effectiveness  in  GBM  due  to  the  following  factors:
(1) low immunogenicity at the tumor site, leading to a
weaker  antitumor  immune  response;  (2)  a  highly
immunosuppressive  microenvironment  caused  by  an
abundance of  immunosuppressive cells  and a lack of
immunostimulatory  cells;  and  (3)  dysfunction  of
immunostimulatory  cells,  particularly  CD8+  T  cells,
reducing  immunotherapeutic  efficacy.  Therefore,
addressing GBM-related immune dysfunction through
multifunctional  nanoparticles  is  crucial,  as  shown  in
Fig. 4. [64–67]. 

Immunogenicity increased by CS NPs

The  low immunogenicity  of  GBM contributes  to  the
failure  of  immunotherapy.  However,  due  to  their
strong  LSPR  and  Fenton-like  properties,  CS  NPs
react  with  H2O2  within  the  tumor  microenvironment
to  generate  ROS.  This  initiates  a  vicious  cycle
between mitochondrial oxidative stress and ER stress,
leading  to  ICD  in  tumor  cells  and  subsequently
enhancing  immunogenicity  to  improve  immune
response (Fig. 5(a)) [25]. As shown in Figs. 5(b) and
5(c),  incubating  GL261  cells  with  CS  NPs  induces

 

Fig. 4 Schematic illustration of  treatment using CS NPs.  The diagram highlights  how CS NPs enhance immunogenic cell  death
(ICD),  regulate  the  immunosuppressive  tumor  microenvironment,  and  modulate  T  cell  activity  to  strengthen  the  antitumor
immune response.
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calreticulin  exposure  and  HMGB1  release.
Furthermore,  ICD triggered  by  CS  NPs  significantly
enhances  dentritic  cell  (DC)  maturations,  which  is
critical  for  GBM  immunotherapy  (Fig.  5(d)).  Our
findings  indicate  that  CS  NPs  effectively  induce
tumor  cell  apoptosis,  which  may  further  increase
immunogenicity  (Fig.  5(e)).  Beyond  their  LSPR  and
Fenton-like  properties,  degradable  CS  NPs  release
copper  ions,  forming  high  levels  of  CuET with  DSF
in tumors. This process induces ICD by exacerbating
mitochondrial  oxidative  stress  and  promoting  ER
stress  in  tumor  cells  (Fig.  5(f)).  Consequently,  CS
NPs  serve  as  potent  nanoparticles  for  enhancing
GBM immunogenicity and improving the efficacy of
immunotherapy (Figs. 5(g) and 5(h)) [68]. 

Infiltration  of  immunosuppressive  cells
decreased by CS NPs

The  unique  tumor  immunosuppressive
microenvironment  (TIME)  of  GBM  contains
abundant  immunosuppressive  cells  rather  than
immunostimulatory  cells  [69].  TAMs  are  typical
immunosuppressive  cells  [70,  71].  Interestingly,  CS
NPs  effectively  generate  ROS  in  macrophages,
triggering  the  auto-ubiquitination  of  tumor  necrosis

factor  receptor-associated  factor  6  (TRAF6)  and
subsequently activating interferon regulatory factor 5
(IRF5).  This  activation  promotes  the  expression  of
downstream  interleukin-23  (IL-23),  ultimately
reprogramming TAMs from the protumor M2 type to
the antitumor M1 type (Figs. 6(a)–6(f)) [72]. Building
on  this  discovery,  we  fabricated  biomimetic
nanoparticles  CS-I/J@CM.  As  shown  in  Fig.  6(g),
ultrasmall  CS  NPs  were  loaded  with  IDO  inhibitors
IND and JQ1 small molecules, then wrapped in tumor
cell membranes to construct biomimetic CS-I/J@CM
NPs.  These  nanoparticles  regulate  the
immunosuppressive  microenvironment  and  inhibit
immune  checkpoint  function.  They  efficiently  reach
the tumor site, reshaping the TIME by enhancing M1
phenotype  macrophages  and  reducing  Treg
infiltration  through  inhibition  of  tryptophan
degradation  into  kynurenine  (Figs.  6(h)–6(j)).
Additionally,  they  suppress  PD-L1  expression  on
tumor  cells  via  JQ1  small  molecules,  achieving
immune checkpoint inhibition (Fig. 6(k)). Ultimately,
GBM  immunotherapy  is  enhanced  through  the
synergistic  effects  of  these  mechanisms,  activating
memory  T  cells  and  preventing  tumor  recurrence
[29]. 

 

Fig. 5 (a) A schematic representation of the damage-associated molecular patterns, including CRT, ATP, and HMGB1, released
from ICD in tumor cells. This process is triggered by the high levels of ROS generated from the degradation of H2O2 by CS NPs.
(b)  Immunofluorescence  images  showing  CRT  exposure  in  GL261  cells  (scale  bar:  50  μm).  (c)  Immunofluorescence  images
depicting  HGBM release  from  GL261  cells  (scale  bar:  50  μm).  (d)  Flow  cytometry  analysis  of  DCs.  (e)  Immunofluorescence
images  illustrating  PD-L1  expression  in  tumor  slices  (scale  bar:  25  μm).  Reproduced  with  permission  from  Ref.  [60]  ©  2023
WILEY-VCH  Verlag.  (f)  A  schematic  representation  of  how  CS  NPs  and  DSF  enhance  mitochondrial  oxidative  stress  by
promoting ER stress through the formation of CuET. Reproduced with permission from Ref. [68] © 2022 Elsevier B.V. (g) Cell
viability analysis across different treatment groups. (h) MRI images showing tumor sizes in mice from different treatment groups.
Reproduced with permission from Ref. [27] © 2022 Elsevier B.V.
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Alleviation of T cell dysfunction by CS NPs

The  dysfunction  of  T  cells  in  tumors  is  a  significant
challenge  for  GBM  immunotherapy,  as  GBM  not
only inhibits  T cell  infiltration but  also  induces  their
dysfunction  [73,  74].  Therefore,  after  reversing  the
immunosuppressive microenvironment, we alleviated
T  cell  dysfunction  caused  by  GBM.  The  core–shell
Au@Cu2–xSe nanoparticles (ACS NPs) were designed
to  inhibit  CD73  expression,  weakening  adenosine
(ADO)-driven  immunosuppression  and  ultimately
enhancing the antitumor activity of T cells (Fig. 7(a)).
As  shown  in  Figs.  7(b)–7(d),  ACS  NPs  degrade  the
high  concentration  of  H2O2  in  tumors  to  generate
oxygen and improve the hypoxic environment, which
reduces  HIF-1α  overexpression,  thereby  enhancing
the  infiltration  and  activity  of  antitumor  T  cells.
When  combined  with  radiotherapy,  ACS  NPs
facilitate  tumor  ICD  and  recruit  more  antitumor  T
cells  (Figs.  7(e)–7(h)).  Furthermore,  IFN-γ+  CD8+  T
cells  in  the  ACS+X+D  group  of  mice  increased

significantly,  demonstrating  that  ACS  NPs  not  only
enhance  T  cell  infiltration  but  also  improve  their
activity [75].

Our research demonstrates that copper-deficient CS
NPs  exhibit  intrinsic  properties  and  significant
potential in GBM immunotherapy. DC vaccines have
shown  promise  in  enhancing  antigen-specific
antitumor immunity within adoptive cell therapy. We
treated  GBM using  CS NPs  and  dendritic  cell  (DC)-
based  nanovaccines.  As  shown  in Fig.  8(a), CS  NPs
were first used to induce ICD of GL261 cells through
ROS  generated  via  their  Fenton-like  reaction.  Next,
the  membrane  debris  of  apoptotic  GL261  cells  was
loaded with CS NPs.  These CS@CM NPs were then
used  to  culture  DCs  in  vitro  to  obtain  mature  DCs.
These  DCs  not  only  provided  abundant  tumor-
specific  TAAs  via  MHC  I  due  to  lysosomal  escape
(Figs. 8(b)–8(d)) but also exhibited excellent homing
ability  to  lymph nodes  due to  the  high expression of
CCR7 and ICAM-1 (Figs. 8(e) and 8(f)). Finally, CS
NPs were coated with the membranes of mature DCs

 

Fig. 6 (a) CS NPs generate ROS to enhance TRAF6 auto-ubiquitination in macrophages, activating the transcription factor IRF5
to  reprogram  tumor-associated  macrophages  (TAMs)  toward  the  M1  phenotype.  (b–f)  Gene  expressions  of  the  classical  M1
polarization  signaling  pathway  in  M0-like  macrophages  (unpolarized  RAW  264.7)  analyzed  by  qRT-PCR.  Data  represent  the
mean ± standard deviation (SD, n = 3). Reproduced with permission from Ref. [72] © 2021 WILEY-VCH Verlag. (g) Schematic
illustration  of  remodeling  the  tumor  immunosuppressive  microenvironment  using  all-in-one  CS-I/J@CM  NPs  to  improve
glioblastoma  immunotherapy.  (h)  Schematic  illustration  of  CS-I/J@CM  NPs  reducing  indoleamine  2,3-dioxygenase  (IDO)
expression  to  suppress  regulatory  T  cell  (Treg)  infiltration  in  tumors  and  lowering  programmed  death-ligand  1  (PD-L1)
expression on GL261 cells.  (i)  Immunofluorescence images  of  M1 macrophages  (F4/80+INOS+)  at  the  tumor site  (scale  bar:  50
μm). (j) Kyn inhibition in different tumor groups. (k) Flow cytometry analysis of PD-L1 expression on GL261 cells in tumors.
Reproduced from Ref. [29] © 2022 T.T. Wang, et al.
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to  form  DC  nanovesicle  (named  as  DCNV  (CSD))
nanovaccines,  in  which  CS  NPs  not  only  supported
the structure of nanovaccines but also enhanced IL-2
expression to facilitate CD8+ T cell proliferation. The
generated  DCNV  nanovaccines  could  target  lymph
nodes through their homing ability after subcutaneous
injection  and  activate  cytotoxic  T  lymphocytes
(CTLs)  via  surface-presented  tumor-specific  TAAs.
Ultimately,  these  DCNV  nanovaccines  generated
memory  T  cells  in  the  mouse  spleen,  effectively
preventing tumor recurrence (Figs. 8(g)–8(h)) [76].

CS  NPs  show  great  potential  in  the  treatment  of
GBM. A wide range of immunotherapies designed to
reverse  immunosuppressive  pathways  has  been
thoroughly examined to enhance therapeutic efficacy. 

Treatment of PD with CS NPs

CS NPs can not only kill tumor cells but also exhibit
a remarkable therapeutic effect on neurodegenerative
diseases. PD is the second most prevalent progressive
neurodegenerative  disorder  globally,  with  an
increasing  incidence  [77–79].  According  to
epidemiological  data,  PD  cases  are  expected  to  rise
significantly,  reaching  approximately  12–17  million

or more by 2040 [80].  In this section, we summarize
the applications of CS NPs in PD treatment.

Currently, several medications are available for PD
treatment,  including  levodopa,  dopamine  receptor
agonists, and anticholinergic drugs [81]. For instance,
monoamine oxidase B inhibitors (MAOBIs) [82, 83],
catechol-O-methyltransferase  inhibitors  (COMTIs)
[84], amantadine, and istradefylline have been widely
used  in  clinical  practice  [85,  86].  Although  most
clinical drugs can alleviate symptoms, they may cause
side  effects  and  cannot  fundamentally  alter  the
disease onset or halt  PD progression [87]. Moreover,
these  drugs  typically  lack  targeting  capabilities,
leading  to  insufficient  accumulation  in  critical  brain
regions such as the substantia nigra and striatum [88,
89].  Therefore,  there  is  an  urgent  need  to  explore
novel drugs and treatment methods for PD.

Although  the  cause  of  PD  remains  unclear,  it  is
widely  recognized  that  the  abnormal  aggregation  of
misfolded  α-syn  (Lewy  bodies),  along  with  the
degeneration  of  DA  neurons  in  the  substantia  nigra,
constitutes  the  characteristic  pathological  features  of
PD [90]. Interestingly, oxidative stress plays a crucial

 

Fig. 7 (a)  Schematic  illustration  of  targeting  the  metabolic  immune  checkpoint  CD73  to  enhance  glioblastoma  (GBM)
immunotherapy  through  the  combined  use  of  argentum–copper  selenide  nanoparticles  (ACS  NPs),  disulfiram  (DSF),  and
radiotherapy. (b) Transmission electron microscopy (TEM) image of ACS NPs. (c) Generation of O2 from H2O2 and ACS NPs.
(d) TEM image showing changes in ACS NPs after reaction with an H2O2 aqueous solution for 24 h. (e) TUNEL staining images
of tumor tissues from different groups of mice collected on Day 12. (f) Hematoxylin and eosin staining images of tumor tissues
from different groups of mice collected on Day 23. (g–h) Flow cytometry analysis of IFN-γ+CD8+T cells and their percentage in
tumors from different groups of mice (n = 6). Reproduced with permission from Ref. [75] © 2024 American Chemical Society.
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role  in  PD  pathogenesis  [91–93].  Excessive
intracellular  ROS  can  lead  to  neuronal  damage  and
cell  death.  CS  NPs  can  treat  PD  through  both  direct
and  indirect  mechanisms.  In  our  previous  work,  CS
NPs  demonstrated  antioxidative  properties  when
combined  with  polyphenols.  The  modified  CS  NPs
effectively  scavenged  ROS,  thereby  reducing  the
detrimental  effects  of  oxidative  stress  on  neurons
[33].  They  also  inhibited  α-syn  aggregation  by
enhancing  selective  autophagy  in  neurons  [34].  In
addition,  functionalized  CS NPs  can  be  used  to  treat
PD  by  directly  modulating  the  differentiation  of
NSCs  into  DA  neurons  and  promoting  neuronal
mitochondrial  biogenesis  [35,  36].  As  mentioned
earlier,  ultrasmall  CS  NPs  exhibit  significant
advantages in crossing the BBB with the assistance of
focused ultrasound. They can be efficiently delivered
to  brain  lesion  sites  for  the  treatment  of  CNS
diseases. In the following section, we will specifically
elucidate  how  advanced  CS  NPs  effectively  address
the challenges associated with PD treatment (Fig. 9). 

Inflammatory response reduced by CS NPs

Microglia  are  essential  immune  cells  in  the  CNS.  In

the early stages of PD, most microglia are of the M2-
type  and  can  remove  harmful  substances  around
neurons  through  phagocytosis,  such  as  damaged
mitochondria  and  aggregated  α-syn  [94,  95].
However,  as  the  disease  progresses,  continuous
inflammatory  stimulation  and  oxidative  stress  may
reduce  the  phagocytic  capability  of  M2-type
microglia,  preventing  the  timely  removal  of  harmful
substances  and  increasing  neuronal  damage.
Meanwhile,  M1-type  microglia  continuously  release
ROS and inflammatory mediators, forming a positive
feedback loop that accelerates the degeneration of DA
neurons  and  ultimately  leads  to  neuronal  death
[96–99].  Therefore,  the  balance  of  microglial
polarization is disrupted in PD, increasing the M1/M2
microglial  ratio.  This  suggests  that  PD  treatment
could  involve  shifting  pro-inflammatory  M1
microglia  toward  the  anti-inflammatory  M2
phenotype to reduce neuroinflammation [100].

Regulating  microglial  polarization  and  reducing
neuroinflammation are crucial for the treatment of PD
(Figs.  10(a)  and  10(b)).  In  our  previous  work,
ultrasmall  CS  NPs  demonstrated  superiority  in

 

Fig. 8 (a) Schematic illustration of the preparation of personalized DC-based nanovaccines for tumor-specific immunotherapy. (b)
CLSM images of DC 2.4 cells incubated with CM(D) or CS@CM(D) NPs for 6 h. CM(D) and CS@CM(D) NPs were labeled with
Dio (green), nuclei were stained with Hoechst 3342 (blue), and lysosomes were stained with Lyso Tracker-Red (Lyso-Red, red)
(scale bar:  20 μm). (c)  Immunofluorescence images of  MHC I  on DC 2.4 cells  (scale  bar:  50 μm). (d) Diagram illustrating the
escape of nanomaterials from lysosomes. (e) Fluorescence images of mice injected with Dil-labeled nanovaccines, recorded using
the IVIS Lumina XRMS Series Imaging System. (f) Images of tumor slices stained with rubeanic acid from GL261 tumor-bearing
mice  treated  with  DCCM, DCNV(D)  nanovaccines,  or  DCNV (CSD)  nanovaccines  (scale  bar:  50  μm).  (g–h)  Flow  cytometry
analysis  of  effector  memory  T  cells  (TEM  cells,  CD3+CD44+  CD62Llow),  their  percentage  in  the  spleen  of  mice  from  different
groups. Reproduced with permission from Ref. [76] © 2024 American Chemical Society.

100 Nano Biomed. Eng., 2025, 17(1)

https://www.sciopen.com/journal/2150-5578

https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578


crossing the BBB [24, 25]. They were modified with
quercetin  (Qe)  on  their  surface  (referred  to  as  CSPQ
NPs),  which  not  only  enhanced  the  performance  of
CS NPs but  also  improved the  water  solubility, anti-
inflammatory,  antioxidative,  and  anti-apoptotic
properties  of  Qe  [33].  CSPQ  NPs  exhibit  excellent
multi-enzyme  activity,  including  peroxidase  (POD),
superoxide dismutase (SOD), and catalase (CAT)-like
activity,  effectively  scavenging  ROS  (Fig.  10(c)).
After  being  coated  with  the  cell  membrane  of  DA
neurons  (MES23.5  cells),  CS  NPs  efficiently  cross
the  BBB  with  the  assistance  of  focused  ultrasound.
Additionally,  they  effectively  target  microglia
through  the  specific  interaction  between  ICAM-1  on
the MES23.5 cell membrane and α4β1 integrin on the
surface  of  microglia  (Figs.  10(d)–10(g)),  promoting
microglial  polarization  into  the  M2-like  phenotype
with  neuroprotective  effects.  Consequently,  CSPQ
NPs  alleviate  oxidative  stress  in  the  brain,  improve
the  inflammatory  environment,  and  significantly
enhance  both  motor  and  memory  functions  in  mice
with PD (Fig. 10(h)).

However,  the  detailed  mechanism  of  microglial
polarization  mediated  by  CSPQ@CM  NPs  remains
unclear.  Therefore,  we  further  investigated  how
CSPQ@CM  regulates  microglial  polarization  and
lipid  metabolism  [48].  Interestingly,  CSPQ@CM

specifically  targets  the  TREM2 signaling pathway in
microglia,  enhancing  lipid  metabolism  and
modulating  the  inflammatory  response,  ultimately
promoting neuronal remyelination. In conclusion, the
intrinsic  properties  of  functionalized  CS  NPs  play  a
crucial  role  in  reducing  neurotoxicity  and  treating
neurodegenerative diseases. 

α-Syn aggregation inhibited by CS NPs

α-Syn  is  a  naturally  expressed  unfolded  protein  in
neurons. Under normal circumstances, α-syn exists in
a  soluble  form.  However,  in  PD,  it  is  more  prone  to
misfolding due to genetic  and environmental  factors.
The  misfolded  α-syn  exposes  hydrophobic  regions,
promoting  interactions  and  aggregation.  These  α-syn
aggregates  activate  the  inflammatory  response  and
damage  neurons  [91,  101–103].  Therefore,  the
efficient clearance of α-syn aggregates is a key factor
in PD treatment.

Autophagy,  a  self-cleaning  mechanism  within
cells,  plays  a  crucial  role  in  identifying  and
eliminating  damaged  proteins,  organelles,  and  other
cellular  components  [104,  105].  Under  normal
physiological  conditions,  autophagy  effectively
degrades  pathogenic  α-syn,  preventing  its  abnormal
aggregation  into  Lewy  bodies  and  maintaining
intracellular  stability.  Under  pathological  conditions,

 

Fig. 9 Treatment of Parkinson’s disease (PD) with copper selenide nanoparticles (CS NPs) by reducing oxidative stress in cells,
inhibiting α-syn aggregation, and supplementing dopaminergic neurons.
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pathogenic α-syn produced by neurons can be cleared
by  enhancing  selective  autophagy  [106–108].  When
excessive  pathogenic  α-syn  is  not  efficiently  and
promptly  degraded  within  neurons,  it  may  be
exocytosed  into  the  extracellular  environment  and
subsequently removed by microglia [109]. Therefore,
regulating autophagy levels in neurons and microglia
presents a novel approach for PD treatment [110].

We employed CSPQ NPs to  promote  the  selective
autophagic  degradation  of  α-syn  aggregates  in

neurons  and  improve  the  treatment  efficacy  of  PD
[34].  CSPQ  NPs  activated  the  Nrf2/p62  pathway  in
neurons  (Fig.  11(a)).  The  increased  LC3-II/LC3-I
ratio  confirmed  the  enhancement  of  selective
autophagy  (Fig.  11(b)).  In  vivo  experiments
demonstrated that CSPQ NPs significantly reduced α-
syn aggregate levels  (Figs.  11(c) and 11(d)).  Finally,
motor impairment and exploratory ability in PD mice
were  drastically  improved  after  treatment,  as
evidenced  by  the  water  maze  test  and  the  open  field
test (Fig. 11(e)).

 

Fig. 10 (a)  Schematic  illustration  of  biomimetic  copper  selenide-polydopamine-quercetin@cell  membrane  nanoparticles
(CSPQ@CM  NPs)  for  targeted  modulation  of  the  brain  microenvironment  in  the  treatment  of  Parkinson’s  disease  (PD).  (b)
Ultraviolet–visible (UV–Vis) absorption spectra of the quercetin–polydopamine complex, CSP NPs, and CSPQ NPs. (c) Confocal
laser  scanning microscopy (CLSM) images of  BV2 cells  detecting intracellular  ROS before and after  incubation with H2O2 and
pretreatment with CSPQ NPs. The fluorescence distribution and intensity in BV2 cells are shown in I–III. (d) CLSM images of
BV2 cells after culturing under different conditions: normal, H2O2, interleukin-4 (IL-4), CSPQ NPs, and CSPQ NPs with H2O2. (e)
Photoacoustic (PA) images of the brain of a nude mouse obtained before and after ultrasound treatment, followed by intravenous
injection of CSPQ@CM NPs. (f) PA images of the mouse brain before and after injection of CSPQ@CM NPs without ultrasound
treatment. (g) Representative movement paths of mice from different groups (n = 6): (I) normal group; (II) PD+ultrasound (US) +
phosphate-buffered saline (PBS) group; (III) PD+CSPQ@CM group; IV) PD+US+CSPQ@CM group. (h) Ratios of M2- to M1-
like  markers,  i.e.,  CD206  and  CD86,  expressed  on  microglia  in  the  brains  of  four  groups  of  mice,  were  analyzed  by  flow
cytometry. Reproduced with permission from Ref. [33] © 2020 American Chemical Society.
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Additionally, TRPV1 is known to be a temperature-
sensitive  cation  channel  [111,  112]  and  serves  as  an
effective target for the treatment of neurodegenerative
diseases.  Activation  of  this  channel  can  enhance
autophagy  [113];  however,  continuous  stimulation
may  lead  to  an  excessive  influx  of  Ca2+  into  cells,
causing  mitochondrial  damage  and  even  triggering
apoptosis  [114].  Therefore,  it  is  crucial  to  regulate
TRPV1  activation  on  demand  to  modulate
intracellular  Ca2+  levels  effectively.  Building  on  this
research,  we  leveraged  the  high  photothermal
conversion efficiency of ultrasmall CS NPs to control

TRPV1 activation [24]. CS NPs were conjugated with
anti-TRPV1  antibodies  to  form  Cu2−xSe-anti-TRPV1
nanoparticles  (CS-AT  NPs).  These  CS-AT  NPs
functioned  as  a  photothermal  switch,  selectively
targeting  and  activating  the  TRPV1  channel  on  the
microglial  membrane  under  NIR-II  irradiation
(Fig.  11(f)).  This  activation  induced  Ca2+  influx,
which  stimulated  the  ATG5  and  Ca2+/CaMKK2/
AMPK/mTOR  signaling  pathways,  promoting  the
phagocytosis  and  degradation  of  α-syn  aggregates
(Figs.  11(g)  and  11(h)).  Additionally,  CS-AT  NPs
were efficiently delivered to the striatum of PD mice,

 

Fig. 11 (a)  Schematic  illustration  of  CSPQ  NPs  activating  Nrf2  to  regulate  SQSTM1/p62-dependent  selective  autophagy  for
scavenging α-syn aggregates. (b) Expression levels of LC3-II/LC3-I and SQSTM1/p62 in dopaminergic neuronal MES23.5 cells
after treatment with different concentrations of CSPQ NPs. (c) Western blot assay and (d) corresponding quantitative analysis of α-
syn  aggregates  from  different  groups  of  mice.  (e)  Fitting  diagram  of  the  swimming  tracks  of  five  mice  per  group:  (I)  Control
group, (II) PD+US+PBS group, (III) PD+CSPQ@CM group, (IV) PD+US+CSPQ@CM group. Reproduced with permission from
Ref.  [34]  ©  2023  Elsevier  B.V.  (f)  Schematic  illustration  of  CS-AT  NPs  enhancing  microglial  autophagy  to  phagocytose  and
degrade α-syn for PD treatment. (g) Fluorescence intensity of Ca2+  in BV2 cells  from different  groups. (h) Representative TEM
image of autophagosomes in BV2 cells incubated with CS-AT NPs and irradiated with a 1 064 nm laser. (i) Quantitative analysis
of the relative LC3-II/LC3-I ratio. (j) α-Syn levels in mice from all  groups. (k) Open field test  results,  including representative
tracking paths and parameter analysis, showing changes in mean speed, zone transition number, resting total time, and peripheral
zone resting time in five groups of mice. Reproduced with permission from Ref. [24] © 2022 WILEY-VCH Verlag.
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where  TRPV1  expression  was  high.  In  vivo
experiments  confirmed  that  enhanced  autophagy
facilitated  efficient  phagocytic  clearance  of  α-syn
aggregates,  significantly  improving  motor  and
memory  functions  in  PD  mice  treated  with  CS-AT
NPs and NIR-II irradiation (Figs. 11(i)–11(k)). 

DA neurons increased by CS NPs

Our  previous  work  demonstrated  the  indirect
neuroprotective  effects  of  functional  CS  NPs  on  DA
neurons. Additionally, combining CS NPs with other
therapeutic  approaches  can  directly  protect  neurons
by  improving  mitochondrial  dysfunction  and
promoting neuronal differentiation.

Mitochondrial  dysfunction  plays  a  critical  role  in
neuronal  loss.  In  the  neurons  of  PD  patients,
mitochondrial impairment leads to insufficient energy
supply,  increased  electron  transport  chain  leakage,
and  excessive  generation  of  ROS  [115].  Moreover,
mitochondrial  dysfunction  disrupts  normal  calcium
signaling, accelerates the misfolding and aggregation
of  proteins  such  as  α-syn,  and  ultimately  affects
neuronal  function  [116,  117].  Therefore,  enhancing
mitochondrial  function  presents  a  promising  strategy
for PD treatment [118].

Next,  we  developed  a  mitochondrial-targeted
nanodelivery system using CS NPs, which effectively
coordinates  with  curcumin  through  surface  copper
ions  (Fig.  12(a))  [35].  Curcumin-modified  Cu2–xSe
nanoparticles  (CSC  NPs)  were  coated  with
macrophage  cell  membranes  modified  with  DSPE-
PEG2000-TPP.  The  coated  CSC  NPs  not  only
targeted inflamed neurons and their mitochondria but
also  enhanced  mitochondrial  biogenesis  (Figs.  12(b)
and  12(c))  and  improved  PD  treatment  outcomes
(Figs. 12(d) and 12(e)).

Similarly,  we  designed  Cu2−xSe-PVP-SC79  NPs
coated  with  RAW  264.7  cell  membranes  (CM),
referred to as CSS@CM NP [119]. SC79 is a specific
Akt  phosphorylation  agonist  that  reduces  neuronal
excitotoxicity, prevents neuronal death, and promotes
neurite growth [120]. Additionally, Cu2+ ions released
from  CSS@CM  NPs  significantly  promote  neuronal
proliferation and cell migration by activating the Akt
and  ERK  signaling  pathways.  When  coated  with
RAW  264.7  CM,  these  NPs  target  neurons,  prevent
synaptic damage and neuronal apoptosis, and enhance
PD treatment efficacy.

When  the  progressive  loss  of  DA  neurons  cannot

be reversed, an alternative approach is to supplement
neurons  by  controlling  the  differentiation  of  NSCs
into DA neurons. NSC transplantation has emerged as
a promising strategy to generate new DA neurons for
PD  treatment  [121,  122].  NSCs  not  only  possess
multidirectional  differentiation  potential,  enabling
them to  develop  into  DA neurons, but  also  secrete  a
variety  of  neurotrophic  factors  [123].  When
transplanted  into  the  brains  of  PD  patients,  NSCs
have  the  potential  to  differentiate  into  mature  DA
neurons  in  response  to  the  specific  environment.
These  differentiated  neurons  can  effectively  replace
damaged  or  lost  neurons  and  enhance  dopamine
production  in  the  affected  regions  [124].  However,
precise  control  over  the  differentiation  pathway  of
NSCs remains a significant challenge.

Building  on  previous  research, we  discovered  that
the  combined  use  of  CS  NPs  and  NIR-II  laser
irradiation  can  effectively  promote  NSC
differentiation into neurons [36]. This effect is likely
attributed  to  the  intrinsic  properties  and  modifiable
surface of CS NPs. The synergistic action of CS NPs
and  1  064  nm  NIR-II  laser  irradiation  can  open
voltage-gated  calcium  channel  on  the  NSC  surface,
triggering  the  Ca2+/CaMK/CREB/c-Fos  signaling
pathway  (Figs.  12(f)  and  12(g))  and  effectively
regulating NSC differentiation into DA neurons (Figs.
12(h)  and  12(i)).  Furthermore,  using  this  approach,
we  successfully  repaired  the  damaged  nigrostriatal
neural circuit and improved motor impairment as well
as  anxiety  in  PD  mice  (Fig.  12(j)).  These  findings
highlight  the  potential  of  new  strategies  and
methodologiess for PD treatment. 

Summary and Future Prospects

Copper  chalcogenides,  particularly  CS  NPs,  exhibit
immense  potential  in  biomedical  applications,
especially  for  the  treatment  of  CNS  diseases.  This
potential  arises  from  their  unique  physicochemical
properties,  such  as  strong  LSPR  in  the  NIR-II
window, Fenton-like catalytic activity, and the ability
to  be  doped  with  other  elements.  In  the  context  of
GBM  treatment,  CS  NPs  enhance  immunotherapy
efficacy by inducing ICD in tumor cells through ROS
generation,  reshaping  the  immunosuppressive  tumor
microenvironment,  and  boosting  T  cell  activity.  For
PD  treatment,  drug-loaded  CS  NPs  mitigate  the
inflammatory  response  by  reducing  ROS  levels  and
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promoting  microglial  polarization,  while  also
inhibiting  α-syn  aggregation  by  modulating  the
cellular  autophagy  pathway.  In  summary,  CS  NPs,
with their unique physicochemical properties, provide
novel  strategies  and  methodologies  for  addressing
CNS diseases.

Future research should focus on further optimizing
the  synthesis  and  functionalization  of  CS  NPs  to
enhance  their  performance  and  specificity  in  CNS
disease  treatment.  Additionally,  extensive  preclinical
and clinical trials are essential to validate the efficacy
and safety of CS NP-based therapeutics. Although the
distribution,  degradation,  and  metabolism  of
ultrasmall CS NPs have been demonstrated through in
vivo  fluorescence imaging, blood routine tests, blood

biochemistry,  histological  analysis,  and
characterization  of  copper  transport  and  binding
proteins,  results  indicate  that  ultrasmall  CS  NPs  are
primarily  excreted  via  feces  and  urine  within  72  h
postintravenous  injection.  Furthermore,  the  released
copper  ions  did  not  cause  severe  toxicity,
underscoring  the  great  potential  of  copper
chalcogenide  nanoparticles  in  nanomedicine.
However,  further  in  vivo  studies  with  larger  sample
sizes and longer observation periods are necessary to
assess the long-term therapeutic effects and potential
side  effects  of  CS  NPs  in  CNS  disease  treatment.
Such  studies  should  also  be  conducted  on  large
animal  models  and  non-human  primates.  Moreover,
the  clinical  translation  of  these  preclinical  findings,
alongside the development of advanced drug delivery

 

Fig. 12 (a)  Schematic  illustration  of  biomimetic  targeting  nanoparticles  ameliorating  mitochondrial  dysfunction  by  mediating
mitochondrial  biogenesis  to  enhance  PD  therapy.  (b)  Confocal  laser  scanning  microscopy  (CLSM)  images  showing  total  and
active mitochondria in SH-SY5Y cells pretreated with different concentrations of CSC NPs, followed by incubation with 1-methyl-
4-phenylpyridinium  (MPP+).  (c)  Representative  TEM  images  of  mitochondria  in  SH-SY5Y  cells  treated  with  MPP+  after
incubation with CSC and CSCCT NPs. (d) Elevated plus-maze test: Heat map of tracking paths showing changes in the frequency
of  open-arm  entries  in  five  groups  of  mice.  (e) Western  blot  and  quantitative  analysis  of  sirtuin  (SIRT)  protein  levels  in  five
groups of mice. Reproduced from Ref. [35] © 2023 Q. Zheng, et al. (f) and (g) Schematic illustration of neural stem cell (NSC)
transplantation into the striatum of PD mice, promoting their directional differentiation into dopaminergic neurons induced by CS
NPs  under  1  064  nm NIR-II  laser  irradiation.  (h) Representative  fluorescence  images  of  NSCs incubated  for  seven  days  under
different  experimental  conditions  (Control,  Laser,  CS,  CS+Laser).  (i)  Statistical  analysis  of  fluorescence  intensity  in  the
representative images of c-Fos expression in NSCs induced by CS NPs and 1 064 nm NIR-II laser irradiation. (j) Open field test:
Heat maps of tracking paths showing changes in mean speed. Reproduced with permission from Ref. [36] © 2024 Elsevier B.V.
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systems  tailored  for  CS  NPs,  is  crucial  for
overcoming CNS diseases and achieving personalized
treatment. 
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