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ABSTRACT: Central  nervous  system  disorders  constitute  a
major  global  public  health  burden,  contributing  substantially  to
morbidity and mortality. Advances in elucidating their underlying
pathogenesis  have  facilitated  the  approval  of  an  increasing
number  of  proprietary  drugs  for  clinical  management  of
neurological conditions. A critical challenge in drug delivery lies
in  achieving  appropriate  tissue  distribution,  particularly  within
the  brain,  where  effective  therapeutic  intervention  requires
traversing  the  blood-brain  barrier  and  precisely  targeting
localized  regions.  Nanodelivery  systems  have  emerged  as  a
promising  approach  in  biomedicine  to  address  these
challenges.  Among  these,  peptides—characterized  by  their
high  specificity  and  relatively  small  size—are  extensively
employed to functionalize nanocarriers, thereby enhancing targeted tissue distribution. The conjugation of diverse functional
peptides  onto  heterogeneous  nanoscale  carriers  enables  precise,  efficient,  and  multidimensional  targeting.  This  review
highlights  several  representative  neurological  diseases  and  systematically  discusses  strategies  for  peptide-based
functionalization of nanocarriers tailored to these pathological contexts.
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 1    Introduction
Diseases of the central nervous system (CNS) affect tens of millions
of  people  and  have  become  one  of  the  most  serious  medical  and
public health challenges in modern society. According to estimates
by  the  World  Health  Organization  (WHO),  neurodegenerative
diseases are projected to surpass cancer as the second leading cause
of mortality by 2040 [1]. Most CNS diseases remain incurable, and
their pathogenesis has not been fully elucidated. In addition to the
lack  of  effective  drugs,  the  absence  of  efficient  drug  delivery
methods to the brain represents a significant challenge. The blood-
brain barrier (BBB) limits the entry of most drugs, and the complex
structure of the brain further complicates the accumulation of drugs
through  non-invasive  administration.  To  achieve  efficient  drug

distribution  in  specific  brain  regions,  the  development  and  design
of  targeted  delivery  systems  are  crucial.  Nanomaterials  are
extensively  employed in  the  treatment  of  CNS diseases  to  develop
universal  drug  delivery  strategies  [2].  Their  surfaces  can  present  a
variety of ligands for precise targeting and controlled release of the
drug  vector.  As  research  on  peptides  advances,  their  role  as
functional  elements  has  become increasingly  prominent.  Here,  we
refer  to  peptides  consisting  of  5  to  30  amino  acid  residues,  which
may  or  may  not  adopt  a  specific  conformation.  Several  peptides
have  emerged  as  promising  candidates  in  the  treatment  of  CNS
diseases. Modifications of these peptides have enhanced the blood-
brain barrier permeability of nanocarriers and increased their tissue
distribution specificity, significantly improving the bioavailability of
the encapsulated cargo. This phenomenon is often referred to as the
"Trojan  Horse"  of  biology.  Nevertheless,  CNS  diseases  are  too
complex to  be  addressed by  a  simple  intracerebral  delivery  vector.
Recent trends focus on developing heterogeneous vectors capable of
stepwise and multidimensional targeting. This article will therefore
introduce  the  pathological  features,  effective  drugs,  and
nanomaterial-based  treatment  strategies  for  several  major  CNS
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diseases, along with a comprehensive summary of peptides used for
nanocarrier modification, including cell-penetrating peptides, brain
shuttle peptides, and homing peptides (Fig. 1).

 2    CNS diseases
The  central  nervous  system  comprises  the  brain,  spinal  cord,  and
neural  components  of  the  eye.  As  the  principal  regulator  of  vital
physiological processes, the CNS is protected by biological barriers
and is endowed with a unique immune privilege [3, 4]. Even subtle
changes  in  the  microenvironment  of  the  CNS—such as  variations
in  pH,  ion  strength,  or  redox  status—can  have  profound  impacts
on  its  function  [5].  These  alterations  may  result  from  a  variety  of
factors,  including  infections  (bacterial  or  viral),  metabolic
disturbances,  ischemia,  hemorrhages,  inflammation,  immune
responses, or age-related degeneration, potentially leading to severe
neurological disorders. CNS diseases, including stroke, brain cancer,
and  neurodegenerative  diseases,  affect  billions  worldwide,
contributing  not  only  to  significant  patient  suffering  but  also
imposing a considerable economic burden on society.

Tissue  distribution  is  a  fundamental  concept  in  pharmacology
[6], often associated with drug toxicity. The speed and efficiency of
drug distribution are critical factors influencing therapeutic efficacy.
Specifically, the local concentration of a drug at the target site, along
with its duration of action, plays a decisive role in its effectiveness.
In clinical  practice,  intracerebral drug delivery is  typically achieved
through systemic routes, such as oral administration (non-invasive)
and  intravenous  or  intramuscular  injection  (invasive).  Oral
administration  is  commonly  preferred  due  to  its  convenience  and
higher  patient  compliance.  However,  to  achieve  therapeutic
concentrations of a drug in the bloodstream, higher oral  doses are
often necessary. Simply increasing the systemic concentration does
not  always  result  in  higher  drug  levels  in  the  brain  and  may  even
lead  to  significant  adverse  effects,  such  as  hepatorenal  toxicity,
anaphylactic  reactions,  or  worse.  These  challenges  are  largely
attributed to the brain's protective barriers.

The  brain  is  encased  by  two  distinct  barriers:  the  blood-brain
barrier, which separates the brain from the systemic circulation, and

the  blood-cerebrospinal  fluid  barrier  (BCSFB)  [7].  The  BCSFB  is
formed  by  the  choroid  and  arachnoidal  epithelium,  providing
access  to  the  cerebrospinal  fluid  (CSF)  in  the  ventricular  and
subarachnoid spaces, respectively [8]. Like other biological barriers,
the  BCSFB  contains  tight  junctions,  but  it  has  a  relatively  low
electrical resistance (~ 200 Ω·cm2) and a surface area approximately
1000  times  smaller  than  that  of  the  BBB  [9].  Consequently,  the
BCSFB has  received  comparatively  less  attention  in  the  context  of
CNS drug delivery.

 2.1    Blood-brain barrier
The BBB is a physiological structure composed of a layer of tightly
packed,  metabolically  active  endothelial  cells  that  regulate  the
transfer of substances between the blood and neural tissues [10−12].
These endothelial cells, which form the walls of brain capillaries, are
the primary constituents of the BBB. They establish tight junctions
that  restrict  paracellular  transport.  Moreover,  these  cells  contain  a
variety  of  cytosolic  and  extracellular  membrane-bound  enzymes,
which  downregulate  vesicular  transport  and  efflux  pumps.
Collectively,  these features enable the BBB to play a crucial  role in
maintaining brain homeostasis.

Although  the  BBB  functions  as  a  formidable  barrier,  it  must
allow  the  passage  of  essential  ions,  nutrients,  and  hormones  to
support  brain  function.  To  achieve  this,  it  employs  a  series  of
transport  mechanisms.  The  maximum  distance  between  cells  and
capillaries is  approximately 20 micrometers,  a  distance that can be
crossed by small molecules in less than a second [13]. Certain small
hydrophobic compounds (less than 500 Da) can diffuse across the
endothelial  membrane,  while  polar  molecules  such  as  glucose,
amino  acids,  and  some  peptides  rely  on  specific  transporters  that
facilitate  their  entry  into  the  brain’s  extracellular  space.
Macromolecules and hormones, on the other hand, are transported
via  endocytic  mechanisms,  including  receptor-mediated
transcytosis  (RMT)  and  adsorptive-mediated  transcytosis  (AMT)
[14].  In  the  context  of  CNS  diseases,  drugs  must  be  delivered
directly to the affected areas in sufficient concentrations to provide
effective  local  treatment.  However,  this  delivery  process  is
significantly hindered by the BBB. As a result,  the development of

 

Figure 1    Schematic illustration of peptide-functionalized nanocarriers for targeted CNS delivery.
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efficient and non-invasive strategies to enhance drug accumulation
in the brain is an urgent need.

 2.2    Blood-cerebrospinal fluid barrier
The  BCSFB,  along  with  the  blood-brain  barrier,  works  to  protect
the central nervous system. However, the BCSFB is more accessible
to  potential  invaders,  resulting  in  higher  permeability  of
nanomedicines  across  the  BCSFB  compared  to  the  BBB.  The
BCSFB is located in the choroid plexus (CP) of the brain ventricles.
The CP is  an epithelio-endothelial  structure  composed of  a  highly
vascularized  stroma  with  connective  tissue  and  epithelial  cells
[15−17].  The  stroma  contains  fenestrated  capillaries  with  60  to
80 nm openings,  surrounded by connective tissue rich in immune
cells. The ventricular side of the stroma is covered by a single layer
of cuboidal epithelial cells. These epithelial cells possess the ability to
secrete various proteins into the CSF, and could potentially release
therapeutic proteins or anti-inflammatory cytokines in response to
different  neurological  conditions.  With  brisk  blood  flow
(approximately  10  times  that  of  the  brain)  and  highly  permeable
capillaries,  the  human  CP  ensures  a  high  turnover  rate  of  fluid
(around 400,000 µL/day), which contains micronutrients, peptides,
and  hormones  necessary  for  neuronal  networks  [18].  CSF
formation  occurs  via  basolateral  carrier-mediated  uptake  of  Na+,
Cl−,  and  HCO3−,  followed  by  apical  release  through  ion  channel
conductance and osmotic water flow through aquaporin 1 (AQP1)
channels.  Transcellular  active  transport  and  secretion  in  epithelial
cells  are  driven  by  a  dense  network  of  organelles,  including
mitochondria, endoplasmic reticulum, and Golgi apparatus [19].

However,  the  ability  of  the  brain  to  access  medication does  not
correspond  to  the  permeability  of  the  BCSFB.  For  instance,  the
movement  of  proteins  and  peptides  across  the  BCSFB  is  highly
restricted,  primarily  occurring  through  paracellular  leaks  at
incomplete  tight  junctions  and  low-capacity  transcellular
pinocytosis/exocytosis.  The  pathogenesis  and  pathophysiology  of
various diseases are often linked to dysfunctions in the CP and B-
CSF barrier. It can be concluded that major alterations involve the
production  of  different  proteins  by  CP  epithelial  cells,  the
expression  of  tight  junction  (TJ)  and  transporter  proteins,  and
immune  cell  trafficking.  However,  it  remains  unclear  whether  the
CP responds uniformly to different diseases across all ventricles. A
comprehensive  understanding  of  the  roles  played  by  the  CP  in
various  diseases  is  crucial,  as  it  may  lead  to  new  therapeutic
strategies [20].

 2.3    Ischemic stroke
Stroke is one of the leading causes of death worldwide and a major
contributor to disability due to its high prevalence as a CNS disease.
Ischemic stroke (IS) is the most common type of stroke in clinical
practice,  typically  caused  by  sudden  infarction  of  brain  vessels,
cardiac arrest, or hypotension [21]. Ischemic stroke generally occurs
when  blood  flow  to  the  brain  is  obstructed  due  to  thrombosis  or
ruptured arteries. Disruption of the blood supply results in a lack of
energy  and  metabolic  dysfunction,  causing  tissue  damage  and
widespread  neuronal  death  [22, 23].  Currently,  therapeutic
approaches  for  acute  IS  primarily  include  thrombolysis,
neuroprotection  during  reperfusion  injury,  and  the  restoration  of
central nervous system cells.

In  the  event  of  an  IS,  the  first  priority  is  to  clear  the  blocked
vascular  area  through  thrombolysis,  which  can  be  achieved  via
systemic  or  interventional  methods.  For  patients  who  are  not

candidates  for  endovascular  thrombectomy,  thrombolysis  using
drugs remains the only option. Tissue plasminogen activator (tPA)
is the only thrombolytic therapy approved by U.S. Food and Drug
Administration  (FDA),  but  it  has  a  narrow  therapeutic  window
(3−4.5 h) and is most effective in the early stages of infarction. This
limitation  is  likely  due  to  its  short  plasma  half-life  [24].
Additionally,  intravenous  thrombolysis  with  Alteplase  is  currently
the  only  FDA-approved  thrombolytic  agent  [25].  The  potential  of
Tenecteplase to replace Alteplase as a new generation thrombolytic
drug  has  sparked  renewed interest  in  developing  new intravenous
thrombolytic  therapies.  In  cases  of  large  vessel  occlusion,  patients
may  require  more  potent  thrombolytic  agents  with  high  efficacy
and  good  safety  profiles.  Non-immunogenic  recombinant
staphylokinase  and  recombinant  human  prourokinase  may  fulfill
these requirements [26, 27].

To  improve  and  stabilize  the  effects  of  thrombolytic  therapy,
antithrombotic  drugs  can  also  be  used  in  combination  with
intravenous thrombolysis.  Short-acting antithrombotic agents such
as eptifibatide and argatroban have demonstrated unique potential.
Eptifibatide inhibits platelet aggregation via the glycoprotein IIb/IIIa
receptor,  thereby  preventing  fibrin  crosslinking  [28],  while
argatroban  directly  binds  to  thrombin  to  inhibit  fibrin
deposition [29].

Although reperfusion of ischemic tissue is crucial for survival, it
also  triggers  oxidative  damage,  cell  death,  and  aberrant  immune
responses through the generation of mitochondrial reactive oxygen
species (ROS) [30−33]. During this process, neuronal death occurs
due  to  multiple  factors,  and  the  resulting  damage  is  largely
irreversible.  The  neuronal  death  pathways  in  IS  are  believed  to
involve  intrinsic  and  extrinsic  apoptosis,  ferroptosis,  autophagy,
necroptosis,  parthanatos,  pyroptosis,  and  phagoptosis  [22].
Mitochondrial ROS are generally considered a nonspecific response
to  ischemia,  and  their  clearance  represents  a  critical  therapeutic
strategy.  Antioxidants  and  anti-inflammatory  agents,  such  as
edaravone  and  fingolimod,  have  demonstrated  effectiveness  in
stroke  models  and  are  currently  being  evaluated  in  clinical  trials
[34].  Additionally,  several  neuroprotective  agents  have  been
developed  to  mitigate  the  effects  of  ischemic  tissue  reperfusion
following  thrombolytic  therapy.  For  instance,  Otaplimastat,  a
matrix  metalloproteinase  (MMP)  inhibitor,  has  been  shown  to
reduce  edema  and  intracerebral  hemorrhage  in  stroke  models
treated  with  tPA  [35].  Similarly,  3K3A-APC,  a  PAR1  agonist,
reduces neurological injury and promotes vascular integrity [36].

After the initial treatment of IS, the formation of a rich vascular
network  (angiogenesis)  in  the  damaged  brain  tissue  is  crucial  for
improving  patient  recovery  and  facilitating  neuronal  network
regeneration  (neurogenesis)  of  endogenous  or  transplanted  neural
stem  cells  [37−39].  Angiogenesis  occurs  through  three  main
mechanisms:  remodeling  of  blood  vessels  to  form  smaller
microvessels,  arteriogenesis,  and  sprouting  angiogenesis  [40].
Among  these,  sprouting  angiogenesis  has  been  identified  as  the
primary mode of vascular growth following cerebral ischemia [41].
To  enhance  blood  flow  in  the  peri-infarct  area,  promote  blood
vessel growth, and restore vascular function, several strategies have
been  proposed,  including  the  use  of  endothelial  progenitor  cells,
mesenchymal stem cells, cytokines, growth factors, and non-coding
RNAs  [42].  Stem  cell-based  therapies  are  highly  effective  in
repairing  nerve  cells,  though  they  typically  require  invasive  drug
delivery  methods.  In  contrast,  non-invasive  delivery  of  growth
factors,  cytokines,  and  angiogenic  mediators  to  the  infarcted
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peripheral nerve tissue is a more universally applicable direction for
current research.

 2.4    Alzheimer’s disease
As  a  typical  neurodegenerative  disease,  Alzheimer’s  disease  (AD)
has  an  incidence  of  approximately  1.5%  in  individuals  aged
≥ 65 years, with the incidence doubling approximately every 5 years
of  age.  In 2019,  the global  number of  people  living with dementia
was  estimated  to  be  57  million,  and  this  number  is  projected  to
reach 153 million by 2050 [43]. The global economic burden of AD
and  related  dementias  is  also  projected  to  rise  significantly,  from
$4.7 trillion in 2030 to $8.5 trillion in 2040, and up to $16.9 trillion
by  2050  [44].  AD  is  the  most  common  form  of  dementia,
characterized  as  a  progressive,  multifactorial  neurodegenerative
disorder of the central nervous system. Pathologically, it is marked
by  the  presence  of  senile  plaques,  neurofibrillary  tangles,  chronic
inflammation,  and  aberrant  neuronal  apoptosis  [45, 46].  The
clinical  manifestations  primarily  include  cognitive  decline,  mental
symptoms,  behavioral  changes,  and  a  gradual  loss  of  daily  living
abilities.

Despite  decades  of  intensive  clinical  trials,  substantial  financial
investments,  and  human  capital  directed  toward  AD  drug
development,  many  FDA-approved  therapeutic  drugs  remain
ineffective  in  reversing  the  progression  of  the  disease.  These
limitations  are  largely  attributed  to  the  complex  pathogenesis  and
intricate brain signaling pathways involved in AD [47]. As a result,
AD  continues  to  represent  one  of  the  most  significant  unmet
medical  needs  worldwide.  Extensive  clinical  observations,  along
with in  vitro and  animal  model  studies,  have  revealed  numerous
molecular alterations and pathological disorders in AD patients and
models.  These  include  the  well-known  overexpression  and
aggregation  of  amyloid-beta  (Aβ),  disturbances  in  metal  ion
homeostasis,  upregulation  of  ROS  and  inflammatory  mediators,
hyperphosphorylation  of  the  microtubule-associated  protein  tau,
cholinergic  dysfunction,  and  synaptic  loss  [48−51].  Such  complex
pathological features have led to the realization that existing single-
target  drugs  are  insufficient  to  treat  AD  effectively.  While  the
academic  community  has  been  exploring  multi-target  approaches
to  AD  treatment,  the  unclear  etiology  of  the  disease  remains  a
fundamental  challenge  for  researchers.  Consequently,  personalized
precision  medicine  is  now  considered  essential  for  the  effective
treatment of AD [52].

 2.5    Parkinson’s disease
Parkinson’s  disease  (PD),  the  second  most  common
neurodegenerative  disorder,  remains  incurable  and  affects
approximately  1%  of  the  population  aged  60  and  older.  In  the
EUROPARKINSON study, the percentage of undiagnosed screen-
detected cases increased from 18% in individuals aged 65–70 years
to  36%  in  those  aged  80–85  years  [53].  PD  is  primarily
characterized by the degeneration of  dopaminergic  neurons in the
midbrain's substantia nigra (SN) [54], leading to debilitating motor
symptoms  such  as  tremors,  impaired  gait,  and  speech  difficulties,
which  worsen  as  the  disease  progresses  [55].  A  hallmark
pathological  feature  of  PD  is  the  abnormal  intra-neuronal
deposition of α-synuclein (α-syn), a protein also implicated in other
neurodegenerative  diseases,  including  dementia  with  Lewy  bodies
(DLB) and multiple system atrophy (MSA) [56].

Among the various  fibrillary  conformations of α-syn aggregates
formed  during  autocatalytic  self-amplification,  soluble  oligomeric

non-fibrillary  structures  are  considered  the  major  toxic  species,
contributing  to  neuronal  cell  death  in  PD  and  other
synucleinopathies  [57, 58].  However,  the  concentration  of α-syn
aggregates  in  the  central  nervous  system  is  considerably  lower
compared  to  other  neurodegenerative  disease  markers  such  as
amyloid-beta  (Aβ)  or  tau  aggregates,  making  it  a  significant
challenge  to  detect  and  monitor  the  onset  and  progression  of  PD
[59, 60].  Pathological α-syn  can  propagate  to  adjacent  neurons  in
anatomically  connected  brain  regions,  where  it  acts  as  a  seed  to
promote  the  aggregation  and  deposition  of α-syn  monomers
[61−63].  This  process  exacerbates  oxidative  stress,  depolarizes
mitochondria,  disrupts  protein  clearance  mechanisms,  and  alters
the  cytoskeleton.  Furthermore, α-syn  aggregation  in  mitochondria
generates  high  concentrations  of  reactive  oxygen  species,  which
further stimulates the expression of inducible nitric oxide synthase
(iNOS)  and  neuroinflammation,  leading  to  neuronal  damage  and
the progression of PD [64].

Various methods have been proposed to slow the progression of
PD, primarily focusing on two aspects: targeting specific molecular
pathways  and  specific  neuronal  rescue  pathways  [65].  In  terms  of
molecular  pathway  targeting, α-syn,  Leucine-rich  repeat  kinase  2
(LRRK2), and β-glucocerebrosidase (GBA) are the most commonly
implicated  pathological  features  in  PD.  The  aggregation  of α-syn
has been observed in the majority of PD patients, although it is not
the  only  misfolded  protein  present  in  their  brains,  which  is  often
described  as  a  prion-like  spread  of  Lewy  pathology  [66, 67].
Therefore,  one  promising  strategy  to  mitigate  cytotoxicity  by
reducing cellular toxicity and the pathological spread of α-syn is the
development  of  anti-α-syn  antibodies  or  the  stimulation  of
microglia  transformation  into  the  M1  phenotype,  thereby
enhancing immune-mediated clearance of α-syn [68, 69].

The  second  target,  LRRK2,  is  associated  with  autosomal-
dominant PD, which results in increased LRRK2 kinase activity and
subsequent  disruption  of  autophagy  [70].  As  a  result,  LRRK2
inhibitors  have  been  developed,  and  two  of  these  (DNL201  and
DNL151)  are  currently  undergoing  phase  1B  clinical  trials.
Similarly, targeting GBA is a therapeutic approach based on genetic
variations  in  the  GBA  gene,  which  cause  mutations  in β-
glucocerebrosidase.  These  mutations  result  in  the  accumulation  of
the enzyme in the endoplasmic reticulum, leading to its degradation
via  the  proteasome  and  reduced  lysosomal  concentrations.
Consequently,  lysosomal  dysfunction  occurs,  vesicle  transport  is
impaired, and α-syn aggregation is promoted [71].

On  the  other  hand,  neuronal  rescue  pathway  targeting  largely
focuses  on  ion  metabolism,  mitochondrial  function,  and
neuroinflammation. The substantia nigra pars compacta (SNpc) is a
typical  neuronal  population  with  spontaneous  pacemaking
properties that regulate calcium ion entry into cells. When calcium
absorption  is  upregulated,  oxidative  stress,  mitochondrial  damage,
and  even  cell  death  may  occur  [72].  Based  on  this  process,
inhibitors  of  L-type  voltage-gated  Ca2+ channels  (Cav1.3)  have
demonstrated  neuroprotective  effects  in  animal  models  [73].
Additionally,  iron overload in the SNpc is  a common pathological
feature of PD, and research utilizing iron chelation with deferiprone
has yielded positive results in PD models [74].

Recent  research  has  focused  primarily  on  mitochondria  and
neuroinflammation  as  key  therapeutic  targets  for  PD.  These  two
factors  are  fundamental  to  the  downstream  symptoms  of  PD  and
are  considered  the  most  effective  targets  for  therapeutic
intervention.  Sargramostim,  a  recombinant  human  granulocyte-
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macrophage  colony-stimulating  factor,  has  shown  potential  in
improving  regulatory  T-cell  function,  thereby  alleviating  PD  by
reducing  inflammation  [75].  Similarly,  AZD3241,  a  selective  and
irreversible myeloperoxidase inhibitor,  has been found to suppress
microglial  activation  and  protect  dopaminergic  neurons  [76].  The
direct  involvement  of  mitochondrial  dysfunction  in  the
pathogenesis  of  PD  is  well-established  [77].  In  conclusion,  further
clinical  studies  are  essential  to  confirm  the  therapeutic  effects  of
these  interventions  on  PD.  Additionally,  the  classification  and
identification  of  various  PD  subtypes  are  critical  to  advancing  the
development of targeted treatments for the disease.

 2.6    Other CNS diseases
In  addition  to  the  previously  mentioned  diseases,  brain  cancer,
multiple  sclerosis  (MS),  and  amyotrophic  lateral  sclerosis  (ALS)
represent  serious  medical  challenges,  all  with  extremely  low  cure
rates.  In  the  context  of  brain  cancer,  glioblastoma  and  glioma  are
the  most  prevalent  and  lethal  forms.  Glioblastoma  typically
originates  in  the  cerebral  hemispheres,  with  95%  of  these  tumors
arising  in  the  supratentorial  region,  particularly  in  the  frontal  and
temporal  lobes.  These  tumors  infiltrate  the  brain parenchyma and
generally  do  not  metastasize  [78].  The  aggressive  invasiveness  of
glioblastoma,  coupled  with  the  BBB  hindering  effective  drug
delivery,  presents  a  significant  therapeutic  challenge  [79].  Glioma
stem  cells  (GSCs)  are  a  small  subpopulation  within  glioblastomas
that  exhibit  genomic  instability,  self-renewal,  and  tumor-initiating
properties.  These  cells  are  believed  to  contribute  to  tumor
heterogeneity  by  differentiating  into  various  glioblastoma
subpopulations [80]. Furthermore, GSCs are resistant to apoptosis,
regulate  the  tumor  microenvironment,  promote  angiogenesis,
suppress  immune  responses,  and  contribute  to  radiation  and
chemotherapy  resistance  [81−84].  The  inability  of  most  current
treatments to effectively target GSCs is considered a major factor in
the recurrence of glioblastoma [84].

MS is a neuroinflammatory disease of the CNS characterized by
demyelination  and  neuronal  damage  [85].  The  annual  economic
burden of MS in the United States is estimated at approximately US
$85.4  billion  [86].  While  the  precise  cause  of  MS  remains
unknown,  the  adaptive  immune  system—particularly  T  and  B
lymphocytes—plays  a  pivotal  role  in  its  pathogenesis,  driving  the
development  and  clinical  recurrence  of  focal  lesions  [85].  MS
lesions,  or plaques,  result from acute inflammatory damage within
the CNS. These lesions typically form around the central  vein and
are  distributed  across  the  CNS,  affecting  white  matter,  the  cortex,
and deep gray matter. During MS relapses, T cells are reactivated by
antigen  presentation,  triggering  an  inflammatory  cascade  and
recruiting  additional  immune  cells.  This  response  leads  to  focal
edema, myelin destruction, oligodendrocyte damage, and neuronal
injury, including axonal damage. However, local inflammation and
nerve damage are somewhat sporadic rather than progressive [87].
Disease  progression  is  ultimately  driven  by  the  complex  interplay
between  autoimmune  responses,  neuroinflammation,  and
neurodegeneration [88].

Amyotrophic  lateral  sclerosis  (ALS)  is  a  devastating
neurodegenerative  disease  characterized  by  the  progressive  loss  of
motor neurons. Although the disease progresses rapidly, it typically
spares  cognitive  function  and  the  sense  of  self.  ALS  involves  the
degeneration of both upper motor neurons (UMNs) in the cerebral
cortex  and  lower  motor  neurons  (LMNs)  in  the  brainstem  and
spinal  cord.  This  dual  degeneration  leads  to  muscle  weakness,

which  gradually  evolves  into  muscle  atrophy  and  paralysis,
ultimately resulting in respiratory failure and death [89]. The exact
causes  of  ALS  remain  unknown.  However,  several  pathogenic
mechanisms  have  been  implicated,  including  disrupted  RNA
metabolism,  glutamate  excitotoxicity,  protein  misfolding  and
aggregation,  endoplasmic  reticulum  stress,  impaired  protein  and
axon  transport,  oxidative  stress,  inflammation,  and  mitochondrial
dysfunction  [90, 91].  A  key  feature  of  ALS  is  mitochondrial
dysfunction  triggered  by  mutations  in  the  SOD1  gene,
which  exacerbates  oxidative  stress  and  contributes  to  disease
progression [92].

 3    Peptide-based strategies for CNS disease
Strategies  to  overcome  the  BBB  can  be  broadly  categorized  into
those  that  temporarily  disrupt  its  integrity  and  those  that  utilize
endogenous transport mechanisms. Among disruptive approaches,
transcranial  focused  ultrasound  (FUS)  represents  one  of  the  most
straightforward approaches,  which is  FDA-approved and clinically
implemented  [93−95].  FUS-mediated  BBB  disruption  is  achieved
through the  interaction  between acoustic  waves  and intravenously
administered  cavitation-enhancing  agents.  Consequently,  the
implementation  of  this  strategy  is  demanding  in  terms  of
equipment specifications, and the selection of appropriate cavitation-
enhancing  agents  remains  a  critical  consideration  [96, 97].  Strictly
speaking,  FUS constitutes a disruptive strategy for enhancing drug
delivery.  The  potential  for  FUS  to  induce  structural  alterations  in
the  BBB  and  brain  parenchyma  necessitates  careful  consideration.
Investigations  into  FUS-associated  biochemical  changes  have
revealed an elevation in a spectrum of pro-inflammatory cytokines,
thereby  establishing  a  non-edematous,  sterile  inflammatory  state
within the brain [98, 99]. Furthermore, the FUS procedure directly
engages  neural  cells,  impacting  both  the  cell  membrane  and
mechanosensitive ion channels,  thereby inducing neuronal  activity
[100, 101].  The  potential  benefits  and adverse  effects  of  this  direct
neuromodulatory  stimulation  on  neural  cells  require  more
comprehensive investigation.

Given  the  potential  risks  associated  with  BBB  disruption,
significant  research  efforts  are  directed  towards  non-invasive
strategies that leverage the BBB's own transport machinery. Within
the  realm,  several  delivery  vectors  possess  the  capacity  to  traverse
the  BBB.  Notable  examples  include  therapeutic  antibodies,
exosomes,  and brain-tropic viral  vectors,  among others [102, 103].
Antibody  therapeutics  (full-sized  immunoglobulins,  single-chain
variable  fragments,  antigen-binding  fragment,  and  single-domain
antibodies)  achieve  brain  delivery  by  binding  to  specific  receptors
on the BBB, followed by receptor-mediated endocytosis. While this
represents  a  highly  precise  targeting  strategy,  the  very  specificity
that  enhances  BBB  permeability  concurrently  leads  to  co-
localization  with  lysosomes  or  receptor-mediated  brain  clearance.
Consequently,  excessively  high  antibody  affinity  may  be
counterproductive [104]. Exosomes, particularly those derived from
neural  or  immune  cells,  possess  an  inherent  brain-targeting
capacity,  which  facilitates  their  transport  across  the  BBB  via
receptor-mediated  interactions  [105].  However,  exosomes  face
substantial challenges in clinical translation. Foremost among these
is the difficulty in scaling up production to clinical-grade standards
while preserving their purity and functional integrity. Additionally,
the  lack  of  a  universally  accepted  medical  definition  for  exosomes
hampers  the  establishment  of  corresponding  regulatory
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frameworks.  Consequently,  significant  hurdles  must  be  overcome
before  exosome-based  therapies  can  be  successfully  translated  to
benefit patients [106]. Adeno-associated virus (AAV), an emerging
vector  for  intracranial  drug  delivery,  is  characterized  by  high
transduction  efficiency,  structural  stability,  low  immunogenicity,
and  minimal  toxicity.  Nevertheless,  engineering  modifications  are
required to confer upon AAVs the capability to traverse the BBB, as
discussed in this review.

The  complexity  of  brain  diseases  makes  them  resistant  to
treatment by a single-drug strategy. However,  precise and effective
drug  delivery  is  essential  for  alleviating  symptoms  and  reducing
patient suffering. Driven by the goal of overcoming these currently
incurable  diseases,  researchers  are  exploring  various  strategies
focused on stepwise targeting, precision, and responsive release. To
achieve  these  objectives,  functional  delivery  vectors  often  require
the  use  of  nanomaterials  with  strong  modification  capabilities.
These  nanomaterials  must  feature  rigid  or  semi-rigid  structures
with multiple surface modification sites or possess inherent receptor-
specific  binding  abilities.  Compared  to  small  molecules,  the
directional  modification  of  these  larger  "vehicles"  to  enhance
diffusion  efficiency  presents  a  greater  challenge.  Even  when
nanoparticles exhibit  excellent hydrophobicity and optimal shapes,
these  factors  alone  do  not  guarantee  effective  cellular  penetration.
To  enhance  the  permeability  of  bioengineered  nanoparticles  and
enable  them  to  cross  biological  barriers,  peptides  are  frequently
incorporated into delivery systems as efficient ligands.

As  research  into  specific  interactions  and  signal  transduction
pathways in  vivo advances,  peptides  have  gained  significant
attention  in  the  biomedical  field.  In  the  body,  peptides  primarily
function as hormones, activating downstream pathways through G
protein-coupled  receptors  to  regulate  metabolism  and  various
physiological  functions  [107].  The  success  of  peptides  in
pharmaceutical  applications  highlights  their  potential  as  specific
ligands in  vivo.  Often,  peptides  need  only  a  specific  primary
structure to engage and activate their downstream targets. Through
interactions  with  receptors  and  subsequent  induction  of
endocytosis,  peptide-conjugated  delivery  vectors  can  be  absorbed
and  transported  efficiently.  In  the  treatment  of  CNS  diseases,  the
coupling of peptides—such as targeting peptides, homing peptides,
and shuttle peptides—has emerged as a key strategy. These peptides
serve  various  functions:  some  facilitate  transport,  others  enhance
enrichment, some respond to enzymes or environmental stimuli for
controlled release, while others assist with intracellular localization.
By  modifying  or  even  directly  assembling  these  peptides,  complex
delivery  and  release  mechanisms  can  be  achieved  for  designed
vectors.  This  article  aims  to  summarize  the  various  targeting  and
shuttle peptides applicable to CNS diseases, offering insights for the
design  of  bioengineered  nanoparticles  for  the  treatment  of  these
complex conditions.

 3.1    Peptide modification
The  BBB  poses  a  significant  challenge  to  the  entry  of  most
substances with molecular weights greater than 500 Da, particularly
in  systemic  drug  delivery  [108].  Despite  this,  the  CNS  has  a
continuous  and  critical  need  for  hormone  proteins  and  other
macromolecules,  which  presents  opportunities  for  targeted  drug
delivery.  For  protein  and  peptide-based  drugs,  the  most  efficient
strategy  for  crossing  the  BBB  is  to  exploit  specific  receptor
interactions through the fusion of peptides. This approach has been
successfully  applied  in  various  nanoparticulate  delivery  systems.

Ideal carriers for loading and presenting functional peptides include
metal-organic  frameworks  (MOFs),  cage-like  proteins,  exosomes,
self-assembling  peptides,  and  polymers,  etc.  Some  peptides  are
derived  from  known  transport  receptors,  while  others  have  been
identified through phage display technology.

Inspired  by  chimeric  proteins  targeting  cell  receptors,  the
concept  of  the  BBB  shuttle  was  first  proposed  by  William  M.
Pardridge  in  the  mid-1980s  [109].  Initially,  antibodies  were
explored  for  receptor-mediated  strategies  to  cross  the  BBB.  IgGs
targeting  insulin  and  transferrin  receptors  showed  potential,  but
their  high  affinity  hindered  efficient  release  into  the  brain
parenchyma  [110, 111].  Since  then,  several  receptors  located  on
brain  endothelium  have  been  investigated,  including
apolipoproteins  (Apo)  A  and  E  [112],  receptor-associated  protein
(RAP)  [113],  transferrin  (Tf)  [114],  lactotransferrin  [115],
melanotransferrin  (P97)  [116],  and  leptin  [117].  One  major
advantage  of  using  receptors  on  brain  endothelial  cells  for  drug
delivery  is  that  endogenous  proteins  typically  exhibit  low
immunogenicity  compared  to  exogenous  analogs  or  antibodies.
Additionally,  proteins  with  quaternary  structures  offer  greater
potential  for  modification  and  drug  loading.  However,  these
advantages  are  often  overshadowed  by  the  growing  interest  in
peptides.  Peptides  have  emerged as  a  promising alternative  due to
their  near-equivalence  to  complex  proteins  in  terms  of  receptor
selectivity and binding strength. They combine the low cost of small
molecules with the high specificity of biologics, and can be tailored
to  exhibit  either  a  flexible  or  rigid  structure  [111].  Through
chemical and genetic engineering, peptides can be conjugated with
other proteins or modified to improve blood half-life and optimize
binding strength.

In 1999, Stephen Dowdy and his colleagues demonstrated that a
fragment of the HIV trans-activator of transcription (TAT) protein
could deliver p-galactosidase into the brain and other organs [118],
marking  a  pioneering  step  in  the  development  of  BBB  shuttle
peptides. The TAT family was later recognized as a typical group of
cell-penetrating  peptides  (CPPs),  which  facilitate  the  uptake  of
various  molecules,  from  nanoparticles  to  small  compounds  and
even  large  DNA  fragments,  by  cells.  However,  the  delivery  of
cargoes  using  CPPs  tends  to  be  nonselective.  In  2007,  the  peptide
RVG2953  was  shown  to  selectively  transport  cargo  into  the  brain
[119],  marking  a  significant  advance  in  targeted  peptide  delivery.
Additionally,  the  use  of  D-enantiopeptides in  vivo has  been
demonstrated,  offering  advantages  such  as  protease  stability  and
reduced immunogenicity compared to their L-peptide counterparts
[120]. This milestone marks the beginning of a new era in peptide-
based targeting strategies.

Substituting  L-amino  acids  with  their  D-counterparts  in
engineered peptide sequences represents one of the most prevalent
and  effective  approaches  to  enhance in  vivo stability  and  prolong
circulatory half-life. This strategy capitalizes on the stereoselectivity
of endogenous proteolytic enzymes, which primarily recognize and
cleave  peptide  bonds  formed  between  L-configured  residues.  The
distinct  stereochemical  configuration  of  D-amino  acids  renders
them  resistant  to  proteolytic  degradation  by  most  enzymes.
Notably, D-amino acids typically exhibit reduced immunogenicity,
consequently  mitigating  host  immune  responses  upon
administration  of  exogenous  therapeutic  peptides  [121−123].
Peptide  chain  length  constitutes  a  critical  design  parameter
requiring careful optimization. Excessively short peptides (< 7 AA)
often  fail  to  adopt  stable  amphipathic  structures  or  specific  spatial
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conformations  necessary  for  productive  membrane  interactions.
Conversely,  unduly  long  peptides  (>  30  AA)  incur  substantially
higher synthetic costs while increased steric hindrance may impede
effective  contact  with  cellular  membranes.  Furthermore,  extended
chains  exhibit  heightened  susceptibility  to  proteolytic  degradation
and pose an elevated risk of immunogenicity. Furthermore, peptide
cyclization  represents  a  crucial  strategy  for  enhancing  bioactivity,
typically  achieved  through  the  introduction  of  disulfide  bonds.
Cyclic  peptides  exhibit  significant  improvements  in  stability,  half-
life,  and  membrane  permeability.  Moreover,  in  certain  cases,
cyclization  can  further  augment  affinity  towards  their  recognition
sites  [124−127].  Numerous  similar  structure-activity  relationship
(SAR) optimization strategies  exist,  while  our focus centers  on the
primary  structure  of  the  peptides  themselves,  which  we  will
systematically categorize and summarize (Fig. 2).

 3.2    Cell penetrating peptides for BBB crossing
Cell-penetrating  peptides  are  short  peptides  with  amphiphilic  and
polycationic properties, widely used to enhance cell absorption and
transport  efficiency  [128−130].  They  are  particularly  useful  for
intracellular  delivery,  where  CPPs  facilitate  lysosomal  escape  to
enable the release of cargo inside the cell. Some CPPs, like TAT, are
also  employed  to  penetrate  the  BBB.  However,  a  single  CPP
modification  often  does  not  suffice  for  effective  BBB  penetration.
Therefore,  CPPs  are  typically  used  in  conjunction  with  other
modifications  to  improve  the  bioavailability  of  drug  delivery
vectors.  CPPs  were  initially  inspired  by  viral  proteins  from
influenza,  HIV,  and  other  specific  viruses.  In  fact,  some  viral
carriers  were  originally  utilized  for  drug  delivery,  demonstrating
unexpected  efficacy  in  crossing  both  extracellular  and  intracellular
barriers. However, the immunogenicity associated with viral vectors
remains a significant challenge. As a result, researchers have isolated
tissue-penetrating  motifs  to  design  and  modify  non-viral
carriers [131].

The exact mechanism by which CPPs facilitate the penetration of
biological barriers,  such as the BBB, remains unclear.  It  is  believed
that  the  amphiphilic  structure  of  CPPs  allows  them  to  insert  into
lipid bilayers, such as cell membranes, triggering endocytosis of the
entire nanoparticle-based delivery system. Some hypotheses suggest

that  these  motifs  induce  membrane  invagination,  leading  to
endocytosis [132]. Several viral-derived motifs have been studied for
their  ability  to  penetrate  endosomal  membranes,  including  those
from  the  influenza  virus  (e.g.,  GALA,  KALA,  RALA,  E5,  K5,
H5WYG,  JST1,  influenza  virus  hemagglutinin-2  analogue  (INF7),
and CADY) and HIV (e.g., glycoprotein 41 (Gp41), TAT, fusogenic
peptide 23 (FP23), HIV gag peptide (HGP), and PEP1) [133−138].
These motifs show promise for use in intracerebral drug delivery.

Many CPPs have been shown to successfully deliver drugs to the
CNS by crossing the BBB. The transmembrane transport facilitated
by CPPs typically involves non-specific interactions. These peptides
are  largely  derived  from  phage  library  screenings,  virus-specific
motifs,  and  naturally  occurring  peptides,  such  as  antimicrobial
peptides  and  neurotoxins.  CPPs  can  effectively  mediate  the
internalization  of  a  wide  range  of  substances,  including  small
molecules,  exogenous  proteins,  plasmid  DNA,  antigens,
fluorophores,  and  peptide  nucleic  acids  into  the  cytoplasm  and
nucleus  of  cells  [139−144].  In  addition  to  their  diverse  cargo
capacity,  CPPs  share  several  common  characteristics:  rapid  cell
membrane  penetration,  high  levels  of  nuclear  accumulation,
consistent uptake efficiency at both 4 and 37 °C, and low sensitivity
to  inhibitors  of  clathrin-mediated  endocytosis  [145]. Table  1
presents  a  summary of  representative CPPs,  providing insights  for
the design and modification of  nanocarriers  for  intracerebral  drug
delivery.

To  date,  the  TAT family  and  poly-Arg  peptides  remain  among
the most commonly used CPPs. However, these peptide motifs lack
sufficient  selectivity  for  the  brain.  While  they  can  enhance  the
permeability  of  carrier  molecules  in  tissues  and  cells,  this
improvement  in  permeability  does  not  always  translate  into
increased  accumulation  of  cargo  in  the  brain.  In  fact,  it  is
insufficient  for  a  small  number  of  drugs  to  diffuse  into  the
cerebrospinal  fluid.  Qualitative  and  quantitative  evidence
supporting  CPP-induced  BBB penetration  is  limited.  Most  studies
rely  on  fluorescence-labeled  visualization  techniques  to  track  and
semi-quantify  the  distribution  of  delivery  vectors  and  their  cargo
within  brain  tissue.  While  some  studies  have  demonstrated  rapid
accumulation  of  vectors  in  the  brain  and  improved  therapeutic
effectiveness,  other  research  suggests  that  these  CPPs  and  their

 

Figure 2    Schematic overview of peptide modification strategies for nanocarriers.
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conjugated  structures  may  become  trapped  within  the  brain
endothelium  [14].  In  recent  years,  despite  the  promise  of  novel
delivery  strategies,  the  contribution  of  CPP  conjugation  to
improving the distribution of delivery vectors in the brain appears
to be minimal.

 3.3    Peptides for receptor-mediated BBB transport
Most  BBB  shuttle  peptides  that  interact  with  transporters  are
derived  from  either  neurotropic  biomolecules  or  phage  display
biopanning.  These  peptides  can be  classified  into  endogenous  and
exogenous  categories  [170].  Endogenous  motifs  typically  include
hormones,  specific  protein  domains,  and  lipoproteins,  while
exogenous  motifs  may include  viruses  and neurotoxins.  Receptor-
mediated  BBB  shuttle  peptides  serve  as  key  modifications  to  drug
delivery  systems,  conferring  selective  absorption  properties  to
nanoparticles  that  would  otherwise  be  blocked  by  the  BBB  [171].
When  screening  for  receptor-mediated  BBB  shuttle  peptides,

several  principles  must  be  carefully  considered:  (1)  The  target
receptor  must  be  expressed  at  higher  levels  in  cerebral  vascular
endothelial  cells  compared  to  most  other  cells;  (2)  receptor-
mediated  endocytosis  must  lead  to  the  eventual  exocytosis  or
release of the vesicle on the opposite side of the endothelial barrier;
(3) the shuttle peptide should be recognized by the target receptor
based  on  its  primary  structure,  rather  than  its  higher-order
structure;  (4)  the  transporters  should  exhibit  high  turnover
efficiency,  with  stable  function  and  localization  in  epithelial  cells,
regardless of the cell's state or microenvironment.

When discussing BBB transport receptors, transferrin receptor 1
(TfR1)  and  low-density  lipoprotein  receptors  (LDLRs)  are  of
primary  importance.  TfR1  is  a  key  component  of  the  pathway
responsible  for  mediating  iron  ion  uptake  into  cells  and  plays  a
crucial role in regulating cellular iron metabolism and maintaining
iron balance [172]. It has also gained attention in cancer treatment,
as  cancer  cells  require  large  amounts  of  iron  to  fuel  rapid

 

Table 1    Typical CPPs that applied for crossing the blood-brain barrier

Peptide Sequence Cargoes Diseases Ref.

Poly-Arg RRRRRRRR Docetaxel Glioblastoma/Glioma [146]
TAT CAYGRKKRRQRRR Adriamycin (DOX) Glioblastoma/Glioma [147]

Transportan GWTLNSAGYLLGKINLKALAALA
KKIL siRNA Glioblastoma/Glioma [148]

Penetratin RQIKIWFQNRRMKWKK Leptin Obesity [149]
dNP2 KIKKVKKKGRKKIKKVKKKGRK Cytotoxic T-lymphocyte antigen 4 Multiple sclerosis [150]

Cell-penetrating artificial
mitochondria-targeting peptide

(CAMP)
YGRKKRRQRRRLLRAALRK Human metallothionein 1A Parkinson’s disease [151]

Astrotactin 1-derived peptide (AP) RRRWCKRRR Cytoplasmic tail of Cytotoxic T-
Lymphocyte Antigen-4 (ctCTLA) Autoimmune encephalomyelitis [152]

Tachyplesin RFCWKVCYKGICFKKCK Anti-miR-210 Glioblastoma/Glioma [153]
Model amphipathic peptide (MAP) KLALKLALKALKAALKLA Tacrine Alzheimer’s disease [154]

B6 CGHKAKGPRK Curcumin Alzheimer’s disease [155]
Bax-binding domain of Ku70

protein QLPVM DOX, Erlo Glioblastoma/Glioma [156]

Transportan 10 (TP10) AGYLLGKINLKALAALAKKIL Dopamine Parkinson’s disease [157]

Pep-1 KETWWETWWTEWSQPKKKRKV Phosphatidylethanolamine-binding
protein 1

Ischemia-induced inflammation
and neuronal damage [158]

Histidine-rich amphipathic peptide
(LAH4)

KKALLALALHHLAHLALHLALAL
KKAC Adeno-associated virus (AAV) / [159]

SynB3 RRLSYSRRRF Endomorphin / [160]

Mel GIGAVLKVLTTGLPALISWIKRKR
QQ pDNA / [161]

Kaposi fibroblast growth factor
(kFGF) AAVALLPAVLLALLAP pDNA / [161]

PasR8 FFLIPKGRRRRRRRRGC pDNA / [161]
Antennapedia RQIKIWFQNRRMKWKK DNA / [162]
AAV.CPP.16 TVSALK AAV / [163]
AAV.CPP.21 TVSALFK AAV / [163]

PepH3 AGILKRW / / [164]
PepNeg SGTQEEY / / [165]

apidaecin ONNRPVYIPRPRPPHPRL / / [166]
oncocin VDKPPYLPRPRPPRRIYNR / / [166]
Apanin CNCKAPETALCARRCQQH / / [167]

HAI peptide HAIYPRH / / [168]
Penetratin derivative (DK17) DRQIKIWFQNRRMKWKK / / [169]

Qian et al. Nano Research | Vol. 18, No. 11

Nano Research, 2025, 18, 94907916 94907916 (8 of 23)

https://www.sciopen.com/article/10.26599/NR.2025.94907916
https://www.sciopen.com/article/10.26599/NR.2025.94907916
https://www.sciopen.com/article/10.26599/NR.2025.94907916
https://www.sciopen.com/article/10.26599/NR.2025.94907916
https://www.sciopen.com/article/10.26599/NR.2025.94907916
https://www.sciopen.com/article/10.26599/NR.2025.94907916
https://www.sciopen.com/article/10.26599/NR.2025.94907916
https://www.sciopen.com/article/10.26599/NR.2025.94907916


proliferation, leading to significant upregulation of TfR1 on the cell
surface  [173].  TfR1  facilitates  iron  uptake  by  binding  to  the  iron-
carrying  protein  transferrin.  Structurally,  TfR1  is  formed  by  the
cross-linking of  two homologous dimers  via  disulfide bonds.  Each
monomer contains a large extracellular C-terminal region, a single
transmembrane  region,  and  a  short  N-terminal  region.  The  C-
terminal  region,  which  is  the  outer  functional  domain,  includes
binding  sites  for  transferrin.  In  addition to  transferrin,  ferritin  has
also  been  shown to  cross  the  BBB via  TfR1  [174].  Several  peptide
sequences,  such  as  T7,  have  been  demonstrated  to  interact  with
TfR1,  facilitating  specific  absorption  and  transport  across
the BBB [175].

In  contrast,  the  LDLR  family  is  more  diverse  than  TfR1.
Members  of  the  LDLR  family  share  common  structural  motifs,
including  LDLR  type  A  repeats  (which  mediate  ligand  binding),
epidermal growth factor (EGF)-like domains (which are involved in
pH-dependent  ligand  release  in  endosomes),  transmembrane
anchors,  and  cytoplasmic  domains  [176].  Additionally,  LDLR,
VLDLR,  and  LRP8  (ApoER2)  possess  O-linked  sugar  domains
outside the plasma membrane and NPxY motifs in the cytoplasmic
domain.  LRP1  and  LRP2  have  large  extracellular  domains,  while
LRP5/6  contains  a  PPPSP motif  in  the  cytoplasmic  domain [177].
LDLR,  in  particular,  is  commonly  used  in  peptide  recognition
applications.  Its  natural  ligands,  such  as  ApoB,  ApoE  fragments,
and  angiopep-2,  are  widely  exploited  in  modifying  intracerebral
delivery  vectors,  along  with  peptides  like  Pep-22  derived  from
phage  libraries.  A  summary  of  typical  transport-binding  peptides,
along  with  some  peptides  that  cross  the  BBB  through  unknown

receptors, is provided in Table 2.

 3.4    Homing peptide for precision release in brain
The  brain  is  an  incredibly  complex  organ,  with  many  functional
areas  and  compartments.  Even  if  a  drug  successfully  crosses  the
blood-brain  barrier  and  enters  the  brain,  additional  design
considerations are required to ensure it interacts effectively with the
targeted diseased areas or receptors. In peptide-based drug delivery
strategies, homing peptides — artificially selected peptide motifs —
can be used to specifically interact with pathological regions in CNS
diseases.  By  targeting  these  regions,  nano  delivery  vectors  can  be
directed  to  the  disease  site  in  the  brain  with  enhanced  efficiency.
Since  the  development  of  phage  library  screening  techniques,  a
large  number  of  homing  peptides  have  been  identified.  There  are
several  classic  examples  of  homing  peptides  being  applied  in  the
treatment of CNS diseases.

For  example,  in  Wang’s  study,  the  fibrin-binding  motif
Cys–Arg–Glu–Lys–Ala (CREKA) was fused with a self-assembling
nanoparticle,  which  presented  the  peptide  as  an  antigen  on  its
surface  [196].  The  fibrin-binding  peptide  specifically  binds  to
thrombus regions in the brain,  allowing the attached thrombolytic
peptide  to  be  delivered  directly  to  the  lesion  site,  facilitating
thrombus degradation. This homing peptide has been widely used
in the design of delivery vectors for thrombolytic therapies in vivo.
In  a  separate  study by  Hong,  the  peptide “CLEVSRKNC” derived
from  phage  display  was  shown  to  selectively  home  to  ischemic
stroke  tissue,  without  binding  to  non-ischemic  brain  areas  [197].
Unlike the fibrin-binding peptide, this homing peptide co-localized

 

Table 2    Typical peptides that applied for crossing the blood-brain barrier by transportersa

Peptide Sequence Transporter Diseases Ref.

Angiopep-2 TFFYGGSRGKRNNFKTEEY Low density lipoprotein receptor related protein 1 Glioblastoma/Glioma [178]
RAP12 EAKIEKHNHYQK Low density lipoprotein receptor related protein 1 Glioblastoma/Glioma [179]
RVG29 YTIWMPENPRPGTPCDIFTNSRGKRASNGGGG Nicotinic acetylcholine receptor Glioblastoma/Glioma [180]
RVG15 YTIWCDIFTDSRQKR Nicotinic acetylcholine receptor Glioblastoma/Glioma [181]
ApoE LRKLRKRLLR Low density lipoprotein receptor Glioblastoma/Glioma [182]
ApoB QSDIVAHLL Low density lipoprotein receptor Alzheimer's disease [183]

Aβ peptide KLVFFAED Receptor for advanced glycation end-products Alzheimer's disease [184]
DBP (VP35) PKTRNSQTQTD Light chain DYNLL1 (LC8) of dynein / [185]

Leptin30 YQQILTSMPSRNVIQISNDLENLRDLLHVL Leptin receptor / [186]
T7 HAIYPRH Tranferrin receptor-1 Glioblastoma/Glioma [175]
B6 GHKAKGPRK Tranferrin receptor-1 Glioblastoma/Glioma [175]

T12 THRPPMWSPVWP Tranferrin receptor-1 Glioblastoma/Glioma [175]
G23 HLNILSTLWKYR Ganglioside GM1 Glioblastoma/Glioma [187]

Pep-22 NH2-C6-[cMPRLRGC]c-NH2 Low density lipoprotein receptor Glioblastoma/Glioma [188]
Transferrin receptor-

binding peptide (THR) RMAPEEIIMDRPFLYVVR Tranferrin Receptor-1 Spinal muscular atrophy [189]

CRT peptide CRTIGPSVC Tranferrin Receptor-1 Alzheimer's disease [190]
TGN peptide TGNYKALHPHNG Unknown Alzheimer's disease [191]

g7 GFtGFLS(O-beta-D-glucose)-NH2 Unknown Huntington's disease [192]
9D-RDP215 H-fWrIrIrrPrrIrIrWf-NH2 Unknown Glioblastoma/Glioma [193]

Pep-3 CNSHTQGKC Unknown / [194]
Ppe-9 CLWRPAADC Unknown / [194]

/ GLHTSATNLYLH Unknown / [195]
/ VAARTGEIYVPW unknown / [195]

aThe lower case letters represent the right-handed conformation of the amino acid.
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with  neuronal  cells  undergoing  apoptosis  in  the  penumbra  region
of  the  stroke  lesion.  As  a  result,  this  homing  peptide  has  been
widely applied in the treatment of ischemic stroke [198−200].

In  the  treatment  of  Alzheimer's  disease,  the  accumulation  and
deposition of amyloid-beta (Aβ) protein, along with the aggregation
and  hyperphosphorylation  of  tau,  are  key  pathological  features
[201].  Therefore,  targeting  Aβ or  tau  is  critical  for  improving  the
therapeutic  efficacy  in  Alzheimer's  disease.  In  fact,  many  of  the
peptides  designed  for  binding  to  pathological  proteins  in
Alzheimer's disease not only target these proteins but also have the
ability  to  affect,  inhibit,  or  even  reverse  their  aggregation  and
pathological conformation [202, 203]. For example, in Tim’s study,
the  mirror  image  of  tau  (271–316)  was  used  as  a  target  for  phage
display selection and next-generation sequencing (NGS) to analyze
the  selection  results  [204].  The  study  showed  that  the  enriched
peptides  could  effectively  stop  tau  aggregation in  vitro and  reduce
tau  fibril  formation  in  HEK293T  cells.  A  similar  strategy  was
employed  for  the  treatment  of  Parkinson's  disease.  In  Gyeongji’s
study,  a  small  30-amino-acid peptide derived from the C-terminal

domain  of α-synuclein  was  used  to  specifically  bind  to
synaptobrevin-2  (Syb2)  [205].  This α-synuclein-derived  peptide
motif competes with α-synuclein oligomers for binding to Syb2 and
significantly  restores  soluble  N-ethylmaleimide-sensitive  fusion
protein  attachment  protein  receptor  (SNARE)-mediated  vesicle
fusion  in  the  presence  of  the α-synuclein  oligomers. Table  3
summarizes  several  homing  or  targeting  peptide  sequences  that
have been used in the treatment of typical CNS diseases.

 3.5    Clinical  translation  gaps  of  peptide-modified
nanocarriers
Peptide-based  modification  of  nanocarriers  has  emerged  as  a
predominant research strategy for direct and efficient enhancement
of  brain  drug  distribution.  Nevertheless,  the  influence  of  peptide
functionalization on critical system attributes—including versatility,
immunogenicity,  biodegradability,  toxicity,  and  long-term
safety—remains inadequately characterized. Moreover, quantitative
assessment  of  the  precise  contribution  of  peptides  to  enhanced

 

Table 3    Typical peptides for precision release in braina

Peptide Sequence Target or receptor Diseases Ref.

Fibrin-binding motif CREKA Fibrin Ischemic stroke [206]

SHp CLEVSRKNC Neuronal cells undergoing apoptosis at
the penumbra region of stroke lesions Ischemic stroke [200]

CooP CGLSGLGVA Fatty acid binding protein 3 (FABP3) Glioblastoma/Glioma [207]

/ NIDPNAV Lysophosphatidylcholine (LPC) induced
demyelination setting Glioblastoma/Glioma [208]

Harakiri-19 (HRK-19) HAVRNGRRGDGGAVPIAQK Tumor cells Glioblastoma/Glioma [209]
Pep1-L CGEMGWVRC IL13Rα2 Glioblastoma/Glioma [210]
AP-1 CRKRLDRNC IL-4R Glioblastoma/Glioma [211]
RGD CRGDC Integrin αvβ3, αvβ5 and αvβ1 Glioblastoma/Glioma [212]

SVLfib-5 DWGVGGMWPDADAWPQ Aggregated α-syn Parkinson’s disease [213]
C-terminal fragment of α-
amyloid protein 1 (CFα1) TVEGAGSIAAATGFVKKDQLGKNEEGAPQE Synaptobrevin-2 Parkinson’s disease [205]

CFα2 KKDQLGKNEEGAPQEGILEDMPVDPDNEAY Synaptobrevin-2 Parkinson’s disease [205]

αsyn-pep1 NH2-KVWDLKPFWEVG-COOH α-synuclein Parkinson’s disease [214]

αsyn-pep2 NH2-FDFSSIIQHKTR-COOH α-synuclein Parkinson’s disease [214]

αsyn-pep4 NH2-DDLHSRRIGVTT-COOH α-synuclein Parkinson’s disease [214]

αsyn-pep5 NH2-NLDSTLTLRLFV-COOH α-synuclein Parkinson’s disease [214]

/ LIAIMA Aβ1–42 Alzheimer’s disease [215]

QSH peptide QSHYRHISPAQV Aβ plaques Alzheimer’s disease [216]

αRAP peptide FAEKFKEAVKDYFAKFWDGSGELKVLMEKEL The receptor for advanced glycation
endproducts (RAGE) Alzheimer’s disease [217]

/ KLVFF Full-length Aβ Alzheimer’s disease [218]

/ PYRWQLWWHNWS Aβ1–10 Alzheimer’s disease [219]

D3 DDRPRTRLHTHRNR Amyloid plaques Alzheimer’s disease [220]

Tet-1 NH2-HLNILSTLWKYR-COOH Trisialoganglioside clostridial toxin
receptors (GT1B) Alzheimer’s disease [221]

/ LPFFN Aβ40 Alzheimer’s disease [222]

Aβ oligomer epitope
peptide 2 (AOEP2) FDYKAEFMPWDT Aβ oligomers Alzheimer’s disease [223]

/ DKLVFW-(Aib) Aβ42 Alzheimer’s disease [224]

p-NH DNITMNSRRRRNH PHF6 fibrils Alzheimer’s disease [225]
TD28 DTTSLQMRLYYPP Tau3RD, full lengths tau fibrils Alzheimer’s disease [226]

a D represents the right-handed conformation of the amino acid.
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brain delivery efficiency is frequently lacking. The pharmacological
complexity of nanodelivery systems is further amplified by intricate
peptide modifications, presenting several key challenges:

(1)  Species-dependent  receptor  heterogeneity:  Significant
interspecies variations exist in receptor abundance (e.g.,  TfR, InsR,
insulin-like  growth  factor  1  receptor  (IGF1R),  low-density
lipoprotein receptor-related protein 1 (LRP1)) between human and
murine  brain  capillaries,  limiting  the  translational  relevance  of
preclinical data [227].

(2)  Limitations  of  healthy  models:  Biodistribution  and
pharmacokinetic (PK) studies conducted in healthy animal models
inherently fail to recapitulate pathological conditions; PK properties
may  undergo  significant  alterations  across  different  disease  stages.
Consequently,  disease-specific  models  are  essential  for  accurate
evaluation of delivery efficiency.

(3)  Off-target  binding:  High  expression  of  target  receptors  in
peripheral  tissues  can  lead  to  unintended  accumulation  and
reduced brain specificity.

(4) Protein corona interference: Interaction with complex blood
components  forms  a  protein  corona  on  the  nanocarrier  surface,
potentially obscuring the functional activity of conjugated peptides.

In  summary,  the  nanomedicine  platforms  discussed  in  this
review  currently  demonstrate  suboptimal  clinical  translation
outcomes.  Substantial  refinement  and  comprehensive
characterization  through  further  fundamental  research  remain
imperative to realize their therapeutic potential.

 4    Peptide modification for nano delivery systems
For  most  CNS  diseases,  achieving  a  complete  cure  or  disease
reversal  remains  largely  elusive,  with  clinical  trials  still  lacking
conclusive  evidence  of  success.  In  this  context,  the  field  of
nanobiotechnology — particularly the design of nanocarriers — has
gained  significant  attention.  As  discussed  earlier,  the  modification
of peptides plays a pivotal role in the development of nanodelivery
systems,  especially  in  enhancing  the  efficient  penetration  of  the
BBB, a critical hurdle in treating CNS disorders. Whether utilizing
exosomes,  liposomes,  cage  proteins,  peptide  self-assembled
nanoparticles,  polymers,  or  micelles,  the  effective  delivery  of
therapeutic  agents  to  the  brain  often  hinges  on  incorporating
peptides that facilitate BBB penetration.

In  practical  applications,  transport  efficiency  across  the  BBB  is
typically  enhanced  by  peptides  that  mediate  receptor-mediated
transcytosis,  often  supplemented  by  CPPs.  To  further  enhance
targeting  to  specific  pathological  areas,  additional  peptides  are
incorporated  to  improve  the  nanocarrier’s  accumulation  at  the
disease  site.  This  strategic  modification  not  only  improves  the
distribution  of  the  delivery  vector  within  the  tissue  but  also
optimizes  brain-specific  delivery,  ultimately  boosting  the
bioavailability of therapeutic agents.

In delivery studies targeting several representative CNS disorders,
the  selection  of  peptide  modifications  often  lacks  strong  disease-
specificity.  In  reality,  however,  peptide  selection  can  be  more
strategically  tailored  based  on  disease  progression,  severity,  and
patient  physiological  status  [228].  For  instance,  different  CNS
diseases  inevitably  exert  distinct  influences  on  the  protein
expression profile of the BBB. Leveraging proteomics research, the
expression patterns of endothelial cell receptors can be analyzed to
inform  the  tailored  design  of  delivery  vectors.  Furthermore,  these
disorders  are  frequently  characterized  by  significant  inflammatory

responses, which can impair the functionality of specific pathways.
Consequently, robust experimental validation of the in vivo delivery
efficiency becomes essential.

Current research indicates that the onset of several representative
CNS disorders is associated with alterations in the expression levels
of  specific  receptors.  To  summarize  concisely:  In  Alzheimer's
disease  patients,  the  BBB  exhibits  downregulated  expression  of
GLUT1  [229],  LRP-1  [230],  and  P-glycoprotein  (P-gp)  [231],
alongside  upregulated  expression  of  RAGE  [230].  Furthermore,
significant  deficiencies  are  observed in insulin receptor  (InsR) and
insulin-like  growth  factor-1  receptor  (IGF-1R)  expression  [232].
Conversely,  Parkinson's  disease  patients  exhibit  downregulated
expression  of  GLUT1,  L-type  amino  acid  transporter  1  (LAT-1)
[233],  nicotinic  acetylcholine  receptors  (nAChR)  [234],  and  P-gp
(late  stages).  In  contrast,  P-gp  expression  is  upregulated  during
early  stages  of  the  disease  [235],  alongside  increased  expression  of
intercellular  adhesion molecule  1  (ICAM-1) [236].  In brain tumor
patients,  the  BBB  exhibits  upregulated  expression  of  ATP-binding
cassette  (ABC)  efflux  transporters  [237],  TfR  [238],  LRP-1  [239],
and  ICAM-1  [236],  alongside  downregulated  expression  of  major
facilitator  superfamily  domain-containing  protein  2a  (Mfsd2a)
[240].  Likewise,  stroke  patients  exhibit  upregulated  expression  of
TfR and ICAM-1 [236, 241].

Therefore, the rational selection and application of peptide-based
targeting strategies must be fundamentally informed by the distinct
molecular signature of the BBB in each disease context. It is against
this  backdrop  of  understanding  disease-specific  BBB  biology  that
we  examine  the  following  classic  design  paradigms  for  peptide-
modified nanocarriers. In this section, we will explore several classic
strategies  for  designing  peptide-based  nanocarriers,  with  a
particular  focus  on  their  application  in  treating  typical  CNS
diseases.

 4.1    Ischemic stroke
Based on the  therapeutic  methods  mentioned above,  a  number  of
nanodelivery  systems  have  been  proposed  for  the  treatment  of  IS.
The most commonly used peptides include two types, one targeting
fibrin, and one homing peptide targeting necrotic nerve tissue after
stroke.

In  the  research  of  Lu  et  al.,  Rapamycin  is  encapsulated  in  self-
assembled micelles consisted of ROS-responsive and fibrin-binding
polymers  [21].  A  special  fibrin-binding  peptide  (CREKA)  was
combined  together  to  facilitate  micelle  retention  in  the  ischemic
brain  areas.  While  improving  drug  tissue  distribution,
antioxidation,  autophagic  neuron  survival  and  microglia
modulation  were  realized  in  a  combined  treatment.  Dong  et  al.
designed  a  bionic  drug  delivery  system  with  multi-step  targeting
capability,  namely  SHp-NM@Edv/RCD  (SNM-NPs)  [200].
Modified  by  stroke  homing  peptide  (SHp),  SNM-NPs  can  target
damaged neurons more quickly, 5.68 times more efficiently than β-
cyclodextrins  (RCD).  The  RCD  wrapped  in  SNM-NPs  then
responds  to  reactive  oxygen  species,  leading  to  the  release  of
Edaravone (Edv), clearing ROS, inhibiting neuroinflammation, and
reducing  neuronal  apoptosis  by  90%.  Similar  strategy  appears  in
Yang  et  al.’s  design  [242].  ROS response  nanocarriers  constructed
with cyclodextrin-derived materials modified by SHp showed more
efficient distribution in the damaged brain of ischemic stroke mice,
and  showed  very  significant  localization  in  endothelial  cells  and
neurons.  Zhang  et  al.  constructed  a  shear  and  ROS dual  response
system  (UK@Fuc/CDPC-PTPCS)  for  the  sequential  targeted
delivery  of  the  thrombolytic  urokinase  (UK)  and  the
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neuroprotective drug cytoplasmic choline (CDPC) [243]. Similarly,
ischemic neurons were actively identified by modification of SHp.

A  good  example  of  a  stepwise  target  belongs  to  Wang’s  work
(Fig. 3) [196]. Thrombus targeting peptide, stroke targeting peptide
and  BBB  penetrating  peptide  were  fused  together,  constructing  a
nanoparticle  based  on  self-assembling  peptides.  By  crossing  the
blood-brain  barrier  and  targeting  focal  areas  in  the  brain,
thrombolytic  peptides  and  antioxidant  MnO2 nanozyme  are
delivered to key sites in a synergistic way.

A recent article mentioning the concept of stepp-wised targeting
in the treatment of IS comes from Li et al. [244]. The main focus of
this  work  is  the  excess  ROS  produced  by  ischemia-reperfusion
injury  and  the  neuroinflammatory  response.  BBB  penetrating
peptide  (ANG)  and  SHp  were  fused  on  the  DSPE-PEG,
respectively,  and  simultaneously  presented  on  the  nanoparticle
through  the  self-assembly  of  the  polymer.  When  the  nanocarriers
reach the lesion, the mercaptosterone structures are exposed to high
levels of ROS, causing the breakdown of NPs, clearance of ROS and
release of Danshensu (salvianic acid A, DSS) via glial cells.

 4.2    Alzheimer’s disease
Up  to  now,  the  application  of  antibodies  to  achieve  fundamental
treatment is considered to be the hope of the next generation of AD
therapies,  because  antibodies-based  drugs  can  directly  target  its
pathology and may block the aggregation process of Aβ monomers
to toxic oligomers [245]. Monoclonal antibody targeting aggregated
Aβ and  plaques  unexpectedly  received  approval  in  2021  for  AD
treatment, namely Aducanumab. This was the first approval of AD
drug since 2003 [246]. Lecanemab is also an Aβ targeting antibody
approved  by  the  FDA  in  2023.  Actually,  these  candidates  have
shown  remarkable  results  in  animal  experiments,  but  have  always
failed  in  large-scale  human  trials.  On  the  whole,  the  treatment  of
AD  requires  a  typical  multi-target  therapy  mode,  but  small
molecular  or  antibodies  drugs  usually  follows  the “one  molecule
one target” pattern. Besides, the access of antibody to the CNS has
not been properly resolved.

In order to realize multi-target comprehensive treatment of AD,
it  is  necessary  to  introduce  nano  system  composed  of  varied

 

Figure 3    Schematic illustration of the biomineralization synthesis of PNzyme/MnO2 and its application as a smart multifunctional therapeutic for the treatment of IS.
Reproduced with permission from Ref. [196], © Wiley-VCH GmbH 2023.
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functional  components.  Although  this  approach  has  not  been
significantly  advanced  in  the  biomedical  community,  numerous
novel  design  strategies  and  delivery  systems  have  been  elucidated
and have achieved remarkable results in animal studies. In addition
to the design of  multi-functional  delivery vectors,  the permeability
and  absorption  efficiency  of  brain  are  also  aspects  that  must  be
considered,  especially  the penetration efficiency of  the BBB. In the
treatment of  AD, nanoparticles  cross the BBB in a way that  varies
little  from other CNS disorders.  One of  the most  widely used and
effective  approaches  is  the  delivery  of  nanoparticles  through
receptor-mediated  endocytosis.  Wang  and  coworkers  modified
angiopep-2  to  the  surface  of  liposome  nano  drug  delivery  system,
achieving  an  effective  BBB  penetration  effect  [247].  Icariin  (ICA)
and  tanshinone  IIA  (TSIIA)  loaded  in  the  liposome  inhibited
neuroinflammation  and  oxidative  stress,  reduced  apoptosis,
protected  neurons  and  improved  cognitive  function  of  AD  mice.
Liron  et  al.  constructed  a β-Amyloid  targeting  nanodrug  for  the
delivery  of  nucleic  acids  [248].  D  peptides  (D1  or  D3)  were
conjugated  to  the  poly(β-L-malic  acid-trileucine)-copolymer.  The
results demonstrated that D3-conjugated nanopolymer drug is able
to achieve neuron-selective delivery of miRNA. In Yang’s strategies,
a multifunctional peptide was used as structural basis for targeting
[249]. The peptide VLC was generated by the fusion of the vascular
cell  adhesion  molecule-1  (VCAM-1)  high-affinity  peptide  VHS25
and the neuroprotective ApoE-mimetic peptide COG1410 (COG).
The  VLC-peptide  based  NPs  effectively  homed  to  pericyte  lesions
and  released  curcumin  upon  ROS  stimulation,  and  the
neurovascular  function  of  AD  mice  was  improved  by  forming  a
positive feedback loop.

Interestingly,  in  the  research  of  Liu  et  al.,  a  desighed  peptide
(KLVFFAED, Aβ peptide) was fused on a peptide delivery system,
inspired by the transportation of  Aβ in  brain (Fig.  4)  [250].  Based
on the past research, Aβ could be easily internalized into the brain
through RAGE, which is highly expressed and closely related to the
progression of  AD.  The loading of  Aβ peptide  not  only  makes  an
excellent  contribution  to  the  BBB  penetration  of  the  delivery
system, but also can specifically target AD lesion areas in the brain.
Through the modification of a peptide, multi-step targeting can be
completed,  and  the  delivery  efficiency  is  greatly  improved  at  a
relatively low modification cost.

 4.3    Parkinson’s disease
In order to accurately deliver various drugs to the pathogenic site of
PD, appropriate targeted delivery vectors are indispensable. Due to
the particularity of PD, researchers have some unique designs in the
construction of  intracerebral  targeting delivery vectors.  At  present,
few homing peptides has been developed for precise delivery in the
brain.  In  the  novel  treatment  of  PD,  many  therapeutic  strategies
aim  at  the  recovery  of  mitochondrial  function  or  the  targeted
elimination of ROS. Thus, the diversified modification of peptide is
relatively rare.

In the research of Wang et al., exosomes derived from stem cells
were used for tissue repair and nerve regeneration (Fig. 5) [251]. It
also  has  the  ability  to  penetrate  the  BBB.  In  order  to  enhance  the
targeting  selectivity  to  PD  microenvironment,  L-arginine
derivatives  were  selected  as  artificial  modules  binding  to  natural
exosomes.  The  guanidine  group  can  react  with  iNOS  and  ROS
highly  expressed  in  the  PD  microenvironment  to  produce  nitric
oxide  (NO),  forming  a  NO-driven  nanomotors  [252].  Meanwhile,
the  concentration  gradient  of  iNOS  and  ROS  around  PD
microenvironment would induce the engineered exosomes moving

to  microenvironment  through  the  affinity  between  enzymes  and
substrates  [253].  This  dynamic  design can better  target  the  lesions
of PD. Another novel strategy mainly focused on the ferroptosis in
neurons.  Lei  et  al.  propose  the  design  of  a  pioneering
multifunctional  nanoregulator,  desferriamine  (DFO)  integrated
nanosheet (BDPR NSs), which targets labile iron pool (LIP) to limit
iron  apoptosis  and  prevent  PD  [254].  RVG29  was  introduced  to
target and penetrate the BBB. Similarly, ApoE peptide was fused on
the protein nanocarriers based on Dps to enhance the penetration
towards  BBB  in  Zhang’s  work  [255].  Gene  drug  miR-124  was
delivered  to  the  brain,  reduced  neuroinflammation  and  loss  of
dopaminergic  neurons,  and  some  neurobehavioral  deficits  were
restored. In the foreseeable future, homing peptides targeting α-syn
will  definitely  be  used  more  widely  in  Parkinson's  disease  to
promote nanoparticle bioavailability.

 5    Conclusions and outlook
The  incidence  of  CNS  diseases  continues  to  rise,  with  most
remaining incurable. While various new drugs are being developed,
the  optimal  delivery  strategy  is  of  paramount  importance  in
combating  these  diseases.  There  are  numerous  challenges  in
intracerebral drug delivery, with tissue distribution being the central
issue.  However,  due  to  the  low  permeability  of  the  blood-brain
barrier  and  the  complexity  of  brain  structures  and  partitions,  the
efficient  and precise  release  of  drugs remains a  major  challenge in
delivery  research.  Significant  progress  has  been  made  in  strategies
for  crossing  the  BBB  and  targeting  pathological  areas,  which  vary
greatly  across  different  delivery  systems.  The  development  of
peptides  as  flexible  and  adaptive  ligands  for  carriers  has  shown
remarkable potential for application in nanomaterials. Phage library
display and analysis of various cell surface receptor structures have
identified  numerous  peptide  motifs  capable  of  interacting  with
specific  domains or  microenvironments.  Driven by innovations in
computational  technology  for  protein  structure  prediction  and
design,  the  three-dimensional  structures  of  most  proteins  and
peptides  can  now  be  accurately  modeled  [256].  Following  the
successive emergence of transformative algorithms such as Rosetta,
MPNN,  and  RFdiffusion,  the  computational  design  of  proteins  or
peptides  tailored  to  bind  specific  antigens  with  high  affinity  and
stability has become feasible [257–260].  This approach can further
screen  for  variants  amenable  to  soluble  expression.  In  the  near
future,  knowledge  of  the  complete  genome  may  enable  the
computational  design  of  diverse  novel  blood-brain  barrier
penetrating  peptides.  These  peptides  could  potentially  engage
currently  unidentified  receptors,  facilitating  highly  efficient
internalization  and  uptake  of  delivery  vehicles,  thereby
enabling  true  multiplexed  targeting  [261].  The  identification  of
specific  receptors  necessitates  the  application  of  multi-omics
technologies to characterize membrane protein families, elucidating
their  physiological  functions  and  pathway  involvement.  This
represents  a  highly  active  area  of  research  within  contemporary
biomedicine [262–263].

Peptide  modification  can  enhance  the  BBB  permeability  of
carriers  and  enable  nanoparticles  to  be  accurately  targeted  to
specific brain regions, greatly improving tissue distribution. To our
knowledge, the use of nanocarriers is a universal strategy capable of
addressing  the  delivery  challenges  of  multiple  drugs.  Peptides  are
important  representatives  of  hormones  in  mammals,  exhibiting
acceptable  immunogenicity  and  biocompatibility,  while  also
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facilitating  highly  specific  interactions  with  receptors.  These
advantages  make  peptides  highly  suitable  for  the  modification  of
nanocarriers.  Cell-penetrating  peptides,  BBB  shuttle  peptides,  and
homing  peptides  have  been  applied  in  numerous  studies,
demonstrating  their  potential  in  the  treatment  of  CNS  diseases.
Stepwise  and  multidimensional  targeting  is  a  key  strategy  in  the
development  of  these  heterogeneous  carriers.  When  peptide
modifications  are  combined  with  protein-based  nanocarriers,  a
complete  protein-based  nanomaterial  can  be  achieved.  Ferritin
serves  as  an  appropriate  example.  The  N-terminal,  DE-loop,  and
BC-loop located on the outer surface of the ferritin 24-mer serve as
natural  presentation  sites  for  peptide  motifs,  allowing  a  single
ferritin subunit  to carry multiple peptides.  By combining this with
the  heterogeneity  of  the  natural  ferritin  heteropolymer,  complex

component  loading  can  be  achieved  on  its  surface.  Although  the
function  and  significance  of  peptides  have  been  thoroughly
explored,  their  practical  application  remains  limited.  The  specific
mechanisms  by  which  peptides,  especially  CPPs  and  homing
peptides, achieve targeted functions remain unclear. There is also a
lack of a research foundation for the precise improvement of drug
delivery  efficiency  and  tissue  distribution  strategies  based  on
peptides,  both in clinical  studies  and in cellular  and animal  model
research.  This  strategy  requires  systematic  and  rigorous  studies  to
support its application.

 Data availability
Not applicable.

 

Figure 4    Illustration  of  APBP  nanoconjugate  formation  and  AD  microenvironment  modulation:  (1)  Brain  parenchyma  accumulation  and  damaged  cells  uptake  via
RAGE  targeting;  (2)  ROS-responsive  release  of  ROS  scavenging  polymer  and  Nrf2  signaling  pathway  activating  p-Nrf2;  and  (3)  multitarget  therapy  is  achieved  by
restoring  cellular  antioxidant  capacity,  alleviating  glial  cell  activation,  and  promoting  Aβ phagocytosis.  Reproduced  with  permission  from  Ref.  [250],  ©  Wiley-VCH
GmbH 2021.
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