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entral nervous sy st em (CNS) diseases including depres-
ion, stroke, brain infection, brain cancer, neurodegener-
tions , meningitis , neuropathic pain, amy otr ophic lateral
cler osis, migraine, schizophr enia, epilepsy and multiple
cler osis ar e a serious burden on the public health
y st em. Mor e r ec ently, COVID-19 has c ontribut ed t o

ental health cr isis, exacer bating neurological diseases
nd increasing the risk of developing new neurological
isor ders [ 1 , 2 ]. How ev er, during the last 15 y ears, many
harmac eutical c ompanies have been downsizing CNS-
 elated drug pr ojects, with a 48% r eduction in 2009–2014
nd a further 34% decrease in 2014–2023 [ 1 ]. 

Several phy siolog ical and pharmac olog ical fact ors
r esent r oadblocks in CNS drug dev elopment. A major
roblem is poor CNS drug penetration through the
lood–brain bar r ier (BBB). It is made of special endothelial
ells with tight junctions connections that preclude many
rugs from entering the CNS tissues [ 3 ]. Compared
ith normal CNS BBB, common neurodegenerations

uch as Alzheimer’s (AD), Parkinson’s (PD), multiple
clerosis [ 3 , 4 ] or brain tumors [ 5 ] show pathological
hanges in the BBB. Similarly, the blood-retinal barrier is
ompr omised in vision-thr eatening diabetic retinopathy
 6 ]. 

Recen t da ta show tha t BBB changes in v arious pa tholo-
ies are differen t. This necessita tes accura te choice of
eliv ery v ehicles and targets depending on whether

he drugs need to reach CNS tissues with normal,
eur odegenerativ e or tumor BBB structure. In the last

wo decades, nanomedicine opened novel avenues in
v er c oming limit ed BBB permeability, which was not pos-
ible to achieve with small molecule drugs or biological
herapeutics such as peptides or antibodies effective for
he trea tmen t of other organs or sy st ems [ 5 , 7 ]. 
 

ONTACT Julia Ljubimova ljubimov a1@g mail.com 

2024 Informa UK Limited, trading as Taylor & Francis Group 
1. Normal BBB 

Several biological factors influence drug transport to
the normal brain including v ascula ture, pericytes, extra-
cellular matrix and type of brain cells. The endothelial
BBB has tightly sealed tight and adherens junctions
resulting in high transendothelial electrical resistance and
low permeability, both paracellular and transcellular. The
BBB also regulates brain homeostasis by ions channels,
transporters and efflux pumps [ 3 , 4 ]. Tight junctions are
composed of occludin, various claudins and membrane-
associa ted guanyla te kinase proteins Z O1, Z O2 and
ZO3. Adher ens junctions ar e composed of sev eral cad-
herins, junctional adhesion molecules and PECAM-1. The
endothelial cells are ensheathed in capillaries by pericytes
and in arterioles and arteries by vascular smooth muscle
c ells, in addition t o astrocyt e end-feet [ 3 , 4 ]. Several
brain endothelial rec ept ors for insulin, folate, transfer r in
and low-density lipoprotein can potentially mediate
transcytosis through BBB to the brain parenchyma by
nanodrugs targeting these rec ept ors. These rec ept or
sy st ems have been used to cross BBB in tumors, but the
efficiency of normal BBB penetration by nanoconstructs
is usually rather low unless some special methods are
used such as nasal delivery or focused ultrasound [ 3 ].
We have identified some rec ept or-targeting peptides
that can to some exten t penetra te BBB as parts of
nanoc onstructs. Ang iopep-2 (AP-2) peptide binding to
the LRP-1 could transcytose the complex through the
normal BBB when attached to the β-poly(L-malic acid)
(PMLA) scaffold, but mostly to the perivascular space [ 8 ].
Our experiments in three different BBB types (normal,
AD and tumor-glioblastoma) have shown better BBB
penetration in normal mice by PMLA-trileucine-attached
D-configuration peptides D1 and ACI-89 also binding
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o LRP-1 [ 9 ]. Ov erall , efficient sy st emic nanoc onstruct
eliv ery thr ough normal BBB needs further optimization
nd enhancement. 

. Pathological changes of BBB in aging & 

neur odegenera tion 

ging and brain pathologies including neurodegen-
ration and tumors, are associated with blood flow
ltera tions, inflamma tion, edema and increased intr acr a-
ial pr essur e, metabolic perturbations, BBB changes
nd altered gene and protein expression [ 4 , 10 , 11 ]. For

nstance, 80% of pa tien ts with frequen t Lewy body
emen tia presen t with v ascular altera tions such as
er ebr ovascular disease, lacunae and multiple microin-
arcts, hemor r hages, ather oscler osis, arterioloscler osis
nd cerebral amyloid angiopathy [ 12 ]. BBB alterations

n AD inv olv e r educed capillary length and density,
ericyt e degeneration, disrupt ed transport er expression,

ow expression of tight and adherens junction proteins
laudin-5, ZO1, occludin and VE-cadherin, as well as

ncreased perivascular IgG leakage [ 4 ]. Similar abnormal-
ties w er e r eported in PD and diabetic r etinopathy [ 4 , 6 ].
hese alterations may enable toxic blood molecules, cells
nd pathogens to reach the brain and are associated with
athological immune and inflammatory responses that
an c ontribut e t o neurodegeneration [ 3 ]. 

. BBB in primary or metastatic brain tumors 

he brain tumor v ascula ture is characteriz ed b y multiple
ranching of the newly formed leaky tumor vessels

neoang iogenesis). Tumor BBB has alt ered endothelial
ight junctions (decreased expression of occludin and
laudins) and astrocytic contacts in the tumor-affected
r eas. The most fr equent type of primary brain tumors

s glioblastoma (GBM), with very poor survival rate
nd trea tmen t response. The GBM BBB has impaired
ig naling with astrocyt es and pericyt es. Normal brain
str ocytes secr ete VEGF and other angiogenic factors
o maintain vascular growth. Brain tumors use VEGF to
romot e neoang iogenesis t o g r ow and surviv e when

hey become hypoxic. Brain tumors also present with
yperplasia of α-SM A expr essing pericytes that ov er-
xpress CD248, which may help in the formation of
umor neov ascula tur e. Astr ocytes additionally secr ete
 trafficking molecule Mfsd2a, important for the BBB
evelopment. In the tumor BBB, Mfsd2a is downregulated
ue to decreased signaling from astrocyt es t o endothelial
ells [ 2 ]. Tumor micr oenvir onment is also changed includ-
ng abnormal shift of laminin isoforms to “malignant”
aminin-411 tha t activ a t es Not ch pa thw ay and cancer
t em c ells. This c ontribut es t o tumor invasion and higher
leakiness of tumor BBB, and c orrelat es with poor patient
prognosis [ 10 , 13 ]. 

4. Multifunctional nanosystems for neural drug 

delivery & tr ea tment 

T he kno wn c omplexity of BBB dictat es desig ning multi-
functional drug delivery sy st ems t o cross each specific
BBB type. Such a sy st em should ideally consist of specific
BBB deliv ery v ector ; moiet y targeting the pathological
cell type; drug payloads capable of endosomal release.
The sy st em should be biodeg radable and non-t oxic,
undergo a thorough phy sic o-chemical and pharmac euti-
cal ev alua tion r equir ed by FDA/EM A, and be effectiv e. 

New multimodal sy st ems based on biodegradable
polymers have been developed using adhesive dextran-
dendrimer hy dr ogels. They can deliv er various therapeu-
tic agents to solid tumors, including small molecules,
nucleic acids and antibodies. Such hy dr ogels capable of
intr acr anial delivery of GBM therapies and activ a ting the
stimula tor of in terferon genes (cGAS-STING) pa thw ay are
promising inhibitors of immunosuppression typical for
GBM [ 5 ]. 

Recen tly in tr oduced nanor obotics or nanobots [ 14 ]
are specifically engineered with sensing, decision making
and actuation properties for BBB crossing for theranostic
use by utilizing c omput er modeling and t echnolog i-
cal gaps. Nanorobots are biocompatible entities of 1–
1000 nm size and are synthesized with lipids , polymers ,
metals and crystals. 

We developed fully biodegradable nanopolymers for
I.V. injection with measurable blood clearance without
any immunogenic toxicity. These polymers had PMLA
as a scaffold with a cov alen tly a ttached BBB crossing
(transcytosing) moiety such as peptides AP -2, MiniAP -
4 (M4), or transfer r in rec ept or (TfR) ligands cTfRL and
B6, or an ti-TfR an tibody. To provide endosome escape
and imaging capability, other attached moieties included
trileucine (LLL) and a fluorescent marker, r espectiv ely.
Thirty min after a single iv. injection, the optimal
nanoc onjugat es already showed significant accumula-
tion in the parenchyma of cortical layers II/III, the
midbrain colliculi and the hippocampal CA1-3 cellular
layers . C on trol v arian ts lacking AP-2 or LLL showed poor
BBB penetra tion. Trileucine apparen tly stabilized the
nanoc onjugat es, wher eas AP-2 pr ovided BBB permeation.
Nanoc onjugat es with attached peptides M4, cTfRL and B6
showed little infiltration of brain parenchyma, likely due
to lo w BBB crossing. T he PMLA/LLL/AP-2 nanoconstruct
can be functionalized with intr a-br ain targeting and
various drugs (e.g., antisense oligonucleotides) directed
to molecular regulators implicated in neurological disor-
ders [ 8 ]. 
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Various peptides w er e r ec ently t est ed side by side in
ifferent conditions f or the ability to allow nanodrugs to
ass through BBB. These included AP -2, B6, MiniAP -4 and
-configuration peptides D1, D3 and ACI-89, ensuring

pecific transcytosis by binding to LRP-1, TfR, bee venom-
erived ion channel and A β/LRP-1 related transcytosis
omplex, r espectiv ely. BBB cr ossing follow ed a two-step
echanism, with binding of PMLA/LLL to endothelial
embrane and allosteric exposure of transcytosis recep-

ors by specific peptides. In vivo nanoconjugate delivery
r operties w er e deter mined in nor mal, tumor (GBM),
nd AD mouse models. BBB crossing in brain tumors
as the most efficient, followed by normal and AD-like
rain. In tumors and normal brain, AP-2 provided the
ost efficient BBB crossing, although low in normal brain.
ow ev er, D-peptides, especially D3, w er e clear ly super ior

n AD model. The TfR vector B6 was equal in normal
nd AD brains [ 9 ]. In AD mice, D3 peptide provided
pecific delivery of morpholino miRNA-186 (inhibitor
f β-site amyloid precursor protein-cleaving enzymes,
ACEs) to brain neurons with do wnregulation b y RNA-seq
f BACE-2 and upregulation of important genes ( IGF-1 and
DF2 ) suppressed in AD [ 15 ]. D3-c onjugat es provided

arget ed sy st emic delivery of functional miRNA and AONs
o brain neurons in AD. For GBM trea tmen t, AP-2 BBB-
rossing nanoc onjugat es w er e used for brain deliv ery
f checkpoint inhibitor antibodies anti-PD-1 and anti-
TLA-4 to activ a te general and tumor local immune

y st em [ 16 , 17 ] and to inhibit mouse GBM targets, c-Myc
nd EGFR/EGFRvIII, with prolonged animal survival [ 18 ]. 

. Future p ersp ective 

iven the complexity of trea tmen t of CNS
atholog ies, the c ondition-specific selection of
ultifunctional/multimodal nano sy st ems is a promising
ay for future suc c ess in neuro nano drug delivery

hrough BBB. Artificial int elligenc e and machine learning
o predic t selec tive BBB penetrating peptides (B3PPs)
re emerging for neurotherapeutics development
or brain-related disorders. For instance, a new
fficient scoring card-based predictor (SCMB3PP) has
een developed for improving B3PP iden tifica tion
nd characterization. Ov er coming the limitation
f black-box computational approaches, SCMB3PP
redict or c ould aut oma tically estima te amino acid
nd dipeptide propensities important for B3PPs.
alidation and independent testing confirmed that
CMB3PP outperforms popular machine learning-
ased methods on multiple independent datasets.
CMB3PP-derived amino acid propensities were utilized
o iden tify informa tive biophysical and biochemical
roperties needed for the characterization of B3PPs:
(http://pmlabstack.pythonanywhere.com/SCMB3PP). 
Nov el computational appr oaches ar e an ticipa t ed t o
facilitate high-throughput identification of potential
B3PP candidates for subsequent experimental
v alida tion [ 12 , 19 , 20 ] and significantly speed up
ev alua tion in vitro and in vivo to find the best effective
deliv ery v ehicles and tr ea tmen t targets for CNS disorders.
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