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Central nervous system (CNS) diseases including depres-
sion, stroke, brain infection, brain cancer, neurodegener-
ations, meningitis, neuropathic pain, amyotrophic lateral
sclerosis, migraine, schizophrenia, epilepsy and multiple
sclerosis are a serious burden on the public health
system. More recently, COVID-19 has contributed to
mental health crisis, exacerbating neurological diseases
and increasing the risk of developing new neurological
disorders [1,2]. However, during the last 15 years, many
pharmaceutical companies have been downsizing CNS-
related drug projects, with a 48% reduction in 2009-2014
and a further 34% decrease in 2014-2023 [1].

Several physiological and pharmacological factors
present roadblocks in CNS drug development. A major
problem is poor CNS drug penetration through the
blood-brain barrier (BBB). It is made of special endothelial
cells with tight junctions connections that preclude many
drugs from entering the CNS tissues [3]. Compared
with normal CNS BBB, common neurodegenerations
such as Alzheimer's (AD), Parkinson’s (PD), multiple
sclerosis [3,4] or brain tumors [5] show pathological
changes in the BBB. Similarly, the blood-retinal barrier is
compromised in vision-threatening diabetic retinopathy
[61.

Recent data show that BBB changes in various patholo-
gies are different. This necessitates accurate choice of
delivery vehicles and targets depending on whether
the drugs need to reach CNS tissues with normal,
neurodegenerative or tumor BBB structure. In the last
two decades, nanomedicine opened novel avenues in
overcoming limited BBB permeability, which was not pos-
sible to achieve with small molecule drugs or biological
therapeutics such as peptides or antibodies effective for
the treatment of other organs or systems [5,7].

1. Normal BBB

Several biological factors influence drug transport to
the normal brain including vasculature, 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-
associated guanylate kinase proteins ZO1, ZO2 and
Z03. Adherens junctions are composed of several 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
cells, in addition to astrocyte end-feet [3,4]. Several
brain endothelial receptors for insulin, folate, transferrin
and low-density lipoprotein can potentially mediate
transcytosis through BBB to the brain parenchyma by
nanodrugs targeting these receptors. These receptor
systems 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 receptor-targeting peptides
that can to some extent penetrate BBB as parts of
nanoconstructs. Angiopep-2 (AP-2) peptide binding to
the LRP-1 could transcytose the complex through the
normal BBB when attached to the g-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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to LRP-1 [9]. Overall, efficient systemic nanoconstruct
delivery through normal BBB needs further optimization
and enhancement.

2. Pathological changes of BBB in aging &
neurodegeneration

Aging and brain pathologies including neurodegen-
eration and tumors, are associated with blood flow
alterations, inflammation, edema and increased intracra-
nial pressure, metabolic perturbations, BBB changes
and altered gene and protein expression [4,10,11]. For
instance, 80% of patients with frequent Lewy body
dementia present with vascular alterations such as
cerebrovascular disease, lacunae and multiple microin-
farcts, hemorrhages, atherosclerosis, arteriolosclerosis
and cerebral amyloid angiopathy [12]. BBB alterations
in AD involve reduced capillary length and density,
pericyte degeneration, disrupted transporter expression,
low expression of tight and adherens junction proteins
claudin-5, ZO1, occludin and VE-cadherin, as well as
increased perivascular IgG leakage [4]. Similar abnormal-
ities were reported in PD and diabetic retinopathy [4,6].
These alterations may enable toxic blood molecules, cells
and pathogens to reach the brain and are associated with
pathological immune and inflammatory responses that
can contribute to neurodegeneration [3].

3. BBB in primary or metastatic brain tumors

The brain tumor vasculature is characterized by multiple
branching of the newly formed leaky tumor vessels
(neoangiogenesis). Tumor BBB has altered endothelial
tight junctions (decreased expression of occludin and
claudins) and astrocytic contacts in the tumor-affected
areas. The most frequent type of primary brain tumors
is glioblastoma (GBM), with very poor survival rate
and treatment response. The GBM BBB has impaired
signaling with astrocytes and pericytes. Normal brain
astrocytes secrete VEGF and other angiogenic factors
to maintain vascular growth. Brain tumors use VEGF to
promote neoangiogenesis to grow and survive when
they become hypoxic. Brain tumors also present with
hyperplasia of «-SMA expressing pericytes that over-
express CD248, which may help in the formation of
tumor neovasculature. Astrocytes additionally secrete
a trafficking molecule Mfsd2a, important for the BBB
development.In the tumor BBB, Mfsd2a is downregulated
due to decreased signaling from astrocytes to endothelial
cells [2]. Tumor microenvironment is also changed includ-
ing abnormal shift of laminin isoforms to “malignant”
laminin-411 that activates Notch pathway and cancer
stem cells. This contributes to tumor invasion and higher

leakiness of tumor BBB, and correlates with poor patient
prognosis [10,13].

4. Multifunctional nanosystems for neural drug
delivery & treatment

The known complexity of BBB dictates designing multi-
functional drug delivery systems to cross each specific
BBB type. Such a system should ideally consist of specific
BBB delivery vector; moiety targeting the pathological
cell type; drug payloads capable of endosomal release.
The system should be biodegradable and non-toxic,
undergo a thorough physico-chemical and pharmaceuti-
cal evaluation required by FDA/EMA, and be effective.

New multimodal systems based on biodegradable
polymers have been developed using adhesive dextran-
dendrimer hydrogels. They can deliver various therapeu-
tic agents to solid tumors, including small molecules,
nucleic acids and antibodies. Such hydrogels capable of
intracranial delivery of GBM therapies and activating the
stimulator of interferon genes (cGAS-STING) pathway are
promising inhibitors of immunosuppression typical for
GBM [5].

Recently introduced nanorobotics or nanobots [14]
are specifically engineered with sensing, decision making
and actuation properties for BBB crossing for theranostic
use by utilizing computer modeling and technologi-
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
L.V. injection with measurable blood clearance without
any immunogenic toxicity. These polymers had PMLA
as a scaffold with a covalently attached BBB crossing
(transcytosing) moiety such as peptides AP-2, MiniAP-
4 (M4), or transferrin receptor (TfR) ligands cTfRL and
B6, or anti-TfR antibody. To provide endosome escape
and imaging capability, other attached moieties included
trileucine (LLL) and a fluorescent marker, respectively.
Thirty min after a single iv. injection, the optimal
nanoconjugates already showed significant accumula-
tion in the parenchyma of cortical layers II/lll, the
midbrain colliculi and the hippocampal CA1-3 cellular
layers. Control variants lacking AP-2 or LLL showed poor
BBB penetration. Trileucine apparently stabilized the
nanoconjugates, whereas AP-2 provided BBB permeation.
Nanoconjugates with attached peptides M4, cTfRL and B6
showed little infiltration of brain parenchyma, likely due
to low BBB crossing. The PMLA/LLL/AP-2 nanoconstruct
can be functionalized with intra-brain targeting and
various drugs (e.g., antisense oligonucleotides) directed
to molecular regulators implicated in neurological disor-
ders [8].



Various peptides were recently tested side by side in
different conditions for the ability to allow nanodrugs to
pass through BBB. These included AP-2, B6, MiniAP-4 and
D-configuration peptides D1, D3 and ACI-89, ensuring
specific transcytosis by binding to LRP-1, TfR, bee venom-
derived ion channel and AB/LRP-1 related transcytosis
complex, respectively. BBB crossing followed a two-step
mechanism, with binding of PMLA/LLL to endothelial
membrane and allosteric exposure of transcytosis recep-
tors by specific peptides. In vivo nanoconjugate delivery
properties were determined in normal, tumor (GBM),
and AD mouse models. BBB crossing in brain tumors
was the most efficient, followed by normal and AD-like
brain. In tumors and normal brain, AP-2 provided the
most efficient BBB crossing, although low in normal brain.
However, D-peptides, especially D3, were clearly superior
in AD model. The TfR vector B6 was equal in normal
and AD brains [9]. In AD mice, D3 peptide provided
specific delivery of morpholino miRNA-186 (inhibitor
of B-site amyloid precursor protein-cleaving enzymes,
BACEs) to brain neurons with downregulation by RNA-seq
of BACE-2 and upregulation of important genes (/GF-1 and
GDF2) suppressed in AD [15]. D3-conjugates provided
targeted systemic delivery of functional miRNA and AONs
to brain neurons in AD. For GBM treatment, AP-2 BBB-
crossing nanoconjugates were used for brain delivery
of checkpoint inhibitor antibodies anti-PD-1 and anti-
CTLA-4 to activate general and tumor local immune
system [16,17] and to inhibit mouse GBM targets, c-Myc
and EGFR/EGFRVIII, with prolonged animal survival [18].

5. Future perspective

Given the complexity of treatment of CNS
pathologies, the condition-specific selection of
multifunctional/multimodal nano systems is a promising
way for future success in neuro nano drug delivery
through BBB. Artificial intelligence and machine learning
to predict selective BBB penetrating peptides (B3PPs)
are emerging for neurotherapeutics development
for brain-related disorders. For instance, a new
efficient scoring card-based predictor (SCMB3PP) has
been developed for improving B3PP identification
and characterization. Overcoming the limitation
of black-box computational approaches, SCMB3PP
predictor could automatically estimate amino acid
and dipeptide propensities important for B3PPs.
Validation and independent testing confirmed that
SCMB3PP outperforms popular machine learning-
based methods on multiple independent datasets.
SCMB3PP-derived amino acid propensities were utilized
to identify informative biophysical and biochemical
properties needed for the characterization of B3PPs:
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(http://pmlabstack.pythonanywhere.com/SCMB3PP).

Novel computational approaches are anticipated to
facilitate high-throughput identification of potential
B3PP candidates for subsequent experimental
validation [12,19,20] and significantly speed up
evaluation in vitro and in vivo to find the best effective
delivery vehicles and treatment targets for CNS disorders.

Financial disclosure

This work was supported by the National Cancer Institute of
the National Institutes of Health under award numbers RO1
CA188743, R0O1 CA206220, ROT CA209921, ROT CA284247. The
content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes
of Health. The authors have no other relevant affiliations or
financial involvement with any organization or entity with a
financial interest in or financial conflict with the subject matter
or materials discussed in the manuscript apart from those
disclosed.

Competing interests disclosure

The authors have no competing interests or relevant affiliations
with any organization or entity with the subject matter or mate-
rials discussed in the manuscript. This includes employment,
consultancies, honoraria, stock ownership or options, expert
testimony, grants or patents received or pending, or royalties.

Writing disclosure

No writing assistance was utilized in the production of this
manuscript.

ORCID

Julia Y Ljubimova @& https://orcid.org/0000-0002-8623-3598
Eggehard Holler @& https://orcid.org/0000-0001-8582-2190
Keith L Black @& https://orcid.org/0000-0002-0546-4934
Alexander V Ljubimov
https://orcid.org/0000-0003-2398-5319

References

1. Dichiara M, Cosentino G, Giordano G, et al. Designing
drugs optimized for both blood-brain barrier permeation
and intra-cerebral partition. Expert Opin Drug Discov.
2024;19(3):317-329. d0i:10.1080/17460441.2023.229411
8

2. Ljubimov VA, Ramesh A, Davani S, Danielpour M, Breunig
JJ, Black KL. Neurosurgery at the crossroads of immunol-
ogy and nanotechnology. New reality in the COVID-19
pandemic. Adv Drug Deliv Rev. 2022;181:114033. doi:10
.1016/j.addr.2021.114033

3. WuD, Chen Q,Chen X, Han F, Chen Z, Wang Y. The blood-
brain barrier: structure, regulation, and drug delivery.
Signal Transduct Target Ther. 2023;8(1):217. doi:10.1038/
s41392-023-01481-w

4. Sweeney MD, Sagare AP, Zlokovic BV. blood-brain barrier
breakdown in Alzheimer disease and other neurodegen-
erative disorders. Nat Rev Neurol. 2018;14(3):133-150.
doi:10.1038/nrneurol.2017.188


https://orcid.org/0000-0002-8623-3598
https://orcid.org/0000-0001-8582-2190
https://orcid.org/0000-0002-0546-4934
https://orcid.org/0000-0003-2398-5319
https://doi.org/10.1080/17460441.2023.2294118
https://doi.org/10.1016/j.addr.2021.114033
https://doi.org/10.1038/s41392-023-01481-w
https://doi.org/10.1038/nrneurol.2017.188

1866

10.

11.

12.

13.

. Israel LL, Galstyan A, Cox A, et al.

J.Y. LUUBIMOVA

. Kudruk S, Forsyth CM, Dion MZ, et al. Multimodal neuro-

nanotechnology: challenging the existing paradigm
in glioblastoma therapy. Proc Natl Acad Sci USA.
2024;121(8):€2306973121. doi:10.1073/pnas.230697312
1

. Dorweiler TF, Singh A, Ganju A, et al. Diabetic retinopa-

thy is a ceramidopathy reversible by anti-ceramide
immunotherapy. Cell Metab. 2024;36(7):1521-1533.e5.
doi:10.1016/j.cmet.2024.04.013

. Saleem S, Kannan RR. Zebrafish: a promising real-time

model system for nanotechnology-mediated neurospe-
cific drug delivery. Nanoscale Res Lett. 2021;16(1):135.
doi:10.1186/s11671-021-03592-1

. Israel LL, Braubach O, Galstyan A, et al. A Combination

of tri-leucine and Angiopep-2 drives a poly-anionic
polymalic acid nanodrug platform across the blood brain
barrier. ACS Nano. 2019;13(2):1253-1271. doi:10.1021/ac
snano.8b06437

Signature effects
of vector-guided systemic nano bioconjugate delivery
across blood-brain barrier of normal, Alzheimer’s and
tumor mouse models. ACS Nano. 2022;16(8):11815-
11832.doi:10.1021/acsnano.1c10034

Ding H, Inoue S, Ljubimov AV, et al. inhibition of
brain tumor growth by intravenous poly(B-L-malic acid)
nanobioconjugate with pH-dependent drug release. Proc
Natl Acad Sci USA. 2010;107:18143-18148. d0i:10.1073/
pnas.1003919107

Chou ST, Patil R, Galstyan A, et al. Simultaneous
blockade of interacting CK2 and EGFR pathways by
tumor-targeting nanobioconjugates increases therapeu-
tic efficacy against glioblastoma multiforme. J Control
Release. 2016;244(Pt A):14-23. doi:10.1016/j.jconrel.2016
.11.001

O’Shea DM, Arkhipenko A, Galasko D, etal. Practical use
of DAT SPECT imaging in diagnosing dementia with Lewy
bodies: a US perspective of current guidelines and future
directions. Front Neurol. 2024;15:1395413. d0i:10.3389/fn
eur.2024.1395413

Sun T, Patil R, Galstyan A, et al. Blockade of
a laminin-411-Notch axis with CRISPR/Cas9 or a

20.

nanobioconjugate  inhibits  glioblastoma  growth
through tumor-microenvironment crosstalk. Cancer
Res. 2019;79(6):1239-1251. doi:10.1158/0008-5472.CAN-
18-2725

. Singh AV, Chandrasekar V, Janapareddy P, etal. Emerging

application of nanorobotics and artificial intelligence to
cross the BBB: advances in design, controlled maneuver-
ing, and targeting of the barriers. ACS Chem Neurosci.
2021;12(11):1835-1853. doi:10.1021/acschemneuro.1c0
0087

. Israel LL, Sun T, Braubach O, et al. S-Amyloid targeting

nanodrug for neuron-specific delivery of nucleic acids
in Alzheimer’s disease mouse models. J Control Release.
2023;361:636-658. d0i:10.1016/j.jconrel.2023.08.001

. Galstyan A, Chiechi A, Korman AJ, et al. Nano immuno-

conjugates crossing blood-brain barrier activate local
brain tumor immune system for glioma treatment. Nat
Commun. 2019;10(1):3850. doi:10.1038/s41467-019-117
19-3

. Ljubimova JY, Ding H, Galstyan A, et al. Nanobioconju-

gates crossing BBB for delivery of checkpoint inhibitors
and activation of local brain tumor immune system for
glioma treatment. Neuro-Oncol. 2017;19(Suppl. 6):272-
273.doi:10.1093/neuonc/nox168.1120

. Patil R, Sun T, Rashid MH, et al. Multifunctional nano

polymers for blood-brain barrier delivery and inhibition
of glioblastoma growth through EGFR/EGFRVIII, c-Myc,
and PD-1. Nanomaterials. 2021;11(11):2892. doi:10.3390/
nano11112892

. Charoenkwan P, Chumnanpuen P, Schaduangrat N, Lio’

P, Moni MA, Shoombuatong W. Improved prediction and
characterization of blood-brain barrier penetrating pep-
tides using estimated propensity scores of dipeptides. J
Comput Aided Mol Des. 2022;36(11):781-796. doi:10.100
7/510822-022-00476-z

Yousfan A, Al Rahwanji MJ, Hanano A, Al-Obaidi H. A
comprehensive study on nanoparticle drug delivery to
the brain: application of machine learning techniques.
Mol Pharm. 2024;21(1):333-345. doi:10.1021/acs.molpha
rmaceut.3c00880


https://doi.org/10.1073/pnas.2306973121
https://doi.org/10.1016/j.cmet.2024.04.013
https://doi.org/10.1186/s11671-021-03592-1
https://doi.org/10.1021/acsnano.8b06437
https://doi.org/10.1021/acsnano.1c10034
https://doi.org/10.1073/pnas.1003919107
https://doi.org/10.1016/j.jconrel.2016.11.001
https://doi.org/10.3389/fneur.2024.1395413
https://doi.org/10.1158/0008-5472.CAN-18-2725
https://doi.org/10.1021/acschemneuro.1c00087
https://doi.org/10.1016/j.jconrel.2023.08.001
https://doi.org/10.1038/s41467-019-11719-3
https://doi.org/10.1093/neuonc/nox168.1120
https://doi.org/10.3390/nano11112892
https://doi.org/10.1007/s10822-022-00476-z
https://doi.org/10.1021/acs.molpharmaceut.3c00880

	1.Normal BBB
	2.Pathological changes of BBB in aging neurodegeneration
	3.BBB in primary or metastatic brain tumors
	4.Multifunctional nanosystems for neural drug delivery treatment
	5.Future perspective
	Financial disclosure
	Competing interests disclosure
	Writing disclosure
	References



