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ABSTRACT

Brain-linked pathologies such as neurodegenerative diseases, malignant brain tumors, cerebrovascu-
lar and infectious neuropathologies remain difficult to diagnose and treat because of the restrictive and
disease-dependent nature of biological barriers in the central nervous system. Although nanotechnology
has achieved considerable preclinical success, the clinical implementation of nanoparticle-based brain
treatments has been inconsistent, and a significant gap exists between experimental models and clinical
reality. Nanoparticle strategies to overcome delivery barriers are critically analyzed with particular em-
phasis on theranostic systems and emerging biomimetic approaches. In addition to categorizing nano-
particles by class, we incorporate blood-brain barrier (BBB) structural and functional heterogeneity
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along with post-BBB transport constraints, including interstitial diffusion, cellular uptake variability,
and intracellular trafficking, together with nanoparticle physicochemical design parameters such as size,
surface charge, and functionalization, to explain why delivery outcomes are disease- and stage-depend-
ent. Major nanoparticle platforms, including polymeric, liposomal, dendrimeric, metallic, carbon-
based, and biomimetic systems, are being considered for Alzheimer’s disease, Parkinson’s disease, gli-
oblastoma, stroke, and infectious brain pathologies. Integration of recent preclinical findings with
emerging clinical trial evidence indicates that immune clearance, pharmacokinetic variability, limited
tissue distribution, manufacturing complexity, and regulatory challenges are key contributors to trans-
lational failure. To address the trade-offs between multifunctional complexity and clinical feasibility, a
disease-informed and regulation-aware framework is proposed to guide future nanoparticle develop-
ment. Advancing brain nanomedicine will require coordinated progress across materials science, neu-
ropharmacology, and translational research to move from proof of concept toward effective patient
therapies.

Keywo rds: Nanoparticles; blood-brain barrier; brain-related diseases; nanomedicine; targeted drug
delivery; theranostics; biomimetic nanoparticles; clinical translation

Purpose, Rationale, and Limita- temically administered drugs at high doses can-
not reach therapeutic concentrations in the

tions brain [46, 84]. The blood-brain barrier (BBB),
Despite major advances in nanotechnology, an extremely selective neurovascular barrier, is
most brain-targeted nanomedicines fail during essential for preserving CNS homeostasis but
clinical translation. This high attrition rate also a significant impediment to the therapeutic
largely stems from a “one-size-fits-all” design and diagnostic delivery of agents [84, 33, 64].

strategy that fails to account for the physiologi-
cal heterogeneity of the BBB across diseases
and patient populations.

The BBB consists of microvascular endothe-
lial cells in the brain that are closely intercon-
nected by pericytes, astrocytic end-feet, and the

This review aims to bridge the gap between basement membrane, all of which together form
preclinical success and clinical failure. We ex- the neurovascular unit [84, 33]. In addition to
amine the physicochemical constraints — in- tight junctions, the BBB is also characterized
cluding size, surface charge, and surface chem- by active efflux transporters, such as P-glyco-
istry — that govern BBB transport and post- protein and breast cancer resistance protein,
BBB distribution, and we propose a disease- which further limit the accumulation of xenobi-
sensitive nanoparticle design framework that otics and macromolecular therapeutic agents in
integrates regulatory and manufacturing con- the brain [64, 12]. Notably, the BBB is not a
siderations early in development. fixed anatomical structure. It is permeable, ex-

We primarily focus on polymeric, liposomal, presses transporters, and exhibits inflammatory
metallic, and biomimetic nanoparticle systems. properties, which differ significantly depending
Viral vectors, surgical implants, and device- on disease type, disease stage, aging, and sys-
based delivery approaches are not discussed in temic physiological endowments [64, 35].
detail. In addition, psychiatric disorders in Transient events like a stroke (or a high-grade
which BBB integrity is largely preserved are brain tumor) can result in local focal BBB dys-
beyond the scope of this analysis. function, but long-term neurodegenerative con-

Introducti ditions do not (particularly in the midbrain).
ntrodauction This heterogeneity is vital to therapeutic deliv-

Neurodegenerative disorders, malignant brain ery outcomes and causes significant interpatient
tumors, cerebrovascular and infectious neuro- variability [35].

pathologies are brain-related and cause a signif-
icant and increasing global health burden. Alz-
heimer's disease (AD), Parkinson's disease
(PD), glioblastoma multiforme (GBM), stroke,
and central nervous system (CNS) infections
have great morbidity, mortality, and long-term
disability, whereas therapeutic success has not
yet been achieved. The key factor contributing
to this translational stagnation is that most sys-

Nanotechnology has emerged as a promising
solution to overcome BBB-induced delivery
constraints. Nanoparticles exhibit tunable phys-
icochemical properties, such as nanoscale size,
adjustable surface charge and chemistry, and
high drug-loading capacity, which enable them
to interact with endogenous BBB transport
mechanisms, including receptor-mediated, ad-
sorptive-mediated, and  carrier-mediated
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transcytosis [21, 37, 71, 17, 24]. Over the last
10 years, diverse nanoparticle platforms have
been examined for brain-targeted drug delivery,
brain imaging, and theranostic applications, in-
cluding polymeric nanoparticles, liposomes,
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dendrimers, metallic nanoparticles, carbon-
based systems, and biomimetic constructs [1, 2,
23, 27, 37]. The major transport pathways ex-
ploited by nanoparticles to traverse the BBB are
schematically summarized in Figure 1.
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Figure 1. Nanoparticles may traverse the blood-brain barrier via carrier-mediated transport, adsorptive-
mediated transcytosis, receptor-mediated transcytosis, and limited paracellular transport through tight
Junctions under specific pathological or experimental conditions. Vesicular internalization typically
involves membrane invagination and trafficking through clathrin-coated pits or caveolae prior to release
on the brain-facing side. While these mechanisms are widely exploited in preclinical nanomedicine
studies, their efficiency and translational relevance remain highly variable and disease-dependent.
Reproduced from [23] under the Creative Commons Attribution (CC-BY 4.0) license.

Although much brain nanoparticle therapy
has been preclinically successful, clinical trans-
lation has been sparse and patchy. Numerous
nanoparticle systems have demonstrated effi-
cient penetration of the BBB and therapeutic ef-
ficacy in experimental models but have not
yielded meaningful or reproducible outcomes
in clinical settings [24, 73]. The reason for this
translational gap is multifactorial. This is due to
a lack of predictive value in animal and in vitro
BBB models, combined with several other fac-
tors, such as rapid systemic clearance by the
mononuclear phagocyte system, immunogenic-
ity from surface modifications, and issues with
large-scale manufacturing and regulatory ap-
proval [73, 22, 87, 14]. Consequently, BBB
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penetration alone has proven to be an incom-
plete design goal for clinically viable brain na-
nomedicines.

Some recent reviews offer insights into nano-
particle engineering for brain delivery, includ-
ing classifications of materials, disease-targeted
applications, and stimuli-responsive or orga-
nelle-targeted delivery systems [27, 36, 19, 1].
Although these contributions have improved
mechanistic understanding, most are overly de-
scriptive or focus on maximal functional com-
plexity without adequately considering clinical
feasibility, regulatory limitations, or the drivers
of recurrent translational failure. In addition,
few reviews directly integrate BBB heterogene-
ity, nanoparticle design trade-offs, and disease-



specific therapeutic needs into a single frame-
work suitable for real-world clinical conditions.

Unlike previous reviews, which mainly cate-
gorize nanoparticle systems or focus on isolated
BBB-crossing mechanisms, this review inte-
grates BBB heterogeneity driven by disease,
nanoparticle physicochemical design trade-
offs, and translational viability within a single
analytical framework. This work shifts the fo-
cus of nanomedicine design toward disease-
and regulation-sensitive, scalable clinical nano-
particle systems, rather than further maximiz-
ing BBB permeability, given the critical scru-
tiny of the causes of failure in most nanoparticle
structures in clinical translation despite their

excellent preclinical responses. A precision na-
nomedicine framework that integrates consid-
erations of BBB structure and nanoparticle
transport is shown in Figure 2. Unlike previous
reviews that primarily describe BBB-crossing
mechanisms, this review emphasizes why BBB
penetration alone has not led to clinical success.
We integrate post-BBB transport barriers, dis-
ease-specific brain microenvironments, and
translational constraints, including pharmaco-
kinetics, immune clearance, and manufactura-
bility, to provide a clinically-oriented design
perspective.
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Figure 2. The blood-brain barrier (BBB) is formed by brain microvascular endothelial cells, the vascular
basement membrane, pericytes, and astrocyte end-feet, together constituting the neurovascular unit. Tight
Junctions between endothelial cells—composed of claudins, occludin, junctional adhesion molecules, and
cytoplasmic adaptor proteins such as zonula occludens-1 (ZO-1)—severely restrict paracellular transport
of most molecules, ions, and drugs. These structural features impose fundamental constraints on
nanoparticle and drug delivery and contribute to disease- and context-dependent variability in brain
targeting. Reproduced [4] under the Creative Commons Attribution (CC-BY 4.0) license

DISCUSSION

The blood-brain barrier and its implications
for drug delivery

Structure and Functional Dynamics of the
Blood-Brain Barrier

The BBB is a well-defined neurovascular bar-
rier that manages the exchange of molecules be-
tween the CNS and systemic circulation. It is
enclosed by microvascular endothelial cells of
the brain, interrelated by tight junctions, and
surrounded by pericytes, astrocytic end-feet,
and the basement membrane, which form the
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neurovascular unit [84, 33]. In addition to its
physical appearance, the BBB expresses active
efflux transporters, such as P-glycoprotein and
breast cancer resistance protein, that limit the
entry of xenobiotics and therapeutic substances
into the brain [64, 12].

Notably, the BBB is a dynamic, disease-re-
sponsive mechanism rather than a fixed ana-
tomical structure. It is more permeable, ex-
presses more transporters, and is more inflam-
matory than in diseased, older, or more sys-



temic conditions [64, 35]. The localized disrup-
tion of the BBB can be caused by acute pathol-
ogy (e.g., ischemic stroke and high-grade brain
tumor). In contrast, chronic neurodegenerative
conditions (e.g., Alzheimer's and Parkinson's
diseases) are characteristic of the barrier's func-
tional state (anatomically intact but functionally
impaired). Such heterogeneity leads to substan-
tial differences in drug and nanoparticle deliv-
ery outcomes across patients and diseases [35].

A substantial number of delivery strategies
are based on simplified assumptions of homo-
geneous BBB permeability and optimized using
experimental models that do not reflect the
complexity of the human BBB [22, 51, 73].
This frequently leads to discrepancies or inade-
quate brain accumulation in clinical settings,
even when BBB permeability is poor or effi-
cient in preclinical studies. These findings re-
veal that the sole predictor of successful therapy
is its penetration, which is achieved only when
integrated with disease-specific BBB dynamics
and patient heterogeneity [24, 73, 87].

Challenges in Treating Brain Diseases

Treatment of brain-related illnesses is not
only difficult because of the restrictive nature
of the BBB, but also because neurological dis-
orders are biologically heterogeneous. Fewer
than 5 percent of small-molecule drugs and
fewer than 0.1 percent of macromolecular ther-
apeutics reach pharmacologically relevant lev-
els in the brain following systemic administra-
tion [9, 24, 64].

In neuro-oncology, effective drug dosing may
only be achieved using high systemic doses,
which causes severe off-target toxicities, while
BBB disruption in tumors is still spatially het-
erogencous and unpredictable [23]. Con-
versely, most neurodegenerative diseases, such
as AD and PD, leave the BBB intact to a large
extent, requiring long-term and repeated treat-
ment with the concern of toxicity in the long run
and accumulation of toxicity [35].

The schedules of the diseases also make the
treatment more complex since the acute condi-
tions like stroke require immediate response,
whereas the neurodegenerative ones need to be
delivered over the years. Invasive delivery tech-
niques can be used to bypass the BBB; how-
ever, they pose a considerable risk, limiting
their use in chronic treatment [23, 49]. These
limitations underscore why BBB penetration
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alone is not sufficient to achieve clinical suc-
cess.

Nanoparticle Approaches for Blood-Brain
Barrier Penetration

Strategies to overcome the BBB using nano-
particles rely primarily on either developing en-
dogenous transport routes or temporarily alter-
ing the barrier's permeability. These are recep-
tor-mediated and adsorptive-mediated transcy-
tosis, carrier-mediated transport, passive accu-
mulation in areas of BBB disruption, and exter-
nally assisted delivery methods (Table 2). De-
spite evidence that most of these strategies im-
prove brain uptake in experimental models,
their clinical behavior is inconsistent and con-
text-dependent [21, 37, 71, 17, 24].

Receptor-mediated transcytosis provides
greater specificity but is limited by receptor sat-
uration, competition with endogenous ligands,
and interpatient variation in receptor expres-
sion, all of which limit delivery efficacy at true
clinical doses [37]. Adsorptive-mediated
transcytosis relies on nonspecific electrostatic
interactions and is often associated with off-tar-
get uptake, rapid clearance, and immunogenic-
ity [71]. Carrier-mediated transport is limited
by transporter capacity and substrate competi-
tion, which restricts its use to small systems or
those with only minimal modifications [17, 24].

BBB disruption-induced passive targeting, or
the increased permeability and retention effect,
is mostly limited to high-grade brain tumors
and acute cerebrovascular diseases and is unre-
liable due to high spatial heterogeneity [23, 71].
Strategies aided externally, e.g., focused ultra-
sound, can transiently increase BBB permeabil-
ity, although they raise safety, reproducibility,
and clinical applicability issues, especially in
chronic neurological diseases [90].

In general, none of the BBB penetration meth-
ods provides universal, long-lasting delivery to
the brain. The maximality of BBB interaction
can define clinical success, but the balance of
delivery efficiency, safety, pharmacokinetics,
and scalability determines success. Repeated
translational failures are due to the continued
use of single-mechanism optimization, under-
scoring the need for integrative, disease-aware
delivery approaches.



Limitations of Current BBB Models and
Translational Challenges

Although nanoparticle-based brain delivery
systems exhibit attractive preclinical results,
most have not been translated into clinical tri-
als, largely because current BBB models are
poorly predictive. The BBB systems of rodents
differ significantly from the human BBB in
transporter expression, tight junction arrange-
ment, and immune interactions, often leading to
overestimation of nanoparticle permeability
and therapeutic effectiveness [72].

In vitro models of the BBB provide mechanis-
tic insights; however, they are insufficient to
recreate the complexity of the human microvas-
cular blood vessel as a whole. Physiological
shear stress, infection cell traffic, and disease-
specific changes in the BBB are critical features
that are either missing or simplified and thus
cannot be forecast in vivo [51, 22]. As a result,
nanoparticle formulations optimized using such
systems often exhibit non-uniform brain accu-
mulation during clinical trials.

Other translational barriers arise from poor
pharmacokinetics and biodistribution. After
systemic administration, a large fraction of the
nanoparticles is rapidly removed by the mono-
nuclear phagocyte system, leading to prepon-
derant accumulation in the liver and spleen ra-
ther than in the brain. Multiple dosing may also
increase immune activation, making it concern-
ing that its effects may be long-lasting and un-
safe [55, 91].

Stability and production are also more diffi-
cult due to complex architectures or large-scale
surface functionalization. An example is nano-
particles that are batch-to-batch variable during
scale-up, where small changes in size or surface
chemistry can significantly alter biodistribution
and efficacy. These aspects make it difficult to
obtain regulatory approval and have even led to
subpar clinical outcomes for numerous experi-
mental nanomedicines [87, 43].

NANOPARTICLE DESIGN PRINCIPLES
GOVERNING BRAIN TARGETING AND
CLINICAL TRANSLATION

Physicochemical Determinants of Brain-Tar-
geted Nanoparticles

The penetration of nanoparticles into brain tis-
sue, the BBB, and the systemic circulation is
determined by trade-offs among delivery effi-
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ciency, pharmacokinetics, immune compatibil-
ity, and manufacturability, rather than the opti-
mization of a specific physicochemical param-
eter [21, 24, 48, 72, 85, 87]. Designs that focus
solely on BBB penetration often fail to translate
clinically due to poor biodistribution and safety
concerns.

The size of nanoparticles and their surface
charge have opposing effects on circulation and
BBB transport. Smaller particles can increase
endothelial uptake but are quickly eliminated,
whereas larger particles have a longer circula-
tory lifespan but are sterically restricted in
transcytosis [21, 72, 85]. In the same vein, cat-
ionic nanoparticles enhance cellular engage-
ment at the expense of decreased BBB engage-
ment, whereas neutral or weakly anionic sys-
tems prefer circulation at the expense of re-
duced circulation [71, 24, 87].

Stability, degradation, and drug release are
controlled by surface chemistry. Even though
premature cargo leakage and inconsistent deg-
radation can undermine efficacy, biodegradable
polymers or lipid-based systems are usually
preferred [87, 14]. Surface functionalization-
PEGylation or ligand conjugation can extend
the circulation or increase targeting, but have
the complication of manufacturing variability
by batch, making batches more difficult to reg-
ulate and can present regulatory problems [87,
14, 45, 91]. Taken together, the simplicity and
reproducibility of nanoparticle designs have
greater translational potential than high-com-
plexity multifunctional systems [24, 87, 91].

Surface Engineering and Functionalization
Strategies

Depending on the desired clinical application
and translational limitations, surface function-
alization plans are chosen. PEGylation has ex-
tensive applications in prolonging circulation in
the phagocytic system and reducing immuno-
genicity, but excessive cell-surface shielding
interferes with cellular internalization and re-
ceptor-mediated BBB translocation [45]. Lig-
and conjugation allows selective engagement
with BBB receptors or disease-relevant mark-
ers; however, targeting ligand specificity is of-
ten limited by receptor saturation and disease-
specific interpatient variability [21]. Surface
modification with diagnostic imaging or real-
time tracking using magnetic or fluorescent



moieties facilitates surface biointeractions, de-
spite their limited impact on therapeutic accu-
mulation [43]. More sophisticated biomimetic
methods, such as coating nanoparticles with red
blood cell or platelet membranes, increase im-
mune evasion and half-life but pose serious
challenges in fabrication, scalability, and con-
trol [87].

TYPES OF NANOPARTICLES USED IN
BRAIN-RELATED DISEASES

Table 1 summarizes the popular nanoparticle
platforms for treating brain-related diseases,
their main strengths, and translational short-
comings.

Polymeric Nanoparticles [11], [32], [61]

One of the most widely researched delivery
systems in brain-targeted drug delivery is poly-
meric nanoparticles, since they are biodegrada-
ble and their regulation is well established.
However, the negative impact of inconsistent
accumulation in the brain, inconsistent thera-
peutic efficacy, and long-term administration
has impeded clinical translation. The composi-
tion and degradation kinetics of polymers sig-
nificantly affect drug release and biological

fate.

Table 1. Comparison of major brain-related disease diagnosis and therapy platforms relying on na-

noparticles.
Nanoparticle Type| Key Advantages Translational Limitations Applications
Biodegradable; high Inconsistent brain Tau-targeting strategies for
. drug-loading capacity; accumulation; acidic Alzheimer’s disease [54] ;
Polymeric (e.g.,

sustained release; tunable

PLGA, Chitosan) degradation profiles [61],

degradation by-products;
rapid systemic clearance

siRNA delivery for
glioblastoma multiforme

strong theranostic
potential (imaging +
therapy) [76]

Gold, Iron Oxide)

biodegradability [26],
[94]

[69] [22], [69] (GBM) [11]
High blocompatlblhty; Physical instability; Doxorubicin delivery for
capable of encapsulating . )
. o premature drug leakage; | GBM [95]; general central
Liposomes both hydrophilic and . )
. 7 rapid clearance without | nervous system (CNS) drug
!lp ophilic drpgs; low surface modification[89] | delivery strategies [89]
immunogenicity [60]
Mopodlsperse structure; Dose—dependent Delivery of therapeutics
precise molecular cytotoxicity; concerns
. . . for cerebral palsy and
Dendrimers architecture; abundant regarding long-term . . i
. . excitotoxicity [88]; CNS
surface functional groups | safety and accumulation drug delivery [8]
for targeting [8], [34] [34] g Y
Tunable optical and . - Photothermal ablation for
netic broperties: Potential toxicity due to GBM [5]: Magnetic
Metallic (e.g., MAgnetic properties, accumulation; poor > Vag

resonance imaging contrast
enhancement for brain
tumors [76]

High surface area;

Carbon-Based excellent electrical

gﬁégﬁrezon conductivity; efficient
Graphene), gene/drug loading via n—m

interactions [29], [93]

Induction of oxidative
stress; inflammatory
responses; long-term
biopersistence [94]

Neural interfacing for
regeneration [62]; drug
delivery in Parkinson’s
disease [42]

Immune evasion,;

Biomimetic (e.g., | prolonged systemic

Cell Membrane- circulation; enhanced
Coated targeting of inflamed or
Nanoparticles) diseased brain regions

[82], [92]

Complex fabrication
processes; scalability
challenges; regulatory
uncertainty [22], [91]

Red blood cell membrane-
coated nanoparticles for
BBB crossing in stroke
[30]; leukocyte membrane-
coated systems for GBM
targeting [92]
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The systems made from PLGA can provide
sustained release, though they can exhibit early
drug release and acidic degradation by-prod-
ucts, whereas chitosan-based nanoparticles can
interact with the BBB at the expense of high im-
mune recognition and rapid clearance. It is
worth noting that polymeric systems that are ef-
fective in acute disease models do not work in
chronic neurological disease models, suggest-
ing that their application is mostly limited to
short-term, localized, or even adjunctive ther-
apy rather than long-term systemic therapy.

Liposomes [59], [60], [89]

Liposomes are also the most mature nanopar-
ticle platforms as they possess a phospholipid
bilayer structure, high biocompatibility with
their bioproducts, and well-developed manu-
facturing guidelines. In brain cancer, liposomal
chemotherapeutics have been shown to accu-
mulate more effectively in tumors and reduce
systemic toxicity, and antibody-conjugated lip-
osomes have also been reported to accumulate
more effectively and have the potential to serve
as targeted imaging and delivery agents in AD.
Despite these strengths, liposomal systems are
limited by physical instability, premature drug
release, and rapid clearance when not surface-
attached. As a result, liposomes are preferable
for oncological, intrathecal, or short-term use
rather than for chronic neurodegenerative dis-
orders, which are widely used.

Dendrimers [8], [34], [88]

Dendrimers are highly branched, monodis-
perse nanostructures that enable surface func-
tionalization and accurate drug loading. They
are selectively accumulated in activated micro-
glia and inflammatory brain regions in the neu-
roinflammatory and rare metabolic disorders
and can be used in neurology. Nonetheless, the
range of translational advancement is limited
by dose-dependent cytotoxicity and by still-un-
addressed sustainability issues, especially in
higher generations. Consequently, dendrimer-
based systems are limited to a niche or early-
stage use, with controlled, small-dose admin-
istration.

Metallic Nanoparticles [5], [26], [56]

Nanoparticles made of metals, especially gold
and iron oxides, can be used because of their
unique optical and magnetic properties, which
are beneficial for treating brain diseases. Gold
nanoparticles are useful for local tumor ablation
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via photothermal therapy, and iron oxide nano-
particles improve magnetic resonance imaging
and cell tracing. Despite these benefits, con-
cerns about biodegradability, long-term accu-
mulation, and even toxicity have limited their
use as long-term therapeutic delivery systems.
As such, metallic nanoparticles have been even
more successful in translational diagnos-
tic/monitoring applications compared to sus-
tained drug delivery.

Carbon-Based Nanoparticles [29], [62], [93]

Carbon nanomaterials (such as carbon nano-
tubes and graphene oxide) have high surface ar-
eas and are electrical conductors, which enables
manipulation in the fields of neural interfacing
and drug delivery in experimental settings.
Nonetheless, induction of oxidative stress, in-
flammation, and long-term biopersistence is
one of the greatest setbacks to clinical transla-
tion. Variability in surface functionalization
and synthesis only complicates safety assess-
ment and reproducibility. It is therefore found
that carbon-based nanoparticles are, at best, still
an exploratory research tool and not yet a com-
mon practice in therapy.

Biomimetic Nanoparticles [6], [82], [92]

Cell membrane-coated systems and biomi-
metic nanoparticles can exploit endogenous bi-
ological properties to enhance immune evasion
and prolong circulation time. The membrane
coatings on red blood cells and leukocytes fa-
cilitate delivery to inflamed or diseased areas of
the brain. Despite high conceptual efficacy,
challenges in clinical translation stem from so-
phisticated production, scaling issues, variabil-
ity, and regulatory uncertainty. Mass use will
require reduced designs and standardized man-
ufacturing approaches.

MECHANISMS OF NANOPARTICLE-ME-
DIATED DRUG DELIVERY TO THE BRAIN

Table 2 presents the key mechanisms by
which nanoparticles cross the BBB, along with
their strengths and weaknesses.

There are several pathways for nanoparticle-
mediated transport across the BBB, each with
unique pros and cons. Passive targeting can be
used to exploit the propensity for localized
BBB disruption in disease tissues; for example,
brain tumors frequently have leaky vasculature,
which permits nanoparticle aggregation via en-
hanced permeability and retention. Neverthe-



less, this process is not very effective in neuro-
degenerative diseases, where the BBB is not
structurally damaged [14]. Active targeting re-
lies on the interaction between ligands and re-
ceptors, whereby nanoparticles functionalized
with transferrin, lactoferrin, apolipoproteins, or
integrin-binding peptides bind to endothelial or
tumor-associated receptors and undergo recep-
tor-mediated transcytosis [21, 25]. Conversely,

stimuli-responsive nanoparticles do not control
BBB transport but primarily regulate cargo re-
lease in response to pathological conditions
such as low pH, reactive oxygen species, or
physical stimuli, thereby releasing the drug in a
spatially and temporally controlled manner
[19].

Table 2. Mechanisms of nanoparticle transport across the blood-brain barrier

undergo vesicular transport
across the blood-brain
barrier (BBB) [21]

[37]

Mechanism Description Advantages Limitations
Ligand-functionalized
rticl .g. . e .
nanoparticies (e £, High specificity; Receptor saturation;
. transferrin, insulin) bind . . P
Receptor-Mediated . controlled and interpatient variability in
. endothelial receptors and . .
Transcytosis efficient uptake [21], | receptor expression [21],

[64]

Adsorptive-Medi-
ated Transcytosis

Electrostatic interaction
between positively charged
nanoparticles and negatively
charged endothelial
membranes [17]

Simple strategy;
enhanced endothelial
adhesion [17], [37]

Nonspecific uptake; off-
target accumulation;
potential

immunogenicity [71]

Nanoparticles mimic

Limited by transporter

impaired lymphatic drainage
[47]

[47], [80]

. . endogenous substrates (e.g., | Utilizes natural BBB | size and capacity;
Carrier-Mediated . . " .
Transport glucose, amino acids) to transport pathways competition with
exploit membrane [12], [17] endogenous substrates
transporters [12] [12]
Accumulation of Highly heterogeneous;
. nanoparticles through leaky | No surface ineffective for intact
Passive . . . } ,
Targeting tumor vasculature and modification required | BBB (e.g., Alzheimer’s

disease) [47]

Stimuli-Responsive

Nanoparticles release cargo
in response to internal (pH,
reactive oxygen species ,

Spatial and temporal
control; reduced off-

Complex design;
unpredictable in vivo

permeability [13], [52]

accumulation [13]

Release enzymes) or external stimuli | target toxicity [19] responsiveness [19]
after BBB uptake [19]
Externally Assisted Temporary BBB disruption Dramatlcally RlSk.Of neur().tO)-uclty;
using focused ultrasound or | improves requires specialized
Transport (e.g., Ul- . . . ) .
trasound) chemical agents to enhance | nanoparticle brain equipment and precise

control [52]

BLOOD-BRAIN-BARRIER TRANSPORT:
INTERSTITIAL MOVEMENT AND CELLU-
LAR UPTAKE

Crossing the BBB represents only the first
step in successful brain drug delivery. After
transcytosis, nanoparticles enter the brain pa-
renchyma, where additional biological barriers
critically influence therapeutic distribution and
efficacy. Failure at this stage is increasingly
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recognized as a major reason why nanoparticles
that appear successful in BBB models do not
achieve meaningful outcomes in vivo [24, 73,
87].

The brain extracellular matrix (ECM) forms a
dense, nanoporous environment composed of
glycosaminoglycans, proteoglycans, and struc-
tural proteins that can significantly restrict the
movement of nanoscale materials [7]. Unlike



many peripheral tissues, transport within the
brain parenchyma is largely diffusion-driven,
and nanoparticle size and surface properties
strongly influence the extent of distribution
from cerebral blood vessels [77]. Larger nano-
particles, in particular, often exhibit reduced
mobility within extracellular matrices due to
steric hindrance and interactions with matrix
components, thereby limiting their penetration
into neural tissue [10, 77].

In biological extracellular matrices more
broadly, nanoparticle movement can be further
limited by steric hindrance and adhesive inter-
actions with matrix components, with surface
chemistry playing a key role in determining
mobility [10]. Hydrophilic coatings such as
polyethylene glycol (PEG) reduce nonspecific
interactions with biological components [45],
whereas surfaces that promote biomolecular
adsorption may experience localized retention
and reduced tissue penetration [10]. These
physicochemical constraints help explain why
nanoparticles engineered for efficient BBB
transport may still achieve limited distribution
within neural tissue, restricting their therapeu-
tic reach in diffuse neurodegenerative disor-
ders.

Following interstitial transport, cellular up-
take presents another major barrier. Neurons,
astrocytes, microglia, and tumor cells differ
substantially in endocytic capacity and receptor
expression. Microglia and perivascular macro-
phages preferentially internalize nanoparticles,
leading to immune sequestration rather than de-
livery to intended neuronal targets [39, 87].
Even when internalized by target cells, nano-
particles may remain trapped within endolyso-
somal compartments, preventing cytosolic drug
release unless specific endosomal escape
mechanisms are incorporated [53].

The relative importance of post-BBB
transport barriers varies across neurological
diseases. In neurodegenerative disorders such
as Alzheimer’s and Parkinson’s diseases, where
pathological targets are widely distributed, ef-
fective therapy requires broad distribution
through the brain parenchyma; however, nano-
particle diffusion remains strongly constrained
by the dense extracellular matrix, which limits
tissue coverage even after successful BBB
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transcytosis [35, 77]. In contrast, brain tumors
such as glioblastoma may exhibit focal disrup-
tion of the BBB, allowing nanoparticle entry.
Still, abnormal extracellular matrix composi-
tion and structural heterogeneity of the tumor
often lead to uneven intratumoral distribution
and poor penetration into infiltrative tumor
margins [23, 28, 69]. In acute cerebrovascular
conditions such as ischemic stroke, transient
edema, and BBB alterations, interstitial spacing
and local transport properties may be temporar-
ily altered. Still, these effects are highly varia-
ble in space and time, reducing the predictabil-
ity of nanoparticle dispersion within affected
tissue [30, 72]. These disease-dependent differ-
ences reinforce that post-BBB transport is not a
uniform process and must be considered patho-
logically specific during nanoparticle design.

Therefore, effective brain nanomedicine de-
sign must integrate three sequential require-
ments: BBB transcytosis, efficient interstitial
diffusion, and cell-specific uptake with intra-
cellular drug release. Ignoring post-BBB
transport leads to overestimation of therapeutic
potential in preclinical models and contributes
significantly to translational failure [24, 23,
35].

APPLICATIONS OF NANOPARTICLES IN
SPECIFIC BRAIN DISEASES

Alzheimer’s Disease [50], [54], [70], [80]

AD is a neurodegenerative disease caused by
the aggregation of amyloid-beta, tau lesions,
synaptic dysfunction, and neuroinflammation .
Although there has been a great development in
the treatments, the currently approved ones may
only offer symptomatic relief without altering
the progression of the disease, primarily be-
cause of ineffective delivery of the drugs to the
affected brain areas and because of late inter-
vention into the disease.

Nanoparticle-based approaches to disease
modification have not achieved disease-modi-
fying effects in AD, despite their extensive pre-
clinical success. This not only indicates deliv-
ery constraints but also inherent biological lim-
itations, such as the low correlation between
cognitive improvement and amyloid reduction,
coupled with a general tendency to intervene in
the disease at an advanced stage.



Table 3. Nanoparticle-based strategies for major brain-related diseases

Disease Therapeutic Objectives

Key Nanoparticle Strategies

Challenges

Alzheimer’s
Disease

Reduction of amyloid-f3
and tau pathology;
neuroprotection; early-
stage imaging and
diagnosis [75]

Polymeric nanoparticles for
curcumin/resveratrol
delivery; liposomal anti-
amyloid antibodies [31],
[44]

Late clinical
intervention;
multifactorial disease
mechanisms; lack of
definitive disease-
modifying therapies [36]

Parkinson’s Dopamine replacement;

Chitosan-based

Chronic disease

Disease antioxidant therapys; nanoparticles for dopamine | progression; peripheral
stem cell and neuronal delivery; nanoenzymes; side effects; limited
tracking [40] magnetic nanoparticles for targeting specificity [40]
imaging and tracking [40]
[86]
Glioblastoma Tumor ablation; gene Liposomal doxorubicin; Extreme tumor
Multiforme silencing; enhancement | gold nanoparticles for heterogeneity; therapy
of chemotherapy photothermal therapy; resistance; variable BBB
efficacy [15] polymeric nanoparticles for | permeability [72], [78]
siRNA delivery [38], [95]
Stroke / Thrombolysis; Nanoparticle-encapsulated Narrow therapeutic time
Cerebrovascular | neuroprotection; reactive | tissue plasminogen activator | window; blood-brain
Disorders oxygen species (tPA); cerium oxide barrier (BBB) disruption
scavenging [30] antioxidant nanoparticles variability; hemorrhagic
[30], [72] risk [30]

Infectious Brain
Diseases

Targeted antimicrobial
delivery; inflammation
reduction [79]

Chitosan-based
nanoparticles for anti-
tubercular therapy;
nanoparticle-mediated
antiviral delivery [17], [79]

Antimicrobial resistance;
prolonged treatment
duration; complex
immune interactions [79]

Although nanoparticles have the potential of
expanding brain exposure to therapeutic agents,
they cannot correct multifactorial pathology or
irreversible neuronal death. The nanoparticle-
based approaches used for disease diagnosis or
as adjuncts in the delivery of therapeutic agents
in the treatment of the disease have a higher
chance of succeeding as diagnostic tools or de-
livery systems, but not independently as dis-
ease-modifying agents in the treatment of the
disease.

Parkinson’s Disease [40], [41], [86]

PD is a progressive motor disorder caused by
the deterioration of dopaminergic neurons in
the substantia nigra and deposition of a-synu-
clein foci. Traditional regimens of pharmaco-
logical therapy led to a symptomatic effect but
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are restricted due to either low brain bioavaila-
bility, peripheral side effects, or decreases in ef-
ficacy with time.

Formulations involving nanoparticles have
also been explored as improved methods for de-
livering dopamine, dopamine precursors, and
neuroprotective factors into the brain. Nanopar-
ticles made of chitosan have been shown to
stimulate sustained dopamine release and bioa-
vailability in experimental models, with nano-
enzymes with antioxidant potential having been
shown to reduce oxidative stress-related neu-
ronal damage. Moreover, magnetic nanoparti-
cles can be used to track transplanted stem cells,
providing information on regenerative strate-
gies in PD.

Although nanoparticle formulations enhance
the biological activity of dopaminergic and
neuroprotective compounds in animal models,



in human subjects, nanoparticles are only mar-
ginally effective in PD. The characteristic
course of chronic diseases, the susceptibility of
regions to neural damage, and interpersonal
variations in the ability of the BBB to limit last-
ing therapeutic benefit. The development of
strategies across most nanoparticle deals can be
seen as symptomatic deficits rather than under-
lying neurodegeneration. In this regard, nano-
particle platforms in PD nowadays achieve op-
timal functionality as adjunctive delivery sys-
tems, and long-term safety and repeated-dose
administration are significant translational con-
straints.

Glioblastoma Multiforme [58], [16],
[69]

The glioblastoma multiforme (GBM) is the
most lethal primary tumor of the brain; it is rap-
idly proliferating, diffuse, and invasive, as well
as having resistance against such conventional
therapies as chemotherapy and radiotherapy.
The presence of a robust or heterogeneously
breached BBB significantly limits the effective-
ness of systemically administered therapeutics.

The use of nanoparticles has increased the po-
tential for treating glioblastoma by enhancing
drug delivery and enabling gene- or energy-
based therapies. Nevertheless, the clinical find-
ings are limited by tumor heterogeneity, adap-
tation resistance, and heterogeneity in BBB per-
meability across space. The accumulation of
nanoparticles may be confined to perivascular
or necrotic areas, and infiltrative tumor margins
may not be adequately addressed [16, 69, 81].
This is due to limitations, suggesting that nano-
particle-based therapies are most effective
when combined with surgery and radiotherapy,
but not as individual therapies.

[18],

Stroke and Cerebrovascular Disorders [30],
[72]

The blocked circulation of cerebral blood
causes 1schemia, which is a form of stroke that
causes cells to die rapidly, produces oxidative
stress, and causes inflammation cascades. Alt-
hough the therapy process is effective, thera-
peutic intervention within a limited period of
time is required, and drug delivery systems are
seriously challenged.

Nanoparticles are being investigated as a

thrombolytic agent, a neuroprotective drug, and
an antioxidant carrier. To prevent bleeding
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complications associated with aspirin admin-
istration, encapsulation of tissue plasminogen
activator into nanoparticle systems has been ex-
amined to enable limited release. Hexafluorides
of Cerium oxide nanoparticles, a type of cata-
lytic scavenger of reactive oxygen species, have
been shown to offer neuroprotection in experi-
mental stroke models. Although it has shown
positive outcomes, the nature of stroke pathol-
ogy prevents progression to clinical translation
due to its acute and time-sensitive characteris-
tics. The limitations to the homogeneity of na-
noparticle therapy delivery include delays in di-
agnosis, patient heterogeneity, and varying
BBB disruption. Consequently, nanoparticle-
based stroke technologies are still in their early
stages of development and can be most useful
in the context of fast diagnostic and targeted
therapeutic systems.

Infectious Brain Diseases [3], [20], [66]

The infections of the CNS, such as neurotu-
berculosis, viral encephalitis, are also linked to
high morbidity and mortality rates because of
low penetration of antimicrobials through the
BBB. Prolonged therapy courses and resistance
to the drugs further complicate therapeutic
management.

Nanoparticle-based delivery systems have
been investigated to enhance the ability of anti-
microbial agents to penetrate the brain, reduce
systemic toxicity, and optimize therapeutic ef-
ficacy. Nanoparticles of anti-tubercular drugs
that are carried by chitosan have been shown to
increase CNS accumulation and improve clear-
ance of malignant bacteria in preclinical mod-
els, whilst nanoparticle preparations of antiviral
drugs have the potential to reduce viral burden
in brain tissue. But translational development is
hindered by differences in infection-related dis-
ruption of the BBB, immune-mediated pathol-
ogy, and the long-term safety of nanoparticles
for long-term treatment. These issues demon-
strate the necessity of developing pathogen-
specific delivery plans and of considering im-
munological interactions to apply them in clin-
ical practice.

WHY HAVE MOST NANOPARTICLE-
BASED BRAIN THERAPIES FAILED CLIN-
ICALLY?

Although much has been done with nanopar-
ticles in preclinical research, comparatively
limited therapeutic applications in brain-related



diseases have not been translated into clinical
use. A key factor contributing to this concern in
clinical translation is that preclinical models
have very limited predictive capacity. Animal
models do not necessarily reflect the complex-
ity, heterogeneity, and chronic evolution of hu-
man neurological diseases and, as a result, over-
estimate therapeutic effectiveness. Moreover,
disease-induced changes in the human BBB are
highly variable, hindering consistent nanoparti-
cle delivery across the entire patient population
[79].

There is also the problem of pharmacokinetics
and biodistribution that inhibits clinical suc-
cess. Nanoparticles that exhibit effective BBB
penetration in controlled test systems often un-
dergo rapid clearance or off-target accumula-
tion in vivo. Hepatic, splenic, and mononuclear
phagocytic sequestration impairs brain delivery
and, over the long term, can result in toxicity
and accumulation [39].

The crucial impediments to translation are
safety and immunogenicity. Surface alterations
that improve targeting or circulation time can
also have unintended effects, such as activating
immune pathways and triggering complement
activation, inflammation, or hypersensitivity
reactions. These risks are increased in chronic
neurological diseases and require extremely
high levels of safety where prolonged admin-
istration is ongoing [55, 68, 94].

Complexity in manufacturing and regulatory
uncertainty are also the main causes of clinical
failure. Multifunctional nanoparticles with
highly complex architectures are typically
poorly scalable, and even minor changes in
size, surface chemistry, or drug content can sig-
nificantly affect biological behavior. Physico-
chemical characterization and uniform produc-
tion procedures mandated by regulatory bodies
are not met by most current experimental nano-
particle systems [22, 91].

In addition, even when nanoparticles success-
fully cross the BBB in experimental models,
limited interstitial transport, heterogeneous cel-
lular uptake, and inefficient intracellular drug
release in the human brain further reduce thera-
peutic effectiveness. All these difficulties sug-
gest that strong translation requires predictive,
disease-relevant models, simpler and scalable
nanoparticle designs, and the integration of reg-
ulatory aspects into development pipelines.
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NANOPARTICLES FOR BRAIN
ING AND DIAGNOSTICS

Nanoparticles play an important role in the di-
agnostic imaging modalities such as magnetic
resonance, optical, and nuclear imaging. Iron
oxide nanoparticles generate a powerful mag-
netic field disturbance detectable by MRI,
yielding high-contrast images of tumors, in-
flammatory lesions, and neural pathways. Ul-
tra-small superparamagnetic iron oxide nano-
particles have been used to differentiate patho-
logical tissue from healthy brain tissue with
high accuracy [43], [56], [83].

Quantum dots have been used in optical im-
aging to achieve outstanding brightness and
photostability for real-time visualization of
neuronal structures, whereas gold nanoparticles
in plasmonic imaging have been used to en-
hance contrast and map the tumor microenvi-
ronment. In positron emission tomography and
single-photon emission computed tomography,
targeted radionuclide-conjugated nanoparticles
are used to image biomarkers of neurodegener-
ation or tumorigenesis, facilitating early disease
detection and aiding disease monitoring [5, 67,
70]. Nanoparticles designed as diagnostic and
imaging devices have demonstrated relatively
high translational success compared to thera-
peutic platforms, owing to their clearly defined
clinical utility and regulatory pathways [56,
83].

In more advanced applications, theragnostic
nanoparticles combine diagnostic and therapeu-
tic capabilities in a single system, enabling drug
delivery and monitoring of treatment response;
however, their development has been hindered
by the increased complexity of their structures.
This difference helps explain why nanoparticle-
based imaging agents have achieved smoother
clinical translation than therapeutic systems,
which must overcome additional biological bar-
riers such as deep-tissue penetration and intra-
cellular drug delivery.

TOXICOLOGICAL AND SAFETY CON-
SIDERATIONS

Despite these advances, nanoparticles require
extensive safety analysis before clinical appli-
cation. Possible toxicities include oxidative
stress, DNA damage, inflammation, and reten-
tion in non-target organs, such as the liver and
spleen. Surgeons must be careful when modify-

IMAG-



ing the surfaces of metal nanoparticles, espe-
cially those containing toxic elements such as
heavy metals. Biodegradable nanoparticles,
such as poly(lactic-co-glycolic acid) systems,
tend to be safer but must be considered for their
degradation products and long-term effects.

Safe design principles are based on biocom-
patibility, controlled degradation, surface neu-
trality, and minimal immunogenicity. Regula-
tory organizations, such as the U.S. Food and
Drug Administration, the European Medicines
Agency, and the Nano Mission of India, have
developed guidelines on the characterization of
nanoparticles, toxicology, and clinical transla-
tion. For cross-study comparability and patient
safety, standardized testing procedures remain
required [63, 91, 94].

These safety uncertainties further slow clini-
cal translation, particularly for chronic neuro-
logical disorders that would require repeated or
long-term nanoparticle administration.

CLINICAL TRIALS AND TRANSLA-
TIONAL PROGRESS

Nanoparticle-based systems for the clinical
translation of brain-related diseases have not
been studied extensively, and comparatively
few platforms have progressed beyond early-
phase studies. The first clinical activities have
focused more on improving drug retention, in-
creasing imaging sensitivity, and reducing sys-
temic toxicity than on disease modification.
Liposomal formulations are considered the
most advanced nanoparticle form in medicine,
and some products are approved or under inves-
tigation for CNS cancer and leptomeningeal
diseases. Liposomal cytarabine, for example,
has been shown to have a longer shelf life in
cerebrospinal fluid and better therapeutic expo-
sure in lymphoma meningitis [60].

Clinical success has been relatively high with
nanoparticles developed for diagnostic imag-
ing. Superparamagnetic iron oxide nanoparti-
cles have also been considered as MRI contrast
agents for brain tumors, neuroinflammation,
and cell tracking, owing to their defined physi-
cochemical characteristics and safety profiles.
Conversely, multifunctional theranostic nano-
particles are largely still in the preclinical stage
due to their greater complexity and regulatory
hurdles [56, 83].
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Polymeric nanoparticles loaded with chemo-
therapeutic agents, nucleic acids, or neuropro-
tective compounds have already undergone
early clinical trials in brain tumors and neuro-
degenerative diseases, but a lack of consistent
brain and interpatient differences in BBB accu-
mulation, as well as dose optimization, has
slowed their progress. There are other chal-
lenges associated with gene- and RNA-based
nanoparticle therapies, including intracellular
delivery efficiency, off-target effects, and long-
term safety [79]. The more straightforward na-
noparticle-based designs that lack well-illus-
trated mechanisms of action have typically pro-
gressed more quickly through regulatory proce-
dures than multifunctional systems [91].

Despite extensive preclinical research on na-
noparticle-mediated brain delivery, only a lim-
ited number of platforms have advanced to clin-
ical evaluation. These studies provide im-
portant insights into how nanomedicine strate-
gies are being translated into human clinical tri-
als, including the types of nanoparticle systems
used, the diseases targeted, and the clinical
stages reached. Representative ongoing and
completed interventional studies involving na-
noparticle-based systems for CNS disorders are
summarized in Table 4.

As shown in Table 4, clinical translation of
nanoparticle systems in CNS disorders is cur-
rently concentrated in neuro-oncology, particu-
larly glioblastoma and other malignant brain tu-
mors, where poor prognosis and limited treat-
ment options justify early-phase experimental
approaches. In contrast, only a small number of
exploratory trials have evaluated nanoparticle
therapeutics in neurodegenerative diseases such
as PD. Notably, despite several nanoparticle
platforms reaching Phase 1 and Phase 2 clinical
evaluation, no nanoparticle-based therapy has
yet advanced to Phase 3 trials for CNS disor-
ders. This highlights the substantial transla-
tional barriers that remain, including incon-
sistent therapeutic efficacy, variability in deliv-
ery within the human brain, limited patient pop-
ulations, and high regulatory and financial
thresholds for late-stage development. This im-
balance between oncology and non-oncology
applications underscores ongoing challenges in
achieving safe, effective, and scalable nanopar-
ticle delivery for chronic neurological disor-
ders.



Table 4. Clinical trials of nanoparticle-based systems evaluated in patients with central nervous sys-
tem disorders

Disease Nanoparticle Platform Phase | Enrollment Status Reference
Parkinson’s CNM-Au8 gold Phase 2 13 Completed [96]
Disease nanocrystals
Diffuse Intrinsic .

Pontine Glioma | M1x110 panobinostat | o (o 7 Completed [97]

(DIPG) nanoparticle (CED)

Diffuse Midline | MTX110 panobinostat

Glioma (DMG) | nanoparticle (CED) Phase 1 0 Completed 98]

Recurrent EGFR(V)-EDV-Dox

Glioblastoma targeted nanocell Phase 1 9 Completed [99]
(doxorubicin)

. . AGulX gadolinium

ﬁ:ﬁ;ﬁigram nanoparticles (NANO- Phase 1 15 Completed [100]
RAD radiosensitization)

Brain Metastases | AGulX gadolinium Recruiting/On

(stereotactic RT +| nanoparticles + stereotactic| Phase 2 134 ecrl(l)in & [101]

AGulIX) radiation gomg

FUTURE TRENDS AND EMERGING
TECHNOLOGIES

The principles of therapeutic complexity ver-
sus clinical practicability will guide the further
development of nanoparticle-based methods for
treating brain diseases. One development is the
move towards simpler, modular nanoparticle
designs that retain delivery performance while
reducing structural complexity, thereby in-
creasing reproducibility and regulatory friend-
liness.

Next-generation delivery systems should also
make use of biomimetic and bioinspired nano-
particles. Immunoevasive nanoparticles, sur-
face-decorated with endogenous cell membrane
components or designed to resemble natural
transport substrates, have a greater capacity to
evade the host organism's immune system and
avoid immune surveillance of their cancer-tu-
mor target without undergoing violent surface-
engineered adaptations that can elicit immuno-
genicity [6, 82].

Future developments of stimuli-responsive
nanoparticles could also improve therapeutic
localization, enabling drug delivery with spatial

CONCLUSION

and temporal control in response to pathologi-
cal conditions such as pH variations, oxidative
stress, enzymes, or externally applied physical
stimuli. Nonetheless, further evolution should
address reliability and predictability in the con-
text of a clinically relevant condition [19].

The integration of computational modeling,
artificial intelligence, and machine learning
into nanoparticle design is a promising way to
accelerate translation. The application of data
methods can optimize physicochemical param-
eters, predict biodistribution, toxicity, and ther-
apeutic performance, and eliminate the need for
trial-and-error experimentation [57, 74, 91]. In-
dividualized nanomedicine approaches tailored
to a patient's unique disease characteristics
could even enhance effectiveness, but they will
require powerful biomarkers, scalable produc-
tion, and adaptive regulatory systems [27, 65,
79].

However, successful translation of these
emerging strategies will depend on demonstrat-
ing reproducibility, scalable manufacturing,
and clear clinical benefit in human-relevant
models.

The relatively low clinical efficacy of nanoparticle-based therapies for brain diseases is not a failure
of nanotechnology itself, but a conflict between the priorities in experimental design and the actual
biology of disease and complex regulatory restrictions. The heterogeneity of the BBB and systemic




fate, as well as the design heterogeneity of nanomedicine, can be directed to counteract the problem of
brain nanomedicine going beyond a successful proof-of-concept.

Another avenue for nanoparticle application in brain disease lies in improving drug delivery and im-
aging; however, translation remains constrained by biological variability, immune clearance, safety
concerns, and regulatory challenges [79, 85, 94]. Experience increasingly shows that BBB penetration
alone does not predict therapeutic success, particularly in chronic neurological disorders. Platforms that
balance biological performance with manufacturability, regulatory clarity, and long-term safety are
more likely to advance to clinical trials than highly complex, multifunctional systems [57, 79, 91].

Clinical experience indicates that successful brain nanomedicine requires not only BBB penetration
but also effective interstitial distribution and cellular-level drug delivery within the human brain.

Al Tool Declaration: In accordance with the journal's editorial policy, the authors disclose the use of
artificial intelligence tools in the preparation of this manuscript. ChatGPT (Model GPT-5.2) was used
solely for language refinement and grammatical polishing of the final draft; the scientific content and
structure remain the original work of the authors. Additionally, the Graphical Abstract was generated
using Google Gemini (Model Gemini 2.5 Flash Image) based on the authors' original conceptual
sketches and specific scientific constraints. The authors have meticulously verified the generated ima-
gery to ensure it accurately represents the biological mechanisms described and accept full responsibi-
lity for its content.

Author Contributions: Conceptualization: Arun Kumar Nirmal and Haripriya Dayalan; writing: orig-
inal draft, Arun Kumar Nirmal and Rohith S; review and editing: Haripriya Dayalan and Gayathri Ay-
yar; visualization: Arun Kumar Nirmal; supervision: Haripriya Dayalan. All authors have read and ap-
proved the final version of the manuscript.

Funding: The Authors did not receive external funding for the present work.

Acknowledgments: The authors acknowledge DST under the FIST scheme (SR/FST/Col-
lege/2021/1156(C)) at Rajalakshmi Engineering College, Chennai, and thank all colleagues for helpful
discussions.

Conlflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

Quote this article as Nirmal AK, Dayalan H, S R, Ayyar G. Nanoparticles for brain disease: transla-
tional failures, blood-brain barrier heterogeneity, and precision design constraints. Precis Nanomed.
2026;9(1) 1748-1770, https://doi.org/10.33218/001c.157822

COPYRIGHT NOTICE ©The Author(s) 2026. This article is distributed under the terms of the Cre-
ative Commons Attribution 4.0 International License, which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if changes were made.

References

1. Ahmad, Faraz, Ressin Varghese, Subhrajita Panda, Siva Ramamoorthy, Mohammad Y. Areeshi,
Sharmila Fagoonee, and Shafiul Haque. 2022. “Smart nanoformulations for Brain Cancer
Theranostics: Challenges and promises.” Cancers 14 (21): 5389. https://doi.org/10.3390/can-
cers14215389.

2. Ahmed, Abdullah A. A., Nuria Alegret, Bethany Almeida, Ramén Alvarez-Puebla, Anne M. An-
drews, Laura Ballerini, Juan J. Barrios-Capuchino, et al. 2025. “Interfacing with the Brain: How
Nanotechnology Can Contribute.” ACS Nano. 19 (11): 10630-717.
https://doi.org/10.1021/acsnano.4c10525.

3. Ardakani, Rumyar, Lucy Jia, Elizabeth Matthews, and Kiran T. Thakur. 2024. “Therapeutic ad-
vances in neuroinfectious diseases.” Ther. Adv. Infect. Dis. 11 (January):
20499361241274246.https://doi.org/10.1177/20499361241274246.

4. Asimakidou, Evridiki, Justin Kok Soon Tan, Jialiu Zeng, and Chih Hung Lo. 2024. “Blood-Brain
Barrier-Targeting Nanoparticles: Biomaterial properties and biomedical applications in Transla-
tional Neuroscience.” Pharmaceuticals 17 (5): 612. https://doi.org/10.3390/ph17050612.

1763



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Badir, Amina, Siham Refki, and Zouheir Sekkat. 2025. “Utilizing gold nanoparticles in plasmonic
photothermal therapy for cancer treatment.” Heliyon 11 (4): e42738. https://doi.org/10.1016/j.heli-
yon.2025.e42738.

Ben-Akiva, Elana, Randall A. Meyer, Hongzhe Yu, Jonathan T. Smith, Drew M. Pardoll, and Jor-
dan J. Green. 2020. “Biomimetic anisotropic polymeric nanoparticles coated with red blood cell
membranes for enhanced circulation and toxin removal.” Sci. Adv. 6 (16): eaay9035.
https://doi.org/10.1126/sciadv.aay9035.

Bergs, Judith, Anna S. Morr, Rafaela V. Silva, Carmen Infante-Duarte, and Ingolf Sack. 2024. “The
Networking Brain: How Extracellular Matrix, Cellular Networks, and Vasculature Shape the in
Vivo Mechanical Properties of the Brain.” Adv. Scii 11 (31): e2402338.
https://doi.org/10.1002/advs.202402338.

Bharadwaj, Priyanshu, Valerie Gaelle Roullin, and Jeanne Leblond Chain. 2025. “Crossing the
blood-brain barrier: advances in dendrimer-based nanocarriers for central nervous system deliv-
ery.” Nanoscale. 17 (40): 23202-27. https://doi.org/10.1039/d5nr02548f.

Bukke, Sarad Pawar Naik, Chandrashekar Thalluri, and Ananda Kumar Chettupalli. 2025. “Recent
advances in potential drug nanocarriers for CNS disorders: a review.” Biomed. Eng. Online, 24 (1):
137. https://doi.org/10.1186/s12938-025-01474-6.

Cahn, Devorah, Alexa Stern, Michael Buckenmeyer, Matthew Wolf, and Gregg A. Duncan. 2024.
“Extracellular Matrix Limits Nanoparticle Diffusion and Cellular Uptake in a Tissue-Specific Man-
ner.” ACS Nano. 18 (46): 32045-55. https://doi.org/10.1021/acsnano.4c10381.

Caraway, C. A., H. Gaitsch, E. E. Wicks, A. Kalluri, N. Kunadi, and B. M. Tyler. 2022. “Polymeric
nanoparticles in brain cancer therapy: A review of current approaches.” Polymers 14: 2963.
https://doi.org/10.3390/polym14142963.

Chaves, Juliana C.S., Samantha J. Dando, Anthony R. White, and Lotta E. Oikari. 2023. “Blood-
brain barrier transporters: An overview of function, dysfunction in Alzheimer’s disease and strate-
gies for treatment.” Biochim. Biophys. Acta Mol. Basis Dis. 1870 (2): 166967.
https://doi.org/10.1016/j.bbadis.2023.166967.

Dahis, Daniel, Dana Meron Azagury, Fadi Obeid, Michelle Z. Dion, Alexander M. Cryer, Mariana
Alonso Riquelme, Pere Dosta, et al. 2022. “Focused ultrasound enhances brain delivery of sorafenib
nanoparticles.” Adv. NanoBiomed Res. 3 (2). https://doi.org/10.1002/anbr.202200142.

Desai, Neil. 2012. “Challenges in development of Nanoparticle-Based therapeutics.” The AAPS J.

14 (2): 282-95. https://doi.org/10.1208/s12248-012-9339-4.

Dhiman, Ashish, Dhwani Rana, Derajram Benival, and Kalpna Garkhal. 2024. “Comprehensive
insights into glioblastoma multiforme: drug delivery challenges and multimodal treatment strate-
gies.” Ther. Deliv. 16 (1): 87-115. https://doi.org/10.1080/20415990.2024.241528]1.

Dhiman, Ashish, Yagni Shah, Dhwani Rana, and Kalpna Garkhal. 2025. “Comprehensive review
on glioblastoma: nanotechnology, immunotherapy and combined therapeutic approaches.” RSC
Pharm. 2 (2): 207-34. https://doi.org/10.1039/d4pm00263f.

Ding, Shichao, Aminul Islam Khan, Xiaoli Cai, Yang Song, Zhaoyuan Lyu, Dan Du, Prashanta
Dutta, and Yuehe Lin. 2020. “Overcoming blood—brain barrier transport: Advances in nanoparticle-
based drug delivery strategies.” Mater. Today 37 (March): 112-25. https://doi.org/10.1016/j.mat-
t0d.2020.02.001.

Duan, Xinliu, Aiping Wang, Li Jiang, Xuan Zhou, Jiewen Zhao, Xu Deng, Liuxiang Chu, et al.
2024. “Targeted thermosensitive liposomes loaded with gold nanoparticles and temozolomide hex-
adecanoate for the synergistic photothermal-chemotherapy treatment of glioblastoma.” J. Pharm.

Sci. 114 (2): 1196—1204. https://doi.org/10.1016/j.xphs.2024.11.030.

Gao, Lei, Jia Wang, and Yanhua Bi. 2025. “Nanotechnology for neurodegenerative diseases: recent
progress in Brain-Targeted delivery, Stimuli-Responsive platforms, and Organelle-Specific thera-
peutics.” Int. J. Nanomedicine Volume 20 (September): 11015-44.
https://doi.org/10.2147/ijn.s549893.

Griego, Anna, Edoardo Scarpa, Valeria De Matteis, and Loris Rizzello. 2023. “Nanoparticle deliv-
ery through the BBB in central nervous system tuberculosis.” Ibrain 9 (1): 43-62.
https://doi.org/10.1002/ibra.12087.

1764



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Haqqani, Arsalan S., Kasandra Bélanger, and Danica B. Stanimirovic. 2024. “Receptor-mediated
transcytosis for brain delivery of therapeutics: receptor classes and criteria.” Front. Drug Deliv. 4
(March): 1360302. https://doi.org/10.3389/fddev.2024.1360302.

Herdiana, Yedi, Nasrul Wathoni, Shaharum Shamsuddin, and Muchtaridi Muchtaridi. 2022.
“Scale-up polymeric-based nanoparticles drug delivery systems: Development and challenges.”
OpenNano 7 (May): 100048. https://doi.org/10.1016/j.0nano.2022.100048.

Hersh, Andrew M., Safwan Alomari, and Betty M. Tyler. 2022. “Crossing the Blood-Brain Barrier:
Advances in nanoparticle technology for drug delivery in Neuro-Oncology.” Int. J. Mol. Sci. 23
(8): 4153. https://doi.org/10.3390/ijms23084153.

Hu, Yang, and Margareta Hammarlund-Udenaes. 2020. “Perspectives on Nanodelivery to the
Brain: Prerequisites for Successful Brain Treatment.” Mol. Pharm. 17 (11): 4029-39.
https://doi.org/10.1021/acs.molpharmaceut.0c00881.

Huang, Rongqin, Weilun Ke, Liang Han, Yang Liu, Kun Shao, Liya Ye, Jinning Lou, Chen Jiang,
and Yuanying Pei. 2009. “Brain-Targeting mechanisms of Lactoferrin-Modified DNA-Loaded na-
noparticles.” J. Cereb. Blood Flow Metab. 29 (12): 1914-23.
https://doi.org/10.1038/jcbfm.2009.104.

Ibarra-Ramirez, Ernesto, Melissa Montes, Roger Alexei Urrutia, Diego Reginensi, Edwin a Segura
Gonzalez, Luis Estrada-Petrocelli, Alexandra Gutierrez-Vega, Abhishek Appaji, and Jay Molino.
2025. “Metallic Nanoparticles Applications in Neurological Disorders: a review.” Int. J. Biomater.
2025 (1): 4557622. https://doi.org/10.1155/ijbm/4557622.

Ismail, Muhammad, Jiayi Liu, Ningyang Wang, Dongya Zhang, Changjiang Qin, Bingyang Shi,
and Meng Zheng. 2025. “Advanced nanoparticle engineering for precision therapeutics of brain
diseases.”  Biomaterials 318  (January): 123138.  https://doi.org/10.1016/j.biomateri-
als.2025.123138.

Izhar, Muhammad, Mohamed Al Gharyani, Ahed H. Kattaa, Juan J. Cardona, Ruchit P. Jain, Elaheh
Shaghaghian, Yusuke S. Hori, et al. 2025. “Overview of preclinical and clinical trials of nanopar-
ticles for the treatment of brain metastases.” Pharmaceutics 17 (7): 899.
https://doi.org/10.3390/pharmaceutics17070899.

Jaganathan, Saravana, Agnes Aruna John, Muthu Vignesh Vellayappan, Arunpandian Balaji, He-
manth Mohandas, and Aruna Priyadharshni Subramanian. 2015. “Carbon nanotubes and graphene
as emerging candidates in neuroregeneration and neurodrug delivery.” Int. J. Nanomedicine 10
(July): 4267. https://doi.org/10.2147/ijn.s83777.

Ji, Peng, Qingqing Xu, Jiahui Li, Zihan Wang, Wanyi Mao, and Peng Yan. 2024. “Advances in
nanoparticle-based therapeutics for ischemic stroke: Enhancing drug delivery and efficacy.” Bio-
med. Pharmacother. 180 (October): 117564. https://doi.org/10.1016/j.biopha.2024.117564.

Jia, Jia, Shuang Zhao, Jinghan Zhao, and Yun Gao. 2025. “Engineered nanoparticles for the treat-
ment of  Alzheimer’s  disease.”  Front. = Pharmacol. 16  (April): 1510798.
https://doi.org/10.3389/fphar.2025.1510798.

Jin, Lian, Libo Nie, Yan Deng, Ghulam Jilany Khana, and Nongyue He. 2025. “The application of
polymeric nanoparticles as drug delivery carriers to cells in neurodegenerative diseases.” Cell Pro-
lif- 58 (8): e13804. https://doi.org/10.1111/cpr.13804.

Kadry, Hossam, Behnam Noorani, and Luca Cucullo. 2020. “A blood-brain barrier overview on
structure, function, impairment, and biomarkers of integrity.” Fluids Barriers CNS 17 (1): 69.
https://doi.org/10.1186/s12987-020-00230-3.

Kaurav, Monika, Sakina Ruhi, Husni Ahmed Al-Goshae, Ashok Kumar Jeppu, Dhani Ramachan-
dran, Ram Kumar Sahu, Ashish Kumar Sarkar, Jiyauddin Khan, and Abu Md Ashif Ikbal. 2023.
“Dendrimer: An update on recent developments and future opportunities for the brain tumors diag-
nosis and treatment.” Front. Pharmacol. 14 (March): 1159131.
https://doi.org/10.3389/fphar.2023.1159131.

Knox, Emily G., Maria R. Aburto, Gerard Clarke, John F. Cryan, and Caitriona M. O’Driscoll.
2022. “The blood-brain barrier in aging and neurodegeneration.” Mol. Psychiatry 27 (6): 2659-73.
https://doi.org/10.1038/s41380-022-01511-z.

1765



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Kochman, Urszula, Hanna Sitka, Julia Kuzniar, Magdalena Czaja, Jan Aleksander Beszlej, and
Jerzy Leszek. 2025. “Targeted nanoparticles for drug delivery across the Blood—Brain barrier in
early and late stages of Alzheimer’s disease: a review.” Mol. Neurobiol. 63 (1): 75.
https://doi.org/10.1007/s12035-025-05417-z.

Kulkarni, Mangesh, Krishi Patel, Ayush Patel, Swayamprakash Patel, Jagruti Desai, Mehul Patel,
Umang Shah, Ashish Patel, and Nilay Solanki. 2023. “Nanomaterials as drug delivery agents for
overcoming the blood-brain barrier: A comprehensive review.” ADMET DMPK 12 (1): 63-105.
https://doi.org/10.5599/admet.2043.

Kulkarni, Mugdha, Karthik Nadendla, Ananth Pai, Shashaanka Ashili, Howard Maibach, and
Jyothsna Manikkath. 2025. “Lipid nanoparticles for the treatment of glioblastoma multiforme: Cur-
rent status of research and clinical translation.” J. Drug Deliv. Sci. Technol. 108 (April): 106891.
https://doi.org/10.1016/j.jddst.2025.106891.

Kumar, Mokshada, Priyanka Kulkarni, Shufang Liu, Nagendra Chemuturi, and Dhaval K. Shah.
2023. “Nanoparticle biodistribution coefficients: A quantitative approach for understanding the tis-
sue distribution of nanoparticles.” Adv. Drug Deliv. Rev. 194 (January): 114708.
https://doi.org/10.1016/j.addr.2023.114708.

Kumar, Vipin, Shivani Sharma, and Anchal Singh. 2025. “Nanoparticles: a new frontier in neuro-
degenerative disease therapy.” Front. Med. Technol. 7 (November).
https://doi.org/10.3389/fmedt.2025.1654003.

Lababidi, Jude Majed, and Hassan Mohamed El-Said Azzazy. 2025. “Revamping Parkinson’s dis-
ease therapy using PLGA-based drug delivery systems.” npj Parkinsons Dis. 11 (1): 248.
https://doi.org/10.1038/s41531-025-01081-1.

Lafi, Zainab, Sherine Asha, and Sara Yousef Asha. 2025. “Carbon-based nanotechnology for Par-
kinson’s disease: diagnostic and therapeutic innovations.” Nanomedicine 20 (16): 2023-41.
https://doi.org/10.1080/17435889.2025.2535940.

Li, Zhenzhen, Ru Bai, Jia Yi, Huige Zhou, Junfang Xian, and Chunying Chen. 2023. “Designing
smart iron oxide nanoparticles for MR imaging of tumors.” Chem. Biomed. Imaging 1 (4): 315-39.
https://doi.org/10.1021/cbmi.3c00026.

Liu, Liqin, Haini He, Bin Du, and Yang He. 2025. “Nanoscale drug formulations for the treatment
of  Alzheimer’s disease progression.” RSC  Adv. 15 (6): 4031-78.
https://doi.org/10.1039/d4ra08128e.

Lopez-Mitjavila, Joan Josep, Sujey Palma-Florez, Anna Lagunas, Monica Mir, Josep Samitier, Car-
los Rodriguez-Abreu, and Santiago Grijalvo. 2025. “PEGylated PLGA nanoparticles prepared from
nano-emulsion templates as versatile platforms to cross blood-brain barrier models.” J. Drug Deliv.
Sci. Technol. 110 (May): 107057. https://doi.org/10.1016/j.jddst.2025.107057.

Luo, Qian, Jiaying Yang, Mei Yang, Yingtong Wang, Yiran Liu, Jixuan Liu, Dhan V Kalvakolanu,
et al. 2025. “Utilization of nanotechnology to surmount the blood-brain barrier in disorders of the
central nervous system.” Mater. Today Bio 31 (January): 101457.
https://doi.org/10.1016/j.mtbi0.2025.101457.

Messina, Samantha, Candida Zuchegna, and Mara Bruzzi. 2025. “Chemotherapeutic nanoparticles
for glioblastoma.” Front. Oncol. 15 (August): 1641752.
https://doi.org/10.3389/fonc.2025.1641752.

Néjera-Maldonado, Lucio, Mariana Parra-Gonzalez, Esperanza Peralta-Cuevas, Ashley J. Gutie-
rrez-Onofre, Igor Garcia-Atutxa, and Francisca Villfregulationanueva-Flores. 2025. “Cracking the
Blood—Brain Barrier Code: Rational Nanomaterial design for Next-Generation Neurological Ther-
apies.” Pharmaceutics 17 (9): 1169. https://doi.org/10.3390/pharmaceutics17091169.

Naki, Tobeka, Sijongesonke Peter, and Sibusiso Alven. 2025. “Polymeric Nanocarrier-Based drug
formulations for enhancing Nose-to-Brain delivery.” Pharmaceutics 17 (10): 1242.
https://doi.org/10.3390/pharmaceutics17101242.

Ntondini, Thabisa L., Tobeka Naki, and Sibusiso Alven. 2025. “The therapeutic efficacy of nano-
particles in the treatment of alzheimer’s disease.” Acta Neurol. Belg. (October).
https://doi.org/10.1007/s13760-025-02905-w.

1766



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

O’Halloran, Laura, Olutoyosi Akinsete, A. Leah Kogan, Michelle Wrona, and Amira F. Mahdi.
2025. “3D in vitro blood—brain barrier models: recent advances and their role in brain disease re-
search and therapy.” Front. Pharmacol. 16 (October): 1637602.
https://doi.org/10.3389/fphar.2025.1637602.

Pagé, Gwenaél, Anthony Novell, and Benoit Larrat. 2025. “Imaging strategies to assess efficacy
and safety of ultrasound-induced blood-brain barrier opening.” npj Acoust. 1 (1).
https://doi.org/10.1038/s44384-025-00024-7.

Patel, Siddharth, Jeonghwan Kim, Marco Herrera, Anindit Mukherjee, Alexander V. Kabanov, and
Gaurav Sahay. 2019. “Brief Update on Endocytosis of Nanomedicines.” Adv. Drug Deliv. Rev. 144
(April): 90—111. https://doi.org/10.1016/j.addr.2019.08.004.

Pawar, Shreya, Mohd Ahmar Rauf, Hosam Abdelhady, and Arun K. Iyer. 2024. “Tau-targeting
nanoparticles for treatment of Alzheimer’s disease.” Exploration 5 (2): 20230137.
https://doi.org/10.1002/exp.20230137.

Perez-Potti, André, Manuel Rodriguez-Pérez, Ester Polo, Beatriz Pelaz, and Pablo Del Pino. 2023.
“Nanoparticle-based immunotherapeutics: From the properties of nanocores to the differential ef-
fects of administration routes.” Adv. Drug Deliv. Rev. 197 (April): 114829,
https://doi.org/10.1016/j.addr.2023.114829.

Qiao, Ruirui, Changkui Fu, Helen Forgham, Ibrahim Javed, Xumin Huang, Jiayuan Zhu, Andrew
K. Whittaker, and Thomas P. Davis. 2023. “Magnetic iron oxide nanoparticles for brain imaging
and drug  delivery.”  Adv.  Drug  Deliv. Rev. 197  (April): 114822.
https://doi.org/10.1016/j.addr.2023.114822.

Qiu, Qiujun, Shiyi Li, Jixian Zhang, Jixiang Chen, Xinyi Ding, Shengyao Liu, Jianyong Sheng, et
al. 2025. “Lab-in-the-loop machine learning for brain-targeting delivery system design.” Cell Bio-
mater. 1 (9): 100130. https://doi.org/10.1016/j.celbio.2025.100130.

Rahman, Md Ataur, Maroua Jalouli, Mahesh Kumar Yadab, and Mohammed Al-Zharani. 2025.
“Progress in drug delivery systems based on nanoparticles for improved glioblastoma therapy: ad-
dressing  challenges and investigating opportunities.” Cancers 17 (4): 701.
https://doi.org/10.3390/cancers17040701.

Rahmanian, Mohsen, Fatemeh Oroojalian, Prashant Kesharwani, and Amirhossein Sahebkar. 2025.
“Liposome-mediated anticancer drug delivery strategies for advancing brain tumor therapy.” Eur.
Polym. J. 233 (May): 114001. https://doi.org/10.1016/j.eurpolym;j.2025.114001.

Raju, Richu, Waad H. Abuwatfa, William G. Pitt, and Ghaleb A. Husseini. 2023. “Liposomes for
the Treatment of Brain Cancer—A Review.” Pharmaceuticals 16 (8): 1056.
https://doi.org/10.3390/ph16081056.

Raman, Subashini, Syed Mahmood, Ayah R. Hilles, Md Noushad Javed, Motia Azmana, and
Khater Ahmed Saeed Al-Japairai. 2020. “Polymeric nanoparticles for brain drug delivery - a re-
view.” Curr. Drug. Metab. 21 (9): 649-60. https://doi.org/10.2174/1389200221666200508074348.
Rauti, Rossana, Mattia Musto, Susanna Bosi, Maurizio Prato, and Laura Ballerini. 2018. “Proper-
ties and behavior of carbon nanomaterials when interfacing neuronal cells: How far have we
come?” Carbon 143 (November): 430—46. https://doi.org/10.1016/j.carbon.2018.11.026.

Rim, Kyung-Taek, Se-Wook Song, and Hyeon-Yeong Kim. 2013. “Oxidative DNA Damage from
Nanoparticle Exposure and Its Application to Workers’ Health: A Literature Review.” Saf. Health
Work 4 (4): 177-86. https://doi.org/10.1016/j.shaw.2013.07.006.

Rust, Ruslan, Hao Yin, Beatriz Achén Buil, Abhay Sagare, and Kassandra Kisler. 2025. “The
blood-brain  barrier: a help and a hindrance.” Brain 148 (7): 2262-82.
https://doi.org/10.1093/brain/awaf068.

Senanayake, Dinithi, Piumika Yapa, Sanduni Dabare, and Imalka Munaweera. 2025. “Precision
targeting of the CNS: recent progress in brain-directed nanodrug delivery.” RSC Adv. 15 (32):
25910-28. https://doi.org/10.1039/d5ra03578c.

Sharma, Neelam, Ishrat Zahoor, Monika Sachdeva, Vetriselvan Subramaniyan, Shivkanya Fuloria,
Neeraj Kumar Fuloria, Tanveer Naved, et al. 2021. “Deciphering the role of nanoparticles for man-
agement of bacterial meningitis: an update on recent studies.” Environ. Sci. Pollut. Res. 28 (43):
60459-76. https://doi.org/10.1007/s11356-021-16570-y.

1767



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

8l1.

82.

Sharma, Tripti, Bushra Bashir, Prince Sharma, Nandani Andotra, Sachin Kumar Singh, Thakur
Gurjeet Singh, and Sukriti Vishwas. 2025. “Quantum dots in neurotheranostics for the treatment of
Alzheimer’s disease.” Ageing Res. Rev. 112 (August): 102876.
https://doi.org/10.1016/j.arr.2025.102876.

Shi, Wen, Atik Rohmana Maftuhatul Fuad, Yanhong Li, Yang Wang, Junyang Huang, Ruolin Du,
Guixue Wang, Yazhou Wang, and Tieying Yin. 2023. “Biodegradable polymeric nanoparticles in-
crease risk of cardiovascular diseases by inducing endothelium dysfunction and inflammation.” J.
Nanobiotechnol. 21 (1): 65. https://doi.org/10.1186/s12951-023-01808-3.

Si, Jing-Xing, Zheng-Chuang Liu, Fang Gu, Xiaoli Jin, and Ying-Yu Ma. 2025. “Nanoparticle-
based delivery systems for targeted therapy in brain tumors: Progress, challenges and perspectives
(Review).” Int. J. Oncol. 67 (4): 1-15. https://doi.org/10.3892/ij0.2025.5789.

Sivamaruthi, Bhagavathi Sundaram, Periyanaina Kesika, Natarajan Sisubalan, and Chaiyavat
Chaiyasut. 2025. “Advances in gold nanoparticles for the diagnosis and management of Alz-
heimer’s disease.” Pharmaceutics 17 (9): 1158. https://doi.org/10.3390/pharmaceutics17091158.
Song, Jisu, Chao Lu, Jerzy Leszek, and Jin Zhang. 2021. “Design and development of Nano-
material-Based drug carriers to overcome the Blood—Brain barrier by using different transport
mechanisms.” Int. J. Mol. Sci. 22 (18): 10118. https://doi.org/10.3390/ijms221810118.

Sundus, Javaria, Nashwa Amin, Irum Naz Abbasi, Fei Wu, Azhar B. Hussien, Benson Oa Botch-
way, Suhong Ye, Qining Yang, and Marong Fang. 2025. “Emerging nanoparticle-based strategies
to provide therapeutic benefits for stroke.” Neural Regen. Res. 21 (5): 1764-82.
https://doi.org/10.4103/nrr.nrr-d-24-01492.

Thomsen, Maj Schneider, Nanna Humle, Eva Hede, Torben Moos, Annette Burkhart, and Louiza
Bohn Thomsen. 2021. “The blood-brain barrier studied in vitro across species.” PLoS ONE 16 (3):
€0236770. https://doi.org/10.1371/journal.pone.0236770.

Tinauer, Christian, Stefan Heber, Lukas Pirpamer, Anna Damulina, Reinhold Schmidt, Rudolf
Stollberger, Stefan Ropele, and Christian Langkammer. 2022. “Interpretable Brain Disease Classi-
fication and Relevance-guided Deep Learning.” Sci. Rep. 12 (1): 20254.
https://doi.org/10.1038/s41598-022-24541-7.

Tutubala, Teboho E., Ayodeji O. Egunlusi, David Fisher, Admire Dube, and Jacques Joubert. 2025.
“Nanomedicine Solutions for Alzheimer’s Disease: A Critical review of Therapeutic nanoparticle
strategies.” ACS Omega 10 (45): 53633-57. https://doi.org/10.1021/acsomega.4c04887.

Varalli, London, Reed Berlet, Ec Abenojar, John McDaid, David A. Gascoigne, Julian Bailes, and
Daniil P. Aksenov. 2025. “Applications and efficacy of iron oxide nanoparticles in the treatment of
brain tumors.” Pharmaceutics 17 (4): 499. https://doi.org/10.3390/pharmaceutics17040499.
Verkman, A S. 2013. “Diffusion in the Extracellular Space in Brain and Tumors.” Phys. Biol. 10
(4): 045003. https://doi.org/10.1088/1478-3975/10/4/045003.

Wadajkar, Aniket S., Jimena G. Dancy, David S. Hersh, Pavlos Anastasiadis, Nhan L. Tran,
Graeme F. Woodworth, Jeffrey A. Winkles, and Anthony J. Kim. 2016. “Tumor-targeted nanother-
apeutics: overcoming treatment barriers for glioblastoma.” Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 9 (4). https://doi.org/10.1002/wnan.1439.

Wang, Guoying, Ningyang Wang, Xue Xia, Muhammad Ismail, and Bingyang Shi. 2025. “Clinical
translation of nanomedicines for brain diseases: Current challenges and future directions.” J. Con-
trol. Release (November): 114426. https://doi.org/10.1016/j.jconrel.2025.114426.

Wang, Kang, Rongying Yang, Jing Li, Haitao Wang, Li Wan, and Jiale He. 2025. “Nanocarrier-
based targeted drug delivery for Alzheimer’s disease: addressing neuroinflammation and enhancing
clinical translation.” Front. Pharmacol. 16 (May): 1591438.
https://doi.org/10.3389/fphar.2025.1591438.

Wang, Kehan. 2025. “Innovative nanoparticle-based therapeutic strategies against glioblastoma
multiform: a focus on enhanced delivery systems and efficacy.” Front. Bioeng. Biotechnol. 13
(July): 1601673. https://doi.org/10.3389/tbioe.2025.1601673.

Wang, Shiyu, Longfei Yang, Wenya He, Meng Zheng, and Yan Zou. 2024. “Cell membrane cam-
ouflaged biomimetic nanoparticles as a versatile platform for brain diseases treatment.” Small
Methods 9 (1): €2400096. https://doi.org/10.1002/smtd.202400096.

1768



&3.

&4.

85.

86.

&7.

88.

9.

90.

91.

92.

93.

94.

95.

96.

97.

Weinstein, Jason S, Csanad G Varallyay, Edit Dosa, Seymur Gahramanov, Bronwyn Hamilton,
William D Rooney, Leslie L Muldoon, and Edward A Neuwelt. 2009. “Superparamagnetic iron
oxide nanoparticles: Diagnostic magnetic resonance imaging and potential therapeutic applications
in neurooncology and central nervous system inflammatory pathologies, a review.” J. Cereb. Blood
Flow Metab. 30 (1): 15-35. https://doi.org/10.1038/jcbfm.2009.192.

Wu, Di, Qi Chen, Xiaojie Chen, Feng Han, Zhong Chen, and Yi Wang. 2023. “The blood—brain
barrier: Structure, regulation and drug delivery.” Signal Transduct. Target. Ther. 8 (1): 217.
https://doi.org/10.1038/s41392-023-01481-w.

Wu, Jason R., Yazmin Hernandez, Katelyn F. Miyasaki, and Ester J. Kwon. 2023. “Engineered
nanomaterials that exploit blood-brain barrier dysfunction for delivery to the brain.” Adv. Drug
Deliv. Rev. 197 (April): 114820. https://doi.org/10.1016/j.addr.2023.114820.

Yadav, Virendra Kumar, Seshathiri Dhanasekaran, Nisha Choudhary, Deepak Nathiya, Vishal
Thakur, Rachna Gupta, Sheersha Pramanik, Pankaj Kumar, Nishant Gupta, and Ashish Patel. 2025.
“Recent advances in nanotechnology for Parkinson’s disease: diagnosis, treatment, and future per-
spectives.” Front. Med. 12 (January): 1535682. https://doi.org/10.3389/fmed.2025.1535682.

Zha, Shuai, Haitao Liu, Hengde Li, Haolan Li, Ka-Leung Wong, and Angelo Homayoun All. 2024.
“Functionalized nanomaterials capable of crossing the Blood—Brain barrier.” ACS Nano 18 (3):
1820-45. https://doi.org/10.1021/acsnano.3¢c10674.

Zhang, Fan, Zhi Zhang, Jesse Alt, Siva P. Kambhampati, Anjali Sharma, Sarabdeep Singh, Eliza-
beth Nance, et al. 2023. “Dendrimer-enabled targeted delivery attenuates glutamate excitotoxicity
and improves motor function in a rabbit model of cerebral palsy.” J. Control. Release 358 (April):
27-42. https://doi.org/10.1016/j.jconrel.2023.04.017.

Zhang, Mingyu, Chunyu Xiang, Renrui Niu, Xiaodong He, Wenqi Luo, Wanguo Liu, and Rui Gu.
2024. “Liposomes as versatile agents for the management of traumatic and nontraumatic central
nervous system disorders: drug stability, targeting efficiency, and safety.” Neural Regen. Res. 20
(7): 1883-99. https://doi.org/10.4103/nrr.nrr-d-24-00048.

Zhang, Xiaopei, Manfei Fu, Yuanfei Wang, and Tong Wu. 2025. “Strategies for delivering drugs
across the blood-brain barrier for the treatment of neurodegenerative diseases.” Front. Drug Deliv.
5 (August): 1644633. https://doi.org/10.3389/fddev.2025.1644633.

Zhang, Xinyue, Ho Wan Chan, Zitong Shao, Qiyun Wang, Stephanie Chow, and Shing Fung Chow.
2025. “Navigating translational research in nanomedicine: A strategic guide to formulation and
manufacturing.” Int. J. Pharm. 671 (January): 125202.
https://doi.org/10.1016/j.ijpharm.2025.125202.

Zhao, Mei, Yuanyuan Lin, Yuteng Zeng, Ziyan Lv, Jiayu Liang, Puxian Tang, Xuechu Zhen, and
Liang Han. 2024. “Biomimetic membrane-coated nanoparticles specially permeate the inflamma-
tory blood-brain barrier to deliver plasmin therapy for brain metastases.” J. Control. Release 378
(December): 763—75. https://doi.org/10.1016/j.jconrel.2024.12.066.

Zhu, Rong-Kun, Jun Shi, Hong-Jian Zhou, Ling Ge, Wen-Hao Yin, Hui Zeng, and Xiong-Wei
Wang. 2025. “Biological applications of graphene-based nanomaterials in neurodegenerative dis-
eases.” Mater. Today Bio 33 (July): 102064. https://doi.org/10.1016/j.mtbio.2025.102064.

Zia, Sana, Amjad Islam Aqib, Afshan Muneer, Mahreen Fatima, Khazeena Atta, Tasleem Kausar,
C-Neen Fatima Zaheer, Irfan Ahmad, Mohd Saeed, and Asyia Shafique. 2023. “Insights into nano-
particles-induced neurotoxicity and cope up strategies.” Front. Neurosci. 17 (May): 1127460.
https://doi.org/10.3389/fnins.2023.1127460.

Zuberi, Aruba, Urushi Rehman, Garima Gupta, Mohammed Ghazwani, Umme Hani, and Prashant
Kesharwani. 2025. “Smart liposomal systems for brain cancer: Technological innovations in drug
delivery.” Colloids Surf. B Biointerfaces 255 (June): 114904.
https://doi.org/10.1016/j.colsurfb.2025.114904.

ClinicalTrials.gov. 31P-MRS Imaging to Assess the Effects of CNM-Au8 on Impaired Neuronal
Redox State in Parkinson’s Disease (REPAIR-PD). NCT03815916.

ClinicalTrials.gov. MTX110 by Convection-Enhanced Delivery in Treating Participants With
Newly-Diagnosed Diffuse Intrinsic Pontine Glioma (PNOCO015). NCT03566199.

1769



98. ClinicalTrials.gov. CED of MTX110 in Newly Diagnosed Diffuse Midline Gliomas.
NCT04264143

99. ClinicalTrials.gov. A Study to Evaluate the Safety, Tolerability, and Immunogenicity of EGFR(V)-
EDV-Dox in Subjects With Recurrent GBM (CerebralEDV). NCT02766699.

100.  ClinicalTrials.gov. Radiosensitization of Multiple Brain Metastases Using AGulX Gadolin-
ium-Based Nanoparticles (NANO-RAD). NCT02820454.

101.  ClinicalTrials.gov. Stereotactic Brain-directed Radiation With or Without AGulX Gadolinium-
Based Nanoparticles in Brain Metastases. NCT(04899908.

1770



