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g of the CNS: recent progress in
brain-directed nanodrug delivery
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and Imalka Munaweera *

The therapeutic drug penetration into brain tissues meets limitations through the restrictive function of the

blood–brain barrier (BBB) within the central nervous system (CNS). The advancement of nanocarrier

engineering techniques allows scientists to develop nanoscale delivery vehicles that successfully cross

the BBB. This review analyses modern brain-delivery nanodrug delivery platforms by examining the

properties and distribution of liposomes and polymeric nanoparticles, dendrimers, solid lipid

nanoparticles, and exosomes. Organizations use specific physicochemical approaches designed for each

platform to boost brain penetration and enhance therapeutic drug distribution for improving drug

effectiveness. An analysis is presented of the various procedures to cross or bypass the BBB where

receptor-mediated transcytosis joins focused ultrasound, as well as magnetic targeting and chemical

modifications. The article presents therapeutic developments regarding neurological treatment of

Alzheimer's disease, alongside Parkinson's disease and glioblastoma. Early laboratory success has

produced promising results, yet challenges persist during the translation of these findings for clinical use

because of safety issues as well as compatibility problems and difficulties with scaling up manufacturing

processes. Finally, it discusses regulatory advancements and describes active market trends in

nanomedicine that focus on precise delivery techniques and combination treatment methods, and brain-

targeted delivery systems. The innovations combined present an optimistic future for CNS drug

development because they create substantial opportunities to reshape neurological disorder treatments.
1. Introduction

The blood–brain barrier (BBB) constitutes a select interface
which operates between blood and brain tissue to manage
molecular transfers and provides protection to the central
nervous system (CNS).1,2 Complex cellular and molecular
mechanisms drive the BBB development process until endo-
thelial cells acquire their permeability-specic properties. Three
primary functions are contained in the term “BBB”: brain
protection from blood environment, transport (preferably
selective), and metabolism or alteration of substances derived
from blood or produced by the brain. The development of the
BBB phenotype is dependent on some associated brain cells –

mainly astrocytic glia – and is formed from complex tight
junctions and various mechanisms of intracellular transport
and enzymes responsible for controlling the ow of molecules
across the cell membranes. The establishment of the BBB is
developing, integrating characteristics of endothelial cells such
as controllable permeability, high electrical resistance, and
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expression of certain transporters and metabolic pathways. The
BBB operates using tight junctions alongside specic transport
systems as well as metabolic pathways which act together to
determine substance movement. The BBB maintains vital
homeostasis of the brain tissue and helps nutritive substance
uptake and functions as an essential defense against toxins and
neuroactive substances.3,4 The functioning of the BBB depends
on CNS microenvironment-induced regulatory procedures. BBB
dysfunction produces different neuropathological problems
while researchers currently study methods to manipulate the
barrier for therapeutic applications. The development of CNS
therapy requires fundamental knowledge about how BBB
operates because it serves as a critical foundation for creating
specic drug delivery methods.

Nanotechnology revolutionized drug delivery through solu-
tions for therapeutic problems which include poor therapeutic
specicity and undesirable effects. The drug protection capa-
bilities of nanoparticles stretch from 5 to 200 nanometers while
allowing precise drug delivery. The delivery method boosts
treatment performance while minimizing adverse effects
together with enhancing patient treatment experience. The use
of nanotechnology in developing drugs can improve the effec-
tiveness of drug delivery systems by increasing its accuracy
towards the intended site. This would minimize the harmful
© 2025 The Author(s). Published by the Royal Society of Chemistry
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effects of the drug to healthy cells. Furthermore, it can improve
patient comfort, ease the uctuations in drug plasma concen-
tration, and lower the overall cost of the product due to high
solubility and efficiency. The nanoparticle (NP) is of the utmost
importance, since it serves as a carrier that can be conjugated
with various drugs using different techniques so that medica-
tions can be delivered to the intended site. Specic ligands
bound to the NP surface enhance cell targeting, while the co-
polymers protect immunologically active cells. The drug-
bioconjugate nanoparticle system will be able to reach the
affected area, bind to the target cell membrane, and subse-
quently be internalized through receptor-mediated endocytosis.
Aerward, the NPs can controllably supply the medication
directly to the disease location. The drug carrier technology
utilizes nanoparticles along with polymers and proteins and
lipids to develop drug transport structures. These structures
include nanoparticles, liposomes and micelles.5 A targeting
ligand and programmed release system can be integrated into
nanocarrier platforms during their design stage. Research
conducted regarding nanotechnology reveals promising
delivery results in cancer therapy and antiviral treatments as
well as cell transplantation. The investment of pharmaceutical
companies in this eld will drive nanotechnology-based drug
delivery systems towards improving outcomes for patients
suffering from critical illnesses.6

Through nano-scale technology, researchers can provide
successful drug delivery systems to CNS tissue throughmethods
that bypass both the BBB and blood-cerebrospinal uid barrier
(BCSFB) restrictions.7,8 Nanoparticles of different types
including polymeric nanoparticles and solid lipid nanoparticles
and liposomes and micelles demonstrate the potential to cross
the BBB through endocytic or transcytic pathways.9 The
combination of nanotechnology methods has shown preclinical
effectiveness for treating CNS ailments starting from Alz-
heimer's disease up to Parkinson's disease and brain tumors
and stroke.7–9 Nanocarriers enhance drug body processing
parameters while providing targeted brain tissue delivery
systems. Optimal performance of drugs used to ght trafficking
and increased specicity along with reduced neurotoxicity need
additional development.7,10 Extra research is necessary to
address nanomedicine toxicity and develop standardized
procedures for enabling successful CNS drug delivery trans-
lations to clinical settings.

2. Challenges in CNS drug delivery
2.1 BBB permeability

The tight junctions of the blood–brain barrier along with its
selective permeability function as a major obstacle for drug
delivery to central nervous system disorders. Research groups
have explored different methods to defeat the blood–brain
barrier resistance through drug delivery vehicles combined with
chemical and physical targeting methods and techniques that
break down the barrier. Research indicates that nanoparticles
along with colloidal carrier systems may serve as useful tools in
CNS drug delivery systems.11,12 Scientists study mechanistic and
technological methods to enhance brain disorder drug
© 2025 The Author(s). Published by the Royal Society of Chemistry
bioavailability.13 New in vitro models attempt to replicate BBB
functions but there is a research challenge to maintain accurate
BBB behavior while satisfying pharmaceutical industry
requirements for high-volume testing.14

As an interface the BBB regulates substance exchange
between bloodstream components and CNS materials to
maintain brain environment stability. The BBB exists as
a structural framework that consists of brain microvascular
endothelial cells joined by tight junctions along with pericytes
and astrocytic end-feet and basement membrane for a complete
neurovascular unit (NVU).15 The barrier ensures constrained
paracellular diffusion by having tight junctions that use clau-
dins along with occluding and junctional adhesion molecules
(JAMs) to selectively regulate molecular transport across the
barrier.16 The BBB controls essential nutrient entry through
carrier-mediated transport along with receptor-mediated
transcytosis that also allows waste products to cross the
barrier along with essential nutrients. The protective mecha-
nisms of the BBB represent an obstacle to medicine delivery
because the tight barrier function prevents penetration by large
hydrophilic therapeutic agents. Knowledge of how the BBB
functions and what structure it possesses becomes essential to
develop effective approaches that let drugs pass through this
boundary for neurological disorder care.17
2.2 Limited drug penetration and bioavailability

The ability to transfer drugs into the CNS is one of the key
challenges mainly attributed to the inclusive nature of BBB. The
BBB consists of tightly connected endothelial cells backed by
astrocytes and pericytes creating a highly selective barrier
permeable only to particular substances, usually small (<400
Da), lipophilic, and non-ionized molecules that can pass
through the barrier through passive diffusion.11,18 Therefore,
most drugs, particularly macromolecules and hydrophilic
molecules cannot accumulate to therapeutic levels in the brain,
thus greatly reducing their therapeutic application in the
treatment of neurological diseases, including Alzheimer, Par-
kinson, and brain tumors.19 Active efflux processes serve to limit
bioavailability of drugs in the CNS, on top of minimal perme-
ability. Molecular pumps (efflux transporters) on the luminal
surface of brain capillary endothelial cells (especially P-
glycoprotein, or P-gp) recognize and transfer a broad assort-
ment of xenobiotics and therapeutic agents back into the
systemic circulation.20,21 This mechanism greatly decreases the
concentration of many drugs in the brain even those that may
succeed in getting across the BBB. Doan et al.22 provided
evidence that marketed CNS drugs are likely to be both high
passive permeability and low affinity to P-gp-mediated efflux,
which indicated that transporter activity was critical in dening
the success of CNS drugs. In addition, P-gp and additional
transporters namely BCRP and MRPs act as added barriers to
add to the poor penetration of most therapeutics.20

These two issues, limited penetration and active trans-
portation out, require the inventions of new drug delivery
methods. Strategies including nanoparticle-based delivery
vehicles, drug chemical optimization, receptor-mediated
RSC Adv., 2025, 15, 25910–25928 | 25911
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transport and intranasal administration have demonstrated
potential in evading or altering the BBB to increase CNS expo-
sure.13 An in-depth knowledge of the structural characteristics
of the BBB together with an understanding of the molecular
actions of efflux transporters is inevitable in developing thera-
peutic agents that can easily bypass the BBB to exert their curing
effects on the brain tissues.
2.3 Toxicity and side effects

Technological challenges exist in administering drugs to the
CNS because the BBB blocks therapeutic compounds from
entering the brain space. The BBB restricts CNS drug delivery
because it allows only certain sizes of molecules in addition to
preventing polar compounds and actively removing them.11 The
successful treatment of neurological disorders, together with
brain tumors depends on solving these existing obstacles.21

Scientic investigators have developed three groups of innova-
tive techniques to boost CNS drug delivery which include
nanocarriers in combination with viral and peptide vectors
while targeting receptors and efflux transporters.23 Themethods
employed include brain administration directly as well as
intranasal delivery and biomaterial-based formulations.19,21

According to the work of Misra et al. (2003),24 the clinical fail-
ures of potentially effective therapeutic drugs occur mainly
because of delivery challenges instead of weak drug potency.
Future research needs to continue in this area in order to
produce more efficient and safer CNS therapeutic options.

CNS drug delivery enhancement currently depends on inva-
sive methods combined with modications to BBB permeability
and this creates risks of unwanted side effects. Focused ultra-
sound methods can make brief breaks in the BBB for drugs to
enter but create risks of brain tissue damage from harmful
substances inltrating the brain as well.17 The immune
response of nanoparticles along with their toxicity issues arise
from both their chemical composition and their ability to
accumulate in neural tissues. Drug delivery improvements to
the CNS need careful balancing with potential adverse effects to
protect patient safety.

Drug delivery to the CNS does not only alternatively entail
surmounting the physical and physiological hurdles presented
by the BBB, but also dealing with a highly complexity of toxic-
ities and side effects that may result throughout the treatment
process. Although getting across the BBB is a hurdle in itself in
terms of scientic importance, it is also of utmost importance
that drugs do not inict any damage once they have traversed it,
or even when trying to do so.

Systemic toxicity is one of the principal worries. Since the
majority of drugs are given systemically (e.g. orally or intrave-
nously), they pass through the body and enter the brain by
diffusion. This extensive distribution may target non-specic
organs such as the liver, kidneys and the heart causing off-
target effect and organ toxicity.25 Systemic exposure is of
special concern when a large dose is needed to force enough
drug across the BBB, increasing the chance of non-neural
toxicity. Neurotoxicity is also a signicant issue of concern
given that brain tissue is very sensitive and does not have strong
25912 | RSC Adv., 2025, 15, 25910–25928
repair capabilities. Neurotoxicity interferes with normal
neuronal functioning, cause inammation or even result in
a process of irreversible cell death. As an illustration, certain
chemotherapeutic compounds applied to treat brain tumors
may harm normal neurons and glial cells, resulting in cognitive
impairment or neurodegeneration.7,25 Even the most sophisti-
cated delivery method such as nanoparticles or biomaterials,
aimed to be more targetable, have to be precisely manufactured,
lest they prompt neural injury.26

There is the additional complexity of immune-related
toxicity. The CNS which was considered as immunoprivileged
is now considered to possess a tightly regulated immune envi-
ronment. Formulations of drugs, particularly biologics or
nanocarriers can induce immune responses resulting in
inammation, disruption of the BBB or autoimmune-like
adverse effects.25
3. Nanomaterials for brain-targeted
drug delivery
3.1 Types of nanocarriers

Nanomaterials serve as effective delivery systems for brain-
targeted drugs, which break through the blood–brain barrier
(BBB) limitations.27 Scientists have formulated multiple nano-
carriers from three different groups such as lipids and poly-
mers, alongside inorganic substances which enhance drug
penetration along with targeted delivery efficiency.27,28 Profes-
sional drug delivery systems known as liposomes together with
polymeric nanoparticles, nanomicelles, dendrimers, and mes-
oporous silica and magnetic iron oxide nanoparticles serve as
nanocarriers for brain delivery purposes.29 Brain transport
behavior of carriers depends on their physicochemical aspects
which affect their cellular brain interaction.30 Modern research
into nanotechnology has produced three new nanocarrier-based
systems: nanohydrogels together with quantum dots and gold
nanoparticles.31 These nanocarriers provide better drug delivery
performance combined with improved safety and reduced side
effects against conventional drug delivery practices which
makes them valuable for treating multiple neurological
conditions.30,31

Fig. 1 shows the mechanism of brain-targeted drug delivery
using novel nanocarriers across the blood–brain barrier (BBB)
for brain tumor treatment. The image illustrates how various
nanocarriers; including liposomes, polymeric nanoparticles,
dendrimers, quantum dots, gold nanoparticles (NPs), and
polymeric micelles are engineered to bind specically to
receptors on the BBB. These nanocarriers facilitate the trans-
port of therapeutic agents across the basement membrane into
the brain tissue. Upon receptor-mediated recognition and
transcytosis, the nanoparticles deliver drugs directly to the
brain tumor site, enhancing treatment efficacy while mini-
mizing systemic side effects. The process concludes with the
illustration of a brain successfully treated with targeted
nanoparticles.

3.1.1 Liposomes. Nanocarrier technology uses biocompat-
ible liposomes because researchers and clinicians widely
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Novel nanocarriers and their penetration through the BBB for brain targeting.29
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investigate them for brain drug delivery applications.32 Nano-
carriers based on lipids provide three main advantages through
their controlled drug release properties and drug stability
enhancement and improved solubility abilities. Rephrasing
their size and form in addition to surface modication allows
researchers to engineer liposomes which gain better BBB
penetration and targeted delivery abilities.27 Liposomal drug
carriers successfully overcome the drug delivery barriers at the
blood–brain barrier which conventional approaches fail to
achieve.32 Researchers in current studies aim to enhance the
properties of liposomal nanocarriers for improving their role in
targeting therapeutic agents to the brain.30

3.1.2 Polymeric nanoparticles. Polymeric NPs (Fig. 2)
function as powerful carriers for brain drug delivery by
surpassing the BBB. An optimal design of nanocarriers includes
distinct dimensions and forms together with surface modi-
cations that boost their penetration efficiency and targeting
accuracy.27 Polymeric NPs require surface modication because
this process helps them achieve better targeting abilities and
enhance their binding to endothelial cells.33,34 The selection of
polymeric NPs depends on their manufacturing methods and
their physical and chemical characteristics, which include
dimensions and design, along with elastic properties as well as
surface tension and hydrophobic nature.33 Polymeric NPs have
successfully passed preclinical evaluations, yet their clinical use
for brain drug delivery remains restricted because only a few
have started phase I trials, and none focus on brain diseases.34

More research is needed to establish standard preparation
protocols, standards, and clarify the relationship that surface
manipulation has with drug delivery outcomes.

3.1.3 Solid lipid nanoparticles (SLNs) & nanostructured
lipid carriers (NLCs). Solid lipid nanoparticles (SLNs) function
© 2025 The Author(s). Published by the Royal Society of Chemistry
as advanced nanocarriers for brain-centered drug delivery
because they present three benecial traits, including their
minimal size scale and lipid structure, as well as their ability to
cross the BBB.36,37 Solid lipid nanoparticles improve drug
availability while decreasing toxicity levels to deliver medication
specically for treating neurological diseases such as brain
cancer, together with Alzheimer's disease and Parkinson's
disease.37,38 These distinctive characteristics enable drug release
management and stretch the drug circulation duration, and
enhance therapy performance beyond current therapeutic
standards. The biodegradable nature of SLNs improves their
superiority over polymeric nanoparticles because they possess
better biocompatibility along with lower toxicity levels.39 The
barrier bypass capabilities of SLNs represent their most
important feature when targeting brain tissues because they
make up the main obstacle to CNS drug delivery channels.39,40

SLNs showcase great potential as brain drug delivery systems
because they bring effective solutions to enhance medication
delivery to the brain.

Second-generation Nanostructured Lipid Carriers (NLCs)
serve as lipid-based nanocarriers that researchers currently use
for brain-directed drug delivery systems.36,40 The nanostructure
of Nanostructured Lipid Carriers (NLCs) consists of solid lipids
and liquids, and surfactants with water, which provides better
stability and higher drug capacity as well as improved tolerance
in biological systems. The brain tissue accepts lipids well, which
gives NLCs potential as a controversial drug transporter across
the blood–brain barrier. The intranasal administration tech-
nique represents a promising way for NLCs to deliver drugs
because they can enter the brain directly following oral,
parenteral, or intranasal routes.41 Drug delivery nanocarriers
nd their use for treating multiple conditions, such as cancer
RSC Adv., 2025, 15, 25910–25928 | 25913
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Fig. 2 Basic structure of a polymeric nanoparticle.35
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and neurodegenerative diseases, and infections. Surface modi-
cations combined with additives serve to enhance drug tar-
geting effectiveness as well as residence time, thus increasing
NLCs' brain-targeted drug delivery performance.41

3.1.4 Dendrimers. The highly branched nanoscale
compound dendrimers present itself as an optimistic nano-
carrier solution for delivering drugs to the brain.42 Such nano-
carriers excel at transporting drug agents across the blood–
brain barrier because they possess uniform size characteristics
and easily attachmodications, and contain internal spaces.29,42

The modication of dendrimers leads to reduced toxicity along
with enhanced therapeutic efficiency for neurological disorder
treatments of various kinds, including neoplastic, degenerative,
and ischemic conditions.29 The primary dendrimer types exist
as poly(amidoamine) (PAMAM), poly(propylene imine) (PPI),
and polyether–copolyester (PEPE). The drug delivery system
uses nanocarriers with two methods for drug transport,
including physical encapsulation and chemical bonding, and at
the same time, the pH-sensitive dendrimers activate their cargo
release based on brain environment changes. Drug delivery
systems built from dendrimers demonstrate excellent potential
to treat Alzheimer's and prion diseases while providing anti-
cancer, anti-inammatory, and antimicrobial agents for brain
delivery.43

Liposomes, polymeric nanoparticles, dendrimers, quantum
dots, gold nanoparticles (NPs), and polymeric micelles are
nanoparticles modied to target and bind to particular recep-
tors on brain capillary endothelial cells. The interaction
promotes receptor-mediated transcytosis, where the nano-
particles can cross the BBB. When delivered across the endo-
thelial barrier, the nanoparticles may deliver therapeutic agents
into the brain parenchyma, enabling the local therapy of brain
tumors. The gure also emphasizes how brain-specic
25914 | RSC Adv., 2025, 15, 25910–25928
receptors and surface modications of nanoparticles engender
targeted CNS delivery of drugs.

3.1.5 Exosomes. Nanocarrier potential of exosomes
continues increasing due to their distinctive characteristics
when used for brain-directed drug delivery. Exosomes present
numerous benets because they originate from nature and
possess nanoscale dimensions, together with low immunoge-
nicity and high biocompatibility, and barrier-crossing abilities,
including penetration through the blood–brain barrier.27,44

Therapeutic agents such as small molecule drugs and macro-
molecules can be encapsulated by exosomes, which function as
versatile delivery vehicles for neurological disorders and brain
tumors and neurodegenerative disease treatment.45 The natural
ability of exosomes to communicate between cells, combined
with their modiable surface, improves their directing poten-
tial.46 Exosomes offer the advantages of articial and cell-
mediated drug delivery platforms through a single substance
that bypasses synthetic systems.46,47 Research on exosomes
continues to face problems when it comes to separation
procedures and complete molecular denition alongside
pharmaceutical-scale manufacturing requirements.

Fig. 3 shows the schematic representation of the role of
exosomes and cell-penetrating peptides (CPPs) in intracellular
delivery.17 The le side of the image shows systemic adminis-
tration of exosomes and CPPs into the human body, where they
act as carriers for therapeutic cargo. On the right, the cellular
uptake and trafficking mechanisms are illustrated. Exosomes
originate from multivesicular bodies (MVBs) and are secreted
into the extracellular environment. Once internalized by target
cells, they are trafficked through endosomes, with some
contents being degraded in lysosomes while others are deliv-
ered into the cytoplasm. CPPs, on the other hand, facilitate
direct delivery of cargo—such as nucleic acids or proteins—
across the cell membrane, enabling interaction with
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic representation of the role of exosomes and cell-penetrating peptides in cells.17

Fig. 4 In vivo accumulation of exosome-coated AuNPs in brain tissue
after intravenous injection. (a) Bioluminescence imaging of mouse
brains following an intravenous injection of phosphate buffer saline
(negative control), AuNPs coated with unmodified and RVG-exosomes
(left to right). (b) AuNPs coated with unmodified and RVG-exosomes in
mouse brain slices after an intravenous injection as examined by
fluorescence microscopy.48
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intracellular components such as ribosomes or direct entry into
the nucleus. This gure emphasizes the potential of exosomes
and CPPs as non-toxic, biocompatible nanocarriers for targeted
drug and gene delivery applications.

Gold nanoparticles (AuNPs) are widely used in theranostics
due to their versatility in imaging, therapy, and surface modi-
cation. Recent studies have demonstrated that coating AuNPs
with brain-targeted exosomes—derived from genetically engi-
neered cells using extrusion methods—enhances their ability to
cross the blood–brain barrier. These hybrid nanocarriers
showed specic binding to brain cells under ow conditions
and exhibited signicant brain accumulation in vivo, as
conrmed by bioluminescence imaging. This strategy high-
lights a promising approach for targeted brain delivery using
exosome-functionalized AuNPs. Khongkow et al. evaluated the
ability of RVG-modied exosome-coated gold nanoparticles
(AuNPs) to cross the blood–brain barrier in a murine model
(Fig. 4). Following intravenous injection, bioluminescence
imaging showed signicant accumulation of RVG-exosome-
coated AuNPs in the brain, whereas unmodied exosome-
coated AuNPs and PBS controls showed minimal signal. Fluo-
rescence microscopy of brain tissue further conrmed
enhanced localization of RVG-exosome-AuNPs, highlighting the
effectiveness of exosome surface engineering for targeted CNS
delivery.48

Table 1 provides a comprehensive summary of recent studies
utilizing nanomaterials for brain-targeted drug delivery and
therapeutic interventions. The table highlights key details such
as the type of nanoparticle used, therapeutic context, route of
administration (e.g., intravenous, intratumoral), and notable
pharmacological or therapeutic outcomes. This overview
demonstrates the diversity of nanomaterials applied in neuro-
logical research and treatment, ranging from gadolinium-based
agents for imaging and radio sensitization to polymeric and
© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 25910–25928 | 25915
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lipid-based carriers for controlled drug release and
neuroprotection.
3.2 Key properties for brain penetration

Nanomaterials function as promising drug delivery carriers that
solve the blood–brain barrier (BBB) delivery obstacle. Nano-
carrier penetration through the BBB depends on four primary
properties, which include size along with shape as well as
surface charge, and functional modications.27,69 Scientists
have established multiple strategies that increase the capability
of substances to cross the BBB, including intranasal delivery
and temporary BBB disruption, and receptor-mediated trans-
port methods.70 Considered, brain endothelial cell drug delivery
can be achieved through nanoparticle surface ligand deploy-
ment for active targeting methods. Thorough characterization
of nanocarriers becomes necessary in biological matrices
because the protein corona formation dynamically impacts
their behavioral response.71 The formulation of brain-targeted
medicines demands a complete comprehension of nano-
carrier interactions with biological settings because it improves
delivery systems and expands their translation capabilities.70,71

Research studies dedicated to improving nanoformulations aim
at boosting delivery penetration while enhancing drug efficacy
as a treatment approach for neurological disorders.
4. Strategies for BBB crossing
4.1 Magnetic targeting

Magnetic nanoparticles (MNPs) serve as attractive tools for
transporting therapeutic substances through the blood–brain
barrier to reach the central nervous system. Magnetic elds that
exist outside the body lead MNPs to cross the BBB while accu-
mulating inside brain tissue (Fig. 5).72 The BBB crossing
Fig. 5 Schematic representation of magnetic NPs functioning under the

© 2025 The Author(s). Published by the Royal Society of Chemistry
methods using MNPs incorporate three approaches, which are
magnetic targeting and temporary BBB disruption, as well as
cell-mediated delivery techniques.70 The biomedical properties
of SPIONs, together with their heating capability, enable local
BBB permeabilization for tumor therapy.73 MNPs function as
components of nano-carriers used for delivering drugs, while
magnetic resonance imaging identies them, and external
magnets enable improved BBB access. Research on different
procedures continues while specic methods move toward
becoming clinically valid. Safety assessments, together with
toxicity evaluations of MNPs, need strict attention during their
development process for CNS applications.74
4.2 Focused ultrasound (FUS)

Focused ultrasound represents a promising non-invasive
approach for the brief disruption of the blood–brain barrier
(BBB) through which central nervous system (CNS) drug
delivery can be enhanced.75,76 When FUS combines with
microbubbles it produces temporally controlled blood–brain
barrier opening that enables multiple therapeutic agents like
chemotherapeutics and viral vectors to enter the system. Animal
research has proven drug delivery improvement by demon-
strating better concentration in brain tissue and initial human
trials have shown the capacity of FUS to open BBB defects in
glioma patients. FUS technology has undergone recent tech-
nological development which results in precise targeting capa-
bilities through human skulls at sub-millimeter precision. The
technique stands to transform CNS disease treatment through
better existing medication outcomes and creation of novel
multi-drug methods. Additional study is required to fully
comprehend both drug movement patterns and prolonged
therapeutic consequences in patient results.75,77
effect of an external magnetic field.17
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4.3 Receptor-mediated transcytosis (RMT)

The blood–brain barrier delivery of therapeutics for central
nervous system disease treatment can be achieved through the
promising method called receptor-mediated transcytosis
(RMT).78,79 Drug transport through this method uses brain
endothelial receptors including transferrin receptor (TfR) along
with low-density lipoprotein receptor (LDLR) and insulin
receptor (InsR).80 These receptors activate endocytosis when
they bind ligand–drug conjugates or nanoparticles which
subsequently releases the content into brain parenchyma.79,81

The potential of RMT-based drug delivery has been boosted
through new developments in protein engineering together
with nanotechnology research and intracellular trafficking
studies. TfR remains the primary subject of research, yet
scientists examine fresh types of receptor transport systems for
brain penetrating efficiency enhancement and specic receptor
selection. The strategy demonstrates potential for enhanced
therapy of different brain diseases from neurological disorders
through brain cancers.80

Among the most promising approaches to transport thera-
peutic agents across the BBB a signicant challenge in the
treatment of neurological diseases is RMT. This route exploits
endogenous cellular transport processes that ferry needed
macromolecules (such as insulin or transferrin) across the blood
into the brain. In this way, by creating medications that can
deliver on these mechanisms, scientists can bypass the BBB and
its restrictive barrier properties and administer a treatment right
into the central nervous system.78,79 The trick is to target a thera-
peutic agent to a ligand, a molecule that will bind to a specic
receptor on the BBB endothelial cells. Aer binding of the ligand
to its receptor, thewhole complex gets internalized into the cell by
endocytosis, moved throughout the cell, and released on the
brain-side (abluminal) in a procedure referred to as transcytosis.
This permitsmolecules that are large and generally impermeable,
including antibodies, enzymes or RNA-based drugs, to enter the
BBB restrictive environment. The attraction between the ligand
and receptor is however a critical element which dictates the
effectiveness of this process. High-affinity interactions might
enhance binding and uptake, but actually slow the release of the
drug into the brain. The reason is that an excessive bond can
cause the retention and lysosomal degradation of the drug in the
cell rather than effective transcytosis.6 Conversely, ligands of
moderate affinity tend to facilitate a more effective transcytosis
since they can enable sufficient receptor binding to induce an
uptake without conning the drug to degradation routes.6

Proper selection of receptor is also important. The trans-
ferrin receptor (TfR),82 insulin receptor (IR), and low-density
lipoprotein receptor (LDLR) are some of the most oen tar-
geted receptors due to their endogenous functions in the
transportation of substances into the brain.83

Although RMT can accomplish effective crossing of the BBB,
once crossed the therapeutic payload must be effectively
released into the brain parenchyma, the functional tissue of the
brain, a task which is equally important.62 To overcome this,
a second innovation has been initiated by the researchers;
cleavable linkers. Cleavable linkers smart molecular connectors
25918 | RSC Adv., 2025, 15, 25910–25928
that conjugate the drug to its carrier, cleavable linkers are
designed to respond to particular brain microenvironment
stimuli (acidic pH, redox potential, enzyme activity, etc.). As an
example, a linker can be stable in blood but trigger the release
of the drug when it gets exposed to slightly acidic environments
within the brain or endosomal compartments.46,84 This design
enables the drug to be released at the site of requirement
reducing premature loss or degradation of the drug during
transportation and enhances therapeutic effectiveness. RMT in
combination with cleavable linkers is being pursued with
nanoparticles based systems as well as with engineered anti-
body–drug conjugates.62 Such a two-pronged approach is
required to not only get therapeutics across the BBB but also to
bioavailability at the site of action to increase the efficacy of
treatments of neurodegenerative diseases, brain tumors, and
other CNS disorders.83,85

4.4 Chemical modications

A sufficient treatment of central nervous system diseases needs
the use of drug modication techniques combined with nano-
particle delivery platforms to penetrate the blood–brain barrier
(BBB). Drug penetration through the BBB becomes more effi-
cient when the drugs become more lipophilic.86 Meaningful
engineering allows the development of lipidic polymeric inor-
ganic nanoparticles plus their use in targeted drug transport.87

Brain penetrating nanocarriers become eligible to cross the BBB
if they carry cell-penetrating peptides or receptor-targeting
ligands or shuttle peptides on their surfaces.73 The effective
penetration of drugs across the BBB can be achieved through
two different methods which are ultrasound or hyperosmotic
agent medications combined with transient BBB modication
and leveraging natural brain transport networks. Approaches
that use intranasal delivery together with local delivery tech-
niques do not go through the BBB at all. The combination of
traditional pharmacology with nanotechnology allows the
development of promising neuroactive drugs that can pass
through the BBB. The techniques target multiple protective
elements of BBB while trying to reach effective brain drug
concentrations.73,87,88

4.5 Nanoparticle shape and size optimization

Nanoparticles tested for blood–brain barrier drug delivery
demonstrate promising results through physical traits which
affect their drug distribution abilities. Among different physical
properties size stands as the key factor since drugs contained
within smaller particles show better ability to penetrate the
BBB.89,90 Experimental data reveals that transport levels peak
when using 200 nm particles, even though both smaller and
larger particles at 100 nm and 500 nm sizes do not achieve the
same desired results in crossing the blood–brain barrier.
Currently available evidence indicates rod-shaped particles
cross the BBB better than round or other shaped particles once
normalized for endothelial association.90 The penetration of the
BBB improves when surface properties involve functionaliza-
tion or coatings that direct delivery toward specic brain
areas.65,67 The association of particles with endothelium
© 2025 The Author(s). Published by the Royal Society of Chemistry
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depends on their exibility since harder particles form stronger
bonds. Optimal drug delivery to the brain along with BBB
crossing requires the rational selection of nanoparticles based
on their material composition and measurements of size shape
and surface properties.9
5. Targeting CNS disorders with
nanomedicines
5.1 Neurological disorders treated with nanomedicine

5.1.1 Alzheimer's disease (AD). The medical use of nano-
technology demonstrates promising solutions to treat Alz-
heimer's disease (AD) by breaking through the BBB. Drugs
delivered through different nanocarriers systems achieve better
central nervous system delivery by increasing their brain tar-
geting accuracy and enhancing availability. The nanodevices
receive multi-functional design for brain-specic targeting
functions that deliver both small molecules together with larger
biological agents like antibodies. Nanoparticle substances show
the ability to bind AD-related molecular signaling components
including soluble extracellular b-amyloid peptides which
scientists view as toxic.91 Nanomedicine-based strategies try to
improve diagnostic methods and generate more effective
medical treatments because current approaches provide only
brief symptomatic relief. Numerous in vitro studies demon-
strate that nanomedicine stands ready to resolve current
obstacles when treating and diagnosing Alzheimer's disease. AD
patient life would experience substantial effects from this
therapeutic method as studies predict their numbers to soar by
2050.91

5.1.2 Parkinson's disease (PD). The eld of nanomedicine
presents strong strategies for PD treatment alongside methods
for handling several neurodegenerative diseases. The use of
nanoparticles in drug delivery systems breaks through the
blood–brain barrier to provide better pharmaceutical benets
andminimize unwanted consequences.92 The drug prole of PD
treatment benets signicantly from using solid lipid nano-
carriers as delivery systems. Gene therapy merged with nano-
medicine techniques enables the treatment of
neurodegenerative disease genetic origins, which demonstrates
better prospects for therapy advancement beyond current
supportive care methods. Many challenges persist when it
comes to implementing nanomedicine approaches for clinical
use because safety risks and long-term effectiveness need
further conrmation. Nanomedicine serves as a major oppor-
tunity for enhancing the quality of life of the millions who have
PD, along with those living with neurodegenerative diseases.
Researchers must dedicate additional efforts to achieve the
complete potential of these revolutionary therapeutic
methods.93,94

5.1.3 Glioblastoma (GBM). GBM constitutes an aggressive
brain cancer that shows poor future outcomes; thus, scientists
research nanomedicine treatments at present.95,96 Nano-
medicines present two important benets through delivery
targeting and BBB barrier evasion while providing sustained
drug release.95 Several different nanocarriers, such as lipid,
© 2025 The Author(s). Published by the Royal Society of Chemistry
polymer, and metal-based systems, have been created for better
drug penetration, together with better accumulation in GBM
tissues.97 Nanocarriers receive peptides during engineering
processes, which strengthens their ability to penetrate the BBB
and target tumors. Persisting obstacles exist in current nano-
medicine methods because they possess poor stability features
and show toxic characteristics alongside limited therapeutic
outcomes. The development of advanced nanocarriers needs
improvement, together with the identication of crucial factors
for crossing the blood–brain barrier and targeting GBM and
evaluation of nanocarrier-associated cognitive effects. Medical
research continues to develop stronger nanomedicine-based
treatments for treating GBM.95–97
5.2 Case studies and clinical trials

The application of nanomedicines represents a promising
method to treat central nervous system disorders because these
systems break through the blood–brain barrier restriction.98

The brain-targeting nanotechnology delivery vehicles help
doctors to deliver drugs more effectively while decreasing the
side effects patients experience.99 Various neurodegenerative
diseases alongside brain tumors demonstrate favorable
responses to nanomedicinal therapy according to recent
research about CNS condition treatment.99 Scientic
researchers strive to enhance drug delivery across the BBB
through partnerships between nanomedicines and immuno-
therapy and chemotherapy, and gene therapy approaches to
stimulate the immune system function. Nanomedicine-based
immunotherapeutic systems as the forefront of CNS disorder
treatment because they achieve better safety and efficacy, and
specicity by using molecular and cellular targeting
approaches.99
6. Current advancements in
nanodrug delivery for the brain
6.1 Recent research and innovations

Nanotechnology's recent progress enables better brain drug
delivery while solving the seizure faced by the BBB.100 The
combination of different nanoformulations that includes poly-
meric nanoparticles, together with solid lipid nanoparticles and
liposomes and dendrimers and micelles and nanoemulsions
shows potential to improve drug transport through the BBB.101

The drug delivery systems based on nanoscale technology
provide superior delivery performance, together with higher
accuracy than conventional drug delivery platforms do.101 Sethi
et al.,47 Reported that the use of actively targeted nanoparticles
with surface-aligned ligands presents an effective brain endo-
thelial cell detection method for controlled drug delivery
systems. Drug delivery to the central nervous system, together
with BBB crossing, requires knowledge from multiple disci-
plines that include medicinal chemistry and both biology and
pharmaceutical technology. Numerous research studies
proceed to advance and improve nanotech-based strategies that
aim to deliver drugs specically to the brain.100 Table 2 shows
RSC Adv., 2025, 15, 25910–25928 | 25919
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Table 2 A comparative summary of recent studies related to nanodrug-based therapeutic mechanisms for BBB crossing

Target disease Nanocarrier type/method BBB crossing mechanism Therapeutic effects Ref.

Alzheimer's disease Inorganic, magnetic,
polymeric, carbon-based
NPs

Passive diffusion; surface
functionalization

Drug stability enhancement;
CNS delivery

5

Liposomes, nanomicelles,
exosomes

Receptor-mediated
transcytosis (e.g.,
transferrin)

Improved CNS
bioavailability; reduced
toxicity

102

Functionalized nanocarriers
(unspecied)

Ligand-based transport; size-
optimized diffusion

Controlled brain release;
enhanced targeting

103

MSC-derived exosomes +
AuNPs

Passive targeting to diseased
regions

Long-term retention;
neuronal uptake

104

Curcumin (free or
nanoformulated)

Passive diffusion; amyloid
binding

Amyloid disruption;
neuronal repair

105

Microbubbles + focused
ultrasound + BDNF
retrovirus

Ultrasound-induced
reversible BBB opening

BDNF delivery; cognitive
improvement in AD

106

Parkinson's disease Inorganic/magnetic/
polymeric/carbonic NPs

Passive diffusion; eld-
guided or surface-modied

Enhanced CNS delivery of
therapeutics

5

Liposomes, nanomicelles,
exosomes

Ligand-mediated
transcytosis

Increased dopaminergic
bioavailability

102

Functionalized nanocarriers
(unspecied)

Ligand- or size-mediated
uptake

Neuroprotective delivery to
target sites

103

MSC-derived exosomes +
AuNPs

Inammatory homing and
retention

Anti-inammatory;
prolonged action

104

Huntington's disease Inorganic/polymeric NPs Passive or ligand-mediated
BBB crossing

Delivery of gene modulators;
neuroprotection

5

Liposomes, nanomicelles,
exosomes

Receptor-assisted transport Efficient CNS drug transport 102

Functionalized nanocarriers
(unspecied)

Size-optimized; possible
ligand mediation

Targeted and controlled CNS
drug release

103

ALS (Amyotrophic Lateral
Sclerosis)

Inorganic, magnetic,
polymeric, carbonic NPs

Surface-modied diffusion
or transport

CNS delivery to motor
neurons

5

Liposomes, nanomicelles,
exosomes

Receptor-mediated
endocytosis

Enhanced spinal cord and
brain targeting

102

Autism spectrum disorder MSC-derived exosomes +
AuNPs

Passive targeting of
neuroinammatory zones

Modulation of
neuroimmune pathways

104

Stroke MSC-derived exosomes +
AuNPs

Target inamed ischemic
regions

Sustained retention and
neurorepair

104

Drug addiction Gold nanorods–siRNA
nanoplexes

Enhanced endocytosis (40%
transmigration)

DARPP-32 gene silencing;
BBB preserved

107

Brain tumors/Glioblastoma Peptide-conjugated
nanoparticles

Peptide-receptor endocytosis
(e.g., RGD)

Targeted tumor drug
delivery

108

Modular nanomedicine +
bispecic antibodies

Tumor leakiness; bispecic
targeting

Preferential tumor
accumulation

109

Polymeric nanoparticles
(e.g., PLGA)

Intracerebral or systemic
ligand targeting

Gene/chemo/thermal
multimodal therapy

110

Focused ultrasound +
nanobubbles

Acoustic cavitation-based
localized opening

Image-guided, reversible
BBB disruption

111

Aging-related BBB
dysfunction

Claudin-1-targeted NPs
(C1C2-NP)

Binds claudin-1 in aged
endothelial cells

Enhanced drug delivery
across aged BBB

112
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a comparative summary of recent studies related to nanodrug-
based therapeutic mechanisms for BBB crossing.
6.2 Targeting specic brain regions

Research in nanotechnology currently demonstrates potential
for brain-specic drug delivery which provides solutions to
penetrate across the BBB. Brain endothelial cell targeting can be
achieved by nanoparticles that have specic ligands which
enable controlled drug delivery.47 These nano-products with
combined functionalities enable both passage through and
25920 | RSC Adv., 2025, 15, 25910–25928
avoidance of the BBB for providing better healthcare evalua-
tions and brain disorder treatments.100 Scientists have estab-
lished different methods to enhance delivery of antineoplastic
drugs together with oligonucleotides and genes and imaging
contrast agents into brain tissue.113 Modern brain research aims
to pinpoint both brain cells together with affected cerebral areas
so researchers can optimize NPs based on brain topology for
accurate therapeutic measures and diagnostic procedures.114,115

More research on preclinical studies remains essential for
developing nanotherapies suitable for neurological treatments
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03578c


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
20

/2
02

5 
4:

42
:2

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
since clinical implementation encounters signicant trans-
lation barriers.

6.3 Combination therapy

Nanotechnology has recently produced promising solutions for
focused brain drug transport which manages to cross the BBB.
Brain endothelial cell targeting can be achieved by nano-
particles that have specic ligands which enable controlled
drug delivery.116,117 These nano-products with combined func-
tionalities enable both passage through and avoidance of the
BBB for providing better healthcare evaluations and brain
disorder treatments.116 Scientists have established different
methods to enhance delivery of antineoplastic drugs together
with oligonucleotides and genes and imaging contrast agents
into brain tissue. Modern brain research aims to pinpoint both
brain cells together with affected cerebral areas so researchers
can optimize NPs based on brain topology for accurate thera-
peutic measures and diagnostic procedures. Preclinical studies
must continue so researchers can solve outstanding barriers in
turning nanotherapeutic treatments into clinical practice for
neurological conditions.116,117

7. Future perspectives and challenges
7.1 Challenges in scaling and manufacturing

The scaling and manufacturing of advanced technologies face
signicant challenges across various elds. In optics, meta-
surfaces offer expanded functionality but require scalable
production processes to transition from research settings to
high-volume applications.118 The pharmaceutical industry
needs innovative solutions for commercial-scale manufacturing
of complex drug delivery systems, emphasizing risk manage-
ment, design of experiments, and computational approaches.119

Scalable nanomanufacturing is crucial for bringing nanotech-
nology discoveries to market, with research focusing on novel
approaches like scalable nanopatterning.120 In regenerative
medicine, the translation of cell and tissue therapies to routine
clinical practice requires addressing standardization and cost-
effectiveness through suitable manufacturing paradigms.120

These challenges highlight the need for interdisciplinary efforts
to develop scalable, efficient, and cost-effective manufacturing
processes across diverse technological domains.

7.2 Safety and biocompatibility

Safety and biocompatibility assessment of biomaterials is
crucial as new materials and manufacturing techniques
emerge. The evaluation process involves physical-chemical and
biological characterization, following international stan-
dards.121 While materials like PLA and its copolymers are
generally considered biocompatible, implantation can trigger
foreign body reactions and potential side effects.122 Regulatory
bodies such as the FDA, ISO, and JMHLW require manufac-
turers to conduct thorough safety testing throughout pre-
clinical and clinical phases. For orthopedic biomaterials, the
biocompatibility framework assesses biological responses,
implant innocuity, and inertness before proceeding to surgical
© 2025 The Author(s). Published by the Royal Society of Chemistry
implantation studies for efficacy and functionality. Evaluation
methods include histology, histomorphometry, histopathology,
imaging, and mechanical testing to ensure both safety and
performance of orthopedic biomaterials.

7.3 Regulatory pathways

Regulatory pathways play crucial roles in various biological
processes and diseases. In Pseudomonas aeruginosa, four major
pathways (cAMP/Vfr, c-di-GMP, quorum sensing, and Gac/Rsm)
integrate external stimuli to control the bacterium's lifestyle
and virulence.122 In Alzheimer's disease, active transcription
factor and miRNA regulatory pathways have been identied,
with the hsa-miR-146a / STAT1 / MYC pathway potentially
playing a signicant role in disease progression.123 Inamma-
tory bowel diseases involve complex immunoregulatory path-
ways, including an imbalance between pro-inammatory and
immunoregulatory cytokines, as well as selective activation of T-
helper lymphocyte subsets.124 These studies highlight the
importance of understanding regulatory pathways in various
contexts, from bacterial adaptation to complex human diseases,
and demonstrate how perturbations in these pathways can
contribute to disease pathology.

7.4 Future trends in brain targeting

Brain targeting is a crucial area of research for treating neuro-
logical disorders, with the BBB posing a signicant challenge.125

Various strategies have been developed to overcome this
barrier, including nanotechnology, viral vectors, and biological
therapies.115 Nanocarriers such as polymeric nanoparticles,
liposomes, and dendrimers show promise for drug delivery
across the BBB.126 Other approaches include chimeric peptide
technology, intranasal administration, and gene technolo-
gies.127 These methods aim to improve the delivery of small
molecules, large molecules, and gene medicines to the brain.
Future trends in brain targeting focus on enhancing drug-
trafficking performance, increasing specicity for brain tissue,
and reducing neurotoxicity. Additionally, precision medicine,
noninvasive delivery methods, and biomarker discovery are
emerging areas of interest in the eld.

8. Challenges and limitations in
CNS-targeted nanodrug delivery

The blood–brain barrier is protective and one of the biggest
challenges is to deliver drugs to the central nervous system. The
BBB consists of tight endothelial junctions, pericytes, astro-
cytes, and specialized extracellular matrix that act together to
control the transfer of materials between the blood and the
brain in a very rigid manner. Although it is a mechanism of
defense of the CNS against aggression by pathogenic agents, it
is also a major obstacle to the penetration of most therapeutic
molecules, nanodrugs included. Getting drugs to the CNS is one
of the greatest challenges because the blood–brain barrier is
very selective. Although drug delivery systems nanotechnology
holds a lot of promise, there are a number of obstacles and
restrictions to nanotechnology-based drug delivery systems
RSC Adv., 2025, 15, 25910–25928 | 25921
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clinically translating, particularly when it comes to neurological
diseases like Parkinson and Alzheimer diseases. One of these
prominent strategies- nose-to-brain delivery, provides a non-
invasive option, which circumvents the BBB. Renukuntla Pra-
nay et al.128 highlighted that, while promising for diseases like
Parkinson's, this route struggles with limited dosing volumes,
enzymatic degradation in the nasal cavity, and mucociliary
clearance, which reduces drug residence time. To address these,
scientists are trying mucoadhesive and surface-modied
nanoparticles to increase retention and absorption.

In the same manner, Edoardo Agosti et al.129 highlight the
prospect of using lipid-based nanocarriers, including solid lipid
nanoparticles (SLNs) and nanostructured lipid carriers (NLCs)
in intranasal delivery to the CNS. Although they have several
advantages, such as biocompatibility, controlled release, etc.,
they are yet to be optimized in terms of particle size, surface
charge, lipid composition to guarantee delivery consistency and
reduce aggregation or toxicity issues. In the case of Alzheimer,
Fonseca-Santos et al.129,130 illustrate that nanocarriers can
tremendously boost the solubility and bioavailability of low
water-soluble drugs. However, safety issues in long term, such
as whether nanoparticles accumulate in the brain and whether
they are neurotoxic, need to be resolved by long term pharma-
cokinetic and toxicological investigations. A. A. Shaikh et al.131

also summarize the use of different nanocarriers in the treat-
ment of CNS disorders and identies the critical obstacles
including the instability of nanoparticles in physiological
environments and non-specic delivery. Surface modication,
such as ligands or antibodies to target a certain receptor on the
BBB, can help both targeting and uptake. Regarding materials,
Subashini Raman et al.31 indicate the benets of using poly-
meric nanoparticles that have controlled drug release and
minimal toxicity. But there are still problems, such as batch-to-
batch variability and the inability to produce them on a large
scale. Advances in microuidics and scalable manufacturing
techniques are being explored to overcome these production
challenges.

A drawback of CNS-oriented nanodrug delivery in vivo is the
inefficiency of the traditional preclinical models to translate
into the human condition. Conventional in vitro models do not
necessarily incorporate the dynamics and multicellular struc-
ture of the in vivo BBB, and animal models cannot necessarily
reect the complexity of human brain physiology. The lack of
connection results in a high rate of failure in translating
nanotherapeutics from bench to bedside.132,133 Micro-
physiological systems, including organ-on-chip BBB models,
are being developed to overcome these translational barriers.
The dynamic systems mimic blood ow, shear stress, and cell–
cell interactions under controlled conditions and provide
improved predictive capacity of permeability and neurotoxicity.
As an example, BBB-on-chip systems enable the high-resolution
imaging of nanocarrier transport and cellular responses, thus
facilitating more condent decision-making at the early drug
development stage.134,135 The other limitation is toxicological
uncertainty, which is critical. Most nanocarriers have ideal
physicochemical properties, yet biocompatibility, immune
reactivity, and long-term safety are a concern. There are still no
25922 | RSC Adv., 2025, 15, 25910–25928
standardized toxicology screening platforms when it comes to
nanomedicine that targets the CNS. Hence, rening the
preclinical toxicological testing, e.g., by utilizing human-
relevant cellular models and omics-based screening assays,
will go a long way to decrease the risk of clinical failure.135,136

Also, the inconsistency and the absence of harmonization of
regulations across various jurisdictions are a signicant
bottleneck. Absence of common standards relating to the de-
nition of nanoparticle systems (e.g., size, charge, drug release
kinetics) makes it hard to compare the results of different
studies. Additionally, differences in regulatory guidance gov-
erning safety and efficacy studies of nanomedicine halt the
clinical translation process. To this end, harmonization of
regulation is taking shape where nanoparticle assessment
procedures are becoming internationally aligned. A set of
standardized in vitro / in vivo correlation (IVIVC) criteria and
a set of standards dening BBB penetration and CNS bioavail-
ability would facilitate the simplication of approval pathways
and promote the wider use of nanotherapeutics.137,138

Finally, Aisling M. Ross et al.138 Point to the fact that the
evaluation of the interaction of nanoparticles with the BBB
urgently needs standardization. Inconsistent data are caused by
differences in the experimental design, models of the BBB, and
methods of characterization.
9. Conclusion

Through nanotechnology-based platforms, medical profes-
sionals can provide therapeutic agents to the central nervous
system, thus establishing a novel therapeutic strategy for
neurological diseases that are resistant to conventional treat-
ment techniques. Research-based improvements of liposomal
and polymeric nanoparticles, dendrimers, and exosomes as
nanocarriers expanded our capacity to overcome or enter the
blood–brain barrier through precise delivery solutions. Nano-
technology research demonstrates capabilities to deliver thera-
peutic drugs accurately to disease-affected areas, resulting in
improved treatment strategies for Alzheimer's and Parkinson's
disease and glioblastoma.

Various critical hindrances block the way to successful
preclinical execution. The inexible mechanical nature of the
blood–brain barrier, along with inconsistent human model
assumptions and unresolved safety concerns stemming from
both elements, with unstandardized mass-production difficul-
ties, prevent clinical adoption of these approaches. Current
absent regulatory standards produce stumbling blocks for CNS
nanomedicine product development.

The full capabilities of nanotherapies targeting the brain
depend on ongoing investigations about preclinical testing and
more efficient delivery methods, and standardized regulatory
procedures. Modern pharmaceutical development, as well as
continuous interdisciplinary work on nanotherapies will
transform CNS drugs while delivering needed treatment alter-
natives for disorders that currently lack effective treatments.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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