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Central nervous system (CNS) infections caused by pathogens such as HIV,
Herpes simplex virus, Cryptococcus neoformans, and Toxoplasma gondii
remain among the most difficult to treat due to the physiological barrier
posed by the blood-brain barrier (BBB), pathogen latency, and systemic
toxicity associated with conventional therapies. Exosome-based delivery
systems are becoming a game-changing platform that can solve these
therapeutic problems using their natural biocompatibility, minimal
immunogenicity, and capacity to cross the BBB. This review current
developments in exosome engineering that aim to make brain-targeted
therapy for neuroinfectious illnesses more selective and effective. Much focus
is on new molecular methods like pathogen-specific ligand display, aptamer
conjugation, lipid modification, and click—chemistry—based surface
functionalisation. These methods make it possible to target diseased areas of
the brain precisely. Exosomes can also carry therapeutic payloads, such as
anti-viral and antifungal drugs, gene editing tools like CRISPR/Cas9 and
siRNA, and more. This makes them helpful in changing pathogens’
persistence and the host's immunological responses. The paper tackle
problems with translation, such as biodistribution, immunogenicity, GMP
production, and regulatory issues. Future possibilities like synthetic exosomes,
combinatory medicines, and delivery design that uses Al. The combination of
nanotechnology, molecular biology, and infectious disease therapies shows
that exosome engineering offers a new way to meet the clinical needs that
are not satisfied in treating CNS infections.

KEYWORDS

exosome, engineering, blood-brain barrier (BBB), central nervous system (CNS),
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Highlights

« Exosomes possess an inherent ability to cross the blood-brain
barrier (BBB), offering a promising platform for CNS-
targeted drug delivery.

o Surface engineering of exosomes with ligands (e.g., RVG,
transferrin, mannose, aptamers) enables selective targeting of
infected brain cells (e.g., microglia in HIV, neurons in
toxoplasmosis, or meninges in cryptococcosis).

o Engineered exosomes have therapeutic success in HIV
encephalitis, cryptococcal meningitis, cerebral toxoplasmosis,
and tuberculous meningitis models.

o Intranasal, intravenous, intrathecal, and intraventricular

administration are discussed to optimise CNS biodistribution

and treatment efficacy.

1 Introduction

Infections of the central nervous system (CNS) represent a
clinically and therapeutically challenging group of infections caused
by multiple pathogens, including Human Immunodeficiency Virus
(HIV), Herpes Simplex Virus (HSV), Cryptococcus neoformans,
and Toxoplasma gondii. Such infections can lead to severe
neurological issues, neuroinflammation, and in some cases,
encephalitis or meningitis that can be fatal, particularly in the
immunocompromised population (1, 2).

The blood-brain barrier (BBB) is among the greatest obstacles in
treating CNS infections. It is a selective physiological barrier which
prevents the entry of most drugs into the brain (3). While it
protects the CNS from potential hazards due to toxic substances, it
is also the barrier that limits medications to areas of the brain
parenchyma needed for addressing an infection. Additionally,
many cases of standard treatment fail to target the CNS effectively,
are damaging to the rest of the body, and are non-targeted against
certain pathogens, which has an overall negative impact reducing
efficacy and increasing any risk of pathogens persisting or
recurring in the body (4, 5). Exosomes—extracellular vesicles (30-
150 nm) secreted by nearly all cell types—are currently being
heavily researched as an option for targeted drug delivery to the
brain (6). They are naturally suitable for crossing the blood brain
barrier (BBB), transporting biological cargo (e.g., proteins, nucleic
acids, and lipids), effectively interacting and regulating with the
recipient cell (7). The research examining their natural biological
role in intercellular communication, low immunogenic profile, and
modifiable surface properties, leads us to consider them as delivery
vehicles for agents specifically targeting infected CNS sites (8). This
review will examine the cutting-edge developments in exosome
engineering for infectious pathogens of the brain and will consider
the most recent developments in regard to surface modifications,
pathogen-targeted delivery using ligand displays, and molecular
payloads including CRISPR/Cas9 and siRNA (9). This will also
include engineered delivery of anti-viral, anti-fungal, and neuro-
protective drugs by modified exosomes (10). It will also consider
the difficulty of making these drugs deliver to the target correctly
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in application; i.e., immunogenicity, biodistribution, clinical scale-
up, and regulatory considerations. The field of nanobiotech and it’s
potential when combined with the treatment of infectious diseases
is relatively novel and potentially revolutionary in providing a
combat CNS
infections more precisely, accurately and efficiently (11).

sophisticated and considerate mechanism to

2 CNS-Infecting pathogens,
pathogenesis and therapeutic barriers

Infections of the central nervous system (CNS) caused by a
variety of microorganisms or pathogens still create a large global
burden of diseases, that especially affects immune compromised
individuals, like those with advanced HIV/AIDS, tuberculosis
(TB), etc. (12, 13). Due to CNS infections, the microorganism
or pathogen inflicts damage to the nervous system, both acutely
and chronically, increasing the difficulty of therapy, due to the
fact that it can occupy CNS space, avoid the host immune
system, and develop powerful resistance to drugs (14, 179).
Among the major pathogens of the brain are;

2.1 Human immunodeficiency virus (HIV)

HIV invades the CNS much sooner in the course of the
infection, and establishes latent reserves within microglial cells
and perivascular macrophages (15). The virus can cause HIV-
associated neurocognitive disorders (HAND), characterized by
memory loss, motor impairment, and behavioral changes (16).
These effects generally emerge from chronic neuroinflammation,
viral neurotoxiins, and even neuronal damage following immune
activation-not simple infection of neurons (17).

2.2 Herpes simplex virus (HSV-1 and HSV-2)

Herpes simplex virus (HSV) is sometimes associated with
herpes simplex encephalitis (HSE), which can be serious and
potentially life threatening without treatment (18). After the first
infection, the virus may remain dormant in the trigeminal or
sacral ganglia which may reactivate causing additional episodes
and potentially spreading into the brain. While either the HSV-
1 or HSV-2 subtypes can cause HSE, HSV-1 is the most
common cause of sporadic viral encephalitis in adults. Its rapid
timing, propensity for causing temporal lobe necrosis, and long-
term cognitive impairment are notable (19, 20).

2.3 Cryptococcus neoformans

This encapsulated fungal infection is one of the leading causes
of fungal meningitis, especially in people with weak immune
systems, like those with AIDS or who have had a transplant (21).
Cryptococcus spreads through the blood and gets into the CNS. It
then uses “Trojan horse” mechanisms (within infected phagocytes)
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to get over the BBB. It can live and reproduce in the subarachnoid
space. Cryptococcal meningitis, which is what happens when this
happens, is marked by increased intracranial pressure, changes in
mental status, and a high death rate (22).

2.4 Toxoplasma gondii

T. gondii is a common protozoan that lives inside cells
and causes toxoplasmic encephalitis (TE), especially in people with
weak immune systems (23). The parasite causes a long-lasting,
hidden infection in the central nervous system (CNS), mainly in
neurons and astrocytes. When latent tissue cysts in the brain
become active again, they can cause seizures, localised neurological
impairments, and encephalopathy (24, 25).

3 Therapeutic barriers and challenges
in the management of brain infections

3.1 Poor blood-brain barrier (BBB)
permeability

The BBB is a very selective and well-controlled barrier that
keeps most drugs from getting into the brain. Many therapeutic
compounds, including big hydrophilic medicines, cannot get
through the BBB in sufficient concentrations, leading to
subtherapeutic levels at the site of infection (26).

3.2 Systemic toxicity and lack of targeting
specificity

Drugs often need to be given at large systemic doses to
penetrate the CNS effectively, which raises the risk of off-target
effects and toxicity. This is especially bad with antifungals like
amphotericin B or antiretroviral medicines, which can hurt the
kidneys or liver (8).

3.3 Pathogen persistence and latency

CNS pathogens often evade immune surveillance and persist
in latent or quiescent forms within protected niches such as
microglia (HIV), neuronal ganglia (HSV), or neurons (T. gondii)
(27). These reservoirs are inaccessible primarily to conventional
drugs and can serve as sources of reactivation, contributing to
recurrent or chronic disease (28).

3.4 Neuroinflammation and immune-
mediated damage

In many CNS infections, neuronal damage results from direct

pathogen activity and an exaggerated immune response. This
neuroinflammatory milieu makes treatment much harder by
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damaging the BBB, changing how drugs are transported, and
making tissue damage worse. Because of these problems, we
need new, focused delivery methods to cross the BBB quickly,
target just sick cells, and deliver therapeutic payloads with as
few side effects as possible. Exosome-based drug delivery
systems have much potential to get around these problems (28).
Importantly, the biologic behavior of each CNS pathogen will
greatly impact the nature of exosome-based therapies. For
example, HIV establishes latency in microglia and macrophages,
and designed exosomes with ligands (e.g., RVG peptide or anti-
gpl20 antibodies) to deliver siRNA or CRISPR cargo can be
used to target these reservoirs. HSV, on the other hand, persists
in neuronal ganglia and reactivates in episodic fashion;
exosomes containing anti-ICPO siRNA or decorated with gD-
binding peptides can provide pathogen-specific suppression (29).
Cryptococcus crosses the BBB by “Trojan horse” mechanisms
and exists in the meninges, which endorses the use of mannose-
or dectin-1-modified exosomes packaged with amphotericin
B or fluconazole. Finally, Toxoplasma gondii forms latent cysts
in neurons and astrocytes; thus, exosomes that contain aptamers
to SAGL or CD36 in combination with a CRISPR or siRNA
cargo has an added therapeutic value. By connecting pathogen
biology with the design of exosomes, we can rationally dictate
how to optimize therapies to manage barriers associated with
latency, intracellular sanctuary and immune evasion (30).

4 Exosomes: biology, biogenesis, and
relevance in CNS therapy

Exosomes are tiny extracellular vesicles of nano-sized (30—
150 nm in diameter) that are very important for cell-to-cell
communication because they carry a wide range of biological
components, such as proteins, lipids, DNA, mRNA, and non-
coding RNAs like microRNAs (miRNAs) (31). They come from
the endosomal compartment and are discharged into the outside
world when multivesicular bodies (MVBs) fuse with the plasma
membrane (32).

4.1 Biogenesis of exosomes

The formation of exosomes is a tightly regulated process
involving both ESCRT-dependent and ESCRT-independent ways
that exosomes develop, and the process is strictly controlled
(33). The Endosomal Sorting Complex Required for Transport
(ESCRT) machinery helps the endosomal membrane bud inward
to make intraluminal vesicles (ILVs) inside MVBs in the
ESCRT-dependent pathway. ESCRT-0, -I, -II, and -III are
important parts of ESCRT that help choose cargo, change the
shape of membranes, and split vesicles (34). Proteins like
tetraspanins (CD63 and CD81) and lipids like ceramides help
make ILVs by bending membranes and sorting specific cargo
into exosomes. These pathways do not depend on ESCRT
Figure 1. When MVBs are fully grown or mature, they can
either fuse with lysosomes for degradation or with the plasma
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membrane to release their ILVs as exosomes into the extracellular
space (35).

4.2 Molecular composition and functions

Exosomes carry unique surface markers, including CD9, CD63,
CD81, ALIX, and TSG101. They also have cargo important for their
function, such as miRNAs controlling gene expression in cells that
take them in (36). Proteins and enzymes change how the immune
system works or assist cells in metabolising, as well as lipids that
help keep membranes stable and make it easier for vesicles to fuse.
These molecular contents are carefully packaged, often showing the
health or illness condition of the parent cell. This makes exosomes
possible indicators for CNS ailments (37). Comparison with other
delivery systems, exosomes have advantages as CNS delivery
vehicles including but not limited to their ability to cross the
blood-brain barrier (BBB), low immunogenicity, and inherent
biocompatibility  (38).
nanocarriers with sufficient drug loading capabilities and scalable

Conversely, liposomes are established
manufacture; however, they are often labile to rapid clearance and
have limited BBB penetrability. Polymeric nanoparticles have
tunable physicochemical properties and controlled release, but may
present cytotoxicity and an immune response, which negatively
impacts long-term safety (39). Viral vectors are highly efficacious
in gene delivery but raise fears surrounding immunogenicity,
mutagenesis, and communication among regulatory hurdles.
Exosomes, in comparison, afford a natural targeting mechanism
and decreased toxicity (40). Nevertheless, challenges remain for
exosomes in the form of scalability, heterogeneity, and reliable data
for standardization. Hence, there is no single system which is the

Frontiers in Medical Technology

universally optimal solution, but exosomes can balance efficacy
with safety for therapies in CNS infections (as long as current
limitations are solved by future investigations).

4.3 Exosomes in CNS communication and
therapy

Neurones, astrocytes, oligodendrocytes, and microglia are all
neural cells that release exosomes in the CNS. Moving bioactive
molecules between cells helps with important bodily functions such
as  synaptic
neuroinflammation (41). Their intrinsic capacity to breach the BBB

plasticity, neuronal survival, myelination, and
and tendency to go towards inflamed or infected neural regions
make them suitable delivery vehicles for therapeutic interventions
in CNS diseases. Recent studies have shown that exosomes can be
modified to carry therapeutic substances (including antiretrovirals,
antifungal medicines, and CRISPR/siRNA constructs) to parts of
the brain that are
immunogenicity, long circulation half-life, and capacity to avoid

infected or injured (9). Their low
phagocytic clearance make them even better candidates for brain-
targeted therapy, especially in CNS infections when standard

treatments do not reach therapeutic levels (9).
S Molecular engineering of exosomes
for brain pathogen-specific targeting

Developing engineered exosomes as nanocarriers for targeted
therapy of CNS infections has emerged as a cutting-edge approach
in nanomedicine (42). Native exosomes exhibit some ability to
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cross the blood-brain barrier (BBB) and home to specific tissues,
but molecular engineering significantly enhances their precision,
cargo-loading capacity, and disease-specific targeting (43). This
section explores the diverse surface modification techniques,
genetic engineering tools, and chemical conjugation strategies
for optimising exosomes for pathogen-specific CNS therapy (44)
(Figure 2).

5.1 Exosome surface modification
strategies for targeting CNS infectious

Surface engineering is a central strategy in exosome
modification, enabling specific interaction with infected cells or
facilitating BBB penetration. Two primary approaches are
employed: ligand display and membrane anchoring of targeting
moieties (45). One of the most important parts of exosome-
based targeted therapy is ensuring that the therapeutic vesicles
are sent directly to the cells in the CNS infected with pathogens.
Pathogen-specific ligand display is a method that makes this
level of accuracy possible. It involves targeting moieties (ligands)
on the surface of exosomes so that they can find and bind to
pathogen-related indicators or host cell receptors that have been
changed by infection. This method makes exosomes more
selective, easier to take up, and more effective as treatments,
especially when it comes to diseases that infect the brain, such
as Mpycobacterium tuberculosis, HIV, Cryptococcus neoformans,
Herpes simplex virus (HSV), and Toxoplasma gondii (44)
Table 1.
involves

The principles of pathogen-specific ligand display
the exosome membrane
that bind
Pathogen-specific antigens (e.g., viral glycoproteins, fungal

engineering to present

molecular recognition elements selectively to:

capsular components). Host cell receptors are regulated during
infection (e.g., mannose receptor CD206, ICAM-1) and Cellular
stress or inflammatory markers in infected brain tissue. These
ligands may include: Antibodies or

Peptides, antibody
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fragments, Aptamers, Lectins or sugar moieties and single-chain
variable fragments (scFvs) (51) Table 1.

5.1.1 Engineering Strategies for Ligand Display
5.1.1.1 Genetic Fusion to Exosomal Membrane Proteins

The most common and stable method involves genetically
fusing a targeting ligand to an exosome-enriched membrane
protein like Lamp2b (Lysosomal-associated membrane protein
2b), CD63, CD9, CD8I1 (tetraspanins) and PDGFR or VSVG
(viral glycoproteins) (52). For instance, the Lamp2b fused with
the RVG peptide allows the exosomes to bind to acetylcholine
receptors on neuronal cells, widely applied for targeting CNS-
infecting viruses such as rabies and HIV (53) Table 1.

5.1.1.2 Chemical Conjugation

Chemical modification enables the covalent attachment of
ligands to exosome surfaces post-isolation using Click chemistry,
EDC/NHS coupling and Biotin-streptavidin bridging (54). This
method is helpful for ligands such as: Antibodies targeting viral
surface glycoproteins (e.g., gpl20 in HIV) and peptides that
bind fungal or parasitic membrane antigens (55) Table 1.

5.1.1.3 Lipid-Insertion Method

Ligands conjugated with lipids such as DSPE-PEG can be
spontaneously incorporated into the lipid bilayer of exosomes,
offering a non-genetic and modular strategy for surface
functionalisation. For example, the DSPE-PEG conjugated to
mannose or dectin-1 to target fungal B-glucans on Cryptococcus
or Candida (56) Table 1.

As summarised in Table I, tailoring exosome engineering
requires close alignment with the infection biology of each
pathogen. HIV-associated neuroinfections benefit from RVG- or
anti-gp120-decorated exosomes for selective uptake by infected
microglia (57). For Toxoplasma, aptamer-modified exosomes
can target SAG1 antigens on parasitic cysts within neurons,
tools.

enhancing delivery of gene-silencing Cryptococcus
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TABLE 1 Ligands for specific brain-infecting pathogens.

Ligand used Delivery stratey

gp120, infected microglia Anti-gp120 scFv, RVG peptide Lamp2b fusion, antibody conjugation (46)
SAGI, CD36 SAGI-specific aptamer
Glucuronoxylomannan (GXM)
Mannose receptor (CD206), ICAM-1
gD/gB glycoproteins

Toxoplasma gondii Genetic fusion or aptamer-lipid insertion (47)
Lipid-inserted DSPE-PEG-mannose (48)

Lipid insertion, chemical conjugation (49)

Cryptococcus neoformans Mannose, Dectin-1 peptide
Mannose, anti-CD206 antibody

gD-binding peptide, anti-gB antibody

Mycobacterium tuberculosis (CNS-TB)

Herpes simplex virus (HSV) Genetic display or covalent conjugation (50)

infections, which exploit phagocytes to enter the CNS, are more
effectively treated using mannose- or dectin-functionalised
HSV
characterised by neuronal latency and reactivation, can be

exosomes delivering antifungal drugs. encephalitis,
addressed through gD- or gB-binding ligand exosomes carrying
antiviral siRNA. These pathogen-informed strategies highlight
how exosome design must be customised to the distinct
mechanisms of CNS pathogens rather than applying a uniform
delivery approach (19, 58). Pathogen-specific ligand display
offers several advantages, such as directing exosome-loaded
drugs to infected cells, avoiding healthy tissues and increasing
target specificity. It improved BBB navigation, such as ligands
like RVG or transferrin can help exosomes cross the BBB and
reach infected CNS regions—enhanced uptake by diseased cells,
whereby ligands promote receptor-mediated endocytosis,
boosting therapeutic payload internalisation (59). Also, effective
synergistic therapy potential, for instance, targeting infected cells
siRNA, or

immunomodulators precisely where needed (60, 61). On the

enables co-delivery of antimicrobials,
other hand, there are limitations and challenges, including
ligand immunogenicity, of which foreign peptides or antibodies
may trigger immune reactions. Stability issues involving some
(e.g., aptamers) may degrade or

physiological conditions. Ligand density control, such as over-

ligands detach under

or under-expression of surface ligands, affects targeting
efficiency and biodistribution. Heterogeneity of infected tissues,
resulting from pathogen expression, may vary across stages or
regions of infection, complicating uniform targeting (60, 62).
Our review study suggests future innovations focusing on
dual-targeting ligands that combine BBB-penetrating ligands
(e.g., T7 peptide) with pathogen-specific moieties for enhanced
precision—designing ligands that activate or expose binding
domains only under infection-specific conditions (e.g., pH-
sensitive or enzyme-activated), like responsive ligands—using
phage display, aptamer SELEX, or computational docking to
discover novel ligands for emerging CNS pathogens (14, 63),
such as ligand libraries and high-throughput screening.
Pathogen-specific ligand display represents a transformative
strategy in the field of exosome-based therapeutics (64). By
tailoring the surface of exosomes with molecular tags that
recognize and bind to infected brain cells, researchers can
significantly  enhance

drug delivery platforms’ accuracy,

efficiency, and clinical potential. As techniques in ligand
discovery, bioconjugation, and synthetic biology continue to
evolve, pathogen-targeted exosome systems may soon become a

mainstay in precision neuroinfectious disease treatment (65, 66).
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5.1.2 Implications of exosomes and BBB-targeting
ligand display

Exosomes can be modified to express peptides that bind with
endothelial receptors at the BBB, which improves CNS delivery.
The rabies virus glycoprotein (RVG) peptide binds to nicotinic
acetylcholine receptors, which helps it cross the BBB (67).
Transferrin- or lactoferrin-conjugated exosomes use transferrin
receptor-mediated endocytosis to enter the brain. Angiopep-2,
TAT, and ApoE-derived peptides are promising ligands that
help the CNS take up other substances. Genetic fusing of
targeting moieties to exosomal membrane proteins like Lamp2b,
CD63, or CD9 is the most common way to make these changes
to the surface. This makes it possible for exosomes to show and
express them stably (68, 69). Exosome therapy has to target the
BBB so that therapeutic agents can reach the blood-brain barrier
and enter infected brain areas. This method makes drug
administration more effective while reducing off-target effects
and systemic toxicity (70). These BBB-targeting ligands include
receptor-mediated transcytosis (RMT) or adsorptive-mediated
transcytosis, which help exosomes penetrate through endothelial
cells. Enhanced accumulation of therapeutic exosomes in CNS
compartments. Minimised off-target effects in peripheral organs.
Increased therapeutic efficacy in neuroinfectious conditions such
as  HIV encephalitis, neurocryptococcosis, and
toxoplasmosis (5, 71, 72) Table 2.

cerebral

5.1.3 Prominent ligand display used in exosome
engineering
5.1.3.1 RVG peptide

The rabies virus glycoprotein (RVG) peptide has an affinity for
nAChRs, which are expressed on neurons and BBB endothelial
cells (77). When fused to exosomal membrane proteins like
Lamp2b, RVG guides exosomes across the BBB and enables
targeting of neuronal cells. This has been widely applied in
RNA-based
neuroinflammation (78), Table 3.

therapies for brain infections and

5.1.3.2 T7 peptide

T7 is a synthetic peptide that binds selectively to the
receptor. stable
alternative to full-length transferrin (83). Its use in exosome

transferrin It provides a smaller, more
engineering supports targeted delivery across the BBB with a
lower risk of immunogenicity or competition with endogenous

transferrin (84).
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TABLE 2 Receptors at the BBB and their ligands.

Receptor at the BBB
Transferrin Receptor (TfR)

Function

Iron transport is up-regulated in inflammation

10.3389/fmedt.2025.1655471

Common ligands used for targeting
Transferrin, T7 peptide, anti-TfR antibody

Low-Density Lipoprotein Receptor (LDLR) Lipid uptake

ApoE, Angiopep-2 (73, 74)

Insulin Receptor (IR) Glucose homeostasis

Insulin or IR-targeting peptides

Nicotinic Acetylcholine Receptor (nAChR) Neurotransmission

RVG (rabies virus glycoprotein) peptide (75)

Leptin Receptor Energy regulation

Leptin fragments

Scavenger Receptors (e.g., SR-B1)

Lipid and pathogen uptake

HDL-mimetic peptides (76)

TABLE 3 The prominent ligands used in exosome engineering.

Disease Ligand used Therapeutic payload Benefit
HIV Encephalitis RVG siRNA or antiretroviral Selective suppression of viral replication in the brain (79).
Neurocryptococcosis Angiopep-2 + Mannose Amphotericin B Enhanced antifungal concentration in CNS tissues (80).

Cerebral Toxoplasmosis T7 + anti-SAGI aptamer CRISPR or siRNA

Precise targeting of T. gondii within neurons (81)

Tuberculous Meningitis Transferrin Rifampicin, mRNA

Improved drug transport across the BBB to infected macrophages (82)

5.1.3.3 Angiopep-2

Angiopep-2 is designed to interact with the LDL receptor-
related protein-1 (LRP1), which is highly expressed on the BBB
endothelium. It is particularly effective in facilitating the
transport of small molecules and nanoparticles into the brain.
Exosomes decorated with Angiopep-2 have shown promise in
treating glioblastoma and CNS infections (85).

5.1.3.4 Transferrin

As a natural ligand of TfR, transferrin has been used to
decorate exosomes to enhance CNS penetration. However, its
performance may be affected by high levels of endogenous
transferrin in circulation, necessitating dosage optimisation or
combination with synthetic peptides (86) (Figure 2).

5.1.3.5 Apoe fragments

Derived from apolipoprotein E, these peptides target LDL
receptors and are particularly useful for delivering lipid-based or
anti-inflammatory agents to the brain. They offer a biologically
inspired approach to mimic native BBB transport mechanisms (87).

5.1.4 Applications ligand display in brain-infecting
pathogen therapy

Exosomes modified with ligands that target the BBB have
shown promise in directly sending anti-viral, antifungal, and
antiparasitic medicines to the brain. This focused method makes
against illnesses, including HIV
encephalitis, neurocryptococcosis, and cerebral toxoplasmosis,

treatments work better
while lowering the risk of systemic side effects. Researchers have
examined exosomes with BBB-targeting ligands in several
neuroinfectious illnesses (78, 88).

Adding BBB-targeting ligands to exosomes is an important step
forward in creating treatments for brain-infecting viruses. These
ligands make exosomes more effective at treating diseases by
helping them get past the brain’s natural defences and deliver
medicine exactly where it is required. As ligand design and
delivery methods continue to improve, BBB-targeted exosomes will
likely change how neuroinfectious diseases are treated (78, 89, 90).
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5.2 Genetic engineering tools for
therapeutic payloads

In addition to surface targeting, exosomes can be genetically
acid-based
therapeutics that modulate gene expression in target cells.

engineered to encapsulate specific nucleic

5.2.1 CRISPR-Cas9 system

Scientists have made exosomes containing CRISPR/Cas9
ribonucleoprotein complexes or Cas9 mRNA coupled with guide
RNAs (gRNAs). This lets them edit genes in latent viral
reservoirs, including cutting out the HIV provirus from host
DNA. This method could lead to possible cures for long-term
CNS illnesses (91, 92).

5.2.2 Small interfering RNA (siRNA) and antisense
oligonucleotides (ASOs)

siRNAs and ASOs can silence pathogen-specific genes or
responses. For instance, siRNAs
targeting HIV tat/rev or HSV ICPO have demonstrated viral
suppression. ASOs have been designed to inhibit Cryptococcus

modulate host immune

virulence genes or T. gondii metabolic pathways (93, 94).

5.2.3 Endosomal sorting and cargo loading

To enhance intracellular loading of therapeutic cargo into
exosomes, donor cells are engineered with exosomal sorting
motifs: Fusion proteins such as Lamp2b-GFP, CD63-Rab27a, or
ALIX-binding domains are used to direct siRNAs, proteins, or
CRISPR components into exosomes. MS2 bacteriophage coat
protein-RNA aptamer systems have also been used to enrich
RNA cargos selectively (95, 96).
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5.3 Chemical engineering to enhance
exosome stability and specificity

Beyond biological modification, chemical strategies have been
widely applied to improve exosome robustness, payload stability,
and cellular targeting (57). These includes;

5.3.1 Click chemistry

Click chemistry is a chemical reaction that happens quickly,
selectively, and without affecting biological molecules. It “clicks”
molecular parts together in mild conditions. K. Barry Sharpless
first came up with this idea in 2001, and it has changed the way
bioconjugation is done, especially in drug delivery,
nanomedicine, and diagnostics (97). Click chemistry makes it
possible to change the surface of exosomes precisely and
effectively add targeting ligands, imaging agents, or therapeutic
payloads without damaging their structure or biological activity
(98, 99). This is especially important for treatments that target
pathogens that invade the brain, since they need to be delivered
precisely to infected cells and be able to penetrate the blood-
brain barrier (BBB). Click chemistry makes it easier to create
new exosome-based drugs that are specifically designed to treat
CNS infections (100).

The Copper (I)-catalysed azide-alkyne cycloaddition (CuAAC)
is the most common click reaction. It makes a stable 1,2,3-triazole
ring between an azide and an alkyne molecule. Click chemistry is
known for having high specificity and yield, mild reaction
conditions  (physiological pH and temperature), bio-
orthogonality (it does not interfere with biological processes),
and few byproducts. In biological systems, copper-free “click”
reactions like strain-promoted alkyne-azide cycloaddition
(SPAAC) and inverse electron-demand Diels-Alder (IEDDA)
reactions are preferred since they do not cause copper ions to

be poisonous to cells (101, 102).

5.3.2 Surface Functionalisation

Click chemistry enables covalent attachment of targeting
ligands (e.g., antibodies, peptides, aptamers) to guide exosomes
to pathogen-infected cells, BBB-penetrating moieties such as
transferrin, lactoferrin, or RVG peptides for enhanced brain
uptake and fluorescent or radiolabels for tracking and imaging
in vivo. Some studies indicate that the exosome surface is first
functionalised with azide groups, then a DBCO-modified RVG
peptide is “clicked” on via SPAAC, allowing specific targeting to
neurons infected with viral pathogens (103-105).

5.3.3 Cargo Loading Enhancement

Click chemistry allows for internal or membrane-bound
anchoring of therapeutic molecules: CRISPR-Cas9 components,
siRNA or antisense oligonucleotides, Antimicrobial peptides and
Anti-inflammatory small molecules. Such modifications ensure
controlled orientation and stability, which are crucial for precise
delivery in the CNS microenvironment (57).
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5.4 Relevance of chemical engineering
exosome in brain-infecting pathogen
therapy

Click chemistry enhances the therapeutic utility of exosomes
HIV-Associated
Neuroinfections: Enables display of gp120-binding aptamers on

in several pathogen-targeted applications
exosomes for targeting infected microglia (106). Herpes Simplex
Virus (HSV): Facilitates loading of anti-HSV siRNA inside
exosomes with modified membrane proteins for enhanced
Allows

parasite-targeting antibodies on exosomal surfaces to direct

neuronal uptake (57).Toxoplasmosis: tethering of
them toward infected astrocytes (107). Tuberculous Meningitis
(TBM): Supports BBB-targeted delivery of anti-TNF-a siRNA
using click-functionalised exosomes (104, 105). The challenges
for consideration include toxicity. A study showed copper
toxicity (CuAAC) reaction that requires careful post-reaction
purification or copper-free variants (93, 94). Ensuring batch-to-
batch consistency in functionalisation is necessary for clinical-
grade applications for scalability (108). Modifications must
preserve exosome structure and prevent immune clearance
(109), thereby enhancing the biocompatibility of ligands. Surface
modifications may not always guarantee internalisation into the

intended subcellular compartment (102), improving intracellular

targeting. However, prospects could involve developing
multifunctional click-compatible ligands (e.g., dual BBB-
targeting and infection-targeting) —integration with

bioorthogonal imaging for real-time tracking of therapeutic
delivery (108). Scalable GMP-compliant click
platforms for clinical-grade exosome production—application of

chemistry

click-to-release systems where cargo is activated only in the
infected microenvironment (110). The click chemistry gives us a
strong and flexible set of tools for changing the surfaces and
interiors of exosomes. This makes it possible to deliver drugs to
infected areas in the brain very selectively, efficiently, and stably.
Exosomes are a critical molecular method for developing
precision treatment for brain-infecting diseases because they
work well with biological systems and have natural targeting and
transport capabilities (110).

5.5 Conjugation strategies and chemistry

Aptamers can be conjugated to exosomes using several
chemical and genetic methods:

5.5.1 Covalent conjugation
Click Chemistry: Copper-catalysed azide-alkyne cycloaddition
(CuAAC) enables site-specific attachment of alkyne-modified
aptamers to azide-labelled exosomal surface proteins or vice versa.
Maleimide-thiol linkage: Aptamers modified with thiol groups
can be linked to maleimide-functionalised lipids embedded in
exosome membranes (55).
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5.5.2 Lipid insertion

Post-isolation, cholesterol or other lipid-conjugated aptamers
are passively inserted into the lipid bilayer of exosomes via
hydrophobic interaction, preserving aptamer functionality and
exosome integrity (111).

5.5.3 Genetic engineering

Parent cells can be transfected to express aptamer-binding
domains fused with exosomal membrane proteins (e.g., Lamp2b,
CD63), allowing selective display of aptamers on exosomal
surfaces after loading (45).

5.6 Aptamer conjugation in exosome
engineering for targeted CNS infection
therapy

Aptamer conjugation has become a flexible and valuable way
to make exosomes functional for targeted delivery, notably in
the problematic area of central nervous system (CNS) infections
(112). The Systematic Evolution of Ligands by Exponential
Enrichment (SELEX) technique chooses aptamers, which are
short, single-stranded DNA or RNA oligonucleotides, to bind
strongly and selectively to a wide range of targets, such as
proteins, cells, and tiny molecules (45, 113). The rationale for
Aptamer Use in brain-targeted exosome therapy is that
aptamers can resemble antibodies in recognising targets because
of their unique structural folding. They also have benefits such
as being less immunogenic and poisonous. Easier to make and
change, better stability in various physiological circumstances
and a high binding selectivity with an affinity of nanomolar to
picomolar (114). In the context of CNS-targeted therapies,
aptamers can be selected to bind to: Blood-brain barrier (BBB)
(e.g.
Pathogen-specific antigens (e.g., surface proteins of Neisseria

transporters transferrin  receptor, insulin receptor),

meningitidis, Cryptococcus neoformans, or viral envelope
proteins), infected cells or inflammatory microenvironment

markers (e.g., ICAM-1, VCAM-1, and CD44) (114, 115).

5.6.1 Evidence applications of aptamer-
functionalised in CNS infection targeting
5.6.1.1 BBB translocation

Aptamers that bind transferrin or insulin receptors let
the BBB
transcytosis. For example, exosomes with transferrin receptor
aptamer (like TVRA) attached to them and filled with siRNA or
antibiotics worked better at getting into the central nervous

exosomes penetrate through receptor-mediated

system in models of bacterial meningitis (74).

5.6.1.2 Pathogen-Directed targeting

Exosomes containing aptamers that target pathogen virulence
factors (such as HIV gp120 and Listeriolysin O) can carry anti-
viral or anti-bacterial drugs directly to infected cells, reducing
systemic exposure risk (116).
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5.6.1.1 Neuroinflammation modulation

Aptamers that bind to markers of neuroinflammation, such as
TNF-a, IL-6 receptors, and activated microglia markers, can send
exosomes with anti-inflammatory miRNAs or medicines to sick
parts of the brain (117, 118). However, aptamers are better than
other targeting ligands like antibodies and peptides because they
are easier to make and change, cheaper, and penetrate better.
After all, they are smaller and have a lower risk of activating the
immune system, which is important for repeated CNS
therapeutic dosing (89, 90, 119).

Furthermore, the challenges are that nucleases may degrade
aptamers; however, chemical modifications (e.g., 2’-fluoro, 2’-
O-methyl substitutions) can enhance nuclease resistance. Scale-
up of aptamer-exosome conjugates under GMP conditions
remains underdeveloped, leading to manufacturing complexity.
High mutation rates in pathogens may necessitate re-selection of
aptamers due to target variability (120).

Future research engagement will be to develop multiplexed
exosomes conjugated with multiple aptamers for simultaneous
targeting of co-infections or complex CNS environments.
Integration of aptamer-exosome systems with stimuli-responsive
release mechanisms. Clinical-grade aptamer libraries for broader
CNS pathogen spectrum coverage (120). Aptamer conjugation will
make exosome-based delivery platforms more accurate for treating
CNS infections. This technique has much potential for turning
molecular discoveries into next-generation, tailored drugs for
brain-infecting pathogens thanks to improvements in aptamer

selection, conjugation chemistry, and exosome bioengineering (121).

6 Lipid modification in exosome
engineering for targeted CNS
infection therapy

Changing the lipids on exosomes is a key part of exosome
engineering since it allows the change of the surface of
exosomes to make them better at targeting, staying stable, and
delivering their cargo. Exosomes are naturally lipid-bilayer
vesicles; thus, changing their lipid parts is a safe and effective
way to deliver drugs better, especially for hard-to-reach areas
like the brain, where they can target infectious agents (45)
(Figure 3). The rationale for lipid modification in CNS
therapeutics is that exosomes have a lipid bilayer comprising
cholesterol, sphingomyelin, phosphatidylserine, and other
phospholipids similar to cell membranes. These structural
commonalities give targeted delivery and intracellular trafficking
significant benefits (115). However, native exosomes do not
naturally go to infected brain areas. Changing lipids can help
get beyond the BBB, avoid immune clearance, and stay longer at
infected or inflamed areas. Changing lipids makes exosomes
more stable in the blood, which helps them penetrate through
the blood-brain barrier (BBB) and adhere to diseased or
inflamed brain tissues more easily. It also helps ligands
(including aptamers, peptides, and antibodies) stick to the

surface of the exosome (45).
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6.1 Strategies for lipid modification of
exosomes

Several methods have been developed to alter or enhance the
lipid composition of exosomes either pre-isolation (during
biogenesis) or post-isolation (after purification). The post-
isolation lipid insertion strategy involves passively inserting
or incorporating modified lipids into the exosome membrane
(45). For instances, cholesterol-conjugated ligands such as
molecules like miRNA, aptamers, or peptides can be attached
to cholesterol and inserted into exosome membranes via
hydrophobic interactions (73, 74). Also, PEGylated lipids
(e.g., DSPE-PEG), here the insertion of polyethene glycol
(PEG)-linked lipids can prolong circulation time, reduce
opsonisation and clearance by macrophages, and provide
anchor points for further ligand attachment (e.g., via NHS
ester or maleimide groups) (122). Lastly is targeting ligand-
lipid conjugates such as RVG (rabies virus glycoprotein
peptide), transferrin, or folate can be conjugated to lipids like
DSPE and inserted to enhance brain or pathogen-specific
targeting (123). On the other hand, is the pre-isolation lipid
engineering in donor cells that involves lipid supplementation
in culture, were the parent cells are cultured with exogenous
modified
exosomes (124). Also, genetic modification of donor cells that

lipids, which get incorporated into budding
involves overexpression of enzymes like ceramide synthase or
phospholipid remodelling enzymes changes the lipid profile of
secreted exosomes, improving membrane fluidity or targeting

properties (125).
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6.2 Applications of lipid modified exosomes
in targeted therapy of brain-infecting
pathogens

Lipid-modified exosomes have been explored in multiple
therapeutic contexts, such as:

6.2.1 BBB penetration enhancement

RVG-lipid modified exosomes have shown the ability to
deliver siRNA or drugs across the BBB by targeting the nicotinic
acetylcholine receptor. Lipid-conjugated PEGylation delays RES
clearance  and

(reticuloendothelial ~ system)

accumulation in brain tissue (126).

promotes

6.2.2 Pathogen- or inflammation-targeted
delivery

Modified lipids attached to mannose or ICAM-1 targeting
ligands can send exosomes to activate the immune system or
infected endothelial cells. Phagocytic cells (like microglia) are
modified  with
phosphatidylserine analogues. This makes them suitable for

more likely to take up exosomes
delivering drugs directly to the site of bacterial meningitis or

neuroinvasive fungal infections (127-129).

6.2.3 Drug loading enhancement

Lipid-modified exosomes can more efficiently encapsulate
(e.g.,
rifampicin, acyclovir). Thermosensitive lipids allow triggered

hydrophobic anti-pathogen drugs amphotericin B,
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cargo release in response to localised heating or inflammation (44,
127-129).
Among the

applications in targeted therapy of brain-infecting pathogens are

limitations and challenges of exosomes’
membrane integrity-associated excessive modification, which
may disrupt membrane fluidity or exosome uptake efficiency.
Inconsistent lipid insertion or orientation can affect targeting
and therapeutic outcomes. Specific synthetic lipid moieties may
elicit immune responses in vivo. Reproducibility and cost-
efficiency in clinical-grade lipid modifications are still under
optimisation (109, 130). However, future research perspectives
could focus on stimuli-responsive lipids (e.g., pH-sensitive,
redox-sensitive, thermosensitive) for controlled drug release in
infected CNS regions. Exosomes with lipid modifications can do
more than one thing, like imaging agents, targeting ligands, and
therapeutic payloads for theranostic uses. Synthetic exosome
mimetics that use specific lipid compositions to copy the
qualities of natural exosomes while making them easier to
manage. Changing the lipids in exosomes is a game-changing
way to make medicines for CNS illnesses. Exosomes can be
made better for targeted delivery, longer circulation, and
efficient payload release by changing the structure of the lipids.
New discoveries in lipid chemistry, membrane biology, and
nanomedicine will improve these tactics, giving doctors more
options for treating deadly brain infections with precision and
little harm to the rest of the body (131, 132).

7 Exosome-based drug delivery
systems against brain pathogens

Exosome-based drugs are a game-changer for treating central
nervous system infections (CNS) infections, especially when
traditional treatments don’t work well because they don’t get
through the blood-brain barrier (BBB), are toxic, or aren’t
targeted (16). flexible,
biocompatible, and targeted way to distribute a wide range of

enough Exosomes provide a
drugs, from small compounds and biologics to gene-editing
systems, straight to brain areas that are diseased or inflamed
(133). Here, we talk about new improvements in exosome-
mediated delivery systems that are made to treat viral, fungal,

protozoal, and neuroinflammatory disorders that affect the brain.

7.1 Antiretroviral delivery for
HIV-associated CNS infections

Conventional antiretroviral therapy (ART) is often ineffective
in eliminating HIV reservoirs in the brain due to limited drug
penetration and persistence of the virus in microglial cells.
Engineered exosomes have shown promise in overcoming these
barriers (134).

7.1.1 Tenofovir and efavirenz delivery

Exosomes from macrophages or mesenchymal stem cells have
wrapped up tenofovir and efavirenz and sent them straight to the
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CNS. These exosomes show that they can cross the BBB more
easily, deliver drugs directly to infected microglia, and release
them over time, which lowers systemic toxicity and raises CNS
drug concentrations (135).

7.1.2 CRISPR-Based HIV gene editing tools

Exosomes could transport CRISPR-Cas9 ribonucleoproteins,
mRNA, and guide RNAs targeting integrated HIV DNA (e.g.,
LTR, gag, or tat/rev regions). Based on exosomes, these methods
provide a non-viral, immunologically safer way to cut out genes
or stop the production of proviral HIV in CNS reservoirs, which
could lead to functional cure treatments.

7.2 Antifungal strategies against
cryptococcus neoformans

Current antifungal drugs have toxic profiles and don’t get into
the brain very well, which makes it very hard to treat cryptococcal
meningitis. Researchers are working on exosome-based delivery
systems to make them more effective and less harmful (136).

7.2.1 Amphotericin B-loaded exosomes
Ampbhotericin B is very toxic when given systemically, so it
benefits from being put in exosomes, which makes it more soluble,
targets the brain better, and lowers its toxicity to the kidneys.
Preclinical models have shown reduced fungal burden and
improved survival using exosome-encapsulated formulations (137).

7.2.2 Fluconazole-loaded exosomes

Exosomes functionalised with mannose ligands have been
used to selectively target Cryptococcus cells by binding to fungal
surface mannoproteins, thereby enhancing the antifungal action
of fluconazole while reducing off-target effects (138, 139).

7.3 Antiprotozoal applications for
toxoplasma gondii

Toxoplasmic encephalitis remains a significant cause of

mortality in immunocompromised populations, and new
molecular approaches are needed to overcome the parasite’s

ability to form latent cysts in the brain (140).

7.3.1 SiRNA-loaded exosomes

Scientists have made exosomes that deliver siRNAs that target
important virulence genes of T. gondii, such as ROP18 (rhoptry
protein 18), which helps the parasite avoid the immune system,
and SAGI (surface antigen 1), which helps the parasite invade
host cells. In preclinical animals, these siRNA-loaded exosomes,
especially when paired with ligands that can cross the blood-
brain barrier (such as RVG or transferrin), have been shown to
stop parasite reproduction, lower cyst burden, and enhance
survival (139, 141).
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7.4 Implication of exosomes in
neuroprotective payloads to counter CNS
damage

Infections in the CNS can cause neuroinflammation, oxidative
stress, and damage to neurons, long after the pathogens are gone.
Exosomes can also transport neurotropic and anti-inflammatory
drugs to help rehabilitate and stop long-term neurological
problems (142).

7.4.1 Brain-derived neurotrophic factor (BDNF)
and glial cell line-derived neurotrophic factor
(GDNF)

When given through exosomes, these neurotrophins have
been demonstrated to help neurons stay alive, make synapses
more flexible, and fix broken brain circuits in models of viral
encephalitis and HIV-related neurodegeneration (143).

7.4.2 MiRNA-Loaded exosomes

Exosomes high in anti-inflammatory miRNAs like miR-124,
miR-146a, or miR-21 can change how microglia work, stop pro-
inflammatory cytokines (such as TNF-o and IL-6), and help
neuroinflammation go away. These miRNA therapeutics help
pathogen-specific treatments by reducing harm to the immune
system in the CNS (144). Exosome-based delivery systems
provide a multi-faceted way to treat CNS infections by carrying
anti-bacterial and gene-editing medicines and neuroprotective
and anti-inflammatory compounds. Exosomes are one of the
most promising platforms for next-generation treatments for
brain-infecting diseases because they can transport different
payloads, target specific cell types, and penetrate biological
barriers. Continued progress in standardisation, biodistribution
studies, and clinical-grade manufacturing will be essential to
translate these innovations into human therapies (145).

8 Implications of exosomes on routes
of administration and bioavailability

The therapeutic efficacy of exosome-based delivery systems in
treating CNS infections is highly dependent on the route of
administration and the biodistribution of these nanocarriers
(146). Given the complexity of the blood-brain barrier (BBB)
CNS
compartments, optimising how exosomes are delivered—and

and latent pathogen reservoirs in  specialised
understanding where they localise—is essential for clinical

success (147).

8.1 Delivery routes for CNS-targeted
exosomes

Several administration routes have been explored to maximise

exosome delivery to the brain. The choice of route influences
distribution, onset of action, and clinical feasibility (148).
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8.1.1 Intranasal delivery

A non-invasive and patient-friendly route that enables
exosomes to bypass the BBB via the olfactory and trigeminal
nerve pathways. The various studies show that RVG-tagged
exosomes delivered intranasal accumulations in the olfactory
bulb, hippocampus, and cortex within hours and are particularly
effective for siRNA and CRISPR-Cas9 cargo in models of viral
encephalitis and neuroHIV (149).

8.1.2 Systemic (intravenous) administration

While systemic injection (IV) is the most common method,
the reticuloendothelial system may rapidly clear unmodified
exosomes. Surface modification with ligands like transferrin,
RVG, or lactoferrin enhances BBB crossing and CNS uptake.
Bio distribution studies confirm CNS accumulation, especially in
inflammatory or infected brain regions, due to enhanced
permeability (150).

8.1.3 Intrathecal injection

Direct administration into the cerebrospinal fluid (CSF)
spreads the drug throughout the CNS and avoids systemic
metabolism. Exosomes can reach the spinal cord, meninges, and
deep brain regions when injected into the spine. They are
employed in models of fungal meningitis and toxoplasmic
encephalitis (127-129).

8.1.4 Intraventricular injection

It provides high local concentrations of exosomes in the
brain’s ventricular system and is used for preclinical studies
targeting deep-seated infections or delivering neurotropic
factors. Invasive but highly effective in rodents for testing

exosome pharmacokinetics and payload release (151).

8.2 Imaging and tracking of exosomes

Exosomes must be tracked in vivo to evaluate distribution,
clearance, and CNS specificity to assess their therapeutic
relevance. Multiple labelling and imaging techniques have been
developed, including;

8.2.1 Radiolabeling

Isotopes like 99mTc, 111In, and 64Cu are conjugated to
SPECT or PET imaging exosomes, providing quantitative
biodistribution data. This enables longitudinal tracking in small
animals and non-human primates and demonstrates preferential
accumulation in the brain, spleen, liver, and infected sites (152).

8.2.2 Fluorescence imaging

Lipophilic dyes such as DiR, Dil, and PKH26 label exosomal
membranes. This will allow real-time tracking in live animal
imaging systems (IVIS) and histological studies, and also
confirms accumulation in microglia, astrocytes, and infected
neuronal zones post-administration (153, 154).
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8.2.3 MRI contrast agents

Incorporation of superparamagnetic iron oxide nanoparticles
(SPIONS) into exosomes permits visualisation by MRI. This
offers anatomical mapping of

high-resolution exosome

localisation in brain tissues (155).

8.3 Evidence of CNS accumulation and
specificity

Several preclinical studies have confirmed the ability of
engineered exosomes to cross the BBB and selectively target
CNS pathogens. RVG-modified exosomes delivering anti-HIV
siRNA showed specific uptake by HIV-infected microglia and
reduced viral replication in the CNS. In Cryptococcus infection
models, mannose-modified exosomes loaded with amphotericin
B localised preferentially to infected meninges and reduced
fungal burden significantly. Exosomes tagged with T. gondii-
specific aptamers demonstrated high specificity for parasitic
cysts in the brain and suppressed cystogenesis when carrying
gene-silencing cargo (156). This review again shows that
optimising delivery routes and surface engineering are
important for getting targeted therapy, reducing off-target
effects, and increasing the therapeutic index in CNS infections.
By carefully choosing the right ways to give exosomes and doing
precise molecular engineering, we may get them to the CNS
areas more effectively. Modern tracking technology gives us
much information about how exosomes move through the body
and where they go. These new ideas make using exosome-based
medicines in clinical settings possible to treat hard-to-treat brain

infections (157).

9 Translational and clinical
considerations

Exosome-based therapies show great potential for CNS
infections; however, their clinical application faces substantial
technical, regulatory, and manufacturing impacts. Despite
preclinical progress, there are no approved therapies due to a
number of issues, including logistical challenges with bulk
production, safety verification, regulatory issues, and undefined

quality control measures (8).

9.1 Scalability and manufacturing
challenges

Exosome production remains difficult to scale reproducibly,
with yields varying by donor cell type, culture conditions, and
passage number. Although bioreactors and tangential flow
filtration (TFF)
ultracentrifugation

improve yield and purity compared to
batch-to-batch

reproducibility and GMP-compliant release criteria (identity,

or precipitation,

purity, potency) are not yet standardized (180).
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9.2 Immunogenicity and safety profiles

While generally considered biocompatible, engineered or

allogeneic exosomes may carry PAMPs or inflammatory
molecules that raise immunogenicity concerns (181). PEGylation
and membrane engineering (e.g., CD47 expression) can mitigate
risk, but regulators require extensive long-term toxicology,
biodistribution, and off-target data. Preclinical reports of low
toxicity for exosome-based siRNA, CRISPR, or antifungal
delivery (158) remain too limited in scale to satisfy clinical

standards (159).

9.3 Regulatory landscape and clinical trials

Exosome therapies fall into a gray zone between biologics, cell-
derived products, and nanomedicine, complicating approval
pathways. Regulatory agencies (FDA, EMA, CDSCO) demand
source traceability, sterility, reproducible characterization, and
validated potency assays. Although early-phase trials in cancer
and neurodegeneration demonstrate safety and CNS targeting,
no product has yet been approved for CNS infections, reflecting
the regulatory bottlenecks (160).

9.4 GMP compliance and quality control

Currently, no harmonized GMP standards exist for exosome
therapeutics. Key analytical markers—particle size (30-150 nm),
zeta potential, protein cargo (CD9, CD63, CD81), and RNA
content—are inconsistently applied, and robust potency assays
are undeveloped. Lack of clear release specifications and
validated QC assays for clinical-grade exosomes remains a
critical barrier to regulatory approval (161). Also, the challenge
of batch-to-batch consistency requires stringent protocols for
donor cell characterisation, culture conditions, and post-
processing storage (e.g., lyophilisation, cryopreservation). Like
Quality Control Technologies are Nanoparticle tracking analysis
(NTA), Western blotting and flow cytometry for surface
markers (CD63, CD81, CD9) and High-throughput RNA

sequencing for transcript cargo profiling (162).

9.5 Toward personalised medicine and
point-of-care delivery

Exosome platforms hold significant promise for individualised
therapies, especially in settings where rapid, tailored interventions
are needed:

9.5.1 Personalised drug delivery

Exosomes from patients could contain gene-editing tools or
targeting ligands that are distinct to each patient. This would
lower immune responses and make the treatment more effective.
This method could help get rid of latent reservoirs with great
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CNS
toxoplasmic encephalitis.

accuracy  in illnesses  like  neuroHIV  or

9.5.2 Point-of-care potential

Modular bioreactors and lab-on-chip separation devices could
be used to make portable production and management systems
that can be used on-site. This is especially important in areas
with few resources or many disease outbreaks, where treatments
need to be given quickly. The journey from bench to bedside
for exosome-based therapies targeting brain infections is
promising but complex. Addressing scalability, immunogenicity,
GMP compliance, and regulatory alignment is essential to
unlock the full therapeutic potential of this platform. Advances
in standardisation, automation, and personalised approaches will
accelerate clinical translation and open new avenues for treating
challenging CNS infections with precision and safety (163).

10 Limitations of exosome-based
delivery

Exosome-based delivery platforms have many technical
challenges that prevent clinical translation. One of the biggest
challenges is batch-to-batch variability, since vyield, cargo
composition, and functional activity are dependent on cell
source, culture conditions, and scale-up process, making it
difficult to get reproducible results. In addition, exosome
preparations may be contaminated with other forms of
extracellular vesicles (microvesicles, apoptotic bodies) and non-
vesicular biomolecules, such as protein aggregates, lipoproteins,
and RNA-protein complexes, making functional assessment
complicated and figuring out dosage issues difficult and raising
(164). Additionally, lack of

standardized isolation and purification methods. The most

safety concerns there is a
routinely used approaches for isolating and purifying exosomes

include  ultracentrifugation,  precipitation,  size-exclusion
chromatography, and tangential flow filtration. Each of these
methods yields different amounts of exosomes with differing
levels of purity and different scalability, and no agreement on
how to create clinical-grade protocols (165). Lastly, quality
control and potency assays are underdeveloped, and the
commonly used exosome markers (CD9, CD63, CD81) reveal
identity, but do not measure therapeutic efficacy. These issues—
variability, contamination, non-standardized purification, and
potency assays—are all significant barriers that need to be
overcome if we are to translate exosome therapeutics into

clinical use (109).

11 Future perspectives and research
directions

The area of medication delivery using exosomes is moving
quickly forward and can potentially change how we diagnose
and treat diseases. However, a few important areas still need
more research to completely understand what exosomes can do,
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especially in complicated illnesses, including the central nervous
system (CNS), cancer, and infectious disorders. We must also
plan how exosome research and clinical translation will go over
the next ten years (51, 166).

11.1 Mechanistic insights into exosome-—
pathogen interactions

One critical area of future research involves elucidating the

cellular mechanisms underlying
inhibit or
pathogen dissemination by serving as decoys or carriers.
Understanding: How viruses like HIV, SARS-CoV-2, or Zika
the

(miRNAs, proteins, lipids) in modulating immune responses,

molecular and exosome-

pathogen interactions. Exosomes can facilitate

exploit exosomal pathways, role of exosomal cargo
Host-pathogen communication through exosomal signaling, will
not only improve our comprehension of disease progression but
may also enable the repurposing of exosomes as anti-viral or
antimicrobial delivery tools. High-resolution proteomics and
RNA be

instrumental in uncovering these mechanisms (166).

single-exosome sequencing  technologies  will

11.2 Synthetic exosomes and hybrid
delivery systems

Natural exosomes are safe for living things, but they have
problems with scalability, heterogeneity, and loading cargo
efficiently. So, people have been paying attention to the rise of
(or These
manufactured structures copy the physical and biological

synthetic ~ exosomes biomimetic  vesicles).
properties of natural exosomes, which allow changes in their
composition and surface in a regulated way, encapsulate drugs
more effectively and precisely, and make them more stable and
last longer. Hybrid technologies, including exosome-liposome
hybrids the

advantage engineered

or exosome-coated nanoparticles, also have

of targeting naturally and having
functionality. These platforms may prove especially useful in
crossing the blood-brain barrier (BBB) or targeting hard-to-

reach tissues (167).

11.3 Integration with Al-driven exosome
design, Bio printing, and organ-on-chip
models

The integration of computational biology and Artificial

intelligence (AI) is being increasingly used in exosome
engineering, including cargo loading, surface modification,
targeting, and quality control. Machine learning can help predict
the most efficient encapsulation of RNA or drug; while there are
programs (e.g., with AlphaFold) that could assist with designing
ligands or peptides for improved targeting toward the brain
(168). For example, Al-guided optimization of miRNA loading

for glioblastoma treatment, as well also computational docking,
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were used to support engineering RVG-tagged exosomes that can
cross the blood-brain barrier (169). AI has also made patient-
specific predictions by analyzing exosomal biomarkers and
supporting personalized medicine. Next generation, Al-driven
imaging is expected to improve reproducibility and the quality
of evidence that goes into manufacturing. The incorporation of
robotics for liquid handling and integrating AI with high-
throughput screening and design may help lead to more
efficient scaled-up exosome-based therapies for clinical use
(170). Moreover, 3D bio printing can aid in fabricating
exosome-loaded scaffolds for regenerative applications, such as
neural repair or cardiac tissue engineering. Alongside this,
organ-on-chip platforms (like brain-on-chip or liver-on-chip)
are being developed to mimic in vivo environments, providing a
of
therapeutics, including toxicity and permeability studies (171).

more accurate preclinical assessment exosome-based

11.4 Combinatorial therapeutic approaches

Combinatory Medicines Combinatory medicines refer to
that that work
synergistically, have better resistance profiles, or are less toxic

therapies include two or more agents

than monotherapies. This approach is increasingly important in

multifactorial ~diseases including cancer, infections, and
neurological disorders with multiple therapeutic targets (172).
For instance, chemotherapy plus immunotherapy (e.g., PD-1
inhibitor plus paclitaxel) has demonstrated improved survival
rates in patients with non-small cell lung cancer (173). In
therapy (ART)

combination therapies that target different stages of the HIV life

infectious diseases, antiretroviral involves
cycle to reduce viral resistance. The use of a multiple-drug
regimen to treat tuberculosis (isoniazid, rifampicin, ethambutol,
pyrazinamide) is essential to ensure resistant strains do not
develop and to ensure that patients ultimately receive a curative
treatment (174). In the neurological context, levo-dopa with
carbidopa used as a co-medication in Parkinson’s disease (PD)
to increase efficacy and decrease undesirable systemic side
effects. There is ongoing research into co-delivery of drugs (e.g.,
doxorubicin with siRNA) via various delivery vehicles including
nanoparticles or exosomes to improve delivery targeting and

maximize therapeutic outcomes (24, 25, 175).

11.5 Standardisation, regulatory
advancements, and clinical translation

While the exosome engineering for targeted therapy for brain-
infecting pathogens is promising, the clinical application of
exosomes still requires standardised isolation, characterisation,
and storage protocols (176). Therefore, future research could
focus on creating potency tests and quality control measures for
clinical-grade exosomes, setting up production lines that follow
good manufacturing practices (GMP), and making rules for
making synthetic or hybrid exosome compositions. Long-term
clinical trials are also necessary to determine the long-term
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safety, immunogenicity, and therapeutic results of exosome-
based therapeutics in different patient groups. Exosome research
is at a crucial point, with progress in several fields coming
together to realise their therapeutic potential fully (158). Future
work should harness molecular tools, delivery approaches, and
translational challenges, using synthetic biology, nanotechnology
and Al to enhance targeting, scalability, and safety for exosome
based therapies for brain pathogens. As the area grows, it will be
important to deal with mechanistic gaps, translational obstacles,
and regulatory hurdles to successfully move from bench to
bedside (177, 178).

12 Conclusion

Exosome engineering represents a paradigm shift in targeted
drug delivery, particularly for challenging conditions like central
nervous system (CNS) infections. These infections—including
viral encephalitis, bacterial meningitis, fungal neuroinfections,
and parasitic diseases—are often life-threatening and difficult to
treat due to the presence of the blood-brain barrier (BBB),
which limits the entry of most therapeutics into the brain. One
of the most remarkable attributes of exosomes is their innate
ability to traverse the BBB, a property not shared by many
conventional drug delivery vehicles. This makes them uniquely
equipped to deliver therapeutic agents directly to infected or
inflamed brain tissues. Furthermore, exosomes can be
engineered to carry customised cargo, such as: anti-viral or anti-
bacterial drugs, Anti-inflammatory molecules, Small interfering
RNA (siRNA), microRNA (miRNA), or mRNA, Proteins or
peptides  that host These

capabilities allow exosomes to act as passive carriers and

modulate immune responses.
bioactive modulators of the host-pathogen interface. Their
biocompatibility, low immunogenicity, and ability to mimic
communication further enhance their

natural intercellular

potential as delivery platforms for CNS-targeted therapy.
Additionally, exosomes can be derived from various cell types—
such as dendritic cells, macrophages, mesenchymal stem cells, or
even brain endothelial cells—to fine-tune their surface markers
and targeting properties. When engineered with specific ligands
or surface peptides, they can achieve cell-type-specific delivery,
reducing off-target effects and increasing therapeutic precision.
Despite these advantages, the field must overcome several
translational challenges, including: Scalable and reproducible
manufacturing, Comprehensive safety profiling, regulatory
approval hurdles, and standardised characterisation protocols.
Nevertheless,

with continued progress in nanotechnology,

synthetic biology, and systems pharmacology, integrating

exosome-based therapies into clinical practice appears

increasingly feasible. Exosome engineering holds tremendous
promise for transforming the treatment landscape of CNS
infections. By enabling precision-targeted delivery, promoting
host-pathogen modulation, and facilitating cross-BBB drug
transport, exosomes are poised to become next-generation
therapeutic vectors. A key strength of exosome engineering lies
in its adaptability to By

pathogen-specific  challenges.
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considering where pathogens reside (e.g., microglia, neurons,
meninges), how they persist (latency, cyst formation, immune
evasion), and which surface markers they express, exosome
platforms can be rationally tailored to deliver precise therapeutic
payloads. This pathogen-focused approach not only enhances
therapeutic efficacy but also reduces off-target effects,
positioning exosomes as uniquely suited for tackling diverse
CNS infections. As interdisciplinary collaborations expand and
mechanistic understanding deepens, exosome-based therapies
could redefine how we approach and manage complex

neuroinfectious  diseases, potentially improving patient

outcomes worldwide.

Author contributions

HO: Validation, Methodology,
Visualization, Resources, Data curation, Software, Investigation,

Conceptualization,

Writing - review & editing, Project administration, Formal
analysis, Writing - original draft. SN: Project administration,
Data curation, Writing - original draft, Formal analysis,
Investigation, Software, Conceptualization, Resources, Writing —
review & editing. CT: Methodology, Software, Writing — review
& editing, Investigation, Writing - original draft, Resources,
Data curation, Project administration, Formal analysis. KA: Data
curation, Investigation, Methodology, Software, Writing — review
& editing, Resources, Project administration, Writing - original
draft, Formal analysis. YC: Software, Methodology, Writing —
original draft, Investigation, Formal analysis, Conceptualization,
Project administration, Data curation, Resources, Writing -
review & editing, Supervision.

References

1. Zhang H, Cheng X. Various brain-eating amoebae: the protozoa, the
pathogenesis, and the disease. Front Med. (2021) 15(6):842-66. doi: 10.1007/
511684-021-0865-2

2. Onohuean H, Akiyode AO, Akiyode O, Igbinoba SI, Alagbonsi AL Epidemiology
of neurodegenerative diseases in the east African region: a meta-analysis. Front
Neurol. (2022) 13(November):1024004. doi: 10.3389/fneur.2022.1024004

3. Galea I. The blood-brain barrier in systemic infection and inflammation. Cell
Mol Immunol. (2021) 18(11):2489-501. doi: 10.1038/s41423-021-00757-x

4. Patabendige A, Janigro D. The role of the blood-brain barrier during
neurological disease and infection. Biochem Soc Trans. (2023) 51(2):613-26.
doi: 10.1042/BST20220830

5. Mehdizadeh S, Mamaghani M, Hassanikia S, Pilehvar Y, Ertas YN. Exosome-
powered neuropharmaceutics: unlocking the blood-brain barrier for next-gen
therapies. ] Nanobiotechnol. (2025) 23(1):329. doi: 10.1186/s12951-025-03352-8

6. Loch-Neckel G, Matos AT, Vaz AR, Brites D. Challenges in the development of
drug delivery systems based on small extracellular vesicles for therapy of brain
diseases. Front Pharmacol. (2022) 13(March):839790. doi: 10.3389/fphar.2022.839790

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

8. Li ], Song J, Jia L, Wang M, Ji X, Meng R, et al. Exosomes in central nervous
system diseases: a comprehensive review of emerging research and clinical
frontiers. Biomolecules. (2024) 14(12):1519. doi: 10.3390/biom14121519

9. Lee EC, Choi D, Lee D-H, Oh JS. Engineering exosomes for CNS disorders:
advances, challenges, and therapeutic potential. Int J Mol Sci. (2025) 26(7):3137.
doi: 10.3390/ijms26073137

Frontiers in Medical Technology

16

10.3389/fmedt.2025.1655471

Funding

The author(s) declare that no financial support was received
for the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever
possible. If you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

10. Jangra N, Singla A, Puri V, Dheer D, Chopra H, Malik T, et al. Herbal bioactive-
loaded biopolymeric formulations for wound healing applications. RSC Adv. (2025)
15(16):12402-42. doi: 10.1039/D4RA08604]

11. Huang X, Li A, Xu P, Yu Y, Li §, Hu L, et al. Current and prospective strategies
for advancing the targeted delivery of CRISPR/cas system via extracellular vesicles.
] Nanobiotechnol. (2023) 21(1):184. doi: 10.1186/s12951-023-01952-w

12. Al-Obaidi MM]J, Bahadoran A, Wang SM, Manikam R, Raju CS, Sekaran SD.
Disruption of the blood brain barrier is vital property of neurotropic viral
infection of the central nervous system. Acta Virol. (2018) 62(01):16-27. doi: 10.
4149/av_2018_102

13. Kovacs ZI, Kim S, Jikaria N, Qureshi F, Milo B, Lewis BK, et al. Disrupting the
blood-brain barrier by focused ultrasound induces sterile inflammation. Proc Natl
Acad Sci USA. (2017) 114(1):E75-E84. doi: 10.1073/pnas.1614777114

14. Ruan S, Zhou Y, Jiang X, Gao H. Rethinking CRITID procedure of brain
targeting drug delivery: circulation, blood brain barrier recognition, intracellular
transport, diseased cell targeting, internalization, and drug release. Adv Sci. (2021)
8(9):2004025. doi: 10.1002/advs.202004025

15. Chen L, Feng Z, Yuan G, Emerson CC, Stewart PL, Ye F, et al. Human
immunodeficiency virus-associated exosomes promote kaposi’s sarcoma-associated
herpesvirus infection via the epidermal growth factor receptor. J Virol. (2020)
94(9):¢01782-19. doi: 10.1128/JV1.01782-19

16. Luo H, Chen J, Liu J, Wang W, Hou C, Jiang X, et al. Bridging brain and blood:
a prospective view on neuroimaging-exosome correlations in HIV-associated
neurocognitive disorders. Front Neurol. (2025) 15(January):1479272. doi: 10.3389/
fneur.2024.1479272

17. Borrajo A, Spuch C, Penedo MA, Olivares JM, Agis-Balboa RC. Important role
of microglia in HIV-1 associated neurocognitive disorders and the molecular

frontiersin.org


https://doi.org/10.1007/s11684-021-0865-2
https://doi.org/10.1007/s11684-021-0865-2
https://doi.org/10.3389/fneur.2022.1024004
https://doi.org/10.1038/s41423-021-00757-x
https://doi.org/10.1042/BST20220830
https://doi.org/10.1186/s12951-025-03352-8
https://doi.org/10.3389/fphar.2022.839790
https://doi.org/10.1038/s41392-023-01481-w
https://doi.org/10.3390/biom14121519
https://doi.org/10.3390/ijms26073137
https://doi.org/10.1039/D4RA08604J
https://doi.org/10.1186/s12951-023-01952-w
https://doi.org/10.4149/av_2018_102
https://doi.org/10.4149/av_2018_102
https://doi.org/10.1073/pnas.1614777114
https://doi.org/10.1002/advs.202004025
https://doi.org/10.1128/JVI.01782-19
https://doi.org/10.3389/fneur.2024.1479272
https://doi.org/10.3389/fneur.2024.1479272

Onohuean et al.

pathways implicated in its pathogenesis. Ann Med. (2021) 53(1):43-69. doi: 10.1080/
07853890.2020.1814962

18. Dogrammatzis C, Saleh S, Deighan C, Kalamvoki M. Diverse populations of
extracellular vesicles with opposite functions during herpes simplex virus 1
infection. J Virol. (2021) 95(6):€02357-20. doi: 10.1128/JVI1.02357-20

19. Scheiber C, Klein HC, Schneider JM, Schulz T, Bechter K, Tumani H, et al.
HSV-1 and cellular miRNAs in CSF-derived exosomes as diagnostically relevant
biomarkers for neuroinflammation. Cells. (2024) 13(14):1208. doi: 10.3390/
cells13141208

20. Bharucha T, Houlihan CF, Breuer J. Herpesvirus infections of the central
nervous system. Semin Neurol. (2019) 39(3):369-82. doi: 10.1055/5-0039-1687837

21. Xiao W, Lu H, Jiang B, Zheng Y, Chen P, Liu X, et al. Virulence factors released
by extracellular vesicles from cryptococcus neoformans. Front Cell Infect Microbiol.
(2025) 15(May):1572520. doi: 10.3389/fcimb.2025.1572520

22. Dambietz C, Heming M, Brix TJ, Schulte-Mecklenbeck A, Tepasse P-R, Gross
CG, et al. Severe CSF immune cell alterations in cryptococcal meningitis gradually
resolve during antifungal therapy. BMC Neurol. (2024) 24(1):229. doi: 10.1186/
$12883-024-03742-9

23. Zhao L-X, Sun Q, Wang C, Liu J-J, Yan X-R, Shao M-C, et al. Toxoplasma
gondii-derived exosomes: a potential immunostimulant and delivery system for
tumor immunotherapy superior to toxoplasma gondii. Int ] Nanomed. (2024)
19(November):12421-38. doi: 10.2147/1JN.S483626

24. Kovacs L, Kress TC, De Chantemeéle EJB. HIV, combination antiretroviral
therapy, and vascular diseases in men and women. JACC Basic Transl Sci. (2022)
7(4):410-21. doi: 10.1016/j.jacbts.2021.10.017

25. Kovacs MA, Cowan MN, Babcock IW, Sibley LA, Still K, Batista SJ, et al.
Meningeal lymphatic drainage promotes T cell responses against toxoplasma
gondii but is dispensable for parasite control in the brain. eLife. (2022)
11(December):e80775. doi: 10.7554/eLife.80775

26. Khatami SH, Karami N, Taheri-Anganeh M, Taghvimi S, Tondro G, Khorsand
M, et al. Exosomes: promising delivery tools for overcoming blood-brain barrier and
glioblastoma therapy. Mol Neurobiol. (2023) 60(8):4659-78. doi: 10.1007/s12035-023-
03365-0

27. Gupta A, Bansal R, Sharma A, Kapil A. Retinal and choroidal infections and
inflammation. In: Gupta A, Bansal R, Sharma A, Kapil A, editors. Ophthalmic
Signs in  Practice of Medicine. Singapore: Springer Nature Singapore
(2023). p. 205-70. doi: 10.1007/978-981-99-7923-3_10

28. Choi H, Choi K, Kim D-H, Oh B-K, Yim H, Jo S, et al. Strategies for targeted
delivery of exosomes to the brain: advantages and challenges. Pharmaceutics. (2022)
14(3):672. doi: 10.3390/pharmaceutics14030672

29. Odeh F, Nsairat H, Alshaer W, Ismail MA, Esawi E, Qagish B, et al. Aptamers
chemistry: chemical modifications and conjugation strategies. Molecules. (2019)
25(1):3. doi: 10.3390/molecules25010003

30. Zhu G, Niu G, Chen X. Aptamer-drug conjugates. Bioconjugate Chem. (2015)
26(11):2186-97. doi: 10.1021/acs.bioconjchem.5b00291

31. Fan Y, Chen Z, Zhang M. Role of exosomes in the pathogenesis, diagnosis, and
treatment of central nervous system diseases. | Transl Med. (2022) 20(1):291. doi: 10.
1186/512967-022-03493-6

32. Chen Y-F, Luh F, Ho Y-S, Yen Y. Exosomes: a review of biologic function,
diagnostic and targeted therapy applications, and clinical trials. J Biomed Sci.
(2024) 31(1):67. doi: 10.1186/512929-024-01055-0

33. McAndrews KM, Kalluri R. Mechanisms associated with biogenesis of
exosomes in cancer. Mol Cancer. (2019) 18(1):52. doi: 10.1186/s12943-019-0963-9

34. Lau NCH, Yam JWP. From exosome biogenesis to absorption: key takeaways
for cancer research. Cancers (Basel). (2023) 15(7):1992. doi: 10.3390/cancers15071992

35. Lee YJ, Shin KJ, Chae YC. Regulation of cargo selection in exosome biogenesis
and its biomedical applications in cancer. Exp Mol Med. (2024) 56(4):877-89. doi: 10.
1038/s12276-024-01209-y

36. Samanta S, Rajasingh S, Drosos N, Zhou Z, Dawn B, Rajasingh J. Exosomes:
new molecular targets of diseases. Acta Pharmacol Sin. (2018) 39(4):501-13.
doi: 10.1038/aps.2017.162

37. Kalluri R, LeBleu VS. The biology, function, and biomedical applications of
exosomes. Science (New York, N.Y.). (2020) 367(6478):eaau6977. doi: 10.1126/
science.aau6977

38. Goh WJ, Zou S, Ong WY, Torta F, Alexandra AF, Schiffelers RM, et al.
Bioinspired cell-derived nanovesicles versus exosomes as drug delivery systems: a
cost-effective alternative. Sci Rep. (2017) 7(1):14322. doi: 10.1038/s41598-017-
14725-x

39. Bunggulawa EJ, Wang W, Yin T, Wang N, Durkan C, Wang Y, et al. Recent
advancements in the use of exosomes as drug delivery systems. ] Nanobiotechnol.
(2018) 16(1):81. doi: 10.1186/s12951-018-0403-9

40. Lu M, Zhao X, Xing H, Xun Z, Zhu S, Lang L, et al. Comparison of
exosome-mimicking liposomes with conventional liposomes for intracellular
delivery of siRNA. Int ] Pharm. (2018) 550(1-2):100-13. doi: 10.1016/j.ijpharm.
2018.08.040

Frontiers in Medical Technology

17

10.3389/fmedt.2025.1655471

41. Upadhya R, Shetty AK. Extracellular vesicles for the diagnosis and treatment of
Parkinson’s disease. Aging Dis. (2021) 12(6):1438-50. doi: 10.14336/AD.2021.0516

42. Negahdaripour M, Vakili B, Nezafat N. Exosome-based vaccines and their
position in next generation vaccines. Int Immunopharmacol. (2022)
113(December):109265. doi: 10.1016/j.intimp.2022.109265

43. You Q, Liang F, Wu G, Cao F, Liu J, He Z, et al. The landscape of biomimetic
nanovesicles in brain diseases. Adv Mater. (2024) 36(7):2306583. doi: 10.1002/adma.
202306583

44. Zeng B, Li Y, Xia J, Xiao Y, Khan N, Jiang B, et al. Micro trojan horses:
engineering extracellular vesicles crossing biological barriers for drug delivery.
Bioeng Transl Med. (2024) 9(2):e10623. doi: 10.1002/btm2.10623

45. Chao T, Zhao ], Gao R, Wang H, Guo J, Gao Z, et al. Exosome surface
modification and functionalization: a narrative review of emerging technologies
and their application potential in precision medicine. Adv Technol Neurosci. (2025)
2(1):27-33. doi: 10.4103/ATN.ATN-D-24-00025

46. Matsuda Y. Current approaches for the purification of antibody-drug
conjugates. J Sep Sci. (2022) 45(1):27-37. doi: 10.1002/jss¢.202100575

47. Alas M, Saghaeidehkordi A, Kaur K. Peptide-drug conjugates with different
linkers for cancer therapy. J] Med Chem. (2021) 64(1):216-32. doi: 10.1021/acs.
jmedchem.0c01530

48. Arslan FB, Ozturk Atar K, Calis S. Antibody-mediated drug delivery. Int
J Pharm. (2021) 596(March):120268. doi: 10.1016/j.ijpharm.2021.120268

49. Soxpollard N, Strauss S, Jungmann R, MacPherson IS. Selection of antibody-
binding covalent aptamers. Commun Chem. (2024) 7(1):174. doi: 10.1038/s42004-
024-01255-7

50. Eras A, Castillo D, Sudrez M, Vispo NS, Albericio F, Rodriguez H. Chemical
conjugation in drug delivery systems. Front Chem. (2022) 10:889083. doi: 10.3389/
fchem.2022.889083

51. Fan X, Zhang Y, Liu W, Shao M, Gong Y, Wang T, et al. A comprehensive
review of engineered exosomes from the preparation strategy to therapeutic
applications. Biomater Sci. (2024) 12(14):3500-21. doi: 10.1039/d4bm00558a

52. Liu A, Yang G, Liu Y, Liu T. Research progress in membrane fusion-based
hybrid exosomes for drug delivery systems. Front Bioeng Biotechnol. (2022)
10(August):939441. doi: 10.3389/fbioe.2022.939441

53. Petroni D, Fabbri C, Babboni S, Menichetti L, Basta G, Turco SD. Extracellular
vesicles and intercellular communication: challenges for in vivo molecular imaging
and tracking. Pharmaceutics. (2023) 15(6):1639. doi: 10.3390/pharmaceutics15061639

54. Tran PHL, Xiang D, Tran TTD, Yin W, Zhang Y, Kong L, et al. Exosomes and
nanoengineering: a match made for precision therapeutics. Adv Mater. (2020)
32(18):1904040. doi: 10.1002/adma.201904040

55. Gabaran SG, Ghasemzadeh N, Rahnama M, Karatas E, Akbari A, Rezaie J.
Functionalized exosomes for targeted therapy in cancer and regenerative medicine:
genetic, chemical, and physical modifications. Cell Commun Signal. (2025)
23(1):265. doi: 10.1186/s12964-025-02268-y

56. Lee Y, Puumala E, Robbins N, Cowen LE. Antifungal drug resistance: molecular
mechanisms in Candida Albicans and beyond. Chem Rev. (2021) 121(6):3390-411.
doi: 10.1021/acs.chemrev.0c00199

57. Ahmed W, Mushtaq A, Ali S, Khan N, Liang Y, Duan L. Engineering
approaches for exosome cargo loading and targeted delivery: biological versus
chemical perspectives. ACS Biomater Sci Eng. (2024) 10(10):5960-76. doi: 10.1021/
acsbiomaterials.4c00856

58. Kanagavalli P, Alkhaldi S, Zourob M, Eissa S. SELEX-derived DNA aptamer
utilized for sensitive electrochemical biosensing of toxoplasma gondii surface
antigen 1. Int ] Biol Macromol. (2025) 310(May):143530. doi: 10.1016/j.ijbiomac.
2025.143530

59. Gioseffi A, Edelmann M]J, Kima PE. Intravacuolar pathogens hijack host
extracellular vesicle biogenesis to secrete virulence factors. Front Immunol. (2021)
12(April):662944. doi: 10.3389/fimmu.2021.662944

60. Fralick M, Schneeweiss S, Redelmeier DA, Razak F, Gomes T, Patorno E.
Comparative effectiveness and safety of sodium-glucose cotransporter-2 inhibitors
versus metformin in patients with type 2 diabetes: an observational study using
data from routine care. Diabetes Obes Metab. (2021) 23(10):2320-28. doi: 10.1111/
dom.14474

61. Furci F, Caminati M, Crisafulli E, Senna G, Gangemi S. The intriguing
possibility of using probiotics in allergen-specific immunotherapy. World Allergy
Organ J. (2023) 16(2):100751. doi: 10.1016/j.waojou.2023.100751

62. Helm BM, Landis BJ, Ware SM. Genetic evaluation of inpatient neonatal and
infantile congenital heart defects: new findings and review of the literature. Genes
(Basel). (2021) 12(8):1244. doi: 10.3390/genes12081244

63. Li J, Zheng M, Shimoni O, Banks WA, Bush AI, Gamble JR, et al. Development
of novel therapeutics targeting the blood-brain barrier: from barrier to carrier. Adv
Sci. (2021) 8(16):¢2101090. doi: 10.1002/advs.202101090

64. Kuipers ME, Hokke CH, Smits HH, Nolte-‘t Hoen ENM. Pathogen-Derived
extracellular vesicle-associated molecules that affect the host immune system: an
overview. Front Microbiol. (2018) 9(September):2182. doi: 10.3389/fmicb.2018.02182

frontiersin.org


https://doi.org/10.1080/07853890.2020.1814962
https://doi.org/10.1080/07853890.2020.1814962
https://doi.org/10.1128/JVI.02357-20
https://doi.org/10.3390/cells13141208
https://doi.org/10.3390/cells13141208
https://doi.org/10.1055/s-0039-1687837
https://doi.org/10.3389/fcimb.2025.1572520
https://doi.org/10.1186/s12883-024-03742-9
https://doi.org/10.1186/s12883-024-03742-9
https://doi.org/10.2147/IJN.S483626
https://doi.org/10.1016/j.jacbts.2021.10.017
https://doi.org/10.7554/eLife.80775
https://doi.org/10.1007/s12035-023-03365-0
https://doi.org/10.1007/s12035-023-03365-0
https://doi.org/10.1007/978-981-99-7923-3_10
https://doi.org/10.3390/pharmaceutics14030672
https://doi.org/10.3390/molecules25010003
https://doi.org/10.1021/acs.bioconjchem.5b00291
https://doi.org/10.1186/s12967-022-03493-6
https://doi.org/10.1186/s12967-022-03493-6
https://doi.org/10.1186/s12929-024-01055-0
https://doi.org/10.1186/s12943-019-0963-9
https://doi.org/10.3390/cancers15071992
https://doi.org/10.1038/s12276-024-01209-y
https://doi.org/10.1038/s12276-024-01209-y
https://doi.org/10.1038/aps.2017.162
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1038/s41598-017-14725-x
https://doi.org/10.1038/s41598-017-14725-x
https://doi.org/10.1186/s12951-018-0403-9
https://doi.org/10.1016/j.ijpharm.2018.08.040
https://doi.org/10.1016/j.ijpharm.2018.08.040
https://doi.org/10.14336/AD.2021.0516
https://doi.org/10.1016/j.intimp.2022.109265
https://doi.org/10.1002/adma.202306583
https://doi.org/10.1002/adma.202306583
https://doi.org/10.1002/btm2.10623
https://doi.org/10.4103/ATN.ATN-D-24-00025
https://doi.org/10.1002/jssc.202100575
https://doi.org/10.1021/acs.jmedchem.0c01530
https://doi.org/10.1021/acs.jmedchem.0c01530
https://doi.org/10.1016/j.ijpharm.2021.120268
https://doi.org/10.1038/s42004-024-01255-7
https://doi.org/10.1038/s42004-024-01255-7
https://doi.org/10.3389/fchem.2022.889083
https://doi.org/10.3389/fchem.2022.889083
https://doi.org/10.1039/d4bm00558a
https://doi.org/10.3389/fbioe.2022.939441
https://doi.org/10.3390/pharmaceutics15061639
https://doi.org/10.1002/adma.201904040
https://doi.org/10.1186/s12964-025-02268-y
https://doi.org/10.1021/acs.chemrev.0c00199
https://doi.org/10.1021/acsbiomaterials.4c00856
https://doi.org/10.1021/acsbiomaterials.4c00856
https://doi.org/10.1016/j.ijbiomac.2025.143530
https://doi.org/10.1016/j.ijbiomac.2025.143530
https://doi.org/10.3389/fimmu.2021.662944
https://doi.org/10.1111/dom.14474
https://doi.org/10.1111/dom.14474
https://doi.org/10.1016/j.waojou.2023.100751
https://doi.org/10.3390/genes12081244
https://doi.org/10.1002/advs.202101090
https://doi.org/10.3389/fmicb.2018.02182

Onohuean et al.

65. Premchandani T, Tatode A, Taksande J, Umekar M, Qutub M, Hussain UM,
et al. Engineered exosomes as smart drug carriers: overcoming biological barriers
in CNS and cancer therapy. Drugs Drug Candidates. (2025) 4(2):19. doi: 10.3390/
ddc4020019

66. Liang Y, Duan L, Lu ], Xia J. Engineering exosomes for targeted drug delivery.
Theranostics. (2021) 11(7):3183-95. doi: 10.7150/thno.52570

67. Sharma D, Srivastava S, Babu MR. Precision exosome engineering for
neurological therapeutics: molecular mechanisms and targeted strategies. Mol Biol
Rep. (2025) 52(1):518. doi: 10.1007/s11033-025-10639-4

68. Zhu Z, Zhai Y, Hao Y, Wang Q, Han F, Zheng W, et al. Specific anti-glioma
targeted-delivery ~strategy of engineered small extracellular vesicles dual-
functionalised by Angiopep-2 and TAT peptides. ] Extracell Vesicles. (2022) 11(8):
e12255. doi: 10.1002/jev2.12255

69. Liu S, Jin X, Ge Y, Dong J, Liu X, Pei X, et al. Advances in brain-targeted
delivery strategies and natural product-mediated enhancement of blood-brain
barrier permeability. ] Nanobiotechnol. (2025) 23(1):382. doi: 10.1186/s12951-025-
03415-w

70. Heidarzadeh M, Gﬁrsoy—Ozdemir Y, Kaya M, Eslami Abriz A, Zarebkohan A,
Rahbarghazi R, et al. Exosomal delivery of therapeutic modulators through the
blood-brain barrier; promise and pitfalls. Cell Biosci. (2021) 11(1):142. doi: 10.
1186/s13578-021-00650-0

71. Ramos-Zaldivar HM, Polakovicova I, Salas-Huenuleo E, Corvalin AH, Kogan
M]J, Yefi CP, et al. Extracellular vesicles through the blood-brain barrier: a review.
Fluids Barriers CNS. (2022) 19(1):60. doi: 10.1186/s12987-022-00359-3

72. Thomas J, Sinclair D, Chai J, Lu Y-J. The development and applications of
circulating tumour cells, circulating tumour DNA and other emerging biomarkers
for early cancer detection. Explor Target Antitumor Ther. (2025) 6:1002314.
doi: 10.37349/etat.2025.1002314

73.Li H, Liu J, Wang H, Xu C, Shi G, Zhao J, et al. Biomimetic exosome harnessing
exosomal lipidomics and functional proteins for PEDF-pDNA delivery in high
altitude pulmonary edema intervention. J Controlled Release. (2025)
379(March):652-77. doi: 10.1016/j.jconrel.2025.01.033

74. Li Y, Liu R, Zhao Z. Targeting brain drug delivery with macromolecules
through receptor-mediated transcytosis. Pharmaceutics. (2025) 17(1):109. doi: 10.
3390/pharmaceutics17010109

75. Talwar P, Saha P, Mohan A, Subramaniyan Divya A, Ravanan P. Drug delivery
to the brain using endocytic receptors as carriers. In: Mani I, editor. The Receptors
Neuroreceptor Endocytosis and Signaling in Health and Disease. Cham: Springer
Nature Switzerland (2025), Vol. 2, p. 435-56. doi: 10.1007/978-3-031-81991-9_19

76. Susa F, Arpicco S, Pirri CF, Limongi T. An overview on the physiopathology of
the blood-brain barrier and the lipid-based nanocarriers for central nervous system
delivery. Pharmaceutics. (2024) 16(7):849. doi: 10.3390/pharmaceutics16070849

77. Yu Y, Li W, Mao L, Peng W, Long D, Li D, et al. Genetically engineered
exosomes display RVG peptide and selectively enrich a neprilysin variant: a
potential formulation for the treatment of Alzheimer’s disease. ] Drug Targeting.
(2021) 29(10):1128-38. doi: 10.1080/1061186X.2021.1929257

78. Fatima S, Qaiser A, Andleeb S, Hashmi AH, Manzoor S. Navigating the brain:
the role of exosomal shuttles in precision therapeutics. Front Neurol. (2024)
14(January):1324216. doi: 10.3389/fneur.2023.1324216

79. Istrate R-IR, Rosioru V-V, Petcu LC, Rugina S. Considerations over cerebral
toxoplasmosis and other cerebral disorders in HIV-infected patients. ARS Medica
Tomitana. (2024) 30(1):6-11. doi: 10.2478/arsm-2024-0002

80. Vidal JE, Duarte-Neto AN, Chow FC, Seixas Duarte MI. Does ‘Toxoplasma
Abscess’ properly describe brain lesions caused by Toxoplasma Gondii? Clin Infect
Dis. (2025) 80(5):1171-72. doi: 10.1093/cid/ciae463

81. Dian S, Ganiem AR, Ekawardhani S. Cerebral toxoplasmosis in HIV-infected
patients: a review. Pathog Glob Health. (2023) 117(1):14-23. doi: 10.1080/20477724.
2022.2083977

82. Bonato FCS, Rivero RLM, Garcia HH, Vidal JE. Calcified cerebral
toxoplasmosis associated with recurrent perilesional edema causing neurological
manifestations in an HIV-infected individual: case report with a decade-long
follow-up. Rev Inst Med Trop Sdo Paulo. (2024) 66:15. doi: 10.1590/s1678-
9946202466015

83. Li C, Guan N, Liu F. T7 peptide-decorated exosome-based nanocarrier system
for delivery of galectin-9 siRNA to stimulate macrophage repolarization in
glioblastoma. J Neuro-Oncol. (2023) 162(1):93-108. doi: 10.1007/s11060-023-04257-y

84. Huang B, Abedi M, Ahn G, Coventry B, Sappington I, Tang C, et al. Designed
endocytosis-inducing proteins degrade targets and amplify signals. Nature. (2025)
638(8051):796-804. doi: 10.1038/s41586-024-07948-2

85. Qiao L, Du X, Wang H, Wang Z, Gao S, Zhao C-Q. Research progress on the
strategies for crossing the blood-brain barrier. Mol Pharm. (2024) 21(10):4786-803.
doi: 10.1021/acs.molpharmaceut.4c00447

86. Savage SR, Yi X, Lei JT, Wen B, Zhao H, Liao Y, et al. Pan-Cancer
proteogenomics expands the landscape of therapeutic targets. Cell. (2024)
187(16):4389-4407.e15. doi: 10.1016/j.cell.2024.05.039

Frontiers in Medical Technology

18

10.3389/fmedt.2025.1655471

87. KP AU, Anil AR, Nair SC, Kanthlal SK. Nanoparticle-based approaches for
vascular  inflammation in managing hypertension: advancing molecular
mechanisms and treatment strategies. Drug Deliv Transl Res. (2025) ahead of print,
June 10. doi: 10.1007/s13346-025-01881-1

88. Geng M, Chang Y, Li Z. Technologies for EV surface modification and its
application in targeted therapy. In: Li Z, editor. Extracellular Vesicle: Biology and
Translational Application. Singapore: Springer Nature Singapore (2024). doi: 10.
1007/978-981-97-5536-3_5

89. Liu Y, Lu X, Chen M, Wei Z, Peng G, Yang J, et al. Advances in screening,
synthesis, modification, and biomedical applications of peptides and peptide
aptamers. BioFactors. (2024) 50(1):33-57. doi: 10.1002/biof.2001

90. Liu Z, Cheng L, Cao W, Shen C, Qiu Y, Li C, et al. Present and future use of
exosomes containing proteins and RNAs in neurodegenerative diseases for synaptic
function regulation: a comprehensive review. Int ] Biol Macromol. (2024)
280(November):135826. doi: 10.1016/j.ijbiomac.2024.135826

91. Lu L, Xie M, Yang B, Zhao W-b, Cao J. Enhancing the safety of CAR-T cell
therapy: synthetic genetic switch for spatiotemporal control. Sci Adv. (2024) 10(8):
eadj6251. doi: 10.1126/sciadv.adj6251

92. Aslan C, Zolbanin NM, Faraji F, Jafari R. Exosomes for CRISPR-Cas9 delivery:
the cutting edge in genome editing. Mol Biotechnol. (2024) 66(11):3092-116. doi: 10.
1007/s12033-023-00932-7

93. Hu D, Luo R, Liang R, Wang L, Liang L, Si HB, et al. Research progress of
ApiAP2 transcription factors in regulating the growth and development of
Toxoplasma Gondii. Sci Agric Sin. (2024) 57(13):2687-97. doi: 10.3864/j.issn.0578-
1752.2024.13.015

94. Hu Z, Qian S, Zhao Q, Lu B, Lu Q, Wang Y, et al. Engineering strategies for
apoptotic bodies. Smart Med. (2024) 3(3):€20240005. doi: 10.1002/SMMD.20240005

95. Xu S, Liu K, Qian S, Wu J, Hu J, Zhou D, et al. Mechanism of tau protein
incorporation into exosomes via cooperative recognition of KFERQ-like motifs by
LAMP2A and HSP70. Neurochem Int. (2025) 186(June):105976. doi: 10.1016/j.
neuint.2025.105976

96. Fu G-Q, Wang Y-Y, Xu Y-M, Bian M-M, Zhang L, Yan H-Z, et al. Exosomes
derived from vMIP-II-Lamp2b gene-modified M2 cells provide neuroprotection by
targeting the injured spinal cord, inhibiting chemokine signals and modulating
microglia/macrophage polarization in mice. Exp Neurol. (2024) 377(July):114784.
doi: 10.1016/j.expneurol.2024.114784

97. Song S, Shim MK, Lim S, Moon Y, Yang S, Kim J, et al. In situ one-step
fluorescence labeling strategy of exosomes via bioorthogonal click chemistry for
real-time exosome tracking in vitro and in vivo. Bioconjugate Chem. (2020)
31(5):1562-74. doi: 10.1021/acs.bioconjchem.0c00216

98. Murer P, Brannetti B, Rondeau J-M, Petersen L, Egli N, Popp S, et al. Discovery
and development of ANV419, an IL-2/anti-IL-2 antibody fusion protein with potent
CD8+ T and natural killer cell-stimulating capacity for cancer immunotherapy. mAbs.
(2024) 16(1):2381891. doi: 10.1080/19420862.2024.2381891

99. Guzman-Flores JM, Martinez-Esquivias F, Alviz-Amador A, Avilés-Rodriguez
GT, Garcia-Azuela MF. Exploring cannabidiol’s therapeutic role in colorectal
cancer: network pharmacology and molecular docking insights. Sci Pharm. (2025)
93(1):12. doi: 10.3390/scipharm93010012

100. Szyk P, Czarczynska-Goslinska B, Ziegler-Borowska M, Larrosa I, Goslinski T.
Sorafenib—drug delivery strategies in primary liver cancer. J Funct Biomater. (2025)
16(4):148. doi: 10.3390/jtb16040148

101. Ragab SS. Signature of click chemistry in advanced techniques for cancer
therapeutics. RSC Adv. (2025) 15(14):10583-601. doi: 10.1039/D5RA01196E

102. Ciferri MC, Bruno S, Rosenwasser N, Gorgun C, Reverberi D, Gagliani MC,
et al. Correction to ‘Standardized method to functionalize plasma-extracellular
vesicles via copper-free click chemistry for targeted drug delivery strategies’. ACS
Appl Bio Mater. (2024) 7(8):5780-5780. doi: 10.1021/acsabm.4c00890

103. Fu P, Yin S, Cheng H, Xu W, Jiang J. Engineered exosomes for drug delivery in
cancer therapy: a PromisingApproach and application. Curr Drug Delivery. (2024)
21(6):817-27. doi: 10.2174/1567201820666230712103942

104. Yang Q, Li S, Ou H, Zhang Y, Zhu G, Li S, et al. Exosome-based delivery
strategies for tumor therapy: an update on modification, loading, and clinical
application. ] Nanobiotechnol. (2024) 22(1):41. doi: 10.1186/s12951-024-02298-7

105. Yang S, Sun Y, Liu W, Zhang Y, Sun G, Xiang B, et al. Exosomes in glioma:
unraveling their roles in progression, diagnosis, and therapy. Cancers (Basel). (2024)
16(4):823. doi: 10.3390/cancers16040823

106. Li K, Zhang Q. Eliminating the HIV tissue reservoir: current
strategies and challenges. Infect Dis. (2024) 56(3):165-82. doi: 10.1080/23744235.
2023.2298450

107. Gu J, You J, Liang H, Zhan ], Gu X, Zhu Y. Engineered bone marrow
mesenchymal stem cell-derived exosomes loaded with miR302 through the
cardiomyocyte specific peptide can reduce myocardial ischemia and reperfusion (I/
R) injury. J Transl Med. (2024) 22(1):168. doi: 10.1186/5s12967-024-04981-7

108. Mukerjee N, Sonar S. Signature of click chemistry in exosome modification for
cancer therapeutic. Clin Transl Discov. (2024) 4(4):e335. doi: 10.1002/ctd2.335

frontiersin.org


https://doi.org/10.3390/ddc4020019
https://doi.org/10.3390/ddc4020019
https://doi.org/10.7150/thno.52570
https://doi.org/10.1007/s11033-025-10639-4
https://doi.org/10.1002/jev2.12255
https://doi.org/10.1186/s12951-025-03415-w
https://doi.org/10.1186/s12951-025-03415-w
https://doi.org/10.1186/s13578-021-00650-0
https://doi.org/10.1186/s13578-021-00650-0
https://doi.org/10.1186/s12987-022-00359-3
https://doi.org/10.37349/etat.2025.1002314
https://doi.org/10.1016/j.jconrel.2025.01.033
https://doi.org/10.3390/pharmaceutics17010109
https://doi.org/10.3390/pharmaceutics17010109
https://doi.org/10.1007/978-3-031-81991-9_19
https://doi.org/10.3390/pharmaceutics16070849
https://doi.org/10.1080/1061186X.2021.1929257
https://doi.org/10.3389/fneur.2023.1324216
https://doi.org/10.2478/arsm-2024-0002
https://doi.org/10.1093/cid/ciae463
https://doi.org/10.1080/20477724.2022.2083977
https://doi.org/10.1080/20477724.2022.2083977
https://doi.org/10.1590/s1678-9946202466015
https://doi.org/10.1590/s1678-9946202466015
https://doi.org/10.1007/s11060-023-04257-y
https://doi.org/10.1038/s41586-024-07948-2
https://doi.org/10.1021/acs.molpharmaceut.4c00447
https://doi.org/10.1016/j.cell.2024.05.039
https://doi.org/10.1007/s13346-025-01881-1
https://doi.org/10.1007/978-981-97-5536-3_5
https://doi.org/10.1007/978-981-97-5536-3_5
https://doi.org/10.1002/biof.2001
https://doi.org/10.1016/j.ijbiomac.2024.135826
https://doi.org/10.1126/sciadv.adj6251
https://doi.org/10.1007/s12033-023-00932-7
https://doi.org/10.1007/s12033-023-00932-7
https://doi.org/10.3864/j.issn.0578-1752.2024.13.015
https://doi.org/10.3864/j.issn.0578-1752.2024.13.015
https://doi.org/10.1002/SMMD.20240005
https://doi.org/10.1016/j.neuint.2025.105976
https://doi.org/10.1016/j.neuint.2025.105976
https://doi.org/10.1016/j.expneurol.2024.114784
https://doi.org/10.1021/acs.bioconjchem.0c00216
https://doi.org/10.1080/19420862.2024.2381891
https://doi.org/10.3390/scipharm93010012
https://doi.org/10.3390/jfb16040148
https://doi.org/10.1039/D5RA01196E
https://doi.org/10.1021/acsabm.4c00890
https://doi.org/10.2174/1567201820666230712103942
https://doi.org/10.1186/s12951-024-02298-7
https://doi.org/10.3390/cancers16040823
https://doi.org/10.1080/23744235.2023.2298450
https://doi.org/10.1080/23744235.2023.2298450
https://doi.org/10.1186/s12967-024-04981-7
https://doi.org/10.1002/ctd2.335

Onohuean et al.

109. Palakurthi SS, Shah B, Kapre S, Charbe N, Immanuel S, Pasham S, et al. A
comprehensive review of challenges and advances in exosome-based drug delivery
systems. Nanoscale Adv. (2024) 6(23):5803-26. doi: 10.1039/D4NA00501E

110. Torkashvand M, Rezakhani L, Habibi Z, Mikaeili A, Rahmati S. Innovative
approaches in lung tissue engineering: the role of exosome-loaded bioscaffolds in
regenerative medicine. Front Bioeng Biotechnol. (2024) 12(December):1502155.
doi: 10.3389/fbioe.2024.1502155

111. Zheng L, Li ], Li Y, Sun W, Ma L, Qu F, et al. Empowering exosomes with
aptamers for precision theranostics. Small Methods. (2024) July 5:2400551. doi: 10.
1002/smtd.202400551

112. Sekhon SS, Ahn G, Park G-Y, Park D-Y, Lee S-H, Ahn J-Y, et al. The role of
aptamer loaded exosome complexes in the neurodegenerative diseases. J Toxicol
Environ Health Sci. (2019) 11(2):85-93. doi: 10.1007/s13530-019-0392-6

113. Banik M, Ledray AP, Wu Y, Lu Y. Delivering DNA aptamers across the blood-
brain barrier reveals heterogeneous decreased ATP in different brain regions of
Alzheimer’s disease mouse models. ACS Cent Sci. (2024) 10(8):1585-93. doi: 10.
1021/acscentsci.4c00563

114. Du B, Zou Q, Wang X, Wang H, Yang X, Wang Q, et al. Multi-targeted
engineered hybrid exosomes as aP nanoscavengers and inflammatory modulators
for multi-pathway intervention in Alzheimer’s disease. Biomaterials. (2025)
322(November):123403. doi: 10.1016/j.biomaterials.2025.123403

115. Sabnam S, Kumar R, Pranav. Biofunctionalized nanomaterials for Parkinson’s
disease theranostics: potential for efficient PD biomarker detection and effective
therapy. Biomater Sci. (2025) 13(9):2201-34. doi: 10.1039/D5BM00179]

116. Chowdhury R, Eslami S, Pham CV, Rai A, Lin ], Hou Y, et al. Role of aptamer
technology in extracellular vesicle biology and therapeutic applications. Nanoscale.
(2024) 16(24):11457-79. doi: 10.1039/D4NR00207E

117. Katsuba KE, Zabegina LM, Plevako DS, Gurtovenko AA, Malek AV. Targeting
HER2 with DNA aptamers for efficient anticancer drug delivery: a combined
experimental and computational study. Bioconjugate Chem. (2025) 36(6):1180-96.
doi: 10.1021/acs.bioconjchem.5c00022

118. Atwijukire W, Ayogu EE, Onohuean H. Immunomodulatory potentials of
Andrographis Paniculata and Allium Sativum in managing plasmodium infections.
Discov Appl Sci. (2025) 7(7):661. doi: 10.1007/s42452-025-07010-4

119. Kumar S, Mohan A, Sharma NR, Kumar A, Girdhar M, Malik T, et al.
Computational frontiers in aptamer-based nanomedicine for precision therapeutics:
a comprehensive review. ACS Omega. (2024) 9(25):26838-62. doi: 10.1021/
acsomega.4c02466

120. Trivedi ], Yasir M, Maurya RK, Tripathi AS. Aptamer-based theranostics in
oncology: design strategies and limitations. BIO Integration. (2024) 5(1):7. doi: 10.
15212/bioi-2024-0002

121. Song J, Yang M, Xia L, Wang L, Wang K, Xiang Y, et al. Aptamer-conjugated
exosomes ameliorate diabetes-induced muscle atrophy by enhancing SIRT1/FoxO1/
3a-mediated mitochondrial function. J Cachexia Sarcopenia Muscle. (2025) 16(1):
e13717. doi: 10.1002/jcsm.13717

122. Mukherjee A, Bisht B, Dutta S, Paul MK. Current advances in the use of
exosomes, liposomes, and bioengineered hybrid nanovesicles in cancer detection
and therapy. Acta Pharmacol Sin. (2022) 43(11):2759-76. doi: 10.1038/s41401-022-
00902-w

123. Bahadorani M, Nasiri M, Dellinger K, Aravamudhan S, Zadegan R.
Engineering exosomes for therapeutic applications: decoding biogenesis, content
modification, and cargo loading strategies. Int ] Nanomed. (2024) 19(July):7137-64.
doi: 10.2147/1JN.S464249

124. Gao J, Li A, Hu J, Feng L, Liu L, Shen Z. Recent developments in isolating
methods for exosomes. Front Bioeng Biotechnol. (2023) 10(January):1100892.
doi: 10.3389/fbioe.2022.1100892

125. Huang R, Zhu ], Fan R, Tang Y, Hu L, Lee H, et al. Extracellular vesicle-based
drug delivery systems in cancer. Extracell Vesicle. (2024) 4(December):100053.
doi: 10.1016/j.vesic.2024.100053

126. Khongkow M, Yata T, Boonrungsiman S, Ruktanonchai UR, Graham D,
Namdee K. Surface modification of gold nanoparticles with neuron-targeted
exosome for enhanced blood-brain barrier penetration. Sci Rep. (2019) 9(1):8278.
doi: 10.1038/541598-019-44569-6

127. Zhao ], Fang W, Gao Y, Chen ], Wang G, Gu J. iPSC-derived exosomes as
amphotericin B carriers: a promising approach to combat cryptococcal meningitis.
Front Microbiol. (2025) 16(February):1531425. doi: 10.3389/fmicb.2025.1531425

128. Zhao M, Li Q, Chai Y, Rong R, He L, Zhang Y, et al. An anti-CD19-exosome
delivery system navigates the blood-brain barrier for targeting of central nervous
system lymphoma. J Nanobiotechnol. (2025) 23(1):173. doi: 10.1186/s12951-025-
03238-9

129. Zhao Z, Li Z, Gu Y, Gu R. Therapeutic effect of membrane vesicle drug
delivery systems in inflammatory bowel disease. Pharmaceutics. (2025) 17(9):1127.
doi: 10.3390/pharmaceutics17091127

130. Xia Y, Zhang J, Liu G, Wolfram J. Immunogenicity of extracellular vesicles.
Adv Mater. (2024) 36(33):2403199. doi: 10.1002/adma.202403199

Frontiers in Medical Technology

19

10.3389/fmedt.2025.1655471

131. Tang J, Li D, Wang R, Li S, Xing Y, Yu F. Engineered extracellular vesicles: an
emerging nanomedicine therapeutic platform. Chem  Commun. (2025)
61(21):4123-46. doi: 10.1039/D4CC06501H

132. Kang W, Xu Z, Lu H, Liu S, Li J, Ding C, et al. Advances in biomimetic
nanomaterial delivery systems: harnessing nature’s inspiration for targeted drug
delivery. ] Mater Chem B. (2024) 12(29):7001-19. doi: 10.1039/D4TB00565A

133. Vahab SA, Vyshma KV, Kumar VS. Exosome-based drug delivery systems for
enhanced neurological therapeutics. Drug Deliv Transl Res. (2025) 15(4):1121-38.
doi: 10.1007/s13346-024-01710-x

134. Pancholi SSV, Saha P, Tripathi AS. Treatment of CNS infections in AIDS
positive patients through novel drug delivery systems. In: Chawla PA, Loebenberg
R, Dua K, Parikh V, Chawla V, editors. Novel Drug Delivery Systems in the
Management of CNS Disorders. New York, NY: Elsevier (2025). p. 321-31. doi: 10.
1016/B978-0-443-13474-6.00016-0

135. Jacobson DL, Crider KS, DeMarrais P, Brummel S, Zhang M, Pfeiffer CM,
et al. Dolutegravir- versus efavirenz-based treatment in pregnancy: impact on red
blood cell folate concentrations in pregnant women and their infants. J Infect Dis.
(2024) 230(5):1224-34. doi: 10.1093/infdis/jiae308

136. Bicer M. Exploring therapeutic avenues: mesenchymal stem/stromal cells and
exosomes in confronting enigmatic biofilm-producing fungi. Arch Microbiol. (2024)
206(1):11. doi: 10.1007/s00203-023-03744-0

137. Abida AHM, Alshehri JM, Alkathiri A, Almaghrabi ROM, Alsaeed SS, Albebi
SAH, et al. Exosomes in infectious diseases: insights into leishmaniasis pathogenesis,
immune modulation, and therapeutic potential. Naunyn Schmiedebergs Arch
Pharmacol. (2025) 398(5):4913-31. doi: 10.1007/s00210-024-03702-7

138. Ganeshkumar A, Lima PMNd, Haribabu J, Borges BM, Preite NW, Loures FV,
et al. Sclareolide as antifungal strategy against cryptococcus neoformans: unveiling its
mechanisms of action. Microorganisms. (2024) 12(11):2324. doi: 10.3390/
microorganisms12112324

139. Hu S, Batool Z, Zheng X, Yang Y, Ullah A, Shen B. Exploration of innovative
drug repurposing strategies for combating human protozoan diseases: advances,
challenges, and opportunities. J Pharm Anal. (2025) 15(1):101084. doi: 10.1016/j.
jpha.2024.101084

140. Arrighi F, Granese A, Chimenti P, Guglielmi P. Novel therapeutic opportunities
for Toxoplasma Gondii, Trichomonas Vaginalis, and Giardia Intestinalis infections.
Expert Opin Ther Pat. (2023) 33(3):211-45. doi: 10.1080/13543776.2023.2206017

141. El-Seadawy HM, Ragab AE, El-Aasr M, El-Seoud KAA, Elblihy AA, El-Alfy E-
S, et al. Phytochemical content of cycas rumphii N-butanol fraction and antiprotozoal
activity against toxoplasma gondii in vivo. Sci Rep. (2025) 15(1):15697. doi: 10.1038/
541598-025-98993-y

142. Mallah K, Couch C, Borucki DM, Toutonji A, Alshareef M, Tomlinson S.
Anti-inflammatory and neuroprotective agents in clinical trials for CNS disease
and injury: where do we go from here? Front Immunol. (2020)
11(September):2021. doi: 10.3389/fimmu.2020.02021

143. Erickson JT, Brosenitsch TA, Katz DM. Brain-derived neurotrophic factor and
glial cell line-derived neurotrophic factor are required simultaneously for survival of
dopaminergic primary sensory neurons in vivo. J Neurosci. (2001) 21(2):581-89.
doi: 10.1523/JNEUROSCI.21-02-00581.2001

144. Shen Y, Cai J. The importance of using exosome-loaded miRNA for the
treatment of spinal cord injury. Mol Neurobiol. (2023) 60(2):447-59. doi: 10.1007/
$12035-022-03088-8

145. Zhu Z, Huang X, Du M, Wu C, Fu ], Tan W, et al. Recent advances in the role
of miRNAs in post-traumatic stress disorder and traumatic brain injury. Mol
Psychiatry. (2023) 28(7):2630-44. doi: 10.1038/s41380-023-02126-8

146. Rodrigues D, Rowland A. From endogenous compounds as biomarkers to
plasma-derived nanovesicles as liquid biopsy; has the golden age of translational
pharmacokinetics-absorption,  distribution, —metabolism, excretion-drug-drug
interaction science finally arrived? Clin Pharmacol Ther. (2019) 105(6):1407-20.
doi: 10.1002/cpt.1328

147. Rakshit T, Pal S. Extracellular vesicles for drug delivery and theranostics in
vivo. JACS Au. (2024) 4(2):318-27. doi: 10.1021/jacsau.3c00611

148. Donoso-Meneses D, Figueroa-Valdés AI, Khoury M, Alcayaga-Miranda F.
Oral administration as a potential alternative for the delivery of small extracellular
vesicles. Pharmaceutics. (2023) 15(3):716. doi: 10.3390/pharmaceutics15030716

149. Zhang R, Fu Y, Cheng M, Ma W, Zheng N, Wang Y, et al. sSEVsRVG selectively
delivers antiviral siRNA to fetus brain, inhibits ZIKV infection and mitigates ZIKV-
induced microcephaly in mouse model. Mol Ther. (2022) 30(5):2078-91. doi: 10.
1016/j.ymthe.2021.10.009

150. Liang Y, Igbal Z, Lu J, Wang J, Zhang H, Chen X, et al. Cell-derived
nanovesicle-mediated drug delivery to the brain: principles and strategies for
vesicle engineering. Mol Ther. (2023) 31(5):1207-24. doi: 10.1016/j.ymthe.2022.10.
008

151. Stavrovskaya AV, Voronkov DN, Pavlova AK, Olshanskiy AS, Belugin BV,
Ivanova MV, et al. Intraventricular administration of exosomes from patients with
amyotrophic lateral sclerosis provokes motor neuron disease in mice. Acta
Naturae. (2024) 16(4):73-80. doi: 10.32607/actanaturae.27499

frontiersin.org


https://doi.org/10.1039/D4NA00501E
https://doi.org/10.3389/fbioe.2024.1502155
https://doi.org/10.1002/smtd.202400551
https://doi.org/10.1002/smtd.202400551
https://doi.org/10.1007/s13530-019-0392-6
https://doi.org/10.1021/acscentsci.4c00563
https://doi.org/10.1021/acscentsci.4c00563
https://doi.org/10.1016/j.biomaterials.2025.123403
https://doi.org/10.1039/D5BM00179J
https://doi.org/10.1039/D4NR00207E
https://doi.org/10.1021/acs.bioconjchem.5c00022
https://doi.org/10.1007/s42452-025-07010-4
https://doi.org/10.1021/acsomega.4c02466
https://doi.org/10.1021/acsomega.4c02466
https://doi.org/10.15212/bioi-2024-0002
https://doi.org/10.15212/bioi-2024-0002
https://doi.org/10.1002/jcsm.13717
https://doi.org/10.1038/s41401-022-00902-w
https://doi.org/10.1038/s41401-022-00902-w
https://doi.org/10.2147/IJN.S464249
https://doi.org/10.3389/fbioe.2022.1100892
https://doi.org/10.1016/j.vesic.2024.100053
https://doi.org/10.1038/s41598-019-44569-6
https://doi.org/10.3389/fmicb.2025.1531425
https://doi.org/10.1186/s12951-025-03238-9
https://doi.org/10.1186/s12951-025-03238-9
https://doi.org/10.3390/pharmaceutics17091127
https://doi.org/10.1002/adma.202403199
https://doi.org/10.1039/D4CC06501H
https://doi.org/10.1039/D4TB00565A
https://doi.org/10.1007/s13346-024-01710-x
https://doi.org/10.1016/B978-0-443-13474-6.00016-0
https://doi.org/10.1016/B978-0-443-13474-6.00016-0
https://doi.org/10.1093/infdis/jiae308
https://doi.org/10.1007/s00203-023-03744-0
https://doi.org/10.1007/s00210-024-03702-7
https://doi.org/10.3390/microorganisms12112324
https://doi.org/10.3390/microorganisms12112324
https://doi.org/10.1016/j.jpha.2024.101084
https://doi.org/10.1016/j.jpha.2024.101084
https://doi.org/10.1080/13543776.2023.2206017
https://doi.org/10.1038/s41598-025-98993-y
https://doi.org/10.1038/s41598-025-98993-y
https://doi.org/10.3389/fimmu.2020.02021
https://doi.org/10.1523/JNEUROSCI.21-02-00581.2001
https://doi.org/10.1007/s12035-022-03088-8
https://doi.org/10.1007/s12035-022-03088-8
https://doi.org/10.1038/s41380-023-02126-8
https://doi.org/10.1002/cpt.1328
https://doi.org/10.1021/jacsau.3c00611
https://doi.org/10.3390/pharmaceutics15030716
https://doi.org/10.1016/j.ymthe.2021.10.009
https://doi.org/10.1016/j.ymthe.2021.10.009
https://doi.org/10.1016/j.ymthe.2022.10.008
https://doi.org/10.1016/j.ymthe.2022.10.008
https://doi.org/10.32607/actanaturae.27499

Onohuean et al.

152. Varga Z, Gyurkd I, Paléczi K, Buzds EI, Horvath I, Hegedlis N, et al.
Radiolabeling of extracellular vesicles with®*™ tc for quantitative In Vivo imaging
studies. Cancer Biother Radiopharm. (2016) 31(5):168-73. doi: 10.1089/cbr.2016.2009

153. Puzar Dominku$ P, Stenovec M, Sitar S, Lasi¢ E, Zorec R, Plemenita$ A, et al.
PKH26 labeling of extracellular vesicles: characterization and cellular internalization
of contaminating PKH26 nanoparticles. Biochim Biophys Acta. (2018)
1860(6):1350-61. doi: 10.1016/j.bbamem.2018.03.013

154. Onohuean H, Okafor NI, Choonara YE. Nanoparticles for imaging of
lymphatic system: challenges and future perspective. In: Dhas N, Patel JK, Pathak
YV, editors. Advanced Targeting of the Lymphatic System. Cham: Springer Nature
Switzerland (2024). p. 311-35. doi: 10.1007/978-3-031-64828-1_16

155. Rahman M. Magnetic resonance imaging and iron-oxide nanoparticles in the
era of personalized medicine. Nanotheranostics. (2023) 7(4):424-49. doi: 10.7150/
ntno.86467

156. Hirschberg DL, Moalem G, He J, Mor F, Cohen IR, Schwartz M.
Accumulation of passively transferred primed T cells independently of their
antigen specificity following central nervous system trauma. ] Neuroimmunol.
(1998) 89(1-2):88-96. doi: 10.1016/S0165-5728(98)00118-0

157. Ludowyk PA, Willenborg DO, Parish CR. Selective localisation of neuro-
specific T lymphocytes in the central nervous system. ] Neuroimmunol. (1992)
37(3):237-50. doi: 10.1016/0165-5728(92)90008-9

158. Wang C, Tsai T, Lee C. Regulation of exosomes as biologic medicines:
regulatory challenges faced in exosome development and manufacturing processes.
Clin Transl Sci. (2024) 17(8):13904. doi: 10.1111/cts.13904

159. Pineda C, Herndndez GC, Jacobs IA, Alvarez DF, Carini C. Assessing the
immunogenicity of biopharmaceuticals. BioDrugs. (2016) 30(3):195-206. doi: 10.
1007/s40259-016-0174-5

160. Joshi G, Bhandari TK, Joshi P, Bhandari S, Araveeti SR, Jain A, et al. The
current landscape of clinical trials. J Clin Med. (2025) 14(7):2519. doi: 10.3390/
jcm14072519

161. Bretaudeau L, Tremblais K, Aubrit F, Meichenin M, Arnaud I. Good
manufacturing practice (GMP) compliance for phage therapy medicinal products.
Front Microbiol. (2020) 11(June):1161. doi: 10.3389/fmicb.2020.01161

162. Koh HB, Kim HJ, Kang S-W, Yoo T-H. Exosome-based drug delivery:
translation from bench to clinic. Pharmaceutics. (2023) 15(8):2042. doi: 10.3390/
pharmaceutics15082042

163. Gharib G, Biitiin I, Muganli Z, Kozalak G, Namli I, Sarraf SS, et al. Biomedical
applications of microfluidic devices: a review. Biosensors. (2022) 12(11):1023. doi: 10.
3390/bios12111023

164. Kar R, Dhar R, Mukherjee S, Nag S, Gorai S, Mukerjee N, et al. Exosome-based
smart drug delivery tool for cancer theranostics. ACS Biomater Sci Eng. (2023)
9(2):577-94. doi: 10.1021/acsbiomaterials.2c01329

165. Wang J, Chen D, Ho EA. Challenges in the development and establishment of
exosome-based  drug  delivery systems. ] Controlled Release. (2021)
329(January):894-906. doi: 10.1016/j.jconrel.2020.10.020

166. Fan M-H, Pi J-K, Zou C-Y, Jiang Y-L, Li Q-J, Zhang X-Z, et al
Hydrogel-exosome system in tissue engineering: a promising
therapeutic strategy. Bioact Mater. (2024) 38(August):1-30. doi: 10.1016/j.
bioactmat.2024.04.007

Frontiers in Medical Technology

20

10.3389/fmedt.2025.1655471

167. Li S-p, Lin Z-x, Jiang X-y, Yu X-y. Exosomal cargo-loading and synthetic
exosome-mimics as potential therapeutic tools. Acta Pharmacol Sin. (2018)
39(4):542-51. doi: 10.1038/aps.2017.178

168. Ayad A. “Bioinspired NeuroPods: AI-Enhanced 4D Composite Bioprinting
Revolutionizing Brain-on-Chip and Neural Regeneration.” Preprint, July 23. (2025).
doi: 10.20944/preprints202507.1943.v1

169. Serban M, Toader C, Covache-Busuioc R-A. Precision neuro-
oncology in glioblastoma: al-guided CRISPR editing and real-time multi-omics
for genomic brain surgery. Int J Mol Sci. (2025) 26(15):7364. doi: 10.3390/
ijms26157364

170. Macias RIR, Cardinale V, Kendall TJ, Avila MA, Guido M, Coulouarn C,
et al. Clinical relevance of biomarkers in cholangiocarcinoma: critical revision and
future directions. Gut. (2022) 17:gutjnl-2022-327099. doi: 10.1136/gutjnl-2022-327099

171. Zhang Z, Zhou X, Fang Y, Xiong Z, Zhang T. Al-driven 3D bioprinting for
regenerative medicine: from bench to bedside. Bioact Mater. (2025)
45(March):201-30. doi: 10.1016/j.bioactmat.2024.11.021

172. Golchin A, Shams F, Basiri A, Ranjbarvan P, Kiani S, Sarkhosh-Inanlou R, et al.
Combination therapy of stem cell-derived exosomes and biomaterials in the wound
healing. Stem Cell Rev Rep. (2022) 18(6):1892-911. doi: 10.1007/s12015-021-10309-5

173. Xie F, Xu M, Lu J, Mao L, Wang S. The role of exosomal PD-L1 in tumor
progression and immunotherapy. Mol Cancer. (2019) 18(1):146. doi: 10.1186/
$12943-019-1074-3

174. Shyr ZA, Cheng Y-S, Lo DC, Zheng W. Drug combination therapy for
emerging viral diseases. Drug Discov Today. (2021) 26(10):2367-76. doi: 10.1016/j.
drudis.2021.05.008

175. Keshtkar S, Asvar Z, Najafi H, Heidari M, Kaviani M, Sarvestani FS, et al.
Exosomes as natural vectors for therapeutic delivery of bioactive compounds in
skin diseases. Front Pharmacol. (2025) 16(April):1485769. doi: 10.3389/fphar.2025.
1485769

176. Cheng K, Kalluri R. Guidelines for clinical translation and commercialization
of extracellular vesicles and exosomes based therapeutics. Extracell Vesicle. (2023)
2(December):100029. doi: 10.1016/j.vesic.2023.100029

177. Chavda VP, Pandya A, Kumar L, Raval N, Vora LK, Pulakkat S, et al. Exosome
nanovesicles: a potential carrier for therapeutic delivery. Nano Today. (2023)
49(April):101771. doi: 10.1016/j.nantod.2023.101771

178. Mukerjee N, Bhattacharya A, Maitra S, Kaur M, Ganesan S, Mishra S, et al.
Exosome isolation and characterization for advanced diagnostic and therapeutic
applications. Mater Today Bio. (2025) 31(April):101613. doi: 10.1016/j.mtbio.2025.
101613

179. Bawa R, editor. Advances in surgical and medical specialties. In: Current Issues
in Medecine. Vol. 3. 1st ed. Singapore: Jenny Stanford Publishing (2023). doi: 10.
1201/9781003298304

180. Ahn S-H, Ryu S-W, Choi H, You S, Park J, Choi C. Manufacturing therapeutic
exosomes: from bench to industry. Mol Cells. (2002) 45(5):284-90. doi: 10.14348/
molcells.2022.2033

181. Prunevieille A, Babiker-Mohamed MH, Aslami C, Gonzalez-Nolasco B,
Mooney N, Benichou G. T cell antigenicity and immunogenicity of allogeneic
exosomes. Am ] Transplant. (2021) 21(7):2583-9. doi: 10.1111/ajt.16591

frontiersin.org


https://doi.org/10.1089/cbr.2016.2009
https://doi.org/10.1016/j.bbamem.2018.03.013
https://doi.org/10.1007/978-3-031-64828-1_16
https://doi.org/10.7150/ntno.86467
https://doi.org/10.7150/ntno.86467
https://doi.org/10.1016/S0165-5728(98)00118-0
https://doi.org/10.1016/0165-5728(92)90008-9
https://doi.org/10.1111/cts.13904
https://doi.org/10.1007/s40259-016-0174-5
https://doi.org/10.1007/s40259-016-0174-5
https://doi.org/10.3390/jcm14072519
https://doi.org/10.3390/jcm14072519
https://doi.org/10.3389/fmicb.2020.01161
https://doi.org/10.3390/pharmaceutics15082042
https://doi.org/10.3390/pharmaceutics15082042
https://doi.org/10.3390/bios12111023
https://doi.org/10.3390/bios12111023
https://doi.org/10.1021/acsbiomaterials.2c01329
https://doi.org/10.1016/j.jconrel.2020.10.020
https://doi.org/10.1016/j.bioactmat.2024.04.007
https://doi.org/10.1016/j.bioactmat.2024.04.007
https://doi.org/10.1038/aps.2017.178
https://doi.org/10.20944/preprints202507.1943.v1
https://doi.org/10.3390/ijms26157364
https://doi.org/10.3390/ijms26157364
https://doi.org/10.1136/gutjnl-2022-327099
https://doi.org/10.1016/j.bioactmat.2024.11.021
https://doi.org/10.1007/s12015-021-10309-5
https://doi.org/10.1186/s12943-019-1074-3
https://doi.org/10.1186/s12943-019-1074-3
https://doi.org/10.1016/j.drudis.2021.05.008
https://doi.org/10.1016/j.drudis.2021.05.008
https://doi.org/10.3389/fphar.2025.1485769
https://doi.org/10.3389/fphar.2025.1485769
https://doi.org/10.1016/j.vesic.2023.100029
https://doi.org/10.1016/j.nantod.2023.101771
https://doi.org/10.1016/j.mtbio.2025.101613
https://doi.org/10.1016/j.mtbio.2025.101613
https://doi.org/10.1201/9781003298304
https://doi.org/10.1201/9781003298304
https://doi.org/10.14348/molcells.2022.2033
https://doi.org/10.14348/molcells.2022.2033
https://doi.org/10.1111/ajt.16591

	Exosome engineering for targeted therapy of brain-infecting pathogens: molecular tools, delivery platforms, and translational advances
	Highlights
	Introduction
	CNS-Infecting pathogens, pathogenesis and therapeutic barriers
	Human immunodeficiency virus (HIV)
	Herpes simplex virus (HSV-1 and HSV-2)
	Cryptococcus neoformans
	Toxoplasma gondii

	Therapeutic barriers and challenges in the management of brain infections
	Poor blood-brain barrier (BBB) permeability
	Systemic toxicity and lack of targeting specificity
	Pathogen persistence and latency
	Neuroinflammation and immune-mediated damage

	Exosomes: biology, biogenesis, and relevance in CNS therapy
	Biogenesis of exosomes
	Molecular composition and functions
	Exosomes in CNS communication and therapy

	Molecular engineering of exosomes for brain pathogen-specific targeting
	Exosome surface modification strategies for targeting CNS infectious
	Engineering Strategies for Ligand Display
	Genetic Fusion to Exosomal Membrane Proteins
	Chemical Conjugation
	Lipid-Insertion Method

	Implications of exosomes and BBB-targeting ligand display
	Prominent ligand display used in exosome engineering
	RVG peptide
	T7 peptide
	Angiopep-2
	Transferrin
	Apoe fragments

	Applications ligand display in brain-infecting pathogen therapy

	Genetic engineering tools for therapeutic payloads
	CRISPR-Cas9 system
	Small interfering RNA (siRNA) and antisense oligonucleotides (ASOs)
	Endosomal sorting and cargo loading

	Chemical engineering to enhance exosome stability and specificity
	Click chemistry
	Surface Functionalisation
	Cargo Loading Enhancement

	Relevance of chemical engineering exosome in brain-infecting pathogen therapy
	Conjugation strategies and chemistry
	Covalent conjugation
	Lipid insertion
	Genetic engineering

	Aptamer conjugation in exosome engineering for targeted CNS infection therapy
	Evidence applications of aptamer-functionalised in CNS infection targeting
	BBB translocation
	Pathogen-Directed targeting
	Neuroinflammation modulation



	Lipid modification in exosome engineering for targeted CNS infection therapy
	Strategies for lipid modification of exosomes
	Applications of lipid modified exosomes in targeted therapy of brain-infecting pathogens
	BBB penetration enhancement
	Pathogen- or inflammation-targeted delivery
	Drug loading enhancement


	Exosome-based drug delivery systems against brain pathogens
	Antiretroviral delivery for HIV-associated CNS infections
	Tenofovir and efavirenz delivery
	CRISPR-Based HIV gene editing tools

	Antifungal strategies against cryptococcus neoformans
	Amphotericin B-loaded exosomes
	Fluconazole-loaded exosomes

	Antiprotozoal applications for toxoplasma gondii
	SiRNA-loaded exosomes

	Implication of exosomes in neuroprotective payloads to counter CNS damage
	Brain-derived neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor (GDNF)
	MiRNA-Loaded exosomes


	Implications of exosomes on routes of administration and bioavailability
	Delivery routes for CNS-targeted exosomes
	Intranasal delivery
	Systemic (intravenous) administration
	Intrathecal injection
	Intraventricular injection

	Imaging and tracking of exosomes
	Radiolabeling
	Fluorescence imaging
	MRI contrast agents

	Evidence of CNS accumulation and specificity

	Translational and clinical considerations
	Scalability and manufacturing challenges
	Immunogenicity and safety profiles
	Regulatory landscape and clinical trials
	GMP compliance and quality control
	Toward personalised medicine and point-of-care delivery
	Personalised drug delivery
	Point-of-care potential


	Limitations of exosome-based delivery
	Future perspectives and research directions
	Mechanistic insights into exosome–pathogen interactions
	Synthetic exosomes and hybrid delivery systems
	Integration with AI-driven exosome design, Bio printing, and organ-on-chip models
	Combinatorial therapeutic approaches
	Standardisation, regulatory advancements, and clinical translation

	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


