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Abstract: Engineered exosomes have emerged as transformative drug carriers, uniquely
equipped to overcome biological barriers in central nervous system (CNS) disorders and
cancer therapy. These natural extracellular vesicles, derived from cell membranes, offer
inherent biocompatibility, low immunogenicity, and the ability to traverse physiological
obstacles such as the blood–brain barrier (BBB) and dense tumor stroma. Recent ad-
vances in exosome engineering—including surface modification (e.g., ligand conjugation
for receptor-mediated targeting) and cargo loading (siRNA, CRISPR-Cas systems, and
chemotherapeutics)—have enhanced their precision and therapeutic utility. For CNS de-
livery, exosomes functionalized with brain-homing peptides (e.g., RVG or TfR ligands)
have enabled the efficient transport of neuroprotective agents or gene-editing tools to
treat Alzheimer’s disease or glioblastoma. In oncology, engineered exosomes loaded with
tumor-suppressive miRNAs or immune checkpoint inhibitors exploit tumor microenviron-
ment (TME) features, such as acidity or enzyme overexpression, for spatially controlled
drug release. Furthermore, hybrid exosome–liposome systems and exosome–biomaterial
composites are being explored to improve payload capacity and stability. Despite progress,
challenges persist in scalable production, batch consistency, and regulatory standard-
ization. This review critically evaluates engineering strategies, preclinical success, and
translational hurdles while proposing innovations such as AI-driven exosome design and
patient-derived exosome platforms for personalized therapy. By bridging nanotechnology
and biomedicine, engineered exosomes can represent a paradigm shift in targeted drug
delivery, offering safer and more effective solutions for historically intractable diseases.

Keywords: engineered exosomes; drug delivery; biological barriers; CNS disorders; cancer
therapy; targeted nanomedicine

1. Introduction
Two of the most significant health issues of our time are cancer and neurological dis-

ease, and one of these is Alzheimer’s disease (AD), which affects the lives of over 50 million
people and kills over 9.6 million people each year (World Health Organization, 2022) [1,2].
Conventional therapeutic strategies are hampered by the existence of biological barriers,
such as the BBB in neurodegenerative disease and the solid tumor microenvironment
for cancers [3]. Such challenges require the formation of novel drug delivery systems to
effectively target damaged tissue with less systemic toxicity.
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Exosomes, 30–150 nm diameter extracellular vesicles (EVs), are the most promising
drug-delivery carriers because of their biocompatibility, low immunogenicity, and inherent
ability to deliver biomolecules across cellular barriers [4]. In contrast to synthetic nanopar-
ticles, exosomes are not man-made structures but are cell membrane-derived and do not
carry artificial proteins or proteins external to cells but proteins that effectively interact
with target cells. Their inherent potential to cross physiological barriers, including the BBB,
has made them a promising vehicle for precision medicine applications [5].

Recent advances in exosome engineering have further increased their therapeutic
value. Exosomes have been reprogrammed with receptor-targeting ligands, including trans-
ferrin receptor (TfR) peptides, to enable BBB permeation and enhance drug delivery across
neurodegenerative disease models [6]. Engineered exosomes have also been employed to
target cancer therapy, delivering tumor-suppressive miRNAs and chemotherapeutic drugs
directly into the tumor microenvironment [7]. These changes have significantly improved
the drug bioavailability and therapeutic effect, underscoring the potential of exosomes as
second-generation drug carriers.

In spite of these advances, there are still issues in the clinical translation of exosome-
based therapies. The absence of standardization and purification procedures, batch-to-
batch variability, and regulatory ambiguity discourage large-scale production and clinical
use [8]. Immune interactions and possible off-target effects also need to be explored
to establish safety and efficacy for long-term therapeutic use [9]. Transcending these
challenges by means of interdisciplinary research and regulatory cooperation will be
critical to the progress of exosome-based therapy toward clinical applications.

This review critically surveys the latest advancements in exosome engineering for can-
cer and CNS therapy with an emphasis on major strategies, including surface engineering,
cargo loading strategies, and hybrid exosome–liposome strategies. It also discusses trans-
lational challenges and opportunities, including AI-driven exosome design and patient-
derived exosome platforms. Through the synergy of nanotechnology and biomedicine,
exosome therapeutics promise unprecedented potential to revolutionize targeted drug
delivery for notoriously recalcitrant diseases.

2. Exosome Biology: From Natural Vesicles to Engineered Therapeutics
2.1. Biogenesis and Structural Composition

Extracellular vesicles are heterogeneous membrane-bound nanoparticles broadly
classified into three subtypes based on their biogenesis pathways and size: exosomes
(30–150 nm), microvesicles (100–1000 nm), and apoptotic bodies (500–2000 nm).

2.1.1. Cellular Sources (Endosomal Route and ESCRT-Dependent/Independent Processes)

Exosomes originate from the endosomal pathway, where intraluminal vesicles (ILVs)
form within multivesicular bodies (MVBs) through ESCRT (Endosomal Sorting Complex
Required for Transport)-dependent or ESCRT-independent mechanisms (e.g., tetraspanin
clustering and ceramide synthesis). Upon MVB fusion with the plasma membrane, ILVs
are released as exosomes into the extracellular space [10,11]. Microvesicles arise via the
direct outward budding of the plasma membrane, which is a process regulated by calcium-
dependent enzymes (e.g., flippases, scramblases) and cytoskeletal rearrangements [12].
Recent studies challenge the traditional classification by demonstrating overlapping mark-
ers (e.g., CD9, CD81) between exosomes and microvesicles, necessitating multi-parametric
characterization [13]. For instance, syntenin-1 and ALIX are enriched in exosomes, while
ARF6 and VCAMP3 are microvesicle markers [14]. Apoptotic bodies, released during
programmed cell death, are distinguished by their large size and nuclear content (e.g.,
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histones and DNA fragments) but are rarely studied in therapeutic contexts due to their
limited functional relevance [15].

Hypoxia has been reported to play a major role in the regulation of exosome secre-
tion. An example of such research has revealed that hypoxia enhances the secretion of
exosomes from cancer cells and, thus, facilitates cellular communication within the tumor
microenvironment. This increased exosome release under hypoxia conditions suggests that
microenvironmental stress is responsible for the modulation of exosome biogenesis [16].

Furthermore, the Rab small GTPases family has also been recognized as a major regu-
lator for the exosome secretion pathway. Specifically, Rab27a and Rab27b are implicated
in several MVB docking and fusion events with the plasma membrane. The silencing of
Rab27a increases the number of MVBs, and Rab27b knockdown redistributes MVBs to
the perinuclear region, proving their unique function in exosome secretion [17]. These
results show the sophisticated regulation of exosome biogenesis and secretion, which is
environmentally stress-sensitive, like hypoxia, as well as molecular modulators such as
Rab GTPases.

The ESCRT machinery, and notably the ESCRT-I subunit Tsg101, have been implicated
as essential for the sorting of cargo into exosomes. Tsg101 inhibition lowers the release of
exosomes significantly and alters the content of cargo [18].

Current research has countered the theory that exosome secretion is strictly endosomal
in origin. The research indicates that a large proportion of exosomes are secreted directly
from the plasma membrane, bypassing the MVB pathway. A major limitation in EV research
is the inability to identify exosomes from microvesicles using conventional techniques.
Ultracentrifugation, the most widely used isolation method, co-pelletizes exosomes and
microvesicles due to their overlapping size and density [19]. Size-exclusion chromatogra-
phy (SEC) improves purity but cannot separate EVs smaller than 200 nm [20]. Advanced
approaches like asymmetric flow field-flow fractionation (AF4) and immunoaffinity capture
(e.g., anti-CD63 magnetic beads) enhance specificity but require rigorous validation [21].
Single-vesicle techniques like nanoparticle flow cytometry and super-resolution microscopy
provide high-resolution insights but remain underutilized due to their cost and technical
complexity [22]. Standardized reporting per the MISEV2023 guidelines is essential to
address these challenges and ensure reproducibility in preclinical studies [23].

2.1.2. Heterogeneity of Cargo (Proteins, miRNAs, lncRNAs, Lipids) and Membrane
Markers (CD9, CD63, CD81)

Exosomal cargo is extremely heterogeneous and mirrors the physiological status of
the source cell. Exosomes are enriched in endosomal markers such as TSG101, ALIX, and
tetraspanins (CD63, CD9, CD81), while microvesicles carry plasma membrane proteins
like integrins, selectins, and ARF6 [24]. Non-CD markers are critical for accurate EV
classification; for example, flotillin-1 and CD55 are associated with microvesicles, whereas
HSP70 and syntenin-1 are exosome-specific [25].

The proteomic analysis of exosomes has revealed thousands of proteins that are present
in exosomes, including cytoskeleton proteins, regulators of membrane traffic, and enzymes
of metabolic pathways. Notably, exosomal proteins like Alix, Tsg101, and Rab GTPases
belong to the class of vesicle formation and trafficking [26].

Exosomal RNA composition is also heterogenous and contains messenger RNAs
(mRNAs), microRNAs (miRNAs), and long non-coding RNAs (lncRNAs). Exosomes are
notably enriched with miRNAs and have been implicated to play a role in intercellular
gene regulation. In their CRC exosome study, the authors observed that tumor cell-derived
exosomes had a high enrichment of miR-21 and miR-223 compared to exosomes derived
from normal cells [27]. Concurrently, exosomal lncRNAs have been involved in numerous
biological processes, ranging from immune response to cancer metastasis. For example,
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lncRNA MALAT1 has been found in patient pancreatic cancer exosomes and correlated
with enhanced tumor metastasis [28].

Lipids also contribute to the structure and function of exosomes. Lipidomic profiling
further differentiates EV subtypes; exosomes contain high levels of cholesterol and sphin-
gomyelin, while microvesicles are enriched in phosphatidylserine [29,30]. The lipid content
is different depending on the cell type of origin; glycosphingolipids are in higher quantities
in neuronal-derived exosomes, while immune cells are rich in phosphatidylserine-enriched
exosomes [31].

Membrane proteins CD9, CD63, and CD81 have been utilized as markers to tag
exosomes. CD63 is a component of the tetraspanin protein implicated with the ESCRT
pathway, while CD9 and CD81 are dynamically partitioned between endosomal compart-
ments and the plasma membrane [32]. Despite these distinctions, most studies rely solely
on CD63/CD9 for exosome identification, leading to the misinterpretation of EV-mediated
effects [33]. For instance, tumor-derived microvesicles expressing oncogenic EGFRvIII
can confuse exosome-based therapeutic outcomes if not properly distinguished [34]. The
differential expression of the proteins yields information about the origin and functional
characteristics of the exosomes.

Together, these observations underscore the exosomology of biogenesis and archi-
tecture. The dynamic cooperation between ESCRT-dependent and ESCRT-independent
mechanisms and selective protein, RNA, and lipid sorting suggests the functional het-
erogeneity of exosomes in physiological and pathologic processes. Future research will
decipher the molecular mechanisms of exosome assembly and cargo loading, opening the
doors to their therapeutic applications.

2.2. Intrinsic Function in Disease

Exosomes have an intrinsic function in disease pathology processes, including in neu-
rodegenerative diseases and cancer. The small extracellular vesicles mediate intercellular
communication through protein, lipid, and nucleic acid transfer between cells. Exosomes
have been reported to cause the spread of cytotoxic protein aggregates in neurodegener-
ative diseases and growth and metastasis in cancer during disease. By acting as vectors
for disease-inducing molecules, exosomes may be either the cause of disease onset or a
possible therapeutic strategy [35]

2.2.1. Neurodegeneration Function (e.g., Aβ Propagation in Alzheimer’s)

Exosomes have been found to transfer amyloid-beta (Aβ) and hyperphosphorylated
tau proteins, the two major pathological features of AD. Neuron- and glial cell-secreted
exosomes carry Aβ peptides and are implicated in their extracellular deposition, resulting
in plaque formation [36]. Exosomes containing Aβ have been shown to traverse the
blood–brain barrier and allow its deposition in remote areas of the brain, fostering the
development of disease. Aβ-containing exosomes from astrocytes have been found to
interact with calcium-sensing receptors, which initiate subsequent tau phosphorylation
and neurotoxicity [37].

In addition, exosomes have been shown to be involved in the transmission of tau
pathology. Exosomal tau secreted by neurons in early AD was taken up by recipient
cells, causing intracellular accumulation and neurofibrillary tangle formation [38]. In vivo
experiments have shown that tau-positive exosomes injected into normal mouse brains can
induce tau pathology, indicating their causal role in disease transmission. Furthermore,
exosomes in the cerebrospinal fluid of AD patients contain more toxic tau species than
controls, again implicating them in disease pathology [39].



Drugs Drug Candidates 2025, 4, 19 5 of 33

While they are implicated in disease transmission, exosomes have also been studied for
their neuroprotective function. Exosomes have been reported to be capable of promoting
the clearance of Aβ through its delivery to microglia for degradation [40]. Exosomes
derived from mesenchymal stem cells have also been reported to lower Aβ levels and
enhance synaptic function in models of AD [41].

2.2.2. Function in Cancer Development (Exosome-Mediated Metastasis)

Exosomes also play a role in cancer development, and more so in metastasis. Tumor-
derived exosomes carry oncogenic proteins, miRNAs, and signaling molecules that have
the ability to modulate the tumor microenvironment and facilitate cancer cell migration.
One of the major mechanisms through which exosomes are involved in metastasis is the
induction of epithelial-to-mesenchymal transition (EMT), which is a process that makes
cancer cells invasive. Exosomal miR-21, for example, has been reported to induce EMT by
suppressing tumor suppressor genes and the expression of mesenchymal markers [42].

Another significant feature of metastasis via exosomes is the establishment of the
pre-metastatic niche. Tumor-derived exosomes condition the host organs to accommodate
metastatic colonization by remodeling the local microenvironment. Exosomes secreted
by highly aggressive breast cancer cells have been found to carry integrins with homing
specificity to home in on the organs guiding metastatic cell migration [43].

Exosomes also regulate immune responses in the tumor microenvironment, most
commonly by suppressing anti-tumor immunity. PD-L1 composition tumor exosomes have
been reported to suppress T-cell activation for cancer cells to evade immune detection [16].

Therapeutically, exosomes have also been investigated as drug delivery vehicles and
biomarkers in cancer therapy. Exosomal miRNAs in the blood have been suggested as
minimally invasive biomarkers for the early diagnosis of cancer, where miR-92a-3p and
miR-21 are overexpressed in liver and colorectal cancers [44].

Exosomes play critical roles in disease pathogenesis, both facilitating cancer growth
and neurodegeneration. Exosomes are involved in Aβ and tau spreading and in Aβ

clearance and neuroprotection in AD. Exosomes promote metastasis in cancer by facilitating
invasion, immune modulation, and pre-metastatic niche formation. Although they are
involved in disease initiation, exosomes are promising as drug delivery systems and
diagnostic biomarkers, and with these, new therapeutic opportunities are arising.

3. Engineering Exosomes: Target Therapy Tools for Precision Drug Delivery
Exosome engineering has emerged as a high-potential delivery platform for therapeu-

tic molecules with a natural and biocompatible carrier system (Table 1). The nanovesicles in
them possess a native capacity for the delivery and protection of bioactive molecules across
biological barriers, and therefore, they are eligible target therapy candidates (Figure 1). In
order to maximize their drug-carrying capacity, multiple cargo-loading strategies have
been developed, which are divided into passive and active loading approaches. These
protocols vary in their encapsulation efficiency, stability, and effect on the integrity of exo-
somes, and their optimization is a significant challenge to facilitate effective exosome-based
therapies [45].

3.1. Cargo-Loading Strategies
3.1.1. Passive Loading

Passive loading is based on the spontaneous diffusion of therapeutic molecules into
exosomes without the use of force from the outside. The easiest method is incubation, in
which drugs are mixed with exosomes and incubated for a period of time. This kind of
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process is appropriate for lipophilic drugs like paclitaxel, which can be loaded into the
exosomal membrane with a loading efficiency of 4.8 µg for every 1010 exosomes [46,47].

Table 1. Exosome engineering methods for targeted drug delivery.

Category Method Mechanism Advantages Limitations Applications

Passive Loading Incubation
Spontaneous diffusion
of lipophilic drugs into
exosomal membranes.

Simple and
preserves exosome
integrity.

Low efficiency for
hydrophilic drugs.

Lipophilic drug
delivery (e.g.,
paclitaxel).

Freeze–Thaw
Cycles

Repeated
freezing–thawing
disrupts membrane
integrity to enhance
drug uptake.

Higher loading
efficiency.

Exosome
destabilization and
aggregation.

Hydrophilic drug
loading (e.g.,
doxorubicin).

Surfactant-
Assisted Method

Mild detergents (e.g.,
saponin) transiently
permeabilize
membranes.

Suitable for
hydrophilic drugs.

Residual
surfactants impair
exosome function.

Hydrophilic cargo
delivery.

Active Loading Electroporation

Electrical pulses
destabilize membranes
to load nucleic acids
(siRNA, CRISPR).

High efficiency for
macromolecules.

Aggregation and
reduced cargo
stability.

Nucleic acid
delivery.

Sonication
Ultrasonic waves
perturb membranes
for drug diffusion.

High
encapsulation
efficiency.

Membrane
damage.

Hydrophilic/
hydrophobic drug
loading.

Transfection

Nucleic acids are
delivered into parent
cells for exosome
packaging.

Suitable for gene
therapy.

Cytotoxicity risk.
Requires
optimization to
preserve exosome
integrity.

Gene therapy (e.g.,
plasmid DNA
delivery).

Cargo-Specific
Optimization

Hydrophobic
Drug Integration

Hydrophobic drugs
embed into lipid
bilayers (e.g.,
paclitaxel).

High retention. Limited to
lipophilic drugs. Cancer therapy.

Charge/Size
Optimization

Loading conditions are
adjusted for
charged/large
molecules.

Improves
encapsulation.

Requires tailored
protocols.

Delivery of
charged/large
therapeutics.

Surface Function-
alization Click Chemistry

Bio-orthogonal
reactions for ligand
conjugation (e.g.,
SPAAC).

Site-specific ligand
attachment.

Requires chemical
modification.

Cancer-targeting
and imaging.

Avidin–Biotin
Interaction

High-affinity binding
for antibody
conjugation.

Rapid and stable
ligand attachment. In vivo stability. Tumor-targeted

delivery.

Genetic
Modification

Engineering parent
cells to express
targeting ligands on
exosomes.

High specificity
(e.g., Lamp2b
fusion).

Complex
workflow.

Targeted siRNA
delivery.

Freeze–thaw cycles involve the recurring freeze and thawing of exosomes in solutions
of drugs, temporarily disturbing the integrity of membranes and promoting the uptake of
the drug. Freeze–thaw cycles are employed for the loading of doxorubicin and 5.3 µg load-
ing of 1010 exosomes [48]. Recurring freeze–thawing will, however, destabilize and damage
exosomes. Surfactant-assisted loading uses mild detergents like saponin to transiently
permeabilize the exosomal membrane, facilitating drug penetration. The process has been
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used with hydrophilic drugs like methotrexate, with an efficiency of 3.7 µg per 1010 exo-
somes [49,50]. The remaining surfactants, however, affect exosome function, restricting
clinical use.
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3.1.2. Active Loading

Active loading methods utilize external forces to enhance drug encapsulation effi-
ciency, especially for hydrophilic and macromolecular drugs. Electroporation uses brief
electrical pulses to conditionally destabilize the exosomal membrane, which increases the
internalization of nucleic acids like siRNA and CRISPR-Cas9. This process has been shown
to achieve efficiencies of siRNA as high as 9.2 µg per 1010 exosomes [51]. Electroporation
induces exosome agglomeration and decreases cargo stability [52].

Sonication applies ultrasonic waves to cause membrane perturbation to permit hy-
drophilic and hydrophobic drugs to diffuse into exosomes. Sonication has been used to
load paclitaxel with an encapsulation efficiency of 8.7 µg/1010 exosomes [53].

Transfection is the process of delivering nucleic acids into exosome-secretion cells in
order to fill therapeutic genes onto vesicles. Plasmid DNA delivery through this process
has yielded expression levels of 6.4 µg per 1010 exosomes [54]. Although helpful for gene
therapy, transfection needs to be optimized to avoid cytotoxicity and preserve exosome
integrity [55].

3.1.3. Cargo-Specific Optimization

The efficiency of cargo encapsulation in exosomes is significantly influenced by the
physicochemical properties of therapeutic molecules. Hydrophobic drugs, such as pacli-
taxel, incorporate efficiently into the lipid bilayer of exosomes, with a retention rate of 78%
after 48 h using passive incubation, as reported by Heath et al. [56]. However, hydrophilic
drugs like doxorubicin require active encapsulation strategies for optimal loading and
release. Zhang and Schekman found that doxorubicin encapsulated via electroporation ex-
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hibited a controlled release profile, with 63% of the drug being released after 72 h compared
to 45% for passively loaded exosomes [57].

The charge and molecular size of therapeutic molecules further impact loading effi-
ciency. Jong et al. demonstrated that small neutral molecules exhibit superior encapsulation
rates (above 80%), while charged or larger molecules require the optimization of loading
conditions [58]. To overcome these challenges, Yao et al. reported that the use of chiral
graphene quantum dots significantly enhanced loading efficiency, achieving 66.3% for
doxorubicin and 64.1% for siRNA, surpassing conventional methods such as ultracentrifu-
gation [59]. Advancements in exosome engineering have also improved drug stability
and targeted delivery. Elsharkasy et al. reported that modified electroporation techniques
leverage the high-affinity binding of MS2 coat proteins (MCPs) fused to EV-enriched pro-
teins to MS2 aptamers incorporated into single-guide RNAs (sgRNAs), in combination
with a UV-activated photocleavable linker domain, PhoCl [60]. Additionally, Gee et al.
demonstrated that surface modifications increased exosome retention in circulation by
improving drug bioavailability [61]. Osteikoetxea et al. found that controlled surface
charge modifications improved intracellular uptake [62]. Meanwhile, Stanford et al. re-
ported that genetically engineered exosomes exhibit a higher stability rate in physiological
conditions and an increase in targeted tumor cell delivery, demonstrating their potential
for neurodegenerative and cancer therapies [63].

Exosome-mediated drug delivery is a potential nanomedicine strategy, with passive
(freeze–thaw, incubation) and active (sonication, electroporation) loading employed to
provide maximal therapeutic efficacy. The optimization of cargo specificity enhances drug
retention and controlled release and, thus, exosomes are utilized in cancer, neurodegen-
erative diseases, and gene therapy. The exosome engineering optimization for enhanced
clinical efficacy is the focus of ongoing efforts.

3.2. Surface Functionalization for Targeted Delivery

The surface functionalization of exosomes is a crucial breakthrough in drug delivery,
augmenting the efficiency and specificity of exosome therapy. Through modifications to the
exosomal membrane, scientists have made it possible to target specific tissue, enhancing
the deposition of the drug in disease areas and reducing off-targeting. Methods like click
chemistry, gene editing, and avidin–biotin interactions have made it possible to attach
ligands in a controlled manner, allowing exosomes to traverse across biological barriers
like the BBB and selectively invade cancer cells [64].

3.2.1. Ligand Conjugation Approaches

Multiple biochemical and genetic approaches allow the coupling of targeting ligands
onto exosome surfaces. Click chemistry, both bio-orthogonal and efficient, allows the site-
specific modification of exosomal membranes with therapeutic ligands. SPAAC has also
been utilized recently to couple therapeutic molecules and imaging probes for improved
targeting specificity in cancer models [65].

Avidin–biotin interaction is another efficient method of ligand conjugation. This high-
affinity binding has been used to functionalize exosomes with monoclonal antibodies for
targeted delivery to tumor markers like HER2 [66].

Genetic modification is an efficacious tool for functionalizing exosomes. Through
genetically engineering exosome-producing cells to produce chimeric fusion proteins,
targeting ligands can be integrated inherently into exosomal membranes. The lysosome-
associated membrane protein 2b (Lamp2b) has also been widely used as an exosomal
scaffold for the presentation of peptides and antibodies on the surface of the vesicle.
Bioengineered exosomes with Lamp2b fused to DARPin G3 were successfully delivered to
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HER2-positive breast cancer cells, delivering siRNA and reducing target gene expression
by 70% in a study [67].

3.2.2. Targeting Moieties
CNS Targeting

CNS targeting is challenging because of the restrictive character of the BBB. Targeted
exosomes with specific targeting ligands like the rabies virus glycoprotein (RVG) peptide
and TfR ligands have been promising in crossing this barrier.

RVG peptide binds to nicotinic acetylcholine receptors, and drugs delivered through
exosomes are delivered to neuronal cells. RVG-engineered exosomes encapsulating
neprilysin, an Aβ-degrading enzyme, showed dramatic reductions in Aβ deposition in
a model of AD recently [68]. RVG exosomes carrying microRNA-133b were also shown
to improve neuronal recovery in ischemic stroke models through neuroprotection and
functional recovery [69].

TfR ligands are another potent way of crossing the BBB through receptor-mediated
transcytosis. TfR-targeted exosomes carrying miR-21 antisense oligonucleotides exhibited
targeted delivery to glioblastoma, suppressed tumor growth, and significantly extended
survival in preclinical models [70]. Another article emphasized the efficacy of TfR exosomes
in delivering siRNA across the BBB for treating neurodegenerative disease [71].

Cancer Targeting

Exosome-based drug delivery in cancer therapy has been improved through sur-
face functionalization using targeting ligands like HER2 antibodies, folate receptors, and
integrin αvβ3-binding peptides.

HER2-targeting exosomes were designed to selectively deliver chemotherapeutic
drugs and small interfering RNAs (siRNAs) to HER2-positive breast cancer cells. Re-
searchers designed exosomes to deliver the Lamp2b-DARPin G3 fusion protein for the
selective targeting of HER2 and effective siRNA delivery, resulting in a 70% inhibition of
target gene expression [67]. Exosomes delivering miRNAs designed to interfere with the
production of HER2 were demonstrated to improve anti-tumor efficacy in vivo [72].

Folate receptors, which are over-expressed in ovarian and lung cancer cells, were used
for exosome-targeted drug delivery. In one study, folate-conjugated paclitaxel exosomes
had greater tumor cell uptake than non-targeted exosomes [73,74]. Another study showed
that the use of folate–exosome hybrids enhanced the delivery of doxorubicin to tumor cells,
enhancing the therapeutic effect with a decrease in off-target toxicity [75].

Integrin αvβ3, a marker of tumor metastasis and angiogenesis, has also been inves-
tigated for the targeted delivery of exosomes. Cyclic RGD peptide-conjugated exosomes
against αvβ3 integrin exhibited preferential tumor accumulation and the improved deliv-
ery of doxorubicin, which enhanced anticancer efficacy 3.78-fold [76]. Co-liposomes with
αvβ3-targeted ligands have also been designed for improved gene transfection in cancer
cells with highly efficient therapeutic responses [77].

3.3. Hybrid- and Biomaterial-Augmented Systems

The development of hybrid exosome systems has greatly enhanced the stability, drug-
loading capability, and controlled release behavior of exosomes in therapy. By combining
exosomes with biomaterials like liposomes and polymers, scientists have created engi-
neered vesicles that have taken advantage of the inherent targeting capability of exosomes
while circumventing limitations like rapid clearance, early drug leakage, and poor payload
delivery. These biomaterial-incorporated and hybrid systems have been most promising in
drug delivery for cancer therapy [78].
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3.3.1. Exosome–Liposome Hybrids: High Stability and Payload Capacity

Exosome–liposome hybrid vesicles integrate the targeting capability and biocompati-
bility of exosomes with the drug-loading efficiency and membrane fluidity of liposomes.
Hybrid vesicles are more stable, with longer circulation half-lives and higher drug encapsu-
lation efficiency by integrating exosomal membranes into synthetic liposomes. Paclitaxel-
loaded exosome–liposome hybrids in one recent study achieved a drug retention efficiency
of 78%, which is significantly higher than with exosomes or liposomes individually [78].

In addition, pH-responsive hybrid liposomes with lipids have been made to deliver
medicines selectively to tumors. One study developed azo-inserted responsive hybrid
liposomes (HR-HLPs) to deliver their contents selectively under the hypoxic environment
of tumors, which improved tumor penetration and therapeutic efficacy [79].

One of the most innovative approaches was milk-derived exosome–liposome hybrid
vesicles with self-healing surface properties, which enhanced oral bioavailability and
peptide drug uptake. These hybrids enhanced the pharmacological effect of semaglutide
by enhancing mucus penetration and transport across the intestinal barrier [80].

3.3.2. Exosome–Polymer Composites: pH-Responsive PLGA Coatings for Tumor
Microenvironment-Specific Release

Exosome–polymer hybrids have been engineered to improve drug stability and offer
TME-responsive drug release. pH-sensitive polymers like poly(lactic-co-glycolic acid)
(PLGA] have been grafted onto exosomes to increase their half-life within the circulation
system and support their controlled release at the tumor site. PLGA-grafted exosomes
loaded with doxorubicin exhibited controlled drug release for 72 h, minimizing systemic
toxicity while preserving therapeutic efficacy [81].

pH-sensitive hybrid polymer–liposomes were developed for antigen delivery during
cancer immunotherapy in another research. The carriers successfully carried out the
cytosolic delivery of the tumor antigens and triggered intense immune responses against
the tumor cells [82]. pH-sensitive hyaluronic acid-derived liposomes were created to
target CD44-overexpressing cancer cells selectively and deliver drugs intracellularly and
considerably better [83].

Polymer-functionalized exosomes have also been studied to enhance the blood cir-
culation time. A study showed that exosomes surface-modified by atom transfer radical
polymerization (ATRP) retained four times greater circulation retention and, thus, are of
potential interest as drug delivery candidates with an extended duration [84].

In addition, hybrid exosome vectors with hollow gold nanoparticles (HGNs) have
been designed to find applications in theranostics. The hybrids were readily internalized
by cancer cells for imaging and therapy simultaneously [85].

Hybrid exosome systems are a new strategy for the optimization of the biological
activity of native exosomes as drug carriers. Exosome–liposome hybrids possess en-
hanced stability and drug retention and exosome–polymer composites provide tumor
microenvironment-regulated release and prolonged circulation time. The designed vesicles
dramatically improve the therapeutic effect and create new prospects for the second gener-
ation of target and controlled drug delivery in cancer therapy and regenerative medicine.

3.4. Quality Control and Characterization

To ensure the quality and functionality of exosomes for their application as therapeu-
tics, rigorous characterization by standardized analytical techniques is required. Quality
control parameters measure the size, purity, and cargo load of exosomes, while functional
tests assess their biological activity in relevant models of disease. These assessments are
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important in ensuring batch consistency as well as in the optimization of exosome-based
drug delivery systems [86].

3.4.1. Metrics
Size Analysis (NTA and DLS)

The size distribution of exosomes is an important parameter for the successful isolation
and discrimination of exosomes from other extracellular vesicles. Nanoparticle tracking
analysis (NTA) and dynamic light scattering (DLS) are commonly employed for this. In
a study involving non-small-cell lung cancer (NSCLC), NTA and electron microscopy
validated exosomal size ranges of 108–125 nm with clear morphology and homogenous dis-
tribution [87]. A second study conducted with asymmetrical-flow field-flow fractionation
(AF4) coupled with multi-angle light scattering (MALS) indicated that NTA overestimated
the size of the exosomes slightly and that DLS was better at size discrimination [88].

Purity Testing (Western Blot, ExoView, HPLC)

Western blot analysis is routinely employed to confirm the presence of exosomal
markers CD63, CD81, and TSG101 in the identification of the contaminants of albumin and
calnexin. A comparison study of rat plasma exosomes increased Western blot conditions
to maximize detection precision and reduce background interference (Heiskanen, Mette).
This led to the “Western blot characterization of exosomes isolated from rat plasma and
evaluation of the efficiency of a precipitation method in exosome isolation” [89]. ExoView,
an immunoassay-based platform, maximizes exosome purity characterization further by
facilitating the multiplex detection of surface proteins on exosomes.

High-performance liquid chromatography (HPLC) has been used for quantitative
exosome purity determination. A new two-dimensional HPLC (2D-HPLC) approach
showed improved accuracy in exosome purity determination by minimizing personal error
and enhancing automation in the analysis of exosome samples [90].

Cargo Quantification (qPCR, HPLC)

The quantification of proteins and nucleic acids in exosomes is necessary for assessing
their therapeutic value. Quantitative PCR (qPCR) has been employed to examine miRNA
and mRNA composition in exosomes. NSCLC exosomes were found to contain high
levels of tumor-related miRNAs using qPCR, which further classifies them as a potential
biomarker [91].

HPLC was employed for protein quantitation in exosomes. Liquid chromatography–
tandem mass spectrometry (LC-MS/MS) detected 162 unique lipids from the purified
urinary exosomes of prostate cancer patients, proving their function in cancer development
and possible application as biomarkers [92].

3.4.2. Functional Assays
In Vitro BBB Models

Functional verification of the delivery of exosomes through the BBB is important for
treatments targeted at the CNS. A microfluidic device called GlioExoChip isolated and
profiled GBM-specific exosomes after BBB opening via ultrasound, verifying that they were
identifiable in the circulation and could be useful for early tumor diagnosis [93]. Anti-CD19-
transduced exosomes were shown to cross the BBB effectively and target methotrexate
and CNS lymphoma cells in another study, enhancing drug bioavailability while lowering
systemic toxicity [94].
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Tumor Spheroid Penetration Assays

Exosome penetration into tumor spheroids is an important parameter for their ca-
pacity to hone onto solid tumors. In the comparison of different isolation procedures
for exosomes, various preparation protocols were tested on tumor spheroid models. The
Invitrogen procedure yielded the greatest quantity of exosomes but with increased size
distribution owing to microvesicle co-precipitation and the lowest zeta potential. The
alternative methods provided exosomes of the expected size range (<150 nm) with zeta
potentials between −12mV and −29mV and high purity. Gel filtration provided a wider
distribution at the lower end of the range, which could be due to protein and vitamin
aggregate contamination [95]. In addition, exosomes synthesized with microRNA-145 were
demonstrated to enter pancreatic tumor spheroids effectively, suppress proliferation, and
increase sensitivity to gemcitabine, and therefore, can be seen as an effective therapeutic
carrier in pancreatic cancer [96].

Successful quality control and characterization methods are required to optimize
exosome-based therapeutics. NTA and DLS size analysis, Western blot, ExoView purity
analysis, and qPCR and HPLC cargo analysis confirm batch-to-batch reproducibility and
functional integrity. Functional assays like in vitro BBB models and tumor spheroid pene-
tration also confirm the therapeutic efficacy of exosomes. These methods present a platform
on which to define exosome science and clinical translation.

4. CNS Therapy: Breaching the Blood–Brain Barrier
4.1. Mechanisms of Exosome-Mediated BBB Penetration

The BBB presents a strong challenge in the treatment of CNS disease, restricting access
to most therapeutics. Exosomes have been shown to cross the barrier via receptor-mediated
transcytosis and Trojan Horse approaches, which represent an exceptionally effective drug
delivery mechanism into the brain. Such approaches leverage natural cellular processes to
maximize CNS drug targeting, which boosts the treatment of neurodegenerative disease
and brain tumors [71].

4.1.1. Receptor-Mediated Transcytosis: TfR, LDLR, and Insulin Receptor Pathways

Receptor-mediated transcytosis (RMT) is one of the primary approaches to enhance
the BBB crossing of exosomes by making use of certain receptors widely present on brain
endothelial cells like the TfR, the low-density lipoprotein receptor (LDLR), and insulin
receptor (INSR). These receptors, which are highly expressed in brain endothelial cells,
facilitate the selective transport of therapeutic agents into the CNS.

LDLR-targeted exosomes have also been found to cross lysosomal degradation path-
ways of high potential. In a study employing LDLR-binding peptides, such modified
exosomes were seen to enter effectively into brain endothelial cells and enable the direct
delivery of the drug to the brain. Engineered exosomes showed increased accumulation
in the brain in comparison to native exosomes [97]. The major advantage of this ap-
proach is its demonstration of significantly improved brain penetration, while its limitation
lies in the variability of LDLR expression among different individuals, which may affect
treatment efficacy.

Brain-penetrating bifunctional IgG fusion proteins offer a route with which to deliver
large-molecule biotherapeutics across the BBB. Engineered proteins utilize monoclonal
antibodies (MAbs) against BBB receptors like insulin (HIR) or transferrin (TfR) to mediate
receptor-mediated transcytosis, allowing therapeutic domains to take effect in the brain.
Validated in animal models of neurodegenerative and lysosomal storage disorders, fusion
proteins have also shown their efficacy in Phase I–III clinical trials of Hurler MPSI and
Hunter MPSII and are, hence, a potential candidate for neurological disease treatment [98].
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The advantage of this approach is its clinical validation in human trials, but a limitation is
the high cost and complexity of manufacturing IgG fusion proteins on a large scale.

In a separate study, Liu et al. explored the efficiency of exosome-mediated transport
via TfR targeting, demonstrating that exosomes conjugated with TfR-binding ligands result
in an increase in BBB penetration compared to unmodified exosomes [99]. The advantage
of this approach is its potential for delivering gene-editing tools directly into the CNS,
while a limitation is the inconsistent receptor expression levels among patients, which may
lead to variability in drug uptake.

Further research by Ruan et al. highlighted that pH-responsive transferrin dissociation
enhances exosome release from endothelial cells, reducing lysosomal degradation and
improving CNS drug delivery. Their findings suggest that optimizing receptor–ligand
interactions could significantly enhance the efficiency of exosome transport across the
BBB [100]. The advantage of this approach is its ability to limit lysosomal degradation and
increase exosome bioavailability in the CNS, whereas its limitation is the requirement for
the precise control of pH conditions to ensure consistent drug release.

A study by Haqqani et al. investigated receptor variability in human and murine BBB
models, reporting that receptor expression differed by up to 40% between species, poten-
tially affecting translational success [101]. The advantage of this study is its identification of
critical interspecies differences, providing valuable insight for preclinical models. However,
a limitation is that further validation in human subjects is required to confirm these find-
ings. Moreover, an experiment proved that the pH-responsive dissociation of transferrin
enhances the exosome release from endothelial cells, limiting lysosomal degradation and
enhancing CNS drug delivery [102].

Receptor-mediated transcytosis remains a highly promising strategy for enhancing the
BBB penetration of exosome-based therapeutics. Future advancements in receptor targeting
and ligand optimization will be crucial for improving drug delivery efficiency and ensuring
successful clinical translation.

4.1.2. Trojan Horse Strategies: Monocyte-Derived Exosomes Hijacking Immune Cell Trafficking

The Trojan Horse approach utilizes immune cells, such as monocytes, as carriers to
transport exosomes across the BBB. The method takes advantage of the natural capability
of immune cells to enter the CNS, delivering therapeutic payloads to the brain.

Monocyte-derived exosomes are capable of delivering siRNA through the BBB. Exo-
somes that were bioengineered to express integrin α4β1 to simulate leukocyte adhesion
were used to cross the BBB and deliver gene therapy to glioblastoma cells. This method
demonstrated the greater expression of the gene in brain tissue compared to non-targeted
exosomes [103].

Trojan Horse liposome (THL) technology extends this approach even further. THLs
are PEGylated immunoliposomes, surface-functionalized with monoclonal antibodies and
transferrin or insulin receptors to enable them to enter cells through receptor-mediated
endocytosis and deliver therapeutic genes beyond the BBB. In a study using THLs to deliver
the tyrosine hydroxylase gene therapy for Parkinson’s disease, it was shown that there was
the normalization of dopamine production in treated mice to full levels, demonstrating the
potential of this approach for neurodegenerative diseases [104].

Moreover, Trojan Horse approaches have been utilized to attack neuroinflammation.
Exosomes were engineered to transfer inflammatory chemokine receptors and were shown
within one study to deliver anti-inflammatory therapeutics to fight multiple sclerosis in
brain areas of inflammation effectively. The therapy reduced inflammatory cytokines by
48% and repaired motor function in preclinical models [105].
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Another study showed that monocyte-loaded drug carriers doubled CNS concen-
trations of drugs compared to the free drug. Monocyte-carrier systems could deliver
effectively into the brain, mimicking the body’s own natural trafficking of immune cells
into inflamed or diseased CNS areas [106].

Transcytosis over TfR, LDLR, and INSR pathways has also seen dramatic increases in
the delivery of drugs and exosomes. Trojans with Horse strategies, including monocyte-
derived exosomes as well as liposomal platforms, have mimicked the migration of immune
cells to transport therapies to the brain. Such modalities are on the cusp of revolutionizing
the treatment of neurodegenerative diseases and brain cancers and bringing about precision
medicine based on exosomes.

4.2. Applications in Neurodegenerative Diseases

Exosome-based therapies offer promising strategies for treating neurodegenerative
diseases and glioblastoma by enabling targeted drug delivery across the blood–brain barrier.
In Alzheimer’s and Parkinson’s disease, exosomes facilitate gene silencing, neuroprotection,
and biomarker discovery, leading to reduced pathology and improved cognitive and
motor function. For glioblastoma, engineered exosomes enhance drug delivery, overcome
resistance, and improve survival in preclinical models. The following Table 2 summarizes
the key studies exploring these therapeutic applications.

Table 2. Exosome-based therapeutics in neurodegenerative diseases and glioblastoma: preclinical
and translational insights.

Disease Therapy Target Drug/Cargo Delivery
Method Key Findings Animal Study

Results

Authors
and

Studies

Alzheimer’s Gene Silencing BACE1 siRNA RVG29-
exosomes

Reduced BACE1
mRNA by 60% and
proteins by 62%

Improved
cognitive
function in mice

[6]

Dual Gene
Therapy

BACE1 and
TREM2

siRNA +
pTREM2

Exosome
liposomes

Reduced amyloid
plaques and
activated microglia
for neuroprotection

Enhanced
memory
restoration in
APP/PS1 mice

[107]

Neuroprotection Neurons BDNF Exosome
injection

Increased synaptic
plasticity and
neuroprotection

Enhanced
learning and
memory in AD
mouse models

[108]

Neuroprotection Neurons siRNA Exosome
injection

Increased synaptic
plasticity and
neuroprotection

Enhanced
learning and
memory in AD
mouse models

[109]

Combination
Therapy

BACE1 and
Caspase-3

siRNA
cocktail

Intranasal
exosomes

Reduced
neurodegeneration
and apoptosis

Improved
memory in
3×Tg-AD mice

[110]

Biomarker
Discovery

Plasma
Biomarkers BACE1-AS

Exosomal
lncRNA
analysis

Elevated BACE1-AS
levels correlated with
AD severity

Improved early
detection with
MRI exosome
biomarkers

[111]

Parkinson’s

Protein
Clearance α-synuclein siRNA RVG-

exosomes

Reduced α-syn
aggregation; slowed
disease progression

Neuroprotection
in PD mouse
models

[112]

Neuroprotection Dopaminergic
neurons GDNF Exosome injection

Increased neuron
survival; reduced
inflammation

[113]
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Table 2. Cont.

Disease Therapy Target Drug/Cargo Delivery
Method Key Findings Animal Study

Results

Authors
and

Studies

Epigenetic
Editing SNCA gene CRISPRi Ultrasound-

exosomes

Targeted SNCA
methylation; reduced
α-synuclein

Improved motor
function in PD
mice

[114]

Combination
Therapy α-synuclein miR-188-3p

exosomes
Exosome
injection

Reduced
neuroinflammation
and α-syn
aggregation

Protected
dopamine
neurons in MPTP
PD mice

[115]

Long-Term Gene
Silencing α-synuclein shRNA

minicircle
RVG-
exosomes

Reduced α-syn
aggregates and
neuronal loss

Sustained
therapeutic
effects for 6
weeks in PD
mice

[116]

Biomarker
Discovery

Plasma
Biomarkers

α-synuclein
+ miRNAs

Exosomal
protein
profiling

α-syn exosomes
identified as early PD
biomarkers

Improved
diagnostic
accuracy for PD

[117]

Glioblastoma Chemotherapy Tumor cells Temozolomide EGFRvIII-
exosomes

Enhanced drug
penetration and
tumor targeting

Reduced tumor
size in xenograft
mouse models

[34]

Gene Therapy EGFRvIII+ GBM
cells

miR-34a +
CDA

MSC-
derived
exosomes

Induced apoptosis;
40% cell death

Increased
survival in GBM
mouse models

[118]

Drug Resistance Tumor Microen-
vironment

PTPRZ1–
MET fusion
exosomes

GBM-
derived
exosomes

Increased
temozolomide
resistance; induced
migration

Promoted tumor
growth in
xenograft models

[119]

siRNA Therapy STAT3 Pathway Angiopep-2-
siRNA

Engineered
exosomes

Inhibited GBM
proliferation; BBB
penetration

Increased
survival in
orthotopic GBM
mice

[120]

Combination
Therapy GBM Stem Cells

Temozolomide
+ O6-
Benzylguanine

Dual-
receptor
exosomes

Overcame TMZ
resistance; improved
BBB penetration

Prolonged
survival in
GBM-bearing
mice

[115]

miRNA Therapy Tumor Cells miR-128
BM-MSC-
derived
exosomes

Reduced GBM
proliferation;
decreased BMI-1
gene expression

Increased
survival in
glioma xenograft
models

[121]

Dual-Drug
Delivery

GBM
Metabolism

siRNA +
Metformin

Blood-
derived
exosomes

Impaired GBM
mitochondrial
function

Reduced tumor
growth in PDX
models

[122]

CRISPR-Cas9
Therapy TMZ Resistance siRNA +

TMZ
Targeted
Exosomes

Overcame
RAS-mediated
chemoresistance

Tumor burden
reduction in
GBM models

[123]

4.3. Alternative Modes of Delivery

Therapeutic delivery to the CNS continues to be a challenge as the BBB hinders it.
Conventional modes of administration, like intravenous and oral routes, do not work in
crossing the BBB, which has led to encouragement for the use of alternative modes of
administration like intranasal and intrathecal delivery. These alternatives allow for more
effective exosome-based therapeutic delivery directly into the CNS.

Intranasal delivery uses the olfactory and trigeminal nerve routes, which permit direct
delivery to the brain of the drug. It has been reported in studies to be efficacious since
intranasally administered exosomes containing neurotrophic factors reached the brain in
30 min and were present within cerebrospinal fluid for up to 6 h [124]. Exosomes that
carried insulin-like growth factor-1 (IGF-1) enhanced cognition in Alzheimer models by
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elevating IGF-1 to 75 pg/mg in the hippocampus within 2 h [125]. Intranasal exosome
administration has been found to hold promise in the treatment of stroke and traumatic
brain injury through induction of neurogenesis as well as anti-inflammatory cytokines,
resulting in a 42% decrease in infarct volume [126].

Intrathecal delivery circumvents the BBB completely by introducing therapeutics into
the cerebrospinal fluid (CSF) directly; thus, it is the treatment of choice for glioblastoma,
spinal injury, and neuroinflammatory disorders. Experiments have shown that the in-
trathecal delivery of engineered exosomes with siRNA against STAT3 effectively decreases
glioblastoma growth by inhibiting tumor growth markers [127].

All the delivery routes possess pros and cons. Intranasal delivery is non-invasive and
can be repeated, but it is susceptible to mucociliary clearance and enzymatic breakdown.
In contrast, intrathecal injections are increasingly bioavailable but may be risky with regard
to the danger of infection and complications. Developments in nanoparticle engineering
and exosome modification are continually increasing the efficiency of such methods, and
these are promising avenues for future CNS therapeutics [128].

The intranasal and intrathecal delivery of exosomes are extremely promising technolo-
gies for drug delivery across the BBB. With development and further investigation, these
technologies will revolutionize the treatment of neurological disease with the minimally
invasive, targeted delivery of therapy.

5. Oncology: Breaking Through the Tumor Microenvironment
5.1. Increased Permeability and Retention (EPR) Effect: Utilize Exosome Size to Concentrate
Within Tumors

The increased permeability and retention (EPR) effect is a prevailing mechanism
whereby passive tumor targeting may be achieved on the basis of the characteristic physio-
logical properties of tumor vasculature. Tumors have leaky blood vessels with interstitial
pores between 200 and 800 nm, permitting nanoparticles and exosomes of the 30–150 nm
size range to selectively target the tumor microenvironment and become trapped because
of ineffective lymphatic drainage. Exosome drug delivery systems take advantage of this
phenomenon to deliver drugs in a targeted and sustained manner within solid tumors.

Exosomes have been reported to be effective in passive tumor targeting by the EPR
effect. In a vincristine-loaded exosome experiment, scientists found that smaller exosomes
(~30 nm) penetrated deeper into the tumor to the level of 12.4 µg/g in tumor tissue than
100 nm exosomes at 7.1 µg/g accumulation. This provided evidence that smaller exosomes
penetrate further and are retained inside the tumor better due to their capacity to move
through interstitial space more efficiently [129]. According to one study, paclitaxel exosomes
were reportedly found at an accumulation of 18.7 µg/g in the tumor tissue, whereas an
accumulation of only 3.2 µg/g was noticed in normal tissues, which marks the selective
enrichment due to the EPR effect [130].

However, the efficacy of the EPR effect is much dependent on tumor heterogeneity.
Low vascular tumors or dense stroma content possess reduced EPR-mediated accumulation.
To address this, scientists have explored the integration of passive targeting with physical
augmentation approaches like sonoporation, which enhances exosome delivery to EPR-
deficient tumors [131]. These results specify the promise of exosome-based passive targeting
and ascertain the requirement of further optimization strategies in such difficult conditions
of tumors.

5.2. Active Homing: CXCR4-Overexpressing Exosomes Targeting Hypoxic Niches

Active targeting approaches promote tumor specificity through the decoration of
exosomes with ligands or receptors specific to tumor-specific markers. One such promising
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strategy involves engineering exosomes to overexpress CXCR4, a chemokine receptor
that has been demonstrated to play a role in tumor cell migration, invasion, and hypoxia-
induced metastasis. The hypoxic tumor microenvironment, a promoter of therapy resis-
tance and immune evasion, expresses CXCL12 (SDF-1) at high amounts, the chemokine
ligand of CXCR4, and hence is a great target for therapy using exosomes.

An experiment proved that CXCR4-enriched exosomes had a 3.8-fold greater up-
take in hypoxic glioblastoma cells than control exosomes. Improved targeting allowed
drug delivery efficiency to be much higher, and tumor volume decreased by 64% in pre-
clinical glioblastoma models [132]. A further experiment on hepatocellular carcinoma
showed that CXCR4-enriched exosomes enhanced tumor invasion by activating the SDF-
1/CXCR4/CXCR7 pathway, resulting in a 45% increase in metastatic ability [133].

CXCR4-engineered exosomes not only enhance tumor targeting but are also involved
in remodeling the tumor microenvironment. In a model of melanoma, scientists proved that
CXCR4-overexpressing exosomes promoted the homing of tumor cells to pre-metastatic
niches in the bone, enhancing the tumor burden by 62% through CXCL12-mediated signal-
ing [134]. Therefore, CXCR4-engineered exosomes are useful for therapeutic and diagnostic
intervention in highly metastatic tumors.

Besides improving tumor targeting, CXCR4-enriched exosomes have also been in-
vestigated as immune modulators. It was shown in one study that engineered exosomes
with an anti-tumor immune checkpoint inhibitor (anti-PD-L1) and CXCR4 ligands substan-
tially promoted T-cell invasion into tumors, leading to tumor regression in 72% of treated
mice [135]. It demonstrates the promise of fusing active targeting with immunotherapy for
improved cancer treatment.

In total, CXCR4-overexpressing exosomes hold considerable potential to improve tu-
mor specificity, ensure improved drug delivery, and regulate the tumor microenvironment.
Passive targeting through the EPR effect is still a prevailing factor, but active homing mecha-
nisms provide increased specificity, enabling the more efficient utilization of exosome-based
therapy against aggressive, hypoxic solid tumors.

5.3. Stimuli-Responsive Drug Release

Drug delivery using exosomes has increasingly been designed to harness tumor-
selective stimuli for the triggered, controlled release of drugs. Of them, pH-sensitive
and enzyme-responsive systems are of crucial importance in helping deliver therapeutic
molecules with specificity in the TME with minimal systemic toxicity and maximum
therapeutic effect.

5.3.1. pH-Triggered Systems: Protonation in the Acidic Tumor Microenvironment

The tumor microenvironment is also generally more acidic (pH 6.2–6.8) compared to
normal tissue (pH 7.4), largely because of the increased metabolic rate in cancer cells. The
difference in pH has been utilized to create exosome-mediated drug carriers that release
their payloads in response to the acidity of a tumor.

Zhao et al. (2016) showed that pH-sensitive peptide-modified exosomes loaded with
doxorubicin delivered their cargo successfully in acidic glioma milieus. pH-responsive
exosomes released doxorubicin directly into tumor cells, cutting tumor volume in glioma-
bearing mice by 68% compared to conventional liposomal systems [136]. Yamamoto et al.
(2018) utilized mimetic interstitial fluid in tumors to compare the pH-driven release of
doxorubicin from exosomes and determined that drug release was 15 times greater within
acidic tumor environments than at neutral pH [137].

With the exception of doxorubicin, pH-sensitive nanocarriers have been used by
researchers to target other chemotherapeutics. In one article by Chen et al. (2011), pH-
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responsive doxorubicin-loaded nanoparticles showed controlled release behavior, and
fluorescence monitoring confirmed drug accumulation in endosomes prior to delivery
in the cytosol at late-endosomal pH (~5.0) [138]. These findings suggest the potential of
pH-sensitive exosomes to achieve targeted drug delivery within the tumor.

5.3.2. Enzyme-Cleavable Payloads: MMP-2/9 Cleavable Linkers

Matrix metalloproteases MMP-2 and MMP-9 are both overexpressed within the tu-
mor microenvironment and are involved in the remodeling of the extracellular matrix
and metastasis. The utilization of these enzymes for drug release from exosomes is an
added specificity.

Li et al. engineered MMP-cleavable peptide linkers on doxorubicin-conjugated ex-
osomes. The findings indicate that in the presence of MMP-2, doxorubicin was released
quickly within 4 h, inducing the massive apoptosis of tumor cells and a 73% decrease in
tumor volume in xenograft models [139]. This study also illustrated that trigger-induced
drug release lowered systemic toxicity since MMP-9-cleavable exosomes exhibited neg-
ligible drug leakage at physiological concentrations of enzymes but produced a 5.3-fold
release enhancement upon exposure to tumor-related MMP-9 levels [140].

In addition, enzyme-activated systems have also been investigated in combination
therapy. Cheng et al. designed dual-release exosomes with MMP-cleavable and pH-
sensitive linkers, which enhanced tumor targeting. The exosomes showed a 6.4-fold
enhanced drug concentration at metastasis sites, significantly inhibiting the recurrence of
tumors compared to non-responsive carriers [141].

Exosome-based stimuli-responsive drug release systems are pH-sensitive and enzyme-
triggerable for better tumor-specific targeting and therapeutic efficiency. pH-sensitive
exosomes trigger drug delivery with precision in acidic tumor microenvironments, while
MMP-cleavable exosomes utilize enzymes within tumor tissue to allow targeted drug
deployment. The implementation of these techniques in future exosome therapeutics holds
great potential to enhance the efficacy of cancer treatments.

5.4. Overcoming Multidrug Resistance (MDR)

Multidrug resistance (MDR) is one of the biggest hurdles in cancer treatment, where
tumors evolve mechanisms to resist chemotherapy using drug efflux transporters, anti-
apoptotic proteins, and metabolic changes. Exosome-based delivery systems provide a
promising approach to overcoming MDR by co-delivering chemotherapeutics and siRNA
or using CRISPR-Cas9 technology to knockdown drug-resistant genes.

5.4.1. Co-Delivery of Chemotherapeutics and siRNA: Silencing P-gp, BCL-2, or Survivin

P-glycoprotein (P-gp) overexpression is one of the widespread mechanisms of drug
resistance, actively effluxing chemotherapeutic drugs from cancer cells. Aliabadi et al.
proved in a study that combining the silencing of P-gp and MCL-1 by siRNA using lipid-
modified polyethylenimine (PEI) leads to the efficient reversal of drug resistance in breast
cancer cells. Their results validated that silencing MCL-1 alone caused 90% cell death of
wild-type cells, but the simultaneous silencing of P-gp and MCL-1 in combination in MDR
cells additionally sensitized the latter to doxorubicin [142].

Additionally, Navarro et al. used a new conjugate of dioleoylphosphatidylethanolamine
and polyethylenimine as a carrier to deliver the siRNA targeted against P-gp to doxorubicin-
resistant breast cancer cells. Their dual delivery doubled doxorubicin cellular retention and
maximally potentiated cytotoxicity [143].

Ai et al. knocked down survivin in lung cancer cells using siRNA-loaded liposomes,
profoundly inhibiting the expression of survivin and inducing sensitivity to cisplatin and
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paclitaxel. Their results demonstrated that cisplatin IC50 values decreased from 12.4 µM to
2.3 µM in drug-resistant cells upon survivin knockdown [144].

5.4.2. CRISPR-Cas9 Exosomes: Drug Efflux Transporter Knockout

CRISPR-Cas9 technology is a very specific gene knockout technique, and hence, it is
a desirable approach for the reversal of drug resistance. Ganesh et al. demonstrated in
their research that CRISPR-Cas9-mediated survivin and BCL-2 knockout in lung cancer
cells sensitized the cells to cisplatin. Tumor suppression was increased from 30% to 60% in
xenograft models with a combination of CRISPR treatment and cisplatin [145].

Correspondingly, Jiang et al. found that exosomal CRISPR-Cas9 delivery targeting
the HMGA2/mTOR/P-gp pathway restored the chemoresistance of gastric cancer cells.
They yielded a 4.2-fold increase in the intracellular level of doxorubicin and a noticeable
decrease in the tumor burden [145,146].

5.5. Immunomodulatory Exosomes

Cancer can avoid immune detection via checkpoint inhibition and immune suppres-
sion. Exosomes are capable of serving as effective delivery vectors for the delivery of
immunotherapeutic agents, including checkpoint inhibitors and tumor antigen-loaded
vaccines, to stimulate anti-tumor immune responses.

5.5.1. Checkpoint Inhibitor Delivery: Anti-PD-1/PD-L1 Antibodies for T-Cell Activation

PD-1/PD-L1 pathway checkpoint inhibitors have revolutionized cancer immunother-
apy. The systemic delivery of these antibodies, however, usually causes off-target toxicity
and immune-related adverse effects. Exosome-mediated delivery is a more targeted strat-
egy to augment checkpoint blockades with reduced systemic toxicity.

Yu et al. designed PD-L1 monoclonal antibody-coated nanoliposomes containing
paclitaxel and P-gp inhibitors to facilitate T-cell activation and immune evasion. The
research indicated a 4.5-fold inhibition of the tumor and a remarkable increase in T-cell
infiltration [147].

Ciesielski et al. contrasted PD-L1 inhibitor-treated exosomes in glioblastoma patients
and identified higher levels of CD9+/GFAP+/survivin+ exosomes in patients with acceler-
ated tumor growth. PD-L1 blockade therapy with exosome-treated patients revealed a 98%
reduction in immune suppression via exosomes [148].

5.5.2. Exosome Vaccines: Tumor Antigen-Loaded Exosomes with Dendritic Cell Activation

Exosome-based cancer vaccines target tumor-specific antigens to dendritic cells (DCs),
enhancing antigen presentation and initiating cytotoxic T-cell activity.

Yazdani et al. proved that gp100 tumor antigen-loaded exosome vaccination dramati-
cally enhanced the therapeutic efficacy of anti-PD-1 treatment in melanoma models. The
results indicated increased tumor-infiltrating lymphocytes and enhanced survival in immu-
nized mice [149]. The second study by Wang et al. proved that survivin peptide-carrying
exosomes greatly enhanced antigen-specific T-cell responses in breast cancer and enhanced
interferon-gamma by 72% [150].

Exosome therapies are effective agents to combat multidrug resistance and control
anti-tumor immunity. The co-delivery of chemotherapeutic drugs and siRNA selectively
silences drug-resistant genes, whereas CRISPR-Cas9 exosomes provide high-sensitivity
genome editing to knock out drug efflux pumps. Immunomodulatory exosomes such
as checkpoint inhibitor-loaded exosomes and vaccine-loaded exosomes control immune
modulation and result in better prognoses for anticancer therapies. They are the next
generation and new paradigms of personal cancer therapies.
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6. Clinical Translation: From Bench to Bedside
Exosome-based therapies have made significant strides toward clinical application,

with preclinical success demonstrating their potential in treating various diseases, in-
cluding neurodegenerative disorders and cancer. These findings have paved the way
for ongoing clinical trials evaluating their safety, efficacy, and potential for real-time
therapeutic tracking.

6.1. Preclinical Success Stories
6.1.1. CNS: Curcumin-Loaded Exosomes in Alzheimer’s Mouse Models

Alzheimer’s and other neurodegenerative diseases are difficult because the BBB pre-
vents drug delivery. Targeted CNS therapy has been found to be an effective means of
delivery by exosome-based systems. Wang et al. proved that curcumin-loaded exosomes
(Exo-cur) successfully traversed the BBB and decreased Aβ plaque deposition greatly in
an AD mouse model. Mice treated with Exo-cur had 38% lower phosphorylated tau and
enhanced cognitive function in the Morris water maze test [151].

Fernandes et al. also developed exosome-like liposomes with encapsulated curcumin
for long-term BBB penetration. The exosomes had 94% encapsulation efficiency, resulting
in enhanced neuroprotection and the significant lowering of oxidative stress markers in
neuronal cells [152].

6.1.2. Cancer: Paclitaxel-Loaded Exosomes in Pancreatic Cancer Xenografts

Exosome drug delivery has evolved as a powerful tool for the augmentation of
chemotherapy. Kim et al. engineered macrophage-derived exosomes with paclitaxel
loading (exoPTX) for the treatment of pulmonary metastasis. In vivo analysis revealed that
exoPTX selectively accumulated in lung tumors, leading to remarkable tumor regression in
comparison to control paclitaxel delivery [153].

Satake et al. also explored the biodistribution of pancreatic cancer-derived exosomes
using fluorescent imaging in a xenograft mouse model. The findings showed that tumor-
derived exosomes accumulated at metastatic locations, increasing the specificity of drug-
loaded exosome therapy for pancreatic cancer [154].

6.2. Clinical Trials and Outcomes
6.2.1. Phase I/II Trials: MSC-Derived Exosomes for Glioma and Metastatic Lung Cancer

Exosome therapy is moving on to clinical trials to establish its safety and therapeutic
efficacy. A Phase I clinical trial (NCT03384433) treated glioblastoma with MSC-derived
exosomes, and there were early indications of immune modulation and tumor regression in
patients. The trial increased patient survival with minimal adverse effects (NCT03384433).

Likewise, a Phase II trial (NCT01159288) investigated the effectiveness of immunother-
apy with exosomes in metastatic lung cancer. The trial utilized dendritic cell-derived
exosomes loaded with tumor antigens, which increased immune activation and tumor-
specific cytotoxic T-cell responses (NCT01159288) [155].

6.2.2. Theranostic Applications: MRI/Fluorescence-Labeled Exosomes for Real-Time Tracking

One of the key developments in exosome science is the use of exosomes in
theranostics—integrating treatment with real-time imaging for therapeutic monitoring.
With ongoing clinical research, theranostic applications combining imaging and therapy
provide a new horizon for precision medicine with real-time monitoring and augmented
therapeutic efficacy. Table 3 provides a comprehensive summary of ongoing clinical tri-
als and theranostic advancements in exosome-based therapies, integrating imaging and
targeted drug delivery to revolutionize cancer treatment.
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Table 3. Summary of clinical trials and theranostic applications of exosome-based therapies.

Condition Exosome
Source Cargo Delivery

Route Key Findings Outcome Limitations Reference

Glioblastoma
Tumor-
derived
exosomes

α-GalCer-
loaded DCs Intravenous

Induced strong
cytotoxic T-cell
activation,
reducing tumor
size

Enhanced
anti-tumor
immune
response

Potential
off-target
immune
effects

[156]

Glioblastoma
Glioblastoma-
derived
exosomes

Lipid
metabolism
modulators

Systemic

Reduced lipid
accumulation and
ferroptosis in DCs,
suppressing tumor
growth

Decreased
immune
dysfunction

Mechanisms
need further
exploration

[157]

NSCLC
Dendritic
cell-derived
exosomes

IFN-γ Intravenous

Boosted NK cell
activation, leading
to prolonged
progression-free
survival

Median OS
of 15 months

Limited
sample size;
variability in
immune
response

[158]

Glioblastoma
Neuropilin-1-
targeted
exosomes

SPIONs and
curcumin Intravenous

Enabled MRI
contrast with
simultaneous
therapy

Improved
glioma
tracking and
treatment

Requires
further
optimization
for human
trials

[159]

Lung Cancer Exosomes Paclitaxel Intravenous

Increased tumor
drug
concentration,
enabling
fluorescence-based
tracking

Improved
drug
targeting and
monitoring

Scalability of
manufactur-
ing remains a
challenge

[160]

Glioblastoma MSC-derived
exosomes miR-128 Systemic

Targeted glioma
cells,
downregulating
the BMI-1 gene

Increased
survival in
xenograft
models

Clinical
translation
still requires
further
validation

[121]

Glioblastoma
Exosome–
liposome
hybrid

NIR-II
fluorescence
probes

Intravenous

Enabled precise
imaging and
photothermal
therapy

Extended
mouse
survival in
glioblastoma
models

Further
studies
needed for
clinical trials

[161]

7. Challenges and Mitigation Strategies
Despite significant breakthroughs in exosome therapeutics, technical and regulatory

hurdles preclude their established clinical utility. Some of the major hindrances include off-
target activity, immune activation, scalability issues, regulatory uncertainty, and intellectual
property conflicts. Mitigating these impediments through high-tech engineering solutions,
improved characterization techniques, and more transparent regulations is crucial for
integrating exosome-based therapeutic solutions into general clinical practice.

7.1. Technical Hurdles
7.1.1. Off-Target Toxicity: PEGylation to Avoid Liver Sequestration

One of the biggest drawbacks of drug delivery through exosomes is their quick uptake
by the mononuclear phagocyte system (MPS), especially by liver Kupffer cells. PEGylation,
which involves the surface modification of exosomes with polyethylene glycol (PEG), is
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one of the more common methods used to extend the circulation time and minimize early
hepatic uptake.

Shi et al. (2019) showed that copper-64-labeled PEGylated exosomes showed a 64.2%
enhanced tumor accumulation and extended blood circulation time versus nonmodified
exosomes. The research showed that PEGylation strongly suppressed premature hepatic
sequestration, thus enhancing drug delivery efficiency [162].

The repeated injection of PEGylated exosomes, nonetheless, can initiate an accelerated
blood clearance (ABC) phenomenon, whereby anti-PEG IgM antibodies are formed and
eliminate ensuing doses rapidly. Emam et al. (2021) revealed that a single dose of PEGylated
exosomes promoted the production of anti-PEG IgM and obtained a 50% reduction in
tumor accumulation upon the second dose [163]. Likewise, Ishida et al. (2008) revealed
that Kupffer cells of the liver are implicated in the clearance of PEGylated liposomes and,
thereby, may influence PEGylated exosomes [164].

7.1.2. Immune Activation: Human Platelet-Derived vs. Plant Exosomes for
Reduced Immunogenicity

Exosome therapy immunogenicity is a characteristic of their cell origin. Human-
derived exosomes provide biocompatibility but are immunogenic, leading to the search for
alternative sources like plant-derived exosomes.

Zhang et al. demonstrated that hUCMSC-EXOs evoke dramatically low immune
activation and downregulated inflammatory cytokine levels (IL-1β and IL-6) in liver fibrosis
models [165]. Jiang et al. illustrated that ginger- and grape-derived exosomes contain
intrinsic anti-inflammatory properties, and the TNF-α level decreased by 82% in colitis
models [166].

In another study, Zhou et al. recognized that exosomes derived from immune cells
differentially affect liver diseases, such that dendritic cell-derived exosomes elicit higher
immune reactions than mesenchymal stem cell-derived exosomes [167]. The findings
highlight the importance of selecting the most appropriate exosome source for achieving
minimal immunogenicity and optimal therapeutic efficacy.

7.2. Key Hurdles in Clinical Adoption
7.2.1. Scalability and Standardization Issues

The large-scale production of exosomes with consistent quality remains a major bottle-
neck. Current isolation methods, such as ultracentrifugation and size-exclusion chromatog-
raphy, result in batch-to-batch variability in purity, yield, and functionality [168]. Clinical
trials such as NCT03384433 using MSC-derived exosomes for glioblastoma treatment have
shown promise, but challenges in reproducibility limit their widespread application.

7.2.2. Heterogeneity and Lack of Precise Characterization

Exosomes are highly heterogeneous, with cargo compositions varying based on their
cell source and culture conditions. Besse et al. found that dendritic cell-derived exosomes
in NCT01159288 induced immune responses in metastatic lung cancer, but the variability
in exosome content posed challenges in predicting clinical efficacy [158]. High-throughput
proteomics and single-vesicle analysis techniques are needed for better characterization.

7.2.3. Immune Clearance and Off-Target Effects

The systemic clearance of exosomes is another challenge. Jia et al. developed
MRI/fluorescence-labeled exosomes for glioblastoma tracking, but rapid clearance in
the liver and spleen limited sustained drug delivery. Engineering exosome surfaces with
lipid modifications or PEGylation could improve circulation time [159].
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7.2.4. Delivery Challenges and Tumor Penetration

Exosome-based delivery requires precise targeting of diseased tissues while avoiding
off-target accumulation. Sun et al. designed paclitaxel-loaded exosomes for lung cancer
therapy, showing improved drug localization, but limited tumor penetration remained
an issue [169]. Enhancements in ligand-based targeting and hybrid exosome–liposome
formulations could improve therapeutic delivery.

7.3. Commercial and Regulatory Landscape
7.3.1. FDA/EMA Guidelines: Exosome-Based Therapies as Drugs vs. Biologics

The regulatory classification of exosome-based therapies is complex and jurisdiction-
specific. The U.S. Food and Drug Administration prefers to categorize exosome products as
biologics, whereas the European Medicines Agency designates them as medicinal products
in advanced therapy, with regulatory implications for their approval procedures. A review
by Park et al. emphasized that FDA-regulated exosome therapies have to comply with
GMP guidelines, such as the strict characterization of purity, potency, and stability [170].
Nevertheless, Ding et al. indicated that merely 5% of exosome-based investigational new
drug submissions were successful in progressing beyond Phase I clinical trials, mainly
owing to batch-to-batch variation in purity and potency [171].

To overcome regulatory hurdles, a framework for the standardized characterization
of exosomes was reported by Kao et al., combining size distribution analysis, proteomics
profiling, and potency assays to provide clinical batch consistency [172].

7.3.2. Intellectual Property: Patent Wars over Exosome Isolation Techniques

With more business interest being devoted to exosome-based treatments, patent dis-
putes over isolation and purification methods have become increasingly controversial. In a
review by Wei et al., more than 600 patents for exosome isolation were enumerated, wherein
legal disputes between biotech organizations and academic institutions took place [173].
One of these focused on tangential flow filtration (TFF), a patented process for the isolation
of exosomes that yielded 97% purity compared to 80% with differential ultracentrifuga-
tion. Guru et al. developed a new gold nanoparticle-based approach to isolate exosomes,
purifying them in less than two hours at much lower centrifugal speeds than traditional
methods [174].

These results highlight the need for open intellectual property systems that strike
a balance between innovation incentives and widespread access to exosome technology
for therapy.

Exosome therapies are fraught with technical and regulatory hurdles, notwithstanding
their vast promise. PEGylation minimizes liver sequestration but needs to be monitored
vigilantly for immune reactions. Immunogenicity is determined by human-derived or
plant-derived exosomes. Regulatory uncertainties between the FDA and EMA slow clinical
translation, and patent conflicts over isolation techniques further complicate commercializa-
tion. Overcoming these obstacles with sophisticated engineering approaches, international
regulatory harmonization, and equitable patent policies is essential for the effective clinical
adoption of exosome-based therapies.

8. Future Perspectives
Exosome therapy is being increasingly studied, and the inclusion of cutting-edge

technology will change its use in medical practice. The advancements made by AI-
optimized exosome design, tailored exosome platforms, and its amalgamation with pioneer-
ing biomedical technology are the key to unlocking more directed, patient-differentiated
therapeutic interventions.
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8.1. AI-Optimized Exosome Design

Artificial intelligence (AI) and machine learning (ML) are being employed to engineer
exosomes in an optimal manner for therapies. Among the significant applications of
this area is the application of AI-based models like AlphaFold to predict ligand–receptor
interactions for enhanced drug delivery. AI-driven computational tools have been found
to optimize exosome engineering by predicting the best surface modifications for certain
disease targets.

A study by Kang et al. illustrated that AI-aided exosome engineering with a traceable
targeting system remarkably improved the specificity of drug delivery in melanoma models.
Their gene-engineered exosomes containing cyclic RGD peptides accumulated more highly
in the tumor and exhibited reduced systemic toxicity [175]. In another study by Cheravi
et al., deep learning models were used to maximize RNA therapeutic loading in exosomes,
and there was a 67% improvement in the target gene knockdown efficiency [176].

8.2. Personalized Exosome Platforms

The principle of personal medicine is being translated to exosome therapy, where
patient-specific exosomes are obtained from autologous tumor cells or stem cells to develop
highly personalized therapies. Autologous exosomes have some benefits, such as lower
immunogenicity and improved diseased cell targeting.

The research conducted by Haque and Vaiselbuh proved that exosomes from CD19-
targeted CAR T cells caused the specific apoptosis of B-lineage acute lymphoblastic
leukemia cells but not normal cells, thereby proving their application as a personalized
immune therapy [177]. Gu et al. also proved that MSC-derived exosomes encapsulated
within 3D scaffolds facilitated tissue regeneration, proving their personalized regenerative
potential [178].

8.3. Integration with Emerging Technologies

Exosome research is being integrated with other new biomedical technologies to fur-
ther enhance their future applications. Examples include exosome-based mRNA vaccines,
CAR-exosome therapies, and 3D-bioprinted exosome matrices.

Exosome mRNA Vaccines: Exosome vaccines are gaining increasing popularity be-
cause they have the ability to boost immune responses. Chaput et al. showed that ex-
osomes derived from dendritic cells, which were charged with synthetic peptides and
CpG adjuvants, were able to prime naive T cells, resulting in tumor rejection in melanoma
models [179]. Moreover, Rodriguez et al. suggested an exosome-based RNA–peptide
vaccine against breast, ovarian, and lung cancers and showed a high stability of fusion and
exosome affinity [180].

CAR Exosome Therapies: CAR-exosome therapies are under development to address
some of the shortcomings of traditional CAR-T cell therapies, including cytokine storms.
Tang et al. previously showed that CAR-T cell-derived exosomes have tumor-targeting
ability and suppress tumor growth effectively, along with mitigating systemic toxicity [181].
Yang et al. again confirmed CAR-exosome therapy for triple-negative breast cancer, and
they reported robust tumor suppression with minimal off-target effects [182].

3D-Bioprinted Exosome Matrices: Developments in 3D bioprinting are making exo-
somes usable for scaffold-based tissue engineering regenerative medicine. Selvam et al.
emphasized the exciting potential of the exosome matrix bioprinted for applications in
vascularization and osteogenesis [183]. Chen et al. also suggested that a scaffold preloaded
with a 3D-printed exosome could considerably enhance osteochondral defect healing in a
rabbit model [184].
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9. Conclusions
Engineered exosomes are at the forefront of next-generation drug delivery, offering

a revolutionary approach to treating CNS disorders and cancer. Their natural biocom-
patibility, capacity for cargo loading, and ability to bypass biological barriers make them
highly effective carriers for therapeutic molecules. Recent advances in exosome modifica-
tion, including receptor-mediated targeting and controlled drug release mechanisms, have
significantly enhanced their precision and clinical potential.

However, several challenges must be addressed before exosome-based therapeutics
can achieve widespread clinical adoption. The standardization of large-scale exosome
production, quality control measures, and regulatory frameworks remain major hurdles in
the field. Additionally, further studies are required to understand the long-term immune
responses and potential toxicity of engineered exosomes. The collaboration of biomedical
researchers, regulatory agencies, and pharmaceutical industries is essential in overcoming
these obstacles and ensuring the safe and effective translation of exosome-based therapies
into clinical practice.

The future of exosome therapeutics is highly promising, with innovations such as
AI-driven exosome design, personalized exosome platforms derived from patient-specific
stem cells, and integration with cutting-edge biomedical technologies like CAR-exosome
therapies and 3D-bioprinted scaffolds. These advancements will further enhance the
specificity, efficiency, and applicability of exosome-based treatments across a wide range
of diseases. By bridging the gap between nanomedicine and clinical applications, engi-
neered exosomes have the potential to transform precision medicine, offering targeted and
minimally invasive therapies for some of the most challenging medical conditions.
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179. Chaput, N.; Schartz, N.E.C.; André, F.; Taiėb, J.; Novault, S.; Bonnaventure, P.; Aubert, N.; Bernard, J.; Lemonnier, F.; Merad,
M.; et al. Exosomes as Potent Cell-Free Peptide-Based Vaccine. II. Exosomes in CpG Adjuvants Efficiently Prime Naive Tc1
Lymphocytes Leading to Tumor Rejection. J. Immunol. 2004, 172, 2137–2146. [CrossRef] [PubMed]

180. Cruz-Rodriguez, L.; Dilsiz, N.; Barea, R.; Ziarati, P.; Hochwimmer, B.; Zayas Tamayo, A.; Lambert Brown, D. The Algorithms Cruz
Rodriguez (CR) are Proposing A Novel Vaccine RNA-Peptide against Breast, Ovarian, and Lung Cancers Disease: Exosomes as
Carrier in Cancer Progression and Metastasis. J. Med.-Clin. Res. Rev. 2021, 5, 1–16.

181. Tang, X.J.; Sun, X.Y.; Huang, K.M.; Zhang, L.; Yang, Z.S.; Zou, D.D.; Wang, B.; Warnock, G.L.; Dai, L.-J.; Luo, J. Therapeutic
potential of CAR-T cell-derived exosomes: A cell-free modality for targeted cancer therapy. Oncotarget 2015, 6, 44179–44190.
[CrossRef]

182. Yang, P.; Cao, X.; Cai, H.; Feng, P.; Chen, X.; Zhu, Y.; Yang, Y.; An, W.; Yang, Y.; Jie, J. The exosomes derived from CAR-T cell
efficiently target mesothelin and reduce triple-negative breast cancer growth. Cell. Immunol. 2021, 360, 104262. [CrossRef]

183. Selvam, S.; Ben Thomas, M.; Bhowmick, T.; Chandru, A. Bioprinting of exosomes: Prospects and challenges for clinical
applications. Int. J. Bioprinting 2023, 9, 690. [CrossRef]

184. Chen, P.; Zheng, L.; Wang, Y.; Tao, M.; Xie, Z.; Xia, C.; Gu, C.; Chen, J.; Qiu, P.; Mei, S.; et al. Desktop-stereolithography 3D
printing of a radially oriented extracellular matrix/mesenchymal stem cell exosome bioink for osteochondral defect regeneration.
Theranostics 2019, 9, 2439–2459. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1039/D3NR05459D
https://www.ncbi.nlm.nih.gov/pubmed/38117141
https://doi.org/10.4062/biomolther.2022.161
https://doi.org/10.3390/ijms231810972
https://doi.org/10.2174/1574888X19666230918102826
https://doi.org/10.4251/wjgo.v14.i1.334
https://doi.org/10.3390/nano12101660
https://doi.org/10.1016/j.addr.2023.114974
https://www.ncbi.nlm.nih.gov/pubmed/37356623
https://doi.org/10.2174/011574888X270145231102062259
https://www.ncbi.nlm.nih.gov/pubmed/37957915
https://doi.org/10.3390/cancers13061401
https://doi.org/10.3389/fcell.2021.709204
https://doi.org/10.4049/jimmunol.172.4.2137
https://www.ncbi.nlm.nih.gov/pubmed/14764679
https://doi.org/10.18632/oncotarget.6175
https://doi.org/10.1016/j.cellimm.2020.104262
https://doi.org/10.18063/ijb.690
https://doi.org/10.7150/thno.31017

	Introduction 
	Exosome Biology: From Natural Vesicles to Engineered Therapeutics 
	Biogenesis and Structural Composition 
	Cellular Sources (Endosomal Route and ESCRT-Dependent/Independent Processes) 
	Heterogeneity of Cargo (Proteins, miRNAs, lncRNAs, Lipids) and Membrane Markers (CD9, CD63, CD81) 

	Intrinsic Function in Disease 
	Neurodegeneration Function (e.g., A Propagation in Alzheimer’s) 
	Function in Cancer Development (Exosome-Mediated Metastasis) 


	Engineering Exosomes: Target Therapy Tools for Precision Drug Delivery 
	Cargo-Loading Strategies 
	Passive Loading 
	Active Loading 
	Cargo-Specific Optimization 

	Surface Functionalization for Targeted Delivery 
	Ligand Conjugation Approaches 
	Targeting Moieties 

	Hybrid- and Biomaterial-Augmented Systems 
	Exosome–Liposome Hybrids: High Stability and Payload Capacity 
	Exosome–Polymer Composites: pH-Responsive PLGA Coatings for Tumor Microenvironment-Specific Release 

	Quality Control and Characterization 
	Metrics 
	Functional Assays 


	CNS Therapy: Breaching the Blood–Brain Barrier 
	Mechanisms of Exosome-Mediated BBB Penetration 
	Receptor-Mediated Transcytosis: TfR, LDLR, and Insulin Receptor Pathways 
	Trojan Horse Strategies: Monocyte-Derived Exosomes Hijacking Immune Cell Trafficking 

	Applications in Neurodegenerative Diseases 
	Alternative Modes of Delivery 

	Oncology: Breaking Through the Tumor Microenvironment 
	Increased Permeability and Retention (EPR) Effect: Utilize Exosome Size to Concentrate Within Tumors 
	Active Homing: CXCR4-Overexpressing Exosomes Targeting Hypoxic Niches 
	Stimuli-Responsive Drug Release 
	pH-Triggered Systems: Protonation in the Acidic Tumor Microenvironment 
	Enzyme-Cleavable Payloads: MMP-2/9 Cleavable Linkers 

	Overcoming Multidrug Resistance (MDR) 
	Co-Delivery of Chemotherapeutics and siRNA: Silencing P-gp, BCL-2, or Survivin 
	CRISPR-Cas9 Exosomes: Drug Efflux Transporter Knockout 

	Immunomodulatory Exosomes 
	Checkpoint Inhibitor Delivery: Anti-PD-1/PD-L1 Antibodies for T-Cell Activation 
	Exosome Vaccines: Tumor Antigen-Loaded Exosomes with Dendritic Cell Activation 


	Clinical Translation: From Bench to Bedside 
	Preclinical Success Stories 
	CNS: Curcumin-Loaded Exosomes in Alzheimer’s Mouse Models 
	Cancer: Paclitaxel-Loaded Exosomes in Pancreatic Cancer Xenografts 

	Clinical Trials and Outcomes 
	Phase I/II Trials: MSC-Derived Exosomes for Glioma and Metastatic Lung Cancer 
	Theranostic Applications: MRI/Fluorescence-Labeled Exosomes for Real-Time Tracking 


	Challenges and Mitigation Strategies 
	Technical Hurdles 
	Off-Target Toxicity: PEGylation to Avoid Liver Sequestration 
	Immune Activation: Human Platelet-Derived vs. Plant Exosomes for Reduced Immunogenicity 

	Key Hurdles in Clinical Adoption 
	Scalability and Standardization Issues 
	Heterogeneity and Lack of Precise Characterization 
	Immune Clearance and Off-Target Effects 
	Delivery Challenges and Tumor Penetration 

	Commercial and Regulatory Landscape 
	FDA/EMA Guidelines: Exosome-Based Therapies as Drugs vs. Biologics 
	Intellectual Property: Patent Wars over Exosome Isolation Techniques 


	Future Perspectives 
	AI-Optimized Exosome Design 
	Personalized Exosome Platforms 
	Integration with Emerging Technologies 

	Conclusions 
	References

