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Extracellular vesicles (EVs) are essential signalling mediators within biological systems, playing a vital role

in cell-to-cell communication. In cancer research, exosomes (a subpopulation of EVs that originate from

endosomes) have become the most highlighted area of study in the current decade. Tumor-derived

exosomes (TEXs) participate in tumor development and cancer progression. They regulate tumor cell

growth, immune suppression, angiogenesis, metastasis, epithelial–mesenchymal transition and organ-

specific metastasis. The molecular signatures of exosomes, including DNA, RNA, proteins, and lipids,

play a crucial role in cancer development and hold significantly promising biomarkers for cancer.

Beyond their pathological role, EVs offer a cell-free platform for the development of therapeutic

methods for cancer. This phenomenon is having a huge impact compared to cell-based therapy by

overcoming several limitations, such as toxicity, high cost, and effectiveness. Multiple therapeutic

exosome sources are available, including stem cell-derived exosomes, plant-derived exosomes,

immune cell-derived exosomes, and modified exosomes. Compared with conventional cell-based

therapies, exosome-based strategies present several advantages, including reduced toxicity,

biocompatibility, improved stability, and specificity. Multiple therapeutic exosomes sources are

available, including stem cell-derived exosomes, plant cell-derived exosomes, immune cell-derived

exosomes, milk-derived exosomes, bacteria-derived exosomes, and modified/engineered exosomes.

The therapeutic impact of these exosomes is strongly influenced by multiple factors, such as their

cellular origin, heterogeneity, inner cargos, surface charge, surface composition and physicochemical

properties. This review discusses the current limitations, key challenges and future perspectives related

to exosome-based therapeutics with particular emphasis on the comparative and translational

potential of different exosome sources.
1. Introduction

Cancer is a complex disease that promotes uncontrolled cell
growth and the development of tumors. It leads to high death
rates worldwide.1 The global scientic community is dedicated
to trying to address this crisis. In traditional cancer theranostics
(therapeutics and diagnostics), progress has been limited for
several reasons, such as toxicity, specicity, and failure to ach-
ieve early diagnosis. Early diagnosis of cancer is very chal-
lenging,2 but exosome-based cancer proling can transform
cancer liquid biopsies.3,4 Drawbacks are connected with several
cancer treatment approaches, such as surgery (this method
promotes cancer),5 radiotherapy (secondary malignancies,
infertility),6 chemotherapy (cardiac and nephrological compli-
cations, and neurotoxicity),7 and immunotherapy (endocrine,
pulmonary, and neuro-related issues, and CAR-T cell therapy
ry Lab, Jeffrey Cheah Sunway Medical
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toxicity).8 Extracellular vesicle (EV)-based cancer research is
addressing these scientic problems in more efficient ways. EVs
can be classied into several subpopulations, including exo-
somes, microvesicles, and apoptotic bodies, with exosomes
receiving the most attention in cancer studies.9 They carry
a dynamic molecular cargo like DNA, RNA, proteins, and lipids,
whose composition reects the status of the parent cell
(whether healthy or suffering from any pathological complica-
tions). During cancer development, EVs play a signicant role in
tumor microenvironment (TME)-related cellular communica-
tion (especially exosomes, a subpopulation of EVs).10 In 2015,
a milestone invention happened when scientic research indi-
cated that exosome integrins play a role in organ-specic
metastasis (based on their surface integrin).11 Aer this, exo-
somes were highlighted more in cancer research. Exosomes are
also carriers of several cancer biomarkers (diagnostic and
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prognostic).12 Advanced nanotechnology-based exosomes
proling overcomes challenges related to the early detection of
cancer.13 In this review, we cover the link between cancer and
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exosomes, therapeutic exosome sources and their complica-
tions in cancer therapy, and the improvement of exosome-based
cancer therapy.
2. Exosomes biogenesis

Exosomes biogenesis (Fig. 1) is the maturation process of
endosomes. Several molecules together synchronously conduct
this process. In this process, the early endosome to the late
endosome, and the late endosome to the multivesicular body
(MVB) (the inside of a MVB carries multiple intraluminal vesi-
cles-ILVs) development was observed.14 Endosomal sorting
complex required for transport (ESCRT) complex-dependent
and ESCRT complex-independent pathways are associated
with exosome biogenesis. The ESCRT complex-dependent
pathway is regulated via ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-
III, ALIX, TGS101, etc.15 The ESCRT complex-independent
pathways link with lipids, transmembrane proteins, and
sphingomyelinase.16 In cancer, exosome release depends on
ESCRT complex-independent pathways.17 In this process,
sphingomyelinase-based hydrolysis reactions convert sphingo-
myelin into ceramide and phosphatidylserine. Ceramide
supports the fusion of MBVs to the plasma membrane and
releases exosomes.17 Rab proteins are also signicant molecules
linked with membrane trafficking and vesicle release.18
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Fig. 1 Exosome biogenesis and exosome molecular cargo (reproduced with permission from ref. 19; copyright @ 2021 American Chemical
Society).
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3. Interrelation between exosomes
and cancer

Cancer development is a complex phenomenon, during this
process tumor micromovement (TME)-associated cells main-
tain cell-to-cell communication via TEXs (tumor-derived exo-
somes) (Fig. 2). TEX-based metabolic reprogramming promotes
cancer.20 Cancer-associated broblast (CAF) exosomes enhance
the glycolysis process and reduce the tricarboxylic acid cycle
(TCA).20 This alternation of metabolic events enhances angio-
genesis (this process develops new blood vessels and helps in
© 2026 The Author(s). Published by the Royal Society of Chemistry
the uptake of large amounts of O2 and nutrients). The TEX's
molecular cargo, such as vascular endothelial growth factor
(VEGF), transforming growth factor-b (TGF-b), miRNA-21, and
matrix metalloproteinases MMP2 and MMP9, activates angio-
genesis.21 Immune system suppression22 is a key event in tumor
growth.23 In this event, tumor cells can escape immune
surveillance. M2 (a subpopulation of macrophages) polarization
develops an anti-inammatory response and promotes tumor
growth. Epithelial ovarian cancer-derived exosome-associated
miRNA-222 promotes M2 polarization.24 Exosome-mediated
down-regulation of HKG2D (this is an NK cell receptor)
RSC Adv., 2026, 16, 30633–30648 | 30635
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Fig. 2 The role of tumor-derived exosomes in cancer (created with biorender.com).
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suppresses NK cell activity, and programmed cell death 1 (PD1),
Fas ligand (FasL), and TNF-related apoptosis-inducing ligand
(TRAIL) expression leads to natural killer (NK) cell and T-cell
apoptosis.25 TEXs mediated downregulated dendritic cell (DC)
maturation via galectin-9, TIM-3, and CD47, and inhibited DC
differentiation by heat shock proteins HSP-70 and HSP-72 and
prostaglandin E2 (PGE2).26 In cancer, TEXs cargo TGF-
b suppresses the B-cell anti-cancer activity, via inhibiting the
proliferation of B cells.27,28 The TEXs HMGB1 molecule repro-
grams the B cell's activity and promotes cancer.29 In cancer,
hypoxic tumor cell-derived exosomes suppress the myeloid-
derived suppressor cell (MDSC) activity.30 Extracellular matrix
(ECM)modication promotes cancer metastasis development.31

Signicantly, TEXs relegate ECM modication (TEXs MMPs,
integrins, and annexins play a vital role in the ECM) in cancer.32

Tumor exosomes promote the epithelial–mesenchymal transi-
tion (EMT) in cancer.33 In the advanced stage of cancer, tumor
cells enter the blood circulation. These tumor cells migrate to
specic organs via the guidance of exosome integrin proteins.11

TEXs-mediated organ-specic metastasis happens in the brain,
liver, lungs, bone, and lymph nodes.11 In cancer treatment, the
most challenging aspect is drug and therapeutic resistance.
TEXs play a signicant role in drug and therapeutic resistance
30636 | RSC Adv., 2026, 16, 30633–30648
in cancer: in breast cancer cell lines MCF-7 and MDA-MB-231,
TEX-mediated miR-155 promotes resistance to doxorubicin
(DOX) and paclitaxel (PTX) and drives epithelial–mesenchymal
transition (EMT), while in non-small cell lung cancer (NSCLC),
TEX-associated miR-100-5p contributes to cisplatin
resistance.34–36 Exosomes and cancer stem cells are inter-
connected and contribute to cancer progression.34,37 Finally,
exosomes have opened a new era in the understanding of cancer
biology and may contribute to the advancement of precision
oncology.
4. Role of therapeutic exosomes in
cancer

In cancer, therapeutic exosomes have added a new dimension.38

There are several therapeutic exosome sources,39 such as stem
cell-derived exosomes, tumor-derived exosomes, plant-derived
exosomes, chimeric exosomes, immune cell-derived exosomes,
and exosomes modied at the molecular level/chemical level
(chimeric antigen receptor, CAR-T cell-derived exosomes,
CRISPR-Cas9 system carried exosomes) (Fig. 3).40 Exosome-
based cancer therapy is a cutting-edge approach compared to
cell therapy in cancer.41 Toxicological safety analysis is a less-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The efficacy of exosome-based cancer therapeutics: (a) plant exosome sources, (b) stem cell exosome sources, (c) immune cell-derived
exosome sources, (d) tumor-derived exosomes, (e) surface-modified exosomes, (f) milk-derived exosomes, (g) hybrid exosomes, (h) exosome-
mediated CRISPR transport, (i) chimeric exosomes, (j) bacterial outer surface-derived EVs and their role in cancer therapy, and (k) exosome-
based drug delivery ((j): reproduced with permission under Creative Commons CC BY 4.0 license ref. 67; copyright @ 2022).
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exposed domain in EVs biology. During cancer development,
immune cells play a vital role in cancer prevention.42 In this
phase, tumor cells derived exosomes maintain a complex
cancer-promoting cell-to-cell communication via reprogram-
ming immune cells.43 On the other hand, immune cell-derived
exosomes have the potential to serve as therapeutic tools in
cancer therapy.44,45 Among several immune cells-derived exo-
somes, the dendritic cell-derived exosome (Dex) is the most
commonly used immune cell-derived exosome. During clinical
trials, it has shown promising outcomes via developing an anti-
cancer immune response.46–48 Dendritic cell-based immune
therapy has some limitations, such as a) dendritic cell (DC)-
based immunotherapy stage I and II clinical trials have shown
mild side-effects, b) there are storage problems relating to live
DCs, and c) the presence of DC molecular activity is unknown.
These limitations can be addressed via Dex. Dex boosts the NK
cell-mediated anti-cancer activity.48 This method can be more
effective in the future via programmed cell death ligand 1 (PD-
L1)-based surface modication, which promotes the activation
of B cell- and T cell-mediated immune responses against
cancer.48,49 Cancer development and progression are regulated
via tumor-derived exosomes (TEXs).50 In some cases, they are
© 2026 The Author(s). Published by the Royal Society of Chemistry
used as therapeutics (TEX miRNA-124 shows anticancer activity
against colorectal cancer).51,52 This method is not recommended
for therapeutic applications (because of the enrichment of
oncogenic cargos).53 In the future, it may be used aer
molecular-level modication, proper multi-omics and single-
exosome proling.54 In the cancer prevention journey, stem
cell-derived exosomes are the most exciting approach.55–60 This
is an efficient cell-free cancer therapeutic approach.41 Global
ongoing research activity indicates that stem cell-derived exo-
somes have a dual nature in cancer (they may promote or
inhibit cancer).61–65 Mesenchymal stem cell (MSC)-derived exo-
somes are a potential therapeutic exosome source.55 Bone
marrow mesenchymal stem cell (BMSC)-derived exosome-based
miRNA transport inhibits cancer progression.59 On the other
hand, research evidence mentions that BMSC exosome miRNA-
425 promotes cancer metastasis.63 MSCs derive exosomes that
regulate cancer therapeutic resistance development (in breast
cancer, the MSC-derived exosome miRNA-21-5p inuences DOX
resistance development).61,66 Aer the analysis of several
research studies, it is concluded that modied exosomes are
more effective compared to non-modied exosomes.55
RSC Adv., 2026, 16, 30633–30648 | 30637
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Table 1 The impact of therapeutic exosomes on cancer therapya

Type of exosome/exosome-
based approach for
cancer therapy Challenges Complications and impact Future recommendations References

Immune cell-derived
exosomes

- Heterogeneity Toxicologically, DCexo has
low toxicity (validation of the
toxicology of other immune
cell-derived exosomes is
pending)

- Single exosome proling 43–49,93
- Isolation of pure exosomes - Multi-omics proling
- Higher immunogenicity - Membrane engineering
- Stronger resistance to
immunosuppressive effects

- Surface modication

- Activate NK cells in the
immune system, and Th1
activation is lower (dendritic
cell-derived exosomes-
DCexo)

- Clinical trials are required
(this analysis supports
future immune cell-derived
exosome-based
immunotherapy or vaccine
development)

Tumor-derived exosomes
(TEXs)

- Heterogeneity Highly toxic and not
recommended as
a therapeutic tool

- Single exosome proling 51–53,94
- Multi-omics proling

- Enrichment of oncogenic
molecules

- Genetic modication

- They promote cancer - Clinical trials are required
(this analysis supports us in
making a decision regarding
the therapeutic application
of TEXs)

Stem cell-derived exosomes - Heterogeneity This approach needs more
time for a clear toxicological
statement (results are mixed
worldwide), but modied
stem cell-derived exosomes
are more efficient compared
to unmodied exosomes

- Single exosome proling 55–65,95,96
- Multi-omics proling

- Large-scale production - Surface modication
- Clinical trials are required
(this analysis supports the
development of
a therapeutically effective
approach)

Plant-derived exosomes
(PDExo)

- Heterogeneity Plant exosomes are a non-
toxic therapeutic approach
for cancer

- Single exosome proling 68–71,97
- Multi-omics proling

- Isolation - Clarity is required about
phytochemical molecule
activity in plant-derived
exosomes for cancer therapy

- Characterisation - Medicinal plants will
become a major source of
PDExo

- Functional diversity of
different parts of plant
exosomes

- More clinical trials are
required (this analysis
supports the development of
a cost-effective therapeutic
approach)

Chimeric exosomes/articial
exosomes/engineered
exosomes

- Heterogeneity - A more specic and
effective cancer therapeutic
approach

- Standard protocol
development

75–81

- Preparation protocols - More toxicological
investigations are required

- Biocompatibility concerns - They lead to the
development of chronic
nasal diseases (articial/
engineered exosomes) –
chimeric exosomes show low
toxicity in vitro and in vivo
models

- Clinical trials are required
(this analysis supports
controlled, efficient, and
effective exosome-based
cancer therapeutic
development)

Hybrid exosomes - Heterogeneity - Exosome–liposome hybrids
have a low toxic effect
compared to liposomes

- Single exosome proling 85,98,99
- Multi-omics proling

30638 | RSC Adv., 2026, 16, 30633–30648 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Type of exosome/exosome-
based approach for
cancer therapy Challenges Complications and impact Future recommendations References

- Purity - Plant exosomes fused with
engineered mesenchymal
stem cell-derived exosomes
have low toxicity, however,
this approach does not apply
to cancer therapy

- Toxicity analysis
- Clinical trials are required
(this shows that these
exosomes need more
investigation for effective
cancer therapeutic
development)

Milk-derived exosomes - Heterogeneity - This source is also related
to tumor development

- Single exosome proling 100–102
- Multi-omics proling

- Dual nature (this source
also plays a role in tumor
development)

- Toxicity analysis
- Clinical trials are required
(this source is need more
investigation for effective
cancer therapeutic
development)

Bacterial surface-derived
exosomes

- Heterogeneity - This source is also
associated with tumor
suppression or promotion

- Single exosome proling 67,103,104
- Dual nature (this source
also plays a role in tumor
development)

- Multi-omics proling

- Aggregation - Toxicity analysis
- Low antigenic expression - Clinical trials are required

(engineered bacterial
surface-derived exosomes
may become more effective
in cancer therapeutic
development)

Genetically modied
(CRISPR-Cas9 transport)
exosomes

- Purity of isolated exosomes Low cytotoxicity compared to
liposomes

- Single exosome proling 82,85–87
- Multi-omics proling

- Heterogeneity - Toxicity analysis
- Clinical trials are required,
as this analysis supports the
development of target-
specic exosome-based
gene-editing approaches

CAR-T cell-derived exosomes - Systemic toxicity - CAR-T cell therapy is
effective only toward blood
cancer

- Single exosome proling 88–90,105
- Multi-omics proling

- Heterogeneity - CAR-T cell-derived
exosomes are more effective
compared to CAR-T cell
therapy with low toxicity

- Surface modication
- Clinical trials are required,
as this analysis supports the
development of target-
specic exosome-based cell-
free therapeutic approaches

a C Single exosome proling: this is a smart approach for exosome proling (this method is a solution involving pure exosome isolation, inner-
outer molecular proling, exosome molecular expression analysis, and a combination of multi-omics, AI, and machine learning (ML) complete
exosome analysis). This method is used for exosome-based cancer biomarker and therapeutic development. C Multi-omics proling: this
method provides complete molecular proling of exosomes via genomics, transcriptomics, proteomics, and lipidomics. C Membrane
engineering: this method modies the exosome phospholipid membrane via conjugating several molecules (drugs, ligand molecules,
uorescent molecules, nanoparticles, etc.). C Surface modication: this method modies the exosome surface, like membrane engineering. C
Genetic modication: this method modies the molecular expression of exosomes in several cases related to the inside or surface (this
modication takes place in the parent cell, i.e. the exosome production cell). C Clinical trials are required: clinical trials are required to
measure several safety parameters, such as dose, toxicity, and side effects, and to get ethics approval for market release. C Phytochemical
molecule activity: this is applicable to plant-derived exosomes (PDExo carries several phytochemical compounds with it, we need a clear
understanding of the functional mechanism of this group of molecules in relation to PDExo and to understand the contributions of these
compounds to the toxicity of PDExo). C Toxicity analysis: analysis of the toxic nature of compounds in the process.
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Exosome surface proteins or surface engineering can
enhance anticancer activity. The most exciting fact about exo-
somes is that the surrounding conditions (e.g. pH and hypoxia)
inuence the exosome anti-cancer cargo packaging, which is
© 2026 The Author(s). Published by the Royal Society of Chemistry
also regulated releasing rate of exosomes.61 In the future, stem
cell-derived exosome research will need toxicological validation
and single exosome proling with omics proling.54,68 The
limitations of stem cell-derived exosomes include a lack of
RSC Adv., 2026, 16, 30633–30648 | 30639
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standard protocols for stem cell-derived exosome isolation,
purication, storage, large-scale production, and heteroge-
neity.61 Plant-derived exosomes (PDExs) (vegetables, fruits, etc.)
are a natural source of exosomes for cancer therapy with low
toxicity.69–72 This source of exosomes requires deep molecular
proling (multi-omics based), standard protocols for high-yield
isolation methods, specic PDEx marker development, and
toxicological investigations (PDExs are associated with several
phytochemical functional mechanisms, and it is still unknown
how they work, which needs to be explored) for effective cancer
solutions.70 During clinical trials, plant exosomes show effective
anti-cancer activity, and they are also a potential cancer drug
delivery tool.71 Exosomes are vehicles for cellular transport (e.g.,
drugs and genetic material).73,74 This method overcomes several
traditional delivery system limitations (toxicity, biocompati-
bility, biological membrane crossing, specicity), and cancer
targeting becomes more effective.73 Exosome-based drug
delivery should be non-toxic and non-immunoreactive (exo-
some off-target drug transport can lead to toxicity).73,74 This
method faces some limitations, such as those related to exo-
some heterogeneity, large-scale production, specic drug
delivery, and improper drug loading.74 All these limitations have
encouraged scientic minds to develop effective and modied
exosomes. These modications were conducted based on deep
chemical and biological concepts. At the current time, exosome
biology is being transformed via the fusion of several advanced
exosome synthesis approaches.75–81 This approach has led to the
Fig. 4 The landscape of exosome research, from academic institutes to
activity, (B) funding activity, (C) company-based exosome patent filings, (D
investment in exosome-based investigations for several diseases (rep
Chemical Society).

30640 | RSC Adv., 2026, 16, 30633–30648
development of exosomes called articial chimeric exosomes
(ACEs)75–77/engineered exosomes78–80/exosome and liposome
hybrids.81 ACEs are lab-assembled controllable cancer thera-
peutic tools. Large-scale exosome production is a challenging
process, but this method solves these problems. Research
evidence shows that ACEs are low toxicity and biocompatible as
cancer therapeutics (proven and evidenced in vitro and in vivo
models).75 Engineered exosomes can be used to develop smart
cancer-targeting platforms. This method reduces off-target
cancer therapeutic side effects. The surface modication of
exosomes enhances the efficiency and effectiveness of cancer
therapy.82 Overall, the toxicity of modied exosomes is inu-
enced by exposure to synthetic chemicals during the modica-
tion process.83 Engineered exosomes (exo-liposome hybrids)
have reduced toxicity compared to liposomes.81 Limitations of
articial chimeric exosomes and engineered exosomes in
cancer therapy include the potential development of chronic
nasal diseases.75–81,84 Exosome-based CRISPR-Cas9 (a gene
editing tool) delivery is a cell and tissue-specic, efficient
cancer-targeting approach.85 This transport shows effective anti-
cancer activity in in vitro and in vivo models.82,86,87 Chimeric
antigen receptor (CAR)-T cell therapy is a remarkable cancer
therapeutic approach, but it has several limitations (e.g. toxicity
and effectiveness only against blood cancer).88 CAR-T cell-
derived exosomes show effective anti-cancer activity with low
toxicity compared to CAR-T cell therapy.88–92 Several exosome-
the pharmaceutical industry: (A) journal publications and patent-filing
) university- and hospital-based patent filings, and (E) pharma industry

roduced with permission from ref. 84; copyright @ 2022 American

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00373g


Table 2 A quantitative summary of key global exosome trends

Parameter Key quantitative trend Evolving research focus References

Annual publication growth A compound annual growth in
exosome-related publications over
the past decade

Indicates high and rapidly
accelerating interest, moving the
eld from niche discovery to
mainstream translational science
and clinical research

111,112

Dominant research elds
(application)

Cancer research is the most
dominant application, followed by
diagnostics/biomarkers

Conrms a primary focus on
exosomes as non-invasive
biomarkers and targeted drug
delivery vehicles for oncology,
indicating the translational value of
their cargo

113–116

Geographical contribution
(publication and market share)

China and the USA are the most
prolic countries in terms of
publications. North America
dominates the commercial market
share

Highlights strong academic output
from Asia-Pacic (especially China)
and market leadership/
a commercialization focus in North
America, driven by robust funding
and research infrastructure

111,115,117–119

Industrial translation barriers
(market focus)

Exosome diagnostics and
therapeutics market CAGR is high.
Reagents and kits hold the largest
product segment share

This indicates that immediate
industrial needs and investments
are focused on enabling
technologies, specically
addressing the core barriers of
isolation, characterization, and
standardization before the
widespread rollout of therapeutics

114–116,120

Fig. 5 Clinical trials of therapeutic exosomes (created with biorender.com).

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 30633–30648 | 30641
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based cancer therapeutic methods, along with complications
and future improvements, are summarized in Table 1.

5. The landscape of exosome-based
research and the growth of the
pharmaceutical industry

Exosome-based research creates an impactful economic
ecosystem. Day by day, this research area is growing, and it is
developing into a big market for the pharma industry (Fig. 4).
The huge number of publications106 and patent lings and the
amount of funding indicate that the exosome-based clinical
industry has grown very fast. Cancer-targeting exosome thera-
peutic development has seen signicant growth in the phar-
maceutical industry compared to other diseases.107,108
Table 3 Exosome research-based complications with solutions

Challenge Explanation

Isolation and standardization
challenges

Based on the isolation process
the purity varies, and there is
the risk of contamination with
exosome particles. The most
challenging issue is low yield
affecting downstream analysi
applications

Heterogeneity and characterization
issues

This relates to exosome size,
and molecular diversity-based
variations

Low yields and sensitivity
constraints

Technically challenging, with
signicantly lower molecular
expression and low yields

Drug encapsulation capacity There is no single method for
loading—it varies for individu
methods

Functional and mechanistic gaps Exosome biogenesis, cargo
selection, packaging, and upt
are less-explored domains of
exosome research. Due to this
reason, in vivo tracking and
understanding physiological r
are difficult

Storage and stability problems Exosomes degrade or aggrega
during storage, affecting
experimental reproducibility

Clinical translation barriers Therapeutic applications face
regulatory hurdles due to und
safety proles, scalability issu
and batch variability

Reproducibility and data variability Inconsistent methodologies le
conicting results, exacerbate
publication bias favouring po
ndings

Regulatory and ethical hurdles For clinical applications,
standardized manufacturing,
safety, and efficacy assessmen
lacking

30642 | RSC Adv., 2026, 16, 30633–30648
Companies based in several countries, including the United
States, Canada, Italy, and China, have commercialized exosome
products for research and healthcare.109,110 Exosome research
trends are summarized in Table 2. We hope that, in the future,
exosomes will become a frontier of next-generation clinical
research.
6. Exosome-based cancer
therapeutic clinical trials

Exosome-based clinical trials121 indicate that a large number of
trials focus on developing early cancer biomarker detection.122

This clinical research transforms cancer liquid biopsies into
a more effective tool. Exosome-based clinical trials are also
involved in cell signalling research and cancer therapeutic
Solution References

yield,
also
non-

s,
s and

Single-exosome proling and
exosome barcoding

134, 135

origin Single-exosome proling and
exosome barcoding

54

Requires ultra-sensitive detection
methods

136

drug
al

Based on scientic evidence, select
high-loading methods

137

ake

oles

Requires molecular-level scientic
investigations

138

te −80 °C storage alters the sample
concentration, zeta value, and
purity. PBS maintains the exosome
concentration. Lyophilisation
methods preserve particle integrity
but reduce the concentration of
exosomes

139, 140, 141

ened
es,

Improve exosome production and
isolation, enhance cargo loading
and targeting, and standardize
methods for analysis and
characterization

142

ad to
d by
sitive

Utilise standardised reporting,
rigorous sample preparation
protocols, and advanced isolation
and characterization techniques

143

ts are

Grow the global regulatory
framework for exosome research

144, 145

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 5) research. Exosome-based cancer therapeutic research
focuses on plant sources, stem cell sources and dendritic cell-
derived exosomes. There are several effective modied exo-
somes still not involved in clinical trials. It is hoped that future
exosome-based clinical trials will reveal cutting-edge cancer
treatment approaches.

7. Challenges and future prospects

Exosome-based cancer therapeutic development is an innova-
tive approach at the current time. This therapeutic development
journey has led to several complications, including experi-
mental challenges such as the use of experimental controls, low
zeta potential values, specic drug delivery issues, short half-
lives, determination of therapeutic doses, and a lack of stan-
dardized isolation protocols.84 In general, exosome biology also
presents a challenge known as exosome heterogeneity (it is
regulated via exosomes origin and molecular diversity).54,123 The
analysis of the functional activity of therapeutic exosomes is
associated with complex control selection; however, liposomes
are now commonly used as controls. A low zeta value promotes
the aggregation of exosomes, which can lead to some difficul-
ties, such as low stability, difficulty with specic delivery, and
fast immune response development. Trehalose, a natural sugar
molecules prevent exosome aggregation.124 Exosome therapy
generates a lower immune response.125 Exosome stability,
storage, and the compatibility of transport related equipment
remain challenging. In general, exosome storage is at 4 °C for
a week, −20 °C for a month, and −80 °C for long-term use.126

Exosome heterogeneity was solved via single-exosome
proling54 and exosome barcoding.127–129 Exosome toxicolog-
ical complications require some safety steps, such as selecting
less toxic therapeutic exosome sources (plants and stem cells),
ensuring less toxic chemical exposure during modication
(chemical and genetic), using trehalose to reduce off-target-
associated exosome-based toxicity, and using single exosome
proling (a combination of exosome biology, AI, ML, and
nanotechnology) for precision exosome-based cancer thera-
peutic development with less toxicity. Translational research in
the exosome domain is challenging due to some issues, such as
proper isolation methods, scalability, and a lack of regulatory
agencies.130–133 Exosome research-related challenges and solu-
tions are summarized in Table 3.

8. Conclusions

Exosomes are a cutting-edge theranostics tool for cancer. They
have some unique features, such as nanoscale size, biocom-
patibility, and the ability to cross the blood–brain barrier, that
make them potential drug delivery vehicles. It can transport
various cargo, including proteins, nucleic acids, and drugs.
Their low immunogenicity contributes to efficient drug delivery.
The toxicity of exosomes depends on their source and aggre-
gation, which is associated with off-target drug delivery. Among
all therapeutic exosome sources, plant-derived exosomes are
safer. TEXs' oncogenic cargo limits their therapeutic applica-
tions. Stem cell-derived exosomes show a dual role in cancer
© 2026 The Author(s). Published by the Royal Society of Chemistry
therapeutics, and this source requires more investigation.
Immune cell-derived exosomes cannot produce a strong anti-
cancer immune response, but some research evidence
suggests that modied immune cell-derived exosomes can
produce a promising Th1-mediated anti-cancer immune
response. Bacteria-derived and milk-derived exosomes are just
in the initial phases of clinical research. These therapeutic
exosome sources require further scientic investigation and
validation for clinical applications. Chimeric exosomes and
modied exosomes are emerging as promising therapeutic
sources based on in vitro and in vivo experimental outcomes;
however, clinical trial validation is required before they can be
used in clinical applications. The exosome research domain
faces several complications, such as heterogeneity and estab-
lishing standard isolation protocols and drug-loading methods.
Advancements in technology can overcome these limitations via
single-exosome proling, exosome barcoding, and a nanotech-
nology approach. The integration of multiple disciplines, such
as nanotechnology, multi-omics, articial intelligence (AI), and
machine learning (ML), is contributing to the development of
an exosome-based precision oncology era. In the future, in vitro,
in vivo, and in silico based exosome research will support the
development of effective, efficient, and affordable cancer ther-
apeutic. Exosomes may serve as a promising platform for next-
generation precision cancer medicine.
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