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ABSTRACT: Exosomes are nanoscale 
extracellular vesicles (30–150 nm) that act as 
natural intercellular communication mediators 
by carrying bioactive cargos such proteins, 
lipids, nucleic acids, and small compounds 
produced by endosomal pathway of different 
cell types. They are superior to synthetic 
nanoparticles for targeted drug delivery, 
especially in cancer therapy, regenerative 
medicine, and the treatment of neurological and 
infectious diseases, due to their intrinsic low 
immunogenicity, biological stability, and 
capacity to cross physiological barriers like the 
blood-brain barrier. Preclinical research shows 
that mesenchymal stem cell-derived exosomes 
are an effective way to deliver drugs like 
paclitaxel, doxorubicin, and gene-editing tools 
to tumors while minimizing off-target effects 
and encouraging tissue regeneration. 
Exosome-mediated delivery of atorvastatin for 
glioblastoma and cisplatin for lung cancer are 
two examples of the oncology, inflammation, 
and post-surgical recovery applications being 
investigated in clinical studies. Despite 
encouraging adaptability, issues with 
standardization, biodistribution optimization, 
scalable production, and regulatory compliance 
still exist. In order to improve precision 
medicine, future developments will focus on 
hybrid exosome designs, microfluidic isolation, 
and thorough safety evaluations. When 
biological and manufacturing challenges are 
resolved, exosome-based devices have 
revolutionary potential to overcome traditional 
delivery limitations.

KEYWORDS: Exosomes, targeted drug 
delivery, cancer therapy.

I. INTRODUCTION
Nanosized extracellular vesicles called 

exosomes, which are released by a variety of 
cell types, have become important intercellular 
communication mediators with growing 
applications in treatments and diagnostics. 
Their special capacity to transport bioactive 
substances like proteins, lipids, and nucleic 
acids makes them attractive options for 
targeted medication administration, cancer 
treatment, and regenerative medicine. Strong 
techniques for their isolation and 
characterisation, creative engineering to 
improve their therapeutic potential, and 
thorough preclinical and clinical assessments 
are all necessary for the development of 
exosome-based therapies.

CHARACTERISTICS AND ADVANTAGES OF 
EXOSOME-BASED DELIVERY

Exosomes are nanosized vesicles 
(30–150 nm) that are perfect for delivering 
therapeutic drugs since they are naturally able 
to transport molecular payload. They exhibit 
low immunogenicity, excellent stability in 
biological fluids, and innate targeting 
capabilities derived from their parent cells. 
Exosomes, in contrast to synthetic 
nanoparticles, can pass through physiological 
barriers like the blood-brain barrier and escape 
quick clearance, allowing delivery to areas that 
are typically difficult to reach. Precision 
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medicine applications are made possible by 
their cargo versatility, which includes tiny 
molecules, RNA, proteins, and gene-editing 
tools. [1], [2] 

Structure of Exosome

BIOLOGY OF EXOSOMES
The endosomal system of cells is the 

source of exosomes. They can impact 
neurological and infectious disease processes, 
promote or inhibit tumor progression, and 
modulate immunological responses because 
their cargo reflects the physiological or 
pathological state of the parent cell. Exosomes 
carry their bioactive cargo and cause biological 
effects via interacting with recipient cells by 
surface receptor binding, fusion, or 
endocytosis. [3], [4] 

BIOGENESIS OF EXOSOMES
Exosome biogenesis involves a number of 
tightly controlled processes, including: 
1. Endocytosis and Early Endosome Formation: 
The process starts when the plasma membrane 
folds inward, creating early endosomes. 
2. Multivesicular Body (MVB) Formation: As 
early endosomes develop into late endosomes, 
or MVBs, their limiting membrane folds inward 
to generate intraluminal vesicles (ILVs). 
3. Cargo Sorting: ILVs preferentially integrate 
proteins, lipids, RNAs, and other compounds. 
The endosomal sorting complex required for 
transport (ESCRT) machinery and ESCRT-
independent pathways involving lipids like 
ceramide and tetraspanins control this sorting. 
4. MVB Fusion and Exosome Release: ILVs 
are released into the extracellular space as 
exosomes when MVBs fuse with the plasma 
membrane or with lysosomes for destruction. 
5. Exosome Uptake: Recipient cells absorb 
released exosomes through receptor-mediated 

interactions, endocytosis, or fusion with the 
plasma membrane. [3], [5], [6] 
ESCRT-0, I, II, III, ALIX, syntenin, and Rab 
GTPases are important molecular mediators 
that coordinate vesicle trafficking, cargo sorting, 
and membrane remodeling. One prominent 
ESCRT-dependent mechanism is the 
syndecan-syntenin-ALIX pathway.  [7], [8] 

METHODS FOR EXOSOME ISOLATION AND 
CHARACTERIZATION

Ultracentrifugation, size exclusion 
chromatography, and microfluidics are 
examples of isolation techniques that balance 
yield, purity, and scalability. In order to 
maximize cargo encapsulation without losing 
exosome integrity, drug loading procedures 
range from passive incubation to active 
approaches like electroporation and sonication. 
Additionally, surface engineering techniques 
are used to improve circulation time and 
targeted specificity. [9], [10] 

Exosomes must be effectively isolated 
and characterized in order to be studied and 
used in clinical settings. Although it takes a 
considerable amount of time and specialized 
equipment, differential ultracentrifugation (UC) 
is still the gold standard method because it can 
separate vesicles according to size and 
density. By placing samples over density 
gradients for more accurate separation, density 
gradient centrifugation further improves purity. 
While immunoaffinity capture (IAC) uses 
antibodies that target exosomal surface 
antigens (such as CD9, CD63, CD81) to 
selectively isolate exosomes from 
heterogeneous samples, ultrafiltration (UF) 
uses membrane filters with specific pore sizes 
to isolate exosomes by size exclusion. New 
developments in size-based chromatography 
and microfluidic technology offer viable 
substitutes with improved scalability and 
efficiency. Polymer-based precipitation 
techniques offer a more straightforward 
process, but they run the danger of co-isolating 
impurities, which might affect sample purity. 
[11], [12], [13] 

Nanoparticle tracking analysis (NTA) to 
ascertain size distribution, electron microscopy 
for morphological evaluation, and Western blot 
or flow cytometry to confirm exosomal markers 
are commonly used in the characterization of 
isolated exosomes. [11], [12] 
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ENGINEERING STRATEGIES FOR 
THERAPEUTIC EXOSOMES

Engineering techniques that 
concentrate on improving targeting specificity, 
cargo loading efficiency, and biological activity 
have been created in order to use exosomes as 
delivery vehicles and therapeutic agents. Cell 
engineering creates exosomes loaded with 
desired therapeutic cargo, such as proteins, 
nucleic acids, or tiny compounds, by genetically 
altering parent cells or by biochemically 
preconditioning them. As an alternative, direct 
exosome modification methods enhance tissue-
specific delivery by coating the surface with 
targeted ligands or antibodies.

In order to include medications, RNA, 
or proteins after isolation, cargo loading 
techniques include electroporation, sonication, 
chemical transfection, and incubation with 
therapeutic compounds. Exosomal stability and 
functionality are further enhanced by fusion 
with other vesicles or hybridization with artificial 
nanoparticles. These engineering techniques 
seek to improve the therapeutic usability of 
natural exosomes by overcoming their intrinsic 
drawbacks, such as their limited targeting and 
quick systemic clearance. Scaling these 
approaches for clinical-grade production while 
maintaining safety and repeatability still 
presents challenges. [14], [15], [16] 

PRECLINICAL AND CLINICAL 
APPLICATIONS

Exosome-based drug delivery has 
applications in infectious diseases, cancer, 
neurological disorders, and regenerative 
medicine. Exosomes can minimize off-target 
effects by delivering RNA molecules or 
chemotherapeutic medicines to tumor cells. 
Their capacity to pass through the blood-brain 
barrier opens up new therapeutic options for 
neurological conditions. Exosomes generated 
from mesenchymal stem cells are being studied 
for their potential to repair tissue and reduce 
inflammation. Translational promise is indicated 
by ongoing clinical trials investigating these 
uses. [1], [17], [18] 

Many physiological and pathological 
processes are regulated by exosomes. 
Exosomes derived from tumors, for instance, 
promote the growth and metastasis of cancer, 
while exosomes derived from macrophages 

influence immunological responses. They 
indicate viral components and influence host 
immunity in viral infections. These results 
emphasize exosomes as therapeutic targets 
and biomarkers. [4], [19]

Applications of Exosomes

Exosomes are versatile in regenerative 
medicine, cancer treatment, 
immunomodulation, and drug delivery, 
according to preclinical study. In particular, 
exosomes generated from mesenchymal stem 
cells (MSCs) have demonstrated effectiveness 
in encouraging tissue repair, lowering 
inflammation, and modifying immunological 
responses in a variety of disease scenarios. 
Exosomes have two functions in oncology: they 
are delivery systems for gene treatments and 
chemotherapeutic drugs, as well as diagnostic 
biomarkers. They are promising candidates for 
targeted therapy because of their low 
immunogenicity and capacity to cross biological 
barriers.

Exosome-based treatments for cancer, 
chronic inflammatory diseases, and surgical 
recovery are being investigated in a number of 
clinical translation trials. Standardization of 
isolation procedures, dosage calculation, and 
thorough safety assessments continue to be 
significant obstacles despite encouraging 
outcomes. Exosomes' therapeutic potential 
depends on filling in these gaps to allow for 
scalable and repeatable clinical uses. [20], [21], 
[22] 

Exosomes as the delivery vehicle for diverse 
types of therapeutic molecules

Therapeuti Application Delivery Ref
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II. CHALLENGES
Despite advancement, there are still 

major obstacles to overcome. Low drug loading 
efficiency, diverse exosome populations, a lack 
of consistent isolation and characterisation 
procedures, and challenges in large-scale 
production are some of the obstacles. To 
increase therapeutic efficacy, in vivo stability 
and biodistribution must be optimized. Clinical 
translation is made more difficult by the 
ongoing evolution of regulatory rules. 
Furthermore, there are gaps in safe and 
efficient design because of poor understanding 
of exosome biology and immune system 
interaction. [2], [9], [31] 

III. FUTURE DIRECTIONS

Exosome engineering for improved 
cargo loading, targeted delivery, and controlled 
release is the main focus of research. The 
synthesis of clinical-grade exosomes is being 
improved by developments in surface 
modification and microfluidic isolation. Hybrid 
exosomes that combine synthetic and natural 
properties are gaining popularity. It is crucial to 
keep researching exosome biodistribution, 
immunogenicity, and long-term safety. Although 
the incorporation of exosome-based 
technologies into frameworks for customized 
treatment appears promising, more validation 
through carefully planned clinical studies is 
necessary. [32], [33] 

IV. CONCLUSION
Exosome-based drug delivery systems 

offer a versatile, natural platform with significant 
therapeutic potential for a variety of diseases. 
To fully realize their clinical usage, they must 
overcome technological, biological, and 
regulatory obstacles even if they have clear 
advantages over traditional delivery techniques. 
Future studies should focus on manufacturing 
uniformity, enhance cargo loading and 
targeting, and create safety profiles. The 
evolving field indicates that exosome-based 
treatments have the potential to revolutionize 
precision medicine with further development.
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