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INTRODUCTION

ABSTRACT

Regenerative medicine has increasingly transitioned from cell-based therapies to cell-
free approaches due to the constraints of stem cell transplantation, such as limited
engraftment efficiency, immunogenicity, tumorigenic potential, and difficulties in
clinical standards. Among novel cell-free methodologies, stem cell-derived exosomes
have garnered considerable interest as nanoscale extracellular vesicles that facilitate
tissue repair via paracrine signaling. Recent advancements in molecular biology and
bioengineering have facilitated the creation of engineered exosomes, permitting
precise alterations of surface molecules and bioactive cargo to improve therapeutic
specificity and efficacy. This narrative review encapsulates current advancements in
synthetic stem cell-derived exosomes for precision regenerative medicine,
emphasizing molecular targeting techniques, therapeutic cargo optimization, and
applicability across various disease types. Literature pertinent to the years 2020 to
2025 was sourced from PubMed, Scopus, and ScienceDirect and subjected to
qualitative analysis. The results demonstrate that engineered exosomes can efficiently
regulate critical biological pathways associated with apoptosis, inflammation,
angiogenesis, and tissue regeneration. Improved targeting specificity increases tissue
accumulation and therapeutic efficacy, while tailored cargo allows for precise
modulation of molecular signaling in damaged microenvironments. Despite
encouraging preclinical results, challenges related to production standardization, cargo
uniformity, dosage optimization, and long-term safety hinder clinical translation.
However, ongoing advancements in bioengineering, nanotechnology, and regulatory
structures position engineered exosomes as strong contenders for the development of
next-generation regenerative therapeutics. Engineered stem cell-derived exosomes are
a versatile and unique platform with considerable promise to connect molecular
mechanisms and clinical applications in precision regenerative medicine.

Keywords: Intermittent hypoxia; MAFLD; Oxidative stress; Hepatic fibrosis;
Composite oxidative-fibrotic index.

Regenerative medicine has progressed swiftly in recent decades, aiming to repair, replace, or
regenerate damaged tissues and organs caused by degenerative diseases, injuries, or aging'. Initially,
stem cell-based therapy seemed promising due to the inherent ability of stem cells to differentiate
and support tissue repair. However, an increasing amount of scientific evidence and clinical
experience has revealed several significant limitations of cell-based therapies. These limitations
include low engraftment efficiency, the risk of immune responses, potential tumorigenicity, and
considerable challenges related to large-scale production standardization and long-term storage for

clinical use?.
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These constraints have led to a significant shift from cell-based therapeutics to methodologies
that do not rely on cells’®. Increasing data indicate that the therapeutic effects of stem cells are mostly
mediated by paracrine mechanisms involving the production of bioactive substances, rather than just
relying on their differentiation capacity”!®. Stem cell-derived exosomes play a crucial role as
mediators of paracrine actions. These exosomes are nanoscale extracellular vesicles, measuring
approximately 30-150 nm in diameter, and are vital for intercellular communication. They facilitate
the transfer of various bioactive compounds, including microRNAs, proteins, lipids, and
metabolites' 12,

Stem cell-derived exosomes have been demonstrated to exert significant regenerative effects,
including modulation of inflammation, inhibition of apoptosis, stimulation of cell proliferation,
promotion of angiogenesis, and regulation of immune responses'!>!4. A variety of in vitro and in
vivo studies have indicated that exosomes can replicate many of the therapeutic benefits of stem cells
while minimizing the inherent biological risks associated with live cell transplantation. As a result,
exosomes have emerged as safer, more stable, and more easily scalable options for long-term
therapeutic applications >17,

Advancements in molecular biology and bioengineering have transformed exosomes from
simple byproducts of stem cells into versatile therapeutic platforms that can be precisely
engineered'®. Exosome engineering enables the modification of molecular cargo, such as the
enrichment of specific microRNAs or proteins, as well as surface engineering to enhance targeted
delivery to specific tissues or cell types'®. This strategy offers substantial potential for the
development of regenerative therapies that are more precise, effective, and tailored to specific
pathological conditions!®!?,

Engineered stem cell-derived exosomes are a promising platform in precision regenerative
medicine due to their biocompatibility, efficient tissue penetration, and adaptability for molecular
engineering?® %2, Therefore, this review aims to comprehensively summarize recent advances in
molecular targeting mechanisms, therapeutic cargo optimization, and the diverse therapeutic
applications of engineered exosomes within the context of modern regenerative medicine.

In this review, the term “engineered exosomes” is used consistently to describe exosomes that
have been modified through biological, chemical, or physical approaches to enhance their therapeutic
properties. This terminology encompasses what are sometimes referred to as modified or synthetic
exosomes in the literature.

MATERIALS AND METHODS

Literature Search Strategy

This review was conducted through a comprehensive search and critical analysis of relevant
scientific literature retrieved from major databases, including PubMed, Scopus, and ScienceDirect.
The search focused on studies addressing stem cell-derived exosomes and exosome engineering
approaches within the framework of precision regenerative medicine. The keywords used included
“stem cell-derived exosomes,” “engineered exosomes,” “extracellular vesicles,” “regenerative
medicine,” “molecular targeting,” “cargo optimization,” and “therapeutic applications.”

The included studies were primarily English-language articles published between 2020 and
2025, with emphasis on recent advances in exosome engineering and regenerative therapeutic
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strategies. A total of approximately 100 articles were initially identified through database searching.
After screening based on relevance, publication year, and study focus, 60 articles were ultimately
included in this narrative review. The selection process prioritized studies related to engineered stem
cell-derived exosomes, particularly those focusing on molecular targeting strategies, cargo
optimization, and therapeutic applications in regenerative medicine.

Inclusion and Exclusion Criteria

This analysis reviewed literature focused on original research articles and review papers that
examined stem cell-derived exosomes and methods for enhancing their therapeutic effects. The
emphasis was on research related to the alteration of molecular cargo, surface modification of
exosomes for targeted delivery, and their therapeutic applications in models of degenerative disorders
or tissue damage. This review only included materials directly about stem cell-derived exosomes,
research addressing extracellular vesicles with engineering methodologies, case reports including
mechanistic analysis, and scientific publications.

Data Extraction and Analysis

Articles meeting the relevance criteria were qualitatively reviewed to extract key information,
including stem cell sources, exosome engineering methods, types of optimized therapeutic cargo,
molecular targeting strategies, and major outcomes related to regenerative effects and clinical
translational potential. The extracted data were then synthesized using a descriptive and thematic
approach to identify common patterns, dominant molecular mechanisms, as well as current
challenges and emerging opportunities in the development of engineered stem cell-derived exosomes
as a platform for precision regenerative therapy. This review was conducted as a narrative literature
review and was not intended to be a systematic review or meta-analysis.

RESULTS
The Role of Stem Cell-Derived Exosomes in Tissue Regeneration

Multiple studies have indicated that exosomes produced from stem cells serve as crucial
mediators of paracrine signaling in tissue regeneration processes'’**?*. These exosomes carry a wide
array of bioactive molecules, including microRNAs, regulatory proteins, lipids, and metabolic
factors, which are capable of modulating target cell responses without the direct involvement of
viable stem cells?®2%. Across various in vitro and in vivo models, exosomes have been shown to
suppress apoptosis®’>!, attenuate inflammatory?>*, enhance cell proliferation, and stimulate
angiogenesis as well as tissue remodeling® 7. These findings reinforce the concept that the
therapeutic effects of stem cells are largely mediated by exosomes, thereby supporting the
development of cell-free therapeutic strategies in regenerative medicine.

Strategies for Exosome Engineering in Molecular Targeting

Advancements in bioengineering technology have enabled the engineering of exosomes to
enhance targeting specificity for particular tissues or cell types. Molecular targeting techniques
typically involve modifying exosomal surface molecules, either by genetically engineering donor
cells or by chemically altering them after isolation. These approaches include the production or
conjugation of specific ligands, targeting peptides, or antibodies on the exosomal membrane, which
facilitates the recognition and binding to specific receptors on target cells*®*°. Engineered exosomes
with enhanced targeting capabilities have demonstrated increased accumulation in injured or diseased
tissues, such as ischemic tissues, damaged kidneys, post-infarction myocardium, and
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neurodegenerative neural tissues. This targeted delivery contributes to improved therapeutic efficacy
while reducing systemic off-target effects*' ™. To facilitate comparison between different
engineering strategies, a summary is provided in Table 1.

Table 1. Comparison of Engineering Strategies for Stem Cell-Derived Exosomes
Engincering Method Key Advantage Limitation
Strategy
Surface Ligand conjugation, Enhances targeting Complex modification process
modification receptor targeting, antibody  specificity and tissue and potential immunogenicity
attachment accumulation
Genetic Overexpression of specific ~ Stable and efficient cargo  Technically demanding and
engineering of ~ miRNAs or proteins loading time-consuming
donor cells
Direct cargo Electroporation, Simple and rapid loading ~ May affect exosome integrity
loading incubation, sonication of therapeutic molecules and cause heterogeneous cargo
distribution

Hybrid Combination of surface and Synergistic improvement  Increased production
engineering cargo modification of targeting and complexity and cost
approaches therapeutic efficacy

Optimization of Exosomal Therapeutic Cargo

In addition to molecular targeting, cargo optimization represents a critical aspect in the
development of engineered exosomes. Multiple strategies have been employed to enrich therapeutic
cargo, including the overexpression of specific microRNAs or proteins in donor stem cells, as well

as direct loading techniques such as electroporation, passive incubation, and sonication-based
methods'$44,

Exosomes enriched with anti-apoptotic microRNAs, cell cycle regulators, or pro-angiogenic
factors have demonstrated significantly enhanced regenerative capacity compared with non-
engineered exosomes. Moreover, accurate regulation of exosomal cargo facilitates the management
of distinct molecular pathways, such as inflammatory signaling, oxidative stress responses, and cell
survival pathways, thereby yielding more targeted and consistent therapeutic outcomes>%47%.

Mechanistically, the therapeutic effects of engineered exosomes are largely mediated
through the modulation of specific intracellular signaling pathways. For example, exosomal miR-21
has been reported to inhibit apoptosis by targeting the PTEN/AKT pathway, thereby enhancing cell
survival under stress conditions. Similarly, miR-146a plays a critical role in suppressing
inflammation through downregulation of the TRAF6/NF-kB signaling axis. In the context of
angiogenesis, exosomal cargo such as pro-angiogenic miRNAs can activate VEGF-related pathways,
promoting endothelial cell proliferation and neovascularization. These findings highlight that the
functional benefits of engineered exosomes are not merely associative but are driven by well-defined
molecular mechanisms>%3%-36:48,
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Therapeutic Applications of Engineered Exosomes in Diverse Disease Models

Engineered stem cell-derived exosomes have been widely applied across various models of
degenerative diseases and tissue injury. In cardiovascular disease models, engineered exosomes have
been shown to enhance cardiomyocyte viability, reduce fibrotic area, and improve cardiac function
following ischemic injury. In models of acute and chronic kidney injury, exosomes exert protective
effects by reducing tubular cell apoptosis, modulating inflammatory responses, and stimulating renal
epithelial cell proliferation®® 2,

In addition, within the nervous system, engineered exosomes play a crucial role in enhancing
neuroprotection, restoring synaptic function, and suppressing neuroinflammatory processes in
models of neurodegenerative diseases. These findings underscore that exosome engineering not only
improves therapeutic efficacy but also expands the spectrum of exosome applications in precision
regenerative medicine®>>*,

Challenges in Clinical Translation

Despite promising preclinical outcomes, several challenges remain in the clinical translation
of engineered exosomes. Major obstacles include the standardization of exosome isolation and
characterization methods, consistency of therapeutic cargo, stability during storage, and the
determination of optimal dosing regimens and routes of administration. In addition, long-term safety
concerns and regulatory frameworks for large-scale clinical-grade exosome production require
further investigation before widespread clinical implementation can be achieved®> %,

Beyond these general challenges, several specific translational barriers have been identified
in recent studies. One major issue is batch-to-batch variability in exosome production, which can lead
to inconsistencies in therapeutic efficacy. Additionally, the lack of standardized potency assays
makes it difficult to reliably evaluate and compare the biological activity of engineered exosomes
across studies. From a regulatory perspective, uncertainty remains regarding whether engineered
exosomes should be classified as biologics, drug delivery systems, or advanced therapy medicinal
products, which complicates approval pathways. Furthermore, large-scale manufacturing under Good
Manufacturing Practice (GMP) conditions remains technically demanding and costly, limiting their
widespread clinical application. Addressing these issues will be essential for successful translation
of engineered exosomes into routine clinical practice® %,

DISCUSSION
Engineered Exosomes as an Evolution in Precision Regenerative Therapy

The development of engineered stem cell-derived exosomes represents a fundamental shift
in regenerative medicine toward more controllable and cell-free therapeutic systems. Compared with
conventional stem cell-based approaches, exosome-based strategies offer improved safety and
stability, as widely reported in previous studies. Rather than reiterating these established advantages,
this review emphasizes how engineering strategies further enhance exosomal functionality,
particularly through improved targeting specificity and optimized therapeutic cargo, thereby
strengthening their role in precision regenerative medicine**9,

Integration of Molecular Targeting and Cargo Optimization
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The central discussion arising from current evidence indicates that the therapeutic efficacy of
exosomes is highly dependent on two key components: molecular targeting capability and the
composition of bioactive cargo. Engineering of exosomal surface molecules enhances the specificity
of interactions with target cells, thereby significantly improving tissue distribution and therapeutic
efficiency. This strategy reduces non-specific accumulation and minimizes potential systemic side
effects, which are common limitations of nanomaterial-based therapies®®#%>?.

The optimization of exosomal cargo allows for more precise regulation of biological
responses by modulating specific molecular pathways, such as inflammation, apoptosis, cell
proliferation, and angiogenesis. Consequently, engineered exosomes are not just passive carriers of
therapeutic molecules; they also actively regulate the damaged tissue microenvironment. The
combination of molecular targeting and cargo optimization represents a therapeutic approach that
aligns with the principles of precision medicine, where interventions are customized to meet the
specific biological needs of distinct tissues or disease states>!-26:47:48:60,

While both molecular targeting and cargo optimization significantly enhance exosome-based
therapies, their relative contributions differ depending on the therapeutic context. Surface engineering
strategies, such as ligand or receptor-mediated targeting, primarily improve delivery efficiency and
tissue specificity but may not directly influence intracellular signaling. In contrast, cargo optimization
approaches, including miRNA enrichment or protein loading, exert more direct and sustained effects
on cellular pathways involved in regeneration. However, cargo loading techniques such as
electroporation may compromise exosome integrity or result in heterogeneous cargo distribution,
whereas genetic modification of donor cells offers higher stability but introduces complexity in
production. Therefore, current evidence suggests that a combinatorial strategy integrating both
targeting and cargo optimization may provide synergistic benefits and represents a more effective
approach for precision regenerative therapy*>+*.

Relevance of Molecular Mechanisms to Regenerative Effects

Mechanistic evidence suggests that the regenerative actions of exosomes result from the
concurrent regulation of various cellular signaling pathways rather than a singular mechanism.
Exosomes can inhibit excessive apoptosis, diminish oxidative stress, and modulate the equilibrium
between inflammation and tissue regeneration. This intricate mechanism of action is especially
pertinent in chronic degenerative illnesses, where tissue destruction is frequently associated with
complex and enduring dysregulation of molecular signaling networks*?**337  Furthermore, the
ability of engineered exosomes to deliver cargo that specifically targets defined molecular pathways
provides a distinct advantage over conventional therapies, which are often non-specific in
nature?’-?%36, By precisely controlling cargo composition, exosomes can be directed to support tissue
regeneration without inducing abnormal proliferation or undesirable immune responses, thereby
improving the therapeutic benefit-risk ratio' 4.

Challenges in Clinical Translation and Standardization

Despite the highly promising therapeutic potential of engineered exosomes, several
challenges remain central to their clinical translation. One of the most significant obstacles is the
standardization of exosome isolation, characterization, and large-scale production for clinical
applications. Variability in stem cell sources, culture conditions, and engineering methods can
influence cargo consistency and biological activity, ultimately affecting the reproducibility of clinical
outcomes™>’. In addition, the determination of optimal dosing, routes of administration, and
treatment frequency requires systematic evaluation through well-controlled preclinical and clinical
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studies>®. Long-term safety considerations also represent a critical concern, particularly with regard
to potential off-target effects or exosome accumulation in specific tissues. Therefore, the
establishment of robust regulatory guidelines and stringent quality control standards is a fundamental
prerequisite before engineered exosomes can be widely adopted in clinical practice.

Future Perspectives in Precision Regenerative Medicine

Looking ahead, the integration of engineered exosomes with complementary technologies
such as genetic engineering, smart biomaterials, and nanotechnology-based delivery systems has the
potential to further expand the scope of regenerative therapeutic applications!®*>?°. Beyond serving
as standalone therapeutic agents, exosomes may also be developed as highly precise delivery
platforms for drugs, therapeutic RNAs, and other bioactive molecules. Overall, this results highlights
that engineered stem cell-derived exosomes represent an innovative strategy that bridges molecular
mechanistic insights with clinical application. By addressing existing translational challenges, this
approach has the potential to become a central pillar in the future development of precision
regenerative therapies?®2!.

CONCLUSION

In conclusion, engineered stem cell-derived exosomes represent a promising precision
regenerative therapeutic approach by combining the safety of cell-free therapies with the versatility
of molecular engineering. Through specific targeting and optimization of bioactive cargo, engineered
exosomes can more effectively and controllably modulate key pathways involved in apoptosis,
inflammation, and tissue regeneration. Although challenges in clinical translation remain, including
production standardization, cargo consistency, and long-term safety evaluation, rapid advances in
bioengineering and molecular biology position engineered exosomes as strong candidates for next-
generation regenerative therapies. This approach has the potential to bridge fundamental research and
clinical application in the advancement of precision regenerative medicine.
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