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Abstract: Geriatric diseases are a group of diseases with unique characteristics related to senility. With the rising trend of global
aging, senile diseases now mainly include endocrine, cardiovascular, neurodegenerative, skeletal, and muscular diseases and cancer.
Compared with younger populations, the structure and function of various cells, tissues and organs in the body of the elderly undergo a
decline as they age, rendering them more susceptible to external factors and diseases, leading to serious tissue damage. Tissue damage
presents a significant obstacle to the overall health and well-being of older adults, exerting a profound impact on their quality of life.
Moreover, this phenomenon places an immense burden on families, society, and the healthcare system.In recent years, stem cell-
derived exosomes have become a hot topic in tissue repair research. The combination of these exosomes with biomaterials allows for
the preservation of their biological activity, leading to a significant improvement in their therapeutic efficacy. Among the numerous
biomaterial options available, hydrogels stand out as promising candidates for loading exosomes, owing to their exceptional properties.
Due to the lack of a comprehensive review on the subject matter, this review comprehensively summarizes the application and
progress of combining stem cell-derived exosomes and hydrogels in promoting tissue damage repair in geriatric diseases. In addition,
the challenges encountered in the field and potential prospects are presented for future advancements.
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Introduction

According to the recently released UN report, World Population Prospects 2022, the total global population has reached 8
billion. Increasing life expectancy and declining fertility rates are expected to intensify the aging problem in the global
population. As age increases, a number of factors such as inadequate secretion of hormone levels and organ perfusion in
the body lead to a gradual decline in physiological functions in the elderly. These include vascular sclerosis, neuronal
degeneration, decreased skin elasticity, and reduced bone density. These physiological changes affect the overall health
status and the ability to repair tissue damage in the elderly.' According to the immunological theory of aging, there is a
decline observed in the immune response against exogenous antigens in individuals as they age,” while the immune
response against autoantigens increases. Thus, the elderly population is susceptible to diseases with unique pathological
characteristics such as diverse pathogenesis, severe pathological features, and greater variability.” The inflammation,
reduced ability of angiogenesis and matrix remodeling lead to prolonged tissue regeneration and poor repair.* Tissue
regeneration and repair in geriatric diseases are still predominantly reliant on conventional approaches worldwide, with
limited remarkable advancements achieved to date. As a result, various geriatric diseases continue to pose a great threat
to the life and health of the elderly population (Figure 1).
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Figure | Geriatric diseases are mainly associated with five major factors: inadequate hormone levels in the organism, inadequate organ perfusion, reduced immune response
against exogenous antigens, lack of exercise, and Emotional factor, characterized by diverse causes, severe pathological features, and large disease variability. Therefore, it
becomes a great threat to the life and health of the elderly population. (Image created with BioRender.com).

With the rapid development of regenerative medicine, exosomes derived from stem cells have gradually become
important biological materials to promote tissue repair and regeneration. Exosomes are membranous vesicles with a
30-100 nm diameter containing bioactive molecules including nucleic acids, lipids, and proteins.Notably, exosomes are
readily available and considered to be safe for use in various applications. Furthermore, exosomes have demonstrated
their potential to play a multifaceted role in tissue repair processes by exerting anti-inflammatory, antioxidant, angio-
genic, and apoptosis-inhibiting effects. These unique characteristics have led to their extensive utilization in diverse fields
such as disease treatment, regenerative medicine, and tissue engineering.’ In particular, stem cell-derived exosomes have
good biocompatibility, low immune rejection, easy engineering, and functional similarity to stem cells. These qualities
offer a certain degree of advantage by mitigating the limitations associated with teratogenicity and abnormal accumula-
tion that may arise in traditional stem cell therapies. Therefore, stem cell-derived exosomes are the most promising
nanomedicines for disease treatment.® For example, Luisa Pascucci et al added high concentrations of paclitaxel to the
medium of bone marrow-derived MSCs based on the carrier advantage of exosomes, which caused MSCs to take up
paclitaxel and release exosomes containing the drug. Subsequently, these exosomes were translocated into pancreatic
cancer cells to exert targeted antitumor effects.” According to the experiments of Cui et al human adipose-derived
exosomes can significantly improve learning and memory deficits by reducing the levels of pro-inflammatory cytokines
(IL-1B and TNF-0).® The enkephalinase contained in exosomes can cross the blood-brain barrier and effectively cleave
AP peptides in the brain. Therefore, exosomes can also be used in the treatment of Alzheimer’s disease.” Nonetheless, the
application of exosomes does come with certain limitations. The relatively short half-life of exosomes and challenges
related to large-scale preparation can impact their therapeutic efficacy and hinder their widespread application in practical
settings. These limitations need attention to fully harness the potential of exosomes as therapeutic agents.

Hydrogels are distinguished by their water retention, flexibility, biodegradability, and biocompatibility, all of which
result from their stable, three-dimensional hydrophilic networks.'® The integration of exosomes with biomaterials such as
hydrogels, aiming to extend the retention time of exosomes at tissue injury sites without affecting their bioactivity, has
emerged as a prominent area of research in recent years. In this context, an earlier study by Xu et al, demonstrated the
successful encapsulation of exosomes derived from bone marrow mesenchymal stem cells (BMSCs) in a thermosensitive
hydrogel by modifying poly(N-isopropylacrylamide) (PNIPAAm) with the photothermal material black phosphorus
(BP).!' Furthermore, the in vitro experiments substantiated that near-infrared (NIR) laser irradiation of the BP-based
nanomaterial induces a reversible cascade reaction in the hydrogel at localized high temperatures, resulting in the
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mechanical contraction of the hydrogel, thus enabling the controlled release of a large quantity of exosomes along with
the water molecules. In addition, recent studies have revealed that BP hydrogels loaded with BMSC-derived exosomes
exhibit good biocompatibility and can significantly promote bone regeneration by enhancing the proliferative potential
and osteogenic differentiation of mesenchymal stem cells (MSCs)."' Thus, the synergistic application of exosomes and
hydrogels can complement each other’s strengths. This approach also prevents the rapid clearance of exosomes, while
facilitating the concurrent use of the tissue repair capabilities of exosomes and hydrogels, thereby optimizing therapeutic
outcomes. Thus, this synergy may have potential applications in the treatment of age-related diseases by fostering tissue
repair and regeneration.

According to statistical data published in 2018 by the Centers for Medicare & Medicaid Services, arthritis, coronary
heart disease, and diabetes are among the ten most prevalent chronic diseases among individuals aged 65 and older,
affecting 35%, 29%, and 27% of the older population, respectively. These findings underscore the importance of diabetes
and its associated complications, cardiovascular diseases, and osteoarthritis as prevalent health concerns among the aging
population. This review synthesizes the research progress on the combination of stem cell-derived exosomes and
hydrogels in promoting tissue injury repair in age-related diseases. This study highlights the mechanisms and therapeutic
potential of this novel treatment approach across various tissue injuries and seeks to contribute theoretical insights into
innovative therapies designed to facilitate tissue repair in age-related conditions.

Exosomes

Stem cells are a group of undifferentiated totipotent cells characterized by their remarkable self-renewal capacity and
rapid proliferation rate. Due to their diverse sources, widespread availability, and remarkable potential for differentiation,
stem cells have found extensive applications in the field of regenerative medicine.'> However, stem cells also have
limitations such as tumorigenic risk, organismal rejection, and ethical restrictions.'*> Among the primary mechanisms of
stem cell therapy for disease treatment is the paracrine mechanism, in which the secreted exosomes can reflect the
biological functions of stem cells with higher safety and therapeutic efficacy.'* In addition, exosomes have smaller size,
higher structural stability, and lower storage cost compared to stem cells. Moreover, exosomes have a high safety profile
and low immunogenicity because they are low in membrane-bound proteins and cannot proliferate and divide. Therefore,
the possibility of immune rejection and tumor formation in the organism is low.'> At present, exosomes are increasingly
used in medicine and contribute to the prevention and treatment of diseases. In addition, they have promising applications
in tissue repair.

Sources, Biosynthetic Processes, and Common Preparation Schemes
Exosomes, characterized by their membranous structure that encapsulates a wide variety of RNAs, proteins, and lipids,
typically range from 30 to 100 nm in diameter.'® They primarily originate from the intraluminal vesicles of multi-
vesicular bodies created by the inward formation of lysosomal microvesicles. These vesicles are then released into the
extracellular matrix (ECM) after the outer membrane of the multivesicular body fuses with the plasma membrane. It can
be released by most types of cells, such as mesenchymal stem cells,'” T cells,'® tumor cells,'” and epithelial cells.*®
Exosomes are also distributed in blood, serum,?! breast milk,??> amniotic fluid,*? cerebrospinal fluid,** saliva,® and
bile.?® Their biosynthetic pathway involves the cellular uptake of extracellular proteins, lipids, metabolites, and other
substances through a process known as endocytosis, resulting in the production of early endosomes within the cell. While
the membrane buds inward, these substances and cytoplasm are co-wrapped in intraluminal vesicles (ILVs) within the
multivesicular body (MVB). In addition, early endosomes gradually transform into late endosomes, which can form
additional multivesicular bodies. Two metabolic pathways exist for the final formed multivesicular bodies: (1) multi-
vesicular bodies bind to lysosomes or autophagic lysosomes and undergo material degradation; (2) multivesicular bodies
fuse with the cell membrane through microtubules and cytoskeleton and are secreted extracellularly by cytosolic
exocytosis to form the final exosomes (Figure 2A).

Exosomes interact with recipient cells in two ways: (1) the proteins or lipids on the surface of exosomes bind to
receptors on the surface of recipient cells, forming signal complexes and activating signaling pathways; (2) exosomes can
directly fuse with target cell membranes through endocytosis and engulfment.
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Figure 2 Biogenesis, composition, and application of exosomes. (A) The biosynthetic pathway of exosomes; (B) Composition of exosomes: proteins, nucleic acids, lipids,
receptors, etc; (C) The primary applications of exosomes: diagnosis and treatment of diseases, novel carriers for drug transport, etc. (Image created with BioRender.com).

Diverse methods are currently available to prepare exosomes including traditional methods such as ultracentrifuga-
tion, precipitation,?’ density gradient centrifugation,”® and immunomagnetic bead method.”” However, these conven-
tional methods often encounter issues such as time-consuming procedures, low yield, and low purity of the derived
exosomes. With technological advancements, a range of emerging separation and purification methods have been
introduced, including volume exclusion chromatography (SEC),*® nano-definite lateral displacement (nano-DLD),*'
and microfluidic separation technology.*> However, these novel approaches still face challenges in practical applications,
such as high costs and complex operations. As a result, an ideal separation solution that can effectively address these
limitations while ensuring high efficiency, affordability, and simplicity remains elusive.

Primary Components and Applications

The proteins of exosomes (eg, tetra-transmembrane proteins, membrane-linked proteins, heat shock proteins, etc.) have
multiple functions such as targeting/adhesion, anti-apoptosis, membrane fusion, signal transduction, and metabolism.>*~**
Exosomes are rich in lipids, including glycosphingolipids, sphingomyelin (SM), cholesterol (CHOL), and phosphatidylserine
(PS). These lipids contribute to the formation of exosomes and facilitate their release into the extracellular compartment,
stimulating biological processes such as calcium inward flow.>> In addition, exosomes contain a large number of nucleic acids
(DNA, mRNA, miRNA, tRNA, ncRNA, etc). Therefore, exosomes can be used as markers for early tumor diagnosis.3 ®Lin
et al found that the microRNA expression profile of tumor-derived exosomes could identify exosome hsa-miR-483-5p as a
potential biomarker for hepatocellular carcinoma.®” In addition, Guo et al demonstrated that long-stranded non-coding RNA
(IncRNA), UCAL, from hypoxic tumor-derived exosomes promote angiogenesis in pancreatic cancer through the miR-96-5p /
AMOTL?2 axis.*® Therefore, the contents (nucleic acids, proteins, etc) contained in stem cell-derived exosomes and their
membrane are of great significance in clinical studies (Figure 2B and C).

As a “cell-free” therapeutic approach, exosomes have been widely implemented in the management of various
diseases. Jiang et al, for instance, utilized a combination of ultrafiltration and purification methods to isolate exosomes
from the culture medium of urine-derived stem cells (USCs), which were then applied to investigate renal injuries
associated with diabetic nephropathy.** The resultant findings demonstrated that the USC-derived exosomes had the
capacity to mitigate the high glucose-induced apoptotic potential of podocytes, significantly reduce urinary volume and
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albumin excretion in diabetic rats, and promote the proliferation of glomerular endothelial cells.* However, the impact
of different cellular treatment modalities on exosome functions warrants further attention. In this context, an earlier study
by Li et al highlighted the importance of preconditioning strategies on exosomal function; herein, preconditioning
BMSCs under simulated hypoxia/reoxygenation conditions increased the levels of miR-21-5p in exosomes.*” On the
other hand, MSC-secreted exosomes were found to specifically act on the PTEN enzyme and the PDCD4 protein to
inhibit both the intrinsic and extrinsic apoptotic pathways, resulting in a reduction of pulmonary edema, lung dysfunc-
tion, and inflammation caused by ischemia-reperfusion injury.*’

Hydrogel

Hydrogels, characterized by their stable, three-dimensional hydrophilic networks, are typically synthesized using a
multifaceted approach involving physical, chemical, and enzymatic cross-linking techniques.*' Their unique structural
properties have led to their widespread applications across the fields of drug delivery, tissue engineering, and regenerative
medicine.** The polymers used for hydrogel fabrication are diverse and can be broadly categorized into three groups
according to their source: natural polymers and synthetic polymers.** Natural hydrogels, derived from biological sources,
can be categorized into various polysaccharides and proteins, such as hyaluronic acid, alginate, chitosan, agarose,
collagen, gelatin, silk fibroin, and fibrin.** In contrast, synthetic polymers often employ polyethylene glycol (PEG),
polyvinyl alcohol (PVA), poly(acrylic acid) (PAA), poly(lactic-co-glycolic acid) (PLGA), poly(acrylamide) PAAm, and
poly(2-hydroxyethyl methacrylate) (PHEMA) to improve the physical and chemical properties of natural hydrogels,
resulting in materials with enhanced mechanical strength, spatial precision, and the ability to control the internal dynamic
microenvironment.** In addition to these polymers, the fabrication of hydrogel also involves the utilization of self-
assembling peptides, DNA molecules, polylactic acid, and ECM.*®

Preparation Method

Diverse methods for hydrogel preparation are currently available. Free radical polymerization is a traditional method for
developing polymer-based hydrogels and includes four approaches: bulk polymerization, solution polymerization,
suspension polymerization, and emulsion polymerization. Hydrogel polymer precursors are synthesized into hydrogels
by cross-linking, including physical, chemical, and irradiation cross-linking, with chemical cross-linking being an
important and commonly used method for preparing hydrogels today (Figure 3A). In addition, extensive research efforts
have contributed to the progressive advancement of key technologies utilized in hydrogel scaffolds for tissue engineering.
These include emulsification, lyophilization (Figure 3B), gas foaming, 3D printing, and porogenic leaching techniques
(Figure 3C). The development of these technological tools has made hydrogel materials easily accessible and affordable
for large-scale use.*’

The introduction of 3D printing technology has completely transformed the production of hydrogel scaffolds. 3D
printing allows for the precise fabrication of three-dimensional scaffold structures tailored to specific tissue architectures
and functional requirements. It is particularly crucial in mimicking the microenvironment of natural tissues and
facilitating cellular growth.*® Thus, the versatility of 3D printing expands the applicability of hydrogel scaffolds in a
wider array of tissue engineering and regenerative medicine applications and markedly improves their efficacy.
Furthermore, the development of hydrogel microspheres via specific fabrication techniques, such as emulsification,
introduces novel hydrogel forms with specific sizes and release properties. These microspheres allow for the encapsula-
tion and precise release of drug molecules, thereby offering great potential for advancing drug delivery systems and
cellular therapies.*” This diversity in the fabrication of hydrogels effectively yields different types of hydrogels, thereby
offering a wide range of materials and application possibilities in the biomedical field.

Material Properties Required for Loaded Exosomes

Biomaterials supporting exosomes derived from stem cells are generally required to have high water content, good water
retention, excellent biocompatibility and a microstructure similar to that of the extracellular matrix. Hydrogels are
considered to be the biological functional materials closest to living tissues, so hydrogels combine with exosomes to
promote the exosomes to better play their functions.
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Figure 3 Common preparation (synthesis) methods of hydrogels. (A) free radical polymerization, physical, irradiation, and chemical cross-linking methods; (B) lyophilization
technique; (C) leaching technique. Reproduced from Mantha S, Pillai S, Khayambashi P, et al. Smart Hydrogels in Tissue Engineering and Regenerative Medicine. Materials.
2019;12(20):3323. © 2019 by the authors. Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).*

Biocompatibility

The good biocompatibility of hydrogels can provide suitable microenvironmental conditions for cell growth and act as an
effective delivery matrix for bioactive molecules.’® Biocompatibility can be described as “the benign expression of the
relationship between a material and its biological environment”, ie, it is less likely to trigger hemolysis, inflammatory
reactions, immune reactions, etc., in the body.>' Pasquale Picone et al investigated various properties of xylene glycol
hydrogel membrane (XG-PVA) for skin wound healing, in which biocompatibility was assessed by evaluating the damage
mechanisms that may be activated by the biomaterial when in contact with the biological environment, such as oxidative
stress, mitochondrial dysfunction, and apoptosis. XG-PVA membrane presented good biocompatibility without activating
any immunogenic response, confirming the safety of this material for application in skin wound repair.>>

High Water Content

Hydrogels are a class of hydrated polymeric materials with >90% water content. With the help of a hydrophilic 3D cross-
linked network structure, hydrogels can hold large amounts of water or other water-based fluids (eg, cell nutrient
solution, tissue culture fluid) without disintegrating. Liu et al observed that injectable hydrogels have shown great
potential in scaffolds applied to tissue engineering due to their high water content, similarity to natural extracellular
matrix (ECM), a porous framework for cell transplantation and proliferation, minimally invasive properties, and ability to
match irregular defects, showing great potential for use as 3D cell culture scaffolds in tissue engineering.>®
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Capable of Protecting the Loaded Substance

As loading systems, hydrogels protect the loaded substances (eg, cells, bioactive molecules) and maintain their structure and
function for longer periods. Tyson Smyth et al found that unmodified tumor exosomes were rapidly absorbed by the
reticuloendothelial system (RES) in the liver and spleen when injected intravenously. This mechanism reduced the accumula-
tion of their loaded drug in the tumor tissue, thus limiting the use of exosomes as a drug delivery vehicle.>* After being injected
inside the organism, exosomes are susceptible to rapid clearance by the immune system, which reduces the efficiency of drug
delivery and diminishes the therapeutic effect.”® Based on animal experiments, however, a very different effect was observed
when hydrogels were used as exosome-carrying scaffolds. Wang et al prepared an injectable adhesive thermosensitive
multifunctional polysaccharide dressing (FEP). The dressing had multifunctional properties such as efficient antimicrobial
activity, rapid hemostatic ability, and good UV shielding properties. Compared to the exosome group, the exosome-loaded
hydrogel group had a higher number of endothelial cells and greater angiogenic capacity.’®

Degradability

The hydrogels combined with exosomes requires degradability, which promotes the sustained release of exosomes.Since
exosomes are located in the three-dimensional meshwork of the hydrogel, their release rate is related to the structure, swelling
rate, and degradation rate of the hydrogel. According to Shilan Shafei et al, alginate hydrogels loaded with adipose-derived
stem cell exosomes promote tissue regeneration in whole skin wounds. The hydrogel was gradually degraded during
immersion in the culture medium for 240 h, resulting in a slow release of exosomes. This release pattern is more conducive
to skin repair and accelerates skin repair processes such as re-epithelialization, collagen deposition, and angiogenesis.57

Preparation Methods and Advantages of Hydrogel-Loaded Exosomes

The fabrication of exosomes loaded with hydrogels encompasses three primary methodologies: in situ gel formation, the
“Breathing method”, mixing and crosslinking, and in situ gel formation. Each method has its advantages and disadvan-
tages, necessitating a careful evaluation based on specific requirements and experimental conditions.

Firstly, the “Breathing method” utilizes the hydrophilic and adsorptive properties of hydrogels.>® This method entails the
initial extraction of excess water from the swollen hydrogel by employing a specific solvent in order to completely expose its
internal voids. Subsequently, exosomes are introduced directly into these voids, leading to the incorporation of exosomes into
the hydrogel. This approach is noted for its simplicity, as it directly utilizes hydrogel voids for loading without the need for
complex equipment or techniques, resulting in enhanced loading efficiency. However, the compatibility between exosome size
and hydrogel pore dimensions is constrained by the precision in void size of the hydrogel required to prevent exosome leakage
(caused by large void size) or inadequate entry (caused by small void size). This condition highlights a significant limitation in
terms of the compatibility between exosome size and hydrogel pore dimensions.

Secondly, the mixing and crosslinking method entails combining exosomes with a hydrogel precursor solution,
followed by the addition of a crosslinking agent or utilizing a physical method to induce gelation.>® This facilitates
greater control over the structure and properties of the resulting hydrogel. Nonetheless, the process of crosslinking may
potentially compromise the integrity and bioactivity of the exosomes. Furthermore, the compatibility between the
crosslinking agent and the exosomes warrants careful consideration.

Thirdly, the in situ gel formation method, involves the use of a dual-chamber syringe to simultaneously inject exosomes
and the hydrogel precursor into the target site.®” Once injected, they react with each other to form a hydrogel that encapsulates
the exosomes. This method enables the direct formation of the hydrogel at the target location, thereby facilitating localized
drug delivery for tissue engineering applications, with the capability to adjust the hydrogel formation rate and properties as
needed. However, it is important to consider the potential toxicity of the adhesive in the body when using this method.

The integration of exosomes within hydrogels provides a multifaceted approach that is crucial and advantageous in
enhancing therapeutic outcomes and tissue regeneration ability. Hydrogels enhance the stability and bioactivity of
exosomes by protecting them from external factors, such as enzymatic degradation and oxidation,”' and evading rapid
clearance by the immune system.”> This property ensures their sustained presence and functioning within the body.
Furthermore, the ability of hydrogels to facilitate the precise release of exosomes at specific times and rates is crucial in
maintaining therapeutic efficacy and decreasing the need for frequent administration.®* In addition, hydrogels can modify
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exosomes chemically or physically to endow them with specific properties, allowing for more precise delivery to the
pathological sites and thereby augmenting therapeutic outcomes.®> Moreover, the ability of hydrogels to be administered
via injections also simplifies the process of delivering exosomes, rendering them highly suitable for clinical applications.”
% Finally, the conducive microenvironment provided by hydrogels promotes cell growth and tissue repair and synergis-
tically fosters the tissue repair and regeneration processes carried out via exosomes.®> In summary, the incorporation of
exosomes into hydrogels is not only necessary but also advantageous, holding significant importance in enhancing

therapeutic outcomes and facilitating tissue regeneration.

Diabetes Mellitus and Its Complications

Disease Overview and Traditional Therapies

Diabetes mellitus is a metabolic disorder that is experiencing a significant global rise in prevalence. The decline in
organism function, pharmacological factors, psychological factors, and lifestyle changes collectively contribute to the
increased susceptibility of the elderly population to diabetes. According to statistics,®® approximately 463 million adults
aged 20-79 years (9.3% of the world population) currently have diabetes. However, most patients have chronically high
levels of blood glucose, leading to chronic complications of the kidneys, eyes, nerves, heart, and skin, such as diabetic
nephropathy, diabetic retinopathy, diabetic neuropathy, diabetic cardiomyopathy, and diabetic foot.®”

In recent years, the application of stem cell-derived exosomes to the treatment of the above-mentioned diabetic
complications has yielded good results. Bone marrow MSC-derived exosomes promote the recovery of renal function in
diabetic mice by inhibiting the expression of pro-inflammatory cytokines in the kidney and epithelial damage in the
proximal tubules of the kidney induced by high-fat diet and STZ.®® For diabetic retinopathy, exosomes derived from
human umbilical cord mesenchymal stem cells (WUCMSCs) can regulate miR-126 by targeting HMGB1 to ameliorate
hyperglycemia-induced retinal inflammation (Zhang et al, 2019).°° The combination of exosomes and hydrogels for the
treatment of diabetes and its complications has focused on diabetic wound healing. This study, focusing on this disease,
analyzes the potential mechanisms and efficacy of this novel treatment approach. The interaction of multiple factors such
as diabetic neuropathy, peripheral vascular disease, infection, and trauma causes poor wound healing and eventually the
formation of severe foot ulcers, known as diabetic foot (Figure 4).”° This complication imposes huge financial stress and
psychological burden on both the patient and their family. Hospital admissions for foot ulcers in the diabetic population
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Figure 4 The formation of diabetic foot. Normal wounds in diabetic patients gradually develop into chronic hard-to-heal wounds due to hypoxia, increased ROS (reactive
oxygen species) and inflammatory factors, and impaired angiogenesis. (Image created with BioRender.com).
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are increasing significantly. The cost of care is more than 10 times higher in patients with diabetic foot compared to
individuals without diabetes.”' Consequently, it is urgent to develop treatments for diabetic wound healing.

The current conventional treatments for diabetic wounds include the use of growth factors, wound dressings, and skin
substitutes. Each of these treatments has distinct advantages and disadvantages.”> When released, growth factors affect
the wound microenvironment, promote intercellular communication, and increase differentiation, proliferation, and
migration of endothelial cells and fibroblasts, facilitating wound healing.””> However, this therapeutic approach has its
limitations. Specifically, growth factors are rapidly degraded by the action of protein hydrolases, making the treatment
less effective.”* While wound dressings have the advantage of creating a moist and oxygenated environment for skin
tissue, they may not effectively prevent bacterial invasion from the external environment, leading to the potential risk of
secondary infections. On the other hand, skin substitutes can offer both a moist environment and a barrier against external
bacteria.”” However, as allografts, they may trigger immune rejection in some cases.”®

Molecular Mechanisms of Wound Repair by Exosomes
Wound healing is divided into four stages: hemostatic, inflammatory, proliferative, and remodeling stages (Figure 5).

Hemostatic

The hemostatic phase is achieved mainly through vasoconstriction, platelet aggregation, and activation of coagulation
factors to initiate endogenous and exogenous coagulation pathways. Human embryonic stem cell-derived exosomes
(HESC-Exos), induce angiogenesis and improve wound healing through the Nrf2 (a major regulator of oxidative stress,
ie, nuclear factor erythroid 2-related factor 2) signaling pathway.

Furthermore, exosomes exert beneficial effects on vascular endothelial cells by reversing senescence and enhancing
their proliferation, migration, and angiogenesis capabilities.”” Additionally, a prior study has demonstrated the significant
procoagulant potential of extracellular vesicles derived from umbilical cord MSCs, indicating that exosomes may
enhance tissue coagulation capacity and promote wound healing.”®

Inflammatory

The inflammatory response, which has an important role in regulating wound healing and regeneration, is characterized
by the activation of immune cells such as mast cells, neutrophils, and macrophages to proliferate and secrete inflamma-
tory cytokines and chemokines to clear pathogens and debris.”® Although a moderate inflammatory response is effective
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in preventing infection, elevated levels of reactive oxygen species (ROS) in a high-glucose environment lead to increased
production of IL-8 by keratinocytes. The corresponding increase in neutrophil infiltration causes an excessive inflam-
matory response and hinders wound healing.*® However, exosomes secreted by MSCs have anti-inflammatory and anti-
apoptotic functions and can promote the regression of inflammation in several ways. First, miRNAs contained in
exosomes can regulate the inflammatory response. For example, human umbilical cord MSC-derived exosomes expres-
sing miR-150-5p promote skin wound healing by activating the PI3K/AKT pathway of PTEN to reduce the inflammatory
response.®! Second, these exosomes inhibit the secretion of pro-inflammatory factors. According to Li et al, macrophage-
derived exosomes significantly reduced the expression of inflammatory factors such as tumor necrosis factor (TNF-a)
and interleukin (IL-6) compared to the blank group. These exosomes exert anti-inflammatory effects by reducing the
secretion of proinflammatory enzymes and cytokines.®* Finally, these exosomes induce M1 to M2 type macrophage
polarization to elevate the M2/MI1 polarization ratio, and Liu et al found that melatonin-stimulated MSC-derived
exosomes regulate macrophage M1 and M2 polarization by targeting the PTEN/AKT pathway, increasing the M2/M1
ratio, alleviating the inflammatory response and improving diabetic wound healing.*® In addition, exosomes can also

reduce oxidative stress-related protein levels to promote wound healing in a diabetic rat model.®*

Proliferative

The proliferative process involves granulation tissue generation, re-epithelialization, and angiogenesis. Exosomes can use
their powerful messaging capabilities to promote fibroblast and endothelial cell proliferation, form granulation tissue, and
regulate the migration of keratin-forming cells to the wound center.®> In the high glucose state, the production of
advanced glycosylation end products (AGEs) is accelerated. This substance can directly induce endothelial cell
apoptosis, causing structural damage to the vascular endothelium and increasing vascular permeability. In addition,
endothelial cell damage leads to subendothelial collagen exposure. Subsequently, activation of platelets, adhesion,
release, aggregation, and coagulation at the damaged site form thrombi, leading to narrowed lumen and increased
resistance to blood flow. Exosomes promote angiogenesis, provide oxygen, nutrients, and metabolic pathways to the
wound, and synergistically promote wound healing. Key angiogenesis-promoting miRNAs contained in exosomes can
activate endogenous repair mechanisms in target cells. For example, EPC-Exos enhances endothelial cell proliferation,
migration, and angiogenesis in a miR-126-dependent manner and downregulates SPREDI to activate Raf/ERK
signaling.®® In addition, exosomes can deliver angiogenesis-promoting related proteins to stimulate the rapid proliferation
and migration of vascular endothelial cells and promote wound healing. According to Ting Deng et al, gastric cancer
(GC)cell-derived exosomes can act as vectors to deliver miR-155, which promotes angiogenesis by inhibiting c-MYB
and increasing VEGF (vascular endothelial growth factor) expression.®’

Remodeling

The remodeling process is a critical stage of wound healing that determines the extent of scar formation. In this phase,
exosomes play a vital role in improving wound healing outcomes and aesthetics by preventing fibroblasts from
differentiating into myofibroblasts, which reduces scar formation.*® During the pre-healing phase, exosomes promote
the formation of type I and type III collagens, while in the late healing phase, they increase the ratio of type III to type I
collagen and the ratio of TGF-P3 to TGE-Bl1, contributing to proper extracellular matrix remodeling.*® Additionally,
exosomes can increase matrix metalloproteinase-3 (MMP3) expression in skin dermal fibroblasts through activation of
the ERK MAPK pathway and elevate the ratio of MMP3 to tissue inhibitor of matrix metalloproteinase-1 (TIMP1),
thereby promoting extracellular matrix reconstitution.””

Combination Therapy

Stem cell exosomes have been found to promote skin wound repair through various mechanisms (Table 1). Therefore, the
application of stem cell exosomes for diabetic wound healing appears to be a feasible approach. Nonetheless, certain
limitations still need to be addressed. One notable limitation in the application of exosomes is their tendency to undergo
rapid clearance in the body, resulting in low effective utilization and the potential for secondary damage to the skin when
multiple doses are administered. To mitigate these challenges to a certain extent, the utilization of exosomes in combination
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Table 1 Combined Administration of Stem Cell Derived Exosomes and Hydrogels in the Treatment of Diabetic Wound
Exosomes Source Hydrogel Type Effectiveness References
Adipose-derived stem GelMA Hydrogel Increase endothelial cell viability and maintain [96]
cells endothelial cell (EC) function by activating the miR-144-
3p/NFE2L2/HIF | o signalling pathway
Adipose mesenchymal Chitosan-graft-aniline tetramer hydrogel Regulate macrophage polarisation towards M2 type, [97]
stem cells quick re-epithelization, favorable collagen deposition
and tube formation.
Adipose mesenchymal Hyaluronic acid Facilitate the differentiation of local cells, enhance [98]
stem cells collagen synthesis, and stimulate angiogenesis; increase
tensiometrical parameters of the healed wounds and
decrease inflammation
Adipose mesenchymal F127/OHA-EPL: composed of Pluronic Achieve antimicrobial function and promotes wound [63]
stem cells F127 (F127), oxidative hyaluronic acid neovascularisation and cell proliferation, lead to
(OHA), and Poly-E-L-lysine (EPL) accelerated granulation tissue formation, re-
epithelialisation and collagen remodelling at the wound
site
Human umbilical vein GelMA/Polyethylene glycol diacrylate Promote the acceleration of collagen deposition, [99]
endothelial cells (PEGDA) hydrogel epithelial cell regeneration, and angiogenesis
Bone marrow Small intestinal submucosa(SIS)/ Stimulate wound angiogenesis; promotes granulation [100]
mesenchymal stem cells Mesoporous bioactive glass (MBG) tissue formation and collagen fibre deposition
hydrogel
Human umbilical cord PF-127 (Pluronic F-127) hydrogel Accelerate wound healing rate, increase the expression | [101]
mesenchymal stem cells of CD31 and Kié7, promote granulation tissue
regeneration, and up-regulate the expression of vascular
endothelial growth factor (VEGF) and factor
transforming growth factor B-1 (TGFB-1)
Bone marrow Carboxyethyl chitosan(CEC)-Dialdehyde Promote angiogenesis through VEGF-mediated [91]
mesenchymal stem cells carboxymethyl cellulose(DCMC) loaded pathways, and inhibit the inflammatory response by
hydrogels promoting macrophage polarisation to the M2 type
Gingival mesenchymal Chitosan/Silk Protein Hydrogel Promote the collagen re-epithelialisation, deposition [102]
stem cells and remodelling, as well as angiogenesis and neurite
outgrowth
Adipose mesenchymal Extracellular matrix hydrogel (ECM Effectively reduce inflammation and promote [103]
stem cells hydrogel) angiogenesis, collagen deposition, cell proliferation and
migration, thereby accelerating the wound healing
process
Bone marrow Gallic acid conjugated chitosan(CG)- Synergistically inhibit SREBP2 activity in macrophages [104]
mesenchymal stem cells Oxidized hyaluronic acid(OHA) hydrogel | through antioxidant properties, thereby polarising
macrophages towards the M2 type, showing an
outstanding ability to promote diabetic wound healing

with biomaterials offers a potential solution. In terms of promoting angiogenesis, a high glucose environment can cause

dysfunction of blood vessels and smooth muscle cells, leading to impaired vascular networks and impeding wound healing.

Zhang et al loaded the human umbilical cord MSC-derived exosomes into poly (vinyl alcohol) (PVA)-alginate (ALG)

nanohydrogels. The exosomes could activate ERK1/2 signaling by promoting ERK1/2 phosphorylation, enhance the expres-

sion of molecules such as SMA/SR-B1/CD31, and promote HUVEC proliferation, migration, and angiogenesis.”® In terms of
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regulating the wound microenvironment, anti-inflammation is a key component in promoting wound healing since a high-
glucose environment leads to an excessive inflammatory response and damages the cells surrounding the wound site. Geng
et al loaded bone marrow MSC-derived exosomes into carboxyethyl chitosan (CEC)-dialkylated methylcellulose (DCMC)
hydrogels. This strategy not only promoted angiogenesis but also induced M1 to M2 macrophage polarization to reduce
inflammatory effects.”’ Furthermore, the regulation of oxidative stress levels within the microenvironment of the diabetic
wound is also a crucial factor in promoting effective tissue repair.”> Immune and other cells produce more ROS under
hyperglycemic conditions,” which trigger multiple cellular mechanisms such as activation of protein kinase C, NF-kB
pathway-mediated inflammation, and altered vascular permeability.”* Zhang et al developed a novel PEG/Ag/CNT- M+E
hydrogel and assayed ROS content in mouse skin tissues. According to their experimental data, the fluorescence intensity of
the PEG/Ag/CNT-M+E hydrogel group was significantly lower than that of the untreated diabetic group, demonstrating
significant ROS scavenging properties and excellent antioxidant capacity of the hydrogel.””

In terms of promoting neurogenesis, diabetic neuropathy is also an important hindrance to wound healing in diabetic
patients. According to a previous study, 50% of diabetic foot patients developed diabetic neuropathy.'®> Therefore, it is
extremely important to promote neuronal growth. Shi et al loaded gingival mesenchymal stem cell-derived exosomes
(GMSC-Exos) into chitosan-silk hydrogels and evaluated nerve regeneration in a diabetic rat model at 2 weeks
postoperatively by NEFH immunofluorescence staining. GMSC-exos significantly increases nerve density, providing
novel evidence that sheds light on their effect on neuronal growth in a diabetic rat skin defect model (Figure 6D-J).'%% In
addition to the direct loading of exosomes into hydrogels to promote diabetic wound healing, exosomes were also
modified to further promote their therapeutic effects. Tao et al used gene overexpression techniques to modify synovial
mesenchymal stem cells (SMSCs). Although SMSCs can significantly promote fibroblast proliferation, they can barely
promote angiogenesis. Therefore, the angiogenic capacity of endothelial progenitor cells was transferred to SMSCs by
overexpression of miRNA-126-3p. Ultimately, miRNA-126-3p overexpression of synovial MSC-derived exosomes was
loaded into chitosan hydrogels to achieve the synergistic promotion of wound healing.'

Good hydrogel properties will also further promote the effect of the combination of the two. Wang et al developed an
injectable peptide hydrogel (FHE hydrogel) with self-healing properties and antimicrobial activity to promote chronic
diabetic wound healing from a biomaterial perspective. The self-healing property of this hydrogel is reflected in the rapid
and autonomous self-healing ability of the biomaterial after external damage. This feature allows the structural stability
of the material to be maintained during the wound-healing process. Experimental data demonstrate the powerful
antibacterial activity of FHE hydrogel. The hydrogel effectively killed Escherichia coli (gram-negative bacteria) and
Staphylococcus aureus (gram-positive bacteria), indicating the good antibacterial ability of FHE hydrogel. Combining
adipose mesenchymal stem cell-derived exosomes with this hydrogel promotes HUVEC proliferation, migration, and
angiogenesis, accelerates granulation tissue formation, re-epithelialization, and collagen remodeling, and ultimately
synergistically accelerates wound healing.®> The ideal hydrogel scaffold for wound healing should be suitable for
complex and irregular wound trauma spaces in addition to having good antimicrobial capacity, injectability, and
biocompatibility, allowing bioactive substances to adhere to the target site and exert their biological effects. Thus,
Yang et al innovatively developed a thermosensitive hydrogel (Pluronic F-127). This hydrogel exists as a liquid at low
temperatures and as a semi-solid gel at high temperatures. This reversible thermal response behavior gives Pluronic
F-127 the aforementioned properties. In addition, PluronicF-127 was loaded with human umbilical cord mesenchymal
stem cell-derived exosomes (hUCMSCs-Exos), which increased CD31 and Ki67 expression, enhanced granulation tissue
regeneration, upregulated VEGF/TGF-B1 expression, and jointly promote diabetic wound healing (Figure 6A—C).'"!

As mentioned above, the integration of stem cell-derived exosomes into hydrogels presents a novel therapeutic approach for
chronic diabetic wounds, offering significant advantages over conventional therapies. Exosome-loading hydrogels not only
promote the proliferation and differentiation of cells that are essential for the wound healing process, but also prevent the rapid
clearance of exosomes, ensuring their sustained and stable functioning within the body due to the protective function of
hydrogels. Furthermore, hydrogels provide exposed skin tissues with a moist and oxygen-rich healing environment, while
also exerting a profound antimicrobial effect to ensure the safety and efficacy of the treatment process. Thus, it is rational to
hypothesize that the widespread application of this therapeutic approach may offer substantial relief to elderly diabetic patients
suffering from the physical and psychological challenges associated with their condition.
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Figure 6 Stem cell-derived exosome-bound hydrogel promotes chronic diabetic wound healing; (A) Electron microscopy images of hUCMSCs-exos; (B) Detection of
wound healing rate. (C) VEGF and TGFp-1 expression levels. Reproduced with permission from Dove Medical Press. Yang |, Chen Z, Pan D, Li H, Shen J. Umbilical Cord-
Derived Mesenchymal Stem Cell-Derived Exosomes Combined Pluronic FI127 Hydrogel Promote Chronic Diabetic Wound Healing and Complete Skin Regeneration. IJN.
2020;15:5911-5926.'°' (D)Schematic illustration of the isolation of GMSC-derived exosomes and preparation of chitosan/silk hydrogel; (E) Quantitative analysis of the
wound closure rates; (F) Quantitative analysis of the total length in the three groups at each time point.; (G) Quantitative analysis of the percentage of collagen in each group
at each time point; (H) Quantitative analysis of the number of microvessels per field; (I) Representative immunofluorescent images of neurofilament heavy chain (red
fluorescence) were detected at 2 weeks post-surgery; (J) Quantitative analysis of the nerve fiber density in each group at 2 weeks post-surgery. a, P < 0.05 compared to the
control group; b, P < 0.05 compared to the hydrogel group. Reproduced from Shi Q, Qian Z, Liu D, et al. GMSC-Derived Exosomes Combined with a Chitosan/Silk Hydrogel
Sponge Accelerates Wound Healing in a Diabetic Rat Skin Defect Model. Front Physiol. 2017;8:904. © 2017 Shi, Qian, Liu, Sun, Wang, Liu, Xu and Guo. Creative Commons
Attribution License (CC BY).'?

Cardiovascular Disease

Disease Overview and Traditional Therapies

Cardiovascular disease (CVD) poses the greatest risk to human health and represents a major cause of mortality and
disability among the elderly population.'®” It encompasses various conditions such as hypertension, coronary athero-
sclerotic heart disease, myocardial infarction, and heart failure. In Europe alone, CVD remains the leading cause of death,
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resulting in the loss of more than 60 million potential lives each year.'®® The main cause of high mortality from
cardiovascular disease is ischemic heart disease. Coronary atherosclerotic heart disease is the classic form of ischemic
heart disease.'? Its pathogenesis involves atherosclerosis of the coronary arteries, which causes narrowing of the lumen
and inadequate blood supply, leading to myocardial ischemia and hypoxia, which in turn leads to myocardial infarction
(Figure 7A). After the occurrence of myocardial infarction, the ischemic heart cannot maintain its structural integrity as
the endocardial ATP content decreases, in which irreversible damage occurs to cardiomyocytes, eventually leading to
apoptosis and necrosis (Figure 7B). Necrotic myocardial tissue undergoes three phases: inflammation, proliferation, and
long-term remodeling. During this process, infarct wall thinning and left ventricular dilatation eventually lead to the
onset and progression of heart failure (Figure 7C)."""

Current protocols for the treatment of cardiovascular disease involve mainly preventive interventions and post-onset
treatment. Three treatment modalities are indicated for end-stage myocardial infarction and heart failure: drug therapy,
heart transplantation, and cardiac assist device implantation. However, there are certain limitations associated with these
treatment strategies.''' Heart transplantation is considered as the only treatment for end-stage heart failure. The shortage
of donors, immune rejection after transplantation, and the high cost of treatment have limited the clinical use of this
treatment. Despite the certain success of cardiac assist devices, the highly invasive nature of the implantation procedure
is not the best treatment modality for elderly patients with an underlying disease. Considering the significant impact of
cardiovascular disease on patient well-being, there is an urgent demand for innovative treatments that can effectively
repair the damaged myocardium. These advancements aim to improve their quality of life and provide them with better

therapeutic outcomes.''?

Molecular Mechanisms of Exosome Repair of Injured Myocardium

Stem cell repair of myocardium to treat cardiovascular diseases has certain drawbacks and uncertainties, such as immune
rejection, tumorigenicity, and ethical safety.'®> The successful application of exosomes in tissue repair provides a novel
idea to improve myocardial injury and treat end-stage cardiovascular diseases. Thus, the potential molecular mechanisms
of exosome therapy for cardiovascular diseases were analyzed (Figure 8).

Inhibition of Apoptosis

Myocardium is susceptible to apoptosis or necrosis in an ischemic or hypoxic environment, or under the influence of
oxidative stress. Stem cell-derived exosomes protect myocardial tissue by resisting apoptosis. miR-210 in MSC
exosomes improves cardiomyocyte survival rate and in vivo cardiac function under hypoxic conditions in vitro by
regulating the expression of PI3K/Akt and p53.'"* In addition, a study transfected mouse BMSC with a lentivirus
carrying doxycycline (DOX)-induced GATA-4 and collected exosomes released by BMSC. These exosomes induced
BMSC differentiation into cardiomyocyte-like cells and reduced hypoxia-induced apoptosis in cardiomyocytes. Recovery
of cardiac function, increased cardiac vascular density, an elevated number of cardiac endothelial cells, and decreased
apoptotic cardiomyocytes were observed when GATA-4-BMSC exosomes were injected into mice 48 hours after the

onset of myocardial infarction (MI).""

Regulation of Cellular Autophagy

Under mild stress conditions (eg, transient hypoxia and low-level oxidative stress), cardiomyocytes can preserve cell
viability by transporting some damaged proteins or organelles to lysosomes for degradation and ATP production after
being wrapped by autophagic vacuoles. However, severe ischemic conditions can lead to excessive autophagy, resulting
in excessive self-digestion of essential proteins and organelles, which in turn accelerates cell death and attenuates cardiac
function. Therefore, exosome regulation of excessive cellular autophagy facilitates cardiomyocyte survival. During
cardiac hypoxia/reoxygenation (H/R)-induced injury, miR-21 in MSC-derived exosomes can inhibit H/R stimulation-
induced apoptosis and autophagy via the PTEN/Akt/mTOR signaling pathway.''> Exosomes can also inhibit ischemia/
reperfusion (I/R)-induced cellular autophagy by increasing the expression of the apoptotic protein p62, decreasing the
ratio of LC3-II to LC3-I, upregulating Bcl-2, activating the mTORC1 / p-4eBP1 pathway, and downregulating the

ubiquitin ligase Traf6.''®
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Figure 7 Causes of myocardial infarction and repair of myocardial tissue. (A) The “fragile plaque” model. Myocardial infarction is usually caused by the formation of
occlusive thrombi in the coronary arteries due to rupture of fragile plaques; (B) early evidence of irreversible myocardial cell damage in ischemic myocardium: as ATP levels
decrease, myocardial cells can no longer maintain their structural integrity and exhibit ultrastructural changes of damage, such as disruption of myocardial cell membranes
and the presence of amorphous density of mitochondria; (C) The repair process after myocardial infarction. The repair process after myocardial infarction. Alarmins
released by necrotic cardiomyocytes (alarm hormones, that is, endogenous biological mediators released by white blood cells and epithelial cells to the outside of the cell
when the body is in the state of tissue injury and inflammatory response or physiological stress, which can enhance the immune response) trigger a strong inflammatory
response to clear the dead cells and stromal debris in the infarction area. Removal of dead cells inhibits pro-inflammatory signaling and the transition to the proliferative
phase. Conversion of fibroblasts into myofibroblasts and deposition of extracellular matrix proteins form an abundant neovascular network. Finally, during maturation, the
extracellular matrix is hooked up, while the infarcted fibroblasts become quiescent and may undergo apoptosis. Reproduced from Frangogiannis NG. Pathophysiology of
Myocardial Infarction. In: Terjung R, ed. Comprehensive Physiology. Ist ed. Wiley; 2015:1841-1875. © 2015 American Physiological Society.I 1

Anti-Oxidative Stress Effects
Oxidative stress damage produced by ischemia-reperfusion (I/R) causes lipid peroxidation reactions and reduces cell
membrane fluidity, which affects cell membrane ion channel function and damages cell membranes.''” This process also
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The molecular mechanisms involved primarily include inhibition of apoptosis, regulation of cellular autophagy, anti-oxidative stress, controlling inflammation, promotion of
angiogenesis, and anti-myocardial fibrosis. (Image created with BioRender.com).

causes severe damage to genetic material DNA,''® and organelles (eg, mitochondria) and is a major cause of decreased
cardiomyocyte survival. Oxidized low-density lipoproteins (ox-LDL) from lipid peroxidation reactions are recognized
and phagocytosed by macrophages, which in turn form foam cells and induce coronary atherosclerotic heart disease.
Exosomes secreted by MSCs exhibit strong resistance to oxidative stress. Fatih Arslan et al found that exosomes can
activate multiple pathways to protect the heart, such as increasing the levels of ATP and NADH, elevating phosphory-
lated Akt and GSK-3B content, and decreasing phosphorylated-c-JNK content in ischemic/reperfused hearts, and
attenuating oxidative stress.''” In addition, miR-214 derived from BMSC-Exos effectively inhibits oxidative stress by

altering the CaMKII pathway and decreasing the level of reactive oxygen species production in cardiomyocytes.'*

Anti-Inflammatory Effects
This effect acts through two pathways: (1) regulation of T cells; Wei et al observed that miRNA-181a in exosomes can
upregulate Foxp3 levels in regulatory T cells (Tregs), which, by means of Foxp3 binding to T cell nuclear factors, allows
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Tregs activation and ultimately suppresses the immune response.'?' (2) Promotion of M1-type macrophage to M2-type
macrophage polarization. Zhao et al observed that miRNA-182 in mouse bone marrow-derived MSC-derived exosomes
promoted M2-type macrophage polarization via TLR4/Akt signaling pathway. Furthermore, miRNA-182 could syner-
gistically control inflammation by activating the PI3k/Akt signaling pathway to reduce Ml1-type pro-inflammatory
macrophages and increase the number of M2-type anti-inflammatory macrophages.'?

Promotion of Angiogenesis

During myocardial ischemia, blood vessels narrow or become blocked for a short period, thereby preventing the
supply of oxygen-rich blood to the heart. Therefore, promotion of angiogenesis is essential for the treatment of
ischemic heart disease. Exosomes contain pro-angiogenic miRNAs (eg, miRNA-21, miRNA-132, miRNA-210),
which act as carriers to load proteins such as pro-angiogenic factors and platelet-derived growth factor D to regulate
the gene expression of downstream vascular pathways. This mechanism enhances the proliferation, migration, and
angiogenesis capacity of endothelial cells, accelerates angiogenesis in the infarcted region, increases the supply of
nutrients and oxygen to it, and thus improves the function of ischemic myocardium.'”® Ma et al used Akt-
overexpressed human umbilical cord MSC-derived exosomes (Akt-Exo) to treat acute myocardial infarction. Their
experimental data showed that Akt-Exo accelerated the proliferation and migration of endothelial cells and
upregulated the expression of platelet-derived growth factor D (PDGF-D), demonstrating a significant ameliorative

effect of Akt-Exo on cardiac function in the test animals.'?*

Anti-Myocardial Fibrosis

Myocardial fibrosis is an important process in the repair of ischemic cardiomyocytes. Primary fibrosis can prevent the
rupture of the ventricular wall. However, persistent excessive fibrosis can lead to chronic ischemic heart disease.'** Stem
cell-derived exosomes have been shown to prevent excessive myocardial tissue fibrosis to some extent. Ischemic
preconditioned MSC-derived exosomes ameliorate cardiac fibrosis by secreting miR-22 that targets Mecp2, a methylated
CpG-binding protein in fibroblasts.'*® In addition, these exosomes inhibit myocardial fibrosis by suppressing transform-

ing growth factor p-mediated conversion of fibroblasts to myofibroblasts.'?’

Combination Therapy

The combination therapy involving hydrogel and exosome has demonstrated significant advancements in the
treatment of cardiovascular disorders (Table 2). Lee et al investigated the application effectiveness of an
implantable hydrogel known as Algisyl-LVR™ in the treatment of heart failure. According to their experimental
data, end-diastolic volume (EDV) and end-systolic volume (ESV) decreased significantly 3 months after treat-
ment, while ejection fraction and volume mean wall thickness increased significantly. In addition, myofiber stress
became more uniform after treatment. Therefore, the material has shown efficacy in the treatment of myocardial
infarction and heart failure.'”® In addition, hydrogel injection alone can reduce oxidative stress, increase
myocardial conductivity, and inhibit metalloproteinase-induced malignant remodeling, thereby treating cardio-
vascular disease.'?” Exosomes or hydrogels alone have been administered to treat cardiovascular diseases with
good therapeutic effects. In practical application, exosome is primarily administered intravenously. However,
after injection, exosomes accumulate in organs such as the liver and kidney or are phagocytosed by immune

cells,'3°

resulting in the very low levels of themin heart tissue. Therefore, an innovative combination of the two
was developed for the synergistic treatment of cardiovascular diseases. Han et al injected functional peptide
hydrogels (PGN hydrogels, obtained by mixing PA-GHRPS peptide with NapFF peptide) loaded with human
umbilical cord MSC-derived exosomes (UMSC-Exo) into a rat myocardial infarction model. Their experimental
outcomes showed that this combination therapy reduced inflammation, cardiac fibrosis, and apoptosis, promoted
angiogenesis, and improved cardiac function.'!

The combination of natural and synthetic materials gave the composite good biocompatibility, degradability, and
some mechanical strength and elasticity to obtain the biological properties and physicochemical properties required for

cardiac repair. nSi-Gel, a nanocomposite hydrogel, was prepared by Waters et al by mixing synthetic silicate nanosheets
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Table 2 Combined Administration of Stem Cell Derived Exosomes and Hydrogels for the Treatment of Cardiac Repair

Exosome Source Hydrogel Type Effectiveness References
Bone marrow mesenchymal stem | Selenium nanoparticles (Se Possess antioxidant and anti-inflammatory properties; increase | [133]
cells NPs)-loaded collagen type left ventricular wall thickness and reduce infarct size
Bone marrow mesenchymal stem | Decellularized porcine Promote post-infarction neovascularisation, reduce infarct [134]
cells cardiac extracellular matrix | size, increase left ventricular wall thickness, and inhibit
(dECM) hydrogel fibroblast-to-myofibroblast conversion, thereby halting fibrosis
progression
Human umbilical cord Biotin-GFFYGRGD(RGD- Promote angiogenesis in endothelial cells and apoptosis in [135]
mesenchymal stem cells biotin)hydrogels cardiomyocytes by upregulating miR-221-3p expression
Human umbilical cord AT-EHBPE/HA-SH hydrogel/ | Significantly upregulate the expression of cardiac-related [136]
mesenchymal stem cells Exo/CP05 peptide proteins (Cx43, Ki67, CD31, a-SMA) and genes (VEGF-A,
VEGF-B, vWF, TGF-1, MMP-9, Serca2a); significantly improve
cell-cell interactions and promote cell proliferation and
angiogenesis
Human umbilical cord PGN hydrogel Improve myocardial function by reducing inflammation, [131]
mesenchymal stem cells fibrosis, apoptosis and promoting angiogenesis
Islet- | Mesenchymal Stem Cells | Angiogenin-| hydrogel Increase the retention of ISLI-MSCs-Exo in endothelial cells [137]
(Ang-1 gel) and enhance its anti-apoptotic, proliferative and angiogenic
capacity
Human endometrial mesenchymal | Poly-pyrrole-chitosan Enhance heart performance through the stimulation of new [138]
stem cells (PPY-CHI) hydrogels blood vessel formation and the prevention of cell death,
alongside the realignment of the heart’s electrical signals for
coordinated contractions
Adipose mesenchymal stem cells | Gallic acid modified Mitigate the scarring of heart muscle tissue, provide anti- [139]
polyurethane scaffolds inflammatory and antioxidant benefits, and promote
angiogenesis
Human bone marrow (RADA)4-SDKP hydrogel Lead to a substantial decrease in apoptosis, fibrosis, and [119]
mesenchymal stromal cells inflammation, while simultaneously fostering angiogenesis
Cardiac adipose tissue 0.3% PuraMatrix® self- Exert the anti-inflammatory effects while simultaneously [140]
mesenchymal stem cells assembling peptide hydrogel | promoting myocardial vascularization and reducing fibrosis to
prevent adverse cardiac remodeling
Artificial stem cells (Tp4-ASCs) GelMA/Polyethylene glycol Increase the angiogenic potential of coronary artery [141]
diacrylate (PEGDA) endothelial cells (CAECs) through modulation of the miR-17-
hydrogel 5p/PHD3/Hif- 1o pathway; effective induce the collateral
circulation formation after myocardial infarction

with the gelatin phase. Compared to controls, nSi-Gel loaded with exosomes derived from human umbilical cord vein
endothelial cells resulted in a considerable enhancement in capillary density, reduction in the scar area, and improvement
in cardiac function in treating myocardial infarction.'**

Smart hydrogels are currently attracting significant research attention, serving as a focal point of investigation.
Notably, pH-sensitive and temperature-sensitive hydrogels have emerged as promising areas of study. These hydrogels
exhibit a remarkable ability to respond to external stimuli, leading to changes in their mechanical or physical properties.
This unique characteristic allows the hydrogel to be administered in a liquid state, providing matrix support and

mechanical reinforcement to the infarcted heart tissue. Moreover, this advantageous feature enhances the drug-loading
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capacity and injectability of the hydrogel.'** Liu et al prepared chitosan/B-glycerophosphate sodium temperature-
sensitive hydrogels and encapsulated exosomes secreted by human umbilical cord mesenchymal stem cells in them.
The thermosensitive nature of the biomaterial allowed it to maintain a liquid state for an extended period at or below
room temperature while transitioning into a gel-like state at body temperature. This thermosensitivity contributes to the
smart hydrogel’s favorable histocompatibility, prolonged retention of exosomes within the body, a notable enhancement
of blood perfusion, and improved recovery of tissue function following ischemia. Consequently, smart hydrogel exhibits
substantial therapeutic effects in several fields such as tissue repair and regeneration.

To summarize, the use of this novel combination therapy can effectively deliver exosomes and other bioactive
substances directly to the damaged myocardial tissues, thus circumventing the challenges associated with the uneven
distribution of pharmaceuticals in the body and enhancing therapeutic outcomes. In addition, hydrogels are
renowned for their exceptional biocompatibility, facilitating a gradual process of degradation and absorption within
the body. This characteristic significantly reduces the practical strain placed on patients. Furthermore, given that
exosomes are typically derived from the patient’s own cells, the risk of immune rejection and allergic reactions is
markedly reduced, contributing to the enhanced safety profile of the therapy. Importantly, hydrogels, as drug
carriers, can continuously release exosomes at the damaged site to facilitate the long-term efficacy of therapeutic
molecules. In addition to increasing convenience, this property reduces the frequency and dosage of treatments.
Therefore, this combination therapy holds significant potential for use in the treatment of cardiovascular diseases,
such as myocardial infarction, while also improving treatment outcomes and quality of life for a wide patient
population.

Osteoarthritis

Disease Overview and Traditional Therapies
Osteoarthritis, a degenerative joint disease caused by many factors such as age, inflammation, trauma, and strain,'*
is characterized by damage to articular cartilage, hyperostosis at the joint edges, and osteophyte formation.'**
Currently, OA is the fourth most disabling disease worldwide and is predicted to be the primary cause of disability
by 2030.'* The incidence of osteoarthritis is surging with the aging of the population, lifestyle changes, and the
gradual increase in the number of middle-aged, elderly, and obese people. The prevalence of OA in the middle-aged
and elderly population is as high as 40%-80%, and the ultimate disability rate increases to 50%. Consequently, OA
severely compromises the quality of life for affected individuals and imposes a substantial economic burden on both
their families and society at large.'*®

The progression of osteoarthritis is characterized by an increase in the secretion of pro-inflammatory factors by
hypertrophic chondrocytes and proliferating synovial cells. Infiltration of inflammatory cells results in abnormal meta-
bolic and biological behavior of chondrocytes in articular cartilage, which in turn leads to an imbalance in cartilage tissue
remodeling. The articular cartilage structure is degraded by extracellular matrix-degrading enzymes (a disintegrin and
metalloproteinase with thrombospondin motifs [ADAMTs] and matrix metalloproteinases [MMPs]) secreted by the
damaged chondrocytes, followed by apoptosis of the chondrocytes, deposition of large amounts of calcium salts in the
matrix, progressive ossification of the cartilage, and ultimately, bone redundancy and loss of joint function.'*’ In clinical
practice, osteoarthritis is often treated with medication or intra-articular injections of glucocorticoids and sodium
Hyaluronate to achieve short-term analgesia and anti-inflammatory effects. However, the degeneration of joint cartilage
cannot be avoided in cases of progressive deterioration, surgical interventions such as joint fusion or artificial joint
replacement may be necessary. However, these procedures are subjected to several drawbacks, including postoperative
mobility limitations and the risk of infection associated with metal prostheses.'*® Hence, there is a pressing need to
explore the underlying mechanisms of osteoarthritis and develop targeted therapeutic approaches to prevent its onset and
slow down disease progression. In this context, the utilization of exosomes as a potential treatment modality for
osteoarthritis has garnered significant attention in recent years.
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Molecular Mechanisms of Cartilage Tissue Repair by Exosomes

The potential mechanisms by which exosomes contribute to cartilage tissue repair partially overlap with those described
earlier for skin repair in diabetes and heart tissue repair. These mechanisms involve controlling inflammation by inhibiting
chondrocyte apoptosis through pathways such as regulation of the adenosine-mediated AKT/ERK signaling pathway,'*’
promoting cell proliferation, migration, differentiation, and inducing macrophage conversion to M2 type.'*® Furthermore,

other molecular mechanisms contributing to the beneficial effects of exosomes in cartilage tissue repair also exist (Figure 9).

Decrease in the Content of MMP and ADAMTs

In the process of cartilage tissue degradation, substances such as MMPs and ADAMTs play a significant role.'”'
Exosomes have the potential to protect chondrocytes by reducing the levels of MMPs and ADAMTs. In a study by
He et al, the effect of BMSC-derived exosomes on cartilage matrix function was investigated, particularly in
chondrocytes treated with IL-1f, a key mediator of chondrocyte destruction in osteoarthritis. The outcomes showed
that IL-1p treatment led to a considerable increase in the mRNA expression of MMP-13 and ADAMTS-5. However,
when treated with exosomes, the expression of these substances was significantly downregulated.'>® This suggests
that exosomes have the potential to modulate the expression of MMPs and ADAMTs, thereby protecting cartilage
from degradation.

Re-Induction of Type Il Collagen and Aggrecan Expression in Mature Articular Chondrocytes

In a report by Zhang et al, MSC-derived exosomes were added to cartilage defects in rats, leading to a significant increase
in newly formed cartilage tissue. This was accompanied by a notable increase in the expression of sulphated glycosa-
minoglycan (s-GAG) and type II collagen. Furthermore, there was a decrease in the expression of type I collagen. These
combined effects contribute to the synergistic repair of cartilage tissue.'>?

Repair of Mitochondrial Functional Damage

Mitochondrial dysfunction and the associated oxidative stress may induce chondrocyte senescence. In addition,

3% and reduced electron transport chain (ETC) com-

chondrocytes with osteoarthritis have damaged mitochondria,
pared to normal chondrocytes.'> The resulting disruption of the energy balance within the chondrocytes induces
oxidative stress and eventually a vicious cycle leading to the deterioration of the disease.'>® Therefore, restoration of

mitochondrial function is essential for chondrocyte repair. Exosomes containing glycolytic enzymes and ATP-rich

Molecular mechanism of exosomes promoting cartilage repair

Type Il collagen I Extracellular matrix
Aggrecan

MMPS l
ADAMTS

# exosomes

Reactiveoxygenspecies l |

Figure 9 Molecular mechanisms via which exosomes promote cartilage repair: repair of mitochondrial functional damage, reduction of oxidative stress damage, protection
of extracellular matrix and chondrocytes, re-induction of type Il collagen (type Il collagen) and aggregated proteoglycan (aggrecan) expression in mature articular
chondrocytes, etc. (Image created with BioRender.com).
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binding proteins are involved in regulating ATP synthesis.'>”'>® This enables them to repair mitochondrial func-
tional damage, maintain energy homeostasis, and support cellular functions. Qi et al conducted experiments and
observed that the addition of IL-1p to chondrocyte culture led to reduced cell viability, increased apoptosis, and
significant changes in mitochondrial membrane potential. However, when BMSC-derived exosomes (BMSC-Exos)
were added, these changes were largely eliminated. This suggests that BMSC-Exos can promote ATP synthesis and
assist chondrocytes in maintaining energy homeostasis, thereby preserving cellular function.'*’

Reduction of Oxidative Stress Injury

Jin et al highlighted the modulatory effect of microRNA-9-5p in exosomes derived from bone marrow-derived
mesenchymal stem cells (BM-MSCs) on rat OA model and measured the indexes related to oxidative stress injury
(NO, MDA, iNOS, COX2, SOD). After treatment, the expression levels of the above indicators were significantly

reduced. Therefore, BM-MSCs can reduce oxidative stress injury.'®

Combination Therapy

In the treatment of osteoarthritis with exosomes, dispersion can occur when the exosome suspension is injected into the
site of cartilage defects. In situ hydrogels, however, retain the biological properties of exosomes and adhere closely to
natural cartilage tissue. Sang et al synthesized a thermosensitive injectable hydrogel for the durable retention of primary
chondrocyte-derived exosomes by in situ cross-linking of Pluronic F-127 and hyaluronic acid. The hydrogel sustained the
release of exosomes, positively regulated chondrocyte proliferation, migration, and differentiation, and effectively
induced polarization of M1 to M2 macrophages to control inflammation.'®’ Nikhil et al combined exosomes with
extracts from chitosan-gelatin-chondroitin sulfate (CGC) cryogels. This combination therapy exhibited an improved
therapeutic outcome than the above two substances alone for the treatment of osteoarthritis.'®* Shen et al highlighted the
effect of exosomes derived from bone marrow mesenchymal stem cells after hypoxic pretreatment (H-Exos) and
exosomes derived from stem cells without hypoxic treatment on articular chondrocytes (ACs). Their findings indicated
that H-Exos significantly enhanced the proliferation, migration, and anabolic and anti-inflammatory effects of articular
chondrocytes. Subsequently, they utilized an injectable filamentous protein (SF) hydrogel (SF/ACs/H-Exos) containing
ACs and H-Exos for the repair of cartilage defects. The experimental results demonstrated that this material effectively
promoted cartilage regeneration in vivo.'®® Furthermore, experiments conducted by Chen et al also supported the
mechanism of exosomes facilitating chondrocyte repair, They fabricated an ECM/GelMA/exosome scaffold using
desktop-stereolithography (SLA) technology and implanted it subcutaneously in mice. The scaffold effectively restored
chondrocyte mitochondrial dysfunction, enhanced chondrocyte migration, and had significant therapeutic effects on
cartilage tissue repair (Figure 10).'%*

The combination therapy of exosomes and hydrogels can also be applied to other orthopedic diseases, such as
growth plate injury and fractures, as shown in Table 3. In the case of growth plate injury, the inflammation-induced
inhibition of cartilage matrix proteins greatly hinders chondrocyte regeneration. To address this, Guan et al
developed a combination therapy where exosomes derived from bone marrow mesenchymal stem cells (BMSC)
were loaded into GM-OCS (gelatin methacryloyl-conjugated aldehyde-functionalized chondroitin sulfate) hydrogels.
The GM-OCS-Exos hydrogels significantly promoted extracellular matrix (ECM) synthesis and further enhanced
chondrocyte anabolism by suppressing inflammation. Ultimately, this approach facilitated growth plate injury repair
through ECM remodeling.'® The regeneration of bone cells is extremely important for fracture repair. A novel coral
hydroxyapatite (CHA)/silk fibroin (SF)/glycolic chitosan (GCS)/difunctionalized polyethylene glycol (DF-PEG) self-
healing hydrogel was prepared by Wang et al. Histological analysis showed that the hydrogel promoted bone tissue
and microangiogenesis and significantly elevated the expression of bone morphogenetic protein 2 (BMP-2),
indicating the role of this hydrogel in promoting bone repair. The hydrogel was even more effective when loaded
with human umbilical cord mesenchymal stem cell (hucMSC)-derived exosomes.'®® In addition, Yang et al com-
bined human umbilical cord MSC-derived exosomes with a hyaluronic acid-alginate (HA-ALG) hydrogel system
containing hydroxyapatite (HAP) and applied it in a cranially defective SD mouse model. They observed a
significant increase in CD31 expression, an increase in the number of mouse embryonic osteoblasts (MC3T3-El),
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Figure 10 Application of exosome-loaded hydrogel system for repairing cartilage damage and bone defects. (A) ECM/GelMA/exosome bioprinting and osteochondral
defect implantation based on stereolithography; (B) exosomes promote cell migration, shown for quantitative analysis; (C) exosome (rotenone or rotenone + exosome)
promote restoration of mitochondrial function in chondrocytes. The mtDNA content and intracellular ATP levels were measured in chondrocytes treated with rotenone or
rotenone + exosome; IL-1f or IL-1p + exosome. n = 5, ¥p< 0.05, **p< 0.01; (D) Efficacy of ECM/GelMA/exosome scaffold on cartilage defect repair: typical photographs of
cartilage defect area repair at 6 and 12 weeks. Reproduced from Chen P, Zheng L, Wang Y, et al. Desktop-stereolithography 3D printing of a radially oriented extracellular
matrix/mesenchymal stem cell exosome bioink for osteochondral defect regeneration. Theranostics. 2019;9(9):2439-2459. © Ivyspring International Publisher. Creative
Commons Attribution (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/).'**

and a significant upregulation of the expression levels of osteogenic genes and proteins (ALP, OCN, COL1A1l).
Thus, the combination therapy significantly promoted bone regeneration.'¢’

Comparatively, conventional treatments for osteoarthritis may offer some symptomatic relief but fall short in
enhancing patient quality of life, minimizing adverse effects, and lowering recurrence rates. In contrast, the
combination therapy of hydrogels and exosomes allows exosomes to precisely target the lesion site to foster the
repair and regeneration of joint cartilage and synovial tissue. Furthermore, localized administration effectively
minimizes the risk of long-term oral medication-induced damage to liver and kidney functions, thereby substantially
reducing adverse effects. Unlike joint replacement surgery, this therapeutic approach does not disrupt daily

activities, enjoys greater patient acceptance, and aids in the mitigation of psychological distress.
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Table 3 Combined Administration of Exosomes and Hydrogels in the Treatment of Orthopedic Diseases

Regenerative | Exosome Biomaterials Preparation In vivo Experimental Exosome/Hydrogel Effectiveness References
(Damaged) Sources Dose
Tissue/
Disease
Cartilage Bone marrow | Alginate-dopamine, chondroitin sulfate, Inject 500 pL adhesive hydrogel containing 100 pg | Promote proliferation and differentiation of BMSCs | [168]
regeneration mesenchymal | and regenerated silk fibroin protein (AD/ | exosomes into the cartilage defect and accelerate in situ regeneration of cartilage
stem cells CS/RSF) hydrogels defects and extracellular matrix remodeling after
patellar groove injection in rats
Bone marrow | Injectable filamentous protein (SF) Inject with 10 puL SF hydrogel blended with ACs Effectively promote chondrocyte proliferation, [163]
mesenchymal | hydrogel (SF/ACs/H-Exos) containing and miR-205-5p-N-Exos. The concentrations of migration, and anabolism, and inhibit inflammation
stem cells ACs (articular chondrocytes) and H-Exos | ACs and exosomes in each group were 5x%10°
(hypoxic preconditioning) cells/mL and 1x10° particles/mL
Chondrocytes | The thermosensitive injectable hydrogel | Inject intra-articularly with 200 puL hydrogel (the Promote phenotypic conversion of MI-type [161]
formed by in situ cross-linking of exosome concentration was I mg/mL) macrophages to M2, promote cartilage matrix
Pluronic F-127 with hyaluronic acid formation, and prevent cartilage destruction
Growth plate Bone marrow | GM (gelatin methacryloyl)-OCS Inject a mixture of around |5 uL GMOCS-Exos Promote ECM synthesis, inhibit inflammation, and | [165]
injury mesenchymal | (aldehyde-functionalized chondroitin promote chondrocyte anabolism
stem cells sulfate) hydrogel
Bone Human Coral hydroxyapatite (CHA)/filamentous | The volume of hydrogel was 50 mL with 50ug Accelerate new bone formation and improve [166]
regeneration umbilical cord | protein (SF)/glycolic chitosan (GCS)/ exosome osseointegration, and generate more
mesenchymal | difunctionalized polyethylene glycol (DF- microvasculature based on high self-repair ability
stem cells PEG) self-repairing hydrogel
Human UMSCEX Os/HA (hyaluronic acid YMSCEXOs/Gel/nHP scaffold (a diameter of 5mm Promote proliferation and migration of endothelial | [169]
umbilical cord | hydrogel)/nHP (nano-hydroxyapatite/ and a depth of 2mm) with 1x10'? exosomes progenitor cells (EPCs) and promote angiogenesis
mesenchymal | poly-e-caprolactone) composites particles/mL through upregulation of the NOTCHI/DLL4
stem cells pathway
Human Injectable hydroxyapatite (HAP)- The volume of hydrogel was 150 pg/per mice, and | Demonstrate better vascular regeneration and [167]
umbilical cord | embedded in situ cross-linked hyaluronic | the concentration of exosomes was | pg/uL osteogenesis
mesenchymal | acid-alginate (HA-ALG) hydrogel system
stem cells
Root apex Bio-responsive polyethylene glycol The hydrogel was applied to a 4 mm X 2 mm x Accelerate angiogenesis and osteogenesis and [170]
papilla stem (PEG)/DNA hybrid hydrogels | mm mandibular defect promote the proliferation and migration of EPCs
cells
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Table 4 Clinical Trials Related to Exosome and Hydrogel Applications in Geriatric Diseases (Source: https:/clinicaltrials.gov/)

mesenchymal stromal cells in the knee joint

Clinical Trial | Experimental | Disease Intervention/Treatment Experimental Goal
Code Phase
Exosomes | NCT03384433 | Phase | Cerebrovascular Administration of miR-124-rich allogeneic MSC-derived Assessment of improvement in patients with acute ischemic
Phase 2 disease exosomes stroke who received MSC-derived exosomes
NCTO05669144 | Phase | Myocardial Intracoronary and intramyocardial injections of exosomes and | Minimizing the damage of heart failure through mitochondrial
Phase 2 infarction mitochondria, respectively transplantation and the use of MSC-derived exosomes
NCT04849429 | Phase | Chronic low back Injection of 2 mL of exosomes in the center of the nucleus Assessment of the efficacy of intradiscal injections of
pain; degenerative pulposus autologous platelet-rich plasma (PRP) enriched with
lumbar disc disease exosomes (PRPex) versus placebo in the treatment of
chronic low back pain
NCT05261360 | Phase 2 Meniscus injury Intra-articular administration (synovial fluid-derived Assessment of the clinical efficacy of autologous synovial
mesenchymal stem cell-derived exosomes) mesenchymal stem cell-derived exosomes in patients with
degenerative meniscal injuries
NCT03264976 | \ Diabetic Diagnostic tests: hematological tests and ophthalmological Investigating the prognostic role of serum exosomal miRNA
retinopathy examinations and its role in the pathogenesis of diabetic retinopathy (DR)
NCTO05060107 | Phase | Osteoarthritis Intra-articular injection of exosomes derived from allogeneic Assessing the safety and efficacy of a single intra-articular

injection of MSC-derived exosomes (CelliStem® OA-sEV) in
patients with moderate knee osteoarthritis (ExoOA-1)

NCT02565264

EARLY PHASEI

Wound healing

Application of plasma-derived exosomes to the participants’
ulcers for 28 days.

Assessment of the effect of autologous exosome-enriched
plasma on skin wound healing

NCT05475418

Not Applicable

Wound healing

Mixing of extracellular vesicles with sterile hydrogel and direct
application to the wound surface, followed by covering the
wound with an inert protective dressing.

A pilot study of human adipose tissue-derived exosomes for
wound healing
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Hydrogels

NCT02305602

Phase |

Heart failure

VentriGel injection via MyoStar catheter

Investigating the effect of ventriGel injection in patients with
first major ST- segment elevation myocardial infarction
(STEMI) with evidence of left ventricular remodeling who

have undergone PCl in the past three years

NCT04781660 | Not Applicable Heart failure Implantable alginate hydrogel treatment Clinical study of the safety and feasibility of implantable
alginate hydrogel as a method of left ventricular repair in
patients with heart failure

NCT04061733 | Not Applicable Osteoarthritis Injection of new hydroxyethyl cellulose hydrogel Gathering clinical evidence on the safety and efficacy of a
new hydrogel for the treatment of symptomatic knee
osteoarthritis

NCT04693104 | Not Applicable Osteoarthritis Intra-articular injection of PVA hydrogel Evaluating the efficacy of PVA hydrogel in patients with
osteoarthritis of the knee compared to Synvisc-One®

NCT05186935 | Not Applicable Osteoarthritis Injectable hydrogel treatment Demonstrating the clinical safety and performance of
Hy2Care injectable hydrogels

NCT03897686 | Not Applicable Osteoarthritis Intra-articular injection of polyacrylamide hydrogel containing | Efficacy and safety of intra-articular injection of

silver ions polyacrylamide hydrogel (PAHG) compared to saline
solution

NCTO01427569 | Phase 2 Diabetic foot Wound dressing with active IZN-6D4 gel twice a week Determining whether topical application of hydrogels
containing plant extracts improves the healing of diabetic
foot ulcers compared to treatment with hydrogels alone

NCTO03816618 | Early Phase | Diabetic foot Medihoney gel, hydrogel, and Fucidin ointment for diabetic Evaluation of the therapeutic effect of honey and hydrogel

foot, respectively products on diabetic foot

NCTO04834245 | Completed Diabetic foot Firm wound closure with Hydrogel\nano silver dressing Evaluating the effectiveness of using hydrogel/nanosilver-
based dressings compared to conventional dressings for
diabetic foot wound healing

NCTO03754465 | Phase 2 Diabetic foot Treatment with hydrogel sheets containing allogeneic MSCs Evaluating the effectiveness of using hydrogel/nanosilver-

(ALLO-ASC-DFU hydrogel sheets) and hydrogel sheets not based dressings compared to conventional dressings for
containing allogeneic MSCs, respectively diabetic foot wound healing

NCT05661474 | Phase 4 Diabetic foot Treatment of diabetic foot with festimoline® hydrogel dressing | Evaluating the efficacy and safety of festimolin® hydrogel

and saline gauze dressing, respectively dressings versus saline gauze dressings in patients with DFU

NCT02631512 | Phase 4 Diabetic foot Treatment of diabetic foot with Woulgan® and commercially Evaluating the performance and safety of Woulgan® in the

available hydrogel Intrasite, respectively treatment of diabetic foot ulcers compared to the
commercially available hydrogel Intrasite

NCT03700580 | Phase 2 Diabetic foot Topical application of 0.1% P1G10 active ingredient dispersed | Validation of the effectiveness and safety of topical dressings

in a water-soluble carrier to the ulcer bed

containing 1.1% P10G100
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Conclusion

The combination of stem cell-derived exosomes and hydrogels has emerged as a promising therapeutic method in the
treatment of various geriatric diseases. Stem cell-derived exosomes offer advantages such as wide availability, ease of
collection, and high safety profile, while hydrogels provide desirable properties like biocompatibility, biodegradability,
and water retention. This combination therapy has shown great potential in tissue regeneration therapy and holds promise
for addressing the challenges associated with geriatric diseases.

Furthermore, the utilization of hydrogel-loaded exosomes not only presents a novel approach for repairing tissue
damage but also expands the potential applications for other advanced biotechnologies. For instance, exosomes, due to
their specific biomarkers, can be used for disease diagnosis and monitoring. The synergy between exosomes and
hydrogels enables the development of highly sensitive biosensors capable of precise biomarker detection and disease
progression tracking. Moreover, exosomes contribute to the activation of the immune system and the suppression of
tumor growth in tumor immunotherapy. Hydrogel-mediated exosome delivery to tumor sites precisely enhances the
effectiveness of immunotherapy.

However, several challenges need to be addressed for the widespread application of this therapy. Large-scale
extraction of exosomes, storage limitations, and the selection of hydrogel materials that can meet diverse tissue repair
conditions are important areas of focus. While animal experiments have provided valuable insights, there is still a gap
between animal models and the physiological environment in humans. Therefore, further clinical trials are needed to
explore optimal dosage forms, doses, administration frequencies, and long-term therapeutic effects.In the near future, as
the understanding of the pathogenesis of geriatric diseases advances, more ideal hydrogel-loaded exosomes may be
developed for the treatment of these conditions, benefiting a larger number of elderly patients. Recent years have
witnessed some clinical trials exploring the application of exosomes and hydrogels in geriatric diseases, as summarized
in Table 4. However, it must be noted that combination therapy is still in the early stages of development, with a
relatively limited scope of application. Further research on this method for tissue repair treatment of geriatric diseases
will contribute to enhancing the quality of life for the elderly population.
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