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Abstract: Tissue engineering holds great potential for tissue repair and rejuvenation. Plant-derived exosome-like nanoparticles
(ELNs) have recently emerged as a promising avenue in tissue engineering. However, there is an urgent need to understand how
plant ELNs can be therapeutically applied in clinical disease management, especially for tissue regeneration. In this review, we
comprehensively examine the properties, characteristics, and isolation techniques of plant ELNs. We also discuss their impact on the
immune system, compatibility with the human body, and their role in tissue regeneration. To ensure the suitability of plant ELNs for
tissue engineering, we explore various engineering and modification strategies. Additionally, we provide insights into the progress of
commercialization and industrial perspectives on plant ELNs. This review aims to highlight the potential of plant ELNs in regenerative
medicine by exploring the current research landscape and key findings.
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Introduction

Regenerative medicine has undergone a remarkable transformation with the emergence of tissue engineering, a promising
field that offers enormous potential for the restoration and regeneration of damaged tissues.' > By integrating principles
from biology, engineering, and materials science, tissue engineering has pioneered the development of functional
substitutes that possess the ability to replace or rejuvenate injured or diseased tissues.*

In the rapidly evolving domain of nanomedicine, the selection of nanomaterials is crucial in determining the efficacy
and safety of therapeutic modalities. Plant-based nanomaterials have emerged as highly compelling candidates within
diverse biocompatible systems, principally due to their exceptional attributes.”® Foremost among these attributes is the
innate biocompatibility inherent in plant-derived materials. This quality plays a crucial role in mitigating the tendency for
immunogenic responses and toxic manifestations, commonly observed with synthetic analogs.” Furthermore, the renew-
able and sustainable essence of these materials aligns closely with contemporary imperatives for eco-friendly practices in
healthcare. The synthesis of plant-based nanomaterials typically entails fewer deleterious chemicals and is characterized
by a diminished environmental footprint relative to certain synthetic counterparts.”* Beyond their ecological merits,
plant-based nanomaterials inherently harbor therapeutic properties, including anti-inflammatory and antioxidant activ-
ities, synergizing with their role in drug delivery.” With considerations of scalability and potentially streamlined
regulatory pathways, plant-based nanomaterials hold promise for large-scale manufacturing and clinical translation.

Plant-derived exosome-like nanoparticles (ELNs) represent a compelling alternative in nanomedicine, exhibiting distinct
characteristics and merits when compared with other biomaterials commonly employed in biomedical applications. Notably, these
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ELNs stand out due to their inherent bioactivity stemming from the diverse repertoire of bioactive molecules naturally present in
plants. This intrinsic bioactivity sets them apart from relatively inert biomaterials like Polyvinyl Alcohol (PVA) or Poly(e-
caprolactone) (PCL).>'” Moreover, plant-derived ELNs demonstrate high biocompatibility and low immunogenicity, a crucial
advantage over materials such as Ultra-High Molecular Weight Polyethylene (UHMWPE) that may elicit undesirable immuno-
genic responses.®'" A significant strength is the precision of targeting and drug delivery facilitated by these ELNs, as they can be
engineered to encapsulate therapeutic cargo with a natural affinity to specific cell types. This targeted delivery capability
distinguishes them from materials like Gelatin/GelMA, which may necessitate additional modifications for achieving similar
precision.”'* Embracing sustainability, plant-derived ELNs align with eco-friendly practices, in contrast to the environmental
concerns associated with the production and degradation of synthetic materials like PCL. The versatility and tunability of plant-
derived ELNSs, akin to Chitosan, enable tailored compositions for specific applications, while their mimicry of natural exosomes
enhances efficacy in biological processes and cellular interactions.
As the excellent developments in bioengineering and biotechnology during the past years, plant ELNs has emerged as
a promising solution in regenerative medicine.'*"'* In this review, we aim to illuminate the properties, immunological implica-
tions, role in tissue regeneration, engineering methodologies, and wide-ranging applications of plant ELNs in the field of tissue
engineering (Figure 1). By offering a comprehensive analysis of the current state of advances and addressing the significant
challenges, this review aims to contribute to the deeper understanding and further application of plant ELNSs in tissue engineering,.
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Figure | Schematic representation highlighting the characteristics, immunological implications, contributions to tissue regeneration, engineering approaches, and diverse applications of
plant ELNs in the domain of tissue engineering. Reprinted from Dad HA, Gu TW, Zhu AQ, Huang LQ, Peng LH. Plant exosome-like nanovesicles: emerging therapeutics and drug delivery
nanoplatforms. Mol Ther. 2021;29(1):13-31. Copyright 2021, with permission from Elsevier. Creative Commons'® and reprinted from Kim J, Li S, Zhang S, Wang J. Plant-derived

exosome-like nanoparticles and their therapeutic activities. Asian | Pharm Sci. 2022;17(1):53-69. Copyright 2022, with permission from Elsevier. Creative Commons.'® Recreated with
Medpeer (https://www.medpeer.cn/).
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Properties and Characteristics of Plant ELNs

Plant ELNs exhibit a delicate and intricate composition, characterized by a lipid bilayer that envelops a diverse array of
bioactive molecules. These nanoparticles (NPs) comprise proteins, lipids, nucleic acids, and metabolites. With a size
range of 30 to 150 nanometers, they demonstrate exceptional versatility, rendering them ideal for intercellular transport.'”
The diverse composition of plant ELNs enables them to encapsulate and transport a wide range of cargoes, facilitating

their engagement in numerous biological processes.

Structural and Functional Properties of Plant ELNs
Plant-derived ELNs possess a wide range of properties and characteristics that make them highly attractive for tissue
engineering applications.'® Understanding these features is crucial for fully utilizing their potential in the field.

Structurally, plant ELNs are composed of lipid bilayers that enclose a cargo-rich interior, providing exceptional
stability to the NPs and protecting the encapsulated cargo from degradation.'” Moreover, they exhibit a diverse array of
surface proteins and molecules that actively contribute to their biological activities, playing a crucial role in cell targeting
and interaction.”’*' These surface features enhance the efficacy of plant ELNs in tissue engineering.

In addition to their structural properties, the functional properties of plant ELNs significantly contribute to their
therapeutic effectiveness. These NPs inherently possess biocompatibility, allowing them to safely and effectively interact
with recipient cells without triggering detrimental immunogenic responses.'®** This biocompatibility is particularly
important in tissue engineering applications where the materials should not cause harm to the host.

Furthermore, plant ELNs demonstrate exceptional capabilities in encapsulating and delivering various bioactive
molecules (Figure 2).>** They can efficiently load and transport nucleic acids, proteins, lipids, and other therapeutic
agents.”> This cargo-loading capability enables precise and controlled release of these agents, which is highly advanta-
geous in tissue engineering.””> By controlling the release of therapeutic molecules, plant ELNs can target specific areas
and provide sustained and localized therapy.
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Figure 2 Schematic representations illustrating the structure of plant ELNs and their cargo transfer capabilities. Plant ELNs are capable of transferring a variety of cargoes to
recipient cells, including small RNAs, proteins, lipids, and other pharmacologically active metabolites. Reproduced from Xu Z, Xu Y, Zhang K, et al. Plant-derived
extracellular vesicles (PDEVs) in nanomedicine for human disease and therapeutic modalities. | Nanobiotechnol. 2023;21(1):114. Creative Commons.?*
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Methods of Isolation, Purification and Characterization of Plant ELNs

Significant advances have been made in the isolation and purification methods of plant ELNs, resulting in the acquisition
of high-quality and homogeneous populations of NPs.?® These methods involve extracting ELNs from plant tissues or
cell cultures, followed by meticulous separation approaches such as differential centrifugation, ultrafiltration, or pre-
cipitation methods.”” The choice of isolation method depends on factors such as desired yield, purity, and specific
downstream applications, ensuring the procurement of well-defined plant ELN populations.

Accurate and comprehensive characterization of plant ELNSs is crucial in understanding their physical properties and assessing
their suitability for specific tissue engineering applications. Advanced characterization techniques are employed to explore
various aspects of ELNS, including their size distribution, morphology, and cargo loading efficiency.*® Techniques such as
dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA) are used to determine the size distribution and
concentration of ELNs in solution. Transmission electron microscopy (TEM) is particularly valuable for its high-resolution
imaging capabilities, providing insights into the morphology and structural intricacies of individual ELNs.** Moreover,
methodologies like flow cytometry and Western blotting are utilized to analyze the surface proteins and cargo composition of
plant ELNs.*® The isolation and purification methods of plant ELNs have undergone significant advances, ensuring the production
of high-quality nanoparticle populations. Characterization techniques such as DLS, NTA, TEM, flow cytometry, and Western
blotting are employed to comprehensively evaluate the physical and molecular properties of plant ELNSs.

Immunological Considerations and Biocompatibility of Plant ELNs

The immunological considerations and biocompatibility of plant ELNs are crucial factors that require extensive investigation for
their successful integration into tissue engineering applications. It is essential to understand the immunogenicity and immune
response elicited by plant ELNs to ensure their safe and effective utilization in regenerative medicine. When introducing any
foreign material into the body, including NPs, it is important to assess their potential to induce an immune response. The immune
system plays a critical role in recognizing and eliminating foreign substances, which can result in inflammation or adverse
reactions.> Therefore, thorough investigation is necessary to determine the immunogenicity of plant ELNs and the subsequent
immune response they may trigger. Biocompatibility is another essential aspect that should be examined when considering the
integration of plant ELNs into tissue engineering applications.’® In the context of plant ELNGs, it involves assessing their
compatibility with recipient cells and tissues, as well as their potential to induce cytotoxicity or unwanted cellular responses.
By thoroughly investigating the immunological considerations and biocompatibility of plant-derived ELNs, we can gain insights
into their safety profile and compatibility with living systems.

Immunomodulatory Properties of Plant ELNs in Tissue Engineering

The immunomodulatory properties of plant-derived ELNs have attracted significant interest in tissue engineering.*®
These properties are well-documented to regulate the behavior of immune cells and modulate inflammatory responses,
which is crucial for promoting tissue regeneration while minimizing adverse immune reactions.>*

Plant ELNs have been found to actively interact with various immune cell populations, including macrophages,**
dendritic cells,®> and T cells.’® These interactions can lead to phenotypic changes in immune cells, altering their
activation state and cytokine secretion profiles. Notably, plant ELNs have the ability to modulate immune cell polariza-
tion, favoring an anti-inflammatory phenotype.>* This capacity to promote an anti-inflammatory environment is critical
for tissue regeneration by mitigating excessive inflammation, which can impede the healing process. For instance, Xiong
et al introduced a multifunctional hydrogel which can be conveniently packaged in a syringe for in situ local injections,
providing long-term coverage to accelerate wound healing.>” The accelerated healing is achieved through the synergistic
effects of two key components: magnesium ions and ginseng-derived ELNs (Figure 3). By sustained release of these
ELNs, the hydrogel provides a favorable immune microenvironment for diabetic wound healing through reprogramming
macrophages polarization. Importantly, this plant ELNs-based strategy addresses the challenge of coordinating neuro-
genesis and angiogenesis and offers potential benefits for enhanced wound healing.

Moreover, plant ELNs can influence immune cell migration and communication.*® These NPs possess targeting capabilities
that allow them to selectively interact with immune cells, thereby modulating their recruitment to injured or diseased tissues. By
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Figure 3 Schematic illustration of the beneficial role of Plant ELNs-based hydrogel in promotion of wound repair. Reproduced with permission from Xiong Y, Lin Z, Bu P, etal. A
whole-course-repair system based on neurogenesis-angiogenesis crosstalk and macrophage reprogramming promotes diabetic wound healing. Adv Mater. 2023;35(19):
€2212300.3 © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH. Creative Commons.

regulating immune cell migration, plant ELNs facilitate the homing and retention of beneficial immune cells at the site of tissue
damage, thereby enhancing the regenerative process. In a study by Sahin et al, it was observed that wheat-derived ELNs have
beneficial effects on various cellular processes. The researchers found that wheat-derived ELNs promote the production of
collagen type I, as well as the proliferation and migration of fibroblasts and immune cells.** Furthermore, they discovered that
wheat-derived ELNs exhibit anti-apoptotic activity in human dermal fibroblasts and human keratinocytes.>> Additionally, these
ELNs were found to induce angiogenesis in human umbilical vein endothelial cells.> These findings suggest that wheat-derived
ELNs have the potential for periodontal soft tissue regeneration and angiogenesis.

The immunomodulatory properties of plant ELNs also extend to the adaptive immune response.*® Studies have
shown that plant ELNs can influence T cell activation and proliferation, thereby modulating the balance between
effector and regulatory T cell populations.*' This modulation has significant implications for tissue engineering, as
an appropriate balance of immune responses is crucial for successful tissue regeneration and integration of
engineered constructs.

To fully understand the immunomodulatory potential of plant ELNs, comprehensive long-term studies are necessary.
These studies should evaluate the persistence of plant ELNs within the body, their potential to induce long-lasting
immune responses, and their overall impact on tissue regeneration and integration. Long-term observations will provide
insights into the durability of the immunomodulatory effects of plant ELNs, ensuring their suitability for sustained tissue
engineering applications.
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Strategies to Enhance Biocompatibility and Minimize Immune Reactions

In recent years, significant efforts have been made to enhance the biocompatibility of plant ELNs and minimize immune
reactions to maximize their potential in tissue engineering applications.'> These efforts involve various strategies,
including surface engineering techniques and optimization of the physicochemical properties of plant ELNs.

Surface engineering plays a crucial role in improving the interaction between plant ELNs and host cells and tissues, thereby
reducing the risk of immune recognition and activation.*> Coating plant ELNs with biocompatible materials such as polymers or
lipids offers several advantages. Firstly, it provides a protective layer that shields the nanoparticles from immune surveillance and
minimizes their interaction with immune cells.** This protective coating enhances the stability and biocompatibility of plant
ELNs, allowing them to efficiently traverse physiological barriers. Moreover, specific ligands can be conjugated to the surface of
the NPs to enhance their target specificity, enabling selective interactions with desired cell types or tissues.*> This targeted
approach minimizes off-target effects and improves the efficacy of plant ELNSs in tissue regeneration.

Optimizing the physicochemical properties of plant ELNs is crucial for improving their biocompatibility and reducing
immune responses.** Parameters such as size, charge, and surface chemistry can be modulated to achieve optimal interactions
with the biological environment. Controlling the size of plant ELNs is critical as it influences their circulation time, cellular
uptake, and biodistribution.** By optimizing the size within an appropriate range, plant ELNs can exhibit prolonged circulation,
enhanced cellular internalization, and improved bioavailability at the target site. Furthermore, manipulating the surface charge of
plant ELNs can affect their interaction with proteins and cells, thereby influencing their immunogenicity and biocompatibility.**
Neutral or slightly negative surface charges are often preferred to minimize non-specific interactions and immune cell
activation.** Additionally, surface chemistry modifications, such as introducing hydrophilic moieties or functional groups, can
enhance the stability, dispersibility, and cellular uptake of plant ELNs, contributing to improved biocompatibility.'®

Role of Plant ELNs in Tissue Regeneration

Plant ELNs have emerged as promising tools in tissue regeneration due to their unique properties and capabilities. These NPs,
which are similar to exosomes in structure and function, hold great potential for promoting tissue repair and regeneration.*® They
can deliver bioactive molecules, modulate inflammatory responses, promote cell-to-cell communication, induce angiogenesis,
support scaffold-free tissue engineering, and protect against oxidative stress. Further research and development in this field hold
the potential to unlock the full regenerative potential of plant ELNs for various tissue engineering applications.

Biological Activities of Plant ELNs in Promoting Tissue Regeneration

Plant ELNs play a vital role in tissue regeneration through their multifaceted effects on cellular and molecular processes.
One of the key mechanisms is their ability to deliver a diverse range of bioactive molecules to target cells and tissues."”
These bioactive molecules can include growth factors, cytokines, and nucleic acids, which are crucial for regulating
cellular activities and tissue repair.'” By delivering these molecules, plant ELNs can promote cell proliferation,
migration, and tissue-specific differentiation, thereby facilitating the regeneration of damaged or diseased tissues.

In addition to their role as delivery vehicles, plant ELNs exhibit inherent immunomodulatory properties that
contribute to tissue regeneration.”® When introduced into the regenerative microenvironment, these NPs interact with
immune cells such as macrophages, dendritic cells, and T cells. Through these interactions, plant ELNs can modulate
immune cell behavior and influence the inflammatory response.

Excessive inflammation can impede tissue regeneration, while a controlled and balanced immune response is essential for
successful tissue repair.*”*® Plant ELNs help regulate the immune response by promoting a shift towards an anti-inflammatory
environment.'® They can influence immune cell polarization, promoting the activation of anti-inflammatory immune cells and
suppressing pro-inflammatory responses. This modulation of the immune response helps to mitigate excessive inflammation,
which can otherwise hinder the regenerative process. For instance, Teng et al reported the treatment with ginger-derived ELNs
containing aly-miR396a-5p could significantly alleviate the lung inflammation.*’ Mechanistically, ELNs-mediated delivery of
aly-miR396a-5p and rlcv-miR-rL1-28-3p inhibits the expression of Nsp12 and spike genes, respectively, thereby preventing
the overactivation of inflammation (Figure 4). These findings highlight the potential significance of ginger-derived ELNs in
addressing lung inflammation and suggest ELNs as a promising therapeutic alternative for combating excessive inflammation.
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Figure 4 Schematic illustration of ginger-derived ELNss in alleviation of lung inflammation. Reproduced from Mol Ther, Volume 29(8), Teng Y, Xu F, Zhang X, et al. Plant-derived
exosomal microRNASs inhibit lung inflammation induced by exosomes SARS-CoV-2 Nsp 12. 2424-2440.*° Copyright 2021, with permission from Elsevier. Creative Commons.

Furthermore, the interaction of plant ELNs with immune cells can have broader effects on tissue regeneration.’
These interactions can influence the secretion of cytokines and growth factors by immune cells, which in turn can impact
cellular activities such as proliferation, migration, and extracellular matrix (ECM) synthesis.’® By modulating immune
cell behavior and the secretion of bioactive factors, plant ELNs actively contribute to the establishment of a pro-
regenerative environment within the tissue.

Overall, plant ELNs exhibit diverse and multifaceted effects on tissue regeneration. They act as delivery vehicles for
bioactive molecules, promoting cellular activities necessary for tissue repair. Additionally, their inherent immunomodu-
latory properties help regulate the immune response, providing an environment conducive to tissue regeneration. The
combined effects of bioactive molecule delivery and immunomodulation contribute to the overall regenerative potential
of plant ELNs and make them valuable tools in tissue engineering and regenerative medicine.

Interaction of Plant ELNs with Recipient Cells and Their Effects on Cellular Behavior
Plant ELNs play a crucial role in tissue regeneration by efficiently interacting with recipient cells and delivering their cargo. When
plant ELNs come into contact with target cells, they can be taken up through mechanisms like endocytosis or membrane fusion.*®
This allows the bioactive cargo carried by the ELNSs to be released directly into the cytoplasm of the recipient cells. The effects of
plant ELNs on cellular behavior are diverse and context-dependent, adapting to the specific needs of tissue regeneration.”"

One important effect of plant ELNSs is their ability to stimulate cell proliferation. By delivering growth factors and
other bioactive molecules that promote cell replication, plant ELNs can support the proliferation of damaged or diseased
cells, aiding in tissue repair.’’ Additionally, plant ELNs can induce cell differentiation, providing guidance to stem cells
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or progenitor cells towards specific lineages for tissue regeneration. This differentiation-promoting effect is crucial for
the formation of functional tissues.'*

Moreover, plant ELNs have been found to ameliorate inflammation via regulation of the cellular behavior of recipient cells.?’
By influencing cellular signaling pathways and interactions with the extracellular matrix, plant ELNs can promote cell movement
and alleviate the inflammation around the site of tissue damage. In a recent study, Liu et al extracted ELNs from garlic chives and
other Allium vegetables, and investigated their effects on the NLRP3 inflammasome in primary macrophages.>* Garlic chive-
derived ELNs (GC-ELNs) demonstrated potent anti-NLRP3 inflammasome activity in cell culture, which was further validated in
a murine acute liver injury model and diet-induced obesity. Omics analysis of GC-ELNs was performed to identify the active
components responsible for their anti-NLRP3 inflammasome function. GC-ELNs were found to be membrane-enclosed
nanoparticles containing lipids, proteins, and RNAs (Figure 5). They effectively inhibited NLRP3 inflammasome activation
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Figure 5 A. Schematic illustration of the important role of GC-ELNss in alleviating overactive inflammation. B. Representative SEM and ultrastructure TEM images of GC-ELN's.
C. Representative images of mouse tissues under Licor Odyssey Clx image system. D. Representative images of liver sections with hematoxylin and eosin (H&E) staining. E. GC-ELNs
suppress immune cell infiltration in mice. Reproduced from Liu B, Li X, Yu H, et al. Therapeutic potential of garlic chive-derived vesicle-like nanoparticles in NLRP3 inflammasome-
mediated inflammatory diseases. Theranostics. 2021;11(19):9311-9330.%2 Copyright 2023, Ivyspring International Publisher. Creative Commons.
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downstream pathways, including caspase-1 autocleavage, cytokine release, and pyroptotic cell death in primary macrophages.
Notably, GC-ELNs specifically targeted the NLRP3 inflammasome, with minimal impact on the activation of other inflamma-
somes. Local administration of GC-ELNs alleviated NLRP3 inflammasome-mediated inflammation in a chemical-induced acute
liver injury model. Furthermore, oral or intravenous administration of GC-ELNs led to their accumulation in specific tissues,
effectively suppressing NLRP3 inflammasome activation and chronic inflammation in diet-induced obese mice. These findings
highlight GC-ELNs as promising therapeutic strategies for improving NLRP3 inflammasome-driven diseases, offering new
avenues for the treatment of these complex inflammatory disorders.

The bioactive cargo carried by plant ELNs is instrumental in mediating their effects on recipient cells.'” Growth
factors within the cargo can activate cellular signaling pathways that are involved in cell proliferation and
differentiation.’® Nucleic acids, such as microRNAs, can regulate gene expression, influencing cellular processes relevant
to tissue regeneration.”® Additionally, the lipid components of plant ELNs can modulate cellular membrane properties
and signaling cascades, further impacting cellular behavior.*®

The composition and surface characteristics of plant ELNs also play a role in their interaction with recipient cells.”®>> The
surface proteins and lipids of plant ELNs can engage with receptors on the cell membrane, initiating signaling events and
internalization processes. Moreover, the physical properties of plant ELNs, such as their size, charge, and surface modifications,
can affect their cellular uptake and distribution within tissues, thereby influencing their therapeutic efficacy.*®

Application of Plant ELNs in Promotion of Different Tissue Regeneration
Plant ELNs have shown promising applications in promoting the regeneration of various tissues due to their unique properties and
capabilities. Their ability to deliver bioactive molecules, modulate cellular behavior, and provide a favorable microenvironment
makes them valuable tools in tissue engineering and regenerative medicine (Table 1). By harnessing the unique properties of plant
ELNs, we can develop innovative strategies to enhance tissue regeneration and improve patient outcomes.

Plant ELNs in Bone Tissue Engineering

Bone tissue engineering has emerged as a promising approach for repairing and regenerating damaged or lost bone tissue,
and plant ELNs offer unique properties that make them attractive for promoting bone regeneration.?” The small size,
biocompatibility, and cargo-carrying capabilities of plant ELNs contribute to their potential in this field.

Plant ELNs have demonstrated their ability to enhance osteogenic differentiation and mineralization of bone-forming cells [."*
They can deliver bioactive molecules such as bone morphogenetic proteins (BMPs) and growth factors to target cells, stimulating
their differentiation into osteoblasts, which are responsible for bone formation. The cargo delivered by plant ELNs not only
promotes osteogenic differentiation but also supports the synthesis of essential ECM components, including collagen and calcium
phosphate minerals, which contribute to the formation of structural bone tissue. For instance, Hwang et al have investigated the
effects of yam-derived ELNs (YNVs) on bone regeneration in mice with osteoporosis induced by ovariectomy.'* In this study,
YNVs were successfully isolated and characterized. The researchers observed that YNVs stimulate the proliferation, differentia-
tion, and mineralization of osteoblasts, which are responsible for bone formation. They also found increased expression of bone

Table 1 Application of Plant ELNs in Different Tissue Regeneration

Tissue Type Application Beneficial Effects

Bone Tissue Incorporation of Plant ELNs in scaffolds for bone regeneration | Enhanced osteogenic differentiation of stem cells

Improved mineralization and bone matrix formation
Anti-inflammatory properties aiding in tissue healing
Cartilage Tissue | Use of Plant ELNs in hydrogels for cartilage repair Promotion of chondrogenic differentiation of cells
Enhanced synthesis of cartilage-specific extracellular matrix
Reduction in inflammation and preservation of cartilage
Skin Tissue Application of Plant ELNs in topical formulations Accelerated wound healing and re-epithelialization
Anti-oxidative and anti-microbial properties

Improved collagen synthesis for enhanced skin regeneration
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differentiation markers such as osteopontin (OPN), alkaline phosphatase (ALP), and collagen type I (COLI) in the presence of
YNVs. Interestingly, YNVs do not contain saponins like diosgenin and dioscin, which are known to have osteogenic activity in
yams. Instead, the researchers discovered that the osteogenic activity of YNVs is mediated through the activation of the BMP-2/
p-p38-dependent Runx2 pathway. Furthermore, the researchers conducted in vivo experiments using osteoporotic mice and found
that YNVs promote longitudinal bone growth and increase mineral density in the tibia. These positive effects on bone were
accompanied by significant increases in osteoblast-related parameters. Moreover, when orally administered, YNVs were
transported through the gastrointestinal tract and absorbed in the small intestine. Histological analysis and toxicity tests showed
excellent systemic biosafety of YNVs, including no adverse effects on the liver and kidneys (Figure 6).

In addition to their cargo delivery capabilities, plant ELNs exhibit inherent immunomodulatory properties, which are crucial
for successful bone tissue engineering.>* Inflammatory responses and immune reactions play significant roles in the healing
process of bone fractures or defects.”>*° Plant ELNs have shown the ability to modulate immune responses by suppressing
excessive inflammation and creating a pro-regenerative environment.”>>’ Through their regulation of immune cell behavior and
cytokine secretion, plant ELNs help reduce the risk of adverse immune reactions that could hinder bone regeneration.?*->*>°

The physical characteristics of plant ELNS also contribute to their application in bone tissue engineering.®®' Their nanoscale
size enables efficient cellular uptake and penetration into the bone microenvironment. Additionally, surface modifications can be
made to improve the binding affinity of plant ELNs to bone-related cells and extracellular matrix components, enhancing their
integration within the bone tissue.®® This can involve functionalizing plant ELNs with bone-targeting ligands or peptides that
promote selective binding to bone cells and enhance their osteoinductive potential. Furthermore, plant ELNs have been shown to
induce angiogenesis, the formation of new blood vessels, which is crucial for establishing a functional vascular network within the
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Figure 6 Schematic representation illustrating the isolation, administration, and osteogenic functions of yam-derived ELN's in vitro and in vivo. Reproduced from | Control
Release, Volume 355, Hwang JH, Park YS, Kim HS, et al. Yam-derived exosome-like nanovesicles stimulate osteoblast formation and prevent osteoporosis in mice. 84-198."
Copyright 2023, with permission from Elsevier.
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regenerating bone.' The bioactive cargo carried by plant ELNs, including angiogenic growth factors, promotes the recruitment
and proliferation of endothelial cells, initiating the formation of new blood vessels.

Plant ELNs in Cartilage Regeneration

Cartilage regeneration is a significant challenge in tissue engineering due to the limited regenerative capacity of cartilage,
which is attributed to its avascular nature and low cellularity.®* Overcoming this challenge requires the establishment of
a suitable microenvironment that supports the growth and differentiation of chondrocytes, the primary cells responsible
for cartilage formation.®® Plant ELNs offer potential solutions to address this challenge by delivering specific cues to
guide chondrogenic differentiation and promote extracellular matrix production.®*

Studies have demonstrated that ELNs can effectively deliver growth factors to chondrocytes, stimulating their
differentiation into chondrocyte-like cells and enhancing the synthesis of cartilage-specific matrix components like
collagen and proteoglycans.®> By delivering these bioactive molecules, plant ELNs contribute to the formation of
a favorable microenvironment for cartilage regeneration, facilitating the growth and maturation of new cartilage tissue.**

In addition to their role in delivering growth factors, plant ELNs possess immunomodulatory properties that can
benefit cartilage regeneration.** Inflammatory responses in the joint can negatively impact cartilage tissue and impede
regeneration. ELNs have been found to modulate inflammatory responses by reducing the secretion of pro-inflammatory
cytokines and promoting an anti-inflammatory environment.®® This immunomodulatory effect helps mitigate the detri-
mental effects of inflammation on cartilage tissue, promoting a more favorable environment for regeneration to occur.

Another critical aspect of successful cartilage regeneration is the delivery and retention of therapeutic agents within
the cartilage tissue.®”*® Plant ELNs can serve as carriers for therapeutic molecules, overcoming challenges such as poor
penetration and limited retention within the avascular cartilage. Due to their small size, plant ELNs can penetrate deep
into the cartilage matrix, ensuring efficient delivery of therapeutic cargo. Additionally, their cargo delivery capabilities
enable sustained and controlled release of bioactive molecules, ensuring a prolonged exposure of chondrocytes to the
therapeutic agents.®* This targeted and sustained delivery of therapeutic cargo enhances the efficacy of cartilage
regeneration approaches, promoting better outcomes in terms of tissue repair and functional restoration.

Plant ELNs in Wound Healing and Skin Tissue Engineering

Plant-derived ELNs have emerged as a promising tool for enhancing wound healing and advancing skin tissue
engineering approaches.’”**’° Their unique properties and capabilities contribute to their effectiveness in promoting
tissue repair and regeneration.

One of the key roles of plant ELNs in wound healing is their ability to regulate important cellular processes involved
in tissue repair.”® By delivering bioactive molecules such as growth factors and microRNAs, plant ELNs can initiate
signaling pathways that promote cell migration, proliferation, and differentiation. These processes are critical for wound
closure, re-epithelialization, neurogenesis, and angiogenesis. Neurogenesis is particularly important in wound healing as
it ensures an adequate supply of neuropeptides to the healing tissue, facilitating its regeneration. Plant ELNs can enhance
neurogenesis by delivering bioactive factors to the wound site, stimulating the neural differentiation of mesenchymal
stem cells (MSCs). In a prior study, ginseng-derived exosomes (G-Exos) were investigated for their potential to enhance
the neural differentiation of MSCs. The researchers demonstrated, for the first time, that G-Exos are capable of
stimulating the neural differentiation of MSCs by transferring specific miRNAs to the MSCs efficiently (Figure 7). In
vitro assays showed that G-Exos were able to transfer plant-derived miRNAs to mammalian MSCs, leading to enhanced
neural differentiation.”® Furthermore, in an in vivo setting, a photo-cross-linkable hydrogel loaded with chemokines and
G-Exos was used.” This hydrogel demonstrated strong efficacy in recruiting MSCs and directing their neural differ-
entiation. The combined effect of the chemokines and G-Exos in the hydrogel promoted the migration and differentiation
of MSCs into functional neural cells. The findings of this study suggest that G-Exos can serve as promising nanoplat-
forms for transferring plant-derived ELNs to mammalian stem cells, such as MSCs, to enhance their neural differentia-
tion and wound healing. This research holds significant potential for the field of neural regenerative medicine, providing
new insights into the development of therapeutic strategies for neural diseases and tissue regeneration.
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Reproduce with permission.”> Copyright 2021, American Chemical Society.
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In addition to their role in promoting cellular processes, plant ELNs also possess anti-inflammatory properties, which
are crucial for managing the inflammatory response during wound healing.>’ Excessive inflammation can delay the
healing process and contribute to chronic wounds.”'"”? Plant ELNs can modulate the activity of immune cells and
regulate the secretion of pro-inflammatory cytokines, thus promoting a more balanced and controlled inflammatory
environment.>” By reducing inflammation, plant ELNs provide a favorable milieu for wound healing, enabling the
progression of subsequent stages of tissue repair.

Furthermore, the engineering of plant ELNs can enhance their performance in skin tissue engineering.®’ Surface modifications
of plant ELNs can be employed to improve their stability, adhesion to the wound site, and controlled release of therapeutic cargo.
By functionalizing the surface of plant ELNs with specific ligands or polymers, their targeting capabilities and interaction with
skin cells can be optimized.'® These modifications enable the enhanced delivery of bioactive molecules to the desired target cells,
maximizing the therapeutic effect of plant ELNs in wound healing.

Perspective and Challenges

The commercialization of plant ELNs for tissue engineering applications has obtained significant attention in recent
years.”> These NPs possess unique properties and demonstrate promising therapeutic potential, leading to increased
interest in translating them from the laboratory to clinical applications.'?

The progress in commercializing plant ELN-based strategies for tissue engineering has been driven by various
factors. Firstly, the growing body of scientific evidence showing the effectiveness of plant ELNs in promoting tissue
regeneration has generated substantial interest from the industry.'>?* Preclinical studies and in vitro experiments have
yielded promising results, laying the foundation for the development of commercial products that harness the therapeutic
capabilities of plant ELNs.>” These studies have demonstrated the ability of plant ELNs to deliver bioactive molecules,
modulate cellular responses, and enhance tissue repair processes.

Furthermore, advances in manufacturing techniques and scale-up processes have significantly contributed to com-
mercialization efforts. Researchers have optimized the isolation and purification methods of plant ELNs to ensure high
yield and reproducibility.? This optimization has made industrial-scale production of plant ELNs more feasible, allowing
for large-scale manufacturing that can meet the demands of the market. The ability to produce plant ELNs in sufficient
quantities is crucial for commercialization, as it enables widespread availability and cost-effectiveness of these products.

However, several challenges still need to be addressed to achieve successful commercialization. One significant challenge is
the standardization of production processes to ensure consistency in the quality and characteristics of plant ELNs. Variations in
plant sources, growth conditions, and extraction protocols can impact the composition and functionality of the NPs.'>#¢7*
Therefore, establishing standardized protocols and implementing robust quality control measures are essential to ensure the
reproducibility and reliability of plant ELN-based products. By defining specific parameters and methodologies, these standar-
dized protocols ensure consistent product quality and facilitate comparisons between different batches.

Ensuring the safe application of ELNs in nanomedicine and tissue regeneration necessitates a comprehensive understanding of
their toxicological aspects. Critical considerations encompass biodegradability, clearance dynamics, and cytotoxicity.
Assessments of cytotoxic effects on various cell types are imperative to ascertain that ELNs do not induce cell damage or
death. Additionally, potential inflammatory responses require scrutiny, with monitoring of cytokine release and evaluation of
immune cell activation. Concerns extend to organ toxicity, as systemic distribution prompts investigations into whether ELNs
accumulate in specific organs and if such accumulation adversely affects organ function. Hemocompatibility assessments are
essential to ensure that ELNs do not induce hemolysis or interfere with blood coagulation. Genotoxicity evaluations are crucial to
establish that ELNs do not induce DNA damage or mutations. Long-term assessments are necessary to gauge cumulative toxicity
over extended periods. Surface modifications, such as coatings with biocompatible materials, offer a strategy to enhance ELN
biocompatibility and mitigate potential toxic effects.

Conclusion

In summary, ELNs exhibit significant promise in tissue engineering due to their distinct properties and therapeutic
potential. Despite challenges in production, standardization, and regulatory approval, the field is advancing rapidly. The
development of these nanoparticles necessitates continuous efforts, collaboration, and investment for their full realization
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in clinical applications. By overcoming existing challenges, plant ELNs could substantially influence tissue engineering,
enhancing the prospects of advanced regenerative therapies for patients in need.
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