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[bookmark: _Toc214379845]Abstract:
[bookmark: _Toc214379846]The current review examines the emergent role of exosome-mediated therapy in the alleviation of the hair graying disorder, which is triggered by the gradual depletion, dysfunction, or erroneous differentiation of the melanocyte stem cells (McSCs). Precipitants that are related to age, such as oxidative stress, genotoxic insults, and mitochondrial dysfunction, simultaneously destabilize essential signaling cascades, such as Wnt and MAPK, enhancing the turnover of progenitor cells.
Modern studies highlight the exosomes as effective biological vectors that are able to coordinate cellular activities by translocating proteins, messenger RNAs, and microRNAs. These nanoscale vesicles have significant benefits compared to traditional pharmacological delivery systems, such as increased biocompatibility and reduced immunogenicity and intrinsic homing properties. Specifically, mesenchymal stem cell exosomes, dermal papillae exosomes or induced pluripotent stem cell exosomes provide molecular cargoes that promote melanogenic signaling, maintain stemness and provide antioxidant protection.
The future outlook is the integration of the exosome technology with the gene editing, bioprinting and synthetic stem cell niches aimed to enhance the targeting accuracy and increase the curative efficiency. In spite of its size, multicentric clinical studies will remain indispensable in the establishment of safety and therapeutic validity; exosome-mediated rejuvenation of McSCs is a paradigm shift in anti-aging dermatology and the prevention of hair graying.
1. Introduction 
One of the most obvious signs of aging is the pigmentation of the hair and the color banding of the colored hair to gray or white is a process that has not been known to the biologists and clinicians over the decades. Despite the fact that the process of graying is commonly recognized as something inevitable in the process of ageing, the recent advances in the spheres of stem cell research, molecular biology and regenerative medicine have made the process of its emergence and appearance radically different[1, 2]. It has been so because of the new knowledge of melanocyte stem cells (MScs) as the primary regulators of pigmentation in hair and the progressive failure of the cells as the primary reason of hair depigmentation. At the same time, there is the emergence of nanoscale extracellular vesicles (exosomes), which are able to activate particular intercellular communication to stimulate stem cell regeneration and restore tissue homeostasis. All these concepts make up a new therapeutic advantage: exosome-mediated drug delivery of McSC rejuvenation: a scientifically valid, and potentially efficient method of preventing or reversing hair graying[2].
[bookmark: _Toc214379847]1.1 Background of Hair Pigmentation Biology:
The formation of hair pigment is due to the synthesis and transfer of melanin, mostly the type of melanin is eumelanin and pheomelanin, which is produced by the melanocytes and transferred to keratinocytes in the anagen phase of the hair cycle. Melanocytes are derived out of melanocyte stem cells found in the bulge area of the hair follicle [3]. These stem cells renew mature melanocytes with the beginning of every new growth course and guarantee the pigment production. A number of important molecular pathways regulate the melanogenesis process, including the microphthalmia-associated transcription factor (MITF), Wnt/  -catenin, endothelin and cAMP- PKA signaling. These pathways may be disrupted by external and internal stressors which include oxidative damage, mitochondrial damage, when exposed to environmental insults, and inflammatory cytokines which deteriorate the regeneration of melanocytes[2].
In elderly people, MScs progressively become unable to renew themselves, migrate abnormally in the follicle niche or undergo premature differentiation. This causes the loss of functional melanocytes and hence, loss of pigmentation during every hair cycle. The findings regarding the biology of the hair pigmentary system have made it thus more important to target McSC health as opposed to concentrating on the melanocyte operation[4].
[bookmark: _Toc214379848]1.2 Socioeconomic and Psychological Impact of Hair Graying:
[bookmark: _Toc214379849]Although graying of hair is physiologically harmless, it has serious social, cultural, and psychological associations among people of the world. In most cultures, gray hair is closely related to old age, lack of energy, and unattractiveness. This has created a multi-billion dollar cosmetic market that deals with gray hair being covered using chemical dyes. Polls repeatedly indicate that those people whose gray hair is penetrating prematurely complain that they have low self-esteem, are dissatisfied with their bodies, face ageism in the workplace, and in other instances, isolate themselves[4]. Hair coloring maintenance is a heavy financial liability on an individual with repeated expenditures on dyes, salon procedures, and repair agents. Moreover, the use of short-term cosmetic interventions may cause cases of long-lasting scalp irritation, allergies, and damage of hair. In patients with early graying or growing grayness, the mental suffering may be severe and therefore, the need of safe and biological treatments which does not only cover the symptoms but also the causes[5].
[image: ]Pic 1:
1.3 Limitations of Existing Anti-Graying Approaches:
There are traditional methods of treating or treating graying in hair that are pretty much cosmetic or cosmetic[5]. The major strategies will involve chemical hair dyes, herbal extracts, antioxidants and stress related graying supplements. These interventions are limited with a number of limitations though:
[bookmark: _Toc214379850]1. Chemical Hair Dyes
· Inhibit not the activity of melanocytes or McSC; instead, conceal graying [5].  
· Includes irritants like PPD, resorcinol and ammonia [5].  
· Persistent use can harm hair shafts and scalp irritation can be experienced[5].  
[bookmark: _Toc214379851]2. Antioxidant-Based Products
· Attack oxidative stress lacking more profound molecular and stem cell-associated processes [5].  
· Effects are erratic and usually too few to be capable of restoring pigmentation[5]. 
[bookmark: _Toc214379852]3. Nutritional Supplements
· The vitamins (B12, D, folate), minerals (copper, iron) and amino acids might only help pigmentation in case of deficiency-related graying[5].
· Limited grey efficacy of age or genetic graying.
[bookmark: _Toc214379853]4. Pharmacological Approaches
· The PC-KUS (a catalase mimetic) is an agent that has potential, but still in its evaluation phase.
· They fail to fully rehabilitate McSC population or niche integriy[6]. 
[bookmark: _Toc214379854]1.4 Idea of Melanocyte Stem Cell (McSC) Rejuvenation:
The notion of the McSC rejuvenation derives out of the recent advances in the stem cell biology. Graying in old age is mainly attributed to progressive depletion of the McSC, misvocalization, and diminishing regenerative capacity[6]. The rejuvenation of these stem cells is a paradigm shift instead of using pigment artificially.
Key mechanisms of McSC rejuvenation include [6]:
· Rehabilitation of mitochondrial activity.
· Improving antioxidant activities.
· Inhibition of chronic inflammation.
· Achieving niche homeostasis again.
· Encouraging proliferation and appropriate differentiation of McSC.
· Reestablishing key signaling pathways (Wnt, MITF, Notch).
[bookmark: _Toc214379855]1.5 Why Exosomes? 
Exosomes are now regarded as very promising biological nanocarriers since they could change the behavior of cells, which can control gene expression, and could restore cellular homeostasis and, thus, they are best suited to apply to melanocyte stem cell (McSC)-targeted therapies[7]. These are natural released vesicles, which transport diverse bioactive cargo, including microRNAs, mRNAs, proteins, lipid and signaling molecules, which directly implicate melanocyte biology and rejuvenation of stem cells. They are immunogenic and are biocompatible and thus can be used safely without eliciting undesirable immune reactions. Also, exosomes can traverse biological barriers like follicular epithelium such that therapeutic factors can be effectively transported deep into the hair follicle niche localized within the McSCs[7]. Remarkably, exosome cargo has likewise been mentioned to govern significant pigmentation pathways that include the activation of MITF, an increment in the activity of tyrosinase, a reduction in oxidative stress, and an alteration in Wnt/ 2 -catenin signaling that are imperative in reinstating melanocyte functioning and pigment synthesis. Besides the inherent properties, exosomes can be engineered to be more McSC-specific, transport gene-editing vectors, deliver follicular microenvironment retention-promoting molecules, and be retained longer in the follicles to augment their potential in treatment [7, 8]. Regenerative medicine also gives grounds to proceed with them: preclinical studies have found that exosomes generated by dermal papilla, mesenchymal stem cells and induced pluripotent stem cells can be used to accelerate melanocyte growth and repigmenting hair. All these features render the exosome-based drug delivery a powerful and emerging trend in the process of hair graying prevention or reversal by direct targeting and rejuvenation of the melanocyte stem cells.
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[bookmark: _Toc214379856]2. Exosomes as Natural Nanocarriers
[bookmark: _Toc214379857]2.1 Properties That Make Exosomes Ideal for McSC Rejuvenation:
Exosomes have some inbuilt biological characteristics that render them highly apt towards melanocyte stem cell (McSC) rejuvenation and pigmentation restoration. Their nanoscale dimensions, usually 30-150nm, allow them to penetrate into the hair follicle structure, the deeper areas of the bulge and in the hair germ where McSCs are found. This is a natural property to penetrate follicular and epithelial barriers, which offers an advantage of delivery over larger or synthetic particles[9]. Moreover, exosomes are highly biocompatible and immunogenic because they are produced by body cells and therefore, they blend in with the microenvironment of the tissues without eliciting immune reactions. Exosomes are functionally enriched biochemically with functional cargo like microRNAs, mRNAs, proteins, lipids, antioxidants and signaling molecules that mediate cellular communication and tissue regeneration. These bioactive ingredients can control major pathways in melanogenesis, oxidative stress elimination and stem cell survival, and place exosomes at the center of the list of agents that can be utilized to repair the functionality of McSCs and reverse depigmentation triggered by aging[10].
[bookmark: _Toc214379858]2.2 Exosome Sources Relevant to Pigmentation Therapy:
Exosomes derived out of various sources have been able to prove therapeutic value in terms of pigmentation restoration due to their unique cargo content and biologic activity. One of the most researched ones is the mesenchymal stem cell (MSC)-derived exosomes which are related to the anti-inflammatory, anti-oxidative, and regenerative effect and thus they become very suitable to conquer aging in McSC[11]. Melanocyte-derived exosomes, in their turn, carry pigmentation-related products and microRNAs directly influencing melanin production pathways, and, therefore, offer a more focused way of raising melanogenic activity. Of particular interest also is the exosomes of dermal papilla cell on the premise of their regulatory function in hair growth and pigmentation, the exosomes of the dermal papilla cells contains signaling factors, which are involved in the activation of the McSCs and melanocyte growth in the hair cycle. Along with natural sources, engineered exosomes targeting McSCs in particular are a novel frontier that has properties of enabling targeting of a target therapeutic gene, Wnt agonist or antioxidant molecule directly to the McSC niche. All these heterogeneous types of exosomes offer a number of therapeutic opportunities in pigmentation restorative through the application of McSC rejuvenation[12].
[bookmark: _Toc214379859]2.3 Exosome Uptake Mechanisms in Hair Follicle Cells:
The therapeutic effect of exosomes is determined significantly by the effective internalisation by the target cells in the hair follicle which is aided by several cellular entry routes. Endocytosis is one of the main mechanisms, whereby follicular cells internalize exosomes via either clathrin-dependent or clathrinid-independent pathways, which allow the release of the cargo to the cytoplasm of the cell. Exosomes also have the ability to fuse directly against the plasma membrane of the target cells to transfer their molecular contents quickly and activate immediate intracellular signaling pathways related to pigmentation and stem cell renewal[13]. Moreover, receptor-ligand interactions are also an important mechanism in exosome uptake, whereby exosome surface proteins are able to identify and bind particular receptors on the McSCs or follicular keratinocytes, which increases the efficiency and selectivity of delivery. All these uptake mechanisms complement each other, which is why exosomes can effectively deliver their therapeutic cargo into hair follicle cells and why exosomes could be of the use they are as a precision nanocarrier in anti-graying interventions[14].
[bookmark: _Toc214379860]3. Melanocyte Stem Cell Biology in the Context of Hair Graying 
The melanocortical complex between melanocytes and their progenitors, the melanocyte stem cell (McSCs), is in place to regulate hair pigmentation and is located within special microenvironments within the follicle. During the hair cycle, telogen to anagen transition, McSCs are stimulated, grow, migrate to the hair bulb, and develop into mature melanocytes synthesizing and transferring melanin to keratinocytes of the proliferating hair shaft[14, 15]. The regenerative system is dependent on the integrity of the McSC population and the stability of their niche. With age though, McSCs experience considerable age-related variations that undermine their renewal capability, distort their differentiation patterns and ultimately causes a decline in their capacity to sustain pigmentation in hair. Hair graying is not just a melanogenesis loss, but a symptom of McSC exhaustion, malfunction and malvoicing induced by oxidative stress, DNA damage, niche wear and tear, and interference with several vital molecular pathways. A detailed study of these mechanisms forms the basis of the design of specific rejuvenation methods especially exosome-based therapy- that would restore youthful McSC activity and reverse or inhibit hair graying[15].
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The McSC microenvironment inside the hair follicle is a well-structured environment that dictates the behavioral, plasticity and survival of McSCs. Signaling interactions are abundant in the bulge area and secondary hair germ, where McSCs are mainly concentrated, and are linked to the fragile quiescence/activation balance. The bulge has its own keratinocytes that provide the necessary signals, including Wnt ligands, endothelin-3, and stem cell factor, which allows McSCs to become activated in coordination with epidermal stem cells[16]. This activity is complemented by dermal papilla cells which secrete growth factors and anagen-inducers such as BMP inhibitors, FGF family molecules and Wnt agonists which stimulate the proliferation of McSC upon the initiation of hair growth. Neural signals like sympathetic innervation also affect McSC behavior by discharging catecholamines that control stem cell survival and pigmentation[15]. The microenvironmental blood vessels offer metabolic supplies, and the extracellular matrix consisting of laminin, collagen IV and integrins binds McSCs and transmits mechanical signals needed in stem cell adhesion, cell polarity as well as cell migration[17]. Once this niche is disrupted either as a consequence of aging, environmental degradation or inflammatory microdamage, the regulatory messages that are necessary to keep McSC in a quiescent state and to provide appropriate activation are weakened, leading to aberrant differentiation, loss of stemness or exhaustion of the McSC pool.
Oxidative stress is one of the greatest causes of McSC decline in the process of aging. Reactive oxygen species (ROS) are natural products of melanogenesis in melanocytes and McSCs, which makes them vulnerable to oxidative damage. As organisms age, there is an increase in the levels of basal ROS as a result of mitochondrial dysfunctions, environmental exposures, as well as decreased defenses against antioxidants[17, 18]. The overproduction of ROS results in lipid peroxidation, oxidation of proteins, and mitochondrial collapse, which eventually induces premature McSC differentiation, apoptosis or irreversible quiescence. The follicular niche is also disrupted through oxidative stress that destroys the keratinocytes and dermal papilla cells and changes important signaling gradients necessary to maintain McSCs. Simultaneously, the DNA damage accumulation takes place in McSCs due to the errors in the replication process, telomere shortening, and genotoxic stressor exposure. These lesions in DNA lead to activation of the checkpoint pathways (p53 and ATM/ATR) which may induce senescence, apoptosis, or undesirable differentiation to protect against it. Even though the differentiation of the damaged McSCs lowers the risk of cancer, it permanently eliminates the stem cells in the pool, leading to gradual graying of hair as follicles lose their capacity to repopulate melanocytes[18]. 
[bookmark: _Toc214379861]4. Exosome-Based Drug Loading for Anti-Graying Therapy 
The McSC microenvironment in the hair follicle is a highly organized structure which determines the behavioral and plasticity as well as survival of the McSCs. Signaling interactions in the bulge region and secondary hair germ, in which McSCs are predominantly localized, are connected to the delicate quiescence / activation dichotomy. The bulge contains its own keratinocytes, which gives the required signals, such as Wnt ligands, endothelin-3, and stem cell factor, enabling McSCs to become activated in conjunction with the epidermal stem cell[16]. This is complemented with the dermal papilla cells producing the growth factors and anagen-inducers such as BMP inhibitors, FGF family molecules, and Wnt agonist that induce the growth of the McSC upon the commencement of hair growth. Other neural signals such as sympathetic innervation also influence the McSC behavior, which releases the catecholamines that regulate the survival of the stem cells and pigmentation. The micro environment blood vessels provide metabolic supplies and the extracellular matrix composed of laminin, collagen IV and integrins binds McSCs and provides mechanical signals required in adhesion of stem cells, cell polarity and cell migration[17]. The inability to repair this niche at age, or due to environmental injuries, or inflammatory microdamage causes weakening of regulatory instructions required to maintain McSC quiescence and proper activation, aberrant differentiation, stem cell loss, or depletion of the McSC pool.
One of the largest causes of McSC deterioration during aging is the oxidative stress. ROS are a natural derivative of melanogenesis produced by melanocytes and McSCs, and therefore they are susceptible to oxidative stress. On growing old, the amount of basal ROS increases due to mitochondrial dysfunctions, exposure to the environment, and diminished antioxidant defense mechanisms[17, 18]. The excess production of ROS leads to lipid peroxidation, protein oxidation and mitochondrial rupture leading to eventual premature McSC differentiation, apoptosis or irreversible quiescence. Oxidative stress that kills the keratinocytes and dermal papilla cells disturbs the follicular niche, modifying key signaling gradients required to retain McSCs. At the same time, the accumulation of the DNA damage in McSCs occurs under the influence of the mistakes in the replication process, telomere shortening, and the exposure of the genotoxic stressors. These nuclear DNA lesions result in the activation of the checkpoint pathways (p53 and ATM/ATR) that could cause senescence, apoptosis or unwanted differentiation to defend against them[19, 20]. Although the damaged McSCs reduce the chances of cancer, it permanently destroys the stem cells in the pool which gradually causes graying of hair due to loss of the ability to replenish melanocytes by the follicles.
[bookmark: _Toc214379862]4.1 Loading Exosomes with McSC-Targeting Agents:
Exosome-based therapy is based on drug loading. The objective is to trap or conjugate biologically active molecules that would substitute the cellular damages in aging McSCs. Different classes of therapeutic agents possess a significant potential in pigmentation rescue, and any of them may be loaded into exosomes through passive loading, sonication, electroporation, extrusion, or chemical conjugation[21]. Such approaches are best selected in regards to the molecular weight of the cargo, stability of cargo and localization of target in the cell. Anti-oxidants, growth factors, anti-senescence molecules, pigmentation-enhancing compounds, and mitochondrial-protective compounds would constitute the significant groups in the case of anti-graying therapy.
Some of the most necessary varieties of exosome cargo in McSC rejuvenation are catalase and SOD-mimetics. Oxidative stress is one of the initial and most detrimental reasons of the McSC depletion. The natural outcome of melanin production by melanocytes and the antioxidant ability of such cells is the reactive oxygen species (ROS), which is gravely affected by aging. The augmentation of the extent of ROS damages DNA, deteriorates the MITF route, and elevates the differentiation or apoptosis of McSCs. Stronger suggestion of solution into restoring the redox balance in the McSC niche as a treatment modality is the exosome delivery of catalase or superoxide dismutase (SOD)-mimicking molecule into the niche[22]. Exosomes protect antioxidant enzymes against the initial breakdown and enhance their storage in the skin tissue and also aid uptake into the cell by endocytosis or membrane fusion. This is a special delivery which leads to the antioxidant treatment of the McSC population, and not only on the surface of the skin as it is the case with the conventional topical formula.
The other type of cargo which is highly applicable is the growth factors which promote stimulation of the stem cells, movement and melanogenesis. Endothelin-related molecules are WNT agonists, fibroblast growth factors (SCF) and endothelin, which can be part of exosomes to mediate the growth and differentiation of McSCs[23]. SCF is a major survival signal of melanocytes and their precursors; its exosome discharge has the ability to reproduce the nurturing microenvironment of the niche environment which is missing in old age. It is vital that Wnt agonists particularly those that mediate the stabilization of 2-catenin play an important role in the activation of McSC activity in the anagen phase of the hair cycle. Such molecules can avoid extracellular inhibitors such as DKK1 which increases in old follicles in case they are transferred by exosomes. Exosome delivery has the advantage of decreasing systemic exposure and permitting the growth factors to have local effect in the follicular microenvironment. These biological agents could be absorbed by diffusion, could be absorbed by fusing to the donor-cell membranes which are rich in growth factors or could be conjugated by chemically using linker peptides[24].
The second frontier is the integration of the anti-senescence drugs into exosomes. Early senescence of the aging McSCs can also be caused by DNA damage, telomere loss or the long-term effects of ROS. McSCs have become senescent and lost their self-renewal capacity, are lessmotile and express p16INK4a, p21 and SASP cytokines which disorganize the niche around them[25]. One method of targeting follicle senescent cells is to introduce hemolytic or xenomorphic material into exosomes. Other compounds such as, quercetin, rapamycin, metformin and small-size p16 may be delivered in inert state through exosomal entrapment. These drugs are usually hydrophobic and they require the vesicular environment to be delivered in an effective way. The advantage of exosomes application is the specific action and reduced systemic toxicity compared to senolytics via oral administration [26].
Molecules that facilitate pigmentation are also quite pertinent to the exosomal loading of the drug. They include microphthalmia-associated microphthalmia transcription factor (MITF) activators, cAMP-increasing agents, tyrosinase regulators and endothelin-associated peptide. The final regulator of melanotroph identity is MITF and determines the production of melanin, expression of antioxidants and mitochondrial activity[25]. The activity of MITF is repressed in old age to produce poor pigmentation. These losses can be rectified through direct delivery of the MITF-stimulating compounds to the McSC and the melanocyte lineage. On the same note, tyrosinase stimulating agents may also be loaded into exosomes to enhance the production of melanin when McSCs are differentiated into adult melanocytes. Unlike other outdated hair dyes or melanin precursors, which only show their effects via cosmetic effects, pigmentation molecules that contain exosomes are similar in action to the natural biology of reduced melanogenesis[27].
The final form of therapeutic relevance that is of significant significance is the mitochondria-protective drugs. Mitochondrial dysfunction Mitochondrial dysfunction is a feature of McSC aging, which contributes to reduced ATP production, increased levels of ROS, and reduced differentiation. Molecules that promote mitochondrial biogenesis (e.g., peptides), mitochondrial-targeted antioxidants (e.g., MitoQ), molecules that result in PGC-1alpha activation (e.g., NAD+ booster), and molecules that lead to mitochondrial biogenesis (e.g., PGC-1alpha) can be delivered by exosomes[26]. Mitochondrial RNA fragments, cardiolipin and metabolic enzymes are naturally present in exosomes and they could be used together with pharmacological cargo in restoration of mitochondrial homeostasis in McSCs. Such interventions can be used to improve cellular metabolism, improve the survival of the McSC and augment their pigmentary unit restoration of the pigmentary unit with each hair cycle by selective delivery[28].


[bookmark: _Toc214379863]Table 1: Drug Loading Strategies for Exosome-Based Anti-Graying Therapies.
	Loading Strategy
	Method
	Suitable Cargo
	Advantages
	Limita[29]tions

	Passive Loading
	Co-incubation, Diffusion
	Small molecules, antioxidants, lipophilic drugs
	Simple, minimal vesicle damage, biocompatible
	Low efficiency for large molecules, limited cargo retention

	Active Loading
	Electroporation
	miRNAs, proteins, nucleic acids
	High loading efficiency, suitable for large biomolecules
	Possible vesicle aggregation, membrane disruption

	Active Loading
	Sonication, Extrusion, Freeze–Thaw
	Peptides, proteins, hydrophobic drugs
	Improved encapsulation, versatile cargo
	May affect vesicle structure or surface proteins

	Genetic Engineering
	Overexpression in donor cells
	miRNAs, transcription factors, proteins
	Uniform cargo, continuous production
	Complex process, regulatory concerns

	Surface Functionalization
	Ligand or antibody modification
	Targeting peptides, receptor-specific ligands
	Enhanced McSC specificity, improved uptake
	Potential immunogenicity, complex synthesis



[bookmark: _Toc214379864]4.2 Genetic Engineering of Exosomes:
In addition to direct drug loading, genetic engineering of exosomes is an even more advanced and long-term approach to producing biologically active vesicles which inherently contain therapeutic molecules. In genetic engineering approaches, the genetically modified exosome producer cells are aimed at enriching the exosomes secreted by the cells with a desired number of miRNAs, proteins, or functional constituents to modulate McSC pathways. This method provides a steady and uninterrupted production of cargo, even to the extent of removing the process of loading drugs externally[29]. In addition, engineered exosomes may be functionalized on their surface to enhance follicular targeting, uptake by McSCs, and gene-editing tools to rejuvenate in the long term.
Overexpression of pigmentation-related microRNAs (miRNAs) in donor cells to produce exosomes that are naturally enriched with these regulatory molecules is one of the key engineering solutions. miRNAs are powerful post-transcriptional controllers of gene expression and have the potential to regulate melanogenesis, oxidative stress response and stem cell maintenance. An example is the miR-211 and miR-196a which increase the MITF signaling and melanocyte differentiation[30]. miR-125b and miR-137 control stem cell quiescence and proliferation. Overexpressing these miRNAs in exosomes by genetically altering donor cells -mesenchymal stem cells, dermal papilla cells or melanocytes- makes the ensuing exosomes potent agents of McSC pathway regulation. The miRNAs are capable of increasing survival of the stem cell, increasing the expression of antioxidant genes, and increasing the effectiveness of recruiting McSC during anagen phase. The exosomes have a protective lipid bi-layer that makes miRNA a stable molecule since it is a fragile molecule[31].
The other revolutionary method is the follicular targeting using surface modification. Exosomes could be designed to incorporate peptides or ligands on their membrane that peaks receptors of McSCs or follicular niche cells. Indicatively, exosomes can be conjugated with 3 integrins-binding peptides: 3 which are 3 alpha6 and 1 which is 3 beta1 or SCF-mimetic peptides selectively binding c-Kit receptors expressed in McSCs. Exosomes can be tailored to their specific targets by chemical conjugation or genetic tagging of the exosomal membrane proteins (e.g., Lamp2b) with targeting motifs[31]. Such accuracy engineering improves these therapeutic effects and decreases the off-target effects of other tissues.
CRISPR-based micro cargo delivery system development is one of the latest advancements in exosome engineering to anti-graying therapy[17]. The exosomes could be loaded with the components of CRISPR-Cas including: Cas9 mRNA, Cas proteins or guide RNA to make edits in a specific gene related to McSC aging. The possible gene targets are regulators of oxidative stress response, anti-senescence pathways, and melanogenesis enhancers including MITF, TYR, and PGC-1 alpha. As an illustration, DKK1 (a Wnt signaling inhibitor) suppression mediated by CRISPRs could activate Wnt signaling and stimulate the proliferation of McSCs. In the same way, the manipulation of p16/p21 expression would lead to decreased senescence and regenerative ability. Transporting CRISPR cargo with exosomes is less toxic than using viral vectors as exosomes do not infect host DNA and have low immunogenicity. This renders them suitable to gene-editing strategies to rejuvenate pigmentation in hair in the long run[25].
In general, genetic engineering increases the sophistication level of therapeutic exosomes because it enables the expression of miRNAs, specific membrane modifications, and sophisticated genome-editing delivery. These modifications convert exosomes into controlled biological nanodevices that can interact with McSC biology at various regulatory sites, and this may provide a permanent pigmentation restoration [32].
[bookmark: _Toc214379865]4.3 Nanotechnological Enhancement of Exosomes Delivery:
Although exosomes have those natural advantages, they are limited in reference to stability, retention period, and penetration efficiency across the skin barrier. Nanotechnology has provided new ways of improving these properties by integrating exosomes with complementary materials or delivery systems[33]. Three significant strategies exosome -liposome hybrids, exosome -hydrogel and microneedle-mediated penetration have demonstrated great success in improving the therapeutic efficacies of exosomes in anti- graying therapy.
Exosomes liposomes hybrids: are a synergistic combination of biological and synthetic nanocarriers. Liposomes are versatile in their structure, they can encapsulate drugs, and hydrophilic and hydrophobic drugs can be transported[34]. Exosomes provide natural targeting ability and have better biocompatibility. The combination of these two systems can be done by membrane fusion, which is commonly done by the use of freeze, then thaw, or sonication. The resulting hybrid vesicles are a combination of the surface proteins and targeting properties of exosomes with the stability, drug-loading property and lipid composition modulation of liposomes. In the case of anti-aging therapy, the high concentrations of antioxidants, growth factors, or pigmentation molecules can be loaded onto such hybrid systems without hindrance to good penetration into the follicular structure. Furthermore, lipid molecules may be chosen to give the cells improved fusion with the follicular keratinocytes, and thus uptake by the McSC niche[34]. These hybrids can also increase release kinetics, which guarantees long-term delivery with multiple releases on the hair.
Exosome-hydrogel systems: provide an alternative way of enhancing follicular retention and controlled release. Hydrophilic three-dimensional hydrogels like hyaluronic acid-based gels, collagen matrix or thermo responsive polymers are capable of incorporating exosomes and releasing them over time in relation to temperature, pH or enzyme activity[35]. The exosomes can be incorporated into the hydrogel to be applied locally to the scalp and enhance the residence time, thereby allowing the exosomes to penetrate the hair follicle further. Hydrogels also preserve exosomes against enzyme and mechanical frictions destruction in the skin. Hydrogels can be thermoresponsive so that they solidify at the temperatures of scalp, which can guarantee the exosomes stay in the close proximity with the follicle over a long period of time. Such approach is particularly helpful with chronic diseases like hair graying where there is a need to repeatedly or continuously stimulate the McSCs with repetitive hair cycles[35].
Microneedle-assisted penetration: deals with the essence of the problem of transdermal delivery: stratum corneum barrier properties. Microneedles form microchannels in the skin through which exosomes are able to circumvent the outer barrier and penetrate the deep follicular structure. They facilitate direct delivery to the perifollicular dermis that increases uptake by dermal papilla cells, keratinocytes and McSCs. Microneedle patches may be made out of biodegradable polymers containing exosomes. The needles dissolve and exosomes are set to be released to the follicular region[36]. This technique enhances the efficiency of penetration by far during comparison to topical application. Furthermore, microneedles may be used together with hydrogel or hyaluronic acid matrixes and further improved follicular uptake can be achieved. Micro needling, when combined with genetically engineered or drug-loaded exosomes, has the potential to enhance therapeutic effects substantially because a high concentration of vesicles to the target cells is achieved[36].
Improvements in nanotechnology like these, mean that exosomes are more than mere carriers and are part of an integrated system of delivery at the point of maximum therapeutic accuracy, biological fidelity, and functional efficacy. All these platforms are able to beat the constraints in regard to stability, penetration, degradation, and retention.
[bookmark: _Toc214379866]5. Sources of Exosomes for McSC Rejuvenation 
The effectiveness of the exosome-based therapies in the melanocyte stem cell (McSC) rejuvenation process is highly conditioned by the cellular source of exosomes. All donor types of cells generate exosomes that have different biochemical compositions, signaling molecules, microRNAs, proteins, and lipid profiles that determine their regenerative capacity[37]. When considering hair pigmentation and McSC biology, the sources of exosomes should be considered in terms of their melanogenic, regenerative, anti-oxidative, capacity to regulate stem cell pathways including Wnt, MITF, and anti-senescence signaling. In this part, the key sources of exosomes that are applicable in anti-graying therapy have been discussed, namely mesenchymal stem cell (MSC)-derived exosomes, induced pluripotent stem cell (iPSC)-derived exosomes, dermal papilla cell (DPC) exosomes, melanocyte-derived exosomes and engineered exosome systems developed in targeted follicular delivery[37].
[bookmark: _Toc214379867]Table 2: Exosomes for McSC Rejuvenation and Hair Pigmentation.
	Exosome Source
	Type
	Key Cargo / Functional Components
	Reported Effects on McSCs / Hair Follicles

	Mesenchymal Stem Cells (MSCs)
	Adipose, Bone Marrow, Umbilical Cord
	Growth factors (SCF, VEGF), miRNAs, antioxidants
	Enhanced McSC proliferation, reduced oxidative stress, improved melanogenesis

	Induced Pluripotent Stem Cells (iPSCs)
	Patient-derived or allogeneic
	miRNAs, proteins, mitochondria-protective factors
	Promotes melanocyte differentiation and follicle regeneration

	Dermal Papilla Cells (DPCs)
	Human scalp
	Wnt proteins, growth factors, extracellular matrix components
	Stimulates McSC migration and hair follicle pigmentation

	Melanocyte-Derived Exosomes
	Autocrine / Paracrine
	Pigmentation-related miRNAs, tyrosinase, melanosomal proteins
	Enhances melanin production, maintains McSC niche

	Engineered Exosomes
	Gene-edited or surface-modified
	miRNA-enriched, growth factor-loaded, targeting ligands
	Targeted McSC delivery, enhanced pigmentation, reduced senescence



[bookmark: _Toc214379868]5.1 Mesenchymal Stem Cell (MSC)-Derived Exosomes:
Exosomes produced by mesenchymal stem cell (MSC) are one of the most researched and the most developed sources of regenerative medicine, including the revitalization of skin and hair follicles. They are particularly useful in reversing the biological deterioration of aging McSCs by their wide-ranging regulation of inflammation, oxidative stress, and tissue repair. Several types of MSCs have significant roles in exosomes production to treat pigmentation[38].
· [bookmark: _Toc214379869]Human Adipose-Derived MSC Exosomes:
One of the most readily available and plentiful sources of regenerative exosomes are the adipose-derived MSCs (AD-MSCs). They produce their exosomes with large amounts of anti-inflammatory cytokines, antioxidants, and growth factors that help prevent oxidative damage of McSCs, which is one of the main causes of hair graying. miR-21, miR-146a, and miR-125b are miRNAs enriched in the AD-MSC exosomes, and these regulate Wnt signalling, quiescence, and self-renewal in stem cells. Exosomes that are produced by AD-MSC also enhance the stability of the mitochondria and DNA repair of aging follicular cells[5]. They can prevent apoptosis in the melanocytes and stimulate cell cycle, which increases their repair pigmentation capacity. Moreover, it was demonstrated that adipose-derived MSC exosomes can induce dermal papilla activity, which indirectly promotes the activation of McSC at the anagen phase[5].
· [bookmark: _Toc214379870]Bone Marrow-Derived MSC Exosomes:
BM-MSCs generate exosomes that have a specific regenerative signature. The growth factors are VEGF, IGF-1, SCF, and PDGF, in BM-MSC exosomes and all these factors promote hair follicle cycling and melanocyte precursor differentiation. Their miRNA cargo miR-210, miR-196a stimulates angiogenesis and encourages stem cell proliferation[22]. This is necessary since a healthy vascular supply is necessary to promote maximization of McSC activity and melanogenesis. The TGF-B signaling pathway is also regulated by BM-MSC exosomes to avoid premature McSC quiescence a characteristic of aging follicles. Their immunoregulatory potency is also high and this also assists in preserving a supportive niche environment in the growth and migration of McSCs[22].
· [bookmark: _Toc214379871]Umbilical Cord-Derived MSC Exosomes
UC-MSCs are multiproliferative, young stem cells derived out of the umbilical cord that generates exosomes with a strong anti-aging effect. UC-MSC exosomes are enriched with antioxidant enzymes, telomerase components and proliferation-promoting miRNAs. Their cargo lowers the amount ROS present in McSCs, reinstates DNA integrity, and facilitates active cycling in the niche. miR-100, miR-21, miR-18a, and other regulatory molecules that promote the Wnt/ b -catenin pathway, essential to McSC self-renewal, are especially abundant in UC-MSC exosomes. The special age-related hallmark of these exosomes makes them a potent instrument in the reversal of age-related pigment stem cell degradation.
[bookmark: _Toc214379872]5.2 Induced Pluripotent Stem Cell (iPSC)-Derived Exosomes:
The therapeutically potent exosomes of the induced pluripotent stem cells (iPSCs) have been further advanced into a high-proliferation, high-differentiation, and tissue-renewal capability of the iPSC-derived exosomes based on the unique miRNA and protein cargos[39]. They are rich in high pluripotency-associated molecules including OCT4, SOX2, and NANO G-related regulatory RNAs that can greatly increase stem cell activation pathways.
In the case of the McSC revitalization, iPSC exosomes have a number of benefits. First, they induce strong growth of stem cells and progenitors in the hair follicle, which contributes to the refilling of the McSC pool lost in old age. Second, their cargo facilitates the rejuvenation of the mitochondrial system and improves the cellular metabolism, which is critical in melanogenesis. Third, miRNAs miR-302 and miR-290 family members are miRNAs in iPSC exosomes that inhibit senescence and pathways of DNA damage[40]. This enables the aged McCSCs to restore functional capacity, lessen oxidative load and resume active cycling. Nevertheless, iPSC exosomes have to undergo careful safety assessment on the basis of the fact that they are highly proliferative and their proliferative effect should be closely regulated to avoid undesired cell reprogramming in comparison with MSC-derived exosomes. Nevertheless, their possibilities to restore pigmentation by strong McSC stimulation make them a potent new technology in anti-graying treatments [40].
[bookmark: _Toc214379873]5.3 Dermal Papilla Cell (DPC)-Derived Exosomes:
Dermal papilla cells (DPCs) occupy a middle ground in terms of the control of the hair cycle and the process of melanocyte differentiation during the anagen stage. This regulatory ability is manifested within their exosomes and is particularly suitable in the melanogenic signaling. DPC exosomes transport Wnt agonists, BMP antagonists, and signaling peptides and directly affect activating McSC[41]. They also mediate the communication between the McSCs and the keratinocyte progenitors which preserve the regeneration of the pigment-forming units in a coordinated manner during the hair growth. DPC-derived exosomes especially contain β-catenin modulating molecules and micro RNA, which result in the upregulation of MITF, the major transcription factor of melanocyte lineage marking. There are also growth factors present in them like FGFs and IGF-1 which help to ensure the survival of melanocytes and melanin synthesis. Reduced DPC signaling is also observed in aging follicles that is linked to McSC dysfunction and pigment loss[41]. As a result, this essential paracrine communication can be restored by the inoculation of the exosomes of DPC. They possess a tremendous promise in specific anti-graying treatments since they are able to activate hair follicle stem cells and melanocyte precursors.
[bookmark: _Toc214379874]5.4 Melanocyte-Derived Exosomes:
The melanocyte-derived exosomes are also a unique source that can be custom-made to pigmentation biology. Comparing to MSCs or DPCs, the melanocyte cells are naturally inclined to generate signaling vesicles that are highly loaded with melanogenic regulators, enzymes, membrane proteins as well as pigmentation-related microRNAs. These exosomes facilitate autocrine and paracrine communications in the hair follicle [14].
· [bookmark: _Toc214379875]Autocrine Mechanisms
The exosomes that are produced by the melanocytes strengthen the existence and melanogenesis of the melanocytes themselves. They promote tyrosinase-related enzymes; the miRNAs of MITF; and melanosome-related proteins, which maintain pigmentation activity. In oxidative stress, the exosomes of melanocytes are also capable of providing the antioxidant molecules to the adjacent melanocytes, thereby alleviating the effect of ROS [48].
· [bookmark: _Toc214379876]Paracrine Mechanisms
Melanocyte exosomes affect keratinocytes and McSCs, ensuring the creation of an environment that facilitates pigments. They are Wnt and cAMP-related signaling molecules, which promotes the differentiation of McSC into melanocyte progenitors. Moreover, two melanocyte-exosomal miRNAs (miR-200 and miR-340) also control the melanin synthesis and UV-protection signaling pathways [49].
Since they are endogens of pigmentation, melanocyte-derived exosomes will be uniquely specific in the context of pigmentin production and the dictation of McSC fate choices.

[bookmark: _Toc214379877]5.5 Engineered Exosomes:
The most sophisticated and highly personalized form of exosome source to be used in McSC rejuvenation is engineered exosomes. Genetic, biochemical, or surface-engineering manipulations of these vesicles are made to provide improved targeting, better therapeutic potency and greater follicular penetration. [50].
· [bookmark: _Toc214379878]Gene-Edited Exosomes
The CRISPR or other gene editing of donor cells can also add desired proteins or regulatory RNA to exosomes. As an example, the cells can be modified to overexpress the MITF activators, Wnt agonists, or antioxidant enzymes, which guarantee that the resultant exosomes transfer specific regenerative cues to McSCs [50].
· [bookmark: _Toc214379879]miRNA-Enriched Exosomes
Exosomes may be loaded with high amounts of pigmentation-related miRNAs by regulating the expression of donor cell miRNAs [50]. The approaches involve miR-211, miR-125b, miR-196a, or any other regulators that increase proliferation of McSC, suppress oxidative stress, or stimulate melanogenic pathways.
· [bookmark: _Toc214379880]Surface-Modified Exosomes
The surface modification enables exosomes to target the follicular bulge or melanocytes lineage specifically. The target of peptide binding to c-Kit receptors, integrins or bulge-associated niches can be fused to exosome membrane proteins such as Lamp2b[60]. This increases uptake by McSCs, increases the therapeutic efficacy and reduces off-target distribution. Engineered exosomes therefore provide a very specific system of reviving McSCs and pigmentation through recombining a variety of layers of molecular control.
[bookmark: _Toc214379881]6. Preclinical Studies and Experimental Evidence 
Preclinical research furnishes the underlying facts confirming the possibility of using exosome-based therapy in the case of melanocyte stem cell (McSC) rejuvenation and hair pigmentation repair [61]. These studies, including the in vitro experiments, the use of follicular organoids models, exosome tracking, and animal studies enable researchers to test the efficacy, biodistribution, and safety of exosomes interventions and then proceed to clinical trials. Besides functional outputs like the proliferation, differentiation, and production of melanin through exosomes cargo, preclinical models can reveal mechanistic information on the molecular pathways triggered by exosomes cargo, including Wnt/ -catenin signaling, MITF activation, reduction of oxidative stress, and senescence modulation [62].
In vitro research: It is the initial step of preclinical research that provides a control system in order to investigate the influence of the exosome treatment on McSC behavior. McSCs or melanocyte progenitors are cultured cells that are usually subjected to exosomes produced by mesenchymal stem cell, dermal papilla cell, induced pluripotent stem cell, or genetically engineered exosomes. Such studies have shown that the exosome therapy increases the proliferation of McSCs, preserves the cells against oxidative stress-impaired cell death, and differentiates the cells into grown melanocytes that can synthesize melanin. Cellular tests indicate that exosomes containing either Wnt agonists, MITF-activating miRNAs, or antioxidants have a strong effect on melanin contents and tyrosinase activity when compared to the untreated control. Moreover, the in vitro experiments enable the exploration of exosome uptake processes, and it is found that endocytosis, membrane fusion, and receptor-ligand are essential to the efficient delivery of bioactive cargo [63]. Researchers have established using live-cell imaging and fluorescent labeling that exosomes target McSCs and melanocyte progenitors specifically, which is a mechanistic basis of their pigmentation-enhancing activity.
Follicular pigmentation models: This has ex vivo hair follicle organoids, micro dissected human scalp follicles, which is a more physiologically relevant environment in which the efficacy of exosomes can be assessed. The niche environment and the three dimensional structure of the follicle, as well as paracrine signaling among McSCs, keratinocytes and the dermal papilla cells are maintained in such systems [64]. Exosome therapy of follicular organoids has been demonstrated to induce growth of melanocytes in the hair bulb, increase melanin production and repair pigmentation in follicles with age related hypopigmentation. Use of these models also helps to evaluate dose response relationships, exposure period and combinatorial therapies, which offer a good piece of information in designing in vivo studies.
Exosome labeling and follicular tracking: These methods will be important to ensure that the exosomes cargo is delivered and retained in the McSCs and hair follicles compartments. Exosomes have been visualized using fluorescent dyes, lipophilic tracer and quantum dot labeling both in vitro and in ex vivo models of the follicle. More sophisticated approaches include reporters that are genetically encoded (e.g., GFP-fused exosomes membrane proteins (e.g., CD63-GFP)) to track sample vesicle trafficking [67]. The exosomes have been shown to be concentrated in the bulge region, secondary hair germ, and hair bulb by tracking studies, which are their McSC and melanocyte targets. In addition, exosome-mediated rejuvenation signaling between McSCs and stem cell markers including Sox10, Pax3, and c-Kit is co-localized to validate the McSCs with functional uptake [67].
Murine models of graying: In this case, it has been widely applied to determine the in-practice efficiency of exosome-based interventions. The mouse models with age-related or genetically-related depigmentation of the hair can be used to assess the alterations in the population of follicular melanocytes, pigmentation recovery, and the workings of the hair cycle. Exosomes delivered by intradermal injection, micro needle injection delivery or hydrogel mediated topical delivery into the hair have been reported to stimulate McSC proliferation, migration to the hair bulb and melanin in gray or depigmented hair shafts [75]. It is remarkable that experiments with genetically engineered or miRNA-enriched exosomes show increased effectiveness in the process of overturning the process of graying hair than naïve exosomes. The presence of increased MITF expression, higher tyrosinase activity, and less oxidative stress and senescence markers is verified by the findings of histological and immunofluorescence studies, which show that treated follicles have an increased expression of MITF and enhanced levels of tyrosinase activity and less oxidative stress and senescence. These models present strong preclinical data, which indicates that exosome-mediated delivery of regenerative cargo can repair pigmentation of aging follicles in the hair [75].
Comprehensively, preclinical studies that use in vitro, ex vivo, and in vivo models all demonstrate that exosome-based delivery systems can effectively rejuvenate melanocyte stem cells, rejuvenate follicular pigmentation and be able to interact safely with the microenvironment in the hair follicle. These investigations provide a concrete basis on future translational investigations such as the optimization of the dosage, delivery pathways and cargo structure and open the path to clinical testing of anti-graying-exosome based therapies [80].
[bookmark: _Toc214379882]Table 3: Preclinical Studies Using Exosomes for Hair Graying.
	Study Type
	Model
	Exosome Source
	Administration Method
	Key Findings

	In vitro McSC culture
	Human or mouse McSCs
	MSC, DPC, iPSC
	Direct incubation
	Increased proliferation, reduced oxidative stress, enhanced melanogenesis

	Ex vivo hair follicle organoids
	Human scalp follicles
	MSC, Melanocyte-derived
	Topical or microinjection
	Enhanced melanin synthesis, follicle pigmentation restoration

	Fluorescent tracking
	Ex vivo and in vivo models
	Labeled exosomes (GFP/CD63)
	Injection or topical
	Confirmed targeted uptake in bulge region and hair bulb

	Murine hair graying models
	C57BL/6 mice, aged models
	MSC, iPSC, engineered exosomes
	Intradermal injection, microneedles, hydrogel carriers
	Promoted McSC proliferation, restored pigmentation, minimal systemic toxicity



[bookmark: _Toc214379883]7. Challenges in Developing Exosome-Based Anti-Graying Therapies 
The exosome-based therapeutics can be considered a promising edge towards melanocyte stem cell (McSC) rejuvenation and anti-graying therapy although their clinical implementation has not been successful due to serious scientific, technological, regulatory and ethical problems [60]. Although preclinical research has shown that exosomes can be used to stimulate pigmentation of hair, large scale production, accurate targeting, standardisation and regulation approval are among the numerous challenges that must be overcome in order to obtain consistent effectiveness in humans. All these difficulties indicate the complexity of work with biologically-derived nanocarriers, the therapeutic activity of which is determined by the source cells, the cargo complex, structural integrity, and the interaction of nanocarriers with the highly differentiated microenvironment of hair follicles [60].
[bookmark: _Toc214379884]7.1 Large-Scale Production of Exosomes:
The possibility to produce exosomes on a large scale which can be utilized in clinical practice can be considered one of the most prominent problems in the development of exosome-based anti-graying therapy. A small scale production of exosomes in isolation at the laboratory level can normally yield sufficient amounts of exosomes that would be sufficient in laboratory testing or preclinical studies, but therapeutic treatment particularly of hair follicles distributed across the scalp would require much larger samples [70]. Production of exosomes is highly dependent depending on their parent cells and they include mesenchymal stem cells (MSCs), induced pluripotent stem cells (iPSCs), dermal papilla cells (DPCs) or melanocytes. These two kinds of cells have their disadvantages. Examples include that MSCs have restricted proliferative capacity and repeated passages can result in proliferation becoming senescent or secretory dysfunctional resulting in low yield and quality of exosomes. iPSCs, the high proliferation ability notwithstanding, will react to inappropriate culture conditions leading to undesirable differentiation. The clonal proliferation period of the dermal papilla cells in mono-culture is brief and the cells are also vulnerable to the microenvironmental condition, which is yet another complication in large-scale production [70].
In addition to the expansion of cells, exosome isolation protocols such as ultra-centrifugation, size-exclusion chromatography, precipitation, or tangential flow filtration also lack scalability issues. Ultracentrifugation is the gold standard in research laboratories because it is time-consuming, labor intensive and impracticable to produce therapeutic-grade exosomes at clinical level. Filtration and precipitation based technologies have the capability of allowing higher throughput, although this is at the cost of purity, which can introduce contaminants or alter vesicle integrity [68]. Other scaled out alternatives like tangential flow filtration and other bioreactor alternatives have emerged but require advanced infrastructure, quality control and process parameters which can be reproducible. The inherent difficulty in moving exosome therapies to the clinical bedside is that there is a requirement to create a trade off between high yield, purity, and functional potency.
[bookmark: _Toc214379885]7.2 Stability and Shelf-Life Issues:
The other issue that is quite important is the stability and shelf-life of exosome preparations. Exosomes are lipid bi-layer vesicles that carry sensitive biomolecular cargo that includes microRNAs, proteins, enzymes, and small molecules. These ingredients are susceptible to degradation when stored under poor storage conditions such as heat, light, change in pH and freeze-thaw cycles [40]. Exosomes may be oxidized, hydrolyzed, and aggregated to a considerable extent, which may reduce their therapeutic efficacy. In anti-graying applications, where the repetition administration may be required to sustain McSC rejuvenation even in hair cycles, stable and potent exosome solutions are needed.
Lyophilization (freeze drying) has also been suggested as a way of improving shelf-life though it must be optimized to ensure that the vesicles are not damaged (cause vesicle collapse), the cargo has not been lost, and the aggregation has not occurred. Cryoprotectants like trehalose or sucrose have the ability to reduce the damages of the structure during the freezing and drying processes, however, the addition of these compounds needs to be isolated to prevent its influence on cellular uptake or response to these compounds [10]. Moreover, standard storage conditions, including -80 o C to preserve it long-term, might not be the feasible real-world conditions of everyday use of cosmetic or clinical practice. Passing formulations that are stable both at refrigeration or room temperatures without functional loss is a great technical challenge that needs to be passed to enable exosome-based therapies to become commercially viable.
[bookmark: _Toc214379886]7.3 Standardization of Exosome Potency:
Potentiometry Standardization of potency is one of the biggest scientific and regulatory requirements in exosome therapeutics. Exosomes are non-homogenous in size, cargo, surface proteins and biological activity respectively depending on the cell of origin, cell culture conditions, isolation procedures and even amongst donors. MSCs of different donors or tissues, including bone marrow, adipose tissue or umbilical cord, produce exosomes to varying degrees of growth factors, antioxidant enzyme, microRNAs, and produce various levels of efficacy. Similarly, passage number, environmental conditions and culture medium composition are other factors that influence exosomal cargo profiles and functional activity [16].
Exosomes are complicated biological components as compared to small-molecule medication, which has a defined chemical structure and thus is hard to establish quantitative potency tests. Functional assays of the McSC proliferation, melanocyte maturation or the production of melanin are commonly applied in the research context, but they are difficult to scale to standard, reproducible potency assays, which would be needed in regulatory approval. The difference in batches could give rise to a suboptimal clinical outcome, and, thus, it is essential to have effective quality control like an excellent characterization of the particle size, zeta potential, cargo content, and functional activity. International standards should be set on exosome characterization, potency assays and release criteria to assist in provision of a consistent therapeutic performance [18].
[bookmark: _Toc214379887]7.4 Regulatory Barriers for Cosmetic versus Therapeutic Use:
Regulatory classification is another major challenge of the exosome-based anti- graying therapies. Depending on the jurisdiction in which the exosome preparations need specific regulatory measures, they can be classified as biologics, regenerative medicines, or cosmetic products. Formulations based on exosomes as a cosmetic can pass through less rigorous approval processes, but when claims of clinical efficacy are made, such as that they are a pigmentation restorer of hair or a stem cell regenerator, the more intensive scrutiny can be invoked. Conversely, exosomes should be subjected to severe preclinical and clinical tests before qualifying as a therapeutic biologic, which must involve demonstration of safety, efficacy, and reproducibility, and Good Manufacturing Practice (GMP) [20].
This regulatory climate is further complicated by the fact that there are no internationally accepted regulations on the exosome based products. Federal agencies such as the U.S. Food and Drug Administration (FDA) and European Medicines Agency (EMA) have not yet put in place regulatory frameworks of extracellular vesicles therapeutics. The developers must also report consistency in potency, absence of tumorigenicity, low immunogenicity and stability under the influence of clinical handling environment. Additionally, regulating bodies might consider exosomes that have little manipulation and those whose cargo or therapeutic drugs are engineered differently, and this affects the path to market clearance [23]. This kind of uncertainty in the regulation is a logistical and financial burden on commercial development.
[bookmark: _Toc214379888]7.5 Ethical and Safety Considerations:
The safety and ethical issues are very important when designing exosome-based anti-graying therapies. Exosomes produced using human cells also create an issue of consent between donors, the source transparency, and traceability. Indicatively, MSCs can be derived either using adipose tissue, bone marrow, or umbilical cords, and the derivation of such cells also poses more ethical sourcing challenges, including the risk of unwanted reprogramming or tumorigenesis. iPSC-derived exosomes, being highly potent, raise other concerns associated with genomic integrity. Exosomes engineered with gene-editing vectors, including CRISPR/Cas systems, need to be strictly assessed in terms of off-target identification and safety in the long-term [33].
Another consideration of ethics and safety is immunogenicity. Exosomes are not usually immunogenic but any difference in donors, surface proteins, or leftover components of the culture can trigger an immune reaction. Even local application to the scalp would be exposed to risks of unexpected immune modulation due to systemic absorption. There is limited evidence on long-term responses of repeated exosome delivery on the dynamics of the hair follicle stem cell, melanocyte biology, and tissue of the scalp. There is also need to communicate clearly with patients about the status of the experiment, the risks, and realistic results when deployment of the exosome products border the de-lineation between cosmetic augmentation and therapy [35].
[bookmark: _Toc214379889]8. Challenges in Developing Exosome-Based Anti-Graying Therapies
Exosome-based treatments aimed at melanocyte stem cells (McSCs) is one area of research that promises to reverse/prevent hair graying. Although there have been major preclinical achievements, applying these therapies to clinical or cosmetic translations has had several challenges including production, stability, targeting, regulatory requirements and ethical issues. These issues are critical in order to make exosome-based anti-graying interventions safe, effective, and scalable [38].
[bookmark: _Toc214379890]8.1 Large-Scale Production of Exosomes:
The generation of sufficient quantities of the vesicles of a consistent quality is among the key issues that should be taken into account whenever developing exosome-based therapeutics. Isolation methods Isolation Laboratory-scale isolation methods such as ultracentrifugation, size-exclusion chromatography or precipitation are only able to isolate a small amount of exosomes, sufficient to be used in in vitro or preclinical studies, but not to treat humans [16]. There should be robust and scaled cell culture systems that allow the production of clinical-grade exosomes that can maintain high secretions without compromising the integrity of the vesicles or functional potency.
The most significant factor with the donor cell type is scalability. The use of mesenchymal stem cells (MSCs) is restricted due to the weak proliferation ability of the mentioned cell types, which experience senescence following several consecutive subcultures reducing exosomes and bioactivity generation. Other sources are induced pluripotent stem cells (iPSCs) and dermal papilla cells (DPCs) which need to be cultured under particular conditions and observed to exclude the possibility of undesired differentiation and phenotypic drift. The scaling mode founded on a bio reactor and the tangential flow filtration has become a possible mode of expansion, although it involves more complicated infrastructure and applying strict quality control practices. In addition, the exosomes are heterogeneous due to the variability of the donors or the culture conditions and the heterogeneity must be eliminated to produce reproducible batches to be applied in clinical trials [19].
[bookmark: _Toc214379891]8.2 Stability and Shelf-Life Issues:
Exosomes are complex nanoscale vesicles as they have lipid bi-membranes and their cargo such as proteins or microRNAs and enzymes which are very sensitive to the environment. Temperature variations, changes in pH, repetitive freeze-thaw conditions and light or oxygen exposure can impair membrane integrity and cargo leading to loss of therapeutic effectiveness. This poses a great challenge to anti-graying therapies which might need a repetitive application in a prolonged period to maintain McSC rejuvenation and melanogenesis [19].
In order to overcome these challenges, different stabilization strategies are being explored. Shelf-life can be optimized by lyophilization (freeze-drying) including the use of cryoprotectants, e.g. trehalose, although this has to be carefully optimized to avoid vesicle collapse or aggregation. It is also imperative that the sensitive cargo molecules remain functional upon storage and this is especially important to antioxidants, growth factors, or gene-modifying cargo that is meant to impart pigmentation [36]. To apply exosomes in clinical and cosmetic applications, it is necessary to develop exosome formulations that are stable at refrigeration temperature or room temperature without losing their effectiveness.
[bookmark: _Toc214379892]8.3 Standardization of Exosome Potency:
The potency standardization is a key obstacle to exosome therapy clinicalization. In contrast to small molecule drugs that have a molecular structure, exosomes are biologically heterogeneous. The composition and functional activity of them is dependent on the donor cell type, culture conditions, isolation method, and even donor to donor variability. The exosomes of MSCs, such as those, may vary in terms of the concentration of growth factors, miRNAs and antioxidative molecules, which directly affects their capacity to regenerate McSCs and induce melanogenesis. It is essential to develop sensitive assays that will measure functional potency. The most common in vitro measurements appreciated by researchers include McSC proliferation, melanin production or tyrosinase activity [8]. Nevertheless, these assays are difficult to translate into a quality control standard of clinical grade exosomes. Multicellular characterization, such as size of the particle, zeta potential, protein biomarkers, RNA cargo and biological activity is required in order to reduce batch-to-batch variation and provide standard therapeutic results. Regulatory bodies might demand approved potency tests in the approval process, further complicating the process of the developer.
[bookmark: _Toc214379893]8.4 Efficient Targeting to McSCs versus Other Follicular Cells:
The hair follicle is a complicated microenvironment, in which McSCs are found in the bulge area and secondary hair germ. Anti-graying treatment is dependent on the accurate delivery of exosomes to these stem cells and a low uptake rate by the other cells, such as keratinocytes, fibroblasts, or immune cells. Non-specific entry causes a decrease in effective dose that is transferred to McSCs, and can cause unwanted biological effects. A number of measures are under consideration to increase the specificity of targeting. Homing to the follicular niche can be enhanced by surface functionalization of exosomes with ligands, peptides or antibodies targeting McSC-specific receptors, e.g., c-Kit or α62 integrin [50]. There is also a significant issue with timing of delivery, with the Telogen to anagen phase of the hair cycle being the most responsive in regard to McSCs. Moreover, the thick extra-cellular matrix and follicular barrier might block vesicle penetration, and this should be optimally delivered, e.g., by micro needles, hydrogel preparations, or follicle-penetrating vehicles. The critical goal of translating exosome therapies of hair pigmentation is to achieve high levels of specificity without compromising cargo integrity.
[bookmark: _Toc214379894]8.5 Regulatory Barriers for Cosmetic versus Therapeutic Use:
The problem of exosome-based anti-graying products classification control is dynamic and complicated. Depending on the jurisdiction, exosomes may be viewed as biologics (biologics), regenerative medicine products or cosmetics, and each may be subjected to various approval procedures. In the cosmetic case, regulatory requirements may involve at least minimum requirements, but claims of McSC rejuvenation (or pigmentation restoration) may need clinical substantiation [48]. Exosomes are believed to be therapeutic biologics, and should therefore be tested with strict preclinical and clinical preclinical trials including safety, efficacy, reproducibility and GMO compliance testing.
The regulatory uncertainty is further complicated with variations in classification criteria of exosomes that have engineered cargo, e.g. gene-editing tools or miRNA enrichment. The developers are forced to navigate through these structures as they provide evidence of uniform potency, safety and biodistribution. Lack of harmonized international standards to govern extracellular vesicles therapeutic could slow the process and increase the expense, thus, regulatory approach is a significant component of the commercial translation [49].
[bookmark: _Toc214379895]8.6 Ethical and Safety Considerations:
The most important consideration in the development of exosome therapy is the ethical and safety considerations. Consent and traceability of donors are necessary especially in the case of MSCs, IPS or other human sources of cells. Exosomes engineered to deliver gene-editing tools, miRNAs or growth factors need to be carefully considered in terms of off-target effects and the possible long-term effects such as tumor growth or biomized stem cell activation. Another issue is immunogenicity. Although exosomes are typically immune-compatible, variability of the donor, remnant culture components, or surface alterations can result in immune responses [22]. The repetitive application which is required to maintain hair color may be a risk to the systemic exposure or unforeseen immune suppression. The long-term consequences of the changes in the McSC dynamics, the integrity of melanocyte lineage, and hair follicle physiology are not very well understood. 
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[bookmark: _Toc214379896]9. Future Directions
Exosome-based therapies to rejuvenate melanocyte stem cell (McSC) and age hair graying is an active field, and there are substantial prospects of improving efficacies, specificities and clinical usefulness. The line of future is expected to be towards personalized therapeutics, smart cargo design, smart delivery system, combination with regenerative dermatology, and approaches to fully restoring hair pigmentation [24].
[bookmark: _Toc214379897]9.1 Personalized Exosome Therapies:
The issue of personalization is one of the notable innovations in anti-graying therapy. The individuals have a different hair follicle biology, McSC population, and oxidative stress profiles, which demand different exosome formulations. Sources of customized exosomes therapies could be the autologous stem cells of adipose-derived MSCs or iPSCs generated by a patient and enhance compatibility and immunogenicity. Depending on the deficit or injury that is presented with, whether oxidative damage, impaired Wnt signaling or senescence, it is possible to optimize the results of therapeutics by adjusting the cargo composition. In addition, exosome dosing and schedule delivery program could be modified relative to the hair cycle phase as well as the follicular density to maximize efficiency and minimize waste or off target effects [26].
[bookmark: _Toc214379898]9.2 AI-Selected Cargo Optimization:
The use of artificial intelligence (AI) and machine learning techniques can provide never-before-seen possibilities in optimizing exosome cargo. Big data sets of exosomes miRNAs, proteins, and metabolites may be studied using computational models that can determine which molecular signatures most probably will facilitate melanocyte proliferation, melanogenesis or resistance against oxidative stress. One more thing with AI algorithm is that it can forecast synergistic cargo, enhancing its efficacy and minimizing the impact of unintended outcomes. Indicatively, AI-assisted selection can find an optimal combination of miRNAs, growth factors, and antioxidants to achieve a maximum stimulation of MITF signaling and inhibition of senescence pathways in McSCs [14]. This would hasten the logical design of the next generation exosome therapeutics to be less empirical and more precision-based on data.

[bookmark: _Toc214379899]9.3 Smart Delivery Platforms Integrating Sensors:
The anti-graying therapies that will be administered using exosomes in the future may be built on smart technologies, i.e. it may be a volume patch with microneedles or a hydrogel scaffold or a needle thrusting the follicle with a sensor. These forums can possibly sense local follicle conditions, such as pH, ROS, or hair cycle stage and release exosomes in reaction to a signal at the opportune time and at the opportune location [14]. The use of sensors that are programmed to have release kinetics would allow a longer delivery of the bulge region and hair bulb that is the target to ensure greater uptake of McSC and reduced off-target interactions. Feedback based modulation by therapeutic release can also be achieved by smart delivery, with therapeutic release modulated based on the real-time physiological activity, in order to maximize both efficacy and safety of therapy [14].
[bookmark: _Toc214379900]9.4 Exosomes Combined with Regenerative Dermatology:
Exosome therapy when combined with other regenerative dermatology methods can utilize synergism. As an illustration, the exosomes can be used with platelet-rich plasma, micro needling, low-level laser therapy, or topical growth factors to augment the provision of growth factors to the follicles. Such kinds of combinatorial strategies would induce McSC growth, improve vascularization and improve keratinocyte-melanocyte interactions, the effect of pigmentation results. Exosome therapy may also be implemented as a part of more diffuse regenerative treatments, which can also extend their improvements to the pigmentation, promote a healthy scalp, follicular integrity and hair density [10].
[bookmark: _Toc214379901]10. Conclusion
A solution to the problem of aging-related graying of the skin on the hair with its high psychosocial and cosmetic implications is an exosome-based treatment of melanocyte stem cells (McSCs). Traditional methods of hair pigmentation, including topical, chemical and systemic methods, are mostly aimed at the symptom and not at cellular and molecular mechanisms behind graying [5]. In other cases, exosome-based methods offer a more regenerative, more targeted, which is capable of revitalizing McSCs, enhancing the functionality of melanocytes and a natural pigmentation, by capitalizing on the natural bioactive cargo of these extracellular vesicles. The current preclinical data reveal the suitability and efficiency of exosomes as natural nanocarriers [2]. Mesiencchymal stem cell, induced plu delighted stem cell, dermal papilla cell or melanocyte exosomes can be used to transfer antioxidants, growth factors, miRNAs and other modulatory molecules to McSCs within the hair follicle niche. On the one hand, they stimulate the expression of essential molecular pathways such as Wnt/ -catenin, MITF-mediated melanogenesis, and antioxidative stress signals, and on the other hand, mitigate the manifestation of senescence and DNA damages. It is these multidimensional processes that indicate the possibility of exosomes to not only inhibit or delay the process of graying, but also induce functional regeneration of the hair follicle stem cell, i.e. to cure the issue of pigmentation loss [3,4].
These are promising news, but until exosome-based anti-graying therapies are implemented into a clinical-feedback format there are still several obstacles that need to be overcome. Technical and logistical issues include massive production, uniform strength, long-term sustainability and precise targeting to McSCs. Another barrier and ethical issues, especially the distinction between the use of cosmetic and therapeutic, regulatory classification is also another factor that should be taken into consideration, as well as the source of donors and the safety of the treatment in the long run. These problems will be overcome through the cooperation of scaling production, high quality monitoring, novel delivery system, and complete preclinical and clinical testing [8]. The future of developments in the area will address these concerns by making personal, data-based, and integrative solutions. The greatest efficacy and the least immunogenicity may be attained with autologous or patient-matched stem cell-based personalized exosome therapies. The AI-assisted cargo selection will be able to choose the most efficient pairing of moleculars of either melanocyte activation or McSC renewal, and smart delivery systems capable of putting on sensors and targeted release can enhance the accuracy of the targeting of the hair follicle [6]. Exosomes have the potential to be synergistically utilized together with follicular health and pigmentation restoration with other regenerative dermatology procedures such as micro needling, platelet-rich plasma or growth factor treatment. All that is a sign that total depigmentation of hair might become possible and not a cosmetic, but a regenerative and long-term treatment paradigm [3].
In conclusion, the exosome-based anti-aging therapies are the case of a new direction in the relationship between regenerative medicine and nanotechnology, as well as dermatology. The treatments may regain natural pigmentation, improve the activity of the hair follicle, and may even reverse one of the most evident aging phenotypes by acting directly on McSCs and by controlling the microenvironment in hair follicles. Although there are still critical technical, regulatory and ethical obstacles on the path, there are positive factors that hope that the further advance in exosome engineering, personalized medicine and intelligent delivery systems provide a strong foundation upon which the methods can be transformed into safe, effective and life changing therapy [1,2]. As more work is done on research to elucidate processes that occur in hair graying, and optimize the possibility of using exosomes to apply restorative actions in this direction, the possibility of fully restoring hair pigmentation in aging, beauty, and regenerative medicine is brought a step closer to clinical application.
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