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Abstract
Adipose  tissue  is  a  dynamic  biological  system with  endocrine,  immunomodulatory,  and
tissue-repair  functions.  Beyond  conventional  fat  grafting  for  volume  restoration  and
structural  support,  adipose-derived  therapeutics  increasingly  aim  to  remodel  the  local
microenvironment through paracrine signaling, intercellular communication, and matrix-
mediated regulation. Major products include adipose-derived stem/stromal cells (ADSCs),
stromal  vascular  fraction  (SVF),  extracellular  vesicles  (EVs),  and  secretome,  and
decellularized  extracellular  matrix  (dECM).  This  structured  narrative  review  searched
PubMed/MEDLINE,  Web  of  Science  Core  Collection,  and  Scopus  for  English-language
publications  from  January  1,  2015,  to  June  30,  2026,  using  predefined  terms  related  to
product categories, clinical indications, mechanisms, safety, manufacturing, quality control,
biomaterial-assisted  delivery,  and  regulatory  translation.  Eligible  studies  were  selected
according  to  prespecified  criteria  and  synthesized  by  product  type,  clinical  indication,
evidence maturity, efficacy, safety, and translational relevance. Current evidence indicates
that  adipose-derived  products  may  promote  angiogenesis,  modulate  inflammation  and
fibrosis, support tissue regeneration, and improve local repair in chronic wounds, scar and
fibrotic  disorders,  skin  rejuvenation,  radiation-induced  injury,  and  soft  tissue
reconstruction. However, heterogeneity in product definition and preparation, incomplete
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mechanistic characterization, limited standardization and quality control, delivery limitations, and insufficient high-
quality clinical evidence remain major barriers. Future translation will require indication-specific product selection,
standardized manufacturing and release criteria, validated potency assays, optimized delivery systems, and rigorous
clinical evaluation.

INTRODUCTION
Adipose tissue has long been regarded as merely a site of energy storage. However, accumulating basic and

translational evidence has shown that it is a biologically active tissue composed of mature adipocytes,

progenitor cells, vascular-associated cells, immune cells, and extracellular matrix (ECM) components, all of

which contribute to a highly plastic local microenvironment
[1,2]

. This cellular and matrix complexity enables

adipose tissue to participate not only in systemic metabolic homeostasis, but also in inflammation regulation,

tissue regeneration, and injury repair
[1]

.

In plastic surgery and regenerative medicine, the clinical use of adipose tissue has shifted from a primarily

volumetric or structural application toward bioactive therapeutic application. Conventional fat grafting

primarily aims to restore volume, improve contour, and provide structural support. In contrast, adipose-

derived approaches may also improve the local microenvironment through paracrine signaling,

immunomodulation, pro-angiogenic activity, and anti-fibrotic effects, thereby promoting tissue repair and

functional recovery
[1,3-6]

. This understanding has driven the rapid development of research on adipose-

derived products.

Conceptually, adipose-derived products can be organized into three interconnected biological levels. At the

cellular level, adipose-derived stem/stromal cells (ADSCs) and stromal vascular fraction (SVF) represent

viable cell-based products derived from adipose tissue. At the secretory level, extracellular vesicles (EVs),

including exosomes, together with the broader secretome, represent cell-free paracrine products that mediate

intercellular communication. At the matrix level, decellularized extracellular matrix (dECM) represents the

structural and biochemical scaffold derived from adipose tissue. This hierarchical classification helps clarify

that these products are not parallel or interchangeable entities, but rather distinct yet interconnected

components derived from the same tissue source
[2]

. These components may be applied alone or combined

with hydrogels, scaffold materials, and nano-delivery systems to construct more complex regenerative

therapeutic platforms
[7-9]

. Existing studies have shown the potential clinical value of adipose-derived products

in multiple fields, including chronic wounds, pathological scars, radiation-induced fibrosis, skin aging, and

breast reconstruction
[10-12]

.

Nevertheless, adipose-derived therapeutics remain at a critical stage of transition from a “research hotspot”

to a “standardized product”. Considerable differences remain among different adipose-derived products in

terms of definition, preparation methods, functional evaluation, and clinical positioning. Their key effector

molecules, major signaling pathways, and synergistic relationships among different products have not yet

been fully clarified. Meanwhile, quality control, delivery strategies, and regulatory pathways also remain to be

standardized
[13-15]

. Therefore, it is necessary to systematically summarize the current research progress on

adipose-derived products, analyze the challenges they face, and discuss future directions for development.

Accordingly, this review is organized around four aspects: first, the major types of adipose-derived products

and their mechanisms of action; second, the current application status of adipose-derived products in

plastic/reconstructive surgery and regenerative medicine; third, the key issues facing their clinical translation;

and fourth, future research and application perspectives.
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METHODS
Review design and scope

This article was designed as a structured narrative review rather than a formal systematic review or meta-

analysis because the available literature is highly heterogeneous in product type, preparation method, study

design, clinical indication, administration strategy, comparator, and outcome measure. The review focused

on adipose-derived therapeutic approaches relevant to plastic surgery, reconstructive surgery, aesthetic

medicine, and regenerative medicine, including conventional fat grafting and mechanically processed

adipose products, ADSCs, SVF, adipose-derived EVs, including studies specifically describing exosomes, as

well as broader secretome-based products, and adipose-derived dECM or acellular adipose matrix. Evidence

concerning product definition, preparation, biological mechanisms, clinical efficacy, safety, manufacturing

and quality control, biomaterial-assisted delivery, and regulatory translation was synthesized.

Information sources and search strategy

A structured literature search was conducted in PubMed/MEDLINE, Web of Science Core Collection, and

Scopus to identify studies relevant to adipose-derived therapeutics in plastic surgery, reconstructive surgery,

aesthetic medicine, and regenerative medicine. English-language publications dated from January 1, 2015, to

June 30, 2026, were considered. The exact search date, database-specific restrictions, and number of records

retrieved from each database were reported in Supplementary Tables 1-3.

The search strategy comprised three main concept groups. The first group covered adipose-derived product

terms, including “adipose-derived stem cells”, “adipose-derived stromal cells”, “ADSCs”, “adipose-derived

regenerative cells”, “stromal vascular fraction”, “SVF”, “extracellular vesicles”, “EVs”, “exosomes”,

“secretome”, “conditioned medium”, “decellularized adipose matrix”, “decellularized extracellular matrix”,

“dECM”, “acellular adipose matrix”, “fat grafting”, “autologous fat transfer”, “lipofilling”, “nanofat”,

“microfat”, “mechanically processed adipose tissue”, and “cell-assisted lipotransfer”.

The second group included clinical and reconstructive indication terms, such as “plastic surgery”,

“reconstructive surgery”, “aesthetic medicine”, “regenerative medicine”, “wound healing”, “chronic wounds”,

“non-healing wounds”, “diabetic foot ulcers”, “pressure ulcers”, “scars”, “hypertrophic scars”, “keloids”,

“fibrosis”, “scleroderma”, “systemic sclerosis”, “skin regeneration”, “skin rejuvenation”, “photoaging”,

“radiation-induced injury”, “radiation fibrosis”, “soft tissue defects”, “soft tissue reconstruction”, “breast

reconstruction”, and “breast augmentation”.

The third group included translational, manufacturing, safety, and delivery-related terms, including “safety”,

“adverse events”, “complications”, “manufacturing”, “processing”, “preparation”, “standardization”, “quality

control”, “release criteria”, “potency”, “potency assay”, “good manufacturing practice”, “GMP”, “clinical

translation”, “clinical trials”, “regulatory”, “biomaterials”, “hydrogels”, “scaffolds”, “microneedles”,

“nanoparticles”, “delivery systems”, “controlled release”, and “sustained release”.

Synonyms and related terms within each concept group were combined using the Boolean operator “OR”,

whereas product-related terms were combined with indication- or translation-related terms using “AND”.

The principal search structure was therefore: adipose-derived product terms AND (clinical indication terms

OR translational terms).

Search syntax, field tags, phrase searching, truncation symbols, publication-date limits, and language

restrictions were adapted to each database. PubMed/MEDLINE searches used database-specific title and

abstract field tags; Web of Science Core Collection searches were performed using the Topic field; and

Scopus searches were conducted using the TITLE-ABS-KEY field. The complete database-specific search
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histories, applied filters, search dates, and retrieved record numbers were provided in Supplementary Table 1

for PubMed/MEDLINE, Supplementary Table 2 for Web of Science Core Collection, and Supplementary

Table 3 for Scopus.

Backward citation searching was performed by screening the reference lists of eligible reviews and relevant

primary studies, and forward citation searching was conducted for selected foundational publications when

necessary. Seminal articles published before 2015 were additionally included when they established key

product definitions, consensus criteria, terminology, or historically important mechanistic concepts. These

earlier publications were used primarily for conceptual or methodological background and were not

considered representative of current clinical efficacy unless supported by more recent evidence.

Targeted supplementary searches were also performed for artificial exosomes, exosome-mimetic vesicles,

biomimetic nanovesicles, and non-adipose-derived biomaterial delivery systems when these studies provided

directly transferable engineering or delivery principles relevant to adipose-derived products. Such studies

were not treated as direct evidence of the clinical efficacy of adipose-derived therapeutics.

Eligibility criteria

Studies were eligible if they: (1) investigated an adipose-derived cellular, secretory, matrix-based,

mechanically processed, or fat-grafting-related therapeutic product; (2) were relevant to plastic surgery,

reconstructive surgery, aesthetic medicine, regenerative medicine, or one of the prespecified clinical

indications; and (3) addressed at least one of the following domains: product definition or preparation,

biological mechanisms, efficacy, safety, manufacturing, quality control, biomaterial-assisted delivery, clinical

translation, or regulatory considerations.

Eligible publications included in vitro studies, animal studies, translational investigations, randomized and

non-randomized clinical trials, prospective or retrospective observational studies, systematic or scoping

reviews, consensus statements, and relevant regulatory or technical documents. Clinical studies and

systematic reviews were prioritized when evaluating clinical efficacy, safety, and translational maturity.

Preclinical studies were used mainly to explain mechanisms, product engineering, and delivery strategies.

Narrative reviews were used for contextual synthesis and identification of relevant primary studies rather

than as substitutes for original clinical evidence.

Studies were excluded if they: (1) focused exclusively on adipocyte metabolism, obesity, energy storage, or

basic adipose biology without therapeutic relevance; (2) investigated products unrelated to adipose tissue

without providing directly relevant comparative, engineering, or delivery information; (3) were unrelated to

the prespecified clinical fields or indications; (4) were conference abstracts, editorials, letters, commentaries,

news reports, or other publications without sufficient study data; (5) represented duplicate or substantially

overlapping reports without additional relevant information; (6) lacked accessible full text; or (7) were not

published in English.

Studies of artificial exosomes, exosome-mimetic vesicles, or non-adipose-derived biomaterial delivery

systems were included only when they provided directly transferable engineering or delivery principles

relevant to the development of adipose-derived products. Such studies were not considered direct evidence

of the clinical efficacy of adipose-derived therapeutics.

Study selection and data extraction

Records retrieved from the three databases were combined and deduplicated before screening. Titles and

abstracts were screened according to the predefined eligibility criteria, followed by full-text assessment of

potentially relevant publications. Two authors independently conducted study selection, and disagreements
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were resolved through discussion or consultation with the senior author. Publications identified through

backward or forward citation searching were assessed using the same eligibility criteria.

Extracted information included product category, adipose tissue source, preparation or processing method,

autologous or allogeneic origin, study design, experimental or clinical population, sample size, clinical

indication, intervention and comparator, administration method, follow-up duration, efficacy outcomes,

safety findings, manufacturing and quality-control information, delivery strategy, and regulatory relevance.

When multiple publications reported overlapping clinical populations or experimental cohorts, the most

complete report was prioritized unless related publications provided additional mechanistic, safety,

methodological, or follow-up information.

Evidence synthesis and methodological considerations

Evidence was synthesized narratively at two complementary levels. Product definitions, biological

mechanisms, manufacturing requirements, quality-control needs, and regulatory risks were analyzed

according to product category, whereas efficacy, safety, and clinical positioning were compared across major

indications.

Clinical findings were interpreted with consideration of study design, sample size, comparator, follow-up

duration, directness to the target indication, consistency across studies, and clinical relevance. Greater

caution was applied when conclusions were based mainly on preclinical studies, uncontrolled clinical studies,

small samples, or indirect evidence. Direct head-to-head comparisons were prioritized when available; when

such comparisons were absent, conclusions regarding the relative clinical value of different products were

presented as indirect, indication-specific interpretations rather than claims of superiority.

No quantitative meta-analysis was performed because of substantial heterogeneity in product definitions,

preparation methods, clinical indications, administration strategies, comparators, follow-up periods, and

outcome measures. No formal risk-of-bias tool was applied because this was a structured narrative review;

however, methodological limitations were considered during evidence interpretation. Restriction to English-

language publications and the inclusion of heterogeneous preclinical, clinical, and translational evidence may

have introduced language, publication, and selection biases.

MAJOR TYPES OF ADIPOSE-DERIVED PRODUCTS AND THEIR MECHANISMS OF ACTION
Adipose-derived therapeutics do not represent a single product category, but rather encompass multiple

bioactive entities distributed across cellular, secretory, and matrix levels. ADSCs and SVF constitute cell-

based products; EVs, including exosomes, and the broader secretome constitute cell-free secretory products;

and dECM constitutes a matrix-based product that preserves adipose tissue-derived structural and

biochemical cues. This hierarchical framework provides the basis for understanding their differences in

source, composition, biological behavior, mechanisms of action, and translational characteristics. Their

derivation pathways and interrelationships are illustrated in Figure 1. For ease of comparison, the major

biological features, mechanisms of action, and translational characteristics of the principal adipose-derived

products are summarized in Table 1.

ADSCs and SVF

Although ADSCs and SVF are both obtained from adipose tissue and share certain regenerative properties,

they represent two distinct cell-based product forms rather than interchangeable entities. ADSCs are

generally defined as a relatively purified mesenchymal stromal/stem-like cell population after isolation,

plastic adherence, and in vitro expansion, whereas SVF refers to a freshly isolated heterogeneous cell fraction

that retains multiple stromal, vascular, progenitor, and immune-related cell populations from adipose tissue.
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Figure 1. Hierarchical relationships among major adipose-derived products. SVF and ADSCs represent cellular products, EVs and the
broader secretome represent secretory products, and dECM represents the matrix-based component. Created in BioRender. Lu, R. (2026)
h ​t ​t ​p ​s ​: ​/ ​/ ​B ​i ​o ​R ​e ​n ​d ​e ​r ​. ​c ​o ​m ​/ ​0 ​m ​5 ​c ​3 ​v ​h ​. SVF: Stromal vascular fraction; ADSCs: adipose-derived stem cells; dECM: decellularized extracellular
matrix; EVs: extracellular vesicles; miRNAs: microRNAs.

Table 1. Core characteristics of major adipose-derived products

Product
Product level and
preparation

Key components Primary biological role Main translational feature

ADSCs

Cell-based; plastic-
adherent cells isolated
from adipose tissue and
expanded in vitro

Relatively defined MSC-like cells;
CD73+/CD90+/CD105+;
expandable population[17,113]

Paracrine signaling;
angiogenesis;
immunomodulation; anti-
fibrotic regulation

Suitable for controlled cell-
product development; requires
ex vivo expansion[16,25]

SVF

Cell-based; freshly
isolated by enzymatic or
mechanical processing
without culture
expansion

ADSC-like progenitors,
endothelial cells, pericytes,
fibroblasts, and immune cells[26,35]

Multicellular synergy;
vascular support;
inflammatory regulation

Same-day autologous use;
marked compositional
heterogeneity[26,35]

EVs and
secretome

Cell-free secretory
products derived from
adipose-resident cells or
cultured adipose-derived
cells

EVs contain miRNAs, proteins,
lipids, and other molecular
cargos, whereas the broader
secretome additionally includes
soluble cytokines, chemokines,
and growth factors[36,37,41]

Intercellular communication;
pro-angiogenic, anti-
inflammatory, and anti-
fibrotic signaling

Amenable to storage,
engineering, and biomaterial-
assisted delivery[13,36]; identity,
composition, and potency
remain insufficiently
standardized[14]

dECM/acellular
adipose matrix

Matrix-based; produced
by decellularization of
adipose tissue

Collagen, laminin, fibronectin,
glycosaminoglycans, and matrix-
bound cues[55-57]

Matrix support;
mechanotransduction; host-
cell infiltration; local delivery

Tissue-specific scaffold
platform; decellularization
efficiency, residual cellular
components, mechanical
properties, and batch
consistency require careful
control[5,114]

ADSCs: Adipose-derived stem cells; MSC: mesenchymal stem cell; SVF: stromal vascular fraction; EVs: extracellular vesicles; miRNAs: microRNAs;
dECM: decellularized extracellular matrix.

ADSCs are among the most extensively studied adipose-derived products and have one of the most

established translational foundations. Compared with bone marrow-derived mesenchymal stem cells, ADSCs

have several advantages, including relatively convenient harvesting, abundant tissue sources, higher yield

upon isolation, and strong in vitro expansion capacity
[4,16]

. In general, ADSCs are obtained after adipose

tissue processing, cell isolation, plastic adherence, and in vitro expansion, resulting in a relatively purified
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mesenchymal stromal/stem-like cell population. According to the minimal criteria proposed by the

International Society for Cellular Therapy (ISCT), mesenchymal stromal/stem cells (MSCs) should meet

three basic requirements: plastic adherence under standard culture conditions; positive expression of CD73,

CD90, and CD105; lack of expression of hematopoietic, endothelial, and immune-related markers including

CD45, CD34, CD14 or CD11b, CD79α or CD19, and HLA-DR; and the capacity for osteogenic, adipogenic,

and chondrogenic differentiation in vitro. Therefore, culture-expanded ADSCs are commonly characterized

as CD73
+
/CD90

+
/CD105

+
 and CD45

-
/CD34

-
/CD14

-
 or CD11b

-
/CD79α-

 or CD19
-
/HLA-DR

-
, together with

trilineage differentiation potential
[17]

. However, ADSCs should not be considered completely identical to

bone marrow-derived MSCs. Compared with bone marrow-derived MSCs, ADSCs are generally easier to

harvest, available in larger quantities, and often show stronger proliferative and angiogenic/paracrine

activity, whereas bone marrow-derived MSCs have historically been more extensively studied and may show

stronger osteogenic or chondrogenic tendencies in some experimental settings
[18,19]

. These differences suggest

that ADSCs and bone marrow-derived MSCs share a core MSC phenotype but may differ in tissue source,

yield, differentiation bias, transcriptomic/proteomic features, and functional behavior
[4,16]

. However, the

phenotype of ADSCs is still influenced by multiple factors, including tissue source, harvesting method,

enzymatic digestion procedures, culture conditions, and passage number; therefore, their “standardized

definition” remains not entirely stable
[14,20]

.

Classically, the therapeutic foundation of ADSCs lies first in their multilineage differentiation capacity.

ADSCs can differentiate into adipogenic, osteogenic, chondrogenic, and myogenic lineages, thereby

providing a basis for soft tissue reconstruction, osteochondral repair, and tissue-engineering

applications
[4,16,21]

. However, growing evidence suggests that the principal therapeutic effects of ADSCs in vivo

do not depend entirely on terminal differentiation, but rather on their paracrine and microenvironment-

regulating functions
[22,23]

. ADSCs secrete vascular endothelial growth factor (VEGF), C-X-C motif chemokine

ligand 12 (CXCL12), and other bioactive factors involved in intercellular communication, thereby

contributing mainly to paracrine regulation, angiogenesis, immunomodulation, and tissue remodeling
[21-23]

.

Functionally, ADSCs regulate several repair-related processes, including macrophage polarization, T-cell

responses, fibrogenic signaling, and endothelial activation. Through factors such as CXCL12 and VEGF,

ADSCs may improve local microcirculation and contribute to tissue repair in chronic wounds, radiation-

induced injury, and recipient-site optimization
[21-24]

.

Despite these clear advantages, ADSCs also have limitations in clinical application. First, donor age, obesity,

diabetes, and chronic inflammatory states may significantly affect ADSC proliferation, migration, and

secretory profiles
[4,25]

. Second, while in vitro expansion increases cell numbers, it may also lead to senescence,

functional drift, and safety concerns
[4,16]

. Therefore, the future development of ADSCs depends not simply on

“broader use”, but rather on “more precise definition and more standardized application”.

As another cellular source for adipose-derived therapy, SVF is a heterogeneous cell population obtained after

enzymatic or mechanical processing of adipose tissue, without long-term in vitro culture expansion. It

contains ADSC-like progenitor cells, endothelial cells, pericytes, fibroblasts, and various immune-related

cells
[26-28]

. Compared with culture-expanded and relatively purified ADSCs, the major feature of SVF is that it

more closely preserves the native cellular composition and local interactions within adipose tissue. Therefore,

SVF is better understood as a freshly isolated, niche-preserving cellular fraction with characteristics of

“multicomponent synergistic repair”
[26,28]

.

The biological advantages of SVF mainly lie in its integrated cellular composition. ADSC-like progenitors

may provide regenerative potential, endothelial cells and pericytes may support vascular reconstruction, and

immune-related cells may participate in local inflammatory regulation
[ 2 6 , 2 9 ]

. Therefore, unlike
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culture-expanded ADSCs, SVF does not rely on a single relatively purified cell population, but acts through

coordinated interactions among multiple cell types
[26,28]

. This makes SVF particularly attractive in clinical

scenarios requiring rapid acquisition of autologous bioactive components.

Thus, the distinction between ADSCs and SVF is not only a matter of terminology, but also reflects

differences in preparation, composition, and mechanism. ADSCs are culture-expanded and relatively more

defined, which makes them useful for mechanistic studies and standardized phenotypic characterization.

Their therapeutic effects are commonly attributed to paracrine signaling, extracellular vesicle release,

immunomodulation, angiogenesis, and differentiation potential. In contrast, SVF is prepared without long-

term culture expansion and functions as a heterogeneous cellular mixture that retains progenitor, vascular,

stromal, and immune-related components. Its effects are more dependent on the coordinated actions of

multiple cell types rather than a single purified cell population
[26,27]

. This distinction also influences their

clinical positioning: ADSCs are more suitable for controlled cell-product development, whereas SVF has

greater point-of-care applicability in scenarios requiring rapid autologous use, such as chronic wounds, scars,

hand lesions in systemic sclerosis, and adjunctive fat grafting
[29-32]

.

Direct clinical comparisons between culture-expanded ADSCs and freshly isolated SVF remain limited. In

patients with knee osteoarthritis, Yokota et al. directly compared intra-articular cultured adipose-derived

stromal cells with noncultured SVF and found that both treatments improved pain and functional outcomes,

although the cultured-cell group showed earlier symptom improvement and greater pain reduction at 6

months. A subsequent 2-year comparison showed sustained improvement with both approaches, with

greater proportions of patients in the cultured-cell group achieving clinically meaningful improvement at 12

months, but these differences were no longer significant at 24 months. These findings provide preliminary

comparative clinical evidence but are limited to a nonrandomized orthopedic setting and therefore do not

establish general superiority of ADSCs over SVF across indications
[33,34]

.

However, the limitations of SVF are also evident. Its heterogeneity is both an advantage and an obstacle:

different donors, anatomical sites, processing methods, and cellular proportions can all affect its final

performance
[26,35]

. Moreover, unified standards for the definition, functional stratification, and release criteria

of SVF are still lacking, which remains a key barrier to its further standardized application.

Adipose-derived EVs and secretome

Adipose-derived EVs and secretome represent important cell-free components of adipose-derived

therapeutics
[36,37]

. EVs are membrane-enclosed particles released by cells and carry bioactive cargo such as

miRNAs, mRNAs, proteins, and lipids that mediate intercellular communication
[36,37]

. Exosomes represent a

subtype of EVs associated with the endosomal pathway and are referred to specifically in this review when

supported by the terminology and characterization used in the cited studies
[36,37]

. In contrast, the secretome is

used as a broader term encompassing EVs together with soluble cytokines, chemokines, growth factors, and

other paracrine mediators
[15,37]

.

Adipose-derived EVs have demonstrated clear potential in anti-inflammatory, pro-angiogenic, and anti-

fibrotic regulation. Mechanistically, ADSC-derived exosomes can suppress hypertrophic scar fibrosis

through the miR-192-5p/IL-17RA/Smad axis
[38]

. In wound-repair models, exosomal miR-125a-3p directly

targets phosphatase and tensin homolog (PTEN), thereby enhancing endothelial-cell migration, tube

formation, and angiogenesis
[39]

. In keloid fibroblasts, ADSC-derived exosomes inhibit phosphoinositide 3-

kinase/protein kinase B/mammalian target of rapamycin (PI3K/AKT/mTOR) signaling and enhance

mitophagy, thereby reducing inflammatory and fibrotic responses and attenuating keloid progression
[40]

.

These representative miRNA-mediated and pathway-level mechanisms are summarized in Figure 2.
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Figure 2. Representative interaction network of key miRNAs and signaling axes in adipose-derived EVs. Representative pathways include
miR-192-5p/IL-17RA/Smad signaling, miR-125a-3p/PTEN-mediated angiogenesis, and PI3K/AKT/mTOR-related mitophagy. Created in
BioRender. Lu, R. (2026) h ​t ​t ​p ​s ​: ​/ ​/ ​B ​i ​o ​R ​e ​n ​d ​e ​r ​. ​c ​o ​m ​/ ​r ​x ​8 ​r ​g ​p ​c ​. ADSCs: Adipose-derived stem cells; EVs: extracellular vesicles; HUVECs:
human umbilical vein endothelial cells; miRNAs: microRNAs; PI3K: phosphoinositide 3-kinase; AKT: protein kinase B; mTOR: mechanistic
target of rapamycin; IL-17RA: interleukin-17 receptor A; PTEN: phosphatase and tensin homolog.

Meanwhile, as a more complete paracrine product, the secretome is thought to form a broader network of

effects in anti-inflammation, re-epithelialization, antioxidation, and matrix remodeling
[15,37]

.

Mechanistically, adipose-derived exosomes and secretome regulate tissue repair through three interrelated

levels. First, at the level of intercellular communication, exosomes deliver miRNAs, mRNAs, proteins, and

lipids to recipient cells, whereas the broader secretome provides soluble cytokines, chemokines, growth

factors, and other paracrine mediators
[36,37]

. This enables adipose-derived secretory products to influence

macrophages, endothelial cells, fibroblasts, keratinocytes, and other local effector cells in the injured

microenvironment. Second, at the level of functional remodeling, these cargos participate in inflammatory

resolution, angiogenesis, oxidative-stress control, anti-apoptotic signaling, epithelial repair, and ECM

remodeling
[13,35-37,41]

. Third, at the level of disease-specific regulation, different cargos may act through

relatively defined pathways. For example, ADSC-derived exosomes have been reported to attenuate

hypertrophic scar fibrosis through the miR-192-5p/IL-17RA/Smad axis and to alleviate keloid progression by

activating PI3K/AKT/mTOR-related mitophagy
[38,40]

. In wound repair models, adipose-derived exosomes can

further promote inflammatory resolution, vascular regeneration, and epithelial-stromal repair, thereby

providing the mechanistic basis for their subsequent applications in chronic wounds, scar modulation, skin

regeneration, and radiation-induced injury
[36,42,43]

.
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Compared with cell therapy, exosomes and secretome have several notable advantages. First, cell-free

products are theoretically less immunogenic, thereby avoiding potential risks associated with living cells,

including tumorigenicity, aberrant differentiation, and long-term uncontrollability. Second, exosomes and

secretome are more suitable for batch production, storage, and transportation, and are therefore easier to

develop into “off-the-shelf” therapeutic products. Third, under certain conditions, they are better suited as

carriers for drugs or nucleic acids and can be integrated with biomaterials to build functional therapeutic

platforms
[13,36,37]

.

Recent advances have further expanded adipose-derived exosomes and secretome from naturally secreted

paracrine products toward engineered, biomimetic, and delivery-optimized cell-free therapeutic platforms.

For wound repair, recent systematic evidence suggests that the secretome can mediate multiple regenerative

effects through soluble factors, EVs, cytokines, chemokines, growth factors, and regulatory RNAs, thereby

supporting its role as a cell-free alternative to conventional cell therapy
[44]

. In diabetic foot ulcers, ADSC

secretome has been increasingly recognized to promote wound healing by improving neuropathy,

angiogenesis, inflammatory regulation, immune balance, tissue remodeling, and re-epithelialization
[45]

. More

mechanistically, ADSC-derived EVs, particularly exosomes, were recently shown to promote diabetic wound

repair by restoring epidermal autophagy, improving keratinocyte proliferation and migration, and

upregulating autophagy-related genes such as NAMPT, CD46, VAMP7, VAMP3, and EIF2S1
[46]

.

In addition to native ADSC-EVs, functional optimization of EVs has become an important frontier.

Preconditioning strategies, including hypoxia, pharmacological stimulation, cytokine priming, genetic

modification, and biomaterial-assisted culture, may enrich pro-angiogenic, anti-inflammatory, and tissue-

repair-related cargos in stem cell-derived exosomes
[47]

. Engineered exosome systems can further improve

therapeutic specificity and local retention. For example, anti-TNF-α antibody-engineered ADSC-EVs

delivered by microneedles enhanced anti-inflammatory and regenerative effects in chemical corneal injury
[48]

.

Similarly, thymosin β4 (Tβ4)-engineered ADSC-derived EVs delivered through separable microneedle

patches alleviated cellular senescence through the PTEN/PI3K/AKT pathway, promoted angiogenesis and

collagen deposition, and accelerated diabetic wound healing
[49]

. These studies indicate that adipose-derived

exosomes are evolving from passive paracrine vesicles into modifiable nanotherapeutic platforms.

Artificial exosomes, exosome-mimetic vesicles, and other biomimetic nanovesicles also provide new

strategies to overcome the limited yield, cargo heterogeneity, and targeting insufficiency of naturally secreted

vesicles. Although these systems are not necessarily adipose-derived, they are relevant to the future

engineering of adipose-derived cell-free therapeutics because they offer improved controllability, scalable

production, and flexible drug-loading potential
[50-52]

. Moreover, EV-based scaffold or hydrogel systems have

shown advantages in tissue engineering by combining biological signaling with structural support and

sustained release
[53]

. Therefore, future adipose-derived cell-free therapy may gradually shift from direct

administration of conditioned medium or native EVs toward standardized, engineered, biomimetic, and

biomaterial-integrated therapeutic systems.

However, this field also faces major challenges. Exosomes obtained from different cell sources, culture

conditions, and purification procedures differ substantially, leading to instability in cargo composition and

function
[15]

. In addition, exosome products still face problems of purity control, subtype heterogeneity, short

local retention time, limited targeting ability, and lack of standardized activity evaluation
[13,15,35]

. Thus,

although adipose-derived exosomes and secretome have strong translational appeal, they are still in the stage

of transitioning from proof-of-concept studies toward product-oriented development.



Lu et al. Plast Aesthet Res. 2026;13:23 Page 11 of 34

dECM

dECM is an ECM scaffold obtained after the removal of cellular components from adipose tissue using

physical, chemical, or enzymatic methods. It retains adipose tissue-specific collagen, glycosaminoglycans,

laminin, fibronectin, and part of the microenvironmental signals, and is therefore regarded as one of the

scaffold materials most closely resembling the native adipose tissue niche
[54-57]

. Unlike conventional synthetic

scaffolds, dECM not only provides structural support but also participates in tissue regeneration through

biochemical signaling.

The core advantage of dECM lies in its natural microenvironment-supportive role. Studies have shown that

dECM can promote cell adhesion, migration, proliferation, and differentiation and provide a more

physiologically relevant mechanical and biochemical environment during tissue repair
[55,56]

. For adipose-

related repair, such tissue specificity is particularly important because ECM derived from different tissues

differs substantially in structural composition, stiffness, and signaling molecule reservoirs; adipose-derived

dECM is therefore more suitable for soft tissue reconstruction and adipose regeneration
[54-57]

.

In recent years, dECM has shown considerable potential in skin repair, alleviation of radiation-induced

injury, soft tissue engineering, and construction of composite scaffolds
[54,57]

. For example, decellularized

adipose matrix has been shown to improve the immune microenvironment of photoaged skin and to

alleviate radiation-induced skin fibrosis
[57]

. In addition, dECM can serve as a local delivery platform for

bioactive components, combining with exosomes, nucleic acids, small-molecule drugs, or cells to construct

more complex and efficient tissue-engineering systems
[7,9,54,56]

. Therefore, dECM should not be viewed merely

as a “passive scaffold”, but rather as a bioactive material capable of actively regulating the microenvironment.

Nevertheless, dECM also presents challenges, including incomplete decellularization, residual

immunogenicity, variability in biomechanical properties, and insufficient batch consistency
[55,56]

.

Recent progress in dECM-based biomaterials has emphasized that the translational value of dECM depends

on a balance between sufficient decellularization and preservation of matrix bioactivity. Common

decellularization strategies include physical methods such as freeze-thaw cycling and sonication, chemical

methods such as detergents and acids/bases, and enzymatic methods such as DNase, RNase, or trypsin

treatment
[58 ,59]

. However, overly aggressive processing may damage collagen architecture, remove

glycosaminoglycans and matrix-bound growth factors, and alter mechanical properties, whereas insufficient

processing may leave residual DNA, cellular debris, lipids, or organelle components that increase

immunogenicity
[58,59]

. Therefore, optimized dECM preparation should be assessed not only by DNA

reduction, but also by ECM composition, ultrastructural preservation, residual detergent content, endotoxin

level, mechanical properties, degradation behavior, sterility, and biological activity
[59]

.

Residual immunogenicity and batch-to-batch variability are major barriers to clinical translation. Residual

cellular components may trigger inflammatory responses, while residual detergents such as SDS can impair

cell viability, adhesion, infiltration, and recellularization
[60]

. Recent studies also suggest that dECM should not

be regarded as a passive scaffold only, because matrix-derived signals can modulate macrophage phenotype,

inflammatory resolution, angiogenesis, and tissue remodeling during wound healing
[60]

. For adipose-derived

dECM, these issues are particularly important because adipose tissue contains abundant lipids and has

relatively soft mechanical features; thus, delipidation efficiency, matrix preservation, injectability, mechanical

stability, and reproducible batch preparation should be carefully controlled.

From a biomaterials perspective, dECM provides both structural support and tissue-specific biochemical

cues. It can support cell adhesion, migration, proliferation, vascular ingrowth, and matrix remodeling, and

can also be processed into sheets, powders, hydrogels, electrospun materials, 3D-printed scaffolds, or
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Table 2. Mechanistic comparison of major adipose-derived products

Product Representative effectors
Main target cells or
processes

Dominant biological outputs

ADSCs
CXCL12, VEGF, soluble paracrine
factors, and EVs

Endothelial cells, macrophages,
fibroblasts, and keratinocytes

Angiogenesis[21,24]; immunomodulation; anti-
apoptosis; anti-fibrotic regulation[22,23]

SVF
ADSC-like progenitors, endothelial
cells, pericytes, and immune cells

Vascular niche, inflammatory
cells, and injured tissue
microenvironment

Multicellular synergy; vascular support[26,28];
inflammatory regulation and early
microenvironment modulation[26,28]

EVs and secretome

EV cargo (including miRNAs,
proteins, and lipids); soluble
cytokines, chemokines, and growth
factors in the broader secretome

Macrophages, fibroblasts,
endothelial cells, and
keratinocytes

Cell-free paracrine signaling; TGF-β/Smad
modulation[38]; PI3K/AKT/mTOR-related
signaling[40]; promotion of re-epithelialization and
wound repair[46]

dECM/acellular
adipose matrix

Collagen, laminin, fibronectin,
glycosaminoglycans, and matrix-
bound signals

Infiltrating host cells, fibroblasts,
endothelial cells, and
transplanted cells

Cell adhesion and host-cell infiltration; tissue
integration and matrix-mediated niche
remodeling[57,60]

ADSCs: Adipose-derived stem cells; CXCL12: C-X-C motif chemokine ligand 12; VEGF: vascular endothelial growth factor; EVs: extracellular
vesicles; SVF: stromal vascular fraction; miRNAs: microRNAs; TGF-β: transforming growth factor beta; Smad: mothers against decapentaplegic
homolog; PI3K: phosphoinositide 3-kinase; AKT: protein kinase B; mTOR: mechanistic target of rapamycin; dECM: decellularized extracellular
matrix.

bioinks
[58,59]

. These properties expand its value beyond conventional structural filling and make dECM a

potential platform for soft tissue repair, wound healing, radiation-induced fibrosis, cell delivery, and

EV/drug-loaded composite systems
[61]

. However, further translation requires standardized manufacturing,

validated release criteria, indication-specific mechanical design, long-term safety evaluation, and clearer

regulatory classification.

Taken together, adipose-derived products regulate tissue repair through overlapping but not identical

mechanisms
[4]

. ADSCs and SVF mainly provide cellular and multicellular paracrine regulation, including

CXCL12/VEGF-related angiogenesis, macrophage modulation, and anti-fibrotic signaling
[62,63]

. Exosomes and

secretome deliver miRNAs, proteins, growth factors, and cytokines to target cells, thereby influencing

pathways such as transforming growth factor-beta (TGF-β)/Smad, PI3K/AKT/mTOR, inflammatory

resolution, and epithelial-stromal repair
[40,64]

. In contrast, dECM mainly acts through matrix-derived cues,

including collagen, laminin, fibronectin, glycosaminoglycans, and mechanical signals, which regulate cell

adhesion, infiltration, matrix remodeling, and local tissue integration
[65]

. Therefore, these pathways should be

viewed as partially overlapping and potentially synergistic rather than completely independent
[2]

. Synergy is

most evident when secretory products provide active signaling while dECM or biomaterials provide

structural support and sustained release; Partial overlap is most common in angiogenesis, inflammation

control, and fibrosis modulation, where ADSCs, SVF, and exosomes may converge on similar downstream

repair processes through different upstream effectors
[4,66,67]

 [Table 2].

CURRENT APPLICATIONS OF BIOACTIVE THERAPY BASED ON ADIPOSE-DERIVED
PRODUCTS
Although adipose-derived products share several regenerative mechanisms, their clinical value is not

equivalent across indications. The following sections therefore compare ADSCs, SVF, EVs and secretome,

dECM, and fat grafting-related approaches according to the dominant pathological barrier, maturity of

efficacy evidence, feasibility of preparation and delivery, and product-specific translational burden. Because

direct head-to-head trials remain scarce, these comparisons are intended to clarify the relative clinical

positioning of different products rather than establish definitive superiority. An indication-oriented

summary of the main pathological barriers and preferred product strategies is provided in Table 3, whereas

their shared mechanisms and major clinical applications are illustrated in Figure 3.
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Figure 3. Major clinical applications and shared mechanisms of bioactive therapy based on adipose-derived products. Although adipose-
derived therapeutics differ in form - including ADSCs, SVF, exosomes, and dECM - they all contribute to tissue repair through common
mechanisms such as anti-inflammation, angiogenesis, anti-fibrosis, promotion of cell migration, and microenvironment remodeling, and
are further applied in chronic wound repair, scar and fibrosis intervention, skin regeneration and rejuvenation, repair of radiation-induced
injury, breast reconstruction, and biomaterial-assisted regenerative therapy. Created in BioRender. Lu, R. (2026) h ​t ​t ​p ​s ​: ​/ ​/ ​B ​i ​o ​R ​e ​n ​d ​e ​r ​. ​c ​o ​m ​/
m ​m ​d ​h ​d ​f ​7 ​. ADSCs: Adipose-derived stem cells; SVF: stromal vascular fraction; EVs: extracellular vesicles; dECM: decellularized
extracellular matrix.

Table 3. Indication-oriented selection of adipose-derived products

Clinical indication Main pathological barrier Preferred product strategy

Chronic wounds/diabetic foot
ulcers

Persistent inflammation; impaired
angiogenesis; oxidative stress;
defective re-epithelialization

SVF for point-of-care autologous use[30]; EV-loaded patches or
microneedles for sustained delivery[42,49]; dECM or hydrogels for
matrix support[115]

Scar and fibrotic diseases
Excessive ECM deposition;
myofibroblast activation; chronic
inflammation

ADSC-derived exosomes for anti-fibrotic signaling [38,40]; SVF or fat
grafting for vascularity and tissue quality[1,77]; dECM for matrix
remodeling[92]

Skin rejuvenation/photoaging
Oxidative stress; collagen degradation;
cellular senescence; inflammation

ADSC-derived EVs for photoaging and skin rejuvenation[81,88];
mechanically processed adipose products for facial rejuvenation[32]

Radiation-induced injury
Hypovascularity; oxidative stress;
chronic inflammation; fibrosis

ADSC-derived exosomes for radiation-induced skin injury[64]; fat
grafting for reconstruction of irradiated tissue[94]; dECM for
radiation-associated fibrosis and matrix remodeling[89,92]

Soft tissue reconstruction
Volume loss; poor vascularization;
insufficient matrix support

Conventional fat grafting for volume restoration[100]; SVF-enriched
fat grafting for graft retention[98]; acellular adipose matrix for soft-
tissue augmentation[99]

Biomaterial-assisted tissue repair
Poor local retention; insufficient
structural support; need for sustained
release

ADSC-EV-loaded patches or microneedles for sustained local
delivery[42,49]; adipose-matrix-containing biomaterial systems for
combined structural support and bioactive delivery[115]

ADSCs: Adipose-derived stem cells; EVs: extracellular vesicles; SVF: stromal vascular fraction; dECM: decellularized extracellular matrix; ECM:
extracellular matrix.
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Chronic wounds and non-healing wound repair

Chronic wounds are among the most extensively studied and best-supported application areas for adipose-

derived products. Diabetic foot ulcers, pressure ulcers, radiation ulcers, and other chronic non-healing

wounds are typically characterized by persistent inflammation, local ischemia and hypoxia, impaired

fibroblast function, insufficient keratinocyte migration, and abnormal ECM remodeling
[11,12,23,30,68,69]

. Adipose-

derived products are naturally suited to intervene at multiple levels of this pathological process.

The role of ADSCs in promoting wound healing has been widely supported. Their mechanisms mainly

include stimulation of angiogenesis, modulation of local inflammation, enhancement of fibroblast and

keratinocyte proliferation and migration, and inhibition of apoptosis
[11,12,23,30]

. SVF also has practical value in

chronic wound repair because of its retained multicellular synergism and point-of-care applicability. Clinical

studies have shown that injection of autologous adipose-derived SVF in diabetic foot ulcers and other

chronic ulcers demonstrates good safety and some evidence of efficacy, suggesting that it may serve as an

adjunctive approach to improve the local microenvironment
[30]

. Compared with culture-expanded ADSCs,

SVF currently has more direct clinical relevance for point-of-care autologous treatment because it can be

prepared rapidly and retains vascular, stromal, progenitor, and immune-related components. ADSCs, in

contrast, provide a more defined and expandable cell population, but their clinical advantage over SVF has

not been established, while culture expansion introduces additional manufacturing and quality-control

requirements
[4,16,23,25]

In recent years, exosomes have attracted particular attention in wound repair. ADSC-derived exosomes can

accelerate healing by inducing IL-33 release from macrophages, regulating inflammatory resolution, and

promoting angiogenesis
[11]

. Exosome-loaded microneedle patches, self-healing hydrogels, and local

sustained-release materials further improve the local retention time and therapeutic duration of

exosomes
[42,70,71]

. Although dECM is less often used alone in this setting, it can serve as a matrix-support

platform for wound repair and enhance overall efficacy when combined with exosomes, cells, or active

factors
[68]

.

From a product-selection perspective, however, current evidence does not support a single universally

optimal adipose-derived product for chronic wounds. For diabetic foot ulcers, SVF currently has relatively

more direct clinical evidence than culture-expanded ADSCs because it can be prepared rapidly at the point

of care and retains vascular, stromal, progenitor, and immune-related components that may jointly correct

ischemic and inflammatory wound microenvironments
[28,72]

. In contrast, ADSCs provide a more defined and

expandable cell product, but their use in chronic wounds is limited by culture expansion, phenotypic drift,

manufacturing requirements, and less direct comparative clinical evidence
[4,16,23,25]

. Exosomes and secretome

are attractive for cell-free microenvironment modulation, especially for inflammation resolution,

angiogenesis, and re-epithelialization; however, most adipose-derived EV evidence remains preclinical, and

the available clinical evidence for EV therapy in diabetic foot ulcers is not adipose-derived
[71]

. Biomaterial-

assisted EV delivery, such as hydrogel or microneedle systems, is likely superior to simple EV suspension in

terms of local retention and sustained release, but this advantage is still mainly supported by preclinical or

early translational studies rather than head-to-head clinical trials
[42,49,69,73]

. Therefore, in current practice-

oriented interpretation, SVF may be more suitable for autologous point-of-care treatment of ischemic or

inflammatory chronic wounds, whereas EV- and secretome-based systems remain investigational candidates

for future standardized cell-free therapy. Early clinical translation is reflected by a registered pilot study of

adipose tissue-derived EVs for wound healing (ClinicalTrials.gov: NCT05475418), together with additional

EV-based trials in diabetic foot ulcers (e.g., NCT06812637 and NCT06825884), although the latter are not

adipose-derived. Larger controlled studies are therefore required before adipose-derived EV- or secretome-

based therapy can be considered clinically established. dECM or hydrogel-based platforms may be most

                                                                                              



Lu et al. Plast Aesthet Res. 2026;13:23 Page 15 of 34

useful when matrix support, prolonged release, or combined delivery is required. From a safety perspective,

chronic wounds, especially diabetic foot ulcers, require particular attention to infection risk, impaired

perfusion, diabetes-related immune dysfunction, and repeated local administration; therefore, SVF should be

evaluated for sterility, endotoxin level, residual enzyme contamination, and cellular heterogeneity, whereas

ADSC-based products require additional control of culture expansion, viability, potency, and batch

consistency
[25,26,28-30,74,75]

.

Overall, chronic wound repair is one of the most promising translational scenarios for adipose-derived

therapeutics because its endpoints are relatively clear, tissue changes are easier to observe, and local delivery

routes are relatively mature. Nevertheless, higher-quality clinical studies are still needed to define the target

populations, comparative efficacy, and optimal administration strategies for different products.

Scar and fibrotic diseases

Scars and fibrotic diseases remain important challenges in plastic/reconstructive surgery and regenerative

medicine. Their essential pathology involves persistent inflammatory responses, abnormal fibroblast

activation, myofibroblast accumulation, and imbalance in collagen deposition and remodeling, ultimately

leading to abnormal tissue structure and function
[1,31,32,76-78]

. The advantage of adipose-derived products in this

context lies in their ability to simultaneously regulate inflammation, microcirculation, and matrix

remodeling rather than targeting a single pathological pathway.

ADSC-derived exosomes have shown promising mechanistic evidence for anti-fibrotic effects. They can

reduce hypertrophic scarring by modulating the IL-17RA/Smad axis and suppress keloid fibrosis through

PI3K/AKT/mTOR-related mitophagy
[38,40]

. However, these findings are derived predominantly from

preclinical studies, and clinical evidence supporting routine use of adipose-derived EVs for scar modulation

remains insufficient. Beyond pathological scars, adipose-derived regenerative cells and SVF have also shown

positive effects in systemic sclerosis, localized scleroderma, and other fibrotic diseases. Several clinical studies

indicate that autologous fat grafting or adipose-derived regenerative cell transplantation can improve skin

softness, pain, blood supply, and local function
[1,32,77]

. However, these findings represent different levels of

evidence. Exosome-based approaches currently have stronger pathway-specific mechanistic support, but

their anti-fibrotic efficacy remains predominantly supported by in vitro and animal studies. In contrast, fat

grafting, adipose-derived regenerative cells, and SVF have more direct human evidence, although most

studies are small, involve heterogeneous patient populations, and use variable clinical endpoints. Therefore,

greater clinical experience with fat- or SVF-based approaches should not be interpreted as proof of greater

biological efficacy, while the mechanistic specificity of exosomes should not be interpreted as established

clinical effectiveness.

Importantly, the intervention of adipose-derived products in fibrotic microenvironments is not limited to

simply “reducing collagen”, but also includes multidimensional improvements in inflammation resolution,

vascular repair, and restoration of tissue plasticity
[1,77,78]

. This gives them a more integrated regenerative

profile compared with traditional anti-scar or anti-fibrotic drugs. Moreover, early scar-intervention studies

suggest that adipose-derived cells or SVF may be used not only to treat established pathological scars but also

to modulate abnormal scar formation at an early stage
[78]

. From a product-positioning perspective, EV- and

secretome-based products may be suitable for developing targeted cell-free anti-fibrotic strategies. In

contrast, SVF and fat grafting are currently better positioned for clinical settings in which vascularity, tissue

pliability, and local tissue quality need to be improved simultaneously. Culture-expanded ADSCs provide a

more defined cell population but have not yet demonstrated a consistent clinical advantage sufficient to

offset the additional manufacturing and regulatory burden. dECM may support matrix remodeling or serve

as a delivery scaffold, but its stand-alone clinical anti-fibrotic efficacy remains insufficiently established.
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However, important challenges remain in this field. Different fibrotic diseases have distinct pathological

bases, and localized scleroderma, systemic sclerosis, keloids, and radiation-induced fibrosis cannot simply be

treated as one unified indication. The reported benefits of one product in a particular fibrotic disease

therefore should not be directly extrapolated to other fibrotic conditions. In addition, direct head-to-head

comparisons among ADSCs, SVF, exosomes, secretome, fat grafting, and dECM remain scarce, preventing

firm conclusions regarding product superiority. Future studies therefore need to more precisely define the

therapeutic role of adipose-derived products in different fibrotic settings. Safety evaluation in scar and

fibrotic indications should focus on persistent swelling, nodularity, excessive inflammation, and inconsistent

fibrosis modulation, particularly after SVF treatment, fat grafting, or repeated administration of EV- or

secretome-based products
[31,38,40,76,77,79,80]

.

Skin regeneration and rejuvenation

The application of adipose-derived products in skin regeneration and rejuvenation has expanded rapidly in

recent years. Unlike conventional aesthetic approaches, which mainly focus on improving external

appearance, adipose-derived therapy aims to intervene in skin aging through dermal remodeling,

improvement of blood supply, regulation of inflammation, and restoration of collagen homeostasis
[81-86]

.

The potential of ADSCs in skin aging and photoaging repair was recognized relatively early. ADSCs can

promote dermal fibroblast recovery, enhance collagen reconstruction, and improve microcirculation through

the release of active factors such as VEGF, fibroblast growth factor (FGF), TGF-β, and insulin-like growth

factor (IGF)
[85]

. More recently, exosomes have become the central focus in this area. Multiple studies have

shown that adipose-derived or mesenchymal stem cell-derived exosomes can alleviate photoaging changes

and promote epidermal repair and dermal regeneration through mechanisms involving TIMP1/Notch

signaling, collagen metabolism regulation, and antioxidative pathways
[81-83,86]

. Some studies have further

enhanced exosome stability and activity by engineering modification or carrier-based delivery, making them

more suitable for skin-regeneration applications
[83,86]

. However, these products differ substantially in their

translational positioning. Culture-expanded ADSCs provide a relatively defined and biologically active cell

population, but their use requires cell expansion, more complex manufacturing, and stricter quality control.

In contrast, exosomes and secretome are more compatible with cell-free, storage-oriented, and engineering-

based product development, although their dose, potency, purity, and long-term clinical efficacy remain

insufficiently standardized. Nanofat and mechanically processed adipose products are more familiar in

procedural practice and retain mixed cellular, secretory, and matrix components, but their composition and

active-dose definition are less precise than those of a controlled cell or EV product
[32,81,82,85-88]

.

In aesthetic medicine, potential applications of adipose-derived products include photoaging repair,

improvement of skin texture, post-scar skin remodeling, adjuvant repair after laser treatment, and barrier

restoration in sensitive skin
[81-86]

. However, it should be emphasized that this field is still dominated by

experimental studies and early clinical observations, and lacks unified endpoint evaluation systems and

large-scale long-term follow-up. In other words, skin rejuvenation is one of the areas in which adipose-

derived therapeutics are easiest to introduce into clinical practice, but it is also one of the areas most

vulnerable to “application preceding evidence”. Because aesthetic indications have a lower tolerance for

adverse events, repeated use of EVs, secretome, nanofat-derived products, or biomaterial-assisted delivery

should be accompanied by careful assessment of local inflammation, pigmentation change, nodularity,

immune activation, product purity, and dose-response consistency
[79-82,85-88]

. From a comparative perspective,

nanofat and other fat-derived preparations currently have greater procedural familiarity, whereas exosomes

and secretome offer greater potential for standardized and engineered cell-free therapy. ADSCs retain a

strong mechanistic basis but carry a greater manufacturing burden, while dECM and other biomaterials are

better positioned as supportive carriers that improve local retention or delivery rather than as independently
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validated rejuvenation products. Current evidence is therefore insufficient to establish the superiority of any

single product, particularly because direct head-to-head studies and long-term comparative follow-up

remain lacking.

Repair of radiation-induced injury and soft tissue damage

The core pathological processes of radiation-induced tissue injury include endothelial damage,

microcirculatory dysfunction, chronic low-grade inflammation, increased oxidative stress, local ischemia,

and progressive fibrosis
[64,89-91]

. This persistently injurious microenvironment substantially reduces normal

repair capacity and therefore provides a rational target for adipose-derived intervention.

Existing studies indicate that ADSC-derived exosomes have considerable potential in radiation-injury repair.

They can alleviate acute radiation dermatitis by reducing oxidative stress, suppressing inflammation,

protecting surviving cells, and promoting local matrix repair
[89,90]

. At the stage of chronic injury, dECM also

shows unique value. Studies suggest that adipose-derived dECM can alleviate radiation-induced skin fibrosis

to some extent, indicating that it may participate in long-term repair by reconstructing the local

microenvironment and improving tissue mechanical properties
[92]

. In addition, autologous fat grafting and its

enhanced strategies are often used for optimization of irradiated recipient sites to improve soft tissue

conditions and the basis for subsequent reconstruction
[64,91,93]

. These approaches, however, differ in

therapeutic roles and evidence maturity. EV-based strategies, including exosome-based approaches when

specifically supported by the cited studies, may be particularly relevant to acute inflammatory, oxidative, and

epithelial injury, although their supporting evidence remains predominantly preclinical. dECM is more

closely aligned with chronic matrix remodeling and scaffold support, although its clinical efficacy in

radiation fibrosis remains insufficiently established. In contrast, autologous fat grafting currently has greater

direct clinical experience in chronically irradiated soft tissues, particularly for improving tissue pliability,

vascularity, and recipient-site quality; however, these clinical observations should not be interpreted as proof

of superiority over cell-free or matrix-based products.

From a translational perspective, radiation-induced injury may be one of the fields most in need of a stage-

specific therapeutic strategy: the acute phase requires anti-inflammatory, antioxidative, and tissue-protective

approaches, whereas the chronic phase requires anti-fibrotic, microenvironment-remodeling, and soft tissue

regenerative approaches. The multi-level characteristics of adipose-derived therapeutics are particularly

suitable for supporting such a staged strategy. Accordingly, EVs and secretome-based products may be better

positioned for early bioactive regulation, fat grafting and related cellular components for chronic recipient-

site optimization, and dECM for structural support and long-term matrix remodeling. Culture-expanded

ADSCs may provide broader cellular and paracrine activity, but their added clinical benefit relative to fat

grafting or SVF has not been clearly established and must be balanced against greater manufacturing and

regulatory complexity. Direct head-to-head comparisons among these strategies remain lacking; therefore,

current evidence supports stage-specific product positioning rather than a definitive efficacy ranking. Safety

considerations in irradiated tissues are closely linked to prior malignancy, hypovascularity, impaired wound

healing, and the need for long-term surveillance; therefore, EV-based strategies, including exosome-based

approaches, require attention to biodistribution and repeated-dose safety, dECM-based strategies require

assessment of residual DNA, endotoxin, degradation, and host integration, and fat grafting-based

reconstruction should be monitored for fat necrosis, calcification, imaging interpretation, and oncologic

safety
[64,89-91,94]

.

Adjunctive applications in breast reconstruction and related plastic repair

In breast reconstruction, particularly after breast cancer surgery, adipose-derived therapeutics have become

important adjunctive strategies. Their value lies not only in volume restoration but also in improving

recipient-site perfusion, alleviating radiation-induced tissue damage, modulating fibrotic reactions, and

                                                                                           promoting restoration of tissue plasticity
[93,94]

.
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Autologous fat grafting has been widely used as an adjunct in breast reconstruction, whereas fat grafting

enhanced with SVF, platelet-rich plasma, or other regenerative active components has been explored to

further improve graft retention and local reparative effects
[94,95]

. In irradiated recipient sites, adipose-derived

products can improve local skin and subcutaneous tissue quality, making them more suitable as a foundation

for secondary repair or contour optimization
[1,93]

. In addition, fat-related therapies have shown favorable

value in the repair of local contour deformities and soft tissue defects after breast-conserving surgery
[96]

.

Among these strategies, conventional fat grafting currently has the most established clinical foundation for

volume restoration and contour correction. SVF-assisted fat grafting may provide additional vascular and

regenerative support, particularly in compromised recipient sites, but the reported improvement in graft

retention is not fully consistent across studies. Culture-expanded ADSC-enriched approaches provide a

more defined cellular component, but their added clinical benefit remains uncertain and must be weighed

against the greater manufacturing, release-testing, and regulatory burden
[95,97,98]

. dECM or acellular adipose

matrix may offer scaffold-like support for selected soft tissue defects, although its clinical evidence remains

less mature than that of conventional fat grafting
[6,99]

.

The key to this field is to correctly understand the role of adipose-derived therapeutics: they should not be

regarded merely as replacement materials, but as bioactive adjuncts capable of improving the biological

condition of the recipient site and enhancing reconstructive outcomes. Accordingly, the current evidence

hierarchy is relatively clear: conventional fat grafting remains the primary clinically established option for

volume restoration, whereas SVF-assisted grafting, ADSC-enriched strategies, and dECM-based products

should be regarded as adjunctive or indication-specific approaches rather than universal replacements.

Greater biological complexity should not automatically be interpreted as greater clinical efficacy, particularly

because direct head-to-head comparisons remain limited. Future studies should further clarify their optimal

timing and objectives under different reconstructive approaches and radiotherapy backgrounds.

In breast reconstruction and soft tissue volume restoration, safety evaluation should be directly linked to the

reconstructive goal: fat grafting requires monitoring of graft retention, fat necrosis, oil cysts, calcification,

infection, and imaging follow-up, whereas ADSC- or SVF-assisted strategies require additional attention to

enzymatic processing, culture expansion, product heterogeneity, release testing, potency, and long-term

oncologic surveillance
[93-95,97,98,100]

. Therefore, product selection should balance the expected reconstructive

benefit against evidence maturity, manufacturing complexity, and long-term safety requirements.

Combined application of adipose-derived products and biomaterials

The combined application of adipose-derived products and biomaterials has become an important direction

in regenerative medicine in recent years. The use of cells, exosomes, or secretome alone often faces problems

such as short local retention time, rapid diffusion, insufficient bioavailability, and limited duration of effect,

whereas biomaterial carriers can play key roles in protecting active components, controlling release, and

improving local localization
[13,73]

. However, different biomaterials address different therapeutic limitations

and should not be regarded as interchangeable delivery platforms.

For example, dECM can be combined with other biomaterials to create a microenvironment closer to native

tissue, while exosomes can be loaded into hydrogels, microneedle patches, nanoparticles, or multifunctional

scaffolds to prolong retention and improve targeted release
[7,9,12,42,101]

. In tendon-to-bone interface repair, soft

tissue regeneration, and complex wound treatment, such combined systems have already demonstrated

synergistic effects superior to those of single components
[8,9]

. Mechanistically, their advantages are not merely

additive; rather, they arise from the integrated coordination of active molecules, cell behavior, local
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microenvironment, and material mechanics. More specifically, biomaterials can compensate for several

intrinsic limitations of adipose-derived products. Hydrogels and microneedle patches can improve the local

retention and sustained release of exosomes, secretome, or active molecules, thereby reducing rapid diffusion

and repeated administration
[73]

. dECM-based scaffolds can provide tissue-specific structural and biochemical

cues, creating a matrix environment that is more compatible with adipose regeneration and soft tissue

remodeling
[102]

. Nanoparticles and multifunctional scaffolds may further allow spatially controlled delivery,

sequential release, or combination loading of cells, EVs, nucleic acids, and small molecules
[72]

. Accordingly,

hydrogels and microneedles are better positioned for localized and sustained delivery of cell-free products,

whereas dECM is more suitable when tissue-specific structural support and niche reconstruction are

required. Nanoparticles and multifunctional scaffolds provide greater control over targeting and sequential

release, but also introduce greater manufacturing, characterization, and regulatory complexity. Therefore, the

integration of adipose-derived products with biomaterials should be viewed not only as a delivery strategy,

but also as a way to reconstruct a more favorable regenerative niche.

Nevertheless, improved retention or release kinetics should not automatically be interpreted as superior

clinical efficacy. Most evidence supporting these combination systems remains preclinical, and direct clinical

comparisons with free EVs, isolated cells, or conventional scaffolds are limited. Their translational value

must therefore be evaluated by balancing biological benefit against material safety, degradation behavior,

manufacturing reproducibility, and the complexity of the final combined product.

The significance of this direction is that it is driving adipose-derived therapeutics from “single-product

development” toward “integrated therapeutic system construction”. In the future, the integration of adipose-

derived therapeutics with functional biomaterials, delivery engineering, and tissue-engineering strategies

may become critical for achieving high-level clinical translation. At present, however, these systems should

be regarded as indication-specific enabling platforms rather than universally superior alternatives to single

adipose-derived products.

Application-oriented comparison of adipose-derived products

Although ADSCs, SVF, exosomes, secretome, dECM, and fat grafting-based approaches originate from

adipose tissue, they differ substantially in product complexity, evidence maturity, delivery feasibility, and

clinical positioning. No single product has demonstrated consistent superiority across indications; therefore,

selection should be guided by the therapeutic objective and the balance between expected benefit,

manufacturing burden, safety, and regulatory requirements. The major translational characteristics,

standardization challenges, and indication-specific clinical efficacy of these products are summarized in

Table 4.

Among cell-based approaches, SVF offers the greatest point-of-care feasibility because it can be prepared

rapidly for autologous use while retaining stromal, vascular, progenitor, and immune-related components.

Its clinical relevance is therefore relatively direct in settings requiring immediate local microenvironment

support, although cellular heterogeneity and processing variability limit reproducibility
[28,30,76,77,98]

. ADSCs

provide a more defined and expandable cell population and are better suited for controlled cell-product

development. However, culture expansion introduces additional requirements for manufacturing, release

testing, phenotypic stability, and long-term safety, and current evidence does not consistently demonstrate

superior clinical efficacy over SVF or conventional fat-based approaches
[16,23,25,95,97]

. Conventional fat grafting

remains the most established strategy when volume restoration and contour correction are the primary

objectives, whereas SVF- or ADSC-assisted approaches should presently be regarded as adjunctive or

indication-specific options.
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Table 4. Translational characteristics and indication-specific clinical efficacy of major adipose-derived products

Product type Key translational advantages Key standardization challenges Evidence by indication

Conventional
fat grafting

Established autologous technique;
direct volume restoration and
contour correction; extensive clinical
experience[100,116]

Variable graft retention; risk of fat necrosis,
oil cysts, calcification, and recipient-site-
dependent outcomes[94,116]

Breast/soft-tissue reconstruction:
established clinical efficacy for volume
restoration[100,116]. Irradiated recipient sites:
clinical evidence as an adjunctive
reconstructive strategy[93,94]

ADSCs

Expandable; relatively defined MSC
phenotype[17,117]; compatible with
controlled cell-product
development[16,25]

Culture expansion; donor/batch variability;
senescence and phenotypic drift; increased
manufacturing and regulatory burden[4,25]

Fat-graft enhancement: no added benefit
in one RCT[97]

Breast/cell-assisted grafting: possible
retention benefit; limited clinical
evidence[95]

Wounds/fibrosis: inconsistent early
evidence[25,75]

SVF

Same-session autologous use;
preserves a heterogeneous
stromal/vascular cellular
compartment[26,35]

Donor- and process-dependent
heterogeneity; variable composition and
incomplete standardization[26,35]

Diabetic foot ulcers/chronic wounds:
possible healing and perfusion benefit[30]

Fat-graft assistance: possible graft-
survival benefit[98]

Scar/systemic sclerosis: mixed clinical
outcomes[28,76,77]

Exosomes and
secretome

Cell-free; amenable to engineering
and biomaterial-assisted local
delivery[13,42]

Variable isolation, identity, cargo
composition, potency, and local
retention[14,36]

Skin rejuvenation/photoaging: early
human efficacy signal[88]

Diabetic foot ulcers/wounds: clinical
evidence remains indirect and non-
adipose-derived[71]

Scar/fibrosis/radiation injury:
predominantly preclinical evidence[38,40,64]

dECM
Tissue-specific scaffold supporting
tissue integration and matrix
remodeling[57,99]

Decellularization efficiency, residual
cellular components, mechanical
variability, and batch consistency require
control[5]

Soft-tissue augmentation: early clinical
evidence[99]

Skin regeneration: predominantly
preclinical evidence[57]

Wound repair/radiation fibrosis:
preclinical or early translational
evidence[89,92,115]

ADSCs: Adipose-derived stem cells; MSC: mesenchymal stem cell; RCT: randomized controlled trial; SVF: stromal vascular fraction; dECM:
decellularized extracellular matrix.

Exosomes and secretome have substantial potential as storable, engineerable, and cell-free bioactive

products, particularly when the therapeutic objective is modulation of inflammation, fibrosis, oxidative

stress, or intercellular communication. Nevertheless, their clinical readiness remains limited by

predominantly preclinical or early clinical evidence and unresolved issues involving identity, purity, dose,

potency, stability, and delivery
[38,42,69,71,81,82]

. dECM is more appropriately positioned as a tissue-specific scaffold

or delivery platform that provides matrix support, niche reconstruction, and sustained presentation of

bioactive components, rather than as a universally effective stand-alone therapy
[6,59,60,92]

.

Overall, current evidence supports indication-specific product positioning rather than a fixed efficacy

hierarchy: fat grafting for established volume restoration, SVF for rapid autologous intervention, ADSCs for

controlled cell-product development, exosomes, secretome for emerging cell-free regulation, and dECM for

structural support and local delivery. Because direct head-to-head comparisons remain scarce, these

positions should be interpreted as practical translational guidance rather than definitive claims of product

superiority.

CURRENT KEY CHALLENGES
Although adipose-derived therapeutics have shown promising effects in anti-inflammation, pro-

angiogenesis, anti-fibrosis, and tissue repair, their clinical translation still faces a series of interrelated

barriers. These problems do not exist in isolation; rather, they run through the entire chain of “product

definition - mechanistic understanding - process development - delivery application - clinical validation -

                                                                                          regulatory translation”.



Lu et al. Plast Aesthet Res. 2026;13:23 Page 21 of 34

Issues of definition, heterogeneity, and mechanisms of action

Adipose tissue itself is highly heterogeneous, and different anatomical sites, donor states, and cellular

subpopulations may all affect the final properties of its derivatives
[14,20]

. Although ADSCs, SVF, exosomes,

secretome, and dECM all belong to the spectrum of adipose-derived therapeutics, they differ fundamentally

in source, composition, isolation methods, and functional characteristics. Without clear classification and

unified terminology, not only is it difficult to compare results across studies, but the standardized definition

of clinical products is also directly affected. At the same time, although adipose-derived therapeutics have

shown clear promise in anti-inflammation, pro-angiogenesis, anti-fibrosis, and tissue repair, their key

effector molecules, major pathways, and synergistic relationships among different products remain

incompletely understood
[14,20]

. Most current studies still remain at the level of observed therapeutic

phenomena, while systematic explanations are lacking regarding why different products work in different

disease stages and which mechanisms dominate. In other words, issues of definition and heterogeneity not

only affect product characterization, but also constrain the depth and reproducibility of mechanistic studies.

Issues of manufacturing, quality control, and delivery optimization

Insufficient standardization is one of the core barriers restricting the clinical translation of adipose-derived

therapeutics. More specifically, the lack of standardization involves several linked issues, including non-

unified preparation protocols, insufficiently defined release criteria, incomplete quality control indicators,

batch-to-batch heterogeneity, and unclear regulatory classification
[103,104]

. These problems are particularly

important because different adipose-derived products have distinct product attributes: ADSCs require

control of culture expansion and phenotypic stability; SVF requires characterization of cellular composition

and processing variability; EV-based products require standardized isolation and purification, particle and

cargo characterization, and validated potency assays, whereas secretome-based products additionally require

control of soluble-factor composition and batch consistency
[105,106]

. For secretome, even under conventional

culture conditions, the number of proteins reproducibly shared among different studies is very limited,

indicating that culture systems, donor information, collection procedures, and data-processing methods can

all markedly affect the final results
[15]

. SVF, ADSCs, and dECM likewise face problems such as non-unified

isolation workflows, differences in storage and transport conditions, lack of clearly defined activity

evaluation criteria, and insufficient batch stability
[75,107,108]

. In addition, dosage, route of administration, and in

vivo delivery efficiency also remain to be optimized. These issues are particularly prominent for cell-free

products such as exosomes and secretome, in which short local retention time, poor targeting, rapid

diffusion, and degradation often necessitate higher doses or repeated administration
[13,35,65]

. Thus, the

challenge for adipose-derived therapeutics is no longer simply whether they can be prepared, but whether

they can be reproducibly manufactured, precisely delivered, and maintained at effective levels.

Safety profiles and risk considerations

Safety evaluation of adipose-derived therapeutics should be product-specific because cellular, secretory, and

matrix-based products carry different risks. For culture-expanded ADSCs, the major concerns are related to

ex vivo expansion, including senescence, phenotypic drift, altered secretory function, and potential

chromosomal or genomic instability. Although current clinical evidence has not confirmed a clear

tumorigenic signal, theoretical risks remain after repeated passaging or use in patients with prior malignancy,

chronic inflammation, or irradiated recipient sites
[4,16,25,75]

. Therefore, ADSC products should be assessed by

passage-number control, cell viability, sterility, mycoplasma and endotoxin testing, surface-marker profiling,

functional potency assays, and, when extensive expansion is used, karyotype or genomic stability evaluation.

For SVF, the main safety issue is product heterogeneity rather than culture-induced instability. SVF contains

progenitor cells, endothelial cells, pericytes, fibroblasts, leukocytes, macrophages, and other immune-related
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cells, and its composition is affected by donor status, harvest site, and enzymatic or mechanical

processing
[26,35]

. Excessive immune-cell content, red blood cell contamination, tissue debris, residual enzymes,

endotoxin, or non-standardized processing may contribute to local pain, swelling, prolonged inflammation,

infection risk, or inconsistent tissue remodeling. Therefore, SVF safety control should include cell viability,

sterility, endotoxin level, residual enzyme assessment when enzymatic digestion is used, and basic cellular

composition analysis.

For exosomes and secretome, the absence of living cells reduces risks related to uncontrolled cell survival or

differentiation, but does not eliminate safety concerns. Insufficient purification may leave contaminating

proteins, serum-derived particles, lipoproteins, nucleic acids, cytokines, or non-vesicular components.

Engineered EVs, drug-loaded EVs, antibody-modified EVs, artificial exosomes, and exosome-mimetic

vesicles may further introduce risks of off-target biodistribution, unexpected immune activation, excessive

cargo activity, or toxicity related to loaded drugs, surface ligands, or manufacturing reagents
[48-52,79,80]

. Thus,

EV-based products require evaluation of particle identity, purity, cargo consistency, potency, sterility,

endotoxin level, storage stability, biodistribution, immunogenicity, and dose-response relationships.

For dECM and acellular adipose matrix, safety mainly depends on the balance between complete

decellularization and preservation of matrix bioactivity. Incomplete decellularization may leave residual

DNA, cellular debris, lipids, detergents, enzymes, or endotoxins, which may induce inflammation, foreign-

body reactions, fibrosis, infection risk, or impaired integration with host tissue
[55,56,58-60]

. However, overly

aggressive decellularization may damage collagen architecture, remove glycosaminoglycans and matrix-

bound bioactive cues, and alter mechanical properties. Therefore, dECM safety evaluation should include

residual DNA, lipid and detergent residue, endotoxin and sterility testing, ECM composition, mechanical

properties, degradation behavior, and batch-to-batch consistency.

Clinical evidence and translational maturity

Although research on adipose-derived therapeutics is highly active, most studies are still at the stage of basic

exploration, animal experiments, or small-sample clinical trials
[20]

. Recent clinical studies have begun to

clarify the different translational positions of adipose-derived therapeutics. In breast reconstruction, the

BREAST randomized clinical trial showed that autologous fat transfer with external expansion improved

patient-reported quality-of-life outcomes compared with implant-based reconstruction, supporting fat

transfer as a procedure-based reconstructive option
[100]

. However, a double-blind randomized trial of

expanded ADSC-enriched fat grafting for breast augmentation found no improvement in 1-year magnetic

resonance imaging (MRI)-measured graft retention compared with placebo-enriched fat grafting, suggesting

that cell enrichment does not necessarily lead to superior clinical efficacy
[97]

. In chronic wounds, sublesional

fat grafting produced only temporary improvement in chronic leg ulcers in a prospective randomized trial,

while SVF injection and EV-based therapy have shown preliminary but still heterogeneous evidence in

diabetic foot ulcers
[30,71,109]

. For secretory and matrix-based products, an investigator-blinded split-face trial

showed that adipose mesenchymal stem cell-derived exosomes were non-inferior to platelet-rich plasma for

photoaged facial skin
[88]

, whereas allograft/acellular adipose matrix has shown acceptable safety and early

volume-restoration potential in pilot or systematic clinical evidence
[6,99]

. Together, these studies indicate that

adipose-derived therapeutics have moved beyond purely preclinical exploration in several localized

indications, but the strength of evidence differs substantially among product categories. When these findings

are compared across product categories, the apparent clinical advantages are strongly indication-dependent

rather than consistent across products. For volume restoration and breast reconstruction, conventional fat

grafting currently has the most mature clinical evidence, whereas enrichment with culture-expanded ADSCs

has not consistently improved graft retention and therefore cannot be considered superior on the basis of

current randomized evidence
[97,100]

. SVF may provide additional vascular or wound-healing benefits in
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selected settings, including diabetic foot ulcers and adjunctive fat grafting, although the reported benefits

remain indication- and study-dependent
[30,98]

. Cell-free approaches, including adipose-derived EVs and

studies specifically describing exosomes, show encouraging signals in wound repair and skin rejuvenation,

but the available human evidence remains limited and substantially less mature than that for conventional fat

transfer
[71,88]

. dECM and acellular adipose matrix currently show their greatest clinical potential as scaffold or

volume-supporting platforms, although evidence is still largely based on early clinical studies and remains

insufficient for direct efficacy comparisons with established fat-grafting procedures
[6,99]

. Thus, greater

biological complexity or mechanistic specificity has not yet translated into consistently greater clinical

efficacy. Variability in reported patient outcomes is likely driven by both product-related and patient-related

factors. Product-level sources of heterogeneity include donor characteristics, adipose tissue source,

harvesting and processing methods, cell composition, culture conditions and passage number for ADSCs,

isolation and purification methods for EVs, dose and delivery route, and decellularization or mechanical

properties for dECM. Patient-level factors, including age, metabolic comorbidities, vascular status, wound

severity, fibrosis stage, prior irradiation, and recipient-site quality, may further influence therapeutic

responses. In addition, substantial differences in outcome definitions, assessment methods, follow-up

duration, and reporting of adverse events limit comparison across studies. Future clinical research should

therefore adopt indication-specific core outcome sets, standardized baseline severity criteria, predefined

product-characterization and dose-reporting requirements, uniform administration protocols, and

harmonized follow-up schedules. Objective outcome measures, including imaging-based graft retention,

standardized wound-healing endpoints, validated scar or fibrosis scores, perfusion measurements, and

patient-reported outcomes, should be incorporated where appropriate. Such standardization would improve

reproducibility and enable more reliable cross-study and cross-product comparisons. Procedure-based fat

transfer and selected SVF or matrix-based approaches have accumulated more clinical experience, whereas

expanded cell-enhanced products and EV-based therapies still require further validation through

standardized, adequately powered, and longer-term clinical trials. At present, multicenter, large-scale, high-

quality clinical studies with unified endpoint design are still lacking, as are long-term safety data and

evidence for sustained efficacy. This situation means that, in many scenarios, adipose-derived therapeutics

remain in a state of “clear potential but insufficient evidence”. None of the authors of this review were

involved in the design, conduct, analysis, or reporting of the clinical trials cited in this manuscript, including

the BREAST trial.

A product-specific, risk-based regulatory framework

The regulatory considerations discussed below are not intended to define a finalized or jurisdiction-specific

approval pathway. Rather, they constitute a product-specific, risk-based translational framework derived

from the recurrent manufacturing, quality-control, safety, and delivery challenges identified across the

literature. The proposed measures should therefore be interpreted as priorities for future validation and

regulatory alignment rather than as established regulatory standards. Systematically addressing these

product-specific barriers may help advance adipose-derived therapeutics from heterogeneous experimental

preparations toward more reproducible, quality-controlled, and clinically deployable products.

From a practical translational perspective, regulatory planning should begin with product definition and

sequential risk assessment rather than treating all adipose-derived therapeutics as a single category. Five

questions are particularly useful. First, what is the final therapeutic product: transplanted adipose tissue, a

viable-cell product, a cell-free secretory product, a tissue-derived matrix, or a combination product? Second,

how extensively has the source material been manipulated, including mechanical processing, enzymatic

digestion, culture expansion, genetic modification, cargo loading, or biomaterial integration? Third, is the

product intended for autologous point-of-care use or for allogeneic/off-the-shelf administration? Fourth, is

the intended application homologous or non-homologous to the original biological function of the source
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tissue? Fifth, does the final product contain multiple active components whose interactions, release kinetics,

or primary mode of action require additional evaluation? Together, these factors determine the appropriate

level of manufacturing control, release testing, potency assessment, preclinical evaluation, clinical-trial

design, and long-term safety surveillance
[15,75,107]

.

Standard fat grafting and selected mechanically processed adipose products are generally closest to

procedure-based autologous tissue transfer when they are prepared and reinjected during the same session

without culture expansion or the addition of other active components. Their risk profile is driven less by

extensive ex vivo manufacturing than by donor and harvest-site variability, aseptic handling, processing

consistency, tissue viability, injection technique, and indication-specific follow-up. Accordingly, translational

improvement should prioritize standardized harvesting, processing, and injection protocols; documentation

of tissue source and processing parameters; assessment of tissue integrity and viability; infection control; and

standardized clinical and imaging follow-up. In breast indications, long-term surveillance should

additionally address graft retention, fat necrosis, oil cysts, calcification, imaging interpretation, and oncologic

safety. These measures may improve reproducibility while preserving the procedural advantages of

autologous same-session use. In contrast, culture-expanded ADSCs and products enriched with expanded

ASCs should be regarded as higher-complexity cell-based products because ex vivo expansion substantially

changes both product characteristics and manufacturing risk. Although expansion enables the production of

a more defined and scalable cell population, it also introduces additional concerns related to donor

variability, contamination, passage-dependent senescence, phenotypic drift, genomic instability, altered

functional potency, and batch-to-batch inconsistency. Their translational development should therefore

prioritize standardized donor and tissue-source documentation, good manufacturing practice (GMP)-

compatible manufacturing, predefined passage limits, cell identity and purity assessment, viability and

sterility testing, mycoplasma and endotoxin monitoring, genomic stability evaluation, and indication-

relevant potency assays. These controls may help advance ADSCs from broadly defined experimental cell

preparations toward reproducibly characterized and clinically deployable cell-based therapeutic

products
[25,75,97]

.

SVF occupies an intermediate and context-dependent regulatory position because it avoids long-term culture

expansion but remains highly heterogeneous and sensitive to the processing method. Mechanically processed

tissue-derived SVF may be closer to autologous point-of-care use, whereas enzymatically isolated cellular

SVF involves tissue dissociation and a greater degree of manipulation. The principal risks include donor- and

harvest-site variability, method-dependent cellular composition, inconsistent viable cell yield, red blood cell

or tissue-debris contamination, residual enzymes, microbial contamination, and endotoxin exposure.

Translational development should therefore clearly distinguish mechanical from enzymatic preparations,

document tissue source and processing parameters, and establish minimum release criteria covering total

nucleated cell yield, cell viability, sterility, endotoxin levels, residual enzyme content when applicable, and

basic cellular-composition profiling. Although these measures cannot eliminate the inherent biological

heterogeneity of SVF, they may reduce operator dependence and improve product traceability,

reproducibility, and comparability across clinical studies
[26-29,74]

. EVs and secretome represent a distinct and

currently less standardized category of cell-free biologic products. The absence of living cells avoids some

risks associated with cell survival, differentiation, and long-term engraftment, but does not by itself ensure

product consistency or safety. A primary regulatory requirement is to define whether the final product is a

purified EV preparation or a broader secretome containing both vesicular and soluble components, because

these products differ in composition, dose definition, and release criteria. Their major risks arise from

variability in source cells and culture conditions, inconsistent isolation and purification methods,

contamination by non-vesicular proteins or particles, cargo heterogeneity, uncertain dose-potency

relationships, limited storage stability, and insufficiently characterized biodistribution. Translational
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development should therefore prioritize standardized source-cell and culture documentation; product-

specific identity, purity, and impurity testing; EV particle-size and concentration measurements where

applicable; cargo and batch-consistency assessment; sterility and endotoxin testing; validated storage

conditions; and indication-relevant potency assays linked to a defined dose unit. Engineered or cargo-loaded

EVs additionally require evaluation of off-target distribution, unintended immune activation, cargo-related

toxicity, and repeated-dose safety. These measures may help advance adipose-derived EVs and secretome

from variably defined experimental preparations toward reproducibly characterized and clinically deployable

cell-free therapeutic products
[79,80,107]

. dECM and acellular adipose matrix should be considered tissue-derived

biomaterial or scaffold products whose regulatory risk depends on both decellularization safety and

preservation of matrix function. Insufficient processing may leave residual DNA, cellular debris, lipids,

detergents, enzymes, or endotoxins, thereby increasing the risks of inflammation, foreign-body reactions,

fibrosis, impaired host integration, or infection. Conversely, overly aggressive decellularization may damage

collagen architecture, remove glycosaminoglycans and matrix-bound bioactive cues, and alter mechanical or

degradation properties. Translational development should therefore prioritize source-tissue traceability,

validated decellularization and delipidation procedures, residual DNA, lipid, detergent, enzyme, endotoxin,

and sterility testing, as well as assessment of ECM composition, ultrastructural preservation, mechanical

properties, degradation behavior, biological activity, and batch consistency. Product specifications should

also be matched to the intended application, because injectable matrices, hydrogels, sheets, powders, and

load-bearing scaffolds require different mechanical and degradation profiles. Establishing these controls may

help advance dECM from variably processed tissue-derived preparations toward reproducibly manufactured

and indication-specific biomaterial products
[55-60]

.

Combination products, such as EV-loaded hydrogels or microneedles, cell-seeded dECM scaffolds, and

matrices incorporating drugs, growth factors, or nucleic acids, represent a higher level of product complexity

because their safety and efficacy depend on both the individual components and their interactions within the

final formulation. Major risks include component incompatibility, altered biological activity after loading,

uncontrolled or inconsistent release kinetics, carrier degradation, loss of sterility or stability during assembly,

and unexpected local or systemic effects. Regulatory evaluation should therefore characterize not only each

individual component, but also the final combined product, including component identity and dose, loading

efficiency, release profile, material degradation, biological activity, sterility, stability, biocompatibility,

biodistribution when relevant, and repeated-dose safety. Clarifying the primary mode of action is also

important because it helps determine whether therapeutic performance is driven mainly by the cellular,

secretory, pharmacological, or material component. These controls may help advance biomaterial-integrated

adipose-derived systems from experimentally assembled combinations toward reproducible and indication-

specific therapeutic platforms
[7,9,35,53,61,73,101,107]

.

A practical regulatory strategy should therefore proceed from product definition to risk identification and

then to product-specific control. The proposed sequence includes classification of the final therapeutic

product, assessment of the extent of manipulation and intended use, identification of critical quality

attributes, establishment of appropriate release criteria and indication-relevant potency assays, selection of

clinically meaningful efficacy and safety endpoints, and long-term post-treatment surveillance. This

framework does not replace jurisdiction-specific regulatory consultation and should not be interpreted as an

established approval pathway. Rather, it identifies the principal translational priorities that should be

addressed before adipose-derived preparations can progress toward reproducible and clinically deployable

products. For clinicians, it provides a basis for distinguishing routine tissue-transfer procedures from

investigational cell, EV, matrix, and combination products and for evaluating whether the expected

therapeutic benefit justifies the associated processing and safety burden. For researchers, it helps align

product design, manufacturing, quality control, preclinical testing, and clinical evaluation with the specific

                                                                                               risks of the final therapeutic product.
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Figure 4. Key barriers and developmental pathways for the clinical translation of adipose-derived therapeutics. The clinical translation of
adipose-derived therapeutics is mainly constrained by heterogeneity, incomplete mechanistic understanding, insufficient standardization,
limited delivery efficiency, weak clinical evidence, and unclear regulatory pathways. To address these issues, progress is needed in
stratified characterization, multi-omics-based mechanistic studies, standardized manufacturing and quality control systems, biomaterial-
assisted delivery, multicenter clinical studies, and translational/regulatory framework development, ultimately enabling the standardized
clinical application of adipose-derived therapeutics. Created in BioRender. Lu, R. (2026) h ​t ​t ​p ​s ​: ​/ ​/ ​B ​i ​o ​R ​e ​n ​d ​e ​r ​. ​c ​o ​m ​/ ​o ​e ​r ​6 ​j ​w ​b ​. ADSCs:
Adipose-derived stem cells; SVF: stromal vascular fraction; dECM: decellularized extracellular matrix; SOP: standard operating procedure;
GMP: good manufacturing practice.

FUTURE DIRECTIONS AND PERSPECTIVES
Future development of adipose-derived therapeutics should be understood as a systematic response to the

above translational bottlenecks. The core goal is to gradually establish a complete translational framework

extending from product definition to clinical application [Figure 4].

Deepening mechanistic studies and advancing stratified characterization

Future research should move beyond merely “observing efficacy” toward “deciphering mechanisms”. In

particular, single-cell omics, spatial transcriptomics, proteomics, and functional validation approaches

should be used to identify the key cellular subpopulations, secreted cargos, and signaling pathways that truly

determine therapeutic effects in adipose tissue
[14,20]

. This direction directly addresses the problems of

“definition, heterogeneity, and unclear mechanisms”, and will also help establish functional stratification and

indication matching for different adipose-derived therapeutics at a deeper level. Only when mechanistic

understanding becomes clearer can adipose-derived therapeutics truly move from empirical use toward

precision design.

Strengthening cell-free therapy and integration with functional biomaterials

Exosomes and secretome represent one of the most promising future directions in adipose-derived

therapeutics. Future efforts should focus on screening functional cargos of exosomes, constructing

engineered exosomes, developing artificial exosomes or biomimetic vesicles, and improving the
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standardization and translational feasibility of cell-free therapeutic systems
[13,35]

. At the same time, combining

adipose-derived therapeutics with hydrogels, dECM, microneedles, nano-delivery systems, and

multifunctional scaffolds will be an important way to improve local retention, treatment durability, targeted

control, and niche reconstruction. These integrated systems may be particularly useful for products with

limited in vivo persistence, such as exosomes and secretome, and for indications requiring both biological

signaling and structural support, such as chronic wounds, radiation-induced injury, and soft tissue

reconstruction
[7,9,35,59,101]

. These two directions are highly consistent in essence: the former emphasizes

“optimization of product form”, while the latter emphasizes “optimization of delivery systems”, and both

serve the goal of improving in vivo utilization and local therapeutic performance. A major future trend in

regenerative medicine is not the isolated development of any single adipose-derived product, but the

construction of composite therapeutic systems centered on adipose-derived therapeutics and supported by

functional biomaterials.

Tissue-level reprogramming and organoid construction from adipose tissue: a new frontier in
adipose-derived bioactive therapy

Beyond conventional cellular, secretory, and matrix-derived products, recent studies suggest that adipose

tissue itself may also serve as a direct source for tissue-level reprogramming and organoid construction.

Huang et al. reported that reaggregated microfat (RMF), generated from adult human adipose tissue through

mechanical processing and suspension culture, could differentiate into functional organoids and tissue-like

constructs representing all three germ layers without single-cell isolation, long-term in vitro expansion, or

genetic manipulation
[ 1 1 0 ]

. These included bone marrow organoids capable of supporting human

hematopoiesis, insulin-producing islet organoids that reversed hyperglycemia in streptozotocin-induced

diabetic mice, and neural-like tissues expressing neuronal and neuroglial markers
[110]

. These findings suggest

that adipose tissue, when preserving a certain degree of structural integrity and microenvironmental

information, may not only serve as a source of ADSCs, SVF, exosomes, and dECM, but may also function as

a tissue-level reprogramming platform, thereby extending adipose-derived bioactive therapy from “structural

filling and microenvironmental regulation” toward “organoid construction and functional replacement
[111]

”.

Conceptually, this emerging direction extends the scope of microenvironment remodeling. If ADSCs, SVF,

exosomes, and dECM mainly act by regulating cell behavior, paracrine communication, and matrix support,

tissue-level direct reprogramming implies that adipose-derived therapeutics may eventually enter a stage of

organized tissue construction
[112]

. This may be particularly relevant in settings requiring complex tissue

replacement, long-term functional restoration, or disease modeling, where strategies that preserve tissue

integrity and exploit native-like niche signals could complement conventional single-cell-based induction

routes.

Nevertheless, this field remains at an early exploratory stage. Differentiation efficiency, long-term safety,

functional stability, batch consistency, clinical indication selection, and regulatory classification still require

further investigation. If future studies achieve progress in source standardization, reprogramming

optimization, long-term functional evaluation, and compliant manufacturing systems, direct organoid

generation from adipose tissue may become a highly innovative extension of adipose-derived therapeutic

strategies.

Advancing product-specific quality control and risk-based regulatory translation

Future translation should move beyond applying a single standardized framework uniformly across all

adipose-derived therapeutics. Because fat grafting-related preparations, ADSCs, SVF, EVs, secretome,

dECM, and combination products differ substantially in composition, degree of manipulation, mechanism of

action, and risk profile, each category requires product-specific critical quality attributes, release criteria,
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potency assays, and safety-monitoring strategies
[15,20,75]

. For conventional fat grafting and mechanically

processed adipose products, priorities include procedural standardization, tissue-source traceability,

processing consistency, infection control, and indication-specific imaging follow-up
[15,75]

. For ADSCs, key

requirements include cell identity, purity, viability, predefined passage limits, genomic stability, sterility, and

indication-relevant potency assays
[25,75,97]

. SVF requires clear differentiation between mechanical and

enzymatic processing, together with assessment of cellular composition, viable cell yield, processing

reproducibility, residual enzymes, sterility, and endotoxin levels
[26-28]

. EVs and secretome require precise

product definition, purity and impurity assessment, dose specification, cargo and batch consistency, storage

stability, and validated potency assays
[15,35,79,80,107]

. For dECM, translational priorities include decellularization

and delipidation efficiency, residual-component testing, preservation of matrix structure and bioactivity,

mechanical and degradation properties, and batch consistency
[55,60]

. Combination products should be

evaluated both at the level of their individual components and as final assembled therapeutic products, with

particular attention to loading efficiency, release kinetics, material degradation, sterility, stability, and

component interactions
[7,9,53,101]

. These priorities should be regarded as areas requiring further validation and

regulatory alignment rather than as established or jurisdiction-independent regulatory standards.

On this basis, priority clinical translation should focus on indications characterized by localized pathology,

measurable clinical outcomes, and substantial unmet needs. Chronic wounds are particularly suitable for

early translation because wound closure, healing time, perfusion, recurrence, and adverse events can be

evaluated using relatively direct clinical endpoints
[34]

. Radiation-induced injury and fibrotic diseases also

represent important targets because adipose-derived products may simultaneously address inflammation,

vascular impairment, fibrosis, and microenvironmental dysfunction
[1,36,77,90]

. Breast reconstruction and other

reconstructive applications provide clinically relevant settings for evaluating recipient-site quality, tissue

pliability, graft retention, contour improvement, and long-term safety
[1 ,90]

. Skin regeneration and

rejuvenation may offer accessible local-delivery and follow-up models, although their clinical endpoints and

safety assessment require greater standardization. Future studies should combine product-specific

manufacturing and release criteria with multicenter clinical designs, standardized indication-specific

endpoints, predefined safety monitoring, and sufficiently long follow-up. Such an approach may generate

evidence that is more reproducible, comparable, and clinically generalizable while avoiding premature

expansion into poorly defined applications.

CONCLUSION
Adipose-derived products constitute the principal cellular, secretory, and matrix-based components through

which adipose tissue exerts regenerative and reparative effects. Together, they are shifting the clinical use of

adipose tissue from simple volume restoration toward microenvironment remodeling and regenerative

regulation. However, these products are not interchangeable, and no single product has demonstrated

consistent superiority across indications. Conventional fat grafting currently has the strongest clinical

foundation for volume restoration and contour correction; SVF offers greater feasibility for rapid autologous

point-of-care use; ADSCs are better suited for controlled cell-product development but involve greater

manufacturing and regulatory complexity; exosomes and secretome provide promising cell-free and

engineerable strategies but remain supported mainly by preclinical or early clinical evidence; and dECM is

most appropriately positioned as a tissue-specific scaffold or delivery platform.

Accordingly, the clinical value of adipose-derived therapeutics should be judged according to the target

indication, therapeutic objective, evidence maturity, delivery feasibility, manufacturing requirements, and

safety burden rather than product origin or presumed biological superiority. Overall, the field remains in a

critical transition from heterogeneous experimental interventions to standardized therapeutic products.

Further progress will require indication-specific comparative studies, reproducible manufacturing and
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quality-control systems, validated potency and release criteria, optimized delivery strategies, risk-based

regulatory pathways, and long-term clinical safety evaluation. Addressing these priorities may enable

adipose-derived therapeutics to progress toward more precise, reproducible, and clinically applicable

bioactive therapies in plastic/reconstructive surgery and regenerative medicine.
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