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Abstract 

Fetal wound healing represents a unique model of scarless tissue repair and provides an important biological frame-

work for developing regenerative therapies for adult skin wounds. Unlike adult wound healing, which often results in 

fibrosis and permanent scar formation, early-gestation fetal wounds can restore normal skin architecture with mini-

mal inflammation, rapid re-epithelialization, organized extracellular matrix deposition, and reduced myofibroblast acti-

vation. This review summarizes the cellular, molecular, immunological, and biomechanical mechanisms underlying 

fetal scarless wound healing and discusses their translational relevance for tissue engineering and regenerative 

medicine. Key features of fetal repair include a hyaluronic acid-rich extracellular matrix, a higher collagen III/I ratio, 

increased TGF-β3 activity relative to TGF-β1 and TGF-β2, attenuated inflammatory cytokine signaling, fetal-specific 

fibroblast phenotypes, and a mechanically compliant wound environment. Particular attention is given to mecha-

notransduction pathways, including integrin-mediated signaling, FAK, Rho/ROCK, and YAP/TAZ, which link matrix 

stiffness and tissue tension to fibroblast activation and scar formation. The review further examines fetal-inspired 

therapeutic strategies, including hyaluronic acid-based hydrogels, immunomodulatory biomaterials, stem cell-derived 

secretomes, controlled growth factor delivery, anti-fibrotic agents, RNA-based therapies, and bioengineered skin 

substitutes. Although these approaches have shown promising preclinical and early clinical potential, true scarless 

regeneration in adult human skin remains challenging due to the complexity of the fetal wound microenvironment, 

differences in immune maturity, delivery timing, safety concerns, and regulatory barriers. Understanding fetal wound 

healing as an integrated and dynamically regulated process may guide the design of multi-cue regenerative thera-

pies aimed not only at reducing scar formation but also at restoring functional skin architecture. 

1. Introduction 

Scarless wound healing remains one of the most persis-

tent challenges in tissue engineering and regenerative 

medicine. Although considerable advances have been 

achieved in the development of skin substitutes, bioac-

tive wound dressings, and cell-based therapies, com-

plete structural and functional restoration of adult skin 

after injury remains clinically unattained
(1)

. In adult mam-

mals, wound healing typically culminates in fibrotic scar 

formation, a reparative process characterized by exces-

sive extracellular matrix (ECM) deposition, altered colla-

gen architecture, and the permanent loss of skin append-

ages such as hair follicles and sweat glands
(2)

. Beyond 

aesthetic concerns, scar tissue exhibits reduced me-

chanical elasticity, impaired thermoregulation, and dimin-

ished sensory function, highlighting the fundamental limi-

tations of current therapeutic approaches
(3)

. In contrast, 

early-gestation fetal skin demonstrates a remarkable ca-

pacity for scarless healing. This phenomenon is driven 

by a distinct cellular and molecular microenvironment 

that differs fundamentally from adult wound healing
(4)

. 

Hallmarks of fetal repair include a hyaluronic acid–rich 

ECM, differential transforming growth factor (TGF) sig-

naling, particularly a higher TGF-β3 to TGF-β1 ratio
(5)

, 
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In humans, scarless fetal wound healing is generally 

observed during early and mid-gestation and is typically 

maintained until approximately 24 weeks of gestation. 

Thereafter, wound repair gradually transitions toward an 

adult-like fibrotic phenotype rather than shifting at a 

sharply defined developmental stage
(7)

. This transition is 

associated with progressive immune maturation, in-

creased mechanical tension within the developing skin, 

and changes in extracellular matrix composition and re-

modeling
(4)

. Accordingly, scarless healing should be 

considered a temporally restricted developmental phe-

notype that progressively declines as fetal skin acquires 

the structural, mechanical, and immunological properties 

of postnatal tissue
(8)

. 

Recent advances in biomaterials and biofabrication have 

facilitated the translation of fetal developmental princi-

ples into engineered therapeutic strategies. Approaches 

including extracellular matrix-mimetic scaffolds, immuno-

modulatory biomaterials, controlled delivery of morpho-

gens and growth factors, and mechanically tunable hy-

drogels aim to recreate key features of the fetal regener-

ative microenvironment in adult wounds. Emerging tech-

nologies, such as three-dimensional bioprinting
(9)

 and 

stimulus-responsive biomaterials
(1)

, enable spatial and 

temporal control of cellular behavior during tissue repair. 

Despite these advances, important translational barriers 

remain. Reproducing the fetal wound-healing niche re-

quires coordinated biochemical, immunological, and bio-

mechanical control, while challenges in growth factor 

delivery, signal stability, biomaterial reproducibility, scal-

able manufacturing, and regulatory translation continue 

to limit clinical application
(10)

. As a result, most fetal-

inspired strategies remain preclinical. 

This review examines fetal wound healing as a model 

for scarless healing and its translational relevance to 

tissue engineering. We summarize the biological mecha-

nisms underlying scarless healing and evaluate engi-

neering approaches, including ECM-mimetic biomateri-

als, controlled delivery of regenerative signals, and bio-

mechanical modulation, to outline a framework for ad-

vancing scarless skin regeneration toward clinically via-

ble therapies. 

2. Unique Features of Fetal Scarless Wound Healing 

Fetal skin possesses a remarkable healing capacity that 

enables rapid repair with minimal to no visible scar for-

mation. This phenomenon, known as scarless wound 

healing, occurs primarily during early gestation and dif-

fers fundamentally from adult wound repair. Unlike the 

fibrotic healing seen in postnatal tissues, fetal wound 

repair can largely restore skin architecture, including 

relatively normal dermal organization and preservation 

of key functional characteristics
(1)

. 

Several features contribute to this capacity. Fetal 

wounds exhibit minimal inflammation, reduced neutro-

phil and macrophage infiltration, and a cytokine profile 

favoring anti-inflammatory signaling. The ECM also dif-

fers from adult skin, particularly in its high hyaluronic 

acid (HA) content and higher collagen type III to type I 

ratio. In addition, fetal fibroblasts display enhanced mi-

gratory capacity and a reduced tendency toward myofi-

broblast differentiation, limiting excessive matrix deposi-

tion and contraction .
(11)

 The fetal biomechanical 

environment is also softer and less tension-driven, sup-

porting signaling pathways associated with tissue re-

modeling. Together, these features create a pro-

regenerative microenvironment that supports scarless 

wound healing
(12)

. 

For conceptual clarity, this review distinguishes between 

“regenerative” and “scarless” healing. “Regenerative 

healing” refers to structural and functional restoration of 

native skin architecture, including orderly collagen as-

sembly and re-establishment of skin appendages
(13)

. By 

contrast, “scarless healing” refers to the clinical or mac-

roscopic absence of visible scar tissue. Although these 

phenotypes overlap in early-gestation fetal repair, a 

scarless outcome does not necessarily indicate com-

plete functional regeneration, as subtle extracellular ma-

trix and biomechanical differences may persist
(10)

. 

2.1 Developmental Stages of Fetal Skin Healing 

The scarless wound healing potential of fetal skin is 

strongly dependent on gestational age. Early-gestation 

fetal wounds typically heal in a scarless manner, where-

as wounds occurring during later stages of development 

gradually transition toward a repair process more similar 

to that observed in adults
(14)

. 

During early fetal development, wound closure occurs 

rapidly through coordinated cell migration and prolifera-

tion. Keratinocytes migrate efficiently to re-epithelialize 

the wound surface, while fetal fibroblasts contribute to 

matrix remodeling without inducing excessive fibrosis. 

The inflammatory phase, which plays a prominent role in 

adult wound healing, is markedly attenuated during this 

stage
(11)

. 

As gestation progresses, changes in the immune sys-

tem, ECM composition, and fibroblast phenotype gradu-

ally alter the healing response. Increased inflammatory 

activity, changes in collagen deposition, and enhanced 

differentiation of fibroblasts into contractile myofibro-

blasts contribute to the progressive loss of scarless re-

generative capacity. This developmental transition sug-

gests that the mechanisms responsible for fetal scarless 

healing are tightly linked to the maturation of skin struc-

ture and immune regulation
(4)

. 
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Understanding the temporal regulation of these develop-

mental processes is essential for identifying biological cues 

that could potentially be harnessed in regenerative medi-

cine and tissue engineering strategies. 

2.2 Structural Characteristics of Fetal Skin 

The structural organization of fetal skin differs substantially 

from that of adult skin and plays an important role in ena-

bling scarless wound healing. These differences are partic-

ularly evident in the architecture of the dermis and the com-

position of the ECM. 

Organization of Dermis 

The fetal dermis exhibits a loosely organized and highly 

cellular structure compared with adult dermis. Collagen 

fibers in fetal skin are typically thin, uniformly distributed, 

and arranged in a reticular pattern rather than the dense, 

parallel bundles commonly seen in adult tissue. This organ-

ization facilitates rapid matrix remodeling and allows cells 

to migrate efficiently during the wound healing process
(15)

. 

Fetal fibroblasts also display distinct functional characteris-

tics
(16)

. They produce ECM components in a controlled and 

balanced manner and show reduced differentiation into 

myofibroblasts, which are largely responsible for wound 

contraction and fibrotic scar formation in adult tissues. As a 

result, the structural integrity of the dermis can be restored 

without excessive matrix deposition or tissue contraction
(17)

. 

ECM Composition 

The ECM of fetal skin is characterized by features that fa-

vor regenerative healing, including high levels of hyaluronic 

acid (HA) and a higher collagen type III-to-type I ratio 
(5, 18)

. 

These ECM components create a dynamic microenviron-

ment that supports controlled tissue remodeling and limits 

fibrotic responses during wound healing. The mechanistic 

roles of HA and collagen composition in fetal repair are dis-

cussed in Sections 4.1 and 4.2, respectively. 

2.3 Differences Between Fetal and Adult Wound Healing 

Although fetal and adult wound healing share the same 

general phases (hemostasis, inflammation, proliferation, 

and remodeling) the magnitude and regulation of these pro-

cesses differ substantially. 

One of the most significant differences is the degree of in-

flammation. Adult wounds are characterized by a pro-

nounced inflammatory response involving the recruitment 

of neutrophils, macrophages, and pro-inflammatory cyto-

kines. In contrast, fetal wounds display a markedly reduced 

inflammatory reaction, and increased expression of an-

ti-inflammatory mediators (see Section 5.2) 
(11)

. 

Figure 1: Comparison of fetal and adult wound healing 

Feature  Fetal wound 
healing 

Adult wound heal-
ing 

Inflammation Low High 

Fibroblast pheno-
type 

Migratory, less 

myofibroblastic 

α-SMA+ 

myofibroblast-rich 

ECM HA-rich, collagen Collagen I-rich, 

TGF-β profile Higher TGF-β3/

TGF-β1 

Higher TGF-β1/2 

Mechanical ten-
sion 

Low High 

Outcome Regeneration Fibrosis/Scar 

Mohsen Abedini-esfahlani
1, et al, 

Scarless Fetal Wound Healing  



4 

Another key difference lies in fibroblast behavior and 

ECM deposition. In adult wound healing, fibroblasts dif-

ferentiate into myofibroblasts that produce large 

amounts of collagen and contribute to wound contrac-

tion and scar formation. Fetal fibroblasts, however, pro-

duce matrix components in a more regulated manner 

and exhibit reduced myofibroblast differentiation, there-

by preventing excessive fibrosis
(12)

. 

Differences also exist in growth factor signaling, particu-

larly in the balance of TGF-β isoforms. Adult wounds 

typically show increased expression of TGF-β1 and 

TGF-β2, whereas fetal wounds exhibit higher levels of 

TGF-β3
(17) 

(see Section 5.1). 

Finally, the mechanical environment of adult skin, which 

experiences greater tension and mechanical stress, fur-

ther promotes scar formation. In contrast, the relatively 

low-tension environment of fetal skin contributes to more 

organized tissue remodeling
(19)

. These differences have 

shown in table 1, and figure 1. 

Table 1: Comparison of fetal and adult wound healing 

 

 

3. Cellular Mechanisms of Scarless Healing 

Scarless fetal wound healing is driven by distinct cellular 

mechanisms that differ fundamentally from those ob-

served in adult tissue repair. In fetal skin, the coordinat-

ed activity of fibroblasts, keratinocytes, and immune 

cells creates a microenvironment that favors regenera-

tion rather than fibrosis. These cells interact dynamically 

with the ECM and signaling molecules to regulate cell 

migration, proliferation, and matrix remodeling. Unlike 

adult wound healing, where prolonged inflammation and 

excessive fibroblast activation lead to scar formation, 

fetal wounds exhibit a tightly controlled cellular response 

that enables rapid tissue restoration while maintaining 

normal skin architecture. 

Understanding these cellular behaviors is critical for tis-

sue engineering approaches aimed at recreating a re-

generative microenvironment in adult wounds. These 

mechanisms are illustrated in Figure 2. 

 

Figure 2: Mechanism of scarless fetal wound 
healing 

 

 3.1 Fetal Fibroblast Phenotypes 

Fibroblasts play a central role in wound healing through 

the synthesis and remodeling of ECM components. 

However, fetal fibroblasts exhibit phenotypic and func-

tional characteristics that differ significantly from adult 

fibroblasts, which contribute to their scarless healing 

capacity
(17)

. 

One of the defining features of fetal fibroblasts is their re-

duced tendency to differentiate into myofibroblasts. In adult 

wound healing, fibroblasts commonly differentiate into 

α‑smooth muscle actin (α‑SMA)–expressing myofibro-

blasts, which generate contractile forces and produce 

large amounts of collagen, ultimately leading to fibrotic 

scar formation. In contrast, fetal fibroblasts maintain a 

more migratory and proliferative phenotype and produce 

ECM in a balanced manner, preventing excessive colla-

gen accumulation
(4)

. 

Additionally, fetal fibroblasts exhibit distinct gene ex-

pression profiles associated with scarless healing pro-

cesses
(20)

. These cells show increased expression of 

factors that promote matrix remodeling and reduced ex-

pression of pro‑fibrotic mediators. Their ability to migrate 

efficiently and organize collagen deposition contributes 

to the restoration of normal dermal architecture during 

healing(11). 

3.2 Keratinocyte Behavior and Re‑epithelialization 

Keratinocytes are essential for the rapid restoration of 

the epidermal barrier following injury. In fetal wounds, 

re‑epithelialization occurs more rapidly and efficiently 

than in adult wounds, largely due to enhanced keratino-

cyte migration and proliferation. Fetal keratinocytes ex-

hibit a highly coordinated migratory response that allows 

them to rapidly cover the wound surface. These cells 

interact closely with the underlying ECM and fibroblasts 

to facilitate tissue repair. Growth factors and signaling 
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molecules within the fetal wound environment promote 

keratinocyte activation while minimizing inflammatory 

signaling pathways. Moreover, fetal epidermal cells 

contribute to the restoration of normal skin structure 

without inducing the hyperproliferative responses often 

observed in adult wounds. This controlled re‑epitheliali-

zation process helps maintain epidermal integrity and 

prevents abnormal tissue remodeling
(21)

. 

3.3 Immune Cell Profile and Reduced Inflammation 

Fetal wounds exhibit a markedly attenuated inflamma-

tory response compared with adult wounds (see Sec-

tion 5.2). In addition, macrophages in fetal wounds ap-

pear to adopt a more reparative phenotype, supporting 

tissue remodeling rather than prolonged inflammation. 

These observations suggest that the immune microen-

vironment is a key determinant of scarless fetal repair
(22)

. 

4. ECM and Biomechanical Environment 

ECM plays a fundamental role in regulating cell behav-

ior during wound healing. In fetal skin, the ECM pro-

vides a dynamic and permissive microenvironment that 

supports rapid tissue scarless healing. In addition to its 

biochemical composition, the biomechanical properties 

of the matrix, such as stiffness and mechanical ten-

sion, significantly influence cellular responses. 

Compared with adult skin, fetal tissue exhibits a softer 

and more hydrated ECM that facilitates cell migration 

and matrix remodeling. These structural and mechani-

cal properties help regulate fibroblast activity, reduce 

myofibroblast differentiation, and maintain balanced 

collagen deposition. Consequently, the ECM in fetal 

wounds functions not only as a structural scaffold but 

also as an active regulator of regenerative signaling 

pathways. 

4.1 HA-Rich Microenvironment 

One of the most distinctive features of fetal skin is the 

high abundance of HA within the ECM. HA is a gly-

cosaminoglycan that contributes to tissue hydration, 

matrix viscoelasticity, cell migration, and ECM organi-

zation
(23)

. 

Elevated HA levels create a highly hydrated and per-

missive microenvironment that facilitates the migration 

of fibroblasts and keratinocytes during wound repair. In 

fetal wounds, this HA-rich matrix is associated with 

rapid tissue restoration and reduced formation of 

dense, disorganized collagen bundles characteristic of 

scar tissue. Through interactions with cell-surface re-

ceptors, particularly CD44, HA can modulate signaling 

pathways involved in cell adhesion, proliferation, mi-

gration, and matrix remodeling
(24)

. 

Furthermore, HA contributes to the regulation of the 

wound inflammatory response by influencing cytokine 

activity and immune-cell recruitment
(23)

. Collectively, 

these biochemical and biophysical effects support a 

regenerative wound niche and help limit excessive fi-

broblast activation and fibrotic matrix deposition. How-

ever, the biological effects of HA depend on factors 

such as its molecular weight, concentration, and local 

inflammatory context. Thus, HA represents a key, but 

context-dependent, component of the fetal regenera-

tive microenvironment. 

4.2 Collagen Type III Dominance 

Another characteristic feature of fetal wound healing is 

the predominance of collagen type III within the ECM. 

In adult wounds, collagen type I is the dominant struc-

tural protein and is typically deposited in thick, densely 

packed bundles that contribute to scar formation. In 

contrast, fetal skin contains a higher ratio of collagen 

type III to collagen type I. Collagen type III forms a 

more flexible and loosely organized network, allowing 

for greater tissue elasticity and more controlled matrix 

remodeling. This structural arrangement supports the 

restoration of normal dermal architecture rather than 

the formation of rigid scar tissue
(25)

. 

The balanced deposition and subsequent remodeling 

of collagen fibers in fetal wounds therefore play a criti-

cal role in maintaining tissue integrity while preventing 

fibrotic responses. 

 4.3 Matrix Remodeling and Mechanical Tension 

Matrix remodeling is an essential process during 

wound healing, involving the synthesis, degradation, 

and reorganization of ECM components. In fetal skin, 

this process is highly regulated and occurs in a manner 

that preserves tissue architecture
(26)

. 

Enzymes such as matrix metalloproteinases (MMPs) 

and their inhibitors coordinate the controlled degrada-

tion and remodeling of collagen and other matrix pro-

teins
(27)

. This balanced activity prevents excessive ma-

trix accumulation and supports the orderly reconstruc-

tion of the dermis
(26)

. 

In addition to biochemical factors, mechanical tension 

plays a critical role in determining wound healing out-

comes
(28)

. Adult skin is subjected to considerable me-

chanical stress, which can stimulate fibroblast activa-

tion and promote myofibroblast differentiation, ultimate-

ly contributing to scar formation
(29)

. In contrast, fetal 

skin experiences lower mechanical tension, which re-

duces mechanotransduction signals associated with 

fibrosis
(30)

. 
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The combination of controlled matrix remodeling and 

reduced mechanical stress creates a biomechanical en-

vironment that favors scarless healing. These insights 

have important implications for tissue engineering strate-

gies aimed at designing biomaterials and scaffolds that 

replicate the scarless characteristics of the fetal skin mi-

croenvironment. 

 5. Molecular and Signaling Pathways in Fetal Scar-
less Repair 

Scarless wound healing in fetal skin is regulated by a 

complex network of molecular signals and intracellular 

pathways that coordinate cellular behavior and ECM re-

modeling. Unlike adult wound repair, which often in-

volves excessive activation of pro‑fibrotic signaling cas-

cades, fetal healing is characterized by a tightly con-

trolled molecular environment that promotes scarless 

healing. Several signaling pathways play key roles in 

orchestrating this scarless healing process. Understand-

ing these pathways is essential for identifying potential 

therapeutic targets that may help replicate fetal‑like heal-

ing responses in adult tissues. 

5.1 TGF‑β Isoform Balance (TGF‑β3 vs TGF‑β1/2) 

Among the molecular regulators of wound healing, the 

TGF‑β family plays a pivotal role in determining whether 

tissue repair results in scarless healing or fibrosis. In 

adult wound healing, the isoforms TGF‑β1 and TGF‑β2 

are typically upregulated and promote fibroblast activa-

tion, myofibroblast differentiation, and excessive colla-

gen deposition. These processes contribute significantly 

to scar formation. In contrast, fetal wound healing is 

characterized by a distinct balance of TGF‑β isoforms, 

with higher levels of TGF‑β3 relative to TGF‑β1 and 

TGF‑β2. TGF‑β3 has been associated with reduced fi-

brotic activity and more organized ECM deposition. This 

shift in isoform expression appears to suppress the path-

ways that drive fibrosis while promoting scarless tissue 

remodeling
(31)

. Experimental studies have demonstrated 

that modulation of the TGF‑β signaling pathway, particu-

larly increasing TGF‑β3 activity or reducing TGF‑β1/2 

signaling, can reduce scar formation in adult wounds. 

Consequently, the TGF‑β isoform balance has become 

an important target in the development of anti‑scarring 

therapies and regenerative medicine strategies
(32, 33)

. 

5.2 Cytokine and Growth Factor Regulation 

Cytokines and growth factors play critical roles in regu-

lating cellular communication during wound healing. In 

fetal skin, the expression profile of these signaling mole-

cules differs markedly from that observed in adult 

wounds, contributing to a scarless healing. 

Fetal wounds typically exhibit a cytokine profile that fa-

vors anti-inflammatory and regenerative signaling, char-

acterized by lower levels of pro-inflammatory cytokines, 

including IL-6 and TNF-α, and relatively greater promi-

nence of anti-inflammatory mediators such as IL-10 (22). 

This balanced cytokine milieu limits the recruitment and 

activation of inflammatory cells, suppresses excessive 

immune activation, and attenuates the activation of pro-

fibrotic pathways 
(22, 34, 35)

. Consequently, it helps main-

tain a scarless wound microenvironment and reduces 

the likelihood of fibrosis that commonly characterizes 

adult wound healing. 

Several growth factors are also involved in fetal wound 

repair. Factors such as fibroblast growth factor (FGF), 

vascular endothelial growth factor (VEGF), and plate-

let‑derived growth factor (PDGF) regulate processes 

including angiogenesis, cell proliferation, and matrix re-

modeling. However, the temporal and spatial regulation 

of these growth factors in fetal tissue appears to be more 

tightly controlled, allowing for coordinated tissue regen-

eration without excessive fibrosis
(36)

. 

5.3 Wnt, Notch, and Hedgehog Signaling 

Developmental signaling pathways play important roles 

in regulating tissue growth, differentiation, and regenera-

tion. Among these pathways, Wnt, Notch, and Hedgehog 

signaling have been implicated in the regulation of fetal 

skin regeneration. 

The Wnt signaling pathway is involved in the regulation 

of stem cell activity, cell proliferation, and hair follicle 

development. Activation of Wnt signaling during wound 

healing has been associated with improved tissue regen-

eration and the restoration of skin appendages. In fetal 

wounds, balanced Wnt signaling contributes to coordi-

nated cellular responses that support scarless healing
(37)

. 

The Notch signaling pathway regulates cell fate determi-

nation and differentiation within the epidermis and der-

mis. Through interactions between neighboring cells, 

Notch signaling influences keratinocyte differentiation 

and tissue organization during skin development and 

repair
(38)

. 

Moreover, the Hedgehog signaling pathway plays a role 

in embryonic development and tissue patterning. Its ac-

tivity has been linked to hair follicle regeneration, dermal 

cell proliferation, and the regulation of ECM production. 

Together, these developmental signaling pathways help 

maintain a regenerative environment in fetal wounds and 

represent potential targets for regenerative therapies
(39)

. 

5.4 Role of microRNAs and Epigenetic Regulation 
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In addition to classical signaling pathways, epigenetic 

regulation plays a significant role in controlling gene ex-

pression during fetal wound healing. Epigenetic mecha-

nisms, including DNA methylation, histone modification, 

and non‑coding RNAs, enable dynamic regulation of 

genes involved in inflammation, cell proliferation, and 

matrix remodeling
(40)

. 

Among these regulators, microRNAs (miRNAs) have at-

tracted particular attention. These small molecules regu-

late gene expression by inhibiting the translation of target 

messenger RNAs. Several miRNAs have been implicat-

ed in the regulation of fibroblast activity, collagen synthe-

sis, and inflammatory responses during wound healing
(41)

. 

In fetal tissues, specific miRNA expression patterns con-

tribute to the suppression of pro‑fibrotic pathways and 

the promotion of scarless healing processes. By modu-

lating key signaling molecules and transcription factors, 

miRNAs help maintain the balance between matrix pro-

duction and degradation
(42)

. 

Because epigenetic modifications are potentially reversi-

ble, targeting miRNAs and other epigenetic regulators 

represents a promising strategy for developing therapies 

aimed at reducing fibrosis and promoting scarless heal-

ing. 

5.5 Mechanotransduction Pathways 

Strategy Fetal principle 
mimicked 

Example Developmental 
stage  

Limitation  

HA hydrogel HA-rich ECM HA-CS hydrogels Preclinical degradation, deliv-

ery 

TGF-β modulation TGF-β3 dominance TGF-β3 delivery preclinical/clinical failed trials, dosing 

MSC therapy immunomodula-

tion 

MSC-CM, exosomes preclinical/clinical Heterogeneity 

Smart Hydrogel Dynamic niche light-responsive VEGF Preclinical Scalability 

Table 2: Translational fetal-inspired strategies 

HA: Hyaluronic acid; MSC: Mesenchymal Stem Cell; CM: Conditioned Medium 

 

Figure 3: Translational strategies inspired by fetal wound healing 
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Mechanical cues strongly influence whether wound 

healing proceeds toward regeneration or fibrosis. In 

adult wounds, increased matrix stiffness and tissue ten-

sion activate integrin-mediated signaling, focal adhesion 

kinase (FAK)
(43)

, Rho-associated coiled-coil-containing 

protein kinase (ROCK) pathways
(44)

, and YAP/TAZ nu-

clear translocation
(45)

, promoting fibroblast activation 

and myofibroblast differentiation
(46)

. In contrast, the softer 

fetal matrix may attenuate these mechanotransductive signals, 

thereby limiting α-SMA expression and excessive collagen 

deposition
(12)

. Targeting mechanotransduction pathways 

has therefore emerged as a promising strategy for reca-

pitulating fetal-like healing in adult wounds
(47)

. 

 6. Immunological Basis of Scarless Wound Healing 

The immune system plays a critical role in determining 

the outcome of wound healing. In adult tissues, inflam-

mation is an essential early response to injury, but ex-

cessive or prolonged inflammatory activity often pro-

motes fibrosis and scar formation
(48)

. In contrast, fetal 

wound healing is characterized by a distinct immunolog-

ical environment that supports scarless healing while 

minimizing inflammatory damage
 (47)

. 

6.1 Attenuated Inflammatory Response 

The immunological environment of fetal wounds differs 

fundamentally from that of adult wounds and is a major 

contributor to scarless repair. Early fetal healing occurs 

in the context of an immature immune system, resulting 

in reduced leukocyte infiltration, limited inflammatory 

amplification, and rapid resolution of tissue injury. Com-

pared with adult wounds, fetal wounds show lower lev-

els of pro-inflammatory cytokines. 

Macrophages also play an important role in this pro-

cess. Rather than sustaining prolonged inflammatory 

signaling, fetal wound macrophages appear to support 

tissue remodeling and regenerative repair. However, 

macrophage phenotype alone does not fully determine 

healing outcome, and the timing and balance of im-

mune responses are likely more important than the 

presence of any single reparative cell type
(22, 49)

. 

These immunological features have inspired translation-

al approaches aimed at modulating inflammation in 

adult wounds. Biomaterials, stem cell-derived secre-

tomes, and cytokine-targeted therapies are being devel-

oped to reduce excessive inflammation and create a 

fetal-like pro-regenerative immune environment. Never-

theless, reproducing the tightly regulated fetal immune 

niche in adult tissue remains a major challenge. 

 6.2 Cytokine Balance 

As discussed previously, balance of cytokines within the 

wound environment plays a crucial role in regulating 

immune responses and tissue repair (see Section 5.2). 

7. Translational Strategies Toward Scarless Skin 
Repair 

Insights gained from fetal wound healing have inspired 

numerous translational strategies aimed at reducing 

fibrosis and promoting scarless healing in adult skin. In 

tissue engineering and regenerative medicine, the goal 

is to recreate aspects of the fetal wound microenviron-

ment, such as balanced cytokine signaling, reduced 

inflammation, and regenerative ECM organization. Sev-

eral approaches have been explored, including bio-

material‑based scaffolds, cell‑based therapies, molecu-

lar interventions, and advanced skin substitutes. These 

strategies attempt to integrate biological knowledge with 

engineering technologies to guide adult wound healing 

toward a more regenerative outcome
(50)

. A summary of 

these approaches is presented in Table 2 and Figure 3. 

 7.1 Biomaterial‑Based Approaches 

Biomaterials have become central tools in regenerative 

medicine for modulating the wound environment and 

supporting tissue repair. In the context of scarless heal-

ing, biomaterial design increasingly focuses on replicat-

ing the structural and biochemical features of fetal skin
(10)

. 

ECM‑mimicking scaffolds are engineered to reproduce 

the architecture and composition of the native ECM. 

These scaffolds often incorporate collagen, gelatin, 

elastin, or synthetic polymers arranged in nanofibrous 

structures that resemble the dermal matrix. By providing 

appropriate mechanical support and cell‑adhesion cues, 

ECM‑like scaffolds can regulate fibroblast activity, pro-

mote organized collagen deposition, and facilitate cell 

migration. In this regard, Gansevoort et al. developed a 

collagen scaffold functionalized with heparin, FGF2, 

and VEGF. In a fetal sheep wound model, this scaffold 

induced a regenerative gene expression profile with 

features of scarless healing, including tight control over 

cell signaling and organized ECM deposition(51). 

Another promising strategy involves HA–based matri-

ces designed to mimic the transiently hydrated, HA‑rich 

microenvironment characteristic of fetal skin (the biolog-

ical and cellular mechanisms of HA in fetal healing are 

detailed in Section 4.1). Rather than re-establishing the 

underlying signaling pathways, translational applica-

tions focus on utilizing HA-based hydrogels and compo-

site biomaterials for their biocompatibility, tunable me-

chanical properties, and capacity to limit fibrotic pro-

gression in adult wounds. For instance, Rong et al. re-
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ported that an HA-chondroitin sulfate hydrogel designed 

to mimic the fetal ECM promoted rapid wound closure, 

neovascularization, and hair follicle regeneration while 

supporting organized tissue remodeling
(52)

. Similarly, Avi-

la-Martinez et al. incorporated HA into collagen-based 

scaffolds to recapitulate this fetal microenvironment. This 

platform successfully modulated the immune response 

by inducing an anti-inflammatory M2c-like macrophage 

phenotype (CD206-high, CD163-high, IL-10-high) and 

significantly downregulated key scarring-related markers, 

including TGFB1, COL10A1, and ACTA2, in myofibro-

blast-like cells
(53)

. These findings highlight the translation 

of fetal ECM characteristics into bioactive scaffolds to 

guide adult tissue repair away from fibrotic scarring. 

7.2 Cell‑Based Therapies 

Cell‑based therapies represent another important ave-

nue for promoting scarless wound healing. By introduc-

ing cells with regenerative potential into the wound envi-

ronment, these strategies aim to restore tissue architec-

ture and modulate inflammatory responses
(54)

. 

Stem cells, including mesenchymal stem cells (MSCs), 

and induced pluripotent stem cells have shown consider-

able promise in enhancing wound healing. These cells 

secrete a wide range of paracrine factors that regulate 

inflammation, stimulate angiogenesis, and promote ECM 

remodeling
(54, 55)

. Their immunomodulatory properties also 

contribute to the reduction of fibrotic responses. For instance, 

conditioned medium derived from adipose-derived MSCs has 

been shown to accelerate wound closure in diabetic models by 

upregulating pro-angiogenic factors such as VEGF, bFGF, and 

EGF, while simultaneously downregulating pro-inflammatory 

mediators including TNF-α, IL-1β, and IL-2 through the inhi-

bition of TNF and chemokine signaling cascades
(56)

. 

Another emerging concept involves the use of fetal-like 

fibroblasts or fibroblasts reprogrammed to exhibit regenerative 

phenotypes. Since fetal fibroblasts demonstrate reduced myofi-

broblast differentiation and more organized matrix deposition, 

replicating these characteristics in adult fibroblasts may help 

shift wound healing toward a regenerative pathway—for ex-

ample, by modulating TGF-β signaling or optimizing the bio-

physical properties of the scaffold environment. This concept 

is supported by experimental lineage-tracing studies demon-

strating that Engrailed-1 lineage-negative fibroblasts 

(ENFs), which predominate in early fetal skin, drive der-

mal development and regeneration
(57)

. As development 

progresses, however, these cells are replaced by En-

grailed-1 lineage-positive fibroblasts (EPFs), which are 

the principal contributors to fibrotic matrix deposition and 

scar formation following injury. Importantly, this pheno-

typic shift from regeneration to scarring can be reversed 

locally by transplanting ENFs into adult wounds, provid-

ing direct evidence that fibroblast identity is a key deter-

minant of regenerative versus fibrotic outcomes
(58)

. 

 7.3 Growth Factor Modulation and Anti-Fibrotic Thera-

pies 

The role of TGF isoforms and their balance were dis-

cussed previously (see Section 5.1). 

The conducted studies
(59-61)

 have motivated efforts to devel-

op anti-fibrotic therapies that modulate TGF-β signaling or 

target related mediators such as connective tissue growth 

factor. Additional strategies include the use of plant-

derived compounds, matrix-modulating agents, and 

small molecules that suppress fibroblast activation and 

collagen overproduction. RNA-based approaches, in-

cluding small interfering RNAs and microRNA-targeted 

therapies, have also emerged as promising tools for reg-

ulating profibrotic pathways
(62-64)

. 

Despite strong biological rationale, clinical translation has 

been inconsistent. In particular, therapies based on single 

growth factors such as TGF-β3 have not consistently repro-

duced fetal-like scarless healing in adult patients. This limita-

tion suggests that successful scarless healing will likely re-

quire combinatorial approaches that integrate growth 

factor control with immune modulation, ECM engineer-

ing, and mechanical regulation. 

 7.4 Tissue Engineering and Skin Substitutes 

In parallel with cell-based and pharmacological strate-

gies, tissue engineering approaches aim to develop bio-

engineered skin substitutes capable of restoring both the 

structural and functional properties of native skin. These 

constructs often combine biomaterials, living cells, and 

bioactive molecules to recreate the architecture of the 

dermis and epidermis. Modern skin substitutes are de-

signed not only to provide temporary wound coverage 

but also to actively guide tissue regeneration. Advances 

in 3D bioprinting, nanofibrous scaffolds, and bioactive 

hydrogels have enabled the development of more so-

phisticated constructs that support vascularization, epi-

thelialization, and matrix remodeling. 

For instance, in the realm of 3D bioprinting, a recent 

study developed an epidermal-dermal skin construct us-

ing an alginate-gelatin-diethylaminoethyl cellulose-

fibrinogen bioink, which, when implanted in a rat full-

thickness wound model, promoted faster wound closure 

and enhanced angiogenesis compared to dermal-only or 

acellular constructs
(65)

. In another innovative approach, 

nanofibrous scaffolds were engineered as a 3D aniso-

tropic sponge loaded with black phosphorus and VEGF. 

This scaffold enabled the controlled release of VEGF 

under near-infrared light, effectively guiding cell growth 

along oriented fibers and significantly enhancing skin flap 

survival in vivo through improved angiogenesis
(66)

. Fur-
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thermore, bioactive hydrogels have been designed as 

injectable, photo-crosslinkable systems based on meth-

acrylated silk fibroin (SilMA) that provide a biphasic re-

lease of botulinum toxin type A (BTXA) and 5-fluorouracil 

(5-Fu). This system accelerated wound closure while 

suppressing fibrotic proliferation in a rabbit ear scar mod-

el, demonstrating the potential of smart hydrogels for 

scarless healing
(66)

. 

By integrating biomaterials with cellular and molecular 

components, tissue engineering approaches offer a 

promising platform for translating the principles of fetal 

scarless healing into clinically applicable therapies to 

recapitulate the regenerative microenvironment. Further-

more, the convergence of bioprinting technologies with 

patient-derived cells opens the door to personalized skin 

grafts that may ultimately achieve scarless repair. 

 8. Current Clinical Applications and Emerging Ther-
apies 

Although complete scarless healing has not yet been 

achieved in adult humans, several therapeutic strategies 

inspired by fetal wound biology are currently being ex-

plored in clinical and preclinical settings. 

Various anti‑scarring treatments have been developed to 

reduce fibrosis and improve the cosmetic and functional 

outcomes of wound healing. These include topical 

agents
(67, 68)

, growth factor therapies
(69)

, and pharmaco-

logical inhibitors targeting fibrotic signaling pathways(70, 

71)
. For instance, in a comparative split-face clinical study 

evaluating treatments for atrophic post-acne scars, mi-

croneedling combined with either topical insulin or non-

cross-linked HA demonstrated comparable efficacy. Both 

therapeutic approaches yielded significant improvements 

in qualitative and quantitative scar grading scales, with 

no statistically significant difference in clinical outcomes 

between the two interventions. These findings suggest 

that incorporating either topical insulin or HA into mi-

croneedling protocols can effectively stimulate tissue 

remodeling and reduce scar severity, offering viable clini-

cal options for promoting skin repair and improving the 

appearance of atrophic scars
(68)

. A prospective random-

ized controlled trial evaluated topical bFGF administra-

tion via injection or irrigation in patients following skin 

incisions. Key findings demonstrated that no hyper-

trophic scars were observed in bFGF-treated groups, 

whereas significant hypertrophic or widened scars devel-

oped in controls. The proportion of minimal scars was 

significantly higher in treated groups, confirming superior 

cosmetic outcomes. Postoperative bFGF administration 

effectively prevented scar spreading and hypertrophy 

without serious adverse effects. These findings support 

bFGF as a safe and effective intervention for improving 

scar quality in surgical patients, particularly those at high 

risk for keloid or hypertrophic scar formation
(69)

. In 

another example, a preclinical study using a rat burn 

wound model demonstrated that butorphanol significant-

ly accelerates wound healing and reduces pathological 

scarring by suppressing the IL-6/p38/JNK signaling path-

way. The drug promoted M2 macrophage polarization 

(increased CD206, decreased CD86), reduced 

pro-inflammatory cytokines in early stages, and tempo-

rally regulated fibrosis-associated markers to prevent 

excessive late-stage scarring
(70)

. 

In addition, regenerative skin grafts and bioengineered 

skin substitutes are increasingly used in the treatment of 

burns, chronic wounds, and extensive skin injuries. 

Some of these constructs incorporate biomaterials, cul-

tured cells, or bioactive molecules designed to reduce 

scar formation
(72, 73)

. Among bioengineered skin substi-

tutes, denovoSkin an autologous, bilayered der-

mo-epidermal graft, has demonstrated superior out-

comes compared to conventional split-thickness skin 

grafts (STSG) in a prospective randomized controlled 

phase IIb trial. Key findings demonstrated that deno-

voSkin grafts resulted in minimal to no clinically rele-

vant scarring at follow-up, whereas STSG areas predom-

inantly developed hypertrophic scars. Additionally, the 

bioengineered construct offered a substantially higher 

expansion ratio, significantly reducing donor-site morbidi-

ty. These primary clinical data support the potential of 

advanced tissue-engineered constructs to achieve supe-

rior functional and aesthetic outcomes in burn wound 

management
(72)

. 

Furthermore, clinical trials targeting fibrosis and scar for-

mation are investigating new molecular therapies, includ-

ing growth factor modulation, cytokine inhibitors, and 

RNA‑based treatments. These studies aim to translate 

insights from developmental biology and regenerative 

medicine into practical therapeutic interventions. In this 

regard, Preclinical studies in keloid xenograft models 

demonstrated reduced dermal fibrosis and attenuated 

scar volume. Based on these findings, 9MW3811 (anti-IL

-11 monoclonal antibody) has entered Phase II trials for 

hypertrophic scars and keloids. With an extended 

half-life, this approach represents a shift toward precisely 

targeted anti-fibrotic therapy
(74)

. In another example, a 

study was conducted in line with the emerging field of 

RNA-based therapeutics for fibrotic disorders. In this 

study, SRN001 was evaluated as a small interfering RNA 

designed to downregulate amphiregulin (AREG), a down-

stream growth factor in the TGF-β pathway that promotes 

fibroblast proliferation and myofibroblast conversion. Using 

the self-assembled micelle inhibitory RNA (SAMiRNA

delivery platform, SRN001 enables sustained AREG 

knockdown at the wound site. Currently in Phase I trials, 

this RNA-based therapy highlights the growing role of 
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biomarker-driven patient selection in anti-fibrotic drug de-

velopment, with patient stratification based on baseline 

serum AREG levels (75)
. 

9. Challenges in Translating Fetal Healing to Adult 
Skin 

Despite significant advances in understanding fetal wound 

healing, translating these mechanisms into effective clini-

cal therapies remains challenging. Several biological and 

practical barriers limit the direct application of fetal regen-

erative principles to adult tissues. 

One major challenge arises from the intrinsic biological 

differences between fetal and adult skin. Fetal tissues pos-

sess unique cellular properties, ECM composition, and 

developmental signaling patterns that are difficult to repli-

cate in adult wound environments. 

Another important factor is the immune and mechanical 

environment of adult skin. Adult wounds typically experi-

ence stronger inflammatory responses and greater me-

chanical tension, both of which promote fibrotic healing. 

Replicating the low‑inflammation and low‑tension condi-

tions characteristic of fetal wounds remains a significant 

challenge. 

Additionally, regulatory and ethical considerations influ-

ence the development and clinical implementation of ad-

vanced regenerative therapies. Cell‑based treatments, 

gene therapies, and biomaterial implants must undergo 

extensive safety and efficacy evaluations before clinical 

approval, which can slow the translation of promising la-

boratory findings into clinical practice. 

Although TGF-β3-based therapy was strongly supported by fetal 

wound biology and early clinical findings, later-stage clinical 

trials failed to demonstrate consistent efficacy in scar reduction. 

This discrepancy highlights a major translational challenge: a 

single fetal-associated signaling molecule may be insufficient to 

recreate the complex, temporally regulated fetal wound microen-

vironment in adult skin. Therefore, future strategies may require 

combinatorial delivery systems that integrate TGF-β modulation 

with immune regulation, ECM remodeling, and mechanical 

control. 

10. Conclusion 

Fetal wound healing provides a powerful biological model 

for understanding how skin can heal without scar for-

mation. Unlike adult wound repair, which is commonly as-

sociated with prolonged inflammation, excessive fibroblast 

activation, myofibroblast differentiation, and disorganized 

collagen deposition, fetal scarless healing occurs through 

a highly coordinated interaction among cells, ECM compo-

nents, immune responses, and molecular signaling path-

ways. These features create a regenerative microenviron-

ment that supports rapid re‑epithelialization, balanced ma-

trix remodeling, and restoration of normal skin architec-

ture. 

The key mechanisms underlying fetal scarless repair in-

clude the unique behavior of fetal fibroblasts and keratino-

cytes, reduced inflammatory cell infiltration, a HA–rich 

ECM, predominance of collagen type III, balanced TGF‑β 

isoform expression, and tightly regulated developmental 

signaling pathways. Together, these mechanisms prevent 

the activation of fibrotic cascades and preserve tissue or-

ganization during repair. 

From a translational perspective, fetal wound healing of-

fers valuable design principles for tissue engineering and 

regenerative medicine. Biomimetic scaffolds, HA–based 

hydrogels, bioengineered skin substitutes, stem cell thera-

pies, anti‑fibrotic agents, TGF‑β3‑based interventions, and 

miRNA‑targeted strategies all represent promising ap-

proaches for guiding adult wound healing toward a more 

regenerative outcome. However, achieving true scarless 

healing in adult skin remains challenging due to funda-

mental differences between fetal and adult tissues, includ-

ing immune maturity, mechanical tension, cellular pheno-

type, and ECM composition. 

Future progress will depend on the integration of develop-

mental biology, biomaterials science, immunomodulation, 

and precision medicine. Rather than relying on a single 

therapeutic target, successful scarless skin regeneration 

will likely require multifactorial strategies that recreate the 

fetal‑like regenerative niche in a controlled and clinically 

applicable manner. Continued advances in smart bio-

materials, controlled delivery systems, cell‑based technol-

ogies, and molecular therapies may ultimately enable the 

development of effective treatments that minimize fibrosis, 

restore skin function, and improve both aesthetic and func-

tional outcomes for patients. 

Acknowledgment 

The authors acknowledge the use of ChatGPT 5.5 

(OpenAI) for language editing, structural refinement of the 

manuscript, and assistance in generating schematic fig-

ures. All AI-assisted outputs were critically reviewed, re-

vised, and approved by the authors. The authors remain 

fully responsible for the scientific accuracy, interpretation, 

originality, and integrity of the final manuscript. The sche-

matic figures are original author-generated illustrations 

and were not reproduced or adapted from any previously 

published third-party source; therefore, no third-party per-

mission was required. 

Conflict of interest 

The authors declare that they have no conflict of interest 

References 

Mohsen Abedini-esfahlani
1, et al, 

Scarless Fetal Wound Healing  



12 

1. Weng T, Zhang L, Liu Y, Zhao X, Yue X. Advances in 

tissue engineering and biomaterials for minimizing 

wound scarring: current status and future challenges. J 

Funct Biomater. 2026;17(1):3. doi:10.3390/

jfb17010003.  

2. Prakoeswa FRS, Dzikri DN. Scarless wound healing: 

recent advances and innovations. Cermin Dunia 

Kedokteran. 2025;52(8):546-552. doi:10.55175/

cdk.v52i8.1678.  

3. Mascharak S, desJardins-Park HE, Davitt MF, 

Guardino NJ, Gurtner GC, Wan DC, et al. Modulating 

cellular responses to mechanical forces to promote 

wound regeneration. Adv Wound Care (New Rochelle). 

2022;11(9):479-495. doi:10.1089/wound.2021.0040.  

4. Niti A, Kouzi-Koliakou K, Michopoulou A. Fibroblast 

lineage switching as the developmental origin of scar-

ring and target for regenerative healing. Biology 

(Basel). 2026;15(5):409. doi:10.3390/

biology15050409.  

5. Namazi MR, Fallahzadeh MK, Schwartz RA. Strategies 

for prevention of scars: what can we learn from fetal 

skin? Int J Dermatol. 2011;50(1):85-93. doi:10.1111/

j.1365-4632.2010.04678.x.  

6. Buhimschi CS, Dulay AT, Abdel-Razeq S, Zhao G, Lee 

S, Hodgson EJ, et al. Fetal inflammatory response in 

women with proteomic biomarkers characteristic of 

intra-amniotic inflammation and preterm birth. BJOG. 

2009;116(2):257-267. doi:10.1111/j.1471-

0528.2008.01925.x.  

7. Yin JL, Wu Y, Yuan ZW, Gao XH, Chen HD. Advances 

in scarless foetal wound healing and prospects for scar 

reduction in adults. Cell Prolif. 2020;53(11):e12916. 

doi:10.1111/cpr.12916.  

8. Kuan CH, Wang YN, Liao EF, Wang WH, Kung PJ, 

Huang WY, et al. Viscoelastic hydrogel with mechano-

modulatory tension shielding and time-dependent im-

munomodulatory effects for scarless healing. Adv 

Healthc Mater. 2025;14(32):e01954. doi:10.1002/

adhm.202501954.  

9. Mohsin S, Prinindya KNN, Nawshad M, Hasan A, Au-

gustine R, Mahdi E. 3D bioprinting strategies for dia-

betic wound healing: functional bioinks, vasculariza-

tion, and immune modulation. Bioprinting. 

2026;57:e00486. doi:10.1016/j.bprint.2026.e00486.  

10. Chakrabarti S, Ahmed RK, Nath S, Nandi A, Pathak 

MP. Scar-free wound healing: advances in biomaterial-

based formulations, smart dressings and bioactive 

therapeutics—a comprehensive review. Biochem Bio-

phys Res Commun. 2026;820:153839. doi:10.1016/

j.bbrc.2026.153839.  

11. Satish L, Kathju S. Cellular and molecular characteris-

tics of scarless versus fibrotic wound healing. Dermatol 

Res Pract. 2010;2010:790234. 

doi:10.1155/2010/790234.  

12. Parekh A, Hebda PA. The contractile phenotype of 

dermal fetal fibroblasts in scarless wound healing. Curr 

Pathobiol Rep. 2017;5(3):271-277. doi:10.1007/s40139

-017-0149-3.  

13. Zhuang ZM, Guo K, Wu ZR, Wang Y, Zhong XC, Chen 

CY, et al. Skin regeneration axis under metal-based 

nanozymes: from chronic wound healing to structural 

and functional restoration. J Adv Res. 2026. Beanes 

SR, Hu FY, Soo C, Dang CM, Urata M, Ting K, et al. 

Confocal microscopic analysis of scarless repair in the 

fetal rat: defining the transition. Plast Reconstr Surg. 

2002;109(1):160-170. doi:10.1097/00006534-

200201000-00026.  

14. Buchanan EP, Longaker MT, Lorenz HP. Fetal skin 

wound healing. Adv Clin Chem. 2009;48:137-161. 

doi:10.1016/S0065-2423(09)48006-5.  

15. Brink HE, Bernstein J, Nicoll SB. Fetal dermal fibro-

blasts exhibit enhanced growth and collagen produc-

tion in two- and three-dimensional culture in compari-

son to adult fibroblasts. J Tissue Eng Regen Med. 

2009;3(8):623-633. doi:10.1002/term.204.  

16. Rolfe KJ, Grobbelaar AO. A review of fetal scarless 

healing. Int Sch Res Notices. 2012;2012:698034. 

doi:10.5402/2012/698034.  

17. Singampalli KL, Balaji S, Wang X, Parikh UM, Kaul A, 

Gilley J, et al. The role of an IL-10/hyaluronan axis in 

dermal wound healing. Front Cell Dev Biol. 

2020;8:636. doi:10.3389/fcell.2020.00636.  

18. Zgheib C, Xu J, Liechty KW. Targeting inflammatory 

cytokines and extracellular matrix composition to pro-

mote wound regeneration. Adv Wound Care (New Ro-

chelle). 2014;3(4):344-355. doi:10.1089/

wound.2013.0456.  

19. Hu MS, Borrelli MR, Januszyk M, Luan A, Malhotra S, 

Walmsley GG, et al. Pathway analysis of gene expres-

sion of E14 versus E18 fetal fibroblasts. Adv Wound 

Care (New Rochelle). 2018;7(1):1-10. doi:10.1089/

wound.2017.0763.  

20. Zhao F, Lang H, Wang Z, Zhang T, Zhang D, Wang R, 

et al. Human novel microRNA Seq-915_x4024 in 

keratinocytes contributes to skin regeneration by sup-

pressing scar formation. Mol Ther Nucleic Acids. 

2019;14:410-423. doi:10.1016/j.omtn.2018.12.016.  

21. Xia ZY, Wang Y, Shi N, Lu MQ, Deng YX, Qi YJ, et al. 

Fetal mice dermal mesenchymal stem cells promote 

wound healing by inducing M2 type macrophage polar-

ization. World J Stem Cells. 2025;17(2):101030. 

doi:10.4252/wjsc.v17.i2.101030.  

Mohsen Abedini-esfahlani
1, et al, 

Scarless Fetal Wound Healing  



13 

22. Balaji S, King A, Marsh E, LeSaint M, Bhattachar-

ya SS, Han N, et al. The role of interleukin-10 

and hyaluronan in murine fetal fibroblast function 

in vitro: implications for recapitulating fetal regen-

erative wound healing. PLoS One. 2015;10

(5):e0124302. doi:10.1371/journal.pone.0124302.  

23. Zheng Z, Zhang X, Dang C, Beanes S, Chang 

GX, Chen Y, et al. Fibromodulin is essential for 

fetal-type scarless cutaneous wound healing. Am 

J Pathol. 2016;186(11):2824-2832. doi:10.1016/

j.ajpath.2016.07.023.  

24. Su CY, Liu TY, Wang HV, Yang WC. Histopatho-

logical study on collagen in full-thickness wound 

healing in Fraser's dolphins (Lagenodelphis ho-

sei). Animals (Basel). 2023;13(10):1681. 

doi:10.3390/ani13101681.  

25. Dang CM, Beanes SR, Lee H, Zhang X, Soo C, 

Ting K. Scarless fetal wounds are associated 

with an increased matrix metalloproteinase-to-

tissue-derived inhibitor of metalloproteinase ratio. 

Plast Reconstr Surg. 2003;111(7):2273-2285. 

doi:10.1097/01.PRS.0000060102.57809.DA.  

26. Shan L, Wang F, Zhai D, Meng X, Liu J, Lv X. 

Matrix metalloproteinases induce extracellular 

matrix degradation through various pathways to 

alleviate hepatic fibrosis. Biomed Pharmacother. 

2023;161:114472. doi:10.1016/

j.biopha.2023.114472.  

27. Li J, Xiao L, Li Q, Zhao Z, Wang Y, Yu L. Me-

chanically promotes diabetic wound healing via 

restoring wound contractility. Chem Eng J. 

2026;536:175726. doi:10.1016/

j.cej.2026.175726.  

28. Darby IA, Laverdet B, Bonté F, Desmoulière A. 

Fibroblasts and myofibroblasts in wound healing. 

Clin Cosmet Investig Dermatol. 2014;7:301-311. 

doi:10.2147/CCID.S50046.  

29. Jerrell RJ, Leih MJ, Parekh A. The altered me-

chanical phenotype of fetal fibroblasts hinders 

myofibroblast differentiation. Wound Repair Re-

gen. 2019;27(1):29-38. doi:10.1111/wrr.12677.  

32. Hsu M, Peled ZM, Chin GS, Liu W, Longaker MT. 

Ontogeny of expression of transforming growth factor

-β1, TGF-β3, and TGF-β receptors I and II in fetal rat 

fibroblasts and skin. Plast Reconstr Surg. 2001;107

(7):1787-1794. doi:10.1097/00006534-

200106000-00023.  

31. Zheng Z, James AW, Li C, Jiang W, Wang JZ, 

Chang GX, et al. Fibromodulin reduces scar for-

mation in adult cutaneous wounds by eliciting a 

fetal-like phenotype. Signal Transduct Target 

Ther. 2017;2:17050. doi:10.1038/

sigtrans.2017.50.  

30. Li H, Luo S, Li H, Pan H, Jiang L, Chen Y, et al. 

From fetal tendon regeneration to adult therapeutic 

modalities: TGF-β3 in scarless healing. Regen Med. 

2023;18(10):809-822. doi:10.2217/rme-2023-

0145.  

33. Geng Y, Zhang W, Dun X, Wang Y, Shao Y. 

Rapid cutaneous wound healing in nude mice by 

fetal skin-derived stem cells involves enhanced 

collagen secretion and angiogenesis. Front Med 

(Lausanne). 2025;12:1557973. doi:10.3389/

fmed.2025.1557973.  

34. Liechty KW, Kim HB, Adzick NS, Crombleholme 

TM. Fetal wound repair results in scar formation 

in interleukin-10-deficient mice in a syngeneic 

murine model of scarless fetal wound repair. J 

Pediatr Surg. 2000;35(6):866-873. doi:10.1053/

jpsu.2000.6868.  

35. Brant JO, Lopez MC, Baker HV, Barbazuk WB, 

Maden M. A comparative analysis of gene ex-

pression profiles during skin regeneration in Mus 

and Acomys. PLoS One. 2015;10(11):e0142931. 

doi:10.1371/journal.pone.0142931.  

36. Takaya K, Sunohara A, Aramaki-Hattori N, Sakai 

S, Okabe K, Kanazawa H, et al. Role of Wnt sig-

naling in mouse fetal skin wound healing. Bio-

medicines. 2022;10(7):1536. doi:10.3390/

biomedicines10071536.  

37. Wang X, Jiao Y, Pan Y, Zhang L, Gong H, Qi Y, 

et al. Fetal dermal mesenchymal stem cell-

derived exosomes accelerate cutaneous wound 

healing by activating Notch signaling. Stem Cells 

Int. 2019;2019:2402916. 

doi:10.1155/2019/2402916.  

38. Takaya K, Aramaki-Hattori N, Sakai S, Okabe K, 

Kishi K. Effect of sonic hedgehog on the regener-

ation of epidermal texture patterns. Biomedicines. 

2022;10(12):3099. doi:10.3390/

biomedicines10123099.  

39. Podolak-Popinigis J, Ronowicz A, Dmochowska 

M, Jakubiak A, Sachadyn P. The methylome and 

transcriptome of fetal skin: implications for scar-

Mohsen Abedini-esfahlani
1, et al, 

Scarless Fetal Wound Healing  



14 

tjem.221.203.  

41. Lang H, Zhao F, Zhang T, Liu X, Wang Z, Wang 

R, et al. MicroRNA-149 contributes to scarless 

wound healing by attenuating inflammatory re-

sponse. Mol Med Rep. 2017;16(2):2156-2162. 

doi:10.3892/mmr.2017.6796.  

42. Patten J, Albeltagy N, Bonadio JD, Ortez A, Wang 

K. FAK differentially mechanoregulates cell migra-

tion during wound closure. ACS Biomater Sci Eng. 

2025;11(8):4968-4977. doi:10.1021/

acsbiomaterials.5c00667.  

43. Zhu C, Li L, Zhao B. The regulation and function 

of YAP transcription co-activator. Acta Biochim 

Biophys Sin (Shanghai). 2015;47(1):16-28. 

doi:10.1093/abbs/gmu110.  

44. Veerasubramanian PK. Microenvironmental cues 

epigenetically modulate macrophage inflammation 

[dissertation]. Irvine: University of California, Ir-

vine; 2022.   

45. Short WD, Parikh UM, Templeman N, Olutoye 

OO, Blum A, Colchado D, et al. Phenotypic differ-

ences in adult and fetal dermal fibroblast respons-

es to mechanical tension. bioRxiv. 

2020:2020.09.30.319749. 

doi:10.1101/2020.09.30.319749.  

46. Lin H, Wang X, Chung M, Cai S, Pan Y. Direct 

fibroblast reprogramming: an emerging strategy 

for treating organic fibrosis. J Transl Med. 

2025;23:240. doi:10.1186/s12967-024-06060-3.  

47. Jackson WM, Nesti LJ, Tuan RS. Mesenchymal 

stem cell therapy for attenuation of scar formation 

during wound healing. Stem Cell Res Ther. 

2012;3(3):20. doi:10.1186/scrt111.  

48. Walraven M, Talhout W, Beelen RH, van Egmond 

M, Ulrich MM. Healthy human second-trimester 

fetal skin is deficient in leukocytes and associated 

homing chemokines. Wound Repair Regen. 

2016;24(3):533-541. doi:10.1111/wrr.12421.  

49. Roy A, Mantay M, Brannan C, Griffiths S. Placen-

tal tissues as biomaterials in regenerative medi-

cine. Biomed Res Int. 2022;2022:6751456. 

doi:10.1155/2022/6751456.  

50. Gansevoort M, Oostendorp C, Bouwman LF, 

Tiemessen DM, Geutjes PJ, Feitz WF, et al. Colla-

gen-heparin-FGF2-VEGF scaffolds induce a re-

generative gene expression profile in a fetal sheep 

wound model. Tissue Eng Regen Med. 2024;21

(8):1173-1187. doi:10.1007/s13770-024-00667-9.  

52. Avila-Martinez N, Pfirrmann M, Gomes ML, 

Krymchenko R, Versteeg EM, Vlig M, et al. Effect 

of hyaluronan in collagen biomaterials on human 

macrophages and fibroblasts in vitro. J Funct Bio-

mater. 2025;16(5):167. doi:10.3390/jfb16050167.  

53. Farahat M, Brosset S, Chen Y, Aijaz A, Rix G, 

Challagundla B, et al. Human iPSCs-derived mes-

enchymal stem cells promote skin regeneration 

and burn wound healing. npj Regen Med. 

2025;10:40. doi:10.1038/s41536-025-00427-w.  

54. Esfahlani MA, Ebrahimi-Barough S, Imani R, Lot-

fibakhshaiesh N, Bahrami N, Namini MS, et al. 

Curcumin nanoparticles and mesenchymal stem 

cell exosomes embedded in gelatin hydrogel en-

hance healing of severe burns. Burns. 2026;52

(6):107990. doi:10.1016/j.burns.2026.107990.  

55. Huang L, Lin Z, Liu H, Lin X, Liao N, Wu X. Mes-

enchymal stem cell-conditioned medium acceler-

ates type 2 diabetic wound healing by targeting 

TNF and chemokine signaling. Front Cell Dev Bi-

ol. 2025;13:1659444. doi:10.3389/

fcell.2025.1659444.  

56. Mascharak S, desJardins-Park HE, Davitt MF, 

Griffin M, Borrelli MR, Moore AL, et al. Preventing 

Engrailed-1 activation in fibroblasts yields wound 

regeneration without scarring. Science. 2021;372

(6540):eaba2374. doi:10.1126/science.aba2374.  

57. Jiang D, Correa-Gallegos D, Christ S, Stefanska 

A, Liu J, Ramesh P, et al. Two succeeding fibro-

blastic lineages drive dermal development and the 

transition from regeneration to scarring. Nat Cell 

Biol. 2018;20(4):422-431. doi:10.1038/s41556-018

-0073-8.  

58. Lichtman MK, Otero-Vinas M, Falanga V. Trans-

forming growth factor beta isoforms in wound 

healing and fibrosis. Wound Repair Regen. 

2016;24(2):215-222. doi:10.1111/wrr.12398.  

59. Soo C, Beanes SR, Hu FY, Zhang X, Dang C, 

Chang G, et al. Ontogenetic transition in fetal wound 

transforming growth factor-β regulation correlates with 

collagen organization. Am J Pathol. 2003;163

(6):2459-2476. doi:10.1016/S0002-9440(10)63601

-2.  

22. Colwell AS, Krummel TM, Longaker MT, Lorenz HP. 

Fetal and adult fibroblasts have similar TGF-β-

mediated, Smad-dependent signaling pathways. Plast 

Reconstr Surg. 2006;117(7):2277-2283. 

doi:10.1097/01.prs.0000224299.16523.76.  

Mohsen Abedini-esfahlani
1, et al, 

Scarless Fetal Wound Healing  



15 

61. Marchioni A, Tonelli R, Andreani A, Cappiello GF, 

Fermi M, Trentacosti F, et al. Molecular mecha-

nisms and physiological changes behind benign 

tracheal and subglottic stenosis in adults. Int J 

Mol Sci. 2022;23(5):2421. doi:10.3390/

ijms23052421.  

62. Tacheau C, Michel L, Farge D, Mauviel A, Verrec-

chia F. Involvement of ERK signaling in halofugi-

none-driven inhibition of fibroblast ability to con-

tract collagen lattices. Eur J Pharmacol. 2007;573

(1-3):65-69. doi:10.1016/j.ejphar.2007.07.030.  

63. Leong EK, Al Bitar H, Marshall J, Bezuhly M. Ke-

totifen inhibits dermal fibroblast responses to the 

pro-fibrotic effects of TGF-beta. Plast Reconstr 

Surg Glob Open. 2024;12(Suppl 4):20. 

doi:10.1097/01.GOX.0001015204.89493.20.  

64. Murali R, Balasubramanian RV, Kasoju N, et al. 

Unravelling the wound healing efficiency of 3D 

bioprinted alginate-gelatin-diethylaminoethyl cellu-

lose-fibrinogen based skin construct in a rat's full 

thickness wound model. Int J Biol Macromol. 

2025;305(Pt 1):140816. doi:10.1016/

j.ijbiomac.2025.140816.  

65. Song S, Guo J, Kong B, Liu R, Wang J, Lu L, et 

al. Black phosphorus-loaded anisotropic nanofiber 

sponges for random skin flaps regeneration. 

Chem Eng J. 2024;502:158133. doi:10.1016/

j.cej.2024.158133.  

66. Meseci E, Kayatas S, Api M, Boza A, Cikman MS. 

Comparison of the effectiveness of topical silicone 

gel and corticosteroid cream on the Pfannenstiel 

scar prevention—a randomized controlled trial. 

Ginekol Pol. 2017;88(11):591-598. doi:10.5603/

GP.a2017.0107.  

67. Mohamed SH, Omar GAE, Hamdy AES. Mi-

croneedling with topical insulin versus micronee-

dling with non-cross-linked hyaluronic acid for 

atrophic post-acne scars: a split-face study. Der-

matol Pract Concept. 2024;14(3):e2024183. 

doi:10.5826/dpc.1403a183.  

68. Ono I, Akasaka Y, Kikuchi R, Sakemoto A, Ka-

miya T, Yamashita T, et al. Basic fibroblast 

growth factor reduces scar formation in acute inci-

sional wounds. Wound Repair Regen. 2007;15

(5):617-623. doi:10.1111/j.1524-

475X.2007.00293.x.  

69. Yang M, Yang Y, Shi G, Guo Y, Xuan T, Sun D, 

et al. Targeting inflammatory and fibrotic respons-

es: butorphanol orchestrates wound healing by 

suppressing the IL-6/p38/JNK pathway. Discov 

Med. 2025;37(201):2428-2438. doi:10.24976/

Discov.Med.202537201.205.  

70. Shi J, Zhang S, Zhang Z, Xu J, Chen Y, Sun S. 

Efficacy of triamcinolone acetonide combined with 

botulinum toxin A in the treatment of hypertrophic 

scars and keloids: a meta-analysis. Burns. 

2024;50(9):107250. doi:10.1016/

j.burns.2024.08.016.  

71. Meuli M, Schiestl C, Hartmann-Fritsch F, 

Middelkoop E, Kim BS, Neuhaus K, et al. Safety 

and efficacy of bio-engineered, autologous dermo

-epidermal skin grafts in adolescent and adult 

burn patients: 1-year results of a prospective, ran-

domized, controlled, multicenter phase IIB clinical 

trial. EClinicalMedicine. 2025;90:103665. 

doi:10.1016/j.eclinm.2025.103665.  

72. Holmes IV JH, Gibson AL, Short T, Joe VC, Litt J, 

Carson J, et al. A phase 3b, open-label, single-

arm, multicenter, expanded-access study of the 

safety and clinical outcomes of StrataGraft® treat-

ment in adults with deep partial-thickness thermal 

burns. Burns. 2024;50(8):2013-2022. doi:10.1016/

j.burns.2024.05.023.  

73. Allanki S, Strilic B, Scheinberger L, Onderwater 

YL, Marks A, Günther S, et al. Interleukin-11 sig-

naling promotes cellular reprogramming and limits 

fibrotic scarring during tissue regeneration. Sci 

Adv. 2021;7(37):eabg6497. doi:10.1126/

sciadv.abg6497.  

74. Park J, Lee S, Chung JY, Yun S, Park HO, Park 

JY, et al. Safety and pharmacokinetics of 

SRN001, a novel siRNA drug targeting am-

phiregulin via the SAMiRNA platform. Drug Des 

Devel Ther. 2026;20:589997. doi:10.2147/

DDDT.S589997.  

 


