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ABSTRACT: Dermal fibrosis poses a significant challenge in wound healing, affecting both the appearance and functionality of
the scarred skin tissue. Beyond aesthetic implications, fibrosis can lead to pruritus, chronic pain, loss of mechanical flexibility, and
impeded restoration of skin appendages, blood vessels, and nerves. Therefore, scar prevention remains a priority in wound
management, and hydrogels, with their hydrophilic three-dimensional network and extracellular matrix-mimicking properties, have
emerged as promising biomaterials for achieving scarless wound regeneration. In this review, we explore advancements in various
hydrogel strategies designed to regulate myofibroblast differentiation, control the wound microenvironment, and mitigate dermal
fibrosis. We provide an overview of dermal fibrosis, the scar-forming cells involved, and the various types of dermal scars. We
then summarise advancements made in antifibrotic hydrogel formulations, emphasizing their practical applications in scarless skin
wound healing. By reviewing the current research landscape and highlighting key hydrogel-based biomaterial strategies employed
in this field, we aim to offer insights into design principles and underlying mechanisms of action. We intend for this review to serve
as a valuable resource for researchers and clinicians interested in entering this field or exploring the potential of hydrogels to
promote scarless wound healing.
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1. Introduction
1.1. Brief Overview of Fibrosis

Fibrosis is a pathological process characterized by the aberrant accumulation of collagen-enriched extracellular
matrix (ECM) components within tissues [1] and represents a significant challenge in the management of chronic
diseases [2]. This condition can arise as a consequence of chronic inflammation [3], tissue injury [4], or tumor
development [5]. Fibrosis affects a broad range of organs, including the kidneys, liver, lungs, heart, and skin, ultimately
leading to progressive tissue and organ dysfunction and significantly compromising the patient’s quality of life [6]. In
severe cases, fibrosis can culminate in life-threatening complications or mortality [7]. In many tissues (with the skin
being an exception, as discussed later), fibrosis accumulation is an intrinsic aspect of aging, driven by repeated episodes
of cellular and tissue degeneration. Aging and age-associated fibrosis are detrimental to tissue regeneration and are
suppressed in animal models of enhanced longevity [8,9]. Consequently, the development of strategies for timely
intervention is paramount in halting the progression of fibrosis, mitigating its deleterious consequences, and realizing
the reversal of the fibrotic tissue microenvironment to facilitate the regeneration of healthy, functional tissues [10].

1.2. Fibroblasts and Myofibroblasts

Fibroblasts are mesenchymal cells resident to connective tissues and play pivotal roles in maintaining tissue
equilibrium, facilitating repair, and modulating disease processes. They are known for their capacity to synthesize and
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regulate the ECM, which offers crucial structural support to tissues and organs [11]. Beyond ECM production,
fibroblasts function as signaling hubs by releasing cytokines, growth factors, and other signaling molecules that
influence neighboring cell behavior and tissue development [12,13]. They also exert mechanical forces through
contractility, which has importance in processes such as wound healing and tissue remodeling [14]. Moreover,
fibroblasts regulate tissue metabolism, interact with metabolic pathways, and possess plasticity to differentiate into
various mesenchymal cell types, contributing to tissue regeneration [15]. They are vital in establishing and maintaining
specialized niches within tissues, providing essential support for tissue-resident stem cells. Additionally, their secretion
of positional cues helps guide cellular behavior and organize tissue structure [16].

Myofibroblasts are specialized cells crucial for tissue repair but implicated in fibrosis. These cells exhibit key
characteristics such as abundant extracellular matrix (ECM) and growth factor production whilst possessing a-smooth
muscle actin (0-SMA)" cytoskeletal stress fibers, granting them superior contractile capabilities compared to fibroblasts
and more akin to the contractility of smooth muscle cells. Increased production of collagen type I, hyaluronic acid
synthase 2 (HAS2)-synthesized hyaluronan (HA), fibronectin, and the extra domain A variant of fibronectin (EDA-FN)
are typical hallmarks of myofibroblast-synthesized matrices. Myofibroblasts play significant roles in wound healing by
depositing a collagen-rich ECM, restoring mechanical strength to the tissue defect site and assisting in wound closure.
However, their persistence in tissues is the central effector in driving organ fibrosis, wherein the accumulation of fibrous
ECM extends beyond normal repair mechanisms [17].

The transformation of fibroblasts into myofibroblasts is regulated by a complex network of signaling pathways.
For instance, the canonical transforming growth factor-f (TGF-f)/Smad pathway is involved in stimulating ECM
synthesis and inhibiting its degradation [18]. In contrast, the non-canonical Wnt and epidermal growth factor receptor
(EGFR)/CD44 pathways influence cell proliferation, differentiation, and migration [19,20]. Moreover, G protein-
coupled receptor (GPCR) signaling, particularly in response to molecules like angiotensin II and endothelin-1, triggers
proliferation, myofibroblast transdifferentiation, collagen synthesis, and cytoskeleton rearrangement enhancing cellular
contractile ability [21]. Additionally, mechanosensitive integrin and Ca®"-dependent signaling pathways respond to
changes in ECM stiffness and tension, crucially impacting focal adhesion kinase (FAK)/RhoA signaling, Yes-
Associated Protein (YAP)/Engrailed-1 activity, cell activation, upregulated enzymatic cleavage of latent TGF-B1, and
myofibroblast differentiation [22]. This intricate interplay between signal transduction, mechanical forces, and cellular
responses underscores the complexity of pro-fibrotic cell processes. It highlights the multifaceted nature of
myofibroblast functions in tissue homeostasis and pathology (Figure 1).
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Figure 1. The myofibroblast phenotype is characterized by an enlarged morphology and the presence of intracellular contractile
stress fibers and focal adhesion sites, the myofibroblast is the predominant scar-forming cell phenotype. Myofibroblast
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differentiation can be activated through different, but often intersecting, signaling pathways, including: the canonical TGF-
B1/TGFBR/Smad2/3 pathway; the Wnt/B-catenin pathway; integrin mechanotransduction pathways involving FAK/RhoA and
Y AP/Engrailed-1; the HA-CD44/EGFR/ERK 1/2/CamKII pathway; and dysregulated antioxidant pathways. The upregulation of
profibrotic genes, ECM, and reorganization of the intracellular actin cytoskeleton to incorporate a-SMA™ are hallmarks of fibroblast-
to-myofibroblast differentiation.

Inflammation is an important step in the pathological occurrence of myofibroblasts and tissue fibrosis. For an
overview of the roles that leukocytes, immunology, and inflammatory processes play in the promotion of fibrosis, we
refer readers to a recent review that covers the subject matter in extensive detail [23]. The cycle of inflammation and
fibrosis may be, in part, provoked by an imbalance of intracellular oxidative stress regulators, leading to the activation
of anti-apoptotic pathways, induction of inflammatory and fibrotic gene expression, and the overproduction of reactive
oxygen species (ROS) [24].

1.3. Other Sources of Pro-Fibrotic Cell Phenotypes

Whilst commonly differentiating from tissue-resident fibroblasts, myofibroblasts can emerge from a diversity of
cell phenotypes in response to tissue injury and pathological inflammatory triggers. Identified cell phenotypes that may
serve as myofibroblast precursor cells include epithelial, endothelial, other mesenchymal cells, circulating progenitor
cells, and leukocytes. In this section, we briefly describe the types of cells contributing to myofibroblast tissue
populations that continue to be the focus of recent research: epithelial cells, endothelial cells, and macrophages.

1.3.1. Epithelial-Mesenchymal Transition (EMT)

EMT denotes a biological phenomenon wherein epithelial cells relinquish their epithelial characteristics to adopt
mesenchymal traits, undergoing a transformative process into fibroblast-like and myofibroblast-like cell phenotypes.
Whilst EMT has been identified to serve important roles during tissue development [25], in some tissues, EMT has
emerged as a contributor to the pathogenesis of tissue fibrosis. For instance, epithelial cells undergo EMT processes
during renal fibrosis [26] and pulmonary fibrosis [27]. Continuing to develop our understanding of the intricate
molecular mechanisms governing EMT within the fibrotic milieu is important for devising targeted therapeutic
interventions to mitigate fibrotic diseases, wherein EMT is a predominant process [28,29]. Early reports suggested that
keratinocytes undergo EMT to migrate across the wound bed during dermal healing [30]. Still, there has been a lack of
recent studies on this phenomenon and the extent of its contribution to dermal scarring.

1.3.2. Endothelial to Mesenchymal Transition (EndMT)

EndMT constitutes a multifaceted process where endothelial cells acquire traits typical of fibroblast-like and
myofibroblast-like cells. This transformation involves the loss of endothelial features and the adoption of mesenchymal
characteristics, including altered morphology, loss of cell-cell junctions, heightened mobility, invasiveness, and
contractility, accompanied by the expression of mesenchymal-specific proteins such as a-SMA, N-cadherin, vimentin,
and fibronectin. Whilst partial EndMT plays a role in angiogenesis [31], during fibrotic conditions, EndMT emerges as
a significant player in the pathogenesis of various organ fibrotic diseases, such as those affecting the lungs, liver, heart,
and kidneys. For instance, in cardiac and liver fibrosis, EndMT can be driven by the overactivation of the TGF-p1
signaling pathway in valve and sinusoidal endothelial cells, respectively. EndMT has been shown to promote the
accumulation of fibroblasts within these tissues, leading to excessive ECM deposition and tissue restructuring [32]. In
the skin, it was recently reported that Sox9" endovascular progenitor cells undergo EndMT to contribute to dermal
scarring [33]. Understanding the distinction between mechanisms underlying resident fibroblast differentiation and
EndMT may help to devise targeted therapeutic interventions to combat fibrotic diseases in the stages wherein EndMT
is a substantial contributor to fibroblast populations.

1.3.3. Macrophage-to-Myofibroblast Transition (MMT)

MMT denotes a process wherein macrophages undergo transformation into myofibroblasts upon exposure to
inflammatory stimuli, characterized by the simultaneous expression of macrophage markers such as CD68 and
myofibroblast markers such as a-SMA. For example, in renal fibrosis, Inflammatory macrophages undergo MMT,
which emerges as a pivotal contributor to fibrosis development by fostering collagen production and facilitating the
formation of fibrotic tissue [34]. Importantly, reports indicated that a substantial proportion of myofibroblasts observed
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in the exacerbation of renal fibrosis, including in unilateral ureteral obstruction (UUO) and renal allograft models,
originated from the recruitment of circulating leukocytes, i.e., bone marrow-derived macrophages [35]. MMT as a
source of myofibroblasts is a relatively recent discovery (MMT was coined in 2014), and there is limited information
available in the literature on its role in contributing to dermal fibrosis. Nonetheless, MMT augments the intricacies of
fibrotic processes, offering valuable insights into potential immunoregulatory therapeutic avenues for managing the
development of progressive fibrosis.

2. Dermal Fibrosis

As the largest organ of the human body, the skin is in direct contact with the external environment. It has functions
such as sensing external stimuli to regulate homeostasis and as a barrier against pathogens. Dermal wound healing has
been extensively studied and occupies the majority of the literature on healing research. Scarring can be seen as an
emergency healing response, where the wound is rapidly closed, and the skin's barrier function is restored. However,
this process often results in a disorganized imbalance of matrix components and the loss of skin appendages (Figure
2A). However, failure in the timely resolution of myofibroblast populations through apoptosis results in their prolonged
presence in the tissue, which promotes excessive deposition of ECM, thereby exacerbating the pro-fibrotic tissue
microenvironment through a positive feedback loop and resulting in aberrant scar tissue formation [19,36]. This process
is central to the development of dermal fibrosis (or cicatrix) with complex etiologies, such as hypertrophic scarring,
keloid scars, and chronic inflammation-induced scleroderma. The significant impact of dermal fibrosis on human health,
both psychologically and physiologically, highlights the urgent need for further research to develop effective
interventional strategies.
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Figure 2. (A) A typical scar presents as flat and smooth with a pink hue that pales over time. The scar is formed by elevated collagen
production by activated fibroblasts and myofibroblasts. (B) Hypertrophic scars present as raised scars. During formation, these
scars are enriched in collagens, driven by myofibroblasts under prolonged activation by inflammatory cells. Auxiliary skin
structures, nerve endings, and capillaries may be lost due to their replacement by the collagen scar. (C) Keloid scars are produced
by hyperproliferative and overactivated keloid fibroblasts that produce a scar resembling a tumor with a darkened hue. An
abundance of capillaries, leukocytes, macrophages, and hyalinized collagen bundles surround the keloid scar. (D) In scleroderma,
capillary rarefaction is accompanied by capillary enlargement and leakage, presenting red blemishes on the skin surface.
Myofibroblasts, under chronic activation by leukocytes, produce excessive collagen and hyalinized collagen bundles that penetrate
the intradermal fat layer. In some cases, calcinosis may occur in scleroderma plaques and lesions.

2.1. Hypertrophic Scars

Hypertrophic scars are pronounced or raised scar tissue, significantly higher than the surrounding normal skin
tissue, but still have the original wound shape (Figure 2B). This type of scar tends to occur in high-tension areas such
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as at joints, on the chest, and in proximity to the shoulders [37]. Hypertrophic scars are commonly caused by full
thickness trauma, such as burns. However, unlike atrophic scars that have healed to leave a concave depression in the
skin, hypertrophic scars arise from the overactivation of fibroblasts and myofibroblast differentiation as a consequence
of prolonged inflammation at the deep reticular dermis layer [38]. Autologous skin transplants using full-thickness or
split-thickness skin grafts are often used to treat burn injuries but have varying degrees of success due to complications
arising from early skin graft contracture during healing and the formation of hypertrophic scarring [39]. Histological
analysis of hypertrophic scars reveals the raised scar contains an abundance of 0-SMA" myofibroblasts, elongated and
thickened bundles of collagens that appear stretched in parallel to the surface of the epidermis, reduced numbers of
capillaries, and an absence of auxiliary skin structures such as hair follicles, nerve endings, sweat glands, and sebaceous
glands [40,41]. In addition, glycosaminoglycan deposits and clusters of inflammatory cells can be observed in the
reticular dermis. The prevention of hypertrophic scars relies on intervention during wound healing, such as conservative
treatment schemes using gel patches and compression dressings. Reversal of established hypertrophic scarring is more
difficult to achieve, with current clinical options limited to multiple treatments such as scar resection surgery, radiation
therapy, or laser therapy [42].

2.2. Keloid Scars

A keloid is a tumor-like scar that is significantly raised compared to the surrounding tissue and extends beyond the
border of the original wound site (Figure 2C). Keloid scars appear to be unique to humans, making them a difficult
pathology to mimic in pre-clinical studies. Keloids are characterized by rapid growth and high recurrence rates
following resection. They tend to develop in areas frequently subjected to tension, such as the chest and shoulders, as
well as in softer tissue regions like the earlobes and cheeks [43]. The formation of keloids has been associated with
chronic inflammation, and the immune system is believed to play a crucial role in the formation process. Keloid scars
are genetically driven, appearing more commonly in Africans (5%—10% of the population) and less so in Asians (0.1%—
1% of the population) [37]. Although low in cellularity due to ECM abundance, keloid tissue contains elevated numbers
of leukocytes, increased numbers of capillaries, and unique subpopulations of pathological fibroblasts, known as keloid
fibroblasts. These cells are morphologically distinct from myofibroblasts and highly migratory. Keloid fibroblasts also
synthesise excessive ECM but deposit thick and uniform hyalinized collagen type I and III bundles [44]. The treatment
methods for keloids depend on their quantity and size. The appearance of multiple or larger keloids in different parts of
the body may indicate underlying genetic factors or the influence of systemic diseases, which should be carefully
considered. Due to the continuous re-activation of the cycle of pro-inflammatory and pro-fibrotic cell processes,
resection may aggravate keloid growth. Thus, multiple treatments are usually adopted.

2.3. Scleroderma

Dermal fibrosis can manifest as a consequence of chronic autoimmune skin diseases, such as psoriasis, vitiligo,
and atopic dermatitis [45]. Systemic sclerosis (SSc) is an autoimmune disease characterized by vascular lesions and
progressive fibrosis of the skin (scleroderma) and internal organs. An ischemia-reperfusion type response, oxidative
stress, vascular pathologies (rarefaction, endothelial cell activation, capillary enlargement, and capillary dilatation near
the epidermis), abnormal perivascular infiltration of immune cells, and fibrinolysis contribute to scleroderma
pathogenesis, with the transformation of fibroblasts into myofibroblasts and changes to the microstructure of ECM in
the dermis driving fibrosis (Figure 2D) [46—48]. The thickening of the skin at scleroderma sites can lead to lesions and
the loss of auxiliary skin structures and their peri-glandular adipose tissue. Biochemical and histological analysis of
scleroderma lesions reveals that collagen type I and III abundance in the expanded fibrotic dermis is similar to that of
normal tissues. However, there is an atypical presence of hyalinized tissue, densely crosslinked collagen, and type VII
collagen. Collagen accumulation in the reticular dermis leads to the loss and replacement of sub-adjacent adipose tissue
with more collagen. Calcinosis cutis (cutaneous calcium deposits) may occur at lesion sites. The incidence and clinical
manifestations of scleroderma are geographically and pathologically heterogeneous, respectively. The population
prevalence in Europe and America is much higher than in Asia. Although the incidence rate is relatively low, the
mortality rate of SSc ranks first among rheumatic diseases [49]. At present, the treatment of scleroderma mainly focuses
on mitigating inflammation, immunosuppression, and pain management [50].
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2.4. Other Fibrosis-Associated Skin Pathologies

Dermatofibrosarcoma protuberans (DFSP) is a rare malignant fibrous tissue cell tumor that can undergo invasive
growth. Due to similarities in histology, DFSP may be misdiagnosed as fibrosarcoma or keloid scars, leading to poor
treatment effectiveness and high recurrence rates [50]. The small tumors contain large numbers of flattened fused
fibroblasts that exhibit a spiral-like arrangement. These cell formations lack nuclei and exhibit a characteristic
honeycomb pattern that infiltrates the subcutaneous fat, leading to the loss of adipose tissue [51]. DFSP is resistant to
chemotherapy and radiation therapy, and surgical resection is currently the preferred treatment option [52].

Desmoplastic malignant melanoma is associated with excessive exposure to sunlight. Under the microscope,
tumors appear to be of varying sizes with unclear boundaries [53]. Desmoplastic malignant melanoma mainly contains
spindle-shaped melanocytes without melanin that infiltrate the collagen-enriched ECM. The pro-fibrotic tissue
microenvironment promotes immune cell infiltration, creating challenges for achieving effective drug delivery [54].
Current clinical treatment options are surgical resection, radiation therapy, and systemic immunotherapy [55].

Graft versus host disease (GVHD) is the most common life-threatening complication of allogeneic hematopoietic
cell transplantation. Clinically, it is divided into acute and chronic GVHD [56]. Skin damage is an early clinical
manifestation of GVHD (known as cutaneous GVHD) [57]. Whilst commonly first presenting as a rash [58], the damage
to the underlying dermis by chronic inflammation results in the buildup of fibrotic tissue. At present, treatment of
GVHD relies on topical anti-inflammatories and immunosuppressants [59].

2.5. Age-Associated Fibrosis and Reduced Healing in the Aged Dermis

Notably, the skin differs from many other tissues in that advanced age does not result in the progressive
accumulation of fibrotic tissue typically observed in the aging of other organs. In tissues such as the lungs and kidneys,
aging has been associated with an impaired capacity to resolve fibrosis, partly due to the increased presence of
apoptosis-resistant myofibroblast-like senescent cells. Skin aging leads to slower healing rates and reduced scar
formation by dermal fibroblasts. This phenomenon is driven by shared cellular abnormalities observed in other tissues,
wherein senescent cells release senescence-associated secretory phenotype (SASP) factors, driving chronic
inflammation in a process known as inflammaging. However, in the skin, senescent dermal fibroblasts have diminished
expression of a HA glycocalyx, reductions in EGFR cell surface presentation, resist TGF-B1 driven differentiation to
myofibroblasts, and have reduced migratory and proliferative capabilities, resulting in reduced scarring or thinner scars
[60—62]. Thus, dermal fibroblast senescence has a stronger association with chronic non-healing wounds than dermal
fibrosis. Although the precise mechanisms remain unclear, it has been suggested that age-associated loss of
keratinocyte-secreted stromal-derived factor 1 (SDF1) plays a role in age-associated lack of scarring in the skin [63].
Nevertheless, replicating the loss of myofibroblast differentiation observed in aged skin could serve as a promising
strategy to inhibit myofibroblast formation and reduce dermal fibrosis.

3. Hydrogels

After over a century of advancements, hydrogels have emerged as a pivotal therapeutic approach in the field of
biomedical materials and tissue engineering. Hydrogels are created through covalent and/or non-covalent cross-linking
of polymeric materials, leading to the formation of complex three-dimensional (3D) network structures [64—66].
Hydrogels typically exhibit high water absorption capabilities, excellent biocompatibility, flexibility, adhesiveness, and
porosity. Due to their ability to retain moisture at wound sites, hydrogels are an appealing option for wound dressing
applications. Furthermore, they can be tailored specifically to optimize their environmental responsiveness (to factors
such as temperature, pH, and light) [67—73]. Controlled release of incorporated bioactive substances and nanomaterials
from hydrogels is an effective means to achieve a prolonged treatment effect, ideal for maintaining an anti-inflammatory,
antibacterial, and antifibrotic wound site during healing [74—77], thereby having the potential to realize attenuated
scar formation. For example, Chen et al. disrupted mechanotransduction signaling in activated fibroblasts and
myofibroblasts to mitigate hypertrophic scarring in split-thickness skin graft-treated wounds. By loading 1 mg small-
molecule FAK inhibitor VS-6062 into a pullulan hydrogel patch that covered the skin grafts, early graft contracture
was avoided, and the activation of wound site fibroblasts was attenuated (>75% released within 24 h, 100% released
by 96 h) [78].

Hydrogels are made from both natural and synthetic materials. Natural polymers such as hyaluronic acid (HA),
gelatin (Gel), alginate, and chitosan (CS) are commonly used, along with synthetic polymers like polyvinyl alcohol
(PVA) and polyethylene glycol (PEG) [79—-87]. The choice of polymer or polymer blend depends on the desired



Fibrosis 2024, 2, 10010 7 of 18

outcome. Natural polymers typically provide bioactivity, while synthetic polymers contribute structural stability. The
wide range of available polymers and advancements in hydrogel fabrication techniques have expanded their applications
beyond topical wound dressings. Additionally, many polymer backbones can be easily modified to include cross-
linkable side groups, such as thiol/sulfhydryl or photoinducible methacrylate (MA). These modifications provide a
straightforward way to improve gelation and enhance structural properties. Owing to bioactive and biomimetic
properties resembling ECM, polymeric hydrogels may function as effective cell carrier materials that are also suitable
for culturing organoids and specialized cell phenotypes. Additionally, hydrogel materials have a wide range of
applications (Figure 3), including scaffold coatings, bioinks, biosensors, and more [68,88—92]. More recently, hydrogels
have been utilized as sensors for physiological monitoring, further expanding their range of applications [93-96]. In the
following sections of this review, we discuss recent advancements in hydrogel fabrication techniques and their
applications in attenuating dermal scars. We classify hydrogels according to their construction principles. First, we
summarize recent injectable hydrogels, then lyophilized hydrogel dressings/cryo-gels, spray-on/sprayable hydrogels,
3D printed hydrogels, and hydrogel-based microneedle patches.
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strategies
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Figure 3. The versatility of hydrogel components facilitates their fabrication through multiple techniques, including the topically
applied wound dressing style hydrogels (adhesive patches, cryo-gels, and spray-on/paste-on hydrogels); injectable hydrogels for in
situ gelation and formation of subcutaneous bioactives reservoirs; anisotropic hydrogels that change shape or elicit functions
dependent on stimuli responses; core-shell hybrid materials realizing mechanical support and granting inert polymers bioactivity
through coatings; 3D printed hierarchical and cell-laden hydrogels to achieve complexity in design and the formation of
microtissues; and microneedle patches that facilitate transdermal/subdermal delivery of bioactives when epidermal penetration is a
pre-requisite for the intended function.

3.1. Injectable Hydrogels

Subcutaneous injection of hydrogels aims to achieve gelation in situ, forming a hydrogel network that regulates
the surrounding tissue microenvironment and provides a reservoir for the controlled release of bioactive. Injectability
enables therapeutic reach to deep tissues, and adhesive properties allow the filling of irregular wound spaces without
the need for sutures, which traditional sheet-like hydrogels may struggle to achieve. Injectable hydrogels greatly reduce
the need for invasive surgeries. Injectability requires certain key characteristics, such as self-healing and shear-thinning
properties [97]. A variety of chemical and physical crosslinking techniques have been employed to create injectable
hydrogels that gel under certain conditions. Crosslinking between the polymers can be induced by physical stimuli
through noncovalent interactions like hydrophobic and ionic bonds. Chemical crosslinking of polymers is achieved
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through covalent bonds formed via coupling processes such as photoirradiation, Schiff base crosslinking, Michael-type
addition, thiol exchange/disulfide crosslinking, and click chemistry. In most applications, injectable hydrogels are
initially prepared in the solution state and eventually transition into the semi-solid gel state upon injection into the host
due to external stimuli, of which a popularized stimulus is fast gelation at body temperature (>37 °C). After mixing or
crosslinking of injectable hydrogel components, based on their unique shear thinning and self-healing properties, the
generation of high strain through high shear force during extrusion from the syringe temporarily fluidizes the hydrogel
before it returns to a gel state again within a short time after injection [98—100].

Selection of pre-gelling components is necessary to achieve the injectability of hydrogels with wet tissue
adhesiveness, rapid gelling, and the capacity to achieve timely hemostasis. For example, Zhao et al. prepared injectable
hydrogel adhesives by combining poly(citric acid-co-polyethylene glycol)-g-dopamine prepolymers and aminocapsule-
terminated Pluronic F127 micelles loaded with astragaloside IV (<30% released within 24 h; sustained release reached
80% within 300 h). The researchers used an H2Ox/horseradish peroxidase system to cross-link catechol groups in
polydopamine (PDA)/dopamine (DA) via oxidative coupling. This system also facilitated the chemical crosslinking of
catechol to the micelle amino groups. In a methicillin-resistant Staphylococcus aureus (MRSA)-infected mouse model
of full-thickness skin defects, the treatment group showed less inflammatory cell infiltration, a relatively mild
inflammatory response, with low levels of TNF-a and high levels of IL-10. The regeneration of skin tissue by the
injected hydrogel adhesives exhibited dense collagen I/IIl deposition with optimal directional alignment and timely
revascularization of the wound site, thereby achieving scar-reduced wound repair. Notably, hydrogels containing
astragaloside IV accelerated healing with minimal scarring, while also promoting the regeneration of functional skin
appendages [101]. In another study, Zhang et al. used an innovative approach wherein the imine-based photo-induced
crosslinking of injectable hydrogels could be realized as a delayed or pulsatile drug release platform. HA/o-nitrobenzene
and HA/carbohydrazide were used as the pre-gelling polymers to deliver o-nitrobenzene modified poly(lactic-co-
glycolic) acid (PLGA) capsules loaded with 0.01% w/w TGF-f inhibitors. In a mouse model of full-thickness skin
defect, wounds showed accelerated closure and the delayed release of TGF-f inhibitor from PLGA capsules (none
released <6-8 days, 100% released <8-10 days depending on molecular weight). The result was significantly reduced
collagen deposition, decreased inflammation levels, and inhibited tissue fibrosis, compared to a non-pulsatile HA
hydrogel control. The team went on to demonstrate attenuated scar formation in a rabbit ear full-thickness wound model
and a porcine full-thickness excision wound model [102].

The inherent advantage of hydrogels is their capacity to serve as cytocompatible carrier materials. Zhang et al.
prepared injectable microgels composed of aligned silk nanofibers that enhanced the paracrine secretion of beneficial
factors from the loaded bone-marrow mesenchymal stromal cells (BMSCs; 4 x 10° cells/mL) to influence the
surrounding tissue microenvironment. Scarless healing with accelerated hair follicle recovery was successfully achieved
in a rat excisional wound model. Treatment promoted angiogenesis and regulated the inflammatory response to facilitate
skin regeneration [103]. A potential weakness of injectable hydrogels is their potentially rapid degradation in vivo,
accompanied by fast release of payloads. To address this issue, Griffin et al. prepared microporous annealed particle
(MAP) microgel scaffolds composed of crosslinked L- and D-peptides to study the influence of chirality on material
degradation. In murine wound models, there were no differences in wound closure time between mixed L/D-MAP, but
MAP doped with D-chiral peptides showed anti-degradation properties. Interestingly, D-MAP promoted the formation
of hair follicles and enhanced tissue tensile strength, akin to embryonic-like tissue regeneration. Furthermore, D-MAP
was shown to trigger antigen-specific responses while enhancing bone marrow cell recruitment through adaptive
humoral immunity, a mechanism that induced skin regeneration depends on [65].

Endowing polymers with bioadhesion, such as by modification with PDA, remains a popular strategy to achieve
hydrogel crosslinking and rapidly form stress-resistant wound seals. Deng et al. designed an injectable multifunctional
hydrogel loaded with therapeutic PDA nanoparticles encapsulating 0.182 + 0.043% w/w asiaticoside. By using dynamic
Schiff base crosslinking between oxidized dextran and quaternary ammonium chitosan, reinforced by crosslinking
between DA-modified oxidized dextran and DA-modified reduced graphene oxide, the researchers engineered a
multifunctional hydrogel that exhibited tissue adhesion, self-healing, antibacterial and antioxidant properties.
Furthermore, electrical conductivity granted by the incorporated graphene oxide promoted cell migration and
proliferation. In a rat full-thickness skin defect model, the developed hydrogel effectively blocked fibrosis while
stimulating collagen synthesis, and this antifibrotic effect was further enhanced by asiaticoside mitigation of
myofibroblast activity. The combination of reduced oxidative stress, accelerated cell proliferation and neoangiogensis,
and reduced inflammation, promoted scarless skin tissue with skin appendages [104].
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3.2. Cryo-Gels

Cryogels, formed by repeated freezing and thawing of polymer solutions or hydrogels, address the need for sponge-
like polymer scaffolds with adjustable pore sizes and tailored porosity [105]. Additionally, based on the appropriate
selection of polymer base material, cryo-gels can have excellent compressibility, elasticity, and swelling, thereby
meeting ideal properties for wound dressing materials [106]. Liu et al. constructed a double network cryo-gel consisting
of PVA and agarose loaded with 1% w/w hyperbranched polylysine and 0.8% w/w tannic acid, in which PVA formed a
primary physical crosslinking network after repeated freezing and thawing, and agarose formed a secondary physical
crosslinking network through hydrogen bonding. In a rabbit ear MRSA-infected wound repair model, the released
components from cryo-gels (~50% hyperbranched polylysine within 24 h, total release <70%; ~30% tannic acid within
24 h, total release <50%) significantly reduced local tissue inflammation, reduced collagen deposition, modulated
collagen type I:11I ratios, down-regulated a-SMA production, and decreased scar thickness [107]. Following their design
of an antifibrotic peptide that competes with integrins to bind EDA-fibronectin and prevent mechanotransduction
signaling [108], Zhang et al. synthesized genipin-crosslinked hydrogel networks consisting of carboxymethyl CS, poly-
v-glutamic acid, and the antifibrotic peptide (~20 pg loaded per dressing). Lyophilization of the hydrogel resulted in a
porous dressing biomaterial that exhibited ideal wound dressing properties such as hemostasis, antibacterial activity,
and wound exudate absorption. Swelling and subsequent degradation of cryo-gel dressings achieved the controlled
release of the antifibrotic peptide (~40% within 8 h; after which the release rate matched the dressing degradation rate)
to mitigate hypertrophic scar formation and promote the regeneration of auxiliary skin structures in a rabbit ear model
of full-thickness skin defects [109]. Notably, the hydrogel components selected for their wound-healing properties also
demonstrated a mild antifibrotic effect by disrupting integrin signaling. This effect was further enhanced by the
synergistic inhibitory actions of the released peptide. Fan et al. constructed a hybrid fibrous scaffold with vertically
aligned Gel-MA cryo-gel fibers and randomly aligned fibroin fibers, to which 1% w/w anti-inflammatory peptide 1
(AP-1) was coupled. In a mouse back wound model, the treated group had a reduced inflammatory state and epidermal
thickness, whereas collagen composition and densities were similar to normal skin. Additionally, a higher number of
regenerated hair follicles were present in the treatment groups [110]. The base material of Gel-MA with fibroin also
demonstrated an antifibrotic effect, offering potential routes of investigation into optimizing antifibrotic effects based
on material design. fibers Ying et al. prepared a multifunctional aloin-arginine-alginate cryo-gel that transforms back
into a hydrogel upon absorbance of wound exudate or blood for cutaneous regeneration. In a mouse model of S. aureus
infected dorsal wounds, the cryogel treatment group demonstrated antibacterial and anti-inflammatory properties,
accelerated wound healing by promoting angiogenesis, and achieved scar-attenuated healing with evidence of skin
appendage regeneration [111].

3.3. Spray-on/Paste-on Hydrogels

Spray-on and paste-on hydrogels represent an innovative advancement, offering ease of use for treating wounds in
challenging or hard-to-reach locations. Chen et al. constructed HA-modified and verteporfin (VP)-loaded polylactide
nanogels (2 pg/mL VP per 4 mg/mL polylactide) to promote scarless wound healing after paste-on application to the
wound site. The nanogel release of HA and lactic acid (within first 6 h) accelerated wound re-epithelialization, and the
released VP (~28.3% within 12 h) inhibited YAP to suppress myofibroblast driven fibrosis without hindering the
proliferation and migration potential of skin fibroblasts, which ultimately limited scar formation in a rabbit ear injury
model [112]. Spray-on hydrogels can be applied by syringe and/or jet devices to rapidly form in situ protective layers
on irregular and large deformation of wounds [113]. Sprayable hydrogels have gained attention in the field of wound
healing and anti-scarring due to their ease of application and potential therapeutic properties. One study successfully
prepared a sprayable hydrogel containing approximately 128 pg/mL Nis(HITP), nanorods with antioxidant and anti-
inflammatory properties, accelerating wound healing [114].

Spray-on hydrogels have shown promise in the field of anti-fibrosis topical therapies. Tan et al. developed a spray-
on hydrogel containing 0.01% w/w insulin-like growth factor-1 (IGF1). The hydrogel was composed of caffeic acid-
modified CS, hydroxypropyl CS, and oxidized dextran. Under the acidic conditions of the wound site, the pH responsive
dynamic Schiff base network released IGF1 (~88% within 12 h, ~98% within 48 h) to achieve therapeutic effects. In a
mouse model of bacterial infection with full-thickness skin defects, the treatment group exhibited a more mature
collagen deposition and alignment, an abundance of hair follicle regeneration, reduced inflammation levels, and the
promoted formation of new blood vessels, which convened to realize scar free healing [115]. Chen et al. designed a HA
combined with lyotropic liquid crystal (LLC)-based spray dressing loaded with the antifibrotic drug pirfenidone (PFD,
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0.5% w/w). Based on the properties of LLC, after the spray comes into contact with the wound, a phase change is
triggered, causing the spray to gel and prolonging the release time of PFD (~75% of total drug release over 48 h). In a
mouse burn wound model, the treatment group showed decreases in inflammation and interleukin (IL)-6 expression,
whereas increases in neovascularization and vascular endothelial growth factor (VEGF) expression, together with
stimulated collagen synthesis at appropriate collagen ratios, cumulating in scar prevention [116].

Spray-on hydrogels form thin, rapidly gelling layers, enabling the flexible application of multiple layered films to
cover the wound site and provide distinct, targeted actions. Yang et al. were inspired by the structure and function of
natural skin and prepared a sprayable biomimetic double mask (BDM) with rapid autophasing and hierarchical
programming. The sprayable BDM consists of a bottom layer including hydrophilic Gel-MA hydrogel with calcium ion
(Ca®") incorporation and a top layer of hydrophobic poly (lactide-co—propylene glycol-co-lactide) dimethacrylate
incorporating the antimicrobial drug triclosan (5% w/w). Following spray-on application, the two layers rapidly
autophase into bilayered structures and are then bonded and solidified by photocrosslinking. The bottom GelMA layer
releases Ca”* to achieve hemostasis, while the top PLD layer maintains a wet, gas-permeable, and antimicrobial
environment. In both full-thickness rat skin wound models and the full-thickness porcine skin wound models, the
prolonged release of triclosan (over 14 days) promoted neovascularization, hair follicle regeneration, and modulated
collagen deposition to enhance scar-free wound healing [117]. Zhong et al. prepared a biodegradable combined multi-
functional spray-on hydrogel from select raw materials: a CS-MA (antibacterial) and 0.8% w/v ferulic acid (adhesive)
layer, and an oxidized Bletilla striata polysaccharide (hemostasis, anti-inflammatory) layer. The spray-on hydrogel was
prepared by dynamic Schiff bond cross-linking and cured by UV-photocrosslinking. Although the extent of dermal
fibrosis quality was not assessed in detail, in both a rat model of S. aureus infected skin defect and miniature pig trauma
wound model, the spray-on hydrogel system released ~50% ferulic acid over 24 h to achieve improved wound closure,
reduced inflammation levels, and enhanced regeneration of skin appendages [118].

3.4. 3D Bioprinting of Hydrogels

In addition to the aforementioned methods of composition and use, hydrogels still have many possibilities.
Attempts to combine hydrogels with unconventional construction methods such as 3D printing or microneedles have
breathed new life into them. 3D printing technology enables the precise fabrication of various materials to meet diverse
needs, fulfilling the high demands for geometric complexity in tissue engineering and clinical customization.
Appropriate hydrogel materials can be produced through different 3D printing techniques (extrusion,
photopolymerization, ultrasound, etc.) and applied as bionic/artificial skin, hierarchical wound dressings, tissue bonding
adhesives, bioelectronic interfaces, and cell-laden scaffold materials, or used to study microtissue/organoid formation
or disease model construction [89,119-125].

Taking advantage of the capacity of 3D bioprinting to produce hierarchical and multilayered structural hydrogels,
Chen et al. developed a 3D-printed bilayer hydrogel using a dermal ECM-mimicking upper layer of Gel-MA and SF-
MA doped with 100 pg/mL copper-epigallocatechin gallate as a lower layer and an epidermal-mimicking Gel-MA/HA-
MA upper layer seeded with keratinocytes (1 x 10° cells/mL). In a rat model of burn injury, copper-epigallocatechin
gallate release from the 3D printed hydrogels (~55% within 3 days, ~75% within 6 days) attenuated the inflammatory
response, and in combination with the seeded keratinocytes, improved regenerated dermal thickness with a type L:I11
collagen ratio resembling healthy skin after 2 weeks [126]. Liang et al. used 3D printing to develop antibacterial and
piezoelectric scaffolds comprising zinc oxide (ZnO, 5% w/w) nanoparticle-modified polyvinylidene fluoride
(PVDF)/sodium alginate. The constructs offered piezoelectric release models from both vertical swelling and horizontal
friction, facilitating bioelectrical stimulation signals that enhanced cell migration, neovascularization, collagen
alignment, and growth factor release that promoted scarless healing in a rat model of full thickness skin dorsal defects
[127]. Notably, PVDF/sodium alginate control hydrogels also exhibited scar-reduced wound healing, suggesting that
such a polymer blend may influence pro-fibrotic cell phenotypes.

3.5. Microneedle Patch Hydrogels

Microneedle patches, consisting of arrays of microneedles typically ranging from 100 to 2000 um in length, serve
as effective tools for dermal or in vivo drug delivery and monitoring. For dermal treatment, as an emerging tool for
painless penetration of the stratum corneum, microneedles are non-invasive with diverse loading capabilities. They can
be widely used in a variety of applications such as transdermal drug delivery, stimuli-triggered degradation, disease
monitoring, physiological sensing, tissue fluid sampling, and vaccination [128—132]. Microneedles patches that use
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hydrogels as the main body have emerged as a popular strategy for topical pathologies. Hydrogel compositions allow
for diversity in terms of preparation materials, microneedle structural design (core-shell structure, bilayer structure, bio-
inspired, efc.), and payload release choices, with the focus on suiting the needs of the corresponding applications [133—
135]. For example, Yang et al. sought to improve the controlled release of drugs with poor bioavailability into the
hypertrophic scar tissue microenvironment to promote its remodeling. They synthesized microneedle patches from Gel-
MA and 100 mM 5-Fluorouracil acetic acid (5-FuA) precursors that responded to high levels of reactive oxygen species
(ROS) and matrix metalloproteinase (MMP)-2/9 overexpression associated with activated fibroblasts in the wound and
scar sites to achieve the controlled release of approximately 75% 5-FuA within 24 h of patch application [136]. In a
rabbit ear model of an established hypertrophic scar, 5-FuA delivery promoted the apoptosis of activated fibroblasts
and myofibroblasts, while promoting inflammatory and keratinocyte associated pathways and their interactions with
fibroblasts, which controlled excessive collagen deposition during remodeling of the dermal scar.

Targeting of YAP in fibroblast activation and differentiation into myofibroblasts has been demonstrated to be a
promising strategy in the temporal control over scar development. Zhang et al. prepared microneedles with a core-shell
structure consisting of a ROS-sensitive PVA shell loaded with 3 pg/mL. VP and a crosslinked heparin core in
combination with photodynamic therapy for inhibition of YAP and promoting scar-free healing and scar repair of back
wounds in mice. The release of ~90% VP within the first 24 h resulted in a decreased dermal thickness, reduced collagen
deposition, and a lower proportion of type I/III collagen in the tissue [137]. Liu and colleagues developed a reactive
oxygen species (ROS)-responsive, oxygen-generating microneedle patch using a glucose-sensitive sericin/hyaluronic acid
(HA) hydrogel loaded with VP. In the highly oxidative infected wound site microenvironment, dopamine functionalized
sericin depletes ROS to generate oxygen to alleviate hypoxia, promote angiogenesis, and attenuate the expression of
proinflammatory cytokines. Additionally, total VP release within the first 20 h provided sustained inhibition of the
Y AP/Engrailed-1 axis to assist in the enhanced scarless re-epithelization of diabetic wound models [138].

Other groups capitalized on the incorporation of cell-inspired therapeutic strategies into their fabricated
microneedle patch materials. Li et al. developed a novel microneedle patch from 5% w/w adipose-derived stem cell
(ADSC) secretome conditioned medium cross-linked with keratin and loaded with 1.5% w/w triamcinolone acetonide
(TA). The differential and dual release of ADSC secretome (50% over 5 days) and TA (80% in the first 16 h)
synergistically reduced inflammation and ROS while regulating myofibroblast and hyperplastic scar fibroblast behavior.
In a rabbit ear scar model, the microneedle patches effectively reduced scar formation and facilitated the regeneration
of healthy skin [139]. Liu et al. loaded CAR-TREM2-macrophages targeting DPP4" fibroblasts (1 x 107 cells/mL) into
microporous PLGA/PEG-DA/CaCO; hydrogel microneedle patches. Detailed analysis revealed that the microneedle
patches attenuated EndMT processes by suppressing leucine-rich-a2-glycoprotein 1 (LRG1). Additionally, CAR-
TREM2-macrophages phagocytosed DPP4" fibroblasts and suppressed TGF-B secretion, demonstrating effective scar
therapy in microneedle patch-treated mouse dorsal scars [140].

4. Progress towards Clinical Translation

Clinically utilized and over-the-counter products for scar management predominantly consist of silicone-based gel
products, ointments, and creams with or without loaded phytomedicines, traditional medicines, or various
pharmacological factors. Silicone-based gel sheets, widely used since the 1980s, have proven to be as effective in
reducing hypertrophic scar formation as traditional methods such as onion juice application, pressure garments, and
compression/massage therapy. The scar-reducing effects of silicone gel sheets remain debated; however, their role as a
physical barrier to regulate wound moisture and prevent infection are well-recognized advantages. While many
hydrogel-based products have been clinically approved for improving the cosmetic appearance of skin or for use as
wound healing dressings, few have been specifically evaluated for the treatment or mitigation of dermal fibrosis. The
clinical studies database, https://clinicaltrials.gov (terms Fibrosis OR Cicatrix OR Hypertrophic Scar; Skin; Gel OR
Hydrogel, searched 16 November 2024), showed just 4 registered clinical trials that can be considered to involve the
assessment of hydrogel therapies (Table 1).
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Table 1. Recently registered clinical trials for hydrogel interventions for dermal fibrosis (N/A, not applicable).

Hydrogel Intervention Phase Status ID
Scar minimalization after scar .
INTEGRA Dermal Replacement Template resection N/A (Interventional) - NCT04420442
(collagen I/chondroitin-6-sulphate) N/A

Treatment of facial burns (Observational) NCT03971968

Phase II-111 NCT04951869

Hypertrophic scar and keloid
formation after caesarean section
Sericin hydrogel containing edible bird’s Hypertrophic scar formation at skin
nest extract graft donor sites

Protescal (HA/carboxymethyl CS/alginate)

N/A (Interventional) NCT04997863

Two of the registered studies aim to assess the effects of INTEGRA Dermal Replacement Template on scar
minimalization after scar resection (NCT(04420442) and the long-term outcomes following the treatment of third-degree
full-thickness facial burns (NCT03971968). The INTEGRA Dermal Replacement Template was clinically approved in
the mid-1990s for the clinical treatment of severe burns and can be considered a type of natural polymer cryo-gel
scaffold, as it consists of an ECM-like lyophilized layer of bovine collagen type I mixed with chondroitin-6-sulfate. An
external polysiloxane/silicone gel sheet layer retains the moist wound environment during healing. Other registered
trials include a Phase II-1II trial on an injectable or paste-on hydrogel, Protescal (blended HA, carboxymethyl CS, and
alginate), to prevent hypertrophic scar and keloid formation after caesarean section (NCT04951869); and an efficacy
and safety assessment of a silk-derived sericin-based hydrogel dressing loaded with edible bird’s nest extract (major
components include linoleic acid, sialic acid, and essential amino acids) in the mitigation of hypertrophic scar formation
at split-thickness skin graft donor sites (NCT04997863). The results of these studies have not yet been published.

The hydrogels used in these clinical trials do not incorporate the loading and release of specific antifibrotic factors
or biologics, instead, the focus is on the capacity of the natural polymer components themselves to promote an
antifibrotic response. The rationale behind this is likely that it may be easier to meet regulatory requirements by using
biomaterials that are already approved by the US FDA. Ultimately, stringent regulatory requirements can pose a
significant barrier to the clinical translation of antifibrotic biologic-loaded hydrogel therapies. The lack of clinical trials
registered for studying hydrogel application in dermal fibrosis treatment may otherwise be attributed to the complexity
of dermal fibrosis types, leading to difficulty in recruiting specific patient populations. Additionally, many of the
registered clinical trials evaluating dermal fibrosis tend to utilize intradermal injection, topical gels, or lotion
formulations, with an inclination to evaluate the effects of a single pharmacological substance rather than the synergy
achieved with hydrogel choice and delivery mode, thus contributing to a gap in registered trials focused on hydrogel
applications in the treatment of dermal fibrosis.

There are several challenges and unresolved technical issues that could hinder the clinical translation of hydrogel
therapies for dermal fibrosis. These limitations include but are not limited to (i) potential adverse outcomes and reduced
efficacy in applications requiring long-term therapy; (ii) a lack of comprehensive understanding of hydrogel base
materials, their bioactivity, inherent antifibrotic actions, metabolism, and their synergism with encapsulated payloads;
(ii1) the need for extensive evaluations of dose-dependent and minimum effective dosages—most of the summarized
studies tended to evaluate a single dose and release rate determined from in vitro observations; and (iv) potential
unexpected effects on other cells populating the dermis, thereby potentially obstructing functional skin regeneration.

5. Conclusions

The complex pathogenesis and multiple etiologies that give rise to the various types of dermal fibrosis necessitate
developing therapies that address the distinct causes and spatiotemporal processes of wound healing and scar formation.
The achievement of different treatment modalities using hydrogel-based strategies has realized effective tools for the
mitigation of dermal fibrosis during wound healing, but also offers insights into means to remodel established scar
tissue. The majority of studies have evaluated hydrogel therapies in the treatment of trauma scars and hypertrophic scar
formation. Keloid scars remain challenging to model effectively in animals, and only a few preclinical scleroderma
models can replicate the disease's pathogenesis, such as humanized systemic sclerosis (SSc) models and subcutaneous
bleomycin-induced models. Thus, evaluating the effects of hydrogels on keloid fibroblast behavior and in chronic
inflammatory skin microenvironments would help to determine the broader applicability of anti-scarring hydrogels.

Here, we summarized recently developed hydrogels that have been applied to mitigate dermal fibrosis. Cryo-gel
dressings remain prevalent in topical treatment of wounds, given their capability to absorb wound exudate and maintain
a wet wound microenvironment while releasing bioactive to regulate the wound healing process. However, the rapid
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degradation of cryogels necessitates frequent dressing changes and requires securing the cryogel to the wound site,
which may impact patient compliance. Spray-on hydrogels are inherently adhesive, excel at wound coverage, and create
a waterproof barrier with prolonged application time, but may be limited in the reservoir of bioactive that can be supplied
in a single treatment. In contrast, injectable hydrogels undergo in situ gelation, forming a depot that enables the extended
release of bioactives into the surrounding microenvironment. Microneedle patches offer an alternative mode of adhesion
that is easy for patients to self-administer, promoting compliance. They also provide a solution for the extended release
of bioactives from the microneedle reservoirs. The non-invasiveness, depth of bioactive delivery, and relative ease of
manufacture have propelled microneedle patches to the forefront of dermal fibrosis therapies. Besides the advancements
in hydrogel strategies summarized here, there remains the prospect of utilizing other hydrogel strategies to target the
plethora of mechanisms involved in scar formation during dermal wound repair by selecting appropriate hydrogel
components and optimizing their structural arrangement. For example, gradated and hierarchical 3D printed hydrogels
for spatiotemporal control of scarless healing; anisotropic hydrogels that exploit the mechanosensitive myofibroblast
behavior formation; and combining degradable scaffold-hydrogel hybrid constructs for wound healing of tissues under
tension have yet to be fully explored.
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