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Radiation-induced dermatitis (RID) remains one of the most prevalent and
therapeutically challenging complications in cancer radiotherapy, significantly
impairing patient quality of life and treatment adherence. In recent years,
bioengineered materials have emerged as promising platforms for the
prevention and treatment of RID through multifunctional mechanisms. This
review systematically summarizes the current landscape of biomaterials applied
to radiation-induced skin injury, focusing on the regulation of oxidative stress,
inflammatory responses, and regenerative tissue repair. Beyond conventional
classifications based on function—such as barrier protection, therapeutic
delivery, and tissue reconstruction—we highlight advances in biomaterial design
mechanisms. Particular attention is given to surface properties, including
roughness, electrical charge, and crosslinking dynamics, which influence
immune modulation and cellular behavior at the wound interface. Mechanistic
insights are discussed regarding reactive oxygen species-responsive materials,
macrophage phenotype regulation, and vascular regeneration in irradiated
tissue environments. Comparative analyses with conventional wound dressings,
such as alginate-based and silver-containing materials, underscore the
superior therapeutic efficacy of biointeractive and stimuli-responsive systems.
In addition, emerging technologies including three-dimensional bioprinting,
exosome-inspired scaffolds, and multi-responsive drug carriers are critically
evaluated for their translational potential. Clinical trials, regulatory pathways, and
manufacturing considerations are also discussed to outline future directions for
clinical implementation. This review provides a comprehensive andmechanism-
driven perspective on next-generation biomaterials for precision treatment of
radiation-induced skin damage.
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1 Radiation dermatitis: pathogenesis
and therapeutic challenges

1.1 Pathophysiological features of
radiation-induced skin injury

RID (RID) is a frequent and clinically significant complication
resulting fromtherapeutic ionizingradiationexposure. It encompasses
a spectrum of skin reactions ranging from transient erythema to
chronic ulceration and necrosis.The pathological cascade is primarily
driven by overproduction of reactive oxygen species (ROS) and
sustained inflammatory responses, leading to cumulative damage
across multiple skin compartments (Iacovelli et al., 2020) (Figure 1).

At the molecular level, ionizing radiation causes water radiolysis
and mitochondrial dysfunction, generating superoxide anions,
hydroxyl radicals, and hydrogen peroxide.These ROS species trigger
DNA strand breaks, protein oxidation, and lipid peroxidation,
compromising the viability of keratinocytes, fibroblasts, and
endothelial cells. DNA damage response mechanisms are
activated but often overwhelmed in high-dose or fractionated
radiation settings (Pazdrowski et al., 2024).

The oxidative insult initiates a secondary inflammatory cascade.
Damaged cells release danger-associated molecular patterns
(DAMPs), activating resident macrophages and dendritic cells
through Toll-like receptors (TLRs) andNF-κB signaling.This results
in upregulation of pro-inflammatory cytokines (e.g., TNF-α, IL-
1β, IL-6) and increased matrix metalloproteinase (MMP) activity.
Thesemediators disrupt basementmembrane integrity and promote
capillary leakage, amplifying tissue damage (Yang et al., 2020).

Vascular damage is another key feature of RID. Radiation
induces endothelial cell apoptosis, microvascular thrombosis, and
capillary rarefaction, contributing to tissue hypoxia and impaired
nutrient exchange. Chronic ischemia exacerbates oxidative stress
and impedes recruitment of progenitor cells and immune-regulatory
elements necessary for wound resolution (Cui et al., 2024).

In the chronic phase, repeated inflammatory insults and
altered fibroblast signaling lead to pathological extracellular matrix
(ECM) remodeling and fibrosis (Yarnold and Vozenin Brotons,
2010). The balance between matrix deposition and degradation
is disrupted, often resulting in excessive collagen I accumulation,
reduced elastin content, and thickened dermal layers. Persistent
oxidative stress also depletes epidermal stem cell pools and delays
re-epithelialization, rendering wounds refractory to conventional
treatments (Straub et al., 2015).

RID involves a complex interplay between oxidative injury,
inflammation, vascular dysfunction, and stem cell exhaustion.
These pathological events create a hostile microenvironment that
hinders natural repair processes, necessitating biomaterial-based
interventions tailored to modulate redox states, immune responses,
and tissue regeneration.

1.2 Material–cell interaction at the
oxidative stress–inflammation axis

Ionizing radiation induces a sustained oxidative environment
in cutaneous tissue, marked by elevated ROS levels and
imbalanced redox homeostasis.This biochemical shift compromises

FIGURE 1
Radiation dermatitis signaling pathway diagram.
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cell viability and amplifies local inflammation through pro-
inflammatory cytokine and DAMP release. Recent bioengineering
advances highlight functional biomaterials’ capacity to
modulate stress–inflammation pathways via direct cellular
interactions (Dong et al., 2020).

Nanoceria-based systems, possessing intrinsic superoxide
dismutase (SOD) and catalase-mimetic properties, attenuate
intracellular ROS accumulation in irradiated keratinocytes
and fibroblasts, reducing DNA double-strand breaks and p53-
mediated apoptosis (Celardo et al., 2011). Concurrently, these
systems suppress NF-κB nuclear translocation and downregulate
TNF-α and IL-1β expression, reducing leukocyte infiltration
and edema (Khurana et al., 2018). Similarly, Zn2+-modified
hydrogels enhanceM2macrophage polarization by increasing IL-10
secretion and STAT6 activation, shifting immune responses from
pro-inflammatory to regenerative phenotypes (Li et al., 2025).

At the cellular interface, electrostatic interactions between
biomaterial surfaces and immune cell membranes critically
modulate downstream signaling. Materials with tailored surface
charges or zwitterionic domains exhibit reduced fibrotic
encapsulation and dampen monocyte-derived macrophage
activation in ROS-rich environments (Zhang et al., 2013).
Modulation of focal adhesion kinase (FAK) and PI3K/Akt
signaling via bioactive matrices promotes keratinocyte migration
and endothelial survival, supporting re-epithelialization under
oxidative stress (Teng et al., 2021).

Collectively, engineered biomaterials reprogram cell behavior
within irradiated dermal niches. By modulating redox signaling,
immune cell plasticity, and cell–matrix adhesion dynamics, these
materials exert therapeutic control over chronic inflammation and
delayed repair in RD.

2 Fundamentals of biomaterials in skin
repair

Biomaterials designed for cutaneous wound healing
exhibit diverse structural compositions and functional roles,
ranging from passive protection to active modulation of
the wound microenvironment. Their performance in RID is
critically dependent on properties such as biocompatibility,
degradation profile, porosity, mechanical compliance, and
capacity to interact with cellular and molecular components of
irradiated skin (Li et al., 2023).

Natural polymers, particularly collagen, hyaluronic acid,
and chitosan, demonstrate high biocompatibility and hydration
retention, which are essential for maintaining the moist
environment favorable for epithelial migration (Sionkowska,
2021). Crosslinked collagen matrices have been shown to
support keratinocyte proliferation and reduce inflammatory
cytokine expression in irradiated models, while chitosan
derivatives modulate macrophage polarization through surface
deacetylation profiles (Dev et al., 2025).

Synthetic polymers, including polyethylene glycol (PEG),
polyvinyl alcohol (PVA), and poly (lactic-co-glycolic acid) (PLGA),
offer tunable physicochemical properties, enabling precise control
over degradation kinetics, drug release, and mechanical strength.
PEG-based hydrogels with adjustable crosslinking densities have

exhibited controlled swelling behavior and delayed erosion in
ROS-rich dermal environments (Wang et al., 2023). Moreover,
incorporation of inorganic nanoparticles such as ceria or bioactive
glass into polymericmatrices further extends functionality, enabling
ROS scavenging and angiogenic activation without inducing
cytotoxicity (Kurtuldu et al., 2021).

Hydrogels represent a key class of soft biomaterials in skin repair
due to their highwater content and ability to serve as drug reservoirs.
Radiation-injured tissues benefit from hydrogels’ capacity to
modulate interstitial pH and buffer enzymatic degradation
(Su et al., 2022). ROS-sensitive linkers and enzymatically cleavable
backbones allow responsive drug delivery synchronized with
inflammatory fluctuations (Tao and He, 2018). Additionally,
hydrogel stiffness has been directly correlated with fibroblast
activation and matrix remodeling, suggesting that mechanical
tuning is an integral part of biomaterial design for fibrosis-
prone wounds (Smithmyer et al., 2014).

Porosity and topological cues also influence cellular infiltration
andvascular ingrowth.Microandnano-structuredscaffolds fabricated
via electrospinning or 3D bioprinting facilitate aligned cellular
migration, enhance capillary morphogenesis, and reduce fibrotic
encapsulation in irradiated skin (Cheng et al., 2025). The surface
energy and wettability of materials impact protein adsorption
and immune cell adhesion, ultimately shaping the inflammatory
microenvironment (Protein interactions at material surfaces, 2025).

The fundamental design ofwound-repair biomaterials integrates
biochemical compatibility, mechanical resilience, and dynamic
responsivity. These foundational attributes form the platform
upon which multifunctional systems for radiation dermatitis are
engineered.

3 Functional applications of advanced
biomaterials

3.1 Integrated multifunctionality in
next-generation biomaterials

Multifunctionality has emerged as a core design principle
in advanced biomaterials for treating radiation-induced skin
injury, driven by the recognition that no single therapeutic
function is sufficient to reverse the complex, multistage
pathogenesis of irradiated wounds (Man et al., 2024).
Modern platforms increasingly combine anti-oxidative, anti-
inflammatory, angiogenic, and regenerative properties into unified
constructs, enabling synchronous modulation of overlapping
biological pathways (Tang et al., 2021).

Ceria-based nanogels conjugated with polyethylene glycol and
encapsulated anti-inflammatory agents have shown simultaneous
ROS scavenging and suppression of NF-κB signaling, resulting in
reduced TNF-α expression and improved epithelial thickness in
irradiated dermis (Kim et al., 2024; Fu et al., 2024).This convergence
of redox buffering and immunomodulation leads to improved
wound perfusion and reduced inflammatory persistence. Similarly,
exosome-loaded hydrogels have demonstrated the capacity to
activate vascular endothelial growth factor (VEGF) signaling
while decreasing IL-6 levels, reflecting both angiogenic and anti-
inflammatory efficacy (Yang et al., 2025).
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From a structural perspective, hydrogelmatrices with controlled
viscoelasticity and degradability enable the staged release of
multiple bioactive molecules in response to wound cues such
as pH, ROS, or enzyme levels (Zhang et al., 2025). These
responsive systems maintain optimal drug bioavailability while
minimizing off-target effects. In parallel, composite systems
integrating nanoparticles and polymer networks, such as gelatin-
methacrylate hydrogels doped with zinc or cerium, offermechanical
support and microenvironmental modulation tailored to radiation-
damaged tissues (Nichol et al., 2010).

Importantly, multifunctional designs also exploit material-
cell feedback loops. For example, microenvironment-responsive
biomaterials can polarize macrophages toward M2 phenotypes
while simultaneously promoting fibroblast migration and
extracellular matrix (ECM) remodeling. These cellular programs
are essential in restoring barrier integrity and resolving fibrosis in
chronic wounds (Guan et al., 2023).

Integrated multifunctionality in biomaterials is not a modular
addition of functions but a synergistic strategy to co-regulate
inflammation, redox homeostasis, angiogenesis, and matrix
dynamics. This systems-level approach is increasingly critical in
addressing the biologically layered challenges of radiation-induced
skin injury.

3.2 Barrier-forming biomaterials

Barrier-forming biomaterials play a critical role in the early
management of radiation-induced skin injury by stabilizing the
wound environment and preventing external contamination. These
materials form a physical interface that maintains moisture
balance, protects underlying tissue from mechanical stress and
microbial invasion, and modulates the local inflammatory milieu.
In the context of irradiated skin, where epithelial integrity and
immune defense are compromised, barrier functionality is essential
for preventing secondary damage and facilitating subsequent
regeneration (Kobayashi et al., 2019).

Polysaccharide-based systems, such as those derived from
alginate or hyaluronic acid, have demonstrated favorable film-
forming properties and high water retention, contributing to
reduced transepidermal water loss in murine models of radiation
dermatitis (Zarei and Hassanzadeh-Tabrizi, 2023; Sepe et al.,
2025). Their gel-forming ability in situ supports close contact
with irregular wound surfaces, which is particularly important
for conforming to irradiated anatomical regions (Asai et al.,
2023). Modifications of alginate with divalent cations such as Ca2+

enhance mechanical strength and prolong barrier duration, while
simultaneouslymodulatingmacrophage response and reducing IL-6
expression (Morrell et al., 2018).

Synthetic barrier materials such as polyurethane (PU) and
polyvinyl alcohol (PVA) foams have been explored for their robust
mechanical properties and hydrophobicity. PU dressings with
microporous surfaces allow vapor transmission while preventing
liquid ingress, effectively isolating the wound from external
pathogens (Gaaz et al., 2015).Thesematerials also reduce nociceptor
activation and erythema severity in fractionated radiation
models. However, they often lack intrinsic bioactivity and require
functionalization to exert antioxidative or anti-inflammatory effects.

Surface chemistry and topology are increasingly recognized
as determinants of barrier performance. Nanostructured coatings
and zwitterionic polymers exhibit resistance to protein fouling and
bacterial adhesion, reducing the risk of secondary infection and
promoting a cleaner wound bed (Joshi et al., 2018). Hydrogels
containing amphiphilic copolymers have demonstrated self-healing
and mucoadhesive behavior, enabling prolonged residence time on
mobile anatomical regions (Wen et al., 2024).

Despite their passive nature, modern barrier materials are
being re-engineered toward hybrid functions. Composite barriers
incorporating ROS-scavenging nanoparticles or antimicrobial
peptides offer both protective and therapeutic actions without
compromising structural integrity (ROS, 2025). This convergence
of structural shielding and biochemical activity extends the utility
of barrier systems beyond initial wound coverage.

3.3 Drug delivery systems

The application of drug delivery systems in RID represents
a major advancement in achieving spatially and temporally
controlled therapeutic modulation of the woundmicroenvironment
(Ahmadi et al., 2020). Conventional topical agents often suffer from
short half-life, poor penetration, and nonspecific biodistribution,
which limit their efficacy in chronic irradiated wounds. In
contrast, stimuli-responsive delivery platforms enhance therapeutic
precision by synchronizing drug release with local biochemical
cues such as ROS levels, matrix metalloproteinases (MMPs), or pH
gradients (Zheng et al., 2023).

Hydrogel-based carriers remain the most extensively studied
systems due to their high water content, biocompatibility, and
versatility in encapsulating both hydrophilic and hydrophobic
drugs. Crosslinked networks embedded with corticosteroids,
anti-TNFα agents, or interleukin inhibitors have demonstrated
enhanced retention time and reduced systemic exposure in
preclinical radiation models (He et al., 2024). Moreover, hydrogels
incorporating disulfide or thioketal linkers undergo cleavage in
ROS-rich environments, enabling on-demand release of anti-
inflammatory payloads without disturbing intact tissues (Tao
and He, 2018).

Nanoparticulate systems, such as micelles, dendrimers,
liposomes, and metal-organic frameworks, enable deep tissue
penetration and protection of bioactives from premature
degradation (Singh et al., 2024). PEGylated cerium oxide
nanoparticles not only act as ROS scavengers but also serve as
carriers for siRNAs targeting NF-κB signaling, thereby combining
gene silencing with antioxidative action (Nelson et al., 2016).
Liposomal formulations co-loaded with VEGF and basic fibroblast
growth factor (bFGF) have been shown to promote angiogenesis and
dermal repair in fractionated irradiation models (Luan et al., 2012).

The emergence of exosome-inspired and cell membrane-
coated vesicles introduces bio-interfacing capabilities that mimic
native intercellular communication. These platforms exhibit
intrinsic tropism to inflamed or hypoxic tissues and deliver
microRNAs or immunomodulatory proteins with high specificity
(Zhuo et al., 2025). Furthermore, thermoresponsive and self-
healing gels allow dynamic adhesion to mobile anatomical
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regions, preserving sustained local delivery without frequent
reapplication (Wang et al., 2022).

By integrating responsive chemistry, biological targeting, and
mechanical adaptability, drug delivery systems have transformed
from passive depots into active regulators of tissue homeostasis.
Their convergence with barrier-forming and regenerative
biomaterials represents a frontier for multifunctional composite
therapies in radiation dermatitis.

3.4 Regenerative biomaterials

In radiation-induced skin injury, endogenous regenerative
capacity is often suppressed due to basal stem cell depletion,
disrupted ECM, and microvascular rarefaction (Cui et al., 2024).
As a result, regeneration-oriented biomaterials have gained
increasing attention for their ability to actively restore tissue
integrity by engaging cellular repair programs, modulating
growth factor signaling, and supporting neovascularization
(Farag, 2023).

Hydrogel scaffolds engineered with ECM-mimetic properties
provide a provisional matrix that supports keratinocyte and
fibroblast adhesion, migration, and proliferation (Zhu and
Marchant, 2011). Gelatin methacrylate (GelMA)-based constructs,
when tuned to match physiological stiffness (5–15 kPa), have
been shown to upregulate integrin β1 expression and promote re-
epithelialization in irradiated wounds (Bupphathong et al., 2022).
Furthermore, hybrid scaffolds incorporating collagen, fibrin, and
hyaluronic acid restore biomechanical cues while allowing for cell
infiltration and matrix remodeling (Egorikhina et al., 2021).

The incorporation of pro-regenerative agents within
biomaterials further enhances their therapeutic potential.
Controlled release of growth factors, such as VEGF, epidermal
growth factor (EGF), and platelet-derived growth factor
(PDGF), from nanoporous or thermosensitive carriers stimulates
angiogenesis, dermal fibroblast activation, and granulation tissue
formation (Nurkesh et al., 2020). Exogenous application of stromal
cell-derived exosomes embedded in hydrogel matrices has been
reported to elevate miR-21 and miR-126 levels in irradiated
dermis, leading to enhanced endothelial sprouting and reduced
inflammatory infiltration (Xie et al., 2022).

Beyond soluble factors, regenerative biomaterials also rely on
topographic and biochemical cues. Nanoscale surface patterning
and ligand-presenting hydrogels enhance mechanotransduction
and modulate YAP/TAZ-dependent transcription in epithelial
progenitor cells (Francis et al., 2024). These effects restore epithelial
polarity and basement membrane integrity, which are often
compromised following radiation exposure.

In parallel, vascularization remains a critical bottleneck
in successful regeneration. Composite scaffolds incorporating
bioactive glass, copper-doped ceramics, or silicon nanoparticles
stimulate HIF-1α expression and endothelial tube formation under
oxidative stress conditions (Kargozar et al., 2021). These angiogenic
effects not only support oxygen delivery but also facilitate clearance
of cellular debris and inflammatory mediators.

Regenerative biomaterials are moving toward integrated designs
that recapitulate both structural and signaling functions of native
skin. Their ability to orchestrate cell–matrix–vascular interactions

under hostile post-radiation conditions is central to achieving
durable wound resolution.

3.5 Comparative analysis with
conventional dressings

Traditional dressings, including silver-impregnated foams,
alginate sheets, and petrolatum gauze, remain commonly used
in the clinical management of RID due to their availability
and basic wound coverage capabilities (Finkelstein et al.,
2022). However, these materials are inherently passive and
often insufficient in addressing the complex pathophysiology
of irradiated skin, particularly in cases involving persistent
oxidative stress, inflammatory infiltration, and impaired
angiogenesis (Behroozian et al., 2023).

Meta-analyses of silver-containing dressings reveal moderate
efficacy in reducing bacterial colonization but negligible effects
on inflammatory cytokine profiles or re-epithelialization rates
(Jiang et al., 2024). Furthermore, long-term use of silver-based
materials has been associated with cytotoxicity toward keratinocytes
and fibroblasts, delaying granulation tissue formation and
increasing the risk of secondary ulceration (Poon and Burd, 2004).
Similarly, alginate dressings offer high absorbency and moisture
retention but provide no active modulation of redox balance or
immune response (Aderibigbe and Buyana, 2018).

In contrast, advanced biomaterials demonstrate superior
multifunctionality by integrating stimuli-responsive delivery,
immunomodulation, and structural mimicry. In a murine model
of skin injury, cerium oxide-loaded hydrogels significantly
reduced erythema scores (by 56%) and accelerated wound closure
(by 40%) compared to silver foams over a 10-day treatment
window (Huang et al., 2022). Exosome-functionalized matrices
showed enhanced epithelial thickness and microvascular density,
correlated with upregulation of VEGF and downregulation of
TNF-α levels (Su et al., 2021).

Furthermore, dynamic hydrogels with ROS- or pH-cleavable
linkers allow real-time drug release in response to injury severity,
enabling tight control over therapeutic dosing. These systems
outperform conventional dressings not only in histological repair
metrics but also in patient-centered outcomes, such as reduced pain
scores and improved skin elasticity (Wu et al., 2022).

Clinical studies have increasingly confirmed the therapeutic
benefits of advanced biomaterials in managing radiation-induced
skin injuries. In a randomized controlled trial conducted by
Tayyib, the prophylactic application of Mepitel®film in 60 patients
undergoing radiotherapy resulted in a 57% reduction in grade 2 or
higher moist desquamation, with an average reduction in healing
time of 5.2 days compared to conventional petroleum based gauze
dressings (Behroozian et al., 2023). In a prospective trial involving
108 patients with second degree radiation burns demonstrated that
multifunctional hydrogel dressings, formulated with antioxidant
and anti-inflammatory agents, facilitated epidermal regeneration
43% faster than standard treatments. Patients in the hydrogel group
also reported significantly lower pain scores across all radiation dose
subgroups (Cui et al., 2025).

In the context of chronic radiation ulcers refractory to standard
care, Zasadziński reported that dressings incorporating collagen
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alginate nanocomposites achieved complete re-epithelialization
in 82% of patients within 3 weeks, compared to only 41% in
the control group. These results underscore the regenerative
advantage of composite biomaterials in treating delayed healing
wounds (Zasadziński et al., 2022). Zhou provided compelling
translational evidence for hydrogel-based delivery platforms
integrating growth factors and cerium oxide nanoparticles.
Treated skin biopsies showed significantly reduced levels
of pro-inflammatory cytokines, including TNF-α and IL-6,
accompanied by improved dermal elasticity and decreased
fibrosis, highlighting both molecular and structural benefits
(Zhou et al., 2022).

Taken together, these clinical investigations validate that
the integration of stimuli responsive drug release, immune
modulation, and biophysical tissue mimicry in next-generation
biomaterials results in measurable improvements in RID skin
injury. These include enhanced epithelial restoration, reduced pain
and inflammation, fewer dressing changes, and improved patient
reported outcomes, ultimately contributing to better treatment
adherence and quality of life.

3.6 Advanced technologies in radiation
dermatitis management

Recent advances in materials science and biofabrication have
catalyzed a shift from conventional wound dressings toward next-
generation technologies that combine architectural fidelity, cellular
instruction, and real-time responsiveness. In the treatment of
RID, emerging modalities such as 3D bioprinted skin substitutes,
exosome-mimetic systems, and intelligent stimuli-responsive
materials are positioned to overcome limitations of traditional
passive scaffolds by offering spatial precision, molecular targeting,
and adaptive bioactivity (Annals of 3D Printed Medicine, 2022).

3D bioprinting enables the fabrication of skin constructs with
spatially defined epidermal, dermal, and vascular compartments.
Layered hydrogels incorporating keratinocytes andfibroblasts, when
deposited with resolution-matched bioinks, have demonstrated
enhanced engraftment and faster epithelialization compared
to acellular matrices (Shi et al., 2024). Moreover, bioprinted
constructs with microchannel networks have been shown to
accelerate perfusion and reduce hypoxia in irradiated wounds,
restoring redox balance and stem cell viability. Preclinical models
suggest that vascularized printed grafts outperform traditional skin
substitutes inmetrics such as collagen alignment and transepidermal
barrier function (Bertassoni et al., 2014).

Exosome-inspired biomaterials represent another frontier,
leveraging the endogenous intercellular communication pathways
of extracellular vesicles. Engineered hydrogels encapsulating
mesenchymal stem cell-derived exosomes have shown significant
upregulation ofVEGF andmiR-126, alongwith suppression of TNF-
α and IL-6 in irradiated dermal tissue (Khayambashi et al., 2021).
These systems enable paracrine reprogramming of macrophages
and endothelial progenitors without the immunogenic risk of
live-cell therapy. Furthermore, surface-engineered vesicles with
integrin ligands enhance lesion-specific targeting, improving
localization and bioavailability of therapeutic cargo (Approaches
to surface engineering of extracellular vesicles, 2021).

Smart-responsive materials further extend the functional
scope of biomaterials by synchronizing therapeutic output
with dynamic wound environments. Multi-responsive systems,
incorporating linkers cleavable by ROS, MMPs, or acidic pH,
enable spatiotemporally controlled drug release. For example,
dual-sensitive hydrogels have been shown to deliver anti-
inflammatory drugs during acute inflammation while releasing
angiogenic cues in the remodeling phase (Ruan et al., 2024).
Thermosensitive and self-healing polymers additionally support
application on anatomically dynamic regions such as joints and neck
(Liu et al., 2025).

Despite the promising potential of emerging biomaterial
technologies such as 3D bioprinting and exosome-functionalized
scaffolds in the treatment of radiation-induced skin injury,
several critical barriers hinder their clinical translation. For 3D
bioprinting platforms, one of the primary technical challenges
lies in maintaining cell viability and spatial resolution during
the fabrication of complex skin architectures. Bioink properties
such as viscosity, crosslinking kinetics, and biocompatibility must
be optimized to support both structural fidelity and vascular
integration, particularly in irradiated tissue environments where
microvascular networks are often compromised. Moreover, the
scalability of bioprinted constructs remains limited, with most
current systems confined to laboratory-scale or proof-of-concept
models, lacking automated, reproducible manufacturing workflows
suitable for clinical-grade production (Lv et al., 2024).

A major concern in the clinical translation of exosome-
functionalized scaffolds is their physicochemical and biological
stability, both during storage and upon application. Exosomes
are inherently fragile nanovesicles that can undergo membrane
degradation, aggregation, and loss of cargo functionality
when exposed to environmental stressors such as temperature
fluctuations, pH shifts, or lyophilization cycles. Studies have
shown that storage at −80°C preserves exosomal integrity, but
this requirement complicates large-scale clinical deployment
due to cold chain logistics.When incorporated into biomaterial
scaffolds, interactions between exosomes and the surrounding
matrix can significantly influence both release kinetics and
structural stability. Factors such as electrostatic binding, non-
specific adsorption, or premature diffusion may lead to burst release
or uneven spatial distribution, thereby resulting in unpredictable
therapeutic outcomes (Fan, 2024). Furthermore, degradation
byproducts from hydrogel matrices, particularly acidic compounds
generated by natural polymers, can compromise the integrity of
exosomal membrane proteins and RNA cargo. The absence of
standardized criteria for evaluating exosome scaffold compatibility,
including parameters such as surface charge, hydration dynamics,
and steric interference, further contributes to inconsistencies
across studies.

To overcome these challenges, researchers have investigated
stabilization strategies including chemical crosslinking, affinity-
based immobilization using CD63 antibody conjugates, and
encapsulation within secondary carriers such as liposomes or
biodegradable nanoparticles (Hu et al., 2024). However, most of
these approaches remain limited to preclinical research, and their
influence on in vivo stability, immune clearance, and controlled
release profiles has yet to be systematically validated in human
models of skin injury.
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4 Conclusion and translational
outlook

4.1 Summary of mechanistic efficacy and
therapeutic potential

The development of biomaterials for radiation-induced
skin injury has evolved from monofunctional passive scaffolds
toward multifaceted platforms capable of synchronizing biological
regulation across oxidative, inflammatory, angiogenic, and
regenerative axes. However, systematic evaluation of these
materials remains challenging due to the diversity of formulations,
heterogeneity in injury models, and variability in outcome metrics.
An integrated assessment must consider not only structural and
physicochemical parameters but also mechanistic efficacy and
translational feasibility.

At the cellular level, anti-oxidative and anti-inflammatory
capacities are frequently measured through reductions in
intracellular ROS, NF-κB activation, and cytokine levels (e.g.,
TNF-α, IL-6), alongside macrophage phenotype shifts toward
M2 subtypes. In murine models, cerium-doped hydrogels and
exosome-laden matrices consistently reduce oxidative markers
by >50% and pro-inflammatory cytokines by >40% compared
to standard silver dressings (Chemical Engineering, 2024). These
immunomodulatory effects are often accompanied by increases
in granulation tissue formation, re-epithelialization rates, and
epithelial thickness.

Angiogenic performance is quantified through metrics
such as microvascular density, endothelial cell viability, and
VEGF expression. Materials incorporating VEGF-releasing
depots or inorganic proangiogenic dopants. copper, silicon have
demonstrated accelerated neovascularization in irradiated dermis,
restoring capillary perfusion and oxygenation (Nichols et al.,
2013). Furthermore, exosome-loaded matrices enhance
endothelial migration and tubulogenesis, suggesting superior
support for vascular regeneration compared to protein-only
strategies (Xiao et al., 2025).

Matrix remodeling and fibrosis resolution are key indicators
of long-term therapeutic value. Biomaterials that support balanced
collagen I/III ratios and promote matrix metalloproteinase (MMP)
activity without excessive tissue stiffness are preferred. Studies
report that MMP-sensitive hydrogels reduce fibrotic area by 35%
and restore normal dermal histoarchitecture, as compared to
conventional alginate or PVA dressings (Monsalve et al., 2025).

Beyond biological readouts, mechanical adaptability,
degradation kinetics, and application feasibility are also critical.
Hydrogels with optimized rheological profiles and adhesive
properties outperform rigid or brittle scaffolds in conforming to
irregular anatomical surfaces (Jastram et al., 2021). Moreover,
responsiveness to local stimuli, such as ROS or pH, provides
contextual therapeutic control that static formulations lack.

Effective biomaterials for RID must integrate multi-scale
design: nanostructural control for cellular targeting, biochemical
functionality for immune regulation, and macroscopic compliance
for mechanical resilience. Evaluation frameworks that incorporate
functional synergy across these dimensions are necessary for
benchmarking future innovations.

4.2 Interface engineering and cellular
response modulation

The biomaterial, tissue interface constitutes the primary zone
of interaction between synthetic constructs and biological systems.
In radiation-induced skin injury, where cellular architecture and
immune balance are severely disrupted, interface engineering plays
a decisive role inmodulating cell adhesion, inflammatory resolution,
and regenerative signaling (Du et al., 2022). Surface properties,
such as topography, charge density, wettability, and stiffness,
can dictate host response by influencing protein adsorption,
immune cell fate, and epithelial remodeling (Metwally and
Stachewicz, 2019).

Surface topography at the micro- and nanoscale directly
alters mechanotransduction pathways and cytoskeletal dynamics in
resident skin cells (Warchomicka, 2020). Nanopatterned surfaces
fabricated via lithography or electrospinning have been shown to
promote aligned keratinocyte migration and suppress fibroblast-
mediated contraction in fibroticmodels (Talebi et al., 2023). Aligned
fibers with diameters below 500 nm reduce YAP/TAZ nuclear
localization and TGF-β1 expression, thereby attenuating radiation-
induced fibrosis (Wan et al., 2018).

Surface charge and zeta potential influence protein corona
formation, immune cell adhesion, and complement activation.
Positively charged scaffolds may enhance fibroblast attachment
but also increase monocyte activation and pro-inflammatory
cytokine secretion (Baldwin et al., 2018). Zwitterionic surfaces or
materials functionalized with sulfobetaine exhibit minimal protein
fouling and reduced macrophage activation, creating an immune-
permissive environment conducive to regeneration (Zhang et al.,
2024). Charge tuning is therefore a critical lever in balancing
adhesion and immunogenicity.

Hydrophilicity and surface energy affect wound hydration
and cellular compatibility. Superhydrophilic coatings promote
nutrient exchange and oxygen diffusion, essential for healing
under hypoxic post-radiation conditions (Otitoju et al., 2017).
Conversely, such as fluorinated coatings, can resist bacterial
adhesion but may impair host cell proliferation unless properly
biofunctionalized (Li et al., 2020).

Dynamic surface chemistry offers additional control through
stimuli-responsive or enzymatically modifiable ligands. ROS-
sensitive moieties that degrade under oxidative stress can unmask
adhesive peptides or drug depots, enabling spatiotemporal
modulation of cell behavior (Gomes et al., 2018). Moreover,
biointerfaces engineered with integrin-specific sequences (e.g.,
RGD, IKVAV) facilitate targeted recruitment of keratinocytes and
endothelial progenitors (Tugulu et al., 2017; Patel et al., 2019).

Mechanical interface cues, including stiffness gradients and
viscoelastic response, regulate matrix-cell feedback. Interfaces
mimicking the native skin modulus (∼10 kPa) support keratinocyte
expansion and attenuate myofibroblast differentiation, whereas
excessively rigid materials (>100 kPa) activate profibrotic
gene programs (Wen et al., 2014). Tunable hydrogels and
viscoelastic elastomers provide means to synchronize degradation
and cellular mechanosensing during different healing phases
(Chaudhuri, 2017).

Collectively, biomaterial interface engineering enables
precise orchestration of host response in irradiated skin.
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By tailoring surface characteristics to the pathophysiological
microenvironment, it is possible to redirect inflammation,
enhance cellular communication, and promote coordinated
tissue repair.

4.3 Clinical translation and application
potential

Despite the rapid progression in biomaterial design for
radiation-induced skin injury, clinical translation remains limited by
regulatory uncertainty, manufacturing scalability, and inconsistent
validation metrics. To advance from bench to bedside, next-
generation materials must satisfy not only preclinical efficacy but
also safety, reproducibility, and integration within radiotherapeutic
workflows (Xu et al., 2025).

Currently, most clinical studies on radiation dermatitis still
rely on conventional topical agents, including corticosteroids,
hyaluronic acid creams, and silver-based dressings. Although several
novel formulations have entered early-phase trials, comprehensive
data on patient recruitment, stratification by radiation dose, and
validated outcome scales remain sparse (Iacovelli et al., 2020).
As of 2024, fewer than 10 interventional trials investigating
advanced biomaterials for radiation dermatitis are registered
on ClinicalTrials.gov, with most limited to observational
endpoints and short follow-up periods (CTgov ID: NCT04995328,
NCT06831084)

ON101, a hydrogel derived from plant extracts with dual
anti-inflammatory and regenerative properties, has demonstrated
positive outcomes in a Phase II randomized controlled trial
in diabetic ulcers and has now entered a pilot study for
radiation-induced skin injury (Man et al., 2024). Preliminary
data show reduced erythema and accelerated wound closure,
though long-term fibrosis and recurrence outcomes remain
unassessed. Similarly, exosome-functionalized hydrogels have
entered compassionate-use protocols in East Asia, but face
manufacturing and quality control challenges, particularly in cargo
consistency and delivery efficacy (Hwang and Lee, 2025).

Regulatory hurdles are amplified by the multifunctionality
of emerging platforms. Composites incorporating nanoparticles,
live cells, or gene-regulating cargos are frequently classified as
combination products, requiring harmonized evaluation across
device, drug, and biologic domains.The absence of unified standards
for endpoints, such as epithelial closure rate, pain reduction,
and fibrosis score, also complicates trial design and cross-study
comparison (Souto et al., 2024).

From a translational engineering perspective, material scale-up
and sterilization protocols are major barriers. Thermosensitive or
shear-thinning materials may degrade during gamma or ethylene
oxide sterilization, while batch-to-batch variability in natural
polymers complicates regulatory reproducibility (Parvin et al.,
2024). Technologies such as lyophilized hydrogel kits and 3D
bioprinted matrices with on-demand hydration offer modular
solutions compatible with point-of-care use, but require further
validation (Hybrid nanosystems, 2021).

To advance clinical readiness, future biomaterial development
must incorporate Good Manufacturing Practice (GMP) standards,
ensure compatibility with established processing and sterilization

methods, and address practical aspects of clinical use. These
include dressing change frequency, patient-reported comfort,
and comprehensive long-term safety monitoring. With continued
refinement and robust validation, next-generation biomaterials
hold the potential to significantly improve therapeutic outcomes
and redefine standards of care for patients undergoing
radiotherapy.

In summary, advanced biomaterials offer substantial promise
for the management of radiation-induced dermatitis, with
multifunctional platforms such as antioxidant hydrogels, cell-
integrated scaffolds, and exosome-based systems addressing the
complex biological processes involved in radiation injury.Future
research should prioritize multicenter trials, standardized
outcome measures, and regulatory convergence to accelerate
the pathway from bench to bedside. A sustained focus on real-
world functionality, patient quality of life, and long-term safety
will be essential to ensure durable impact in clinical oncology
practice.
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