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Abstract

Radiation-induced skin injury (RISI) affects over 95% of

radiotherapy patients. Current clinical management remains @

confined to passive supportive care, lacking mechanistic preci- %'E /

sion for RISI’s unique pathophysiology. This review adopts a A\ ..’nd.;e;;'

function-centric perspective, classifying hydrogel systems =~ i

across three generations: first-generation passive moisture :':..'fos C‘a

barriers; second-generation bioactive platforms incorporating %
Pathophysiological Mechanisms

ot

Challenges and Potentials

Development of Hydrogel
for RISI for Application

antioxidants, growth factors, stem cells and exosomes;
and third-generation stimuli-responsive systems integrating
autonomous drug release, self-healing capabilities and
biosensor monitoring. We establish quantitative design thresholds by correlating RISI microenvironment parameters (pH 6.5-7.0,
ROS 100-500 uM, MMP-9 elevation 5-10x) with responsive polymer specifications. Single-cell transcriptomic analysis has identi-
fied pro-inflammatory IL-17" secretory fibroblasts and dysfunctional lymphatic endothelial cells as key dysregulated populations,
thereby defining precise cellular targets amenable to hydrogel-based intervention. However, randomized trials demonstrate that
certain hydrogel formulations unexpectedly prolonged healing, underscoring the need for design strategies based on quantitative
pathophysiological insights rather than passive empiricism. We systematically examine enabling technologies—Al-guided materi-
als optimization, 3D bioprinting and wearable biosensor integration—while addressing translational barriers including regulatory
complexity, manufacturing scalability and standardized preclinical models. This framework provides actionable design principles
to accelerate clinical deployment of next-generation hydrogels for millions of cancer survivors.

Enabling Technologies and Clinical Translation
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characterized by a unique cascade of persistent oxidative stress,
chronic inflammation, progressive microvascular damage and
pathological fibrosis—features that distinguish it fundamentally
from conventional wounds [3, 4]. Current clinical management
remains largely confined to passive wound care strategies, includ-
ing topical corticosteroids, moisture-retentive dressings and

Introduction

Radiation-induced skin injury (RISI) represents one of the most
prevalent and debilitating complications of cancer radiotherapy,
affecting over 95% of patients undergoing treatment [1, 2]. The
pathophysiology of RISI extends beyond simple thermal burns,
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symptomatic relief agents [5, 6]. However, these approaches fail to
address the dynamic pathological microenvironment of RISI, which
exhibits spatiotemporal heterogeneity in pH, reactive oxygen spe-
cies (ROS) and matrix metalloproteinase-9 (MMP-9) [7, 8]. More crit-
ically, conventional topical formulations suffer from rapid
clearance, insufficient tissue penetration and inability to synchro-
nize drug release with disease progression, resulting in suboptimal
therapeutic outcomes and, paradoxically, prolonged healing times
in some cases. This therapeutic gap underscores the urgent need
for precision drug delivery systems capable of autonomously
adapting to the pathological microenvironment while providing
sustained, localized therapeutic concentrations.

The evolution of drug delivery systems for RISI has progressed
through three distinct paradigms, each representing a stepwise
advancement in functional sophistication. First-generation
approaches employed passive moisture-retentive hydrogels that
primarily served as physical barriers, maintaining wound hydra-
tion but lacking active therapeutic components [9, 10]. While
these systems reduced transepidermal water loss and provided
mechanical protection, they failed to modulate the inflamma-
tory and oxidative stress cascades central to RISI pathogenesis
[8]. Second-generation platforms incorporated bioactive pay-
loads—including antioxidants, anti-inflammatory agents and
pro-regenerative factors—within hydrogel matrices [11]. For ex-
ample, bio-inspired heparin-mimetic peptide hydrogels demon-
strated significant antioxidant capacity for RISI repair [12] and
multifunctional hydrogels loaded with nanoagents showed
promise in improving the pathological microenvironment of
radiation-combined wounds [7]. However, these systems relied
on passive diffusion-mediated release kinetics, resulting in
uncontrolled burst release, rapid depletion of therapeutic
agents and frequent re-application requirements [13]. More
problematically, the ‘one-size-fits-all’ release profiles could not
accommodate the dynamic shifts in RISI microenvironment
across healing stages (acute inflammatory phase vs. chronic
remodeling phase) [14]. The emergence of third-generation
stimuli-responsive hydrogels represents a paradigm shift toward
precision-controlled drug delivery. These ‘smart’ systems inte-
grate molecular sensors that detect pathological biomarkers
and autonomously trigger drug release in a spatiotemporally
synchronized manner [15]. By coupling therapeutic action to
disease-specific cues, these platforms promise to overcome the
limitations of passive release while minimizing systemic expo-
sure and off-target effects.

Stimuli-responsive hydrogels leverage the pathological micro-
environment of RIS as an intrinsic ‘trigger’ for on-demand drug
release, fundamentally transforming passive dressings into au-
tonomous therapeutic devices. Despite the growing body of lit-
erature on hydrogel-based wound healing, several key aspects
warrant systematic analysis to advance rational design and clini-
cal translation of controlled-release systems for RISI [9-11, 16].
First, while pH-responsive and ROS-responsive systems have
been demonstrated, quantitative design frameworks that con-
nect polymer pKa values, ROS-cleavable bond selection and en-
zymatic degradation kinetics to measure RISI microenvironment
parameters remain underdeveloped [17]. Second, emerging
single-cell transcriptomic datasets are revealing cellular hetero-
geneity in radiation-injured tissue—including distinct fibroblast
and endothelial cell subpopulations [18]—yet their integration

with precision drug delivery strategies remains nascent. Third,
clinical translation experiences have revealed unexpected out-
comes where hydrogel interventions failed to improve or even
prolonged healing [5, 19], highlighting the complexity of match-
ing material properties (release kinetics, mechanical character-
istics) to wound healing dynamics [20].

A recent comprehensive review by Xu et al. [21] systematically
summarized RISI pathogenesis and multifunctional biomaterial is
from a material-centric perspective (stem cells/exosomes, hydro-
gels, nanomaterials, scaffolds). Adopting a parallel function-centric
perspective, our work classifies systems by drug release control so-
phistication and explicitly links each generation to stage-specific
clinical requirements of RISI healing. Together, these comple-
mentary frameworks can synergistically guide future therapeutic
development from both material selection and functional design
dimensions. Although alternative platforms such as liposome-
based nanocarriers, metalloenzyme nanozymes and electro-
stimulation devices (e-skin) offer complementary advantages in
subcellular targeting, catalytic antioxidant activity and real-time
biophysical modulation, respectively, hydrogel systems uniquely
integrate sustained localized drug residence, tuneable mechanical
properties matching native tissue and capacity for multimodal
cargo co-delivery (cells, proteins, nucleic acids and nanoparticles)
within a single biocompatible matrix, making them particularly
suited for managing the spatiotemporally complex pathophysiol-
ogy of RISI across acute to chronic phases.

Based on a systematic search of PubMed, Web of Science and
Scopus databases (2020-25) using keywords including ‘radiation-
induced skin injury’, ‘hydrogel’, ‘stimuli-responsive’ and related
terms, with Al-assisted tools (Claude Sonnet 4.5, Deepseek v3.2)
employed to facilitate initial literature screening and categoriza-
tion under author supervision, this review prioritizes peer-
reviewed original research and clinical studies and contributes to
these evolving areas by introducing a functional-complexity-
based three-generation framework that systematically links hy-
drogel evolution with stage-specific RISI therapeutic needs:
Generation 1 (passive barriers), Generation 2 (bioactive cargo de-
livery) and Generation 3 (intelligent stimuli-responsive systems).
We compile quantitative microenvironment parameters from pub-
lished RISI studies to establish design benchmarks for responsive
systems. Drawing on emerging single-cell omics literature, we dis-
cuss potential precision therapeutic targets and corresponding
delivery strategies. We analyze clinical translation challenges
through representative case studies, examining relationships be-
tween material design choices and therapeutic outcomes. Finally,
we explore how convergent technologies—Al-guided materials
optimization, 3D bioprinting for spatial control and biosensor in-
tegration for feedback regulation—might be incorporated into fu-
ture theranostic platforms.

Pathophysiological mechanisms
of RISI

Although RISI ultimately manifests as a hard-to-heal cutaneous le-
sion with persistent inflammation, oxidative stress, protease dysre-
gulation, hypoxia and fibrotic remodeling, it should not be viewed
as a generic ‘chronic wound’. Compared with metabolically driven
ulcers such as diabetic foot ulcers (DFU) [22, 23] and other
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Table 1 Core pathophysiological distinctions between RISI and other skin injuries and the resulting hydrogel design implications.

Dimension RISI characteristics DFU and other injuries RISI-specific hydrogel Ref.
implications
Initiating insult Radiation-initiated injury with DFU is primarily metabolic/ Radiation-tailored [23, 26]
early genotoxic and neuropathic/vascular and cytoprotection; mitochondria/
mitochondrial stress frequently infection-modulated  DDR-linked protection
Stage evolution Strong spatial heterogeneity Many chronic wounds show Prefer stage-adaptive and [14, 21]
and radiation dose-dependent  persistence programmable release
rather than a single fixed
release profile
Vasculopathy Direct endothelial injury and DFU ischemia is often systemic ~ Emphasize durable [24, 27]
& Hypoxia durable microcirculatory vasculopathy-embedded; vasculoprotection,
impairment are central drivers pressure/burn vascular pro-angiogenesis and
of chronicity changes are injury-type specific  hypoxia-aware strategies
Immune programs  Persistent dysregulation with DFU inflammation often Prefer precision pathway- [28, 29]
pathway-level nodes shaped by metabolic milieu, informed local
including inflammasome- and infection and biofilm immunomodulation rather
senescence-linked than broad anti-inflammatory
inflammatory loops ‘blanket suppression’
Late sequelae High propensity for progressive  DFU is less defined by Build in explicit anti-fibrotic/ [25, 30]

radiation-induced fibrosis
and stiff, poorly regenerative

progressive RIF biology; burns
scar via different pathways

anti-senescence intent early,
not only ‘close-the-wound’

stroma

DFU, diabetic foot ulcer; DDR, DNA damage response; RIF, radiation-induced fibrosis.

nonradiation skin injuries (e.g. pressure ulcers or thermal burns),
RISI is uniquely initiated by ionizing radiation-induced DNA
damage and mitochondrial dysfunction, accompanied by stage-
dependent microenvironmental shifts (Table 1) and radiation-
specific microvascular injury that predispose to progressive
radiation-induced fibrosis (RIF) [24, 25]. These distinctions imply
that RISI-targeted hydrogels must go beyond moisture manage-
ment and conventional anti-inflammatory strategies, emphasizing
stage-adaptive control of oxidative/inflammatory cascades, dura-
ble vasculoprotective/pro-angiogenic support under sustained
hypoxia and early interception of senescence-fibrosis progression
(Table 2 and Figure 1).

Acute phase: initial cascade reaction

Initial damage and oxidative stress

The most immediate effect after radiation exposure is the pro-
duction of ROS and free radicals [39]. These highly active mole-
cules can rapidly lead to oxidative stress, causing widespread
damage to key components of skin cells such as DNA, proteins,
lipids and carbohydrates. In particular, the rapidly dividing cells
in the basal layer and capillaries are highly susceptible to radia-
tion [26]. DNA damage, especially DNA double-strand breaks, is
a key trigger for cell death or functional impairment [40]. If the
repair mechanism is overwhelmed, DNA damage can lead to
mutations, structural abnormalities and ultimately result in cell
aging even death [41]. Therefore, hydrogel materials with ROS
scavenging ability are a reasonable treatment approach.

Early inflammatory response

Damaged cells release large quantities of damage-associated
molecular patterns (DAMPs) and pro-inflammatory cytokines—
including tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1),
IL-6, chemokines, receptor tyrosine kinases and adhesion mole-
cules [42]. These molecules attract immune cells (such as lym-
phocytes, macrophages and neutrophils) to infiltrate the
damaged skin area. With the increased recruitment of neutro-
phils, the released cytotoxic granules further exacerbate the in-
flammatory state [43]. This persistent inflammation is a crucial
driving factor for RISI progression to the chronic phase.

Chronic phase: persistent injury

Chronic inflammation and immune dysregulation

If acute inflammation does not subside, it will transition to a
chronic state [44]. This involves the sustained activation of in-
flammatory signaling pathways, such as NLRP3 inflammasome
(involved in processing IL-18 and IL-18 and other pro-
inflammatory cytokines) [45] and pathways involving IL-6 and
IL-17[28]. The composition of immune cells will undergo
changes, usually manifested as a persistent pro-inflammatory
M1 macrophage phenotype or an imbalance between M1 and
anti-inflammatory/promoting repair M2 macrophages, which
hinders effective tissue repair [46]. The review by Xu et al. [21]
provided a basic understanding of RISI pathophysiological
mechanisms, describing it as a complex cascade reaction involv-
ing persistent injury signals, oxidative stress, chronic inflam-
mation, immune dysregulation and microvascular injury.
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Table 2 Quantitative microenvironment parameters of RISI and corresponding design benchmarks for stimuli-responsive hydrogels.

Pathological Normal tissue Acute RISI Chronic RISI (>4 weeks) Corresponding Ref.

parameter (0-4 weeks) hydrogel design

pH 7.4 6.5-7.0 (acidic 7.15-8.9 (alkaline, pH-responsive polymers  [31, 32]

(healthy skin) inflammation) chronic wounds) (pKa 6.8-7.2)

ROS (H,0,) <10 uM (baseline) 100-500 uM (peak 50-100 uM Thioketal/diselenide [33, 34]
at 3-5days post-IR)  (persistent elevation) ROS-cleavable bonds

MMP-9 60.6 ng/mL (healthy) 259-862ng/mL 552-630 ng/mL GPQGIAGQ peptide [35, 36]
(acute (chronic remodeling) linkers
inflammation)

Radiation dermatitis N/A Grade 2: 49.8%, Moist desquamation: 21% N/A [37]

incidence Grade 3: 2.2%

Oxygen saturation  6.19% (nonirradiated) Hypoxia (<5% O) Progressive decline HIF-1a stabilizers, [38]

pro-angiogenic factors

These quantitative thresholds directly calibrate hydrogel responsiveness to measured RISI biomarkers, shifting from empirical formulation to precision

material engineering.

The gelatin methacryloyl (GelMA) particle hydrogel scaffold de-
veloped by Jaberi et al. [47] had a cell-level interconnected po-
rous structure that could regulate macrophage polarization to a
pro-healing phenotype and significantly improve wound healing
quality in animal models.

Vascular injury and microcirculatory disturbance

Cutaneous endothelial cells are particularly sensitive to radia-
tion [48]. Their damage leads to vascular inflammation, in-
creased permeability and potential thrombosis. These vascular
changes are the fundamental cause of edema and erythema ob-
served in acute RISI [49]. With the accumulation of radiation
dose and time, the vascular injury caused by ionizing radiation
disrupts normal nutritional supply, exacerbates tissue hypoxia
and promotes the fibrosis process. This microvascular injury is a
sign of chronic RISI, which can lead to insufficient oxygen supply
to skin cells, resulting in ulcers, wounds and skin necrosis [50].

DNA damage and epigenetic changes

Radiation can damage all cellular components and induce ge-
netic and epigenetic changes, which play an essential role in the
occurrence and progression of skin damage [51]. In the chronic
phase, inflammation and oxidative stress can lead to various of
changes in the cytokines, cell cycle and DNA damage, resulting
in a cascade reaction of late responses and higher risk of skin
cancer [52].

Cell death and cellular senescence

Radiation-induced cell damage leads to various forms of cell
death, particularly the programmed cell death which depends
on the mitogen-activated protein kinase (MAPK) system [53].
Furthermore, cellular senescence in epidermal keratinocytes is
an important marker of radiation dermatitis [54]. As part of the
epidermal stress response, these senescent keratinocytes will
secrete pro-inflammatory mediators, thereby aggravating skin
inflammation [55].

Fibrosis and ECM remodeling

The transition of RISI from acute phase to chronic phase not
only results in not only the persistent inflammation, but also the
ECM fibrotic response [56]. The inflammatory environment stim-
ulates fibroblast activation and proliferation, leading to exces-
sive production of collagen and other fibrous materials, which in
turn triggers extracellular matrix remodeling [57]. The accumu-
lation of ECM components in the dermis significantly increases
tissue hardness and decreases skin elasticity, manifesting as
skin stiffness and dryness. This phenomenon, known as RIF, is a
severe, progressive and irreversible late-stage complication [25].
Histologically, chronic RISI is characterized by an increase in
dermal cells (mainly fibroblast proliferation), thickening and dis-
organization of collagen bundles and disordered arrangement
of ECM. These changes lead to thickening of the dermis, filled
with dense fibrotic ECM replacing the normal skin structure [58].

Development of hydrogel
technology for RISI

The application of hydrogels in RISI management has under-
gone a paradigm shift from passive symptom management to
active pathophysiology modulation and intelligent therapeutic
intervention. This evolution reflects the deepening understand-
ing of RISI pathobiology and advances in biomaterial science.
Each generation needs progressively refined alignment between
hydrogel design and RISI pathological demands—from passive
moisture retention addressing barrier dysfunction (First-genera-
tion, 1G), to bioactive cargo delivery targeting oxidative stress
and inflammation (Second-generation, 2G), to intelligent re-
sponsive systems synchronized with dynamic microenvironmen-
tal cues (Third-generation, 3G; Figure 2).

Hydrogels are three-dimensional polymer network materials
made from natural or synthetic materials, characterized by high
water content, good biocompatibility and high flexibility [10].
First-generation hydrogels developed primarily from the 1960s
to early 2000s, functioned as passive physical barriers providing
moisture retention, mechanical protection and pain relief
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through high water content (70-90%) and cooling effects. The
1G hydrogels we commonly recognize can be divided into three
categories: natural polymer hydrogels, synthetic polymer hydro-
gels and composite hydrogels [59]. Natural hydrogels are based
on natural materials such as gelatin [60], chitosan, sodium algi-
nate [61], collagen, hyaluronic acid [62] and chondroitin sulfate,
most of which are extracted from animals or marine organisms
and these hydrogels generally have lower mechanical properties
[63]. Synthetic hydrogels are primarily based on chemical raw
materials such as polyacrylamide, polyethylene glycol, polya-
crylic acid, polyvinyl alcohol, poly hydroxyethyl methacrylate

and their derivatives. Although these hydrogels have controlla-
ble structures and excellent mechanical properties, they may
produce biotoxicity during the crosslinking process [64].
Composite hydrogels are hydrogel materials which combine nat-
ural polymer materials with synthetic polymer materials, allow-
ing for the integration of the advantages of both, thereby greatly
expanding the application of hydrogels in the medical field.
While these systems improved patient comfort compared to dry
dressings, their clinical utility in moderate-to-severe RISI (Grade
> 2) proved limited. Clinical trials revealed that conventional
first-generation hydrogels showed variable efficacy, with some
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formulations demonstrating benefit while others failed to im-
prove outcomes compared to standard care [65], likely due to
differences in wound exudate management capabilities and lack
of bioactive modulation of chronic inflammation or vascu-
lar compromise.

Second-generation hydrogels emerging around 2000-15, tran-
scended passive barriers by incorporating bioactive payloads to
actively modulate RISI pathophysiology. These advanced sys-
tems deliver antioxidants such as EGCG and curcumin [66], anti-
inflammatory agents including DNAzyme targeting NLRP3
inflammasome [21], pro-angiogenic factors like VEGF and defer-
oxamine [22], growth factors such as EGF and PDGF [23], stem
cells and exosomes [67]. The therapeutic paradigm shifted from
merely protecting the wound bed to reprogramming the healing
process by targeting specific pathological axes: ROS scavenging
breaks the oxidative stress cycle, inflammation suppression via
NLRP3/IL-17/NF-xB pathway inhibition, angiogenesis promotion
rescues microvascular injury and ECM remodeling prevents fi-
brosis [68]. However, second-generation systems face a critical
limitation—static drug-release kinetics poorly matched to dy-
namic wound microenvironment changes. For instance, early-
phase RISI (Days 0-7) requires rapid antioxidant release to com-
bat acute oxidative stress, while chronic-phase injuries (beyond

4 weeks) benefit from sustained anti-fibrotic therapy [30]. Most
second-generation hydrogels employ simple sustained release
with first-order or zero-order kinetics that cannot adapt to these
temporal demands.

Third-generation hydrogels, developed from approximately
2015 to present, represent intelligent therapeutic platforms that
autonomously sense pathological cues and respond dynamically
[69]. These smart systems detect microenvironmental changes
including acidic pH (6.5-7.0 vs. physiological 7.4), elevated ROS
(100-500 uM H,0,) and upregulated proteases such as matrix
metalloproteinases MMP-2 and MMP-9 that are elevated 5- to
10-fold in chronic wounds [70], triggering on-demand drug re-
lease or property modulation. Recent innovations include X-ray
responsive drug-free antioxidant hydrogels formed by copoly-
merization of disulfide-containing hyperbranched polymers that
exhibit continuous antioxidant activity through oxidation of di-
sulfide bonds and triggered release of growth factors after
radiation-responsive network breakage [71]. Beyond stimuli-
responsiveness, third-generation platforms integrate advanced
functionalities such as self-healing hydrogels that restore me-
chanical integrity after damage [72], real-time monitoring
through wearable biosensors for continuous wound status as-
sessment [73] and 3D bioprinting enabling personalized tissue
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reconstruction with multilayered architecture [74]. The frontier
of this generation involves closed-loop theranostic platforms
combining biosensing, adaptive therapeutics and Al-guided de-
cision-making to mimic tissue-level intelligence [73]. This evolu-
tionary trajectory reflects increasing therapeutic precision: first-
generation systems broadly support healing through nonspecific
moisture provision, second-generation systems target specific
pathways, while 3G systems mimic tissue intelligence through
autonomous response to microenvironmental dynamics. Most
clinically available products remain first-generation or simple
second-generation formulations, while advanced third-
generation systems are predominantly in preclinical research
with translational barriers including manufacturing complexity,
regulatory uncertainty for combination products and lack of
standardized preclinical models [75].

First-generation hydrogels:
passive dressing

First-generation hydrogels primarily serve as passive dressings,
addressing the fundamental need for barrier restoration and hy-
dration maintenance in acute RISI, with their core function be-
ing to provide and maintain a moist healing environment for
wounds [76]. This moist environment is crucial for promoting
cell migration, proliferation and preventing wound drying,
which is considered a significant advantage over traditional
dry dressings.

The most basic hydrogels effectively maintain wound mois-
ture and promote wound healing and reduce scab formation
through their high-water content. They possess cooling proper-
ties, capable of covering exposed nerve endings, thereby allevi-
ating pain and reducing discomfort during dressing changes.
These hydrogel materials can soften and loosen necrotic tissue,
aiding in autolytic debridement, making it easier to remove ne-
crotic tissue during dressing changes. In addition, most of these
hydrogels have good biocompatibility, minimizing adverse reac-
tions and promoting the natural healing process [77].
Meanwhile, they are generally easy to apply to various wound
shapes, including irregular or difficult-to-treat wounds.

However, for wounds with excessive exudate, these hydrogels
may lead to peri-wound tissue maceration, requiring additional
absorbent dressing coverage. Furthermore, some of these hy-
drogel dressings are nonadhesive and require secondary dress-
ing or tape for fixation, which may cause further damage to the
fragile skin affected by radiation. Therefore, many 1G hydrogels,
especially those based on natural polymers, have poor mechani-
cal strength, making them prone to rupture or deformation,
which limits their application in wounds that require structural
support [59]. Common examples include simple hydrogel dress-
ings based on sodium alginate [61], hyaluronic acid [62] or gela-
tin [60]. For instance, the commercially available RadiaPlex
hydrogel is based on aloe vera and hyaluronic acid, designed
to just provide a moisturizing barrier and support natural
healing [65]

Besides, 1G hydrogels lack bioactive control over the multi-
axis pathology of RISI—namely oxidative stress, dysregulated
immunity, microvascular compromise and fibroblast-myofibro-
blast remodeling, therefore, lacking the active therapeutic func-
tions such as precision drug delivery, antibacterial or

regeneration-promoting effects [78]. As a result, the clinical ben-
efits of 1G hydrogels in high-risk cohorts are limited, especially
under high surface dose and concurrent systemic therapy. This
gap motivates the transition toward bioactive and synergistic
designs in 2G and 3G platforms that proactively modulate vari-
ous intertwined axes rather than merely shielding the wound.

Second-generation hydrogels: active
biomaterials

Second-generation hydrogels transcend simple passive dress-
ings by integrating active biomaterials and therapeutic agents,
responding to therapeutic needs for combating oxidative stress
and inflammatory dysregulation documented in RISI pathogene-
sis, achieving more proactive wound management. Based on
the pathophysiological mechanisms of RISI, second-generation
hydrogel materials can identify and develop effective therapeu-
tic targets. These hydrogels can be loaded with growth factors,
antibacterial agents, etc., so as to introduce clear biological ac-
tivities, such as ROS scavenging and anti-inflammation, etc.,
and thus, actively participate in the healing process [79].

Eliminating ROS and alleviating oxidative stress

Given that ROS plays a central role in the occurrence and pro-
gression of RISI, eliminating free radicals is an important thera-
peutic target. Second-generation hydrogels can encapsulate
antioxidants such as gallic acid, epigallocatechin gallate (EGCG),
curcumin, fullerenes, silica and cerium oxide [80]. For example,
hydrogels containing aspirin have been shown to eliminate ROS
and repair DNA double-strand breaks [81]. A drug-free antioxi-
dant hydrogel can continuously exert antioxidant activity
through the oxidation of disulfide bonds, thereby alleviating lo-
cal oxidative stress and preventing RISI deterioration [71].
Hydrogels combining a catalytic antioxidant module (such as
nanozyme or catechol-bearing network) with an NF-xB/TLR
pathway modulator can synergize to shorten the high-ROS/
high-cytokine window, thereby priming the wound bed for
angiogenesis [82].

Targeting specific inflammatory mediators

Persistent inflammation is a key factor in the progression of
RISI. Second-generation hydrogels can serve as carriers for anti-
inflammatory drugs, such as curcumin, deferoxamine, retinoic
acid and corticosteroids. For example, chondroitin sulfate can
help control inflammation [83]. DNAzyme hydrogels have been
shown to specifically inhibit the NLRP3 pathway, thereby allevi-
ating the inflammatory response [29]. Additionally, the regula-
tion of macrophage polarization towards the M2 phenotype
(promoting healing) by glucan is also a potential target [84].

Promoting angiogenesis and improving
microcirculation

Radiation-induced vascular injury is the main cause of RISI’s
chronicity [24]. Second-generation hydrogel can encapsulate an-
giogenic factors (such as VEGF) or angiogenesis-promoting
drugs (such as EGCG, Deferoxamine, Sildenafil). For example,
VEGF- chitosan nanoparticles can protect endothelial cells and
promote angiogenesis [85]. Self-assembling hydrogels combined
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with Deferoxamine can promote the formation of capillary-like
structures and the growth of new blood vessels [86].

Promoting cell proliferation, migration and tissue
regeneration

RISI is characterized by damaged skin cells (keratinocytes, fibro-
blasts) and impaired regeneration capacity [87]. Second-
generation hydrogels can not only provide a scaffold to support
cell growth and migration but also encapsulate growth factors
(such as EGF, PDGF), peptides or keratin to promote epidermal
tissue regeneration, fibroblast proliferation and epithelialization
[88]. Mesenchymal stem cells (MSCs) and their exosomes have
also been shown to promote epithelialization, enhance
angiogenesis and inhibit fibrosis [89].

Interfering with pro-fibrotic signals

Second-generation hydrogels can deliver drugs or cells that in-
hibit skin fibrosis, such as adipose-derived stem cells (ADSCs)
which have been shown to inhibit irregular collagen deposition
[90]. Second-generation hydrogels can also provide local
delivery of TGF- § inhibitors or drugs that regulate fibro-
blast activity [91].

Restoring skin microbiome homeostasis

Severe RISI is prone to secondary infections. Second-generation
hydrogels can incorporate antimicrobials, such as chitosan, so-
dium alginate, graphene oxide or silver ions [92]. Second-
generation hydrogels also can deliver probiotics, prebiotics or
postbiotics to combat radiation-induced microbial dysbiosis.

Besides, benefiting from the application of advanced analysis
tools, the treatment mode for RISI has transformed from target-
ing widespread inflammation to precisely locating specific im-
mune signaling pathways (such as the IL-6/CCR6 axis, IL-17
signaling pathway, NLRP3 inflammasome) and intercellular
interactions [20]. This shift requires the development of next-
generation hydrogels capable of precise, localized and sustained
delivery of highly specific immunomodulators (such as monoclo-
nal antibodies, specific kinase inhibitors, therapeutic nucleic
acids like Dnases).

However, the active ingredients encapsulated in 2G hydrogels
(such as growth factors, enzymes) may have issues with poor
stability and limited skin permeability. Despite improvements,
some 2G hydrogels may still have insufficient mechanical
strength, especially in parts that need to withstand mechanical
stress. In addition, the extraction, purification and encapsula-
tion of active biomaterials may lead to increased production
costs. Moreover, certain components or high concentrations
of drugs may pose potential risks of immunogenicity or
cytotoxicity [93].

Third generation hydrogels: smart
responsive systems

Third generation hydrogels represent the forefront of hydro-
gel technology, designed to have smart responsiveness capa-
ble of sensing changes in the wound microenvironment and
responding accordingly, meeting the need for temporally
matched therapeutic intervention by utilizing quantifiable

RISI biomarkers (pH, ROS, enzymes) as triggering stimuli [71,
94]. The RISI microenvironment exhibits marked spatiotempo-
ral heterogeneity including acidic pH (6.5-7.0 vs. physiological
7.4), elevated ROS (100-500 uM H,0,) and upregulated pro-
teases such as matrix metalloproteinases MMP-2 and MMP-9
[95]. Smart responsive hydrogels can accurately release thera-
peutic agents based on specific signals from the wound micro-
environment or external stimuli, providing a more adaptable
treatment platform to fit the multivariable complexity of dif-
ferent healing stages [96]. Some smart responsive hydrogels
can also integrate sensing components for continuous moni-
toring of biomarkers such as pH value, glucose or inflamma-
tory markers in wound exudate, providing real-time
information on wound status and enabling personalized
wound management [97].

Representative examples demonstrate the clinical potential
of these systems. Xia et al. [71] reported an X-ray responsive
drug-free antioxidant hydrogel formed by copolymerization of
disulfide-containing hyperbranched polymers that exhibit con-
tinuous antioxidant activity through oxidation of disulfide bonds
and triggered release of growth factors after radiation-
responsive network breakage, showing efficacy in preventing ra-
diation skin injury deterioration. Zhou et al. [98] designed a
DNAzyme hydrogel targeting NLRP3 overexpression, where
DNAzyme was encapsulated in ZIF-8 nanoparticles connected to
TAT transmembrane peptide to enhance transdermal perme-
ability. This DZ hydrogel effectively inhibited NLRP3 expression
in vitro and promoted wound healing in RISI mouse models by
regulating apoptosis, oxidative stress and inflammatory re-
sponse proteins.

However, the design and synthesis of smart responsive
hydrogels are more complex, requiring precise material selec-
tion and crosslinking mechanisms. For example, some electri-
cally responsive hydrogel systems traditionally rely on redox
reactions for actuation, raising concerns over material safety;
leveraging synergistic noncovalent interactions such as host-
guest electrostatic repulsion and hydrogen bonding represents
a safer and more controllable alternative [99]. Additionally, tra-
ditional smart hydrogels may have weak mechanical properties
and slow response times, although methods such as construct-
ing reversible noncovalent bonds can enhance their mechani-
cal properties and self-healing ability [100]. The development
of hydrogels does not have clear generational differences.
Based on the generational classification in current mainstream
research, we have divided hydrogels into these three catego-
ries. Currently, hydrogels that integrate new effective payloads
and delivery methods are still widely used in RISI treatment re-
search (Table 3 and Figures 3-6). Table 3 summarizes represen-
tative advanced hydrogel formulations for RISI and their key
components/payloads  (e.g. IFI6-PDA@GO/SA, FA-based
carbomer, NLRP3-DZ@ZIF-8/TAT, Met-EVs@DAM/HAMA-MNP,
MoS,-doped double-network, navitoclax-nanoparticle inject-
able depot and LTP-induced silk-alginate composite hydro-
gels). Figure 3 schematically summarizes advanced therapeutic
payloads from small molecules to living cells, whereas
Figures 4-6 compile the corresponding representative formula-
tions in Parts 1-3.
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Figure 3 Advanced therapeutic payloads: from small molecules to living cells. RISI, radiation-induced skin injury; EVs, extracellular vesicles; Met-EVs,
mitochondria-enriched EVs; MSC, mesenchymal stem cells; Al, artificial intelligence.

Stimuli-responsive hydrogels: rationale and

design principles

The RISI microenvironment exhibits marked spatiotemporal het-
erogeneity in pathological stimulus that static drug-delivery sys-
tems cannot adequately address. Stimuli-responsive hydrogels
exploit these endogenous disease biomarkers as triggers for au-
tonomous therapeutic responses, achieving unprecedented pre-
cision in matching treatment to real-time wound status. For
instance, self-assembled (supramolecular) peptide-based hydro-
gels offer a versatile, sequence-programmable platform with
tunable microstructural and mechanical properties [101]. Key
pathological stimuli include: (a) pH deviations from physiologi-
cal neutrality. RISI lesions can exhibit acidic pH (6.5-7.0) in

inflamed and hypoxic regions, whereas nonhealing/chronic
wounds may display broader pH heterogeneity. Accordingly, pH
should be viewed as a stage-dependent and spatially heteroge-
neous trigger, rather than a unidirectional ‘acidic-to-7.4 normali-
zation’ signal [102]. Beyond serving as hydrogel triggers, the
combination of acidic pH and H,0, can also be exploited for
intra-biofilm delivery; chemically modified and UV-inactivated
bacteria have been shown to selectively integrate into same-
species biofilms and release antibiotics in response to local pH
and hydrogen peroxide, providing a conceptual template for
biofilm-penetrating designs [103]. (b) Elevated ROS (100-500 uM
H,0,) during acute oxidative burst (Days 0-7 post-radiation),
persisting at lower levels (50-100 uM) in chronic wounds beyond
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Figure 4 Recent progress of advanced hydrogel formulations for RISI (Part 1). (A) the fabrication of IFI6-PDA@GO/SA hydrogel and its application for
RISI healing. With approval, reprinted from Ref. [134]. Copyright © 2022, BioMed Central Ltd. (B) The design route and application of FA-based
carbomer hydrogel. With approval, reprinted from Ref. [136]. Copyright © 2024, BioMed Central Ltd.

4 weeks, sourced from neutrophil NADPH oxidase, mitochondrial
dysfunction and radiation-generated hydroxyl radicals [71]. (c)
Upregulated proteases, particularly matrix metalloproteinases
MMP-2 and MMP-9 elevated 5- to 10-fold in chronic RISI driving ex-
tracellular matrix degradation and delayed re-epithelialization
[104]. (d) Hypoxia (<5% O,, ~38 mmHg) due to radiation-induced
vascular damage reducing capillary density by 40-60%, limiting ox-
ygen supply critical for collagen synthesis and keratinocyte prolifer-
ation [105].

Design principles across stimuli-responsive platforms empha-
size: (a) Response kinetics matching pathological timescales,

requiring rapid ROS scavenging within hours during acute phase
versus sustained anti-fibrotic release over weeks in chronic
phase. (b) Selectivity to distinguish pathological from physiolog-
ical signals, for example differentiating ROS elevation during
normal macrophage-mediated pathogen clearance (transient
200-400 uM H,0, bursts) from chronic inflammation (sustained
50-150 uM). (c) Reversibility enables repeated, on-demand re-
lease and allows pH-responsive hydrogels to re-seal as the local
pH normalizes; it is often strengthened by modular self-
assembling peptide or peptide-amphiphile designs that inte-
grate bioactive epitopes, enzyme-cleavable sequences and
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redox- or pH-labile linkers [106]. (d) Biocompatibility of trigger-
responsive moieties and their degradation byproducts, ensuring
that diselenide bond oxidation products do not induce cytotox-
icity [107]. Data-driven/Al-assisted approaches are also acceler-
ating the discovery and optimization of self-assembling peptide
building blocks.

ROS-responsive hydrogels represent a rational design strategy
targeting persistent oxidative stress characteristic of RISI. These
systems incorporate chemical bonds undergoing oxidation-
triggered cleavage, such as thioketal linkers, phenylboronic acid
esters and diselenide bonds [108]. For instance, Wang et al.
[109] developed a ROS/pH dual-responsive hydrogel loaded
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with curcumin nano-micelles, demonstrating 68.75% drug re-
lease under combined acidic and high ROS conditions compared
to 41.34% under physiological conditions, enabling targeted
therapy in infected radiation wounds. However, emerging evi-
dence suggests that ROS-responsive hydrogels should extend
beyond passive antioxidant delivery to active immunomodula-
tion. Recent nanocatalytic strategies have revealed that con-
trolled ROS generation—rather than elimination—can
orchestrate immune responses. Piezoelectric-enhanced nano-
catalysts disrupt redox homeostasis to trigger neutrophil N1
polarization against bacterial biofilms [110], while bandgap-
engineered germanene nanosheets (direct bandgap 1.65eV)
enable photodynamic singlet oxygen (*0,) generation with favor-
able biodegradability [111]. Notably, oxygen-immunomodulated
nanocatalysts exploit light-activated 'O, to sequentially create
transient hypoxia (prolonging neutrophil lifespan) and subse-
quent reoxygenation (triggering neutrophil ‘immune switch’ for
enhanced NETosis and phagocytosis), achieving superior anti-
infection efficacy through trained immunity [110]. These findings
suggest a paradigm shift for RISI hydrogels: integrating photosen-
sitizers or piezoelectric materials to achieve on-demand, spatio-
temporally controlled ROS generation synchronized with immune
activation, balancing oxidative stress elimination with therapeutic
immune programming.

pH-responsive hydrogels exploit the acidic microenvironment
characteristic of radiation-damaged tissue. The pH gradient
from 6.5-7.0 in damaged tissue to physiological 7.4 in healed
wounds provides a temporal biomarker that normalizes during
healing progression [112]. pH-responsive hydrogels typically in-
corporate ionizable polymer groups such as carboxyl moieties in
poly(acrylic acid) or alginate that deprotonate at pH values
above their pKa causing electrostatic repulsion, chain extension,
hydrogel swelling and drug release. Swelling ratios can increase
substantially as pH shifts from acidic to physiological values, en-
abling controlled drug payload delivery [113]. Alternatively, cat-
ionic polymers like chitosan protonate at acidic pH triggering
different conformational changes. This pH-sensitivity can be
exploited for phase-matched therapy, with rapid anti-
inflammatory drug release during acute phases followed by sus-
tained pro-angiogenic factor delivery during proliferative
phases. However, modest pH changes in RISI wounds (pH 6.5-
7.0) require highly sensitive polymers and buffering capacity of
tissue fluids may dampen responses. Multi-stimuli systems com-
bining pH-sensitivity with ROS or enzyme responsiveness offer
improved selectivity through AND-gate logic gates [114].

Enzyme-responsive hydrogels target dramatic proteolytic dys-
regulation characteristic of RISI, where matrix metalloprotei-
nases particularly MMP-2 and MMP-9 are substantially elevated
in chronic injuries. These zinc-dependent endopeptidases de-
grade collagen and gelatin, impairing extracellular matrix integ-
rity. Enzyme-responsive hydrogels incorporate peptide
sequences such as GPQG-IWGQ (cleavage site between gluta-
mine and isoleucine) serving as crosslinkers or drug-conjugate
linkers highly selective for MMP-2 and MMP-9 [115]. When these
proteases cleave the peptide backbone, network degradation
triggers drug release with kinetics proportional to enzyme con-
centration. Alternative substrates such as PVGLIG offer broader
MMP specificity, while neutrophil elastase-cleavable sequences
like AAPV enable targeting of acute inflammatory phases

characterized by neutrophil infiltration. Dual-enzyme logic gates
requiring both MMP and elastase cleavage provide enhanced
specificity, with complete network degradation occurring only
in severe RISI exhibiting concurrent protease elevation [116].
Zhao et al. [117] reported an ultrafast enzyme-responsive hydro-
gel for real-time assessment and treatment optimization in
infected wounds, where MMP-2-triggered drug release enabled
dynamic therapeutic adjustments based on wound en-
zyme profiles.

DNAzyme-based hydrogels represent an emerging frontier in
precision RISI therapy by targeting specific inflammatory path-
ways at the molecular level. Zhou et al. [98] designed a
DNAzyme hydrogel specifically inhibiting the NLRP3 inflamma-
some pathway to prevent RISI in mice. DNAzyme was encapsu-
lated in zeolitic imidazolate framework-8 (ZIF-8) nanoparticles
conjugated to TAT transmembrane peptide to enhance trans-
dermal permeability. This DZ hydrogel effectively inhibited
NLRP3 expression in vitro and promoted wound healing in RISI
mouse models by regulating apoptosis, oxidative stress and in-
flammatory response proteins. Genomic analysis revealed that
DNAzyme treatment significantly downregulated genes associ-
ated with inflammatory response and cytokine production while
upregulating genes involved in wound healing and tissue regen-
eration. This approach overcomes limitations of traditional
small-molecule drugs through catalytic nucleic acid activity en-
abling sustained therapeutic effects without payload depletion.

Multi-stimuli responsive hydrogels integrate two or more envi-
ronmental triggers to achieve Boolean logic-gate control over
drug release, enhancing therapeutic precision. Dual ROS/pH re-
sponsive systems exhibit synergistic release kinetics, where
drug liberation occurs only when both oxidative stress and aci-
dosis exceed pathological thresholds, a signature combination
distinguishing chronic RISI from acute-phase inflammation or
normal wound healing. Triple-responsive platforms incorporat-
ing temperature sensitivity enable external modulation of drug
release through localized mild hyperthermia (40-42°C), provid-
ing clinician-controlled triggering complementing autonomous
microenvironment responses [118]. However, increased design
complexity raises translational challenges including reproduc-
ible manufacturing, regulatory approval complexity for combi-
nation products and potential for unintended cross-reactivity
between stimuli-responsive moieties.

Translational challenges confronting stimuli-responsive
hydrogels include: (a) Specificity limitations and a narrow safety
window, as ROS levels spike during physiological healing when
macrophage-mediated pathogen clearance generates transient
H,0, bursts essential for antimicrobial defense; overly sensitive
ROS scavenging and trigger-coupled immunomodulation may
blunt protective inflammation (infection risk) and, if mistimed,
contribute to aberrant remodeling, including fibrosis and hyper-
trophic scarring[68]; (b) Incomplete therapeutic coverage stem-
ming from limited scavenging capacity, as many hydrogels
exhibit saturation after consuming limited ROS equivalents, ne-
cessitating incorporation of catalytic antioxidants such as ce-
rium oxide nanoparticles or Prussian blue nanozymes with
continuous redox cycling capabilities [119]. In addition to ROS
scavenging, emerging piezoelectric-enhanced nanocatalysts can
disrupt redox homeostasis to trigger neutrophil N1 polarization
against bacterial biofilms, supporting a materials-driven
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immunomodulation paradigm for infection control [120]. (c)
Spatial heterogeneity within RISI wounds where hydrogen per-
oxide concentrations vary substantially from necrotic wound
centers to proliferative edges to peri-wound skin causing un-
even drug distribution, potentially addressable through inte-
grated real-time biosensors enabling closed-loop feedback
control [121]. (d) Regulatory complexity as combination prod-
ucts containing biomaterials and drugs require dual regulatory
oversight, manufacturing scalability challenges in reproducing
stimuli-responsive chemistries with batch-to-batch consistency
at commercial scale and clinical validation requiring demonstra-
tion of superiority over standard-of-care in adequately powered
randomized controlled trials with clinically meaningful end-
points such as time to complete wound closure and prevention
of Grades 3-4 progression [122].

Advanced therapeutic payloads: from small
molecules to living cells

Beyond smart responsive mechanisms, 3G hydrogels distinguish
themselves through sophisticated cargo integration encompass-
ing biologics previously incompatible with conventional delivery
systems. The synergy between stimuli-responsive matrices and
advanced therapeutic payloads enables precision medicine
approaches where the what (therapeutic agent), when (triggered
release timing) and where (spatial localization) are simulta-
neously optimized.

Cell-based therapies and extracellular vesicles (EVs) represent
the most complex biologics integrated into hydrogel platforms.
MSCs and their secreted EVs including exosomes possess potent
regenerative and immunoregulatory capabilities through para-
crine release of growth factors, cytokines and microRNAs that
promote angiogenesis, suppress inflammation and mitigate ap-
optosis and fibrosis [123]. Hydrogels function as three-
dimensional niches preserving cell viability and sustaining EV
bioactivity by protecting against enzymatic degradation and en-
abling controlled spatiotemporal release [124]. Met-EVs@DAM/
HAMA-MNP hydrogel microneedle patches exemplify this ap-
proach, delivering mitochondria-enriched EVs that restore mito-
chondrial function and polarize macrophages toward the M2
phenotype, accelerating healing of radiation-combined injuries
[125]. The hydrogel scaffold not only protects fragile EVs from
immune clearance but also enables penetration through the
stratum corneum barrier via microneedle geometry, addressing
a major limitation in topical EV delivery. Beyond MSC-derived
EVs, probiotics-derived bacterial EVs are also attracting growing
interest for skin repair and regeneration and hydrogel integra-
tion can further improve their local retention and delivery effi-
ciency [126].

Gene therapy modalities including plasmid DNA, small inter-
fering RNA (siRNA) and microRNA (miRNA) provide molecular-
level intervention targeting pathogenic gene expression
programs in RISI. Hydrogel-mediated nucleic acid delivery over-
comes traditional barriers including nuclease degradation, poor
cellular uptake and off-target distribution. For instance, siRNA
silencing pro-fibrotic genes such as transforming growth factor-
B or collagen type | alpha 1 delivered via cationic polymer
hydrogels can attenuate RIF progression, while pro-angiogenic
miRNAs such as miR-181a packaged in hydrogel nanocarriers
enhance vascular regeneration [127]. DNAzyme hydrogels

targeting the NLRP3 inflammasome represent a particularly in-
novative approach, combining the structural functions of hydro-
gel matrices with catalytic nucleic acid activity to directly
modulate inflammatory signaling pathways, achieving sustained
therapeutic effects without cargo depletion [98]. The key advan-
tage of hydrogel gene delivery lies in localized, sustained nucleic
acid presentation to target cells, minimizing systemic exposure
and associated toxicities while maintaining therapeutic concen-
trations throughout the prolonged RISI healing timeline span-
ning weeks to months.

Senolytic and senomorphic agents address the fundamental
pathobiology of chronic RISI driven by accumulation of senes-
cent cells secreting senescence-associated secretory phenotype
(SASP) factors that perpetuate inflammation and fibrosis.
Senolytics such as Bcl-2 inhibitors selectively induce apoptosis
of senescent cells, while senomorphics suppress SASP without
direct cytotoxicity [128]. These agents offer mechanistic
approaches to breaking the self-sustaining inflammatory loops
characteristic of chronic radiation injury [129]. Navitoclax, a
Bcl-2 family inhibitor, when formulated as nanoparticles and en-
capsulated in polymer nanoparticle (PNP) hydrogels, creates an
on-demand reservoir enabling sustained senescent cell clear-
ance [130]. Although the original study targeted wound healing
rather than RISI specifically, the mechanism directly addresses
radiation-induced senescent cell accumulation driving chronic
pathology including dermal fibrosis and persistent inflammation
documented in preclinical RISI models. Hydrogel delivery is par-
ticularly advantageous for senolytics given their potential sys-
temic toxicities, as localized sustained release confines drug
exposure to injured tissue while maintaining therapeutic con-
centrations sufficient for senescent cell elimination over treat-
ment durations of weeks.

Immunomodulatory agents targeting specific immune cell
subpopulations or inflammatory signaling cascades represent
rational therapeutic interventions for RISI characterized by dys-
regulated immunity. Strategies include promoting regulatory T
cell expansion, driving M2 macrophage polarization toward pro-
regenerative phenotypes [131] or blocking pro-inflammatory
pathways such as NLRP3 inflammasome, transforming growth
factor-f, interleukin-6 and interleukin-17 signaling [132].
Immunomodulatory hydrogel patches loaded with nanopar-
ticles assembled from curcumin and tannic acid exemplify multi-
functional platforms combining anti-inflammatory, antioxidant
and immune-regulatory activities for radiation dermatitis treat-
ment and radioprotection [98]. The hydrogel matrix enables sus-
tained release kinetics matching the prolonged inflammatory
phase of RISI while the nanoparticle formulation enhances
cellular uptake and intracellular delivery of hydrophobic
immunomodulators.

Advanced antioxidant systems beyond conventional small-
molecule ROS scavengers incorporate nanomaterial-based
catalytic antioxidants with sustained activity. Novel platforms
include MoS; nanosheets with intrinsic peroxidase-like activity
catalyzing hydrogen peroxide decomposition [119], graphene-
based materials functionalized with redox-active moieties pro-
viding continuous ROS neutralization [133] and enzyme-mimetic
nanoparticles such as cerium oxide exhibiting regenerative anti-
oxidant cycling. These nanomaterial-hydrogel composites over-
come limitations of traditional antioxidants including rapid
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depletion, inability to catalytically regenerate and poor reten-
tion at injury sites. The hydrogel serves dual functions: dispers-
ing nanomaterials to maximize reactive surface area and
preventing nanomaterial aggregation that would diminish cata-
lytic efficiency.

Other bioactive molecules encompassing peptides, recombi-
nant proteins and natural product extracts expand the thera-
peutic arsenal. Interferon alpha-inducible protein 6 (IFI6)
promotes keratinocyte survival and migration under radiation
stress [134], while botanicals such as soy isoflavone extracts
provide anti-inflammatory and antioxidant activities [98] and
cannabidiol exhibits immunomodulatory effects reducing pro-
inflammatory cytokine production [45]. Hydrogel encapsulation
stabilizes these diverse agents against degradation while en-
abling combination therapy approaches where multiple bioac-
tives with complementary mechanisms are co-delivered.

The integration of advanced therapeutic payloads into smart
responsive hydrogels represents a paradigm shift from simple
drug depots to intelligent therapeutic systems. However, trans-
lational challenges include: maintaining bioactivity of labile bio-
logics during hydrogel fabrication processes involving
crosslinking chemistries or thermal treatments; achieving clini-
cally relevant dosing for expensive biologics such as growth fac-
tors or nucleic acids within practical hydrogel volumes;
regulatory complexities for combination products containing
multiple therapeutic modalities; and demonstrating added clini-
cal value justifying increased complexity and cost compared to
standard-of-care treatments [135].

Enabling technologies and clinical
translation

The translation of advanced hydrogel therapeutics from bench
to bedside requires convergence of molecular profiling technol-
ogies, computational design tools and innovative manufacturing
platforms. In parallel, scalable biomimetic immunotherapeutics
are emerging; for example, a redox-responsive natural killer cell
mimic has been developed to eliminate intracellular pathogen
infections, highlighting a complementary direction for hard-to-
reach intracellular reservoirs relevant to complicated wound
settings [139]. Single-cell RNA sequencing has revealed cellular
heterogeneity and dysregulated intercellular communication
networks underlying chronic RISI, providing molecular ration-
ales for precision therapeutic targeting [20, 28, 140]. Artificial in-
telligence is accelerating materials discovery by predicting
structure-property relationships from compositional inputs
while enabling patient stratification through predictive model-
ing of radiation dermatitis risk [141]. Three-dimensional bio-
printing technologies enable fabrication of hydrogel constructs
with precise spatial control over architecture and bioactive
agent distribution [135]. Advanced delivery platforms including
dissolving microneedle arrays overcome stratum corneum bar-
rier limitations [103, 25], while evolved preclinical models
employing fractionated irradiation regimens and large animal
systems improve clinical translatability [136, 142]. Despite these
advances, substantial barriers including regulatory complexity,
manufacturing scalability and health economics considerations

must be addressed to realize the clinical potential of smart re-
sponsive hydrogels.

Enabling technologies for precision
hydrogel engineering

Single-cell sequencing technologies have revolutionized our un-
derstanding of RISI pathobiology by revealing cellular heteroge-
neity and dysregulated intercellular communication networks
previously obscured by bulk tissue analysis [143]. Paldor et al.
[28] identified a senescence-associated IL-6/CCR6 axis driving
chronic radiodermatitis, where senescent keratinocytes secret-
ing interleukin-6 recruit CCR6-positive inflammatory T cells, per-
petuating a self-amplifying inflammatory loop. Yan et al. [20]
performed comprehensive single-cell analysis using samples
from radiation accident patients and irradiated rats, revealing
that exposure to 30 Gy electron beam irradiation caused signifi-
cant upregulation of fibroblasts and endothelial cells with
downregulation of keratinocytes. Among five common differen-
tially expressed genes between human and rat skin, Nur77 was
highly expressed in fibroblasts and validated as a critical regula-
tor of RISI. Laggner et al. [144] demonstrated through single-cell
analysis of irradiated mouse skin that radiation fundamentally
alters interaction intensities among fibroblasts, endothelial cells
and dendritic cells, with universal upregulation of IL-17 signaling
suggesting IL-17 serves as a central hub orchestrating RISI path-
ogenesis [140]. These molecular insights enable rational hydro-
gel design targeting specific cell populations and signaling axes.
For instance, the discovery of IL-6/CCR6 axis provides rationale
for hydrogels delivering IL-6 receptor antagonists or CCR6-
blocking peptides, while identification of Nur77 upregulation in
fibroblasts suggests incorporating Nur77 inhibitors to prevent fi-
brotic progression. Yu et al. [145] further performed molecular
profiling of skin cells identifying distinct cellular signatures in
RISI across various stages in murine datasets, revealing tempo-
ral dynamics of immune cell infiltration, keratinocyte dysfunc-
tion and fibroblast activation that inform stage-specific
hydrogel therapeutic strategies (Figure 7).

Artificial intelligence and machine learning are accelerating
hydrogel materials discovery and clinical outcome prediction
[146]. Li et al. [147] comprehensively reviewed Al-energized de-
sign and optimization of hydrogels for biomedical applications,
demonstrating that machine learning techniques including neu-
ral networks, random forests and support vector machines can
predict structure-property relationships from compositional
inputs, reducing experimental iterations significantly compared
to traditional trial-and-error approaches. In materials discovery,
Al algorithms trained on databases of polymer compositions,
crosslinking densities and mechanical/swelling properties can
predict optimal formulations for target specifications such as
desired degradation kinetics or drug release profiles [27].
Importantly, data-driven and Al-assisted strategies are also be-
ginning to accelerate the discovery and optimization of self-
assembling peptide building blocks for supramolecular hydro-
gels [148]. Collectively, these computational approaches can
shorten development timelines from year to month. For clinical
translation, Lin et al. [149] developed machine learning models
for predicting radiation dermatitis in breast cancer patients us-
ing clinical risk factors, patient-reported outcomes and serum
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cytokine biomarkers. Feature selection identified 18 predictors
of Grade 2 or higher radiation dermatitis, with baseline levels of
interleukin-18, MMP-9 and vascular endothelial growth factor
among the most predictive biomarkers. The XGBoost model
achieved the highest performance with an area under the re-
ceiver operating characteristic curve of 0.780 (95% confidence
interval: 0.701-0.854), enabling identification of high-risk
patients who would benefit most from prophylactic hydrogel ap-
plication. Lee et al. [150] applied ensemble machine learning
methods including extreme gradient boosting to predict radia-
tion dermatitis risk in head-neck cancer patients receiving pro-
ton therapy, with models achieving area under the curve (AUC)
of 0.890, significantly outperforming conventional logistic re-
gression (AUC 0.740). These predictive models enable personal-
ized prevention strategies where hydrogel prophylaxis is
deployed preemptively in high-risk individuals, shifting the para-
digm from reactive treatment to proactive prevention. But these

tools should be positioned as clinician decision support rather
than autonomous controllers, with predefined override and es-
calation pathways. Safety-focused evaluation should explicitly
consider failure modes (such as false negatives and distribution
shift) to ensure that Al malfunction does not delay standard-of-
care interventions.

These predictive models enable personalized prevention strate-
gies where hydrogel prophylaxis is deployed preemptively in high-
risk individuals, shifting the paradigm from reactive treatment to
proactive prevention. However, these tools should be positioned as
clinician decision support rather than autonomous controllers, with
predefined override and escalation pathways. Safety-focused evalu-
ation should explicitly consider failure modes (e.g. false negatives
and distribution shift) to ensure that Al malfunction does not delay
standard-of-care interventions and clinical evaluation/reporting
should follow established guidance (e.g. SPIRIT-AI/CONSORT-Al;
TRIPOD+AI), including external validation and calibration in addition
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to discrimination metrics [151-153]. Importantly, any Al-enabled or
closed-loop workflow should be fail-safe—defaulting to standard-of-
care with clinician override/escalation pathways and post-
deployment monitoring—so that model drift or sensor/algorithm
failure cannot delay timely intervention [154].

Three-dimensional bioprinting technologies enable fabrica-
tion of hydrogel constructs with precise spatial control over
composition, architecture and bioactive agent distribution that
is unattainable through conventional casting or molding meth-
ods [135]. Extrusion-based bioprinting deposits hydrogel bioinks
layer-by-layer to create constructs mimicking native tissue ar-
chitecture [155], enabling creation of bilayers or multilayer
hydrogels where superficial layers contain antimicrobial agents
for infection prevention while deeper layers release pro-
angiogenic factors promoting vascular regeneration [156].
Stereolithography and digital light processing techniques offer
higher resolution (10-50 um feature sizes) enabling micropat-
terning of adhesive ligands or growth factor gradients that guide
cellular behaviors including migration directionality and differ-
entiation [157]. Patient-specific hydrogel patches matching indi-
vidual wound geometries can be manufactured using 3D
scanning of injury sites coupled with computer-aided design, en-
suring optimal contact and drug delivery across irregular wound
surfaces common in RISI [158].

However, translational challenges include: limited availability of
bioinks that are mechanically robust for high-mobility or high-
tension anatomical sites while maintaining cytocompatibility;
printing speed limitations that hinder on-demand manufacturing
in acute care settings; and evolving regulatory pathways for
patient-customized medical devices (Figure 8). In addition, transla-
tion of patient-specific bioprinting requires predefined critical qual-
ity attributes, including print fidelity, sterility assurance, residual
crosslinker/initiator limits, mechanical acceptance windows and
batch-to-batch reproducibility, together with explicit discussion of
manufacturing failure risks. Trial reporting should transparently
document device versioning, human factors and on-site
manufacturing variability to avoid idealized descriptions [151].

Advanced delivery platforms including microneedle arrays and
wearable biosensor-integrated systems represent innovations in
hydrogel application methodology rather than hydrogel chemistry
itself, yet profoundly impact therapeutic efficacy. Dissolving
microneedle patches composed of biocompatible polymers such
as hyaluronic acid or polyvinylpyrrolidone enable transdermal de-
livery of hydrogel-encapsulated therapeutics, bypassing the stra-
tum corneum barrier that limits topical drug penetration to
typically <5% of applied dose [161]. Microneedles create tempo-
rary microchannels (50-900 um depth) through which hydrogel
formulations containing macromolecular drugs, nanoparticles or
biologics can access viable epidermis and dermis where patholog-
ical processes occur. Ma et al. developed a PEG-SOD-loaded dis-
solving microneedle (PSMN) patch for the prevention of radiation
dermatitis. By bypassing the stratum corneum barrier, the PSMN
patch achieved a 500-fold increase in drug skin permeation com-
pared to topical PEG-SOD solution, significantly improving radio-
protection efficacy [162]. Wearable hydrogel sensors integrating
electrochemical or optical detection elements enable continuous
monitoring of wound biomarkers such as pH, temperature, matrix

metalloproteinase activity or inflammatory cytokine levels, pro-
viding real-time feedback on healing status and enabling closed-
loop therapeutic systems where drug release is automatically trig-
gered when biomarkers exceed pathological thresholds [163].
However, challenges include: patient acceptance of microneedle
applications particularly in pediatric or elderly populations; po-
tential for microchannel-mediated bacterial invasion requiring in-
corporation of antimicrobials; and technical complexity of
integrating biosensors with controlled-release hydrogels while
maintaining sensor accuracy and hydrogel biocompatibility.

Preclinical models for RISI hydrogel evaluation have evolved
from simple acute radiation dermatitis models toward more
clinically relevant systems [164]. Traditional models using
single-fraction high-dose irradiation (20-30Gy) on rodent skin
induce acute ulceration within 2-3 weeks but fail to recapitulate
the chronic fibrosis and vascular damage characteristic of frac-
tionated clinical radiotherapy [142]. Advanced models employ-
ing fractionated irradiation regimens (e.g. 2Gy X 30 fractions)
better mimic clinical scenarios, exhibiting delayed fibrosis onset
(8-12 weeks post-irradiation) and persistent inflammation.
Large animal models including minipigs offer skin anatomy and
healing kinetics more similar to humans compared to rodents,
with epidermal thickness and dermal-epidermal junction archi-
tecture resembling human skin [136, 165]. Ex vivo human skin
models using full-thickness skin explants maintained in organ
culture following irradiation enable testing hydrogel therapeu-
tics on human tissue while reducing animal use and potentially
improving clinical translatability [166]. However, ex vivo models
lack systemic circulation and immune components, limiting
evaluation of hydrogels modulating systemic inflammation or
recruiting circulating stem cells [167]. Radiation-combined in-
jury models incorporating burn, infection or wound co-insults
better represent clinical scenarios where radiotherapy patients
may develop opportunistic infections or mechanical injury to
compromised skin [125]. Despite advances, no preclinical model
fully recapitulates human RISI pathophysiology, necessitating
validation across multiple model systems and ultimately clinical
trials for definitive efficacy demonstrations (Figure 9).

In addition, microfluidic technology is used to prepare structur-
ally uniform, size-controllable microgels, microspheres or micro-
fluidic chips with complex structures for drug screening or
constructing in vitro RISI models [171]. Skin organoids derived
from pluripotent stem cells or adult stem cells can better simulate
the complex structure (epidermis, dermis, hair follicles and seba-
ceous glands) and physiological functions of human skin [172],
providing a more human-like in vitro model for studying the
mechanisms of RISI and testing the efficacy of hydrogels. Skin
organoids can also be used for drug screening, evaluating the bio-
compatibility of hydrogels, improving drug release efficiency and
promoting the regeneration of damaged skin [173]. By combining
advanced imaging technologies such as confocal Raman spectros-
copy (CRS), optical coherence tomography (OCT) and multiphoton
microscopy, it is possible to noninvasively monitor the degrada-
tion behavior, drug release, collagen deposition and angiogenesis
of hydrogels in the RISI model, thus, providing dynamic efficacy
assessment data [174] (Figure 10).
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Clinical translation: from bench
to bedside

Current clinical landscape and unmet needs

Beyond acute erythema and moist desquamation, late toxicities
such as fibrosis, telangiectasia and lymphedema substantially
impair quality of life in RISI patients. RISI remains highly preva-
lent among breast [175] and head-and-neck cancer [176]
patients due to large irradiated surface areas, skin folds and
moisture and concurrent systemic therapies. Current hydrogel

products used for RISI management primarily provide moist
wound environments, exudate absorption and pain relief
through passive mechanisms. However, clinical evidence reveals
significant limitations of these conventional approaches. A ran-
domized controlled trial comparing hydrogel dressings with dry
dressings for treating moist desquamation demonstrated signifi-
cantly prolonged healing time in the hydrogel group with no sig-
nificant impact on patients’ subjective skin symptoms [177].
This paradoxical finding suggests that moisture retention
alone may be insufficient or even counterproductive without



20

Regenerative Biomaterials, 2026, Vol. 13, rbag056

.........

A Control  Cell-free scaffold mSEs B
e 4

Biopolymer hydrogel [
scaffold + MSCs

Overall view

SN
Chronic
Ulcer

=@

Granulation tissue

Tattoo and Medication

Treatment Administration

Non-adherent Bandaging

v 4
Hypertrophic
Scar

Functional Scar

Wound Creation and Imaging

Protective Saddle and Jacket

{Effect of Treatment 5 B

..................

QHREDGS-Peptide
Hydrogel

No treatme

Q Peptide

Hydrogel Only

H&E

Iron Colloid Picrosirus Red Pentachrome

SR

Figure 9 The validation of hydrogel materials in large experimental animals. (A) A biopolymer hydrogel scaffold with encapsulated MSCs. With
approval, reprinted from Ref. [168]. Copyright © 2025, MDPI (Basel, Switzerland). Histological view shows the comparation of control wound, model
cell-free scaffold wound and model skin equivalents (mSEs) wound on Day 7. (B) Effect of location and treatment with a peptide-modified collagen-
chitosan hydrogel in an equine limb model. With approval, reprinted from Ref. [169]. Copyright © 2020, American Chemical Society. Histological view
shows the representative 20x images from Day 28 biopsies cryosection (35 um). (C) Amnion membrane hydrogel and amnion membrane powder in a
full thickness porcine skin wound model. With approval, reprinted from Ref. [170]. Copyright © 2019, John Wiley & Sons, Inc. Histological view shows
the representative images of H&E, pentachrome, picrosirius red and iron colloid staining.

addressing underlying pathological mechanisms including persis-
tent inflammation, oxidative stress and impaired angiogenesis.

Analysis of clinical trial data (Table 4) reveals inconsistent out-
comes across different hydrogel formulations. While aloe vera-
based gel reduced dermatitis severity and delayed onset in
head-and-neck cancer patients [178], liposomal gel with chamo-
mile showed no statistically significant differences compared to
controls [179]. Film-forming silicone gels such as StrataXRT
demonstrated reduced physiological skin damage parameters
[180], yet head-to-head comparison with Mepitel film showed
nuanced superiority depending on endpoint [181]. These dis-
crepancies underscore the need for mechanistically informed
hydrogel design rather than empirical formulation optimization.
Notably, multifunctional and smart-responsive hydrogel prod-
ucts that have reached market launch or entered late-stage clin-
ical research remain scarce, with most innovations confined to
preclinical stages [185].

Despite these trials, the clinical evidence for hydrogel inter-
ventions in RISI remains difficult to interpret due to pronounced
heterogeneity in patient populations (cancer site, concurrent
therapy), radiotherapy techniques, intervention intent, outcome
definitions and comparators (usual care, placebo or film dress-
ings). Many studies are small, single-center or open-label, which
increases performance and assessment bias—particularly for
subjective endpoints such as pain, pruritus and ‘time to

recovery’. Therefore, future translation should avoid class-wide
claims for ‘hydrogels’ and instead match dressing physicochemi-
cal properties (moisture balance, exudate absorption, antimi-
crobial capacity) to RISI stage and lesion severity, while
adopting standardized endpoints and blinded assessment
where feasible.

Prevention-focused strategies offer promise in shifting the
paradigm from reactive treatment to proactive protection.
Certain hydrogels containing high atomic number elements or
high-density materials can provide radioprotection by absorbing
or scattering portions of radiation dose [186]. A Phase Il ran-
domized double-blind placebo-controlled trial demonstrated
that boron-based hydrogel containing 3% sodium pentaborate
pentahydrate significantly reduced incidence of dermatitis, ery-
thema, dry desquamation and moist desquamation in breast
cancer radiotherapy patients [187]. Similarly, prophylactic appli-
cation of FLAMIGEL significantly reduced moist desquamation
incidence and delayed its onset [177]. However, preventive effi-
cacy exhibits substantial individual variability influenced by ana-
tomical site, radiation dose fractionation and patient-specific
factors including skin phototype and baseline inflammatory sta-
tus. Optimal timing and protocols for prophylactic hydrogel ap-
plication remain undefined, requiring integration with
predictive biomarkers to identify high-risk patients who would
derive maximum benefit.



Regenerative Biomaterials, 2026, Vol. 13, rbag056

21

- Artificial intelligence (Al)/
Machine learning (ML)

Performance prediction and
optimization

.%“@ o @ Sequencing
? Reveal key pathways
and targets

1 3 1

- Skin Organoids

- Large Animal Model

Provide an in vitro model closer
to the human body

Provide a complex
preclinical model

- 3D Bioprinting
Construct bionic
structures and cell-
containing skin
substitutes

‘Microfluidic Technology

Provide an efficient drug
screening platform

- Confocal Raman Spectroscopy
- Optical Coherence Tomography
- Multiphoton Microscope

Real-time, in vivo monitor of
hydrogel behavior and tissue repair
processes

Figure 10 Interdisciplinary innovation and technology for RISI hydrogel therapy.

Regulatory pathways and manufacturing scalability

Regulatory classification critically determines the translational
pathway and timeline for hydrogel-based RISI therapeutics.
Hydrogels functioning solely as physical barriers or wound
dressings without pharmacological claims may qualify as Class
Il medical devices under FDA 510(k) clearance requiring demon-
stration of substantial equivalence to predicate devices—a rela-
tively streamlined pathway achievable within 6-12 months.
However, hydrogels incorporating drugs, biologics or claims of
treating specific pathological processes typically require classifi-
cation as combination products overseen by FDA’s Office of
Combination Products, necessitating Investigational New Drug
(IND) applications and potentially full New Drug Application
(NDA) with randomized controlled trials [137]. The regulatory

burden is compounded for multicomponent systems such as
stimuli-responsive hydrogels containing nanoparticles, where
each component’s safety profile must be independently estab-
lished and potential synergistic toxicities evaluated.
Harmonization of regulatory requirements across jurisdictions
(FDA, EMA, PMDA) remains incomplete, hindering global devel-
opment strategies. Recent guidance documents including FDA’s
‘Guidance for Industry: Expedited Programs for Serious
Conditions’ offer accelerated pathways such as Fast Track desig-
nation, breakthrough therapy designation and priority review
for products addressing unmet medical needs in severe RISI, po-
tentially reducing approval timelines by 6-12 months [138].
Manufacturing scalability poses substantial challenges transi-
tioning from laboratory-scale batch synthesis to current Good
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Manufacturing Practice (cGMP) production. Although many hydro-
gel components possess good biocompatibility, long-term in vivo
safety and potential immunogenicity of complex multifunctional
hydrogels (particularly those containing nanoparticles, stimuli-
responsive components and bioactive molecules) require rigorous
evaluation [21]. Establishing robust quality control assays for
hydrogels is complicated by their three-dimensional network struc-
ture and water content (typically 80-99% water) which precludes
many standard analytical techniques. Critical quality attributes re-
quiring validation include: degree of crosslinking affecting mechan-
ical properties and degradation rates; homogeneity of drug or
nanoparticle distribution preventing ‘hot spots’ or ‘cold spots’ in
therapeutic delivery; sterility assurance particularly for hydrogels
incorporating biologics such as growth factors or cells; and stability
during storage, as many hydrogels undergo syneresis (spontane-
ous water expulsion) or gradual crosslink degradation over time.
For degradable hydrogels, biocompatibility of degradation prod-
ucts must be assessed and degradation rates must match tissue re-
pair/regeneration rates [188, 189]—rapid degradation may cause
premature therapeutic agent release and insufficient structural
support, while slow degradation may hinder tissue integration or
trigger foreign body reactions. Continuous manufacturing
approaches replacing traditional batch processes offer improved
process control and reduced contamination risks but require sub-
stantial capital investment and regulatory validation [190].

Clinical validation and health economics

Clinical trial design for hydrogel therapeutics confronts multiple
methodological challenges stemming from RISI heterogeneity.
Clinical performance and severity of RISI are influenced by numer-
ous factors including radiotherapy dose, anatomical site and indi-
vidual patient differences, complicating endpoint evaluation.
Primary endpoints in RISI trials commonly include: time to com-
plete wound healing (defined as 100% re-epithelialization main-
tained for 2weeks without dressing requirement); proportion of
patients avoiding progression to Grade 3 radiation dermatitis (con-
fluent moist desquamation); reduction in pain scores assessed via
visual analog scales or Patient-Reported Outcomes Measurement
Information System (PROMIS) pain interference instruments; and
quality-of-life measures using validated instruments such as
Skindex-16 or Dermatology Life Quality Index [144]. Challenges in
endpoint selection include variability in RISI severity grading sys-
tems (CTCAE vs. RTOG vs. LENT-SOMA scales exhibiting only
moderate inter-rater agreement, x¥=0.6-0.7) and subjective com-
ponents of pain assessment. Appropriate comparator selection
remains debated: placebo-controlled trials maximize internal valid-
ity but may be ethically problematic in severe RISI where standard-
of-care treatments exist, while active-controlled noninferiority
designs require large sample sizes (typically 300-500 patients per
arm) to demonstrate noninferiority margins clinically meaningful
to justify the innovation [145]. Adaptive trial designs employing in-
terim analyses with pre-specified decision rules for early stopping
or dose modification offer efficiency advantages but require so-
phisticated statistical planning.

Standardization of preclinical evaluation is essential to im-
prove clinical translatability. Currently, hydrogel research
requires establishing more standardized preclinical animal mod-
els closely mimicking clinical scenarios and optimizing in vitro
testing methods to improve predictability of preclinical research

results [191]. Development and validation of biomarkers capable
of objectively assessing RISI severity, predicting treatment
responses and monitoring healing processes are essential to
guide clinical trials and personalized treatment. Candidate bio-
markers include serum inflammatory cytokines (interleukin-1,
MMP-9, vascular endothelial growth factor) demonstrated to
predict Grade 2+ radiation dermatitis with AUC of 0.780 [149]
and imaging-based assessment of dermal blood flow and colla-
gen density using OCT or multiphoton microscopy [174].

Health economics and market access increasingly influence
translation success. While advanced hydrogel therapies involve
higher upfront costs, their clinical value lies in preventing progres-
sion to severe Grades 3-4 RISI that necessitate surgical interven-
tion, treatment interruptions and prolonged hospitalization—
outcomes that impose substantial burden on both patients and
healthcare systems [192]. However, translating preclinical efficacy
into real-world clinical benefit requires demonstration of effec-
tiveness across diverse patient populations beyond controlled
trial settings. Clinical adoption challenges include heterogeneous
healthcare infrastructure limiting access in resource-limited set-
tings, variable insurance coverage policies that may classify
hydrogels as ‘wound care supplies’ rather than therapeutic agents
and insufficient clinical education regarding patient selection cri-
teria and application protocols (Table 5).

Future roadmap: toward precision medicine

Closed-loop theranostic systems integrating multiple enabling
technologies promise transformative advances beyond current
passive delivery paradigms. Wearable hydrogel sensors incorpo-
rating electrochemical or optical detection elements enable
continuous monitoring of wound biomarkers such as pH, tem-
perature, matrix metalloproteinase activity or inflammatory cy-
tokine levels, providing real-time feedback on healing status
[163]. When coupled with electronically triggered drug release
mechanisms controlled via smartphone applications [137], these
systems enable precision dosing adjusted in real-time to individ-
ual healing trajectories. For instance, detection of pH elevation
above 7.5 (indicating bacterial infection) or MMP-9 concentra-
tion exceeding 50ng/mL (indicating excessive inflammation)
could automatically trigger release of antimicrobials or anti-
inflammatory agents from stimuli-responsive nanocarriers em-
bedded within the hydrogel matrix.

Artificial intelligence integration extends beyond materials
discovery to clinical decision support. Al algorithms analyzing
wound images captured via smartphone cameras combined
with biomarker data could predict healing outcomes and recom-
mend therapeutic adjustments, extending specialist dermatol-
ogy expertise to under-resourced settings [137]. Machine
learning models achieving AUC of 0.890 for radiation dermatitis
prediction in head-neck cancer patients [150] demonstrate fea-
sibility of this approach. Integration of such predictive models
with Al-optimized hydrogel formulations [147] creates an adap-
tive therapeutic ecosystem where patient-specific risk profiles
guide both preventive and treatment strategies.

Personalized bioprinting represents the ultimate convergence
of precision medicine and advanced manufacturing. Bioprinted
hydrogels incorporating patient-derived induced pluripotent
stem cells differentiated into keratinocytes and fibroblasts could
provide autologous cell therapy overcoming immune rejection
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Table 5 RISI hydrogel clinical translation: status, prevention methods and main challenges.

Aspect

Clinical status

Challenges

Strategy

Therapeutic

Clinically, traditional hydrogels

Inconsistent clinical trial results are

* Develop advanced hydrogels

hydrogel are predominantly employed. inconsistent. based on pathological
* Lackness of clinical data of mechanism.
advanced intelligent hydrogel. * Standardize preclinical
* Biocompatibility and long-term evaluation.
safety. * Develop objective biomarkers.
* Complex clinical trial design. * Adopt adaptive clinical
trial design.
Preventive Boron-based hydrogels and * Individual differences in * Prevent precisely targeting
hydrogel silicone gel dressings have already preventive efficacy. high-risk populations.

Production and

been applied.

Current production is limited to

Optimal timing and protocols.
Persistence in long-
term prevention.

The expanded application of

the production process of
complex hydrogels

Quality control and batch-to-batch
consistency.

Unclear regulatory pathways for

Develop more efficient and
convenient preventive hydrogel
formulations.

Integrate Al prediction models
to guide prevention.

Develop modular and
automated production
processes.

Communication with regulatory
agencies early.

Establish industry standards.

novel combination products.

supervision the laboratory, and there is a

limited capacity for large-scale

GMP production. .
Cost and The R&D costs for advanced .
accessibility hydrogels are high.

Failure to achieve superior
cost-effectiveness compared to
current treatments.

* Challenges with health insurance

Perform comprehensive health
economic assessments.
Optimize production processes
for cost reduction.

coverage.

GMP, Good Manufacturing Practice; R&D, research and development.

risks. Three-dimensional bioprinting technologies enable fabri-
cation of bilayer constructs where superficial layers contain anti-
microbial agents while deeper layers release pro-angiogenic
factors [193], with stereolithography achieving 10-50 um resolu-
tion for micropatterning adhesive ligands [157]. Patient-specific
hydrogel patches matching individual wound geometries can be
manufactured using 3D scanning of injury sites coupled with
computer-aided design, ensuring optimal contact and drug de-
livery across irregular wound surfaces common in RISI [194].
However, regulatory pathways for such personalized medical
devices remain undefined, requiring individual device approval
that may be logistically infeasible for widespread clinical adop-
tion (Figure 11).

Realizing this vision requires sustained interdisciplinary col-
laboration among materials scientists, radiation oncologists,
dermatologists, regulatory scientists and health economists,
coupled with funding mechanisms supporting translational re-
search bridging the ‘valley of death’ between promising technol-
ogies and clinical products. Establishment of consortia such as
the Radiation Dermatitis Collaborative working group fostering
data sharing, protocol harmonization and multicenter trials will
accelerate the field toward evidence-based precision medicine
for RISI. Early communication with regulatory agencies regard-
ing approval requirements for novel combination products and
personalized devices will facilitate smooth clinical translation
[195]. Ultimately, success will be measured not by technological

sophistication alone, but by demonstrable improvement in
patient-centered outcomes including reduced pain, accelerated
healing, prevention of chronic sequelae and enhanced quality of
life for the millions of cancer survivors affected by RISI.

Summary

Evolving from the first generation of passive dressings that pro-
vide a moist healing environment, through the second genera-
tion of active biomaterials capable of delivering drugs and cells,
to the third generation of systems with intelligent response and
bioprinting capabilities, hydrogel technology has made signifi-
cant progress in RISI management. These advancements enable
hydrogels to target the key pathological mechanisms of RISI, in-
cluding oxidative stress, inflammation, vascular injury and fibro-
sis, thereby promoting more comprehensive tissue repair and
regeneration. Mechanotransduction-based strategies may fur-
ther broaden this toolbox; chemical substrate-enabled piezo-
electric therapy has been reported to integrate antibiofilm
action with macrophage metabolic reprogramming to break
chronic-wound feedback loops, providing an instructive para-
digm for multimodal design [196]. Future hydrogels will focus
more on personalization, with customization based on the
patient’s specific type of injury, severity, genetic background
and healing ability [197], including developing hydrogels that
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can integrate the patient’s autologous cells (such as stem cells),
platelet-rich plasma (PRP) enriched with growth factors or
exosomes to promote more effective tissue regeneration and re-
pair [198].

The development of hydrogels capable of performing multiple
functions simultaneously represents an important trend. For ex-
ample, smart hydrogels that integrate biosensors (for real-time
monitoring of the wound microenvironment’s pH, ROS, glucose
or inflammatory markers), drug delivery (on-demand release of
therapeutic agents), antibacterial and regeneration-promoting
functions represent an extremely considerable development po-
tential [199, 200]. These systems will be able to dynamically ad-
just treatment strategies according to the different stages of
wound healing.

Three-dimensional bioprinting technology will continue to
drive the application of hydrogels in RISI treatment. By precisely
depositing cells and bio-inks, skin substitutes with complex mul-
tilayer structures and vascularization can be constructed to
more accurately simulate the physiological function of natural
skin [201]. Future research will focus on overcoming the

challenges of cell viability, resolution and vascularization in bio-
printing [74]. Exploration and research will place greater empha-
sis on exploring new natural and synthetic polymers with
enhanced mechanical properties, controllable biodegradability,
better biocompatibility and stronger therapeutic effects [202].
At the same time, the milder and more efficient crosslinking
methods will also be developed to maintain the activity and
function of encapsulated cells and bioactive molecules [203].

By combining big data analysis and artificial intelligence,
researchers can better understand the complex pathological
mechanisms of RISI, predict patient responses to specific hydro-
gel treatments and optimize the design and treatment plans of
hydrogels. Additionally, the development of hydrogel dressings
integrated into wearable devices will achieve the goal of remote
and continuous monitoring of the wound healing process, pro-
viding more convenient care for patients and real-time treat-
ment feedback for clinicians [204, 205].

Although hydrogels show great transformative potential in the
treatment of RISI, their clinical translation still faces numerous
challenges, including strict regulatory approval, manufacturing
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scalability, mechanical properties and long-term safety issues, as
well as the need for further accumulation of clinical evidence.
Future development will focus on the integration of personalized
medicine, multifunctional smart hydrogel systems, 3D bioprinting
and tissue engineering, as well as innovations in new biomaterials
and crosslinking technologies. By overcoming these challenges
and fully leveraging emerging technologies, hydrogel materials are
expected to fundamentally transform the clinical management of
RISI, significantly improve patient prognosis and quality of life and
ultimately optimize the overall effectiveness of cancer treatment.
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