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Abstract 

Radiotherapy remains one of the main pillars of cancer treatment and is used in more than half of all 
oncological patients. Despite continuous technological improvements, ionizing radiation inevitably 
causes damage to surrounding healthy tissues, leading to acute and chronic complications affecting 
multiple organs, including the skin, mucosa, heart, lungs, and gastrointestinal tract. Radiation-
induced injuries significantly impair patients’ quality of life, limit therapeutic doses, and represent a 
major unmet clinical challenge. Hydrogels have emerged as a highly promising class of biomaterials 
for the management of radiation-associated tissue damage due to their high water content, tunable 
mechanical properties, biocompatibility, and ability to mimic the extracellular matrix. In recent years, 
significant advances have been made in the design of functional hydrogels, including stimuli-
responsive, injectable, adhesive, and bioactive systems capable of delivering drugs, growth factors, 
antioxidants, or living cells. This review provides a comprehensive overview of radiation-induced 
injuries in different organs and summarizes current strategies employing hydrogel-based systems for 
their treatment. We discuss both therapeutic and preventive applications of hydrogels, highlighting 
their potential to protect healthy tissues, reduce inflammation and fibrosis, and promote tissue 
regeneration.  
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1. Introduction 

Hydrogels are three-dimensional crosslinked networks of hydrophilic polymers that can absorb 
and retain large amounts of water or biological fluids without dissolving, owing to the presence of 
polar functional groups such as –OH, –COOH, –NH₂, –CONH₂ and –SO₃H along the polymer 
backbone [1]. These networks are formed by physical entanglements or chemical covalent bonds 
between polymer chains, resulting in a highly hydrated, porous matrix that closely mimics the 
extracellular matrix of native tissues (Figure 1) [2]. 
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Figure 1. Schematic representation of a three-dimensional crosslinked hydrogel network showing polymer 
chains, crosslinking points, hydrophilic functional groups, water molecules, and hydrated pores. 

The foundational development of synthetic hydrogels dates back to the pioneering work of 
Wichterle and Lím, who introduced crosslinked poly(glycolmethacrylate) for soft-contact-lens 
applications [3]. Since then, hydrogels have evolved into versatile biomaterials with tunable 
physicochemical properties. Their most distinctive feature is the equilibrium water content, which 
frequently exceeds 90% by weight [4] and confers softness, elasticity and high permeability to oxygen, 
nutrients and metabolites. Swelling behaviour is governed by the balance between osmotic forces 
driving water uptake and elastic restoring forces of the crosslinked network; consequently, swelling 
ratio, pore size and mechanical modulus can be precisely modulated by varying polymer 
concentration, crosslink density, hydrophilic/hydrophobic balance or environmental conditions [1]. 
Many hydrogel systems further exhibit stimuli-responsive (smart) characteristics, undergoing 
reversible volume phase transitions in response to changes in pH, temperature, ionic strength or light, 
thereby enabling controlled drug release, cell encapsulation and dynamic tissue-mimetic scaffolds 
[5]. Collectively, these properties render hydrogels uniquely suited for biomedical applications 
ranging from wound dressings and drug-delivery vehicles to regenerative-medicine platforms. 

2. Advantages and Disadvantages of Hydrogels in Wound Treatment, with 
Specific Emphasis on Radiation Wounds 

Hydrogels excel in maintaining a moist wound environment, which promotes keratinocyte 
migration, fibroblast proliferation, autolytic debridement, and re-epithelialization while preventing 
eschar formation. They are non-adherent, reduce pain during dressing changes, provide a cooling 
sensation, permit gas exchange, and absorb moderate exudate without causing periwound 
maceration [6,7]. 

Key disadvantages include limited absorbency in heavily exudative wounds, risking 
maceration, inferior mechanical strength relative to foam dressings, and higher cost than basic gauze 
[8]. Some hydrogels exhibit variable performance in moist desquamation phases or faster 
degradation under ionizing radiation exposure, with isolated reports of no benefit or slight delays in 
healing versus dry approaches in specific contexts [9,10]. Certain natural-based variants may show 
adhesion or reduced durability post-radiation. 

Overall, despite these limitations, the excellent biocompatibility of hydrogels, the ability to tailor 
their properties, and compelling evidence of their effectiveness make them the preferred method of 
wound treatment, emphasizing patient comfort and improved tissue regeneration. Many of these 
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limitations can be effectively minimized through structural modifications, composite formulations, 
crosslinking optimizations, and incorporation of functional additives such as nanoparticles or 
bioactive agents [11,12]. 

3. Hydrogel Classification Based on Their Mechanism of Action in the 
Pathophysiology of Damage 

Hydrogels can be classified according to multiple criteria, reflecting their diverse 
physicochemical properties and synthesis strategies. Common categorizations include source of 
origin (natural, synthetic, or hybrid) [13], cross-linking mechanism (physical versus chemical) [14] 
and responsiveness to external stimuli (e.g., pH-sensitive, temperature-responsive, or redox-
responsive) [1]. These frameworks are widely employed in comprehensive reviews of hydrogel 
design for biomedical applications, particularly in tissue engineering, drug delivery, and general 
wound healing, where emphasis is placed on material composition, mechanical tunability, and 
environmental adaptability. However, in the context of the present review focused on hydrogels for 
healing radiation-injured tissues and organs, we developed a hydrogels classification based on their 
mechanism of action in the pathophysiology of radiation-induced damage which provides a more 
clinically relevant and mechanistically aligned organizational structure. 

3.1. Hydrogels Preventing Oxidative Stress 

Ionizing radiation induces a rapid and sustained overproduction of reactive oxygen species 
(ROS) primarily through water radiolysis and secondary through mitochondrial dysfunction and 
protein misfolding, creating an overwhelming oxidative burden that exceeds endogenous 
antioxidant capacity [15–18]. This excess ROS directly inflicts oxidative damage on essential cellular 
components, including DNA (base modifications, single-strand breaks, and particularly lethal 
double-strand breaks), lipids (peroxidation leading to membrane destabilization), and proteins 
(carbonylation, fragmentation, and loss of function) [19–23]. Such macromolecular lesions disrupt 
genomic stability, mitochondrial energy metabolism, and cellular redox homeostasis, establishing a 
self-amplifying cycle of oxidative injury [16,17,24]. 

Persistently elevated ROS levels further activate redox-sensitive signaling cascades (e.g., MAPK 
pathways) and transcription factors, while upregulating pro-oxidant enzymes such as NADPH 
oxidase, lipoxygenases, cyclooxygenases, and nitric oxide synthase [22,24]. These events drive a 
chronic inflammatory response characterized by persistent cytokine release, immune cell 
recruitment, matrix metalloproteinase activation, extracellular matrix degradation, and fibroblast 
dysfunction [25–27]. The resulting microenvironment impedes timely re-epithelialization, collagen 
organization, and angiogenesis, ultimately manifesting as delayed wound closure, chronic 
ulceration, fibrosis, telangiectasia, and increased risk of carcinogenesis in severe or repeated 
exposures [18,26,28]. 

In response to the radiation-induced ROS → damage → inflammation axis, innovative hydrogel 
platforms have been engineered to intercept and neutralize excessive ROS directly at the injury site. 
These systems transition from passive dressings to active therapeutic interventions by incorporating 
ROS-responsive chemistries and antioxidant payloads, effectively modulating the local 
microenvironment to interrupt the cycle of chronic oxidative stress. Recent advancements in this field 
focus on several strategic approaches to ROS scavenging. One prominent strategy involves the 
integration of natural antioxidants, where hydrogel matrices, such as those based on carbomers or 
sodium alginate, are functionalized with polyphenols and natural acids, including ferulic acid or 
resveratrol [29,30]. These formulations effectively combine the physical benefits of a biocompatible 
matrix with the innate ability of the payload to suppress oxidative stress and neutralize free radicals. 
Parallel to this, more sophisticated catalytic systems have emerged, involving the embedding of 
nanoparticles with multi-enzyme mimetic activities directly into the hydrogel network. Examples 
such as Prussian blue nanoparticles or polydopamine exhibit peroxidase- and catalase-like 
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properties, creating “smart” hydrogels that provide sustained, localized antioxidant defense superior 
to conventional symptomatic treatments [31]. Furthermore, the scope of ROS-responsive designs has 
expanded to include bioactive and cell-derived payloads. In these systems, hydrogels serve as 
carriers for biological mediators, such as ADSC-derived (adipose-derived stem cell) exosomes or 
specific functional proteins like IFI6. Such platforms do not merely scavenge ROS but also target 
downstream immunomodulatory pathways, effectively promoting a metabolic shift from a pro-
inflammatory to a regenerative microenvironment [31,32]. 

3.2. Immunomodulatory Hydrogels 

Radiation-induced wounds are characterized by chronic inflammation, driven by dysregulated 
cytokine profiles and persistent dominance of pro-inflammatory M1 macrophages, which hinder 
tissue regeneration and exacerbate fibrosis [33,34]. In normal wound healing, macrophages play a 
pivotal role, initially polarizing to the M1 phenotype to combat pathogens through secretion of 
reactive oxygen species and pro-inflammatory cytokines such as tumor necrosis factor α (TNF-α), 
interleukin 1β (IL-1β), IL-6, followed by a transition to the anti-inflammatory M2 phenotype that 
promotes resolution of inflammation, angiogenesis, and extracellular matrix remodeling [34–37]. 
However, in radiation burns, this balance is disrupted, with prolonged M1 activation leading to non-
resolving inflammation, impaired phagocytosis, and sustained release of neurotoxic mediators like 
IFN-γ and FasL, perpetuating tissue damage [36–39]. Low-dose ionizing radiation has shown 
potential to modulate this by reducing pro-inflammatory cytokines (e.g., IL-1β, IL-6) and 
upregulating anti-inflammatory ones (e.g., IL-10, transforming growth factor-β1 (TGF-β), IL-4), 
facilitating M1-to-M2 shifts and enhancing neuroprotection [36]. Similarly, targeting pathways like 
Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) or Nuclear Factor kappa-
light-chain-enhancer of activated B cells (NF-κB) can reprogram macrophages toward M2 
dominance, inhibiting fibrosis and boosting natural killer cell activity against tumors [40–42]. 

Immunomodulatory hydrogels offer innovative strategies to restore cytokine balance and 
macrophage polarization in radiation-damaged tissues by providing spatiotemporal control over 
inflammatory microenvironments [43]. These biomaterials mimic extracellular matrices, enabling 
sustained release of bioactive agents that recruit M1 macrophages to exert an antimicrobial effect, 
then promote their phenotypic switch to M2 for regeneration (Figure 2).  

 
Figure 2. Hydrogel-induced macrophage polarization from pro-inflammatory M1 to pro-regenerative M2 
phenotype. The immunomodulatory hydrogel releases bioactive molecules and scavenges ROS, inhibiting NF-
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κB and JAK/STAT pathways associated with M1 polarization while activating STAT3/STAT6 signaling to 
promote M2 markers (IL-10, TGF-β, VEGF, Arg-1). 

For instance, a curcumin@tannic acid nanoparticle-loaded gelatin methacryloyl hydrogel patch 
scavenges ROS chemically, shields against radiation physically via high water content, and drives 
M2 polarization, demonstrating enhanced repair in radiation dermatitis models through anti-
inflammatory and adhesive properties [44]. An all-natural protocatechuic aldehyde-hybridized 
collagen hydrogel exhibits bioadhesive, antibacterial, and ROS-scavenging capabilities, directly 
converting M1 to M2 macrophages without external interventions, accelerating wound healing by 
shortening inflammation [45]. Temporal control is achieved in a zinc-hydroxyapatite nanoparticle-
incorporated protein-alginate hydrogel, where early Ca²⁺ release enhances M1 activity for infection 
control, followed by sustained Zn²⁺ promoting M2-driven osteogenesis and angiogenesis [46].  

Further innovations include DNA-inspired adenine-thymine paired self-healing hydrogels that 
activate STAT3/STAT6 pathways to polarize M1 to M2, fostering wound repair via dynamic Schiff 
base and hydrogen bonding for mechanical resilience [47]. Mechanoresponsive zwiĴerionic 
sulfobetaine methacrylate hydrogels with keratin-exfoliated MoS₂ and phenytoin-loaded bee-wax 
nanoparticles respond to force by enhancing M2 polarization, proliferation, and antibacterial effects, 
addressing wounds through antifouling and adhesive features [48]. Catalyst-mediated 
acylhydrazone-crosslinked lysozyme-PEG hydrogels decouple viscoelasticity from equilibrium, 
activating JAK/STAT to suppress M1 markers (CD86, IL-1β) while upregulating M2 (CD204, VEGF) 
for improved healing [41]. Quercetin-solid lipid nanoparticle-embedded hyaluronic acid hydrogels 
inhibit M1 and elevate M2 polarization in vitro and in vivo, promoting osteogenesis by modulating 
inflammatory cytokines in bone immunomodulation [49]. These hydrogels innovatively integrate 
natural-derived components for biocompatibility, offering targeted immunomodulation to mitigate 
radiation-induced chronic inflammation and restore tissue homeostasis. 

3.3. Proangiogenic Hydrogels 

In the pathophysiology of radiation-induced tissue damage, ionizing radiation directly injures 
the vasculature, provoking endothelial cell detachment, apoptosis, and loss of key markers such as 
vascular endothelial cadherin and endothelial nitric oxide synthase (eNOS). These changes culminate 
in reduced capillary density, microvascular regression, and persistent ischemia that markedly delay 
regeneration and compromise wound healing [50–52]. Radiation further disrupts physiological 
angiogenesis by decreasing the expression of vascular endothelial growth factor (VEGF), 
angiopoietin-1, and Tie-2 while increasing angiopoietin-2 expression, collectively limiting endothelial 
proliferation and sprouting [53], while suppressing VEGFA and eNOS [51]. Compensatory responses 
such as elevated VEGF and HIF-1α expression may occur in normal tissue exposed to radiation, 
potentially accelerating repair, yet therapeutic regimens often reduce serum angiogenic cytokines 
and favor fibrosis [54–56]. Low-dose irradiation, however, can paradoxically promote 
neovascularization in ischemic limbs through mast-cell-derived VEGF release in a matrix 
metalloproteinase-9-dependent manner, underscoring VEGF’s pivotal role in orchestrating vascular 
regeneration [57]. Collectively, these processes highlight that angiogenesis constitutes the 
indispensable biological link between restored perfusion and successful tissue repair following 
radiation injury [58]. 

Targeted delivery of growth factors, above all VEGF, represents a cornerstone strategy to 
overcome radiation-induced vascular deficits. Hydrogels excel in this context as injectable or 
printable depots that provide localized, sustained VEGF presentation, function as tunable controlled-
release systems, and replicate the extracellular matrix architecture to guide endothelial cell migration, 
tube formation, and neovessel maturation. Several innovative proangiogenic hydrogel platforms 
have been engineered to harness these properties. A composite hydrogel comprising human 
umbilical cord blood-derived mesenchymal stromal cells and porcine small intestinal submucosa 
promotes healing in radiation-wound models by amplifying angiogenic factor secretion from the 
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stromal cells, particularly hepatocyte growth factor, which in turn recruits damaged endothelial cells 
and drives neovascularization [59]. A photo-crosslinked methacrylate hyaluronic acid hydrogel 
covalently functionalized with a prominin-1-binding peptide forms in situ under brief ultraviolet 
exposure. The tethered peptide markedly enhances VEGF recruitment, endothelial tubular 
formation, and cell migration in vitro, while in vivo studies in burn and excisional wounds 
demonstrate robust neovascularization and accelerated closure via VEGF-Akt pathway activation 
[60]. Cryogenically 3D-printed scaffolds integrating decellularized small intestinal submucosa, 
mesoporous bioactive glass, and exosome cargo enable prolonged exosome release that elevates local 
VEGF production, expands CD31-positive vessel area, augments blood perfusion, and stimulates 
angiogenesis, resulting in faster closure of full-thickness wounds [61]. Light-responsive 3D-printed 
hydrogel patches incorporating VEGF-decorated tetrapodal zinc oxide microparticles achieve on-
demand VEGF release upon UV/visible-light activation while exerting antibacterial activity. These 
patches display low cytotoxicity, minimal immunogenicity, and improved wound closure in vivo 
[62]. A gelatin-methacrylate/dopamine-methacrylate hydrogel crosslinked with Zn²⁺ ions via metal 
coordination provides sustained zinc release together with potent antibacterial action. The composite 
accelerates infected wound resolution by enhancing vascularization, collagen deposition, and dermal 
regeneration [63]. Finally, a hierarchically structured DNA hydrogel (Agilegel) exploits covalent, 
base-pair and pore-level interactions to achieve sequential release of VEGF-α, silver nanoclusters, 
and IL-10. The initial VEGF-α wave directly stimulates endothelial proliferation, angiogenesis, and 
extracellular matrix assembly, thereby promoting rapid neovascularization and closure of wounds 
while simultaneously addressing infection and oxidative stress [64]. 

3.4. Hydrogels Promoting Regeneration and Remodeling 

Biomimetic hydrogels are engineered to replicate the native extracellular matrix (ECM) 
architecture and mechanics, facilitating integrin-mediated focal adhesions that are essential for 
guiding cell migration and mechanotransduction. These matrices offer a compliant, porous 
microenvironment that helps restore cytoskeletal dynamics and paxillin-rich adhesions, which are 
typically impaired in irradiated cells [65]. Beyond structural support, regenerative hydrogels are 
designed to modulate the immune microenvironment, specifically promoting macrophage 
polarization toward pro-regenerative M2 phenotypes, a transition crucial for the secretion of factors 
that support angiogenesis and physiological collagen remodeling [66]. 

Within this therapeutic framework, several specialized strategies have emerged to enhance the 
regenerative potential of these scaffolds. One prominent approach involves the development of ECM-
derived systems, where hydrogels incorporating components like decellularized dermal matrices, 
keratin, or fibronectin directly supply missing matrix proteins and growth-factor binding sites to the 
damaged tissue [67]. This structural mimicry is often complemented by the use of functionalized 
dynamic carriers, where the incorporation of cells or cell-derived exosomes adds a layer of paracrine 
signaling. These carriers significantly prolong the retention of pro-regenerative cargo, such as miR-
221-3p, at the injury site, thereby sustaining the delivery of signals that enhance fibroblast migration 
and keratinocyte epithelialization [67,68]. 

Furthermore, the field has seen the rise of innovative multifunctional synthetic designs, 
including self-assembling heparin-mimetic peptides and gene-engineered Janus polypeptides. The 
platforms integrate ECM mimicry with advanced features such as ROS scavenging, on-demand 
oxygenation, and mechanical tension relief to further optimize the biological performance of the graft 
[69]. By integrating these diverse features, regenerative hydrogels effectively address both the 
structural deficits and the dysregulated cellular crosstalk characteristic of damaged tissues, 
orchestrating a comprehensive transition from chronic inflammation to orchestrated tissue repair. 
Building on these mechanistic foundations, the subsequent sections review the therapeutic 
application of hydrogels in radiation-induced injuries across various tissues and organ systems. We 
first focus on cutaneous and mucosal damage, which represent the most common and clinically 
visible manifestations of radiation toxicity, and then discuss hydrogel-based approaches developed 
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for the internal organs commonly compromised during radiotherapy, namely the gastrointestinal 
tract, lungs, heart, and bone. 

4. Hydrogel-Based Strategies in the Treatment of Radiation-Induced Injuries 
Across Different Tissues and Organ Systems 

4.1. Skin 

Despite its many advantages, radiotherapy, which is often the basis for cancer treatment and is 
used in approximately 50–60% of all cancer patients [70], can cause radiation dermatitis. These 
reactions occur in approximately 85% of treated patients and can vary in intensity, from mild 
erythema and skin peeling to ulceration [71]. Such radiation-induced skin injuries (RISI) represent a 
significant problem during and after radiotherapy treatment [12]. The skin is highly susceptible to 
damage caused by ionizing radiation due to its constant renewal and the presence of rapidly 
multiplying and differentiating cells [72]. Hydrogels offer targeted benefits in dealing with the 
adverse effects of radiotherapy by neutralizing ROS, modulating inflammatory responses, 
supporting vascular regeneration, and serving as carriers for antioxidants, antimicrobials, or growth 
factors [12,73]. Multifunctional formulations demonstrate accelerated closure, higher healing rates, 
reduced pain, and lower infection risk compared to conventional dry dressings in radiation-damaged 
tissues [11] (Figure 3). 

 
Figure 3. Schematic representation of hydrogel action in a post-radiotherapy wound. The illustration shows a 
cross-section of skin with hydrogel applied on the wound. 

A strategy involving the prior elimination of reactive oxygen species followed by tissue repair 
is of significant importance in the treatment of skin wounds caused by ionizing radiation [74]. Hence, 
effective treatment requires increasing the antioxidant capacity of the skin and preventing cell aging 
[75]. In the treatment of irregular wounds, injectable hydrogels offer many advantages [30]. A 
carbomer-based ferulic acid (FA) hydrogel markedly accelerates RISI recovery by suppressing 
oxidative stress, reducing inflammation, and inactivating the NLRP3 inflammasome at both in vitro 
and in vivo levels, where multiple FA concentrations promote collagen deposition, tissue 
reconstruction, and normalization of skin blood flow [29]. Similarly, an IFI6-functionalized hydrogel 
incorporating polydopamine and sodium alginate combines excellent ROS scavenging, bioadhesion, 
and antibacterial properties with targeted activation of the SSBP1/HSF1 signaling axis, which reduces 
ROS accumulation, improves the immune microenvironment, and stimulates fibroblast proliferation 
and vascularization [31]. Further innovation is seen in dual-network photocrosslinkable hydrogels 
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(PHF@Res) embedding polyvinylpyrollidone-modified Prussian blue nanoparticles and resveratrol, 
which exhibit broad free-radical scavenging 2-diphenyl-1-picrylhydrazyl and 2,2’-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid) together with peroxidase- and catalase-mimetic activities to 
support fibroblast migration and promote limb regeneration [30]. Beyond skin-specific applications, 
adipose-derived stem cell exosomes delivered via biocompatible carriers alleviate RISI by aĴenuating 
oxidative stress, modulating macrophage polarization, and inhibiting apoptosis or pyroptosis [32]. 

The therapeutic potential of regenerative hydrogels is further evidenced by acellular dermal 
matrix hydrogels prepared from porcine dermis, which significantly accelerate healing by decreasing 
wound area and radiation-injury scores, increasing epithelial thickness and hair-follicle regeneration, 
and shifting macrophages to IL-10-high M2 cells while down-regulating IL-1β and IL-6 [76]. 
Decellularized porcine dermal hydrogels similarly rescue radiation-induced capsule fibrosis, 
normalize tissue architecture, and support adipogenesis without enhancing unwanted fibroblast 
infiltration [77]. Human-adipose-ECM hydrogels further alleviate late fibrosis by driving endothelial-
cell-mediated M2 polarization [78]. Additionally, keratin-based hydrogels derived from hair promote 
post-radiation wound closure by enhancing fibroblast proliferation and ordered collagen deposition, 
while topical fibronectin augments angiogenesis and reduces inflammatory infiltrate when delivered 
in supportive matrices [79,80]. Advanced multifunctional platforms, such as the gene-engineered 
Janus polypeptide hydrogel, combine bacterial-clearance and on-demand oxygenation modules with 
RGD motifs that relieve mechanical tension, yielding near-complete (98.83%) wound closure by day 
21 and an eight-fold increase in dermal appendages [81]. 

The use of polyphenols like epigallocatechin gallate (EGCG) is also crucial, as this compound 
removes superoxide anions, hydroxyl radicals, and hydrogen peroxide while protecting DNA and 
inhibiting the proteasome, a key regulator of inflammation that controls cytokines such as IL-1β, IL-
6, IL-8, and TNFα [82,83]. To overcome challenges of direct spraying, a hydrogel composed of 
chitosan and gelatin grafted with photosensitive methacrylic anhydride was developed to deliver 
EGCG via minimally invasive injection, enhancing the expression of genes related to angiogenesis 
[84]. Tannic acid is another antioxidant used in hydrogels containing N-acryloyl glycinamide and N-
hydroxyethyl acrylamide, which exhibit self-healing capabilities and mechanical stability, often 
incorporating live Lactobacillus reuteri strains to respond to the wound microenvironment [74,85]. 
Other formulations include caffeoyl chitosan and boronic acid-grafted gelatin methacrylate for 
radiation burns, which strengthen the expression of CD31 [86], as well as interpenetrating networks 
made of gelatin grafted with dopamine and curcumin-containing nanoparticles for real-time drug 
tracking [11]. Flavonoids like baicalin, delivered via temperature-sensitive liposome systems, and 
dihydromyricetin nanocapsules also show efficacy in protecting against DNA damage [87–89]. 
Finally, phycocyanin-based copper sulfide nanoparticles encapsulated in alginate microspheres 
demonstrate antibacterial properties and accelerate epidermal regeneration [90], while topical gels 
with 10% hesperetin protect animal skin from UVA-UVB damage without causing erythema or lipid 
peroxidation [91]. Collectively, these interventions counteract hypoxia-driven myofibroblast 
persistence and TGF-β1/Smad-mediated ECM overproduction, restoring the regenerative cascade in 
radiation-damaged skin [92,93]. 

4.2. Mucosa 

Radiation-induced oral mucositis (RIOM) represents one of the most debilitating complications 
in patients undergoing radiotherapy for head and neck cancers. The condition arises from the direct 
DNA damage of basal epithelial cells and the subsequent generation of reactive oxygen species, 
which trigger complex inflammatory cascades involving NF-κB, TNF-α, and various interleukins 
[94]. This process leads to mucosal atrophy, ulceration, and severe pain, often necessitating treatment 
interruptions and compromising the patient’s nutritional status. A significant therapeutic challenge 
in managing RIOM lies in overcoming the suboptimal retention of drug delivery systems within the 
highly dynamic and moist environment of the oral cavity [95]. Continuous saliva secretion and 
mechanical movements of tissues associated with speaking, chewing, and swallowing lead to rapid 
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washout of conventional formulations, such as rinses or sprays, preventing the maintenance of 
therapeutic concentrations of active substances at the ulcer site. Therefore, a key issue is the 
development of carriers with high wet adhesion, capable of stable binding to mucin present in the 
mucus. The choice of materials is of particular importance here. For instance, positively charged 
natural polymers, such as chitosan (often cross-linked with genipin to improve bioavailability), 
demonstrate the ability to interact strongly with negatively charged sialic acid residues in mucin [96]. 
This electrostatic matching significantly extends the residence time of the therapeutic load on the 
moist surfaces of the oral cavity. Another example are hydrogels functionalized with catechol groups, 
inspired by the chemistry of marine organisms [97]. The catechol groups mediate strong mucosal 
tissue binding through mechanisms such as hydrogen bonding, electrostatic interactions, Michael 
addition reactions, or Schiff base formation [98,99]. 

Radiotherapy not only damage the body’s physical barriers, such as skin and mucosal tissues, 
but also induce systemic immunosuppression, which makes these tissues highly susceptible to 
bacterial infections [11,100,101]. These infections, particularly those caused by drug-resistant 
pathogens such as Pseudomonas aeruginosa or methicillin-resistant Staphylococcus aureus (MRSA), 
significantly exacerbate inflammation, delay healing processes, and can lead to deep tissue necrosis 
[101]. Consequently, effective infection control is one of the greatest challenges in the clinical 
management of radiation-induced wounds and oral mucositis. Although hydrogels represent a 
promising platform for supporting tissue regeneration, traditional dressings of this type often lack 
sufficient antimicrobial properties, which in some cases could promote the formation of protective 
bacterial biofilms on the wound surface, preventing antibiotic penetration [11]. To overcome this 
limitation, contemporary research focuses on designing multifunctional hydrogels that actively 
combat bacterial colonization by incorporating specific antibacterial agents or modifying the 
hydrogel matrix itself. One leading approach involves local delivery of broad-spectrum antibiotics, 
such as minocycline hydrochloride, embedded within hydrogels responsive to wound-environment 
stimuli [100]. In the context of oral mucositis treatment, it has been shown that hydrogels releasing 
minocycline in response to elevated reactive oxygen species levels are highly effective at inhibiting 
the growth of both Gram-positive and Gram-negative bacteria, including Escherichia coli and MRSA 
[100]. This intelligent, sustained drug release prevents secondary infections and synergistically 
mitigates inflammatory responses, actively supporting the regeneration of damaged tissues and 
breaking the vicious cycle of oxidative stress and inflammation. Concurrently, researchers are 
exploring the use of natural plant extracts, such as baicalin, which exhibit strong antibacterial activity 
against drug-resistant strains while presenting a low risk of inducing microbial resistance [101]. 
Integration of baicalin with positively charged polymeric hydrogel matrices generates a synergistic 
bactericidal effect, where cationic polymer segments disrupt the negatively charged bacterial cell 
membranes, drastically reducing bacterial populations within irradiated wounds [101]. Furthermore, 
innovative strategies include the use of materials with inherent antibacterial properties, such as 
chitosan or graphene oxide polymers, as well as incorporation of metal nanoparticles, significantly 
expanding the repertoire of modern infection-resistant dressings [11,96,101]. 

Multifunctional hydrogels can actively participate in therapy also by scavenging ROS and 
enabling targeted drug release [100]. An example of an advanced solution is the QTMP-Gel, based 
on the dynamic crosslinking of quaternized chitosan with tannic acid. This hydrogel exhibits strong 
adhesion to moist mucosal tissues, resulting from the formation of numerous hydrogen bonds and 
dynamic cationic interactions between polymer chains and the negatively charged mucosal surface 
[100,102]. The material exploits the oxidation sensitivity of the catechol structures in tannic acid, 
allowing controlled degradation of the polymer network in the presence of high ROS concentrations 
and intelligent release of active substances directly at the site of inflammation. The effectiveness of 
such systems is enhanced by incorporating components with catalytic and anti-inflammatory 
properties. Platinum nanoparticles embedded in the hydrogel matrix exhibit enzyme-mimicking 
activity, similar to natural enzymes such as superoxide dismutase and catalase, enabling continuous 
decomposition of harmful superoxide anions and hydrogen peroxide into safe water and oxygen 
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[100]. Another innovative approach involves the rearrangement of cholesterol micelles in the 
EPBA@PC-HD hydrogel, which allows water displacement from the tissue interface and achieves 
stable mucosal adhesion [98]. 

Complementing these strategies are composite G-PVA hydrogels containing core-shell 
microgels, enabling simultaneous delivery of lidocaine for pain relief and epidermal growth factor to 
stimulate tissue repair [99]. Aggregated research results indicate that such designed biomaterial 
platforms significantly accelerate regeneration, reducing the ulcerated area by more than half [102]. 
Supporting the repair processes are systems like PFP-BA@Gel, which, due to the presence of 
ferrocenyl groups, provide long-lasting antioxidant activity and effectively eliminate drug-resistant 
Pseudomonas aeruginosa bacteria [101]. Equally important for restoring tissue homeostasis are 
biomimetic hydrogels such as oCP@As, which, through the release of acetylsalicylic acid, stimulate 
RAD51 protein expression, directly supporting the repair of DNA double-strand breaks [103]. The 
development of these dual and responsive systems represents a significant breakthrough, offering 
the potential to avoid interruptions in radiotherapy and substantially improve the quality of life for 
oncology patients by effectively interrupting the pathological cycle of damage and supporting the 
body’s natural regenerative mechanisms [101,103]. 

The ability to simultaneously relieve pain and stimulate epithelial regeneration is realized in 
composite hydrogels based on hyaluronic acid and polyvinyl alcohol, where the incorporation of 
core-shell microgels allows spatial and temporal separation of lidocaine and growth factor release, 
such as EGF [98,99]. The use of minocycline hydrochloride provides a synergistic antibacterial and 
anti-inflammatory effect by inhibiting the activity of bacteria such as Escherichia coli and MRSA, as 
well as reducing matrix metalloproteinase activity [100]. In the context of regenerating deeper 
injuries, studies highlight the benefits of hierarchical therapeutic strategies that combine immediate 
ROS scavenging by tannic acid with subsequent release of bioactive probiotics, such as Lactobacillus 
reuteri [74]. This system, designated Gel/LT, exploits the pH sensitivity of a polyphenol-metal coating 
in the wound bed, enabling sequential action: first, elimination of more than 93% of free radicals and 
inhibition of tissue necrosis, followed by stimulation of angiogenesis and collagen regeneration [74]. 

In advanced stages of damage where fibrosis dominates, a key strategy is the use of 
mesenchymal stem cells (MSCs) embedded in hydrogel scaffolds. Materials such as hyaluronic acid 
or silanized hydroxypropyl methylcellulose isolate MSCs from the aggressive inflammatory 
environment, providing them with conditions for survival and the secretion of growth factors [104–
106]. In the context of radiation-induced mucosal damage (including oral mucositis, esophageal 
injury, and intestinal or colorectal damage) MSCs encapsulated in hydrogels have proven highly 
effective by improving cell survival, retention, paracrine activity, and targeted delivery [107]. A 
fundamental mechanism behind this efficacy is the modulation of the immune microenvironment. 
Several studies directly demonstrate that MSCs delivered in hydrogels inhibit pro-inflammatory M1 
macrophages (CD68 markers) and promote reparative M2 phenotypes [106,108]. Specifically, in vivo 
evidence shows that hydrogel-encapsulated MSCs reduce the presence of M1 macrophages while 
increasing the population of M2 macrophages [108]. For instance, the use of YIGSR/RGD hydrogels 
in combination with MSCs has been shown to significantly increase the infiltration of CD206 
macrophages while simultaneously decreasing CD68 infiltration [106,109]. Due to the appropriate 
porosity and bioactive properties of the scaffolds, these cells further stimulate angiogenesis and the 
regeneration of basal epithelial cells. Ultimately, these synergistic effects result in the restoration of 
organ functionality and the prevention of irreversible tissue scarring [105,106]. 

4.3. Gastrointestinal Tract 

Irradiation of abdomino-pelvic malignancies can result in both acute and chronic damage to 
organs of the gastrointestinal tract. These injuries arise from direct interactions of ionizing radiation 
with cellular macromolecules, as well as indirect effects mediated by reactive oxygen species, leading 
to DNA and RNA damage, altered gene expression, protein modification, cellular senescence, and 
genomic instability [24,110,111]. The gastrointestinal tract is one of the most radiosensitive organs. 
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This high sensitivity arises from the rapid turnover of epithelial stem cells located at the base of 
intestinal crypts. Reactive oxygen species generated by ionizing radiation trigger crypt cell apoptosis 
and compromise epithelial barrier integrity, resulting in increased mucosal permeability, nutrient 
and fluid loss, and bacterial translocation, which collectively amplify local inflammation [112]. The 
persistent inflammatory milieu, together with stem cell depletion and ischemic conditions, ultimately 
impairs tissue repair and may lead to chronic pathological outcomes such as ulceration, fibrosis, or 
fistula formation [113]. 

One promising approach to reducing radiation toxicity is the physical separation of target tissues 
from adjacent organs at risk. Hydrogels have emerged as particularly aĴractive materials for this 
purpose. Due to their biocompatibility and tissue-like radiological properties, hydrogels can absorb 
radiation in a manner similar to normal tissues. When implanted between the tumor and 
radiosensitive structures, they effectively reduce the radiation dose delivered to healthy organs. 
Experimental and clinical studies have demonstrated that hydrogel spacers can decrease radiation 
exposure to salivary glands in head and neck cancer [114,115], to the rectum in prostate cancer [116], 
and to the duodenum in pancreatic cancer [117], with associated improvements in gastrointestinal 
symptoms following radiotherapy [118,119]. By reducing radiation exposure to organs at risk, they 
enable dose escalation, hypofractionation, and potentially beĴer tumor control. 

The most extensive clinical experience with hydrogel spacers has been gained in prostate cancer. 
Since its approval by the US Food and Drug Administration, the SpaceOAR system has been widely 
adopted in radiotherapy protocols. This biodegradable polyethylene glycol (PEG) hydrogel creates a 
temporary space between the prostate and rectum, thereby reducing radiation exposure to the 
anterior rectal wall [120]. Clinical studies have shown that hydrogel implantation can achieve several 
millimeters of separation, leading to significant reductions in rectal dose parameters and lower rates 
of acute and late gastrointestinal toxicity [121–124]. These dosimetric benefits have been observed 
across different radiotherapy modalities, including external beam radiotherapy, stereotactic body 
radiotherapy (SBRT), and brachytherapy. In prostate brachytherapy, both hydrogel and balloon 
spacers have been reported to reduce rectal dose metrics by approximately 15–50%, accompanied by 
a marked decrease in clinically significant gastrointestinal toxicity. Similar dose-sparing effects have 
been documented in gynecological cancers, where spacer balloons or injectable gels reduced 
radiation exposure to the bladder and rectum without compromising tumor coverage. Overall, spacer 
use has been associated with fewer late complications and improved patient-reported quality of life 
[125]. In the context of high-dose SBRT, hydrogel spacer placement significantly reduced the 
incidence of rectal ulcers [126]. Among the biomaterials evaluated for this purpose, PEG-based 
hydrogels have gained preference over earlier materials such as hyaluronic acid or collagen, as PEG 
hydrogels tend to maintain their volume and structural integrity for longer periods under irradiation 
[127–129]. Hydrogel-based spacing has also been explored in pancreatic cancer, where 
gastrointestinal toxicity remains a major limiting factor for dose escalation. It has been demonstrated 
that endoscopic ultrasound-guided injection of PEG hydrogel is feasible and increases the distance 
between the pancreatic head and the duodenum. The hydrogel is clearly visible on imaging and 
undergoes gradual resorption within a few months, providing a suitable temporal window for 
radiotherapy [130]. Similarly, computed tommography-guided or endoscopic hydrodissection 
techniques have been proposed to allow higher radiation doses in pancreatic adenocarcinoma by 
physically separating the tumor from adjacent gastrointestinal structures, potentially improving 
treatment outcomes without the need for surgically implanted spacers [131]. Despite their 
advantages, traditional preshaped hydrogels often require surgical implantation, whereas injectable 
hydrogels offer minimally invasive delivery but may carry risks such as inflammation or material 
displacement [132]. To address these limitations, ongoing research focuses on improving hydrogel 
formulations by incorporating anti-inflammatory agents or using alternative cross-linking strategies. 
Examples include photo-cross-linkable hydrogels that modulate hypoxia-related pathways [133], 
drug-loaded hydrogels for targeted anti-inflammatory therapy [134–137], and multimodal injectable 
hydrogels with enhanced imaging visibility [138].  
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While hydrogel spacers primarily function as physical barriers to reduce radiation-induced 
damage, their clinical implementation does not fully eliminate late tissue toxicity, particularly in 
radiosensitive organs such as the gastrointestinal tract. Thus, beyond strategies aimed at dose 
optimization and organ protection, there remains a critical need for therapeutic approaches capable 
of actively promoting tissue repair and regeneration after radiation injury. 

In this regenerative context, hydrogels have gained increasing aĴention as bioactive scaffolding 
platforms designed to support localized cell delivery and tissue reconstruction. Beyond serving as 
passive matrices, they may actively modulate the post-irradiation niche by enhancing cell retention, 
protecting transplanted cells from inflammatory stress, and enabling sustained paracrine signaling. 
Such properties are particularly relevant for cell-based regenerative strategies, including those 
employing mesenchymal stromal cells [139]. Hydrogels can serve as supportive platforms for 
localized cell delivery as their high-water content and structural similarity to the extracellular matrix 
allow them to provide a permissive microenvironment for cell survival and function [140]. Moreover, 
their injectability and in situ crosslinking properties enable minimally invasive administration and 
spatially controlled delivery at the site of injury. A notable example is the silanized 
hydroxypropylmethyl cellulose (Si-HPMC) hydrogel, developed as an injectable scaffold for MSC 
encapsulation and colonoscopic delivery [104]. In a rat model of radiation-induced colonic injury, 
local administration of adipose-derived MSCs embedded in Si-HPMC resulted in improved epithelial 
architecture and reduced hyperpermeability compared to systemic or non-encapsulated cell delivery. 
Nevertheless, even when delivered locally, MSC survival remains challenged by the hostile post-
irradiation microenvironment characterized by hypoxia, oxidative stress, and persistent 
inflammation. To further enhance therapeutic outcomes, combined approaches integrating matrix-
mimetic molecules have been proposed. In this context, Moussa et al. demonstrated that conditioning 
the injured tissue with heparan sulfate mimetics, aimed at restoring extracellular matrix organization 
and growth factor signaling, in combination with hydrogel-protected MSC delivery, significantly 
improved tissue regeneration in two relevant animal models [141]. This strategy led to a marked 
reduction in injury scores and promoted epithelial repair, supporting the concept that engineered 
biomaterial niches can actively modulate the regenerative microenvironment and potentiate cell-
based therapies. 

Beyond cell therapy, hydrogels have also been explored as vehicles for localized delivery of 
bioactive compounds to mitigate radiation-induced gastrointestinal toxicity. Radiation-induced 
proctitis (RIP), a common adverse effect in patients treated for pelvic cancers, exemplifies a condition 
where local inflammation, oxidative stress, and impaired mucosal healing converge. Semi-synthetic 
glycosaminoglycans derived from hyaluronic acid exhibit anti-inflammatory and tissue-protective 
properties but suffer from limited tissue penetration. To address this, Jensen et al. developed an in 
situ gelling rectal delivery system based on silk-elastin-like protein polymers, enabling sustained 
release and enhanced local accumulation of glycosaminoglycans in rectal tissue [142]. This system 
simultaneously targeted multiple pathological mechanisms underlying RIP, including reactive 
oxygen species scavenging, cytokine modulation, and epithelial regeneration, illustrating the 
therapeutic versatility of hydrogel-based platforms. 

Polysaccharide-based hydrogels represent another class of biomaterials with significant 
translational potential due to their intrinsic biocompatibility, biodegradability, and mucoadhesive 
properties. Chemically modified Moringa oleifera gum, for example, has been combined with 
chitosan or synthetic polymers to produce hydrogel systems exhibiting prolonged mucosal retention 
and sustained release behavior [143,144]. Radiation-induced grafting of vinyl monomers onto 
moringa gum further yielded hydrogels characterized by antioxidant activity and controlled release 
profiles without an initial burst effect [145]. Although originally developed for conventional 
gastrointestinal drug delivery, such properties suggest that these materials could also serve as 
adaptable carriers for therapeutic agents aimed at alleviating radiation-induced intestinal damage. 

More advanced regenerative strategies have employed synthetic hydrogels as delivery vehicles 
for complex biological constructs. Cruz-Acuña et al. demonstrated that an engineered PEG-based 
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hydrogel (PEG-4MAL) could effectively deliver human intestinal organoids to colonic wounds, 
significantly enhancing mucosal repair compared to organoids or hydrogel alone [146]. This work 
provided proof-of-concept that synthetic hydrogels can support localized engraftment of tissue-
engineered constructs and promote functional tissue regeneration in vivo. 

Hydrogel platforms have also been applied to microbiota-based interventions. Fecal microbiota 
transplantation and probiotic therapies have shown potential in mitigating radiation-induced bowel 
injury, yet their clinical application is limited by poor microbial viability and safety concerns. Gu et 
al. addressed these challenges by encapsulating Lactobacillus rhamnosus GG in a chitosan-based 
hydrogel system, which protected bacterial viability and enhanced epithelial barrier function while 
reducing inflammatory cytokine levels in irradiated models [147]. This approach underscores the 
capacity of hydrogel systems to act not only as passive carriers, but also as active modulators of the 
intestinal microenvironment (Figure 4). 

Finally, recent developments in injectable and stimuli-responsive hydrogels further expand their 
therapeutic relevance. Next-generation injectable systems enable minimally invasive delivery and 
can be engineered to incorporate anti-inflammatory or bioactive components [132]. Examples include 
photo-crosslinkable hydrogels that restore hypoxia-related signaling pathways [133], pectin-based 
systems for colon-targeted drug delivery [134], and tannic acid-crosslinked hydrogels with intrinsic 
anti-inflammatory properties [135]. Collectively, these advances highlight the growing potential of 
engineered hydrogel systems as multifunctional platforms for the localized treatment of radiation-
induced gastrointestinal injury [110].  

 

Figure 4. Hydrogel-based strategies for mitigating radiation-induced gastrointestinal damage. The schematic 
summarizes the dual approach of hydrogel technology: radiation protection via anatomical displacement (spacer 
hydrogels) and therapeutic intervention via advanced delivery systems. These systems facilitate the delivery of 
MSCs, bioactive molecules, and probiotics to repair the irradiated epithelial layer and mitigate the symptoms of 
radiation-induced proctitis. 

4.4. Lungs 

Radiation-induced lung injury (RILI) results from a cascade of damage initiated by ionizing 
radiation in alveolar and endothelial cells, leading to oxidative stress, inflammation, and fibrotic 
remodeling of the lung. RILI is the most common non-malignant complication of radiation therapy 
for thoracic malignancies. According to Global Cancer Statistics cancer incidence estimates 
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(GLOBOCAN 2020), breast cancer, lung cancer, and esophageal cancer rank first, second, and seventh 
worldwide. More than 80% of these patients undergo thoracic radiotherapy, and about 30% 
(approximately 1.4 million) develop RILI [148]. RILI is a major dose-limiting factor in the treatment 
of thoracic malignancies. To reduce the risk and severity of RILI, the treatment plans are modified by 
narrowing the irradiation field or lowering the radiation dose. However, this could adversely affect 
local tumor control rates. The prognosis of patients with RILI is often poor, with a median survival 
time of less than 3 years [149]. Therefore, developing new strategies to prevent, delay, or halt the 
development of RILI is essential to improve tumor control, overall survival, and maintain the quality 
of life of patients receiving thoracic radiotherapy. 

The pathology of RILI was originally described in 1925 by Evans who classified acute RILI as 
radiation pneumonitis and chronic RILI as radiation pulmonary fibrosis [150]. The early, acute phase 
typically occurs within the first six months after radiotherapy and is characterized by an 
inflammatory response in the pulmonary tissue. The late phase generally develops beyond six 
months post-irradiation and is defined by irreversible fibrotic remodeling, excessive extracellular 
matrix deposition, and permanent scarring of the lung parenchyma. Radiotherapy damages normal 
cells by both direct and indirect means. As a direct effect of ionizing radiation on lung tissue, nuclear 
and mitochondrial DNA damage and the generation of reactive oxygen and nitrogen species are 
described [151]. Such damage initiates multidimensional DNA damage responses within hours and 
leads mainly to a transient arrest of the cell cycle [152]. In case of low damage, the transient cell cycle 
arrest allows for DNA repair and cell recovery. However, if damage is too significant for repair, cells 
might undergo permanent cell cycle arrest and enter a senescent state or undergo acute or delayed 
forms of cell death. ROS are generated in various lung cell types, including endothelial cells, 
neutrophils, eosinophils, alveolar macrophages, and alveolar epithelial cells [153]. Excessive ROS 
production results in oxidative stress, which damages endothelial cells, disrupts the integrity of 
intercellular junctions, and increases vascular permeability, thereby facilitating the transmigration of 
leukocytes into lung tissue. At the molecular level, DNA damage and oxidative stress activate 
numerous signaling pathways, most notably the NF-κB signaling pathway, as well as pro-
inflammatory mediators such as TGF-β, IL-1 and platelet-derived growth factor [154]. Persistent 
activation of these pathways promotes the transition from the inflammatory phase to fibrotic 
remodeling. ROS and inflammatory mediators can induce epithelial-to-mesenchymal transition 
(EMT) in alveolar epithelial cells and stimulate the proliferation of fibroblasts as well as their 
differentiation into myofibroblasts. Myofibroblasts produce large amounts of ECM components, 
including collagen and fibronectin, leading to excessive ECM deposition and lung tissue remodeling 
[155]. Simultaneously, TGF-β overexpression increases the levels of protease inhibitors, thereby 
limiting ECM degradation and promoting its accumulation [156]. Consequently, progressive fibrosis 
of the alveolar septa occurs, accompanied by thickening and stiffening of the lung parenchyma, 
reduction of alveolar spaces, and impaired gas exchange. Progressive remodeling of lung architecture 
ultimately leads to reduced respiratory capacity and loss of lung function [150]. 

Zhao et al. proposed the use of hydrogel as a radiation barrier in brachytherapy [157]. They 
engineered a composite hydrogel by self-assembling nickel nanoparticles on the surface of liquid 
metal particles and embedding them into an injectable hydrogel matrix. Results revealed that the 
hydrogel effectively protected surrounding healthy tissues from damage. At the same time, the 
embedded magnetic nanoparticles generated heat when exposed to a magnetic field, enabling 
controlled magnetic hyperthermia that can enhance the therapeutic efficacy against tumor cells.  

In recent years, some research tested the use of hydrogels as materials supporting the protection 
and regeneration of lung tissue in the context of RILI. Zhou et al. demonstrated that lung tissue 
extracellular matrix-derived hydrogel can reduce the severity of lung damage after irradiation [158]. 
In the study, after irradiation rats received intratracheal injection of ECM-derived hydrogel. It was 
observed that hydrogel treatment improved the histopathological image of lung tissue and reduced 
pulmonary edema. The protective mechanism was associated with the inhibition of epithelial-
mesenchymal transition and reduction in oxidative stress and levels of cytokines (TNF-α, IL-6, and 
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TGF-β1). The gels also exerted an antifibrotic effect. Similar study was also performed to investigate 
the protective potential of a hydrogel composed of chitosan and tragacanth enriched with cellulose 
nanoparticles [159]. In the study performed on rat models, the hydrogel injection was performed 
intraperitoneally. The addition of cellulose nanoparticles increased the structural stability of the 
hydrogel. The formulation resulted in markedly lower levels of inflammation, mucus secretion, and 
hemorrhage within the lung tissue. In addition, the treatment alleviated the thickening of alveolar 
walls and reduced the radiation-induced increase in the thickness of the alveolar septum. 

The described hydrogel-based strategies for the prevention or treatment of RILI rely on 
injectable formulations (Figure 5). Such approaches are relatively invasive and may require 
specialized procedures, potentially limiting patient comfort and clinical feasibility, particularly when 
long-term treatment is required. Because of this, the development of a less invasive pulmonary 
delivery route is highly desirable. In the case of RILI the other way of hydrogel delivery can be 
inhalation. For example, microparticles from crosslinked hyaluronic acid have been proposed as 
carriers for controlled pulmonary drug delivery, demonstrating the feasibility of formulating 
hydrogel-derived particles suitable for aerosol administration and sustained drug release in lung 
tissue [160]. In addition, recent conceptual work has suggested that extracellular matrix–derived 
microgels, such as those based on amniotic ECM, could potentially be adapted for pulmonary 
delivery to mitigate RILI by modulating inflammatory responses and fibrotic remodeling processes 
[161].  

 

Figure 5. Multifunctional hydrogel strategies for radiation lung therapy. This platform utilizes nanoengineered 
barriers for radiotherapy shielding, ECM scaffolds for EMT inhibition and protection against fibrosis, and 
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chitosan/CNP composites for reducing inflammation and alveolar thickening, enabling synergistic lung 
protection and repair transmission. 

4.5. Heart 

Radiation-induced heart disease (RIHD) is a complication following irradiation of chest tumors, 
such as Hodgkin’s lymphoma, esophageal cancer, lung cancer or breast cancer, and includes cardiac 
conditions such as cardiomyopathy, pericarditis, coronary artery disease, arrhythmia, valvular heart 
disease and conduction system abnormalities [162–165]. Endothelial cells in the capillaries of the 
myocardium are damaged by the absorption of ionizing radiation, which leads to the obstruction of 
microvascular circulation and, consequently, to ischemia and the development of myocardial fibrosis 
[166]. The mechanism of RIHD development is not fully understood. RIHD is likely the result of 
radiation-induced damage to cardiac cell organelles, including mitochondria and the endoplasmic 
reticulum. As cardiac myocytes receive repeated doses of radiation, the endoplasmic reticulum 
releases excessive amounts of calcium ions into the cytoplasm. This, in turn, leads to calcium overload 
in the mitochondria, which damages the cell membrane and releases factors leading to cell apoptosis. 
Chronic inflammation and excess ROS in the body, which are formed as a result of water breakdown 
under the influence of radiation, are also important for heart cells [162,165]. The degree of cell damage 
resulting from radiation exposure increases exponentially with increasing radiation doses [165]. 
Although modern radiotherapy methods administer lower doses of radiation to patients than in the 
past to reduce the risk of radiation complications as much as possible, this unfortunately does not 
eliminate the problem of RIHD occurrence [162,163]. Therefore, it is important to look for tools to 
combat the negative impact of radiation on heart cells when using radiotherapy. The key cellular and 
microvascular mechanisms underlying radiation-induced heart disease, together with emerging 
hydrogel-based therapeutic strategies, are illustrated in (Figure 6). 

 
Figure 6. Radiation-induced cardiomyocyte damage and hydrogel-based therapeutic intervention. Radiation 
exposure leads to ROS generation, endothelial dysfunction, and microvascular ischemia. 

The application of hydrogels for treating cardiac complications following radiotherapy remains 
an emerging field, therefore clinical and experimental data on this subject are limited. However, in 
2025 Wang et al. developed an injectable sericin silk hydrogel OSA/SS-ADH/PPy@Exo, which could 
be a potential weapon in the fight against the effects of RIHD [163]. This hydrogel is composed of 
oxidized sodium alginate (OSA), a naturally occurring polymer characterized by high 
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biocompatibility and water solubility, and sericin modified with adipic dihydrazide (SS-ADH). This 
last component has a positive effect on the mechanical properties of alginate hydrogel, improving its 
elasticity and flexibility, but also increasing the porosity of the hydrogel and its swelling capacity 
[167]. The gel also contains polypyrrole (PPy), which is a component that gives the hydrogel electrical 
conductivity. The key components of OSA/SS-ADH/PPy@Exo hydrogel are MSC exosomes extracted 
from the bone marrow stem cells. They can regulate the secretion of pro-inflammatory cytokines and 
reduce the level of ROS. Furthermore, they are characterized by high pro-regenerative abilities since 
miRNA contained in MSC exosomes promotes the repair of DNA fragments damaged by ionizing 
radiation. Notably, MSC-derived exosomes can cross biological barriers and exhibit low 
immunogenicity, allowing them to evade immune clearance and maintain a prolonged circulation 
half-life necessary to exert their therapeutic effects [163,168]. Owing to its pro-regenerative, 
antioxidant, and electroconductive properties, combined with a sustained release profile, the 
OSA/SS-ADH/PPy@Exo hydrogel represents a promising candidate for the treatment of RIHD.  

4.6. Bones 

The skeletal system is highly susceptible to radiation-induced complications [169,170]. Ionizing 
radiation triggers a cascade of detrimental effects, primarily mediated by persistent oxidative stress 
and vascular disruption. Elevated levels of ROS impair the proliferation and differentiation of bone 
marrow mesenchymal stem cells, which are essential for osteoblastogenesis [171]. This leads to a 
profound imbalance in bone remodeling: while osteoblast activity decreases, radiation 
simultaneously enhances osteoclast-mediated bone resorption [172,173]. The resulting deterioration 
of bone microarchitecture, characterized by reduced trabecular volume and increased spacing, 
significantly elevates the risk of osteoporosis and pathological fractures [171,174]. A critical factor in 
this pathology is vascular damage. Radiation-induced endothelial dysfunction leads to increased 
permeability, thrombosis, and impaired blood supply to bone tissue [175]. Reduced oxygen and 
nutrient delivery promotes tissue hypoxia and fibrosis, which can eventually culminate in 
osteoradionecrosis, a severe complication exemplified by radiation-associated injury of the mandible 
[176]. Although early clinical signs in the jaw may be limited, the rapid disruption of microvascular 
integrity and enhanced inflammatory signaling make therapeutic intervention in this area 
particularly challenging [172,173]. 

To address these challenges, recent research has focused on hydrogels that deliver therapeutic 
ions or proteins to the injured site. The magnesium-based hydrogel has shown significant promise in 
mitigating early bone loss [177]. The hydrogel was produced by crosslinking sodium alginate with 
magnesium ions (Mg@Alg). By enabling the gradual release of Mg²⁺ during the critical early phase of 
the radiation response, the hydrogel stabilizes HIF-1α, which in turn promotes reparative 
macrophage polarization and enhances microvascular maturation. In vivo models demonstrate that 
this approach reduces osteocyte apoptosis and aĴenuates excessive osteoclast activation, effectively 
improving trabecular microarchitecture without disrupting systemic mineral homeostasis [177]. 
Similarly, the incorporation of enamel matrix proteins like amelogenin into calcium alginate 
hydrogels (CA+AM) provides a dual-action therapeutic platform [178]. These scaffolds offer a porous 
3D structure that is beneficial for tissue regeneration because it facilitates cell infiltration, nutrient 
diffusion, and oxygen exchange within the scaffold. The hydrogel demonstrated a high swelling 
capacity, appropriate mechanical strength and durability, decomposing over a period of 
approximately six weeks. However, a key advantage of this material lies in its dual mechanism of 
action. By promoting M2 macrophage polarization and increasing the expression of anti-
inflammatory markers (e.g., IL-10, TGF-β1), CA+AM hydrogels significantly reduce bone resorption 
and upregulate osteogenic markers. 

Hydrogels are also being utilized as targeted drug delivery platforms in complex scenarios, such 
as bone metastases treated with radiotherapy. The ROS-responsive hydrogel, developed to enhance 
the efficacy of radiotherapy in the treatment of breast cancer bone metastases, was a material referred 
to as R/P@Gel [179]. The hydrogel structure is based on hyaluronic acid conjugated with 3-
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aminophenylboronic acid (HA-AMPB). Mixing HA-AMPB with polyvinyl alcohol allowed the 
system to be administered through injection and formed through a crosslinking-mediated gelation 
process at the target location. The R/P@Gel system co-delivers the Toll-like receptor 7/8 agonist R848 
and S-nitroso-N-acetyl-DL-penicillamine as a nitric oxide (NO) donor [179]. This combination 
reduces hypoxia through NO-mediated vasodilation and reprograms the tumor microenvironment. 
In vivo experiments demonstrated that the combination of hydrogel administration and radiotherapy 
resulted in a more pronounced inhibition of tumor growth within bone compared with radiotherapy 
alone. At the same time, a reduction in bone tissue destruction was observed. Histological analyses 
indicated improved microcirculation within the tumor area and enhanced tissue oxygenation, which 
may contribute to increased sensitivity of tumor cells to ionizing radiation. Furthermore, tissue 
analyses revealed increased infiltration of immune cells, including T lymphocytes, suggesting 
activation of antitumor immune responses. At the same time, a reduction in immunosuppressive cell 
populations and tumor promoting processes was observed [179].  

Advanced hydrogels, that are currently being designed, respond to the specific biochemical 
conditions of the irradiated niche, such as acidity or high ROS levels. Zinc-energized dynamic 
composite hydrogels (GelMA/HA-CHO) utilize pH-sensitive Schiff-base reactions to trigger the 
release of Zn and Si ions in the acidic environment typically found in bone defects [180]. This process 
not only delivers bioactive ions directly to the defect site but also contributes to the improvement of 
the local biochemical microenvironment, thereby supporting bone regeneration. Cells cultured in the 
presence of the hydrogel showed increased alkaline phosphatase activity, formation of mineralized 
nodules, and enhanced expression of osteogenic genes, indicating a strong osteoinductive potential. 
Furthermore, the material significantly stimulated endothelial cell migration and tube formation, 
confirming its pro-angiogenic properties [180]. Through these mechanisms, the hydrogel enhances 
both osteogenesis and angiogenesis, two processes that are closely interconnected during bone 
healing. Hydrogel-based strategies for bone regeneration are summarized in Figure 7. 

 

Figure 7. Schematic illustration of hydrogel-based strategies for bone regeneration. Zn-HG promotes 
angiogenesis–osteogenesis coupling, Mg-HG regulates immune–vascular responses, radiosensitive HA/PVA 
hydrogel supports tumor therapy, and injectable Ca-Alg/Am-HG enhances macrophage polarization and 
osteogenic differentiation. 
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5. Summary 

In conclusion, radiation-induced wounds represent a unique therapeutic challenge due to the 
complex interplay of chronic oxidative stress, impaired vascularization, and a persistent 
inflammatory microenvironment. Traditional wound dressings often fail in these scenarios, as they 
cannot address the deep-seated cellular dysfunction characteristic of irradiated tissues. The recent 
development of bioactive and responsive hydrogels has opened new avenues for effective 
intervention. Hydrogels are no longer merely passive physical barriers. Instead, they serve as 
dynamic “instructive” scaffolds that can actively neutralize ROS, restore microcirculation, and re-
establish the balance between tissue formation and destruction. While preclinical results in animal 
models are highly promising, the transition to clinical practice remains the next major frontier. Future 
research should prioritize the development of multi-functional, injectable systems that can be easily 
applied in oncological seĴings, ensuring that cancer survivors achieve a significantly beĴer quality 
of life through enhanced tissue repair. 
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PEG Polyethylene glycol 
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