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Abstract: Sprayable hydrogels represent an emerging class of nanoscale, localized drug delivery systems in oncology, offering rapid
in situ gelation, strong tissue adhesion, and minimally invasive administration. Recent advances have integrated nanotechnology into
sprayable hydrogel formulations to enhance therapeutic efficacy at tumor sites through various strategies, including nanoemulsions,
nanocomposites, nanoparticle-loaded matrices, nanovaccines, and nanosprays. Across preclinical models, these platforms have
demonstrated quantitative improvements, including up to 70-95% reductions in residual tumor burden, 2—5-fold increases in
intratumoral drug retention, and survival extensions ranging from 30% to over 60% compared with free-drug controls. These platforms
have demonstrated the ability to eliminate residual tumor cells, activate antitumor immunity, and prevent recurrence at surgical
margins or mucosal interfaces. Therapeutic modalities include the controlled release of chemotherapeutics, immune checkpoint
inhibitors, and metabolic or oxidative regulators, all delivered within nanostructured hydrogel matrices. Several systems also reported
over 80% suppression of local recurrence at surgical margins and significant potentiation of immune activation markers such as CD8"
T-cell infiltration and dendritic cell maturation. Nanoscale sprayable hydrogels have shown promise across diverse clinical applica-
tions, including peritoneal carcinomatosis, superficial skin tumors, and premalignant mucosal lesions. The hydrogels themselves
comprise a wide range of nanostructured materials, such as thermosensitive polymers, self-gelling powders, supramolecular assem-
blies, and nanoparticle-laden scaffolds, that enable precise spatial and temporal control of drug delivery. In this review, we categorize
these systems based on cancer type, underlying mechanisms of action, and therapeutic goals (treatment vs prevention). By integrating
nanotechnology, immunotherapy, and tissue-responsive design, nanoscale sprayable hydrogels represent a modular and adaptable
platform for personalized cancer care, with compatibility across surgical, endoscopic, and topical administration routes. However,
despite these advances, the clinical translation of sprayable hydrogels remains limited by challenges such as sterilization constraints,
device—material compatibility issues, storage and handling stability, and regulatory hurdles, all of which must be systematically
addressed to enable widespread clinical adoption.

Keywords: sprayable hydrogel, localized drug delivery, postoperative cancer therapy, cancer immunotherapy, precancerous lesion

prevention

https://doi.org/10.2147/IJN.S558788 International Journal of Nanomedicine 2026:21 558788 |
Received: 19 September 2025 © 2026 Lee et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 6 January 2026 A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work

Published: 14 January 2026 you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0009-0003-7985-477X
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Lee et al

Graphical Abstract

o Nanocarrier types

¢ Spray techniques
Polymeric NPs Liposome Inorganic NPs

-Manual spray devices
-CO2-driven nebulizer ‘
-Endoscopic/catheter spray

¢ Functional Strategies

-Sustained-release
niques -Stimuli-responsive (pH/ROS
_‘ec\\ Na”o imuli-responsive (pH/ROS)

¢ In situ gelation triggers Q“s‘ 0.9, Gene/RNA delivery
S 94) -Photothermal / ROS
-Temperature & ® generation
O e
-pH N A
N %
-lons (Ca?*) C’? ’%
-Enzyme/chemical 3 » * Nano-hydrogel
crosslinking 7} ‘g synergy
= a -Protection of payload
5 Q -Local concentration
* @ Sprayable F3 amplification
w 2 Hydrogel
@' °
0//. e " ‘x‘o’\
Q, . 2
/T, anslatio® °
o Applications ¢ Target Tissues

- Perioperative (Post-resection) « Clinical outcomes - Tumor cavity

- Endoscopic i - Mucosal surface

Topical - Recurrence prevention _ Serosa/skin

- Reduced systemic toxicity

- Enhanced local efficacy

Introduction
Localized drug delivery systems have long been recognized as an important strategy to achieve therapeutically effective

concentrations of therapeutic agents at tumor sites while minimizing systemic toxicity.' Systemic administration of
chemotherapeutics or immunotherapeutics is often hindered by biological barriers such as abnormal vasculature, high
interstitial pressure, and heterogeneous tissue permeability, resulting in suboptimal intratumoral accumulation.? At the
same time, high systemic doses can lead to dose-limiting toxicity, immunosuppression, and a significant reduction in the
patient’s quality of life. By restricting therapeutic exposure to the diseased site, it is possible to maintain higher drug
concentrations where they are most needed, extend the duration of therapeutic presence, and substantially reduce the
burden on healthy tissues. This principle has been applied through various forms, including biodegradable implants,
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injectable hydrogels, microparticle depots, and implantable polymeric matrices. However, many of these approaches
present practical limitations in surgical or clinical settings. Solid implants may fail to conform to the irregular geometry
of resection cavities, injectable systems can be difficult to distribute evenly over large or complex surfaces, and invasive
placement can extend surgical time and exacerbate tissue trauma.® Hydrogels, as three-dimensional crosslinked polymer
networks with tunable mechanics, high water content, and excellent biocompatibility, have been widely used in localized
drug delivery because they conform to irregular tissues and can sustain therapeutic release.”

Sprayable hydrogels have emerged as a next-generation approach that directly addresses these limitations by
combining the favorable drug release properties of hydrogels with the procedural simplicity of spray application.’
Typically formulated as low-viscosity liquids or colloidal dispersions, sprayable hydrogels can be delivered via manual
spray devices, CO,-driven nebulizers, or catheter-based systems. Upon deposition onto the target site—such as
a postsurgical cavity, organ surface, or mucosal layer—the formulation undergoes rapid sol-gel transition.® This
transformation can be triggered by physiological cues such as temperature, ionic strength, pH, or enzymatic activity,
or by in situ chemical crosslinking reactions. The resulting hydrogel adheres intimately to the underlying tissue, forming
a stable, continuous coating that remains intact under physiological conditions. Beyond acting as a physical barrier
against tumor cell dissemination or bacterial invasion, the hydrogel functions as a local drug reservoir, releasing
therapeutic payloads over periods ranging from days to weeks.” Spray application offers precise dosing, site-specific
targeting, and coverage of anatomically challenging areas, making it particularly advantageous in oncologic surgery
where microscopic residual disease is a primary cause of recurrence.

The therapeutic capabilities of sprayable hydrogels are greatly enhanced through the integration of nanoscale
components. In such systems, nanoparticles are either encapsulated within the hydrogel matrix or incorporated as part
of the structural network itself. Polymeric nanoparticles, liposomes, micelles, dendrimers, metallic nanostructures,
nanoemulsions, and protein-based nanocarriers have been incorporated into hydrogels to improve functional perfor-
mance. These nanoscale entities enable the encapsulation of both hydrophilic and hydrophobic drugs, protect labile
biomolecules such as nucleic acids and proteins from degradation, and facilitate transport across cellular and tissue
barriers.® Moreover, nanoparticles can be engineered to respond to tumor-specific microenvironmental cues—such as
acidic pH, elevated glutathione, reactive oxygen species (ROS), or overexpressed enzymes—enabling precise spatial and
temporal control over drug release.” !> Nanoscale systems embedded within sprayable hydrogels can be designed for
sequential or synergistic action, for instance by releasing immunomodulatory agents rapidly to prime the local immune
environment, followed by sustained release of cytotoxic agents to eradicate residual tumor cells.

The combination of nanotechnology with sprayable hydrogel platforms offers advantages that extend beyond drug
protection and controlled release. Nanoparticles can modulate the tumor microenvironment (TME) in ways unattainable
with free drugs alone. For example, nanoparticle delivery of immune checkpoint inhibitors directly to the surgical site can
elicit potent antitumor immune responses while minimizing systemic immune-related adverse events.'® Nanovaccines can
enhance antigen uptake by dendritic cells and induce robust systemic antitumor immunity. Metallic nanoparticles can be
activated by external stimuli—such as light, ultrasound, or magnetic fields—to generate localized hyperthermia or ROS,
thereby augmenting cytotoxicity. Additionally, nanoscale components can serve as imaging agents, enabling theranostic
applications that combine therapy with real-time monitoring of disease progression and treatment response.'*

From a materials design perspective, the incorporation of nanoscale building blocks into sprayable hydrogels provides
a modular framework.'> By varying the type of nanoparticles, surface functionalization, and therapeutic payload, the
hydrogel system can be tailored to the specific molecular, anatomical, and microenvironmental characteristics of different
tumor types. This aligns with the concept of precision medicine, in which treatment is adapted not only to the tumor’s
molecular profile but also to its structural and biological context. The capacity to integrate multiple therapeutic
mechanisms—chemotherapy, immunotherapy, photodynamic therapy, oxidative modulation—within a single continuous
coating further broadens the clinical utility of this platform.'®

Our review differs from prior hydrogel-based localized cancer therapy reviews by specifically focusing on nanoscale
sprayable hydrogel systems that have emerged after 2020. Unlike earlier summaries that broadly discuss injectable or
implantable hydrogels, this work uniquely highlights formulations that integrate nanomedicines with spray-deployable
platforms, emphasizing their rapid in situ gelation, conformal tissue coverage, and enhanced translational potential for
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postoperative therapy and cancer prevention.'”'® This perspective provides a distinct and timely synthesis of next-
generation hydrogel technologies that enable precise local deposition and synergistic nanoscale interactions not addressed
in previous reviews.

This review provides a comprehensive synthesis of recent advances in nanoscale sprayable hydrogel-based systems
for cancer therapy. Case studies are analyzed according to therapeutic mechanism, material composition, delivery
strategy, and target disease context, highlighting the breadth of their applications across diverse tumor types and clinical
scenarios. Through these examples, the review aims to illustrate how nanoscale sprayable hydrogels can contribute to the
elimination of residual tumor cells, suppression of recurrence, modulation of the TME, and even preventive interventions
in oncology (Figure 1).

Design Principles of Sprayable Hydrogel Systems

Key Material Requirements
The design of sprayable hydrogel systems for oncologic applications requires careful consideration of several funda-
mental material properties to ensure functional performance and clinical translation. Biocompatibility is a primary
prerequisite, as the hydrogel must not elicit significant inflammatory or toxic responses when applied to resection
cavities, mucosal surfaces, or serosal tissues. This applies to both the bulk matrix and any incorporated therapeutic or
diagnostic agents. Materials such as hyaluronic acid, gelatin, chitosan, alginate, and synthetic polymers including poly
(ethylene glycol) (PEG) and poly(N-isopropylacrylamide) (PNIPAm) have been widely explored due to their favorable
safety profiles, tunable degradation, and history of regulatory acceptance. The degradation products should be non-toxic
and readily cleared through physiological pathways to avoid long-term accumulation in the body.

Adhesion to the target tissue is another essential property, especially in post-surgical contexts where surfaces are
irregular, moist, and covered with biological fluids. Strong adhesion ensures that the hydrogel remains localized, forming
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Figure | Schematic illustration of sprayable nanoparticle-hydrogel systems for localized cancer therapy.
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a physical barrier to tumor cell dissemination and preventing premature loss of therapeutic agents.”® Strategies to
enhance adhesion include catechol group modification inspired by mussel adhesive proteins, aldehyde—amine coupling
to form Schiff base linkages, and the use of bioadhesive polymers.*’ Adhesion must be balanced with reversibility where
necessary, to prevent excessive tissue trauma upon degradation or removal.

Gelation kinetics are equally critical. The precursor solution must remain in a low-viscosity, sprayable state during
application, but transition into a stable gel once deposited, even under challenging surgical conditions. Slow gelation
risks precursor loss or dilution, whereas overly rapid gelation may cause clogging and uneven coverage. Optimal kinetics
are achieved by tuning polymer concentration, crosslinker reactivity, and environmental triggers such as temperature or
pH.? Sprayability itself depends on rheology, device design, and formulation stability. The precursor should exhibit
shear-thinning behavior for smooth extrusion, followed by rapid viscosity recovery after deposition. Formulations must
remain stable during storage to prevent premature crosslinking or phase separation, with ready-to-use or easily
reconstitutable options preferred in clinical settings. Additional considerations include optical transparency for intrao-
perative visibility, oxygen and nutrient permeability to support wound healing, and the ability to incorporate and protect
nanoscale therapeutic carriers. These factors collectively determine whether a sprayable hydrogel can meet both
therapeutic and procedural demands in oncology.

Beyond these macroscopic properties, experimental considerations such as polymer—drug compatibility, cytocompat-
ibility testing, and nanoparticle stability during gelation also play pivotal roles.”* These evaluations help identify hidden
risks-such as drug precipitation, nanoparticle aggregation, or unexpected cellular responses-that must be addressed early
to ensure reliable therapeutic performance.

While these material parameters are often discussed independently, their practical implementation is inherently
interconnected and must be optimized as a coupled design space. For example, enhancing tissue adhesion through
catechol modification often accelerates oxidative crosslinking, which can shorten gelation time and consequently affect
sprayability by increasing the risk of nozzle clogging.** Similarly, increasing polymer concentration can improve
mechanical robustness and drug retention, but may compromise biocompatibility or reduce shear-thinning behavior
needed for smooth aerosolization.”>® Fast gelation promotes retention on moist or vertical surgical surfaces, yet overly
rapid network formation may impair uniform coating or lead to heterogeneous drug distribution. Conversely, slower
gelation enhances coatability but increases the likelihood of precursor runoff in highly exudative environments. These
interdependencies highlight that material design requires navigating intrinsic trade-offs between adhesion, gelation
kinetics, mechanical integrity, and sprayability.

Modes of in Situ Gelation

Sprayable hydrogels are typically applied in a liquid or semi-liquid precursor state and undergo in situ gelation upon
contact with the target surface. This transformation can be driven by various physical or chemical mechanisms, each with
advantages and limitations. lonic crosslinking is well-established, particularly for naturally derived polymers such as
alginate and gellan gum. Multivalent cations diffuse into the polymer network, forming ionic bridges that induce rapid
gelation under mild conditions. While this approach offers speed and biocompatibility, the resulting gels can be sensitive
to ionic strength and may lack long-term mechanical stability.

Thermoresponsive gelation relies on polymers that undergo sol-gel transition upon temperature change, often
triggered by the shift from ambient to body temperature.”” Poloxamers and PNIPAm derivatives exemplify this category,
enabling minimally invasive delivery as a cold liquid that gels upon warming. This method avoids additional crosslinking
agents and conforms well to complex tissue geometries, although thermal fluctuations can influence stability.?®

Enzymatic crosslinking uses enzymes such as horseradish peroxidase or transglutaminase to catalyze covalent bond
formation between polymer chains.?’ These reactions occur under physiologically compatible conditions and allow precise
control over gelation rates, but enzyme stability, immunogenicity, and co-substrate requirements can complicate formulation.

Self-gelling systems form gels spontaneously through intrinsic interactions like hydrophobic association, hydrogen
bonding, or host—guest recognition. These eliminate the need for secondary triggers and simplify application, but
ensuring reproducibility in varied environments is challenging.*® In many advanced designs, multiple gelation modes
are combined to balance rapid setting, mechanical strength, and sustained stability.
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Spray Technologies and Administration Routes

The translation of sprayable hydrogels into clinical oncology depends on effective delivery technologies and adminis-
tration routes that enable uniform deposition. Manual spray devices, such as dual-syringe applicators or hand-held
atomizers, are widely used in open surgery, offering direct control of spray rate and coverage. Components can be kept
separate until application to prevent premature gelation, with mixing occurring at the nozzle or on the tissue surface.’’

CO,-driven aerosolization produces fine mists capable of uniformly coating large or irregular surfaces, making it
well-suited for minimally invasive or laparoscopic surgeries. This method can be combined with temperature or pH
control to trigger gelation immediately after deposition, though viscosity optimization is essential to avoid clogging and
ensure adherence before gelation completes.*?

Endoscopic application extends the reach of sprayable hydrogels to internal mucosal surfaces such as the gastro-
intestinal or respiratory tracts. Delivery through catheters or specialized spray heads allows targeted therapy under visual
guidance, particularly useful for early-stage cancers, precancerous lesions, or post-resection wound protection.>® These
formulations require rapid gelation, strong adhesion to moist mucosa, and minimal interference with visualization.

Emerging strategies include robotic-assisted spraying for precision placement in complex anatomical regions and
acrosolizable nanogel systems for ultrafine deposition across disseminated surfaces such as those in peritoneal or pleural
carcinomatosis. Ultimately, device mechanics, formulation properties, and gelation mechanisms must be co-optimized to
achieve effective, safe, and reproducible clinical outcomes.

Recent sprayable hydrogel systems exemplify how device mechanics, formulation properties, and gelation mechan-
isms are co-optimized to achieve clinically relevant performance. For instance, the CO,-driven UPy-PEG system
developed by Braet et al leverages a minimally invasive aerosolization device to uniformly distribute the precursor
across complex peritoneal surfaces, while the pH-responsive supramolecular formulation ensures instantaneous gelation
upon CO, exposure and prolonged intraperitoneal retention.>* Similarly, the ICP-loaded HA-based hydrogel reported by
Wang et al integrates a shear-thinning, spray-compatible matrix with pH- and NIR-responsive gelation and release
mechanisms, enabling sequential chemo-immunotherapeutic activation precisely at the resection margin.>> In the
intracavitary GBM setting, the pectin—Ca®" system by McCrorie et al® exemplifies co-optimization through a hand-
held dual-spray applicator that prevents premature mixing, a bioadhesive polymer network that conforms to irregular
brain cavities, and ion-triggered gelation matched to cerebrospinal fluid composition. Together, these examples demon-
strate that clinical performance arises not from isolated formulation choices but from deliberate integration of delivery
device design, rheological tuning, and environment-specific gelation chemistry.

Classification Strategies for Sprayable Hydrogel Formulations

Sprayable hydrogel systems for oncology can be systematically categorized based on multiple criteria, each reflecting distinct
therapeutic goals, compositional features, and modes of action. Such classification enables a structured understanding of the
diversity in formulation strategies and facilitates rational selection or design for specific clinical scenarios. Four primary
classification axes—therapeutic mechanism, material type, clinical application context, and responsiveness—are commonly
employed in the literature, and each offers unique insights into the potential and limitations of the systems (Figure 2).

By Therapeutic Mechanism

Sprayable hydrogels can be grouped into those designed for chemotherapy, immunotherapy, combination therapy, and
oxidative modulation. Chemotherapy-oriented systems primarily focus on the localized delivery of cytotoxic agents to
eradicate residual tumor cells after surgical resection, minimizing systemic exposure and off-target toxicity.>® These
hydrogels often incorporate hydrophobic or hydrophilic small-molecule drugs in a sustained-release matrix, allowing for
extended exposure of the surgical cavity to therapeutic concentrations. Immunotherapy-based systems, on the other hand,
are engineered to modulate the tumor immune microenvironment through the delivery of immune checkpoint inhibitors,
cytokines, or tumor-associated antigens.?’” Such hydrogels frequently aim to stimulate dendritic cell activation, cytotoxic
T lymphocyte expansion, and memory T cell formation, thereby inducing durable antitumor immunity. Combination
therapy formulations integrate chemotherapeutic and immunotherapeutic components, leveraging the immediate
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Figure 2 Classification strategies for sprayable hydrogel formulations.

cytotoxic effects of chemotherapy alongside the longer-term immune priming provided by immunomodulators.®®
Oxidative modulation represents a more specialized category, wherein the hydrogel either generates ROS to induce
tumor cell apoptosis or scavenges ROS to mitigate oxidative stress in tissues, thus aiding tissue repair while exerting
antitumor effects. The therapeutic mechanism-based classification is particularly useful for mapping hydrogel formula-
tions to specific oncological needs, such as immediate tumor clearance versus long-term immune surveillance.

By Material Type

Sprayable hydrogels are differentiated into polymer-based, supramolecular, nanoparticle-laden, and hybrid systems.
Polymer-based systems typically utilize natural or synthetic macromolecules such as chitosan, alginate, hyaluronic
acid, PEG, or poloxamers, which can form stable gels upon exposure to physiological conditions.**** These polymers
provide tunable mechanical properties, biodegradability, and biocompatibility, making them suitable for diverse anato-
mical sites. Supramolecular hydrogels rely on non-covalent interactions—such as hydrogen bonding, host—guest inclu-
sion complexes, or m—m stacking—for network formation, often enabling reversible gelation and responsiveness to
environmental cues. Nanoparticle-laden systems incorporate nanostructures such as liposomes, polymeric micelles,
mesoporous silica nanoparticles, or metal-based nanocarriers into the hydrogel matrix.** This design allows for co-
delivery of multiple agents with distinct release profiles and offers additional functionalities, such as photothermal or
photodynamic effects. Hybrid systems combine elements of the above categories, for instance embedding nanoparticles
within a supramolecular polymer matrix, thus integrating the advantages of multiple material classes. Classifying by
material type is critical for understanding not only the performance characteristics of the hydrogel but also its compat-
ibility with specific therapeutic payloads and administration methods.

By Clinical Application Context

Sprayable hydrogels can be tailored for postoperative cavity sealing, peritoneal surface treatment, or mucosal coating.
Postoperative cavity sealing refers to the use of hydrogels to fill or line the surgical bed after tumor excision, aiming to
prevent local recurrence by eradicating microscopic residual disease and providing a physical barrier against tumor cell
infiltration.*” In peritoneal surface treatment, the hydrogel is designed to uniformly coat the peritoneal cavity, often using
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spray or aerosolized delivery methods such as CO,-driven nebulization. This approach is particularly relevant for
peritoneal metastases, where diffuse microscopic lesions are inaccessible to conventional surgical removal. Mucosal
coating hydrogels are applied to epithelial surfaces such as those in the oral cavity or gastrointestinal tract, creating
a protective layer that can deliver therapeutic agents for cancer prevention or early-stage treatment of localized
lesions.***” Classification by application context is directly linked to the choice of delivery device, spray characteristics,
and gelation kinetics, as these parameters must be optimized for the anatomical site.

By Responsiveness

Sprayable hydrogels are categorized as pH-sensitive, redox-responsive, or temperature-sensitive systems, depending on
their ability to undergo structural or functional changes in response to specific stimuli in the TME. pH-sensitive
hydrogels exploit the acidic conditions of tumor tissue to trigger drug release or gel degradation, ensuring site-specific
therapeutic activation.*® Redox-responsive systems utilize the elevated glutathione concentrations or ROS levels in tumor
cells to initiate cleavage of disulfide bonds or other redox-sensitive linkers, enabling controlled payload release.
Temperature-sensitive hydrogels typically remain in a liquid state at ambient temperature but undergo rapid gelation at
body temperature, a property that facilitates minimally invasive administration while ensuring retention at the target
site.*” Responsiveness-based classification is especially valuable for designing intelligent systems capable of on-demand
therapeutic release, thereby maximizing efficacy and minimizing off-target effects.

In practice, most sprayable hydrogel formulations cannot be strictly confined to a single classification category;
instead, they often embody multiple attributes from different axes.’® For example, a nanoparticle-laden hydrogel for
postoperative cavity sealing may also be thermoresponsive and designed for combination chemo-immunotherapy. This
multidimensional nature underscores the versatility of sprayable hydrogels and highlights the importance of an integrated
classification approach that considers therapeutic mechanism, material composition, application context, and responsive-
ness collectively. Such a framework not only aids in systematic literature analysis but also provides a rational basis for
the future design and clinical translation of advanced sprayable hydrogel systems in oncology.”!

Cross-Category or Hybrid Sprayable Hydrogel Systems

Although the above framework organizes sprayable hydrogels along therapeutic mechanism, material type, clinical
application, and responsiveness, a growing number of state-of-the-art systems inherently span multiple categories. Such
hybrid systems demonstrate the design flexibility and modularity of nanoscale sprayable hydrogels, and cannot be strictly
confined to a single classification axis.

Representative examples of such cross-category designs further highlight the multidimensional nature of sprayable
hydrogel systems. For instance, Wang et al developed the CT-CS-ZIF@CIP sprayable hydrogel employs a photocurable
carboxymethyl chitosan—glycol glycidyl acrylate matrix that encapsulates ciprofloxacin-loaded ZIF-8 metal-organic frame-
work nanoparticles together with Cu,Se photothermal agents.> This multi-component architecture enables synergistic
photothermal and chemotherapeutic activity through the integration of NIR-responsive Cu,Se nanoparticles and pH-
degradable ZIF-8 carriers, while the photocurable CS-based network supports conformal spray deposition and rapid in situ
crosslinking. Through the deliberate combination of polymeric scaffolds, MOF nanocarriers, and inorganic photothermal
agents, the formulation simultaneously spans therapeutic mechanism, material composition, responsiveness, and application
context. Likewise, the pH-responsive mupirocin-loaded hybrid nanoparticle system formulated within a hydrogel and film-
forming spray merges polymeric networks with hybrid nanocarriers to achieve environment-triggered antibacterial activity
and conformal coating of irregular wound surfaces.>®> By combining multi-component material design, stimuli-responsive
drug release, and spray-enabled in situ deposition, these systems exemplify sprayable hydrogels that cannot be adequately
classified within a single axis and instead occupy multidimensional positions across the proposed framework.

These hybrid formulations demonstrate that contemporary sprayable hydrogels frequently span multiple design axes
at once integrating therapeutic mechanisms, material architectures, and stimuli-responsive features, and in some cases
extending into distinct clinical application contexts. Their multidimensional characteristics clearly illustrate why strict
single-axis classification is insufficient and highlight the versatility and integrative design logic that define many state-of-
the-art sprayable hydrogel systems.
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Applications in Cancer Therapy

Cancer types differ markedly in their TMEs, anatomical constraints, and postoperative physiological conditions, and
these variations fundamentally dictate the design logic of sprayable hydrogel systems. Differences in acidity, redox
balance, enzymatic activity, vascularity, tissue stiffness, cavity geometry, and wound exudate profiles directly influence
the selection of hydrogel triggering mechanisms, material compositions, adhesion strategies, and drug-release behaviors.
Consequently, effective translation requires a tumor-specific design rationale in which the hydrogel’s gelation mode,
mechanical properties, and degradation profile are matched to the unique challenges of each surgical site. In the
following subsections, each tumor type is analyzed through this lens—linking its distinct TME characteristics and
surgical constraints to the hydrogel formulations employed, thereby tightly integrating design principles with clinical
application (Table 1).

Brain Tumors

Glioblastoma multiforme (GBM) is the most aggressive primary brain tumor in adults, characterized by highly infiltrative
growth, intrinsic therapeutic resistance, and a dismal prognosis. Despite maximal surgical resection followed by radio-
therapy and temozolomide-based chemotherapy, the median overall survival remains approximately 14.6 months, and
local recurrence is nearly inevitable.®” Complete resection is rarely achievable due to microscopic invasion into
surrounding brain tissue, and residual tumor cells along the surgical cavity margin frequently seed early relapse.
Moreover, the blood-brain barrier (BBB) significantly limits systemic drug penetration into the postoperative cavity,
while systemic therapy carries a risk of toxicity. These challenges have driven interest in sprayable hydrogel-based local
drug delivery systems that can conformally coat the irregular resection cavity, provide sustained local release of
therapeutic agents, and potentially prevent tumor recurrence without systemic side effects.®®

McCrorie et al developed a bioadhesive sprayable hydrogel designed for the local delivery of etoposide and olaparib
to suppress postoperative GBM recurrence. Etoposide inhibits topoisomerase II to induce DNA double-strand breaks,
while olaparib inhibits poly(ADP-ribose) polymerase (PARP) to block DNA repair, creating a synergistic cytotoxic effect
against residual tumor cells. The team prepared high drug-loading nanocrystals of each drug, surface-coated with poly
(lactic acid) (PLA)-PEG to enhance stability and reduce aggregation, yielding an average particle size of approximately
70 nm. The nanocrystals demonstrated stability in phosphate buffered saline (PBS), Dulbecco’s Modified Eagle Medium
(DMEM), and artificial cerebrospinal fluid (aCSF) for at least 24 hours and released over 80% of their payload within
24 hours, achieving near-complete release by 48 hours. Olaparib exhibited slightly delayed release due to partial retention
within the hydrogel matrix. The hydrogel matrix was formulated with low-methoxyl pectin, selected for its bioadhesive
properties and calcium-induced gelation. Pectin transitions to a gel in the presence of 1.5-2 mM Ca**, which mimics
physiological brain conditions. This formulation remains liquid at room temperature for easy spraying and rapidly gels
upon contact with the resection cavity, conforming to the irregular brain surface. Ex vivo testing on porcine brain tissue
demonstrated uniform coating of the cavity wall, and Cy5-labeled nanocrystals diffused up to ~1.5 ¢cm from the spray
site. In vivo testing in mouse brains revealed no weight loss, behavioral abnormalities, or local inflammation on
hematoxylin and eosin (H&E) staining, confirming high biocompatibility. This study demonstrates that a sprayable
hydrogel can locally deliver combination chemotherapy to the postoperative GBM cavity, achieving conformal coverage
and sustained release to target residual tumor cells while minimizing systemic toxicity.”

Dong et al reported a complementary nanoregulator-encased sprayable hydrogel designed to reprogram the tumor
immune microenvironment after GBM surgery. The study focused on glioma-supportive macrophages (GSMs),
a population of tumor-associated macrophages (TAMs) that promote tumor growth and immune evasion. GSMs exhibit
high expression of 7-dehydrocholesterol reductase (DHCR7) and enhanced cholesterol synthesis and efflux, supplying
exogenous cholesterol to tumor cells and contributing to CD8" T-cell exhaustion. This immune-suppressive environment
facilitates local recurrence and resistance to immunotherapy. To counteract this, the authors designed a nanoregulator
(NR) carrying short hairpin RNA targeting DHCR7 (shDHCR?7) plasmid to inhibit cholesterol metabolism and Toll-like
receptor 7/8 (TLR7/8) agonistic single-stranded RNA (ssRNA) to stimulate immune activation. The NR was constructed
using a Poly-B-amino-esters (PBAE)-based, biodegradable polymeric carrier optimized for uptake by GSMs, ensuring
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Table | Overview of Nanoparticle-Loaded Sprayable Hydrogel Systems by Cancer Type: Materials, Payloads, Mechanisms of Action, and Preclinical Models
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Cancer Type Material System Payload/Nanoparticles Therapeutic Mechanism Key Advantages Preclinical Model Reference
GBM Low-methoxyl pectin Etoposide + olaparib Combination chemotherapy Strong adhesion; conforms to Mouse brain resection [3]
(Ca2+ gelation) nanocrystals cavity; sustained release model
GBM Clé-CIBP shDHCR?7 plasmid + ssRNA Immunometabolic Targets GSMs; restores CD8" Organoid-on-chip; [54]

supramolecular hydrogel (TLR7/8 agonist) in PBAE NRs reprogramming T-cell function humanized mouse model
HCC PLA-PEG-PLA thermogel | Ozone-loaded nanoemulsion ROS-mediated tumor ablation | Stabilizes ozone; long Orthotopic HCC [55]
+ PFTBA nanoemulsion persistence resection model
HCC PAAm + oxidized ZIF-8 nanoparticles with NK sensitization + Hemostasis + multi-drug Orthotopic HCC; PDX [56]
chondroitin sulfate calcitriol, gemcitabine, immunomodulation release model
powder tazemetostat
HCC Hf/TCPP nanostructure tRF5-GlyGCC inhibitor Immune reprogramming post- | Restores NK activity; anti- Post-RT HCC model [57]
in PAAm—oxidized starch RT adhesion
CRC PLG-g-mPEG/PBA + a0OX40 antibody Immunotherapy (T-cell pH-responsive release; strong CT26 incomplete [58]
tannic acid activation) adhesion resection metastasis
model
CRC HA-DOPA + HA-APBA ICP (OXA + Cur + Mn*") ICD induction + STING Multi-stage immune-chemo CT26 incomplete [35]
hydrogel nanoparticles + PDA coating activation + PDT synergy resection model
Melanoma Immunomodulatory Exosomal PD-LI inhibitors + PD-LI suppression; T-cell Strong immune activation; Melanoma postoperative [59]
spray hydrogel checkpoint modulators activation; systemic prevents recurrence; recurrence metastasis
immunotherapy; recurrence metastasis models
prevention
Melanoma Chemo-immunotherapy Doxorubicin + aPD-L1/ Platelet- | Eliminates residual; circulating | Dual chemo-immune synergy; Melanoma resection [60]
spray hydrogel derived small EVs tumor cells; inhibits enhanced retention metastasis models
metastasis
Melanoma Nanovaccine spray Exosomal PD-LI blockers + Systemic immune activation; Durable immune memory; Melanoma recurrence [6l]
hydrogel immune activators long-lived immune memory systemic protection models
Melanoma / Skin tumor | B-FeSi, / alginate hydrogel | B-FeSi, microparticles (PTT + Photothermal ablation + ROS | Instant gelation; dual PTT B16F10 melanoma; [n
(Ca®*-triggered) CDT) (CDT) + wound regeneration | +CDT; promotes tissue repair | postoperative skin tumor;
burn wound
Melanoma / Skin tumor | Multifunctional Janus Oxygen-generating particles + ROS/RNS-driven tumor Multifunctional therapy; wound | Melanoma surgical models | [62]
spray hydrogel ROS/RNS regulators death; metastasis suppression | healing enhancement
Peritoneal metastasis UPy-PEG CO,- Cisplatin NPs; Paclitaxel CO,-triggered gelation; Excellent adhesion; improved SKOV-3 peritoneal [34]
(ovarian cancer) responsive pH-gel nanocrystals; Abraxane; DOX prolonged retention; uniform | pharmacokinetics metastasis rat model
liposomes serosal coverage
Surface-spreading Self-assembling miRNA Oncogene-targeting miRNA Single-application molecular Strong suppression of residual Postsurgical serosal- [63]

|e 32 297



1:9T0T QUIDIPaWOUEN JO [euJnof [euoneulIu|

:sdyy

Breast cancer

Oral Submucous

Fibrosis (precancer)

Post-endoscopic
mucosal injury

(prevention)

Sodium alginate + Ca®*

sprayable hydrogel

Nanocubospray hydrogel

GastroShield hydrogel
(Pluronic-PEl + oxidized

dextran)

C3N4/Au photocatalyst

EGCG nanocubosomes

Micellar units (no drug payload)

Photocatalytic CO gas
therapy + targeted DOX
chemotherapy

Anti-fibrotic; anti-
inflammatory; antioxidant;
prevents OSF—>OSCC
progression

Acid/protease barrier; wound
healing; prevents
inflammation-induced

carcinogenesis

Conformal coating, synergistic

therapy, reduced recurrence
Non-invasive; strong anti-

fibrotic efficacy

Strong mucosal adhesion;

prevents delayed complications

Orthotopic postoperative

breast cancer model
OSF animal models; oral

mucosa studies

Porcine gastric and

colonic models

[64]

[65]

[66]

|e 32 297



Lee et al

selective uptake and glutathione-sensitive release of the payload. The NR was encapsulated in a C16-C1BP supramo-
lecular hydrogel, which rapidly forms a fibrous gel upon contact with moisture. When sprayed into the surgical cavity,
the hydrogel adheres to irregular resection margins, providing sustained local release for over two weeks.®® In vitro and
organoid-on-chip models demonstrated that shDHCR7 NRs reduced cholesterol efflux from GSMs, decreased pro-
grammed cell death protein 1 (PD-1) and lymphocyte-activation gene 3 (LAG3) expression on CD8" T cells, and
restored IFN-y production, alleviating T-cell exhaustion. The combination of shDHCR7 and ssRNA NRs polarized GSMs
toward a pro-inflammatory, tumor-suppressive phenotype and increased tumor cell apoptosis in organoid models. In vivo,
intracavitary spraying of the NR hydrogel after tumor resection resulted in enhanced CD8" T-cell activation, reduced
regulatory T-cell (Treg) and GSM populations, significant suppression of local recurrence, and prolonged survival in
murine models. In humanized mouse models implanted with patient-derived organoids, the treatment similarly induced
tumor cell apoptosis and extended survival without causing weight loss or neurological toxicity. This study demonstrates
that locally delivered immunometabolic reprogramming via a sprayable hydrogel can effectively suppress postoperative
GBM recurrence by targeting macrophage-driven immune suppression.”*

Together, these two studies illustrate complementary approaches for sprayable hydrogel applications in postoperative
GBM therapy.”® McCrorie et al provide a strategy based on direct cytotoxicity through localized delivery of dual
chemotherapeutics, leveraging bioadhesive hydrogel properties for conformal cavity coverage and sustained release.
Dong et al present an immunometabolic reprogramming strategy, targeting the cholesterol-driven immune suppression
mediated by GSMs to restore anti-tumor immunity. Within the classification framework introduced earlier, the McCrorie
et al system represents a polymer-based, chemotherapy-oriented formulation designed for postoperative cavity sealing,
with calcium-triggered in situ gelation serving as a key responsiveness feature. In contrast, the Dong et al platform
exemplifies a supramolecular—nanoparticle hybrid system that operates through immunotherapy and metabolic repro-
gramming, tailored for intracavitary immune modulation and incorporating moisture-induced self-assembly and GSH-
responsive payload release. Both systems share critical attributes: rapid in situ gelation, strong tissue adhesion, localized
payload retention, and the ability to overcome the limitations of systemic delivery across the BBB. These studies
underscore the potential of sprayable hydrogels as versatile postoperative platforms capable of integrating cytotoxic and
immunomodulatory functions for precision GBM management.”""”? Future directions include the development of multi-
functional formulations, long-term safety evaluation, and optimization of clinically compatible spraying devices to enable
translation into neurosurgical practice.”

Hepatocellular Carcinoma (HCC)

Hepatocellular carcinoma (HCC) is one of the most challenging malignancies to manage postoperatively, with recurrence
observed in over half of patients within two years after hepatectomy. Local recurrence is mainly driven by microscopic
residual tumor cells and the immunosuppressive TME. Systemic chemotherapy and immunotherapy remain limited by
poor drug penetration into the liver, systemic toxicity, and suboptimal modulation of the local TME.”* Sprayable
hydrogels, which can be applied directly to the surgical bed immediately after resection, have emerged as promising
local adjuvant therapies to prevent postoperative recurrence. Recent studies highlight three complementary strategies—
chemical cytotoxicity, immune sensitization, and immune microenvironment reprogramming—that illustrate the versa-
tility of sprayable hydrogel platforms in HCC management.”

Zhang et al developed a thermoresponsive ozone-enriched spray gel designed to induce local cytotoxicity through ROS
generation (Figure 3). The system consists of a perfluorotributylamine (PFTBA)-based nanoemulsion capable of dissolving
ozone to enhance its stability, incorporated into a PLA-PEG-PLA thermosensitive hydrogel. The formulation remains in
a liquid state at room temperature, allowing facile spraying onto the resection surface, and rapidly gels at body temperature to
conform to the surgical cavity. PFTBA improves the solubility of both oxygen and ozone, allowing the otherwise short-lived
gas to remain active for local therapy and stable during storage for up to 30 days. In vitro studies using Huh-7 hepatoma cells
demonstrated robust ROS generation, mitochondrial damage, and inhibition of cell migration upon exposure to the ozone-
loaded hydrogel.”® RNA sequencing and protein analysis revealed simultaneous activation of ferroptosis and apoptosis
pathways, characterized by decreased glutathione peroxidase 4 (GPX4) expression, increased acyl-CoA synthetase long-
chain family member 4 (ACSL4), and enhanced lipid peroxidation and p53 pathway activation was also observed. In an
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Figure 3 Therapeutic efficacy of thermoresponsive ozone-enriched spray gel against postsurgical hepatocellular carcinoma. (A) Schematic illustration of thermoresponsive
ozone-enriched spray gel for postsurgical HCC treatment via ferroptosis and apoptosis (white arrows indicate increase; red arrows indicate decrease). (B) ROS staining of
HuH-7 cells treated with O3/PFTBA@LIP of different O3 charging times (scale bar: 100 pm). (C) Bioluminescence intensity of tumor sites in HuH-7-Luc mice. (D) Survival
rates of mice within 30 days. (E) Body weight changes of treated mice. (F) H&E staining of tumor tissue at day 30 (scale bar: 80 um), and TUNEL staining of tumor tissue
at day 25 (scale bar: 40 um). Data are means % SD *P < 0.05. Reprinted with permission from Zhang et al. Copyright 2023 American Chemical Society.”
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orthotopic tumor resection mouse model, local spraying of the hydrogel effectively suppressed tumor recurrence and
significantly prolonged survival. Histological analysis with H&E and terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) staining confirmed extensive tumor cell death, and no systemic toxicity was detected by blood tests or
organ histology. This study demonstrates that sprayable hydrogels can stabilize and deliver otherwise unstable gaseous
therapeutics, achieving potent local tumor ablation and postoperative recurrence prevention.” 77,78

Cheng et al introduced a self-gelling sprayable powder hydrogel designed to sensitize adoptive natural killer (NK)
cell therapy and simultaneously provide local hemostasis. The formulation, referred to as CGT@POZ, is composed of
a poly(acrylamide) (PAAm)-based structural hydrogel matrix combined with oxidized chondroitin sulfate (OCS) for wet
tissue adhesion. ZIF-8 nanoparticles encapsulate three bioactive agents: calcitriol, which inhibits the Runx2—SerpinB9
axis in liver cancer stem cells (LCSCs) to restore NK susceptibility; gemcitabine, which selectively depletes myeloid-
derived suppressor cells (MDSCs); and tazemetostat, which suppresses enhancer of zeste homolog 2 (EZH2) to increase
C-X-C motif chemokine ligand 10 (CXCL10) expression and enhance NK cell homing. Upon spraying onto the resection
surface, the powder absorbs physiological fluids, rapidly gels, and adheres strongly to the tissue, providing immediate
hemostasis and sustained local release of the three drugs over several weeks.” In vitro, the hydrogel increased NK cell
cytotoxicity against epithelial cell adhesion molecule (EpCAM)"&" LCSCs, decreased MDSC recruitment, and induced
a marked elevation in CXCL10. In orthotopic HCC and patient-derived xenograft (PDX) models, CGT@POZ alone
suppressed recurrence and prolonged survival, while combination with chimeric antigen receptor-natural killer cell
(CAR-NK) cell therapy achieved the greatest therapeutic benefit. Treated tumors exhibited enhanced NK infiltration
and activation, evidenced by increased granzyme B and TNF-y expression. Blood chemistry and organ histology showed
no systemic toxicity, and the powder format was compatible with both open and laparoscopic surgeries. This work
highlights the potential of sprayable self-gelling powders to serve as multifunctional local adjuvants that combine
immunomodulation, targeted drug delivery, and surgical hemostasis.>®*°

Gong et al developed a self-gelation powder hydrogel encapsulating a tRF5-GlyGCC inhibitor as a strategy to restore NK-
mediated immunity in combination with radiotherapy (Figure 4). The study first elucidated a mechanistic pathway in which
postoperative radiotherapy elevates glycocholic acid (GCA) levels, inducing tRF5-GlyGCC expression. This small RNA
interacts with the Runx2-KDMG6B axis, promoting ITGBL1 and S100A9 expression, which in turn suppresses NK cell
cytotoxicity and recruits MDSCs to the tumor bed. To counteract this pathway, the team designed a hydrogel powder (tRF5-Gi
@HOP) composed of hafnium ion (Hf4 +)/tetrakis (4-carboxyphenyl) porphyrin (TCPP) (Hf/TCPP)-based nanostructures
carrying the tRF5-GlyGCC inhibitor, embedded in a PAAm and oxidized starch matrix that self-gels upon contact with tissue
fluids. When sprayed onto the hepatic resection margin, the powder rapidly formed an adherent gel with self-healing
properties, enabling prolonged local release of the inhibitor. In vivo, combination therapy with radiotherapy significantly
increased NK infiltration and activation (granzyme B and IFN-y expression), reduced MDSC prevalence, and suppressed

18" An additional benefit was the reduction of postoperative peritoneal

tumor recurrence, resulting in improved surviva
adhesions, which is advantageous for surgical recovery. Blood biochemistry and histological assessments confirmed the
absence of systemic toxicity. This study demonstrates that sprayable self-gelling powders can be engineered for precise
immunometabolic intervention, synergizing with radiotherapy to prevent HCC recurrence by restoring local NK immunity.>’

Collectively, these three studies illustrate the multifaceted capabilities of sprayable hydrogel systems for post-
operative HCC therapy. Zhang et al focused on localized ROS-mediated tumor ablation using an ozone-enriched
thermosensitive gel.*> Cheng et al developed a multifunctional self-gelling powder that provides immunomodulation,
drug delivery, and hemostasis while sensitizing NK cell therapy. Gong et al introduced an immunoregulatory powder that
reprograms the postoperative TME to restore NK activity in combination with radiotherapy.®® Within the classification
framework outlined earlier, these platforms span multiple axes in distinct but complementary ways. The ozone-enriched
thermogel by Zhang et al represents a thermoresponsive, polymer-based system designed for postoperative cavity sealing,
leveraging temperature-triggered sol—gel transition for localized ROS release and ferroptosis induction. The CGT@POZ
powder hydrogel developed by Cheng et al exemplifies a hybrid material architecture combining polymer matrices with
nanoparticle-laden immunomodulators, functioning within the therapeutic category of immune sensitization and incor-
porating fluid-induced self-gelation as a key responsiveness feature. In contrast, the tRF5-Gi@HOP system by Gong et al
operates as an immunometabolic reprogramming platform, integrating a nanoparticle-enabled inhibitor with a self-gelling
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polymer network that responds to tissue fluid absorption and radiotherapy-associated biochemical cues to sustain
localized release. Despite their distinct mechanisms—direct cytotoxicity, immune sensitization, and immunometabolic
reprogramming—all three platforms demonstrated effective suppression of tumor recurrence and significant survival
benefits in preclinical models. These findings suggest that sprayable hydrogels can evolve into multifunctional local
adjuvants for HCC, bridging surgical oncology with targeted drug delivery and immune modulation. Future translation
will require optimization of long-term safety, degradation kinetics, and compatibility with diverse surgical environments,
but the current preclinical evidence strongly supports their potential to address the unmet clinical challenge of post-
operative HCC recurrence.

Colorectal Cancer

Colorectal cancer (CRC) is a common malignancy with a high risk of local recurrence and distant metastasis even after
surgical resection.®* Postoperative recurrence is driven by residual microscopic tumor cells at the resection margin and by
the immunosuppressive TME created after surgery.® Additional challenges include the highly inflamed and exudative
postoperative intestinal environment, which can dilute locally applied therapeutics and accelerate their clearance, as well
as the complex geometry of the colorectal resection bed that complicates uniform drug deposition. Systemic chemother-
apy and immunotherapy have limited efficacy in this setting because drug delivery to the surgical bed is poor and
systemic administration is often accompanied by toxicity. Sprayable hydrogels that can be applied intraoperatively to
conformally coat the resection surface have emerged as an innovative platform to provide local therapy, modulate the
immune response, and potentially induce long-term tumor-specific immunity.*® Two representative studies illustrate
distinct but complementary strategies: a dual-functional immunotherapeutic gel designed to alleviate postoperative
immune suppression and trigger systemic antitumor immunity, and a hyaluronic acid-based multidrug composite
hydrogel that integrates multi-stage immuno-chemotherapy for durable tumor eradication.

Si et al developed an in situ-sprayed dual-functional immunotherapeutic hydrogel (iSGels@aOX40) to prevent local
recurrence and peritoneal metastasis following CRC surgery. The design of this system addresses the major challenge of
the postoperative TME, which becomes immunosuppressive due to surgical trauma and residual tumor burden, facilitat-
ing rapid regrowth and systemic dissemination.®” The hydrogel consists of tannic acid (TA), a natural polyphenol that
alleviates inflammation by destabilizing COX-2 mRNA, and a poly(l-glutamic acid) (PLG)-g-mPEG/phenylboronic acid
(PBA) backbone that enables rapid gelation through reversible boronate ester bonds. The system incorporates anti-OX40
monoclonal antibody (a0X40) to directly stimulate T-cell activation and inhibit Treg activity, thereby inducing systemic
antitumor immunity. When sprayed onto the resection site, the liquid precursor rapidly forms a strong adhesive hydrogel
with tissue adhesion up to 6 kPa, conforming to the irregular surgical cavity. The material properties of iSGels@aOX40
were optimized to achieve sustained release and biodegradation under physiologic and tumor-associated conditions. In
mildly acidic environments resembling the postoperative tumor bed (pH 6.8), the hydrogel degraded more rapidly, with
only 15.6% residual mass after 19 days compared to 30.4% at pH 7.4. The release profile of aOX40 antibody was
similarly pH-dependent, reaching 81.1% cumulative release at pH 6.8 over 20 days, while maintaining 45.5% release at
pH 7.4. Importantly, the biological activity of the released antibody was preserved due to reversible interactions with TA,
which stabilized the protein and allowed its functional recovery in situ. In vitro assessments demonstrated high
cytocompatibility of the hydrogel components, with PLG-g-mPEG/PBA scaffolds and iSGels maintaining over 80%
cell viability at concentrations up to 1000 pg/mL in CT26 colon cancer cells. Tannic acid exhibited moderate cytotoxicity
only at high concentrations, confirming that the gel matrix itself is largely non-toxic. In vivo studies highlighted the
robust therapeutic efficacy of this local immunotherapy system. In a subcutaneous incomplete resection model of CT26
tumors, free aOX40 antibody achieved partial tumor suppression, extending median survival to 46 days, while the
iSGels@aOX40 group achieved complete local recurrence prevention and 100% survival at 90 days. Histologic analysis
revealed enhanced CD4" and CD8" T-cell infiltration, maturation of dendritic cells, and a shift from immunosuppressive
to immunostimulatory TME characterized by increased IFN-y and TNF-a and decreased IL-10. In a peritoneal metastasis
model, the treatment achieved 85% tumor suppression rate, reduced M2 macrophage and MDSC populations, and
conferred long-term tumor-specific immune memory, as evidenced by resistance to tumor rechallenge in cured mice.*®*
No significant systemic toxicity, weight loss, or organ damage was observed. This study demonstrates that local delivery
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of an immunostimulatory hydrogel can effectively transform the postoperative immune environment, achieve durable
local tumor control, and induce systemic antitumor immunity without systemic side effects.®

Wang et al reported a complementary approach using a sprayable hyaluronic acid-based multidrug composite
hydrogel designed to provide ultra-efficient, long-lasting, multi-stage immuno-chemo synergistic therapy for postopera-
tive CRC.”® This system is built upon the concept of eliminating residual tumor cells while simultaneously inducing
robust and durable antitumor immunity to prevent recurrence and peritoneal dissemination. The core of the formulation is
an infinite coordination polymer (ICP) nanoparticle composed of oxaliplatin (OXA), curcumin (Cur), and Mn?" ions,
which together orchestrate a multi-modal antitumor mechanism. OXA induces immunogenic cell death (ICD) through
nuclear DNA damage, Cur generates mitochondrial ROS leading to mitochondrial DNA damage and activation of the
cGAS- stimulator of interferon genes (STING) pathway, and Mn>" amplifies STING-mediated immune signaling.”’
These ICP nanoparticles were subsequently coated with polydopamine (PDA) to provide photothermal capability under
808 nm laser irradiation, prolong drug release, and enhance tissue adhesion. Finally, the nanoparticles were incorporated
into a sprayable hyaluronic acid hydrogel composed of HA-DOPA and HA-APBA, which provides strong wet tissue
adhesion and pH-responsive, stepwise drug release. The physicochemical characterization of this composite hydrogel
revealed that ICP nanoparticles were approximately 18 nm in diameter and increased to 143 nm after PDA coating. Drug
release was highly pH-dependent: under physiological conditions (pH 7.4), cumulative release of OXA and Cur after
48 hours was 15% and 12%, respectively, whereas in the mildly acidic tumor environment (pH 5.5) release increased to
79% and 71%, enabling selective activation in the surgical bed. The hydrogel exhibited strong tissue adhesion (3.99 +
1.32 kPa in porcine skin models) and effective photothermal performance, reaching 56°C within 5 minutes under 808 nm
laser irradiation. This combination of adhesion, controlled release, and photothermal responsiveness allows the hydrogel
to achieve multi-stage therapeutic effects, including direct tumor cell killing, immunogenic modulation, and enhanced
immune memory formation.”” In vitro studies with CT26 CRC cells demonstrated that the combination of ICP@PDA
nanoparticles and laser irradiation reduced cell viability to below 10%, and 3D tumor spheroid models showed over 50%
growth inhibition.”®> ICD markers such as calreticulin (CRT) exposure, HMGBI release, and ATP secretion were
significantly elevated, and activation of the cGAS-STING pathway was confirmed.”® In vivo, the hydrogel adhered to
the surgical bed and provided sustained local drug release for over 20 days without causing weight loss, hematologic
abnormalities, or organ toxicity.”” In an incomplete resection mouse model, treatment achieved 80-day recurrence-free
survival with 100% survival, and a tumor rechallenge experiment confirmed the establishment of long-term immune
memory.”® Additionally, peritoneal dissemination was effectively suppressed, highlighting the systemic protective benefit
of this local therapy.®>®’

Together, these two studies demonstrate how sprayable hydrogel systems can be engineered for postoperative CRC
management using distinct but complementary strategies. Si et al provide a platform focused on local immune activation
and systemic antitumor immunity through the delivery of an immunostimulatory hydrogel incorporating anti-OX40
antibody and tannic acid. Wang et al present a multistage immuno-chemo approach that combines chemotherapy, ROS-
mediated immunogenic modulation, STING pathway activation, and photothermal therapy to achieve ultra-efficient local
tumor eradication and long-term protection.’®*’ Within the classification framework outlined earlier, the iSGels@aOX40
platform developed by Si et al represents an immunotherapy-oriented system composed of a polymeric boronate-
crosslinked hydrogel matrix, designed for postoperative cavity sealing and characterized by pH-responsive degradation
and antibody release in the mildly acidic tumor bed. In contrast, the HA-based ICP@PDA composite hydrogel created by
Wang et al exemplifies a hybrid material architecture integrating polymer matrices, coordination polymer nanoparticles,
and photothermal components to deliver combination immuno-chemotherapy. This system aligns with the clinical
application context of postoperative CRC management and incorporates dual responsiveness—pH-triggered drug release
and NIR-driven photothermal activation—to enable multi-stage therapeutic engagement. Both platforms exploit the
intrinsic advantages of sprayable hydrogels, including rapid in situ gelation, conformal coating of irregular surgical sites,
sustained localized release, and minimal systemic exposure.'® These studies underscore the transformative potential of
sprayable hydrogel systems as multifunctional postoperative adjuvants for CRC, capable of addressing the dual challenge

of immediate local tumor control and durable immunologic protection against recurrence and metastasis.'®!
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Melanoma and Skin Tumors

Melanoma is the most serious type of skin cancer, and surgery is an effective method to treat melanoma.'®> However,
local recurrence and distant metastasis frequently occur due to the presence of microscopic residual tumor cells and
circulating tumor cells (CTCs). Surgical trauma and the associated inflammatory response create an immunosuppressive
TME that promotes tumor regrowth.'®®> Furthermore, the dynamic wound environment of skin—including high protease
activity, fluctuating oxygenation, and mechanical stretching—poses additional challenges for maintaining therapeutic
concentration and gel stability. Systemic chemotherapy and immune checkpoint inhibitors can provide partial benefit but
are limited by systemic toxicity and suboptimal local drug delivery to the surgical bed. To overcome these clinical
challenges, sprayable hydrogel-based local therapy has emerged as a promising strategy. These systems conformally coat
the irregular resection surface, enable sustained local release of therapeutic agents, minimize systemic exposure, and can
stimulate long-term antitumor immune responses.'**'%

Chen et al developed an in situ-sprayed immunotherapeutic hydrogel designed to prevent postoperative tumor
recurrence and activate systemic immunity.'> The system integrates two key components. First, anti-CD47 (aCD47)
antibody-loaded CaCO; nanoparticles, which gradually dissolve under acidic TME conditions and release the antibody.
CD47-SIRPa signaling functions as a “don’t eat me” signal for tumor cells, and blockade with aCD47 restores
macrophage phagocytosis and antigen presentation.”” The dissolution of CaCOs also consumes protons, locally buffering
the acidic TME and promoting the polarization of TAMs from the M2 phenotype toward the M1 phenotype. Second,
a fibrin-based hydrogel serves as a biocompatible and Food and Drug Administration (FDA)-approved scaffold.
Fibrinogen and thrombin solutions are sprayed simultaneously using a dual-cartridge device, rapidly gelling on the
surgical bed to form a local drug depot and wound-sealing layer.'’® The formulation demonstrated favorable physico-
chemical and immunological properties. The aCD47@CaCOj3 nanoparticles were approximately 100 nm in diameter, at
pH 6.5, the CaCO; core dissolved gradually, resulting in sustained antibody release over several weeks while consuming
local H' ions to modulate the TME. In vivo imaging confirmed prolonged retention and release for up to three weeks.
Immunological analyses revealed a pronounced reprogramming of the TME: M2-type TAMs (CD206") decreased, M1-
type TAMs (CD80") increased, and pro-inflammatory cytokines such as IL-12 and IFN-y were upregulated while IL-10
was suppressed.'®” Dendritic cell maturation and CDS8" T-cell infiltration were enhanced, while Foxp3™ Tregs were
reduced, indicating a shift toward an immunostimulatory environment. Therapeutic efficacy was validated in a BI6F10
melanoma model with incomplete tumor resection. Local application of the sprayable hydrogel significantly reduced
recurrence rates, and 50% of treated mice survived to 60 days without recurrence. Notably, local therapy alone also
inhibited contralateral tumor growth, suggesting that local immune activation expanded to a systemic antitumor
response.'”® Combination with systemic anti-PD-1 further enhanced both local and distant tumor suppression. Body
weight and hematologic parameters remained stable, confirming minimal systemic toxicity. This study demonstrated that
a locally applied immunotherapeutic sprayable hydrogel can effectively prevent recurrence, reprogram the TME, and
initiate systemic immune responses.”’

Zhao et al reported a sprayable chemo-immunotherapy hydrogel designed to simultaneously target residual tumor
cells and circulating tumor cells to prevent postoperative recurrence and metastasis. This system combined three essential
components. First, platelet-derived small extracellular vesicles (Pex) loaded with doxorubicin (PexD) functioned as
a targeted chemotherapeutic platform.'” These vesicles retained key platelet proteins such as P-selectin, CD41, and
CD61, enabling selective binding to CD44 on CTCs and residual tumor cells.''® Doxorubicin (DOX) induced ICD,
enhancing antigen release and immune activation.''' Second, anti-programmed death-ligand 1 (aPD-L1) antibody was
included to locally block PD-1/PD-L1 signaling, reactivating T-cell responses at the surgical bed. Third, a fibrin-based
hydrogel was used to generate an in situ depot.''? Thrombin solution containing PexD and fibrinogen solution containing
aPD-L1 were co-sprayed, forming a soft, porous hydrogel that adhered to the resection surface and enabled sustained
release. The physicochemical evaluation showed that PexD had a diameter of ~157 nm with increased positive surface
charge due to DOX loading. The hydrogel exhibited stable rheological properties, with a soft-gel profile (G’ > G") and
a porous 3D network suitable for drug release.''® At pH 6.5, 43.4% of DOX was released within 24 hours, providing
TME-responsive delivery. In vitro studies confirmed superior cellular uptake of PexD compared with free DOX and
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enhanced cytotoxicity, with an ICsy of 0.115 pg/mL versus 0.341 pg/mL for free drug.”’ PexD treatment induced
hallmark ICD responses, including calreticulin exposure, HMGBI release, and ATP secretion, and promoted dendritic
cell maturation with increased CD80"/CD86" expression.''* In vivo, this sprayable system achieved three major
therapeutic outcomes. First, intravenously administered PexD captured CTCs in circulation and suppressed lung
micrometastases.''> Second, in a postsurgical B16F10 incomplete resection model, local spray therapy markedly reduced
tumor recurrence, with 50% of mice surviving to day 50.''® The local immune environment was remodeled with
increased CD8" T cells and M1-type macrophages and decreased Tregs and M2-type macrophages. Third, local therapy
alone suppressed contralateral tumor growth and reduced major organ metastases, with systemic expansion of CD8"
T-cell responses.''” Body weight and organ histology showed no significant toxicity, supporting the safety of this
localized approach.''® Overall, this study demonstrated that a sprayable chemo-immunotherapy gel can simultaneously
eradicate residual tumor cells, capture CTCs, modulate the local and systemic immune landscape, and induce long-term
protective immunity (Figure 5A).%

Ye et al developed an in situ-sprayed nanovaccine hydrogel designed to prevent postoperative melanoma recurrence
and metastasis by simultaneously targeting cell surface and exosomal PD-L1, which are major mediators of immune
evasion.''” The platform combined GENPs (Golgi—exosome hybrid membrane-coated poly(lactic-co-glycolic acid)
(PLGA) nanoparticles loaded with all-trans retinoic acid) and aPD-L1 antibody, encapsulated within a poly(vinyl
alcohol) acetoacetate (PVAA)/chitosan-based sprayable hydrogel that rapidly gels upon application to the surgical cavity.
The GENPs were engineered with a PLGA core carrying retinoic acid, which disrupts Golgi function, and a hybrid
membrane derived from PD-L1-knockout exosomes and Golgi membranes. This hybrid coating allowed for homotypic
targeting to melanoma cells, efficient intracellular delivery, and specific localization to the Golgi apparatus.''® The
strategy was designed to disorganize the Golgi structure, suppress exosomal PD-L1 secretion by approximately 40%, and
promote the degradation of cellular PD-L1 via ER-associated degradation, collectively overcoming systemic immuno-
suppression mediated by PD-L1-positive exosomes.'?” In vitro studies confirmed the functional performance of GENPs:
they showed strong uptake by B16F10 melanoma cells, induced significant Golgi disassembly, and reduced exosome
production. Functional immunological assays demonstrated enhanced activation of dendritic cells and increased priming
of T cells after exposure to tumor antigens from treated cells.'*" The hydrogel served as a local depot, maintaining the
retention and controlled release of GENPs and aPD-L1 at the surgical site, reducing the need for systemic dosing and
minimizing off-target toxicity.'*” In vivo, this nanovaccine hydrogel demonstrated robust local and systemic effects in
multiple murine melanoma models. In an incomplete resection model, application of the hydrogel led to marked
suppression of local tumor recurrence and extended median survival, with 50% of treated mice surviving up to day 52
without recurrence.'”® Histological analysis of the tumor bed revealed dense infiltration of CD8" cytotoxic
T lymphocytes and a significant reduction in Foxp3™ Tregs, indicative of a favorable immunological shift. Importantly,
the therapy generated systemic antitumor immunity despite being delivered locally. Contralateral tumors and lung
metastasis models showed suppressed growth, reduced metastatic burden, and evidence of effector memory T cell
expansion in the spleen, confirming the induction of long-lasting systemic immune responses.''' No significant body
weight loss or organ toxicity was observed, underscoring the safety of localized immunotherapy. Overall, this study
highlights a rational approach that combines exosomal PD-L1 suppression, checkpoint blockade, and local retention to
achieve durable local and systemic antitumor effects, positioning sprayable nanovaccine hydrogels as a potent strategy
for postoperative melanoma immunotherapy (Figure 5B).%!

Ma et al reported a sprayable B-FeSi, (FS)/alginate composite hydrogel that integrates tumor ablation and wound
healing to address the dual challenges of residual tumor eradication and skin regeneration after surgery for melanoma or
other skin tumors.'** The system leveraged FS microparticles embedded in a sodium alginate (SA) hydrogel, which
could be instantly cross-linked with calcium ions upon spraying to form a conformal gel coating on irregular wound
surfaces. B-FeSi, served as a multifunctional therapeutic component through its dual role in photothermal therapy (PTT)
and chemodynamic therapy (CDT).' Under 808 nm near-infrared irradiation, FS particles converted light into heat,
rapidly increasing the local temperature to ~60°C within 10 minutes, sufficient to ablate residual tumor cells.'*
Simultaneously, in the acidic and hydrogen peroxide-rich TME, Fe ions released from FS catalyzed Fenton-like reactions
to generate highly reactive hydroxyl radicals (+OH), amplifying oxidative stress to induce tumor cell death.''® The
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hydrogel also gradually released Fe and Si ions that promoted angiogenesis, enhanced endothelial cell migration, and
accelerated tissue regeneration. Extensive in vitro studies confirmed the synergy of PTT and CDT in eliminating
melanoma cells.'*® Treatment of B16F10 cells with SA-FS hydrogels under NIR irradiation reduced cell viability to
approximately 5%, and live/dead staining combined with ROS fluorescent probes revealed extensive apoptosis and ROS
accumulation. In 3D tissue-mimicking assays, the hydrogel uniformly coated the tumor surface and maintained its
photothermal and catalytic performance after repeated laser exposures.'* In vivo experiments in a postsurgical skin
tumor model demonstrated potent therapeutic and regenerative effects. The group treated with SA-FS hydrogel plus NIR
irradiation exhibited rapid and complete tumor ablation, with histological analysis confirming full necrosis of residual
tumor tissue. Remarkably, the treated wounds exhibited accelerated healing, with near-complete closure within 12 days,
re-epithelialization, and new dermis formation.'?” Further angiogenesis assays revealed enhanced expression of VEGF,
CD31, and HIF-1a-driven signaling in regenerating tissue, correlating with robust neovascularization.'*® In a burn wound
model, the hydrogel further demonstrated its wound healing potential, achieving full closure within 14 days and
promoting the formation of vascularized skin tissue.'*” Collectively, this sprayable FS/alginate hydrogel offered
a portable, minimally invasive strategy that not only eradicated residual skin tumors through PTT/CDT synergy but
also actively facilitated wound regeneration, making it highly promising for postoperative melanoma management and
emergency applications in dermatologic oncology.'

Chen et al advanced the concept of multifunctional in situ-sprayed hydrogels by developing an oxygen-actuated Janus
therapeutic system that simultanecously targets postoperative melanoma recurrence, metastasis suppression, and wound
healing."*® The hydrogel, designated HIL@Z/P/H, incorporated three coordinated therapeutic elements. First, HIL@Z
nanoparticles were formulated by loading indocyanine green (ICG) and L-arginine into ZIF-8 particles and coating them
with hyaluronic acid for CD44-mediated tumor targeting. Upon 808 nm irradiation, ICG generated ROS, which reacted
with L-arginine to produce nitric oxide (NO), leading to the formation of peroxynitrite (ONOOQO ) and inducing potent
oxidative and nitrosative stress to kill residual tumor cells.®? Second, the hydrogel encapsulated photosynthetic cyano-
bacteria (PCC 7942), which generated oxygen under 635 nm red light, alleviating local hypoxia, enhancing ROS/reactive
nitrogen species (RNS) efficacy, and downregulating HIF-1o-mediated pro-metastatic signaling.'*! Third, the alginate-
calcium matrix ensured rapid in situ gelation, tissue adhesion, and localized retention of therapeutic agents.'** In vitro
evaluations confirmed the multifaceted functionality of the hydrogel. ROS, NO, and ONOO™ production was robust,
accompanied by significant glutathione depletion in B16F10 melanoma cells, resulting in enhanced late apoptosis and
necrosis.'*® Cellular oxygenation assays using Ru(dpp);Cl, showed marked relief of hypoxia in the presence of P/H and
red light irradiation. Gene expression analysis revealed suppression of HIF-1a and its downstream targets, including
MMP-9 and EPO, along with restoration of E-cadherin, consistent with inhibition of metastasis-associated pathways.'**
In vivo, the therapeutic hydrogel demonstrated a remarkable “Janus” effect in murine models.'*> Local application of
HIL@Z/P/H with dual-wavelength irradiation achieved near-complete suppression of local recurrence, significant
reduction of lung metastases, and extended survival, with 80% of mice surviving to day 42. Immunohistochemical
analysis of the tumor bed revealed increased infiltration of CD8" T cells and F4/80" macrophages, indicating a shift
toward an immunostimulatory microenvironment.'*® Simultaneously, the hydrogel promoted rapid wound healing, with
complete closure and regeneration of hair-bearing skin within 14 days, accompanied by enhanced collagen deposition
and expression of angiogenic markers such as CD31 and a-SMA.'*” Safety assessments showed minimal systemic
toxicity, stable body weight, and no significant histopathological abnormalities in major organs.'*® This comprehensive
platform thus demonstrated the capacity to integrate tumor ablation, metastasis inhibition, immune modulation, and tissue
regeneration within a single sprayable hydrogel system, representing a highly versatile and translational strategy for
postoperative melanoma therapy.®

Together, these five studies illustrate the wide-ranging potential of sprayable hydrogel platforms for melanoma and
skin tumor management, each addressing the dual imperatives of local tumor control and tissue recovery through distinct
mechanisms. Chen et al presented a strategy focused on reprogramming the local immune microenvironment and
stimulating systemic immunity, while Zhao et al implemented a combined chemo-immunotherapy approach to eliminate
residual and circulating tumor cells and suppress distant metastasis.'*>® Ye et al achieved systemic immune activation and
durable antitumor memory by suppressing exosomal PD-L1 and leveraging checkpoint blockade.’’ Ma et al
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demonstrated that combining photothermal and chemodynamic effects within a portable sprayable hydrogel could
eradicate residual tumors while actively promoting wound repair.'*® Chen et al delivered a next-generation multi-
functional Janus hydrogel that integrated oxygen generation, ROS/RNS-mediated cytotoxicity, metastasis suppression,
and regenerative effects.®> Within the classification framework outlined earlier, these formulations collectively occupy
multiple design dimensions rather than a single category. The aCD47@CaCO;—fibrin system developed by Chen et al is
an immunotherapy-oriented, polymer—inorganic hybrid hydrogel applied to postoperative skin defects, in which pH-
responsive CaCO; dissolution governs sustained antibody release and local buffering of the acidic TME. Zhao’s PexD/
aPD-L1-ibrin platform exemplifies a chemo-immunotherapy system that combines nanoparticle-laden vesicles with
a protein-based spray gel for postoperative wound coverage, while exploiting TME-responsive DOX release to coordi-
nate local and systemic CTC targeting. The nanovaccine hydrogel reported by Ye et al represents an immunotherapy-
focused, nanoparticle-loaded polymeric matrix designed for intracavitary application, using prolonged local retention and
controlled release to modulate both cellular and exosomal PD-L1. In contrast, the FS/alginate composite gel by Ma et al
integrates a polysaccharide matrix with inorganic microparticles to provide a surface-coating postoperative dressing that
is strongly responsive to NIR irradiation and tumor-associated H,O, and acidity, thereby enabling synergistic photo-
thermal and chemodynamic tumor ablation alongside pro-angiogenic wound repair. Finally, the HIL@Z/P/H Janus
hydrogel described by Chen et al constitutes a highly hybrid, multi-stimuli-responsive system in which an alginate—
calcium network supports ZIF-8 nanoparticle-mediated chemo-phototherapy and cyanobacteria-derived oxygen genera-
tion under dual-wavelength light, situating it at the intersection of combination therapy, complex material design, and
responsiveness-based classification. Despite their mechanistic diversity, all platforms exploit the intrinsic advantages of
sprayable hydrogels—rapid in situ gelation, conformal coating of complex surgical sites, sustained local release, and
minimized systemic exposure—to meet the complex demands of postoperative melanoma therapy. Collectively, these
studies support the advancement of sprayable hydrogels as next-generation adjuvant treatments that bridge local tumor
eradication, systemic immune engagement, and accelerated wound healing, offering a transformative approach to the

management of melanoma and other skin malignancies.'*!

Surface-Spreading and Serosal Cancers

Surface-spreading and serosal cancers—such as peritoneal metastasis from ovarian, gastric, or colorectal cancer, and
pleural dissemination in mesothelioma—pose unique therapeutic challenges. These malignancies propagate across
extensive, curved, and fluid-bathed serosal surfaces where complete surgical removal is rarely feasible. The postoperative
environment is characterized by constant peritoneal or pleural fluid turnover, limited vascularity, and poor penetration of
systemic drugs, all of which restrict effective local retention of therapeutics. Conventional intraperitoneal or intrapleural
chemotherapy suffers from rapid clearance, gravity-dependent pooling, and heterogeneous surface coverage. These
constraints underscore the need for sprayable or aerosolizable hydrogels that can uniformly coat complex anatomic
surfaces, rapidly gel under serosal fluid conditions, and provide prolonged local drug release despite continuous fluid
exposure. Such design requirements have motivated the development of supramolecular, peptide-based, and nanoparticle-
integrated sprayable hydrogels optimized for serosal delivery.

Braet et al reported the development of a CO,-driven sprayable hydrogel platform for the treatment of peritoneal
metastasis in patients with advanced ovarian cancer, where complete surgical resection is often not feasible.**'** The
system is based on pH-sensitive supramolecular ureido-pyrimidinone (UPy)-PEG hydrogel precursors, which undergo
in situ gelation upon CO, exposure due to a pH drop in the pneumoperitoneum. This approach was designed to address
the fundamental limitation of conventional intraperitoneal chemotherapy, which suffers from rapid clearance of free drug
solutions, limited retention on peritoneal surfaces, and insufficient tumor specificity. The hydrogel is nebulized using
a Medspray multi-directional nozzle in combination with electrostatic pressurized intraperitoneal acrosol chemotherapy
(ePIPAC), which allows uniform deposition on the peritoneal cavity, including the diaphragmatic dome and recesses,
overcoming gravity-driven pooling observed with conventional Capnopen delivery. The UPy-PEG system forms a thin,
conformal gel layer that adheres to complex serosal surfaces and enables prolonged local drug retention and sustained
release. Indeed, quantitative analyses demonstrated that CO,-driven nebulization resulted in markedly greater intraper-
itoneal retention of UPy-PEG compared with either direct injection or Nj-driven aerosolization. Two hours after IP
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administration, significantly higher hydrogel deposition was observed with CO, nebuliation, and this advantage persisted
at both 2 and 7 days post-treatment, underscoring the importance of CO,-mediated pH modulation for sustained
peritoneal coverage. For therapeutic evaluation, the hydrogel was loaded with various nanomedicines, including cisplatin
nanoparticles, paclitaxel nanocrystals (PNC), Abraxane, and doxorubicin liposomes, to assess compatibility and release
profiles. In vitro, cisplatin nanoparticles showed rapid release within 2 days, while paclitaxel-based formulations
exhibited prolonged release up to 16 days, supporting extended exposure for poorly soluble agents. PNC- or Abraxane-
loaded hydrogels maintained cytotoxicity against SKOV-3 IP2 ovarian cancer cells for 10 days, whereas free formula-
tions lost activity more rapidly. In vivo studies using a luciferase-expressing SKOV-3 peritoneal metastasis rat model
demonstrated that PNC-loaded UPy-PEG hydrogel delivered via CO, nebulization achieved the most pronounced
therapeutic effect. Animals treated with the hydrogel exhibited complete tumor suppression for 28 days, no ascites
formation, and 100% survival, while free-drug controls showed rapid disease progression. The hydrogel layer persisted
up to 7 days in the peritoneum and degraded naturally without adverse effects. This study highlights a rationally
engineered, sprayable pH-responsive hydrogel capable of converting minimally invasive aerosol delivery into
a durable local therapy for peritoneal metastasis, with the potential to enhance the clinical utility of PIPAC by adding
sustained local drug release and improved tumor control (Figure 6).>*

Majumder et al introduced a surface-fill sprayable hydrogel system (SFH) as a single-application local therapy for
cancers growing along complex anatomical surfaces, such as pleural mesothelioma, peritoneal mesothelioma, ovarian
peritoneal metastasis, and metastatic CRC.'** The motivation for this approach stems from the clinical challenge that
these surface-spreading malignancies are rarely fully resectable, and systemic chemotherapy fails to eradicate micro-
scopic residual disease along serosal planes. SFH was designed as a shear-thinning, self-assembling peptide hydrogel that
can be sprayed to conformally coat irregular surgical or anatomical surfaces and persist as a local therapeutic depot. The
hydrogel encapsulated miRNA-based nanomedicines, specifically miR-215 and miR-206 complexes, which target
oncogenic pathways by activating p53 signaling and inhibiting Ras/CDK4-driven proliferation, respectively. The
miRNA complexes were formulated as cationic amphiphilic peptide nanoparticles (~50—200 nm), optimized for cellular
uptake and endosomal escape.'** These particles were electrostatically entrapped within the hydrogel network, which
allowed gradual and sustained release while protecting the cargo from premature degradation. In vitro studies demon-
strated selective cytotoxicity toward H2052 mesothelioma cells, with minimal impact on normal mesothelial cells,
supporting a tumor-targeted molecular mechanism.'* In vivo, SFH demonstrated efficacy across multiple preclinical
models. In a subcutaneous xenograft model, a single peritumoral application of SFH carrying miRNA resulted in tumor
growth suppression, decreased Ki67 proliferation index, and increased TUNEL-positive apoptotic cells. In a peritoneal
metastasis model using H2373 cells, a single intraperitoneal administration led to marked reduction in tumor burden and
prolonged survival.'*® Similarly, in a pleural dissemination model, one-time hydrogel treatment delayed disease progres-
sion and extended survival, showing that local miRNA delivery can suppress oncogenic signaling across multiple serosal
surfaces. A postsurgical residual disease model further highlighted the adjuvant potential of SFH: the hydrogel-treated
side showed markedly reduced recurrence compared with the untreated side. The hydrogel formed a thin 200-250 pm
film, adhered to wet tissue, and biodegraded via macrophage uptake, minimizing foreign-body response.'*” This work
underscores the concept that single-application, sprayable hydrogel therapy can attenuate the oncogenic signature and
prevent recurrence on complex anatomical surfaces, providing a new paradigm for localized molecular therapy in
mesothelioma and related surface-spreading malignancies.®®

Collectively, these two studies demonstrate the emerging role of sprayable hydrogel systems in the local management
of anatomically complex surface cancers, with a particular focus on peritoneal and pleural metastases.'*® Braet et al
focused on a pH-sensitive CO,-nebulized hydrogel to enhance the retention and efficacy of conventional chemother-
apeutics in peritoneal metastasis, enabling durable local control through sustained drug release and uniform coverage in
minimally invasive settings. In contrast, Majumder et al leveraged a self-assembling miRNA hydrogel to directly
modulate oncogenic pathways and achieve molecular tumor suppression with a single application, bridging postoperative
adjuvant therapy and local molecular intervention. Within the classification framework outlined earlier, the UPy-PEG
hydrogel developed by Braet et al represents a supramolecular, chemotherapy-oriented formulation designed for
intraperitoneal surface treatment, in which CO,-driven pH reduction triggers rapid gelation and facilitates uniform
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aerosol deposition as a key responsiveness feature. Meanwhile, the SFH system introduced by Majumder et al constitutes
a peptide-based, nanoparticle-laden hydrogel for molecular gene therapy, optimized for conformal serosal coverage in
both pleural and peritoneal settings. This platform exhibits responsiveness through fluid-induced self-assembly and
sustained-release kinetics that maintain miRNA stability and bioactivity across extended periods. Despite the difference
in therapeutic cargo—chemotherapeutic nanoparticles versus gene-regulatory miRNAs—both platforms exploit the core
strengths of sprayable hydrogels: rapid in situ gelation, conformal coating of irregular serosal surfaces, sustained local
delivery, and minimal systemic toxicity. Together, these strategies illustrate the transformative potential of sprayable
hydrogels as next-generation local adjuvant therapies for surface-spreading malignancies that remain challenging for
conventional systemic or surgical approaches.

Breast Cancers

Breast cancer remains one of the leading causes of cancer-related morbidity among women worldwide, and local
recurrence after breast-conserving surgery continues to limit long-term disease control despite advances in endocrine
therapy, targeted agents, and radiotherapy. The tumor bed frequently contains microscopic residual disease, and conven-
tional postoperative therapies often show limited effectiveness in eliminating these cells. As a result, approaches that
enhance the efficacy of adjuvant treatments and more effectively eradicate residual tumor populations to prevent
recurrence and metastasis are needed.’

Wang et al recently introduced a nanoscale sprayable hydrogel system specifically designed for postoperative breast
cancer treatment (Figure 7). The platform forms a stable hydrogel network through rapid Ca®"-induced crosslinking that
occurs when the sprayed sodium alginate precursor contacts the CaCl, solution containing the gold-modified graphitic
carbon nitride photocatalyst (C3N4/Au), thereby enabling uniform incorporation of the photocatalyst and enhancing the
pro-apoptotic efficacy of subsequently administered doxorubicin. Upon spraying onto the surgical cavity, the low-
viscosity precursor undergoes immediate gelation, forming a conformal, adherent coating that localizes therapeutic
payloads within the resection bed. Under visible-light irradiation, C3N4/Au catalytically converts endogenous CO, into
carbon monoxide, enabling in situ CO-based gas therapy, while FA@DM provides folate-targeted chemotherapy to
selectively eliminate residual tumor cells. This sprayable photocatalytic hydrogel demonstrates multiple therapeutic
advantages relevant to postoperative breast cancer management. The localized generation of CO induces oxidative stress,
mitochondrial dysfunction, and apoptosis in residual tumor cells, while the micellar doxorubicin enhances cytotoxicity
with minimal systemic exposure. The system’s rapid gelation and strong tissue adhesion ensure sustained retention at the
surgical site, preventing premature washout and enabling prolonged combinatorial treatment. In orthotopic postoperative
breast cancer models, the spray gel significantly suppressed tumor regrowth, reduced metastatic dissemination, and
achieved improved local disease control compared with either chemotherapy or phototherapy alone. The integration of
light-activatable gas therapy with a spray-deployable hydrogel platform highlights a novel paradigm for breast cancer
surgery, where minimally invasive intraoperative application can deliver multi-modal adjuvant therapy directly to the
tumor bed without altering surgical workflow.®*

Overall, this study demonstrates that sprayable nanoscale hydrogels can be rationally engineered to provide conformal
coverage, rapid in situ gelation, and synergistic catalytic—chemotherapeutic activity tailored to the postoperative breast
cavity. As one of the first demonstrations of a truly spray-deployable nanomedicine hydrogel for breast cancer, this work
establishes a foundation for future designs that integrate patient-specific targeting, deeper-tissue activation strategies, and
clinically compatible light delivery modalities.

Applications in Cancer Prevention

Cancer prevention has increasingly shifted from general lifestyle or systemic chemoprevention approaches toward
localized intervention strategies that directly modulate high-risk tissue environments. Mucosal and serosal surfaces are
particularly susceptible to malignant transformation, as they are exposed to chronic irritation, inflammation, or procedural
injuries that can initiate the cascade toward cancer. Precancerous lesions and wounds left after surgical or endoscopic
interventions represent high-risk sites where unprotected tissue may progress to dysplasia or carcinoma. Conventional
systemic therapy often cannot adequately protect these localized environments or maintain sufficient drug levels for
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extended periods. In this context, sprayable hydrogels have emerged as an appealing strategy, combining rapid in situ
gelation, conformal coverage of irregular surfaces, prolonged local retention, and minimal systemic exposure. By
enabling early, site-specific intervention, sprayable hydrogels offer a unique avenue for preventing malignant
progression.'® The following two representative studies demonstrate how this approach can be leveraged for oral
premalignant lesions and gastrointestinal mucosal protection after endoscopic procedures.

Mehta et al developed a nanocubospray formulation containing epigallocatechin-3-gallate (EGCG) to prevent oral
submucous fibrosis (OSF), a prototypical precancerous condition that can evolve into oral squamous cell carcinoma.'*’
OSF is characterized by progressive submucosal fibrosis, collagen accumulation, chronic inflammation, and eventual
limitation of mouth opening, all of which predispose to malignant transformation. Traditional therapies such as

corticosteroid injections, antioxidants, and physiotherapy offer only partial relief and are limited by low patient
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compliance, short local residence, and potential systemic side effects. EGCG, a natural polyphenolic compound with
strong anti-fibrotic, anti-inflammatory, and antioxidant properties, is well-suited for OSF prevention but is poorly retained
on the oral mucosa. To overcome this limitation, Mehta et al formulated NanoCuboSpray (NCS) using self-assembled
cationic nanocubosomes (~140 nm, +46.9 mV) that encapsulate EGCG and are suspended in a gellan/xanthan gum-based
sprayable film-forming hydrogel system.'>® This design enables shear-thinning for easy spraying, followed by uniform
film formation on the mucosa for sustained local drug delivery.'”' The performance of this formulation was rigorously
evaluated. In ex vivo porcine mucosa studies, the NCS achieved approximately five-fold higher penetration over 12 hours
compared to free EGCG (296 pg vs 57.7 pg), and fluorescent labeling confirmed deep tissue infiltration and prolonged
retention. The release profile followed zero-order super case-1I transport, providing stable, extended local delivery
without burst loss. In vivo efficacy was demonstrated in a rat model of areca nut-induced OSF. Animals treated with
EGCG NCS exhibited marked functional recovery, including improved mouth opening, re-epithelialization with 6-10
cell layers, restoration of rete ridges, and reduced submucosal collagen deposition. Histological analysis revealed
suppression of TGF-B1 and collagen 1 expression, while biochemical assays showed a favorable oxidative balance:
thiobarbituric acid reactive substances (TBARS) and nitric oxide decreased, whereas catalase, superoxide dismutase
(SOD), and 2,2-diphenyl-1-picrylhydrazyl (DPPH) activity increased. No local irritation, systemic toxicity, or organ
damage was observed, and serum biochemistry remained within normal limits. Compared with conventional betametha-
sone injection therapy, the nanocubospray achieved comparable anti-fibrotic efficacy with superior safety and patient
compliance due to its non-invasive and sustained-release profile. This work demonstrates that localized, sprayable
hydrogel-based drug delivery can effectively suppress fibrotic and oxidative pathways, reducing the risk of malignant
progression in oral premalignant conditions (Figure 8).°>'>

Taboada et al focused on gastrointestinal mucosal protection after endoscopic procedures, developing a sprayable
hydrogel sealant (GastroShield) to prevent delayed complications that could contribute to secondary malignancy risk.'>?
Endoscopic mucosal resection (EMR) and endoscopic submucosal dissection (ESD) are widely used to remove early
gastric and colorectal neoplasia, but they leave exposed mucosal wounds susceptible to delayed bleeding, perforation,
and leakage. Such events not only threaten immediate patient safety but can induce prolonged inflammation and impaired
healing, which are unfavorable for long-term cancer prevention.'>* Conventional closure methods, such as metallic clips
and hemostatic powders, suffer from short retention (<48 hours) and frequent dislodgment under peristalsis or acidic
gastric conditions.'”> To address these limitations, the authors engineered GastroShield, a low-viscosity sprayable
hydrogel composed of Pluronic- polyethyleneimine (PEI) micelles crosslinked with oxidized dextran, which gelates
within two seconds upon tissue contact to form a thin (<2 mm) conformal protective layer.'>® The network is stabilized
by imine bond formation (C=N) between aldehyde and amine groups, covalent interactions with tissue amines, and
additional hydrogen bonding and electrostatic forces, ensuring firm adhesion even in dynamic gastrointestinal
environments.'>’ The hydrogel exhibited robust protective performance in vitro and in vivo. In acidic and enzymatic
conditions simulating the gastric environment, the hydrogel acted as a proton-buffering barrier, limiting pepsin penetra-
tion to ~250 pm and maintaining >98% protective efficacy for over one week. Scratch assays with L929 fibroblasts under
acidic, pepsin-rich conditions showed significant enhancement of wound closure, with ~80% recovery at 48 hours
compared to ~7% in unprotected controls. Biocompatibility evaluations, including cytotoxicity, rabbit subcutaneous
implantation, and genotoxicity testing, revealed no evidence of inflammation, necrosis, or systemic toxicity. In porcine
gastric and colonic models, GastroShield adhered within seconds, achieving an initial burst pressure of 64.7 mmHg and
maintaining 56.3 mmHg after 24 hours. The hydrogel remained stably attached for at least three days, naturally detached
by day 7, and was excreted without complications. Histological analysis showed accelerated wound healing, with early
neovascularization observed on day 3 in the treatment group, compared to day 7 in controls. No perforations, leaks, or
delayed adverse events occurred. This study establishes GastroShield as a safe, rapidly gelating, and durable sprayable
hydrogel sealant that can shield mucosal wounds, prevent delayed complications, and promote healing in cancer-
preventive endoscopic interventions.®®

Together, these studies highlight the emerging role of sprayable hydrogels in cancer prevention by stabilizing high-
risk mucosal environments and interrupting early carcinogenic processes. Mehta et al addressed oral submucous fibrosis
by delivering EGCG locally in a sustained manner to suppress fibrosis and oxidative stress, thereby preventing
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progression to oral cancer. Taboada et al focused on gastrointestinal mucosal injury after endoscopic resection, creating
a sprayable hydrogel that provided immediate coverage, acid and enzyme protection, and accelerated tissue recovery,
reducing the risk of delayed complications that could predispose to malignancy. Although the anatomical targets differ,
both strategies leverage the core strengths of sprayable hydrogels—instant in situ gelation, conformal surface coating,
sustained local release, and minimal systemic exposure—to enable early, site-specific cancer prevention. These
approaches represent a paradigm shift toward localized, minimally invasive chemoprevention that complements existing
surgical and endoscopic oncology practices.

Critical Evaluation of Current Sprayable Hydrogel Systems

Technical and Material Limitations

Despite substantial progress, current nanoscale sprayable hydrogel platforms still face several translational barriers that
require careful consideration. Mechanical instability remains a common limitation, as many hydrogels exhibit insufficient
robustness under physiological motion, shear forces, or fluid exposure, leading to premature detachment from resection
cavities or serosal surfaces.'>® Achieving stable yet flexible mechanical strength without compromising sprayability
continues to be a major material design challenge.

Biodegradation control presents another critical issue. Numerous formulations demonstrate either overly rapid
degradation-resulting in insufficient therapeutic retention-or excessively slow degradation that increases the risk of
local accumulation and impairs tissue remodeling.'>® Precise tuning of hydrogel degradation kinetics to match post-
operative healing timelines remains difficult, particularly because nanoparticles and crosslinkers can alter degradation
behavior unpredictably.

Immunogenicity also requires more systematic evaluation. Although most polymers and nanomaterials are considered
biocompatible, emerging data indicate that certain nanoparticle-hydrogel combinations may trigger local inflammation,
macrophage activation, or off-target immune responses.*® Comprehensive long-term immunotoxicity studies, especially
in large-animal models, are still lacking. Moreover, the chronic effects of nanoparticle accumulation in regional lymph
nodes and other clearance organs remain incompletely characterized.

Translational and Regulatory Challenges

Clinical scalability and regulatory compliance represent some of the most significant bottlenecks in translating nanoscale
sprayable hydrogels to clinical practice. Many reported platforms rely on complex chemistries, multi-step nanoparticle
integration, or customized spray devices that are challenging to reproduce under good manufacturing practice (GMP)
conditions. Maintaining batch-to-batch consistency during scale-up remains difficult, as sensitive polymer modifications,
supramolecular interactions, and biological crosslinkers can introduce variability. Ensuring sterilization stability, long-
term storage, and reproducible rheological behavior under GMP is particularly challenging for systems incorporating
biological materials, enzymatic crosslinkers, or gaseous components.'*® Furthermore, the lack of standardized character-
ization protocols for critical quality attributes—such as nanoparticle size distribution, drug encapsulation efficiency, and
gelation reproducibility—complicates process validation and regulatory documentation.

Another central issue is the ambiguous device-drug combination classification in regulatory frameworks.'®
Sprayable hydrogels operate at the interface of a medical device (spray system, nebulizer, catheter) and a therapeutic
product (drug-loaded hydrogel matrix containing nanoparticles). Regulatory agencies may categorize these platforms
differently depending on the primary mode of action, which influences approval pathways, safety testing requirements,
and clinical trial design.'®" For example, a chemotherapy-loaded sprayable hydrogel may be classified as a combination
product requiring dual regulatory review in the United States, while European agencies might prioritize the device or
drug component based on jurisdictional guidelines. Inconsistent classification across regions further complicates global
translation, and the absence of established regulatory precedents for multifunctional nanomaterial-hydrogel systems
introduces additional uncertainty regarding approval timelines and requirements.

Additionally, device—formulation co-validation is often overlooked in early-stage research. Spray characteristics—
atomization behavior, droplet size distribution, deposition uniformity, and clogging risk—must be validated in
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conjunction with the hydrogel’s gelation kinetics and nanoparticle release profile.”> Minor changes in polymer concen-
tration or nanoparticle loading can significantly alter both the sprayability and device compatibility, necessitating iterative
engineering, extensive stability testing, and strong alignment with regulatory expectations. Device-specific parameters
such as nozzle gauge, spray pressure, and application angle remain poorly standardized across reported studies, limiting
cross-platform comparisons and hindering the identification of optimal design parameters.

These translational considerations collectively highlight that successful clinical adoption will require simplified
chemistries, scalable fabrication routes, standardized spray devices, and early engagement with regulatory agencies to
ensure a predictable and feasible approval pathway. Collaborative efforts involving material scientists, regulatory
consultants, clinicians, and manufacturing specialists will be essential to navigate these multifaceted challenges and
accelerate the transition of sprayable hydrogels from laboratory innovation to clinical reality.

Discussion

Sprayable hydrogel systems have emerged as a unique therapeutic platform within localized drug delivery, offering an
unprecedented degree of versatility in both therapeutic function and material design. Unlike rigid implants or preformed
depots, sprayable hydrogels can conform to complex anatomical geometries and generate an in situ formed matrix that
precisely fits the surgical or pathological cavity.''? This adaptability is particularly critical in oncology, where tumor resection
sites often present with irregular surfaces, residual microcavities, and variable tissue stiffness that challenge conventional local
drug delivery methods. The modular nature of these systems allows for the integration of multiple therapeutic agents—
including chemotherapeutics, immunomodulators, gene-silencing constructs, and biologics—within a single formulation,
enabling simultaneous or sequential release to address the multifaceted biology of cancer progression and recurrence.

From a functional standpoint, sprayable hydrogels surpass many limitations inherent to traditional localized delivery
systems. For instance, their ability to form a continuous, adherent film over residual tumor beds ensures a maximized contact
surface area, thereby enhancing drug penetration into surrounding tissues while minimizing leakage into non-target regions.
This is especially advantageous for preventing postoperative recurrence, as residual cancer cells are often distributed
heterogeneously at the margins of resected tissue. Furthermore, their inherent tunability in mechanical strength, porosity,
and degradation kinetics allows for the fine-tuning of drug release profiles, degradation rates, and tissue integration, facilitating

a customizable therapeutic window based on disease type, location, and postoperative recovery dynamics.'®?

The integration of nanoscale components within hydrogel matrices has amplified their therapeutic potential.'®®
Nanoparticles embedded in the hydrogel can function as drug reservoirs with controlled release properties, as carriers
for stimuli-responsive activation, or as active therapeutic agents themselves—such as photothermal nanoparticles or
immune adjuvants.'® Moreover, the nanoscale crosslinking motifs introduced into the hydrogel network can impart
environment-specific responsiveness, enabling on-demand drug release triggered by pH gradients, enzymatic activity, or
redox changes characteristic of TMEs. This combination of macrostructural conformity and nanostructural precision
offers a dual-level control over therapeutic delivery that traditional formulations cannot achieve.'®

Despite these advantages, the translation of sprayable hydrogel technologies from laboratory to clinic faces significant
hurdles. One major challenge is scalable manufacturing with consistent quality control.'®® Hydrogels, particularly those
containing bioactive agents or labile nanoparticles, are sensitive to variations in temperature, humidity, and processing
conditions during production. This sensitivity complicates their mass production and long-term storage, necessitating the
development of robust stabilization strategies such as lyophilization-compatible formulations, cold-chain logistics, or
shelf-stable precursors that can be activated at the point of care.

Regulatory complexity also presents a barrier. As combination products that integrate drug and device characteristics,
sprayable hydrogels often fall under hybrid regulatory pathways that require compliance with both pharmaceutical and
medical device standards. This duality increases the time and cost of approval, especially for formulations containing
novel nanomaterials that lack established safety profiles.'®” Additionally, reproducibility of application in the surgical
field must be addressed; differences in surgeon technique, anatomical variability, and intraoperative conditions can
influence gel deposition, coverage, and performance. This underscores the importance of developing standardized
delivery devices—whether manual, CO,-driven, or endoscopic—that ensure consistent spray patterns and gel formation
across clinical settings.
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Addressing these challenges will require multidisciplinary collaboration from the earliest stages of development.'®®

Materials scientists must work alongside pharmaceutical formulators to optimize physicochemical properties, while
clinical teams provide feedback on surgical feasibility, intraoperative handling, and postoperative outcomes.'®’
Regulatory experts can guide the integration of compliance requirements into the design process, minimizing delays
during approval phases. Preclinical studies should be designed not only to demonstrate efficacy in relevant tumor models
but also to validate stability, ease of use, and scalability—factors that are often overlooked but critical for real-world
adoption.

Ultimately, the promise of sprayable hydrogels lies in their ability to bridge the gap between precision nanomedicine
and practical, surgeon-friendly interventions. Their capacity for rapid, adaptable deployment in the operating room,
combined with tailored pharmacokinetics and biological activity, positions them as a next-generation modality for
preventing recurrence and enhancing local control in cancer therapy. The challenge ahead is to systematically address
the engineering, regulatory, and logistical barriers to ensure that this promising technology moves from conceptual
innovation to standardized clinical practice.

Conclusion and Future Perspectives

Sprayable hydrogel systems represent a convergence of soft material engineering and nanoscale technology, offering
a transformative approach to localized cancer treatment. By enabling in situ formation of conformal, drug-laden barriers
over surgical beds or mucosal surfaces, these systems directly target the critical window after tumor resection when
residual disease and early recurrence risks are at their peak.'’® Beyond simple drug depots, sprayable hydrogels can
modulate the TME-reducing immunosuppression, alleviating hypoxia, or stimulating immune activation-while simulta-
neously delivering cytotoxic or targeted therapies in a controlled manner.

One of the most compelling advances in recent years is the incorporation of nanoscale engineering principles into
hydrogel formulations. This includes nanoparticle loading for sustained drug release, the integration of nanostructured
crosslinkers for stimuli-responsive behavior, and the use of nanocarriers to improve drug solubility, stability, and tumor
specificity.”" Such strategies not only enhance therapeutic efficacy but also open new avenues for combining hydrogels
with cutting-edge treatments such as immune checkpoint blockade, mRNA delivery, or PTT.

Looking forward, three strategic directions are likely to define the next generation of sprayable hydrogel systems.
First, smart, multi-stimuli-responsive hydrogels that dynamically adjust drug release in response to complex tumor cues
—pH gradients, enzymatic patterns, redox status, or oxygen levels—will enable more precise and context-specific
therapy.'’* Achieving such responsiveness will require modular crosslinking chemistries and orthogonal trigger—response
mechanisms that can be tuned to heterogenecous postoperative environments.

Second, patient-personalized hydrogel formulations will allow tailoring of drug combinations, release kinetics, and
gel composition based on individual tumor profiles, leveraging advances in biomarker discovery and predictive
modeling.'” Practical implementation will depend on rapid formulation screening platforms and the incorporation of
patient-derived organoid or tissue models to validate individualized hydrogel performance prior to clinical application.

Third, integration with minimally invasive delivery modalities such as robotic-assisted surgery or image-guided
endoscopy could expand the applicability of these systems beyond open surgical fields, reaching anatomically challen-
ging or metastatic sites with precision.'”* This will require co-design of hydrogel precursors and delivery devices
including nozzle geometries, catheter-compatible viscosities, and aerosolization systems, to ensure accurate and repro-
ducible deposition under minimally invasive conditions.

While these three directions outline the trajectory of next-generation sprayable hydrogel systems, several unresolved
research gaps must still be addressed to realize their full clinical potential. Achieving scalable and GMP-compatible
manufacturing is essential, as many current formulations depend on complex chemistries that are difficult to standardize.
Miniaturization of spray devices is also needed to support catheter-based and robotic-assisted procedures, enabling
hydrogel application in deep or confined anatomical spaces. In parallel, more robust frameworks for patient-personalized
formulations must be established, integrating tumor biology, immune status, and postoperative tissue conditions into the
design of hydrogel stiffness, degradation kinetics, and drug combinations. Finally, the long-term biocompatibility of these
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systems in human tissues remains insufficiently characterized, highlighting the need for extended in vivo studies that
evaluate chronic immune responses, nanoparticle retention, and cumulative toxicity.

For successful clinical translation, the field must address not only biological performance but also practical
implementation.'”® This includes optimizing preloaded and ready-to-use formulations, validating compatibility with

176 Multi-center clinical

sterilization methods, and ensuring shelf stability without compromising functional integrity.
trials with standardized protocols will be crucial to demonstrate reproducibility, safety, and superiority over existing local
delivery methods.'”” Regulatory approval will be expedited by aligning material selection, manufacturing processes, and
safety testing with established international guidelines from the earliest stages of development.'”®

In the long term, sprayable hydrogels could evolve into multifunctional surgical adjuncts that combine therapeutic,
protective, and regenerative functions.'”® For example, a single hydrogel could provide hemostasis, deliver chemotherapy,
release immunostimulants, prevent infection, and promote wound healing in a coordinated manner.'®® The integration of such
multifunctionality with precision nanomedicine principles may fundamentally shift the paradigm of perioperative cancer care
toward interventions that are more targeted, less toxic, and more durable in their clinical impact.'®!

Ultimately, the vision is not merely to prove that sprayable hydrogels work in controlled experimental settings, but to
refine, standardize, and scale them into accessible, surgeon-ready solutions that can be deployed across diverse healthcare
environments. By combining scientific innovation with pragmatic design and clinical insight, sprayable hydrogel systems

hold the potential to become a cornerstone of multimodal cancer therapy in the coming decades.
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