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Abstract

Advancements in cancer treatment have been significant, but challenges remain with traditional methods
such as chemotherapy and radiation, which often suffer from poor specificity, toxicity, and drug resistance.
This highlights the need for more targeted drug delivery systems. On-demand, stimuli-responsive hydrogels
offer a promising solution, capable of releasing drugs in response to biological signals from the tumor
microenvironment. However, clinical challenges such as biocompatibility, scalability, and regulatory
constraints still hinder their widespread adoption. This review explores hydrogels that react to pH, temperature,
and enzyme activity—key traits of cancerous tissues. These “smart” materials improve drug bioavailability,
reduce off-target effects, and enhance patient responses. We also discuss advanced hydrogels with multiple
responsive elements, helping counteract drug resistance. While these hydrogels are transforming cancer
therapy, challenges such as biocompatibility, scalability, and regulatory hurdles persist. Future directions may
leverage emerging technologies such as artificial intelligence to optimize hydrogel design, paving the way for
safer, more effective, and personalized treatments.
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INTRODUCTION cells, leading to side effects such as immunosuppression,

nausea, organ damage, and hair loss. Immunotherapy, while

ancer remains one of the leading global ~ offering targeted action, can result in systemic inflammation

‘ health burdens, being responsible  and autoimmune responses that require close management.!!

for nearly 10 million deaths in 2020, In addition to these clinical drawbacks, conventional cancer

or approximately one in every six deaths  therapies impose a substantial economic burden due to

worldwide. It is anticipated that this number  prolonged treatment durations, repeated hospitalizations, and

will greatly increase to about 28.4 million new  the need for managing severe side effects, making access and
cancer cases by 2040. Although conventional ~ affordability significant concerns globally.

therapies such as surgery, chemotherapy,

radiotherapy, and immunotherapy have Address for correspondence:

considerably advanced cancer treatment, they Muhammad Irfan Siddique, Department of
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frequent tumor recurrence, and severe adverse E-mail: muhammad.siddique@nbu.edu.sa

drug reactions, all of which undermine
therapeutic efficacy and patient outcomes.?
Chemotherapy, for example, lacks specificity
and often damages both cancerous and healthy
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One of the key obstacles to improving treatment response is
the complexity of the tumor microenvironment (TME). The
TME is a dynamic and heterogeneous network, composed of
cancer cells, stromal components, immune cells, extracellular
matrix (ECM), and vasculature; it consists of unique property
such as density or acidic pH, hypoxia, high interstitial fluid
pressure, and elevated levels of cytokines and enzymes.
Collectively these features not only aid tumor growth and
metastasis but also impede the effect of therapies, often
protecting cancer cells and facilitating drug resistance.”
Consequently, there is a pressing demand for novel therapeutic
tactics to develop therapies that can surmount these natural
biological hurdles while mitigating the incidence of systemic
toxicity.

An encouraging methodology exists within the construct of
developing drugs through targeted drug delivery systems
that can respond to the distinct characteristics of the TME.
Conventional methods of drug delivery (tablets, capsules,
injections, etc.) have considerable shortcomings such as
reduced bioavailability, limited tumor penetration, and
erratic drug concentration, all of which contributes to
diminished effectiveness and compliance.l” In contrast,
hydrogel-based delivery platforms have shown great
potential in addressing these challenges by enabling
sustained release, site-specific targeting, and stimulus-
responsive  behavior. A comparative overview of
conventional therapies and hydrogel systems is presented
in Table I, outlining key distinctions in therapeutic
efficiency, toxicity, and control over drug release.

Hydrogels, which were initially introduced for ocular
applications in the early 1960s, have evolved into
sophisticated smart materials capable of responding to
physiological cues such as pH changes, enzymatic activity,
and temperature fluctuations.’® These stimuli-responsive
hydrogels can be designed to release therapeutic agents
specifically at the tumor site, thereby minimizing exposure
to healthy tissues and maximizing therapeutic efficacy. Their
adaptability makes them ideal candidates for cancer therapy,
especially considering the hostile and variable conditions
of the TME. Recent advancements in hydrogel technology
have led to the creation of dual- and multi-stimuli-responsive
systems that are better suited for complex clinical scenarios.
For example, thermo/pH-sensitive hydrogels are being
developed for oral drug delivery, taking advantage of the
changing conditions along the gastrointestinal tract.l”’
Additional innovations encompass hydrogel platforms with
multifunctionality that can unilaterally deliver multiple
therapeutics, integrate biosensing capability for real-time
monitoring of drug actions, and surface modifications that
provide some functionality for cellular targeting.)’ These
features, while supplementing hydrogel use in therapeutic
delivery, expand opportunities in regenerative medicine,
tissue engineering, and biosensing. Their high water content
and adjustable mechanical properties can closely mimic
the natural microenvironment of tissues and promote cell
growth while providing a biocompatible substance.!'” Their
versatility in terms of administration, ranging from injectable
formulations to topical and oral delivery — further broadens
their clinical potential.

Table 1: Comparative summary of traditional cancer treatments and hydrogel-based drug delivery systems with

respect to efficacy, safety, targeting, and responsiveness to TME

Parameter Traditional cancer treatments

Hydrogel-based drug delivery systems

Drug release profile Burst release; less controlled

Targeting ability
healthy cells

Systemic toxicity
Tumor penetration

Patient compliance
effects reduce adherence

Bioavailability
before reaching target

Drug resistance risk

Route of
administration

Mostly intravenous or oral

Responsiveness to
TME

Side effects

Absent; no reaction to TME

immune suppression)

Clinical status Well-established and widely used

Non-specific; affects both cancerous and

High; causes adverse effects throughout the body
Limited; especially for dense tumor tissues
Often requires frequent dosing; severe side

Often low due to degradation or metabolism

High due to repeated systemic exposure

Common and often severe (e.g., nausea, and

Sustained, controlled, and stimuli-responsive
release

Specific targeting through pH, temperature, or
enzyme responsiveness

Reduced; localized delivery minimizes side effects
Can be engineered for enhanced tumor penetration

Potential for reduced dosing frequency and better
tolerability

High; protects the drug and ensures release at the
site of action

Lower; localized delivery can overcome MDR
mechanisms

Injectable, implantable, oral, or topical depending
on formulation

Designed to respond to tumor-specific stimuli
(e.g., acidic pH, enzymes, and heat)

Fewer and milder due to localized and controlled
drug action

Under active research, some approved systems
but many are in preclinical or clinical stages

MDR: Multidrug resistance, TME: Tumor microenvironment
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Stimulus-responsive nanomedicines, especially those based on
hydrogels, constitute a revolutionary advancement in targeted
cancer treatment. Stimulus-responsive nanomedicines act
through the selective delivery of drugs on exposure to biological
signals present in the TME. Stimulus-responsive nanomedicines
provide a way to counter MDR, improve drug bioavailability,
and limit off-target toxicity.'!! Research toward the design and
operation of these materials is still advancing rapidly, particularly
with respect to developing responsive hydrogels with multiple
stimuli activated simultaneously, increasing drug loading
efficacy, and providing long-term biocompatibility and stability.
As the field continues to develop, the application of hydrogels
in personalized cancer treatments is becoming increasingly
achievable. The current research is focused on addressing
some of the lingering challenges, including scalability, clinical
implementation, and regulatory barriers. Ultimately, the goal is
to develop a hydrogel-based system that can be implemented
not only as a better drug delivery carrier but also as an active
therapeutic platform that can respond to specific patient and
tumor requirements. This description of research into the
rationale for design, operation of mechanisms, and applications
of stimuli-responsive, biocompatible hydrogels details the
intended evolution of hydrogels to transform cancer therapy and
provide long-term opportunities in the field of therapeutics for
controlled drug delivery.

FUNDAMENTALS OF HYDROGELS AND
STIMULI-RESPONSIVENESS

Definition and classification of hydrogels

Hydrogels form three-dimensional (3D) hydrophilic polymer
chains that soak and maintain vast quantities of water as well
as biological fluids without degrading up to 90% of their
initial weight. The high-water absorption ability in hydrogels
results from the hydrophilic functional groups (hydroxyl,
carboxyl, and amine groups) which exist along the polymer
chain backbone. The network receives its mechanical strength
through physical (non-covalent) or chemical (covalent)
crosslinking of its hydrophilic polymer chains.”'? The
development of hydrogel suitable for medical applications
started in the 1960s with Wichterle and Lim creating poly
(2-hydroxyethyl methacrylate) for biomedical use. Today,
hydrogels are broadly categorized based on their source,
method of crosslinking, and responsiveness to environmental
stimuli as shown in Figure 1.[3)

By origin

Natural hydrogels are derived from biopolymers such as
chitosan, alginate, gelatin, and hyaluronic acid. They are
highly biocompatible and biodegradable, making them well-
suited for biomedical applications, though often limited in
mechanical stability.'Y Synthetic hydrogels, such as those
made from poly(ethylene glycol), poly(N-isopropylacrylamide)
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Figure 1: Flowchart of hydrogel classification based on
structure and responsiveness

(PNIPAm), and poly(acrylic acid) (PAA), offer greater
control over physical properties, degradation rates, and
responsiveness, though their biocompatibility may be
comparatively lower.') Hybrid hydrogels, such as gelatin
methacryloyl, combine natural and synthetic features to
balance bio-functionality and structural integrity.['®’

By crosslinking mechanism

Physical hydrogels rely on reversible non-covalent
interactions such as hydrogen bonding, ionic interactions,
and hydrophobic associations. These are often dynamic and
suitable for transient applications.'”? Chemical hydrogels
form stable covalent bonds, often initiated by light, heat, or
chemical agents. They offer long-term durability but may
require toxic reagents during synthesis.!"®!

By stimuli-responsiveness

Hydrogels can be classified as either passive or stimuli-
responsive. Responsive systems are engineered to react
to specific environmental signals such as changes in pH,
temperature, enzymatic activity, redox conditions, or light
exposure. These functionalities are particularly valuable in
targeted drug delivery and cancer therapy, where the pathological
microenvironment differs significantly from healthy tissue.!'”!

Key properties for drug delivery

Several physicochemical and biological properties dictate
the performance of hydrogels in controlled drug delivery,
particularly in oncology in Table 2.

Mechanisms of stimuli-responsiveness

Stimuli-responsive  or  “smart”  hydrogels undergo
physicochemical changes inresponse to specific environmental
cues. These stimuli include variations in pH, temperature,




Table 2: Properties of hydrogels relevant to drug delivery in oncology

Property Description

Impact on drug delivery

Example

Biocompatibility Compatibility with cells and

tissues

Swelling behavior Ability to absorb water and

expand

Degradability Breakdown via hydrolysis or

enzymatic activity
Mechanical strength Resistance to deformation

Porosity Internal pore structure

Reaction to external/internal
stimuli

Stimuli-responsiveness

Cost-effectiveness Affordability and ease of

large-scale production

Reduces immune response and
inflammation Acid

Regulates drug diffusion and release
profiles

Allows for programmed release and
biodegradation

Affects injectability and in vivo stability

Controls molecule diffusion and cell
infiltration

Enables targeted and site-specific
release

Influences scalability and clinical
translation potential

PEG, Alginate, Hyaluronic

pH-sensitive hydrogels in
tumor tissues
MMP-sensitive PEG-peptide
hydrogels

Crosslinked GelMA, PVA

Macroporous chitosan
hydrogels

Thermo-responsive
pNIPAAmM, pH-sensitive
PAA

Natural polymer-based
hydrogels (e.g., alginate and
gelatin)

PEG: Poly (ethylene glycol), PAA: Poly (acrylic acid), GelMA: Gelatin methacryloyl

ionic strength, light exposure, electric and magnetic fields,
or the presence of specific biomolecules.?”? Mechanisms of
responsiveness are typically rooted in the chemistry of the
polymer network. For instance:

pH-responsive hydrogels contain ionizable groups such
as carboxyl or amine moieties. These undergo protonation
or deprotonation, altering hydrogel swelling and
solubility.?'! Temperature-sensitive hydrogels exhibit critical
solution temperatures lower critical solution temperature/
upper critical solution temperature (LCST/UCST). At
these thresholds, polymers transition between swollen and
collapsed states. PNIPAm is a classic LCST-responsive
polymer.??! Recent studies also highlight thermo-responsive
behavior in copolymers such as poly(N-vinylcaprolactam)
(PVCL), which demonstrate improved biocompatibility
and tunable LCSTs suitable for drug delivery applications.
Light-responsive hydrogels incorporate photochromic agents
that change structure under specific wavelengths, affecting
crosslinking density and physical properties.””! Enzyme-
sensitive hydrogels are engineered with cleavable peptide
sequences. These degrade in the presence of disease-specific
enzymes like matrix metalloproteinases (MMPs) commonly
overexpressed in cancer and inflamed tissues.*¥

DRUG LOADING AND RELEASE
MECHANISMS

Hydrogels accommodate therapeutic agents through: Passive
diffusion, where small molecules permeate the pre-formed
network post-gelation. Encapsulation during the gelation
process allows uniform distribution of drugs, such as the
distribution of doxorubicin in the matrix. Reversible bonding,
employing covalent or ionic interactions for sensitive
biologics such as proteins or RNA, and ensuring stability

Asian Journal of Pharmaceutics * Apr-Jun 2025 « 19 (2) | 586

Swelling Degradation

EH | S8

£ Water / pH & MMPs / pH
Temperature Y Redox agents

Sol-gel transition Conformational Change

] Lot el < . %
088 ) ~BeX .
)
e Thermosensitive pH/Temperature
> gﬂmfﬁ o, Conif ormational
Pluronic F127) . Change

Figure 2: Mechanisms of stimuli-responsive hydrogels

until triggered release.! Drug release mechanisms include
diffusion-controlled release, governed by the mesh size of the
network (typically 5-100 nm). For example, 5-fluorouracil
diffuses through alginate hydrogels through Fickian
mechanisms.?®!  Swelling-controlled release, responsive
to environmental stimuli such as pH or temperature shifts.
PAA hydrogels release paclitaxel in acidic TMEs. Stimuli
induced the degradation process, whereas the breakdown of
the hydrogel triggers the release of the drug from the matrix.
PEG matrices degrade in response to tumor-specific MMP-2
enzymes, offering site-specific delivery, as shown in Figure 2.
271 These controlled release strategies enhance therapeutic
efficacy, permit precise dosing, and reduce systemic toxicity.

ADVANTAGES OF HYDROGELS IN
ONCOLOGY

Hydrogels provide multiple benefits in cancer therapy:




Localized delivery

Injectable hydrogels (e.g., poly(epsilon-caprolactone)
[PELG]-PEG-PELG) can form in situ at tumor sites,
maintaining cytokine release (e.g., IL-2) over extended
periods. Prolonged drug release: Chitosan hydrogels,
for instance, extend cisplatin release from hours to
over 2 weeks.”® Minimized systemic toxicity: Drug
encapsulation limits off-target exposure, as seen with
doxorubicin-loaded silk fibroin hydrogels reducing cardiac
side effects.*! Protection of labile drugs: Nucleic acids and
proteins are shielded from enzymatic degradation within
hydrogel matrices.’” Multimodal therapies: Dual-stimuli-
responsive hydrogels enable co-delivery of agents such as
doxorubicin and anti-PD-1 antibodies for synergistic chemo-
immunotherapy.©!

PH-RESPONSIVE HYDROGELS FOR
CANCER THERAPY

The TME exhibits an acidic pH compared to normal
physiological pH, which results from abnormal metabolic
processes, insufficient blood supply, and accumulation of
metabolites, such as lactic acid and carbon dioxide. This
acidity leads to extracellular pH values of approximately
6.5-7.0, which is a hallmark of tumors when combined
with a normal tissue pH of around 7.4. Acidic conditions

enhance in intracellular compartments such as endosomes
with a pH range of 5.0-6.0 and lysosomes with a pH range of
4.5-5.0 which serve as destinations for macromolecules and
nanoparticles during internalization.**

The detection of distinct pH levels between tumors and
normal tissues creates an important opportunity for using
pH-based delivery systems. Hydrogel structures that alter
their composition through swelling or degradation or drug
release when exposed to acidic conditions can utilize pH
variations to direct therapeutic treatment of tumors while
protecting surrounding healthy tissue. Hydrogels with
pH-responsive features that recognize TME extracellular
acidity in addition to endosomal and lysosomal pH
environments have demonstrated dual ability to enhance
tumor-specific drug delivery and improve resistance to drugs
and improve therapeutic drug uptake by cancer cells.**! For
example, hydrogels that swell and release drug on exposure
to the acidic extracellular pH of the TME can be given either
systemically or delivered locally. The hydrogels will remain
stable until reaching the acidic pH of the tumor, then will
dissolve and release drug, improving the drug concentration at
the tumor site and enhancing the therapeutic efficacy. Table 3
provides an overview of the pH conditions in tumor versus
normal microenvironments and highlights the mechanisms,
functional groups, and polymers involved in pH-responsive
drug delivery systems. Similarly, hydrogels that respond
to acidic pH within endosomes and lysosomes can be used
to help deliver drugs intracellularly, thereby improving

Table 3: pH conditions in tumor versus normal microenvironments

Aspect Description

Examples

Tumor microenvironment
(TME) pH characteristics
lysosomes (pH 4.5-5.0)

Mechanism of action

Functional groups lonizable groups like

- COOH (carboxylic acid) and -NH2 (amine) respond

to pH changes

Common polymers used - Polyacrylic acid (PAA)

- synthetic, pH-responsive at basic pH

Acidic extracellular pH (6.5—7.0); intracellular
compartments like endosomes (pH 5.0-6.0) and

Hydrogels respond to acidic pH by swelling,
degrading, or releasing drugs

Normal tissue: pH~7.4

Enables targeted delivery

- COOH swells at high pH; -NH2
swells at low pH

PAA: carboxylic groups
Chitosan: Amine groups

- Chitosan - natural, pH-responsive at acidic pH

Crosslinking methods - Chemical: Covalent bonds

- Physical: Hydrogen bonds, electrostatic

interactions
Drug delivery applications

Therapeutic examples
cancer

Extracellular and intracellular pH-triggered release

- Doxorubicin-loaded PAA hydrogels for breast

Determines strength, degradation,
and responsiveness

Improves targeting and reduces
side effects

Both use acidic pH for triggered
release

- Cisplatin-loaded hydrogels for lung cancer

targeting CD44

Advantages
- Lower systemic toxicity

- Increased tumor specificity

EPR effect enhances tumor
targeting

- Potential to overcome drug resistance

EPR: Enhanced permeability and retention
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bioavailability for drugs designed for intracellular processes
such as DNA replication or protein synthesis.*"

DESIGN AND SYNTHESIS OF
PH-RESPONSIVE HYDROGELS

Hydrogels that are pH responsive are often produced by
embedding ionizable groups (from now interchanged
with “functional groups”), such as carboxylic groups and
amines that will protonate or deprotonate depending on
the pH around them. These functional groups define the
hydrogels both in terms of charge (positive or negative)
and hydrophilicity, which will affect the swelling and
degradation of the hydrogel.** For acidic pH (low pH),
carboxylic groups (-COOH) protonate to become neutral,
while amine (-NH2) groups protonate to carry a positive
charge. For alkaline pH (high pH), carboxylics will
deprotonate to carry a negative electric charge, while
amine (-NH2) groups will lose their proton to become
neutral. The protonation and deprotonation of these
functional groups depending on the pH leads to a notable
change in the structure, especially in regards to swelling.
For example, hydrogels with carboxylic acid functional
groups will generally swell more under high pH as the
negatively charged carboxylate functional groups repel
one another. Conversely, hydrogels with amine functional
groups will swell more at low pH, as the positively
charged ammonium functional groups repel each other
electrostatically.l*®

COMMON PH-RESPONSIVE POLYMERS

Several common polymers are employed to design these
responsive hydrogels: Polyacrylic acid (PAA): A synthetic
polymer with carboxylate groups that show enhanced
swelling in basic pH.P” Chitosan: A natural polysaccharide
containing amine groups that respond by swelling in
acidic conditions.’® These polymers can be used alone
or in combination to create hydrogels with customizable
properties tailored for specific applications, such as drug
delivery in cancer therapy.

CROSSLINKING STRATEGIES

The synthesis of pH-responsive hydrogels involves either
chemical or physical crosslinking methods, which create a
three-dimensional network of polymer chains. The chemical
crosslinking method forms covalent bonds, yet physical
crosslinking depends on hydrogen bonding and electrostatic
interactions instead of covalent bonds. Hydrogel crosslinking
approaches choose from available methods based on target
mechanical needs and degradation requirements and the need
for stimulus response.%
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Applications in targeted cancer drug delivery

Research on pH-responsive hydrogels for targeted cancer
drug delivery has intensified because they show exclusive
drug-release capabilities in acidic TMEs. The controlled
drug release mechanism helps achieve higher drug levels
within tumors while lowering standard chemotherapy-related
toxicity throughout the body.?*! Figure 3 illustrates this
process of pH-responsive hydrogel drug release in cancer
therapy, highlighting how these hydrogels enhance drug
concentration at the tumor site and improve therapeutic
efficacy.

Hydrogel systems use pH variations between cancerous
tissue and healthy tissue to deliver medicine only to tumor
cells without harming regular tissues.!*!

DRUG ENCAPSULATION AND RELEASE
MECHANISMS

Hydrogel drugs utilized for chemotherapeutic delivery
incorporate doxorubicin and cisplatin substances inside
their structure. The acidic pH conditions of tumors activate
these hydrogels to release therapeutic substances (such as
doxorubicin that PAA-based hydrogels carry). The hydrogels
function as a pH-responsive drug deliverer mechanism
inside the acidic tumor environment.*” The released drug
can then exert its cytotoxic effects on the cancer cells,
inducing tumor regression. Beyond hydrogels that are
extracellularly pH-sensitive, there are other systems that
may target intracellular compartments, such as endosomes
and lysosomes. For example, hydrogels may be taken up by
a cancer cell through endocytosis and once inside the acidic
endosome/lysosome, the cargo is released intracellularly.
Intracellularly released drug can be of advantage for
targeting subcellular processes, such as DNA replication
and protein synthesis, important for tumor cell growth, and
proliferation.!*!

pH-Responsive Hydrogels for Cancer Therapy

Tumor Microenvironment Endosome / Lysosome

pH 6.5-7.0) pH5.0-6.0 pH 4.5-0)
Drug Release /f ,,-,,\\\
3 | _ / \
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Figure 3: Schematic of pH-responsive hydrogel drug release
in cancer therapy




CASE STUDIES AND SPECIFIC
APPLICATIONS

The capabilities of pH-sensitive hydrogels in cancer
treatment have been demonstrated through numerous
successful case studies. For instance, injectable poly (acrylic
acid) hydrogels loaded with doxorubicin have been shown
to effectively treat breast cancer by releasing doxorubicin in
areas of low pH. This case uses the “enhanced permeability
and retention” effect that has been demonstrated in the cancer
therapeutic field, by allowing the hydrogels to accumulate in
the TME and encourage accumulation and selective killing
of tumoral tissue.*!! Hydrogels have also been developed
that target lung cancer cells to deliver cisplatin by utilizing
the overexpression of the CD44 receptor on cancer tissue.
Once internalized, the acidotic environment of endosomes
leads to release of cisplatin which enhances cytotoxicity and
improves therapeutic outcomes.*?)

TEMPERATURE-RESPONSIVE
HYDROGELS

Temperature-responsive hydrogels are a class of intelligent
polymeric systems that exhibit sol-gel phase transitions
in response to temperature changes. These hydrogels are
particularly suitable for targeted drug delivery in cancer therapy
due to their responsiveness to physiological and pathological
temperature variations, especially within the TME.

THERMO-SENSITIVITY IN TUMOR
ENVIRONMENT

On average, tumor tissues have a slightly elevated
temperature  (40-42°C) compared to healthy tissues
(~37°C). This is due to the increase in metabolic rates, poor
vascularization and inflammation. Localized hyperthermia
can also be achieved externally through different means, such
as laser irradiation, radiofrequency ablation, or ultrasound.
The increase in temperature improves the permeability of
tumor cell membranes and vascular networks, resulting
in enhanced uptake of anticancer drugs.*¥! For example,
moderate hyperthermia (~43°C) has been shown to enhance

the delivery of cisplatin by modifying copper transporter 1
(Ctrl) expression. Temperature-sensitive hydrogels take
advantage of this observation.*¥ They are designed to
undergo a sol-gel transition at physiological temperatures
or hyperthermic temperatures, therefore creating a localized
depot of drug delivery. An example of a temperature-
sensitive gel is Pluronic F127, a triblock copolymer that
experiences gelation at 37°C, which allows for minimally
invasive injection and sustained delivery of drugs at the
tumor location while reducing systemic toxicity. In one
study, in vitro release of paclitaxel from a pluronic F127-
based hydrogel demonstrated a sustained release profile over
26 days, highlighting its potential for prolonged local drug
delivery with reduced dosing frequency.*!

MATERIALS AND DESIGN

Temperature-sensitive hydrogels are categorized based on
their critical solution temperatures: LCST: Hydrogels become
insoluble and form gels above this temperature. UCST:
Hydrogels dissolve above this threshold; less common in
biomedical applications.™® Table 4 summarizes commonly
studied thermo-responsive polymers and their specific
properties relevant to drug delivery in cancer therapy.

Hybrid systems

Dual-responsive systems, such as pH-and temperature-
sensitive hydrogels, improve tumor targeting. For example,
chitosan-g- PVCL gels at 37°C and swells in acidic
environments, enhancing doxorubicin delivery to tumors.”’

Mechanism of drug release

Drug release from thermo-responsive hydrogels is triggered
by structural and phase changes induced by temperature:
Sol-Gel transition: Injectable precursors, such as PNIPAM
solutions, form gels in situ on reaching body temperature,
encapsulating drugs within the network. Micelle aggregation:
Systems like Pluronic F127 form micelles above their LCST,
with release governed by micelle degradation and polymer
erosion. Structural Collapse: Heating above LCST collapses
the polymer network, squeezing out the drug. For instance,

Table 4: Common thermo-responsive polymers used in oncology

Polymer Type

LCST/UCST

Application

PNIPAM LCST (~32°C)

Gelation at body temperature when

Paclitaxel, DOX delivery

modified; widely studied

Pluronic F127 LCST (~20-30°C)

FDA-approved, gels at 37°C

IL-2, DOX, gene therapy

PEG-PLA copolymers LCST Tunable transition with PEG/PLA ratio  Localized delivery
Poly (acrylamide-co-acrylic UCST Gel stable at lower temperatures Experimental
acid) applications

PEG: Poly (ethylene glycol), PNIPAM: Poly (N-isopropylacrylamide), LCST: Lower critical solution temperature, UCST: Upper critical

solution temperature
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PNIPAM hydrogels released 90% of paclitaxel within 24 h
at 42°C.17

Applications for oncology

Injectable localized therapy: These hydrogels offer a platform
for localized, sustained drug release. Pluronic F127 has been
usedtoco-deliverIL-2 anddoxorubicininmelanoma, sustaining
release over 26 days.* PELG-PEG-PELG hydrogels
enable dual-delivery of chemotherapy and immunotherapy,
suppressing glioblastoma growth by 70%.*! Silk fibroin
hydrogels minimize doxorubicin-induced cardiotoxicity in
mice while retaining antitumor efficacy.*” PNIPAM-based
systems are undergoing clinical trials (e.g., NCT04815429)
for use in photothermal-chemotherapy.©!

ENZYME-RESPONSIVE HYDROGELS

Enzyme-responsive  hydrogels utilize the specific
upregulation of select enzymes in the TME including MMPs,
cathepsins, and hyaluronidases, to enable responsive and
active drug delivery and therapeutic activity. Altered balance
of ECM component levels characterizes the TME due to
overproduction of functionally active enzymes such as MMPs
or cathepsins. These enzymes are important contributors to
tumor invasion or metastasis by breaking down the ECM,
which is a network of proteins and polysaccharides providing
structural support to cells in contact with neighboring cells
and tissues."?! The upregulation of these enzymes in the TME
allows hydrogels to be designed to degrade and release a
therapeutic agent while remaining stable during hydrogel
preparation and physiological delivery of drug encapsulated
by the hydrogel, thus providing drug delivery directly on
tumor. Enzyme-triggered degradation of the deliverable
hydrogels can result in selective therapeutic delivery that
limits systemic side effects and allows for localized treatment
effect.?¥

Design strategies

Enzyme-responsive hydrogels that contain enzyme sensitive

linkers or backbones that may be cleaved by overexpressed

TME enzymes comprise a significant design approach.

A well-known strategy is the incorporation of peptide

sequences as crosslink agents in the hydrogel network that

are designed to be cleaved by the target enzyme, such as

MMP or hyaluronidases.?* The hydrogels are retained intact

until they are transported to the tumor site and degraded only

by overexposed enzymes. There are two fundamental design
elements that these systems can fall under:

1. Degradable systems, which physically degrade in the
substrate of target enzymes and subsequently releases
the therapeutic payload.*

2. Non-degradable systems, where hydrogel physical
properties (e.g., swelling or structural) change in a
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reversible nature after enzymes cleave the linker which
allows drug release. The specificity of enzymatically
cleavable linkers is fundamental for case multiple
selectivity of the system in the TME and shoe that it
would have minimal degradation in healthy tissue.
Achieving the determined hydrogel design for rate
of degradation and drug release profile for improved
treatment outcome is vital.

CONTROLLED RELEASE MECHANISM

Hydrogels that respond to enzymes are based on enzymatic
cleavage of tethered linkers, which can lead to the controlled
release of an encapsulated drug. In this case, the hydrogel will
degrade or swell on interacting with overexpressed tumor
enzymes. This disturbs the hydrogel network arrangement
and allows for sustained release of the therapeutics.
Moreover, drug release is controlled mainly at the tumor
site, maximizing drug concentration to the tumor cancer
cells rather than normal tissues.’ Furthermore, the drug
release rate can be controlled by adjusting a variety of factors
that impact the rate of hydrogel and decomposition by the
enzyme, including concentration of enzyme-sensitive linkers,
the activity of enzyme, and the physical characteristics of the
hydrogel. These constructs ensure that drug released from
the hydrogel network is delivered in a sustained fashion,
with improved efficacy while limiting systemic exposure.
In addition, hydrogel physical properties will respond to
enzyme activity, enhancing swelling or structural change
based on changes in enzymatic activity. This controllable
dynamic behavior provides the hydrogel an improved ability
to deliver the drug in response to the state of the TME.5
In practical applications, enzyme-responsive hydrogels have
shown impressive potential in delivering anticancer drugs
specifically to tumor sites. MMP-responsive hydrogels, for
instance, degrade in response to high MMP concentrations in
the TME, enabling localized release of anticancer agents.F¢
Similarly, hydrogels designed to respond to hyaluronidase
can target tumors by degrading hyaluronic acid, a key
ECM component. Preclinical studies have demonstrated the
effectiveness of such hydrogels in delivering therapeutic
agents and inhibiting tumor growth. These studies underline
the advantages of minimizing systemic toxicity while
maximizing localized efficacy. The combination of targeted
delivery, controllable release, and reduced off-target effects
signifies a major step forward in cancer treatment. Ongoing
and future clinical trials will further evaluate the safety and
therapeutic potential of these hydrogel-based systems, with
the aim of enhancing patient outcomes in oncology.?

COMPARATIVE ANALYSIS OF
STIMULI-RESPONSIVE HYDROGELS

This section provides a comparative evaluation of the
major types of stimuli-responsive hydrogels, as shown in




Table 5, explores synergistic dual/multi-stimuli systems,
and outlines essential design considerations for their
clinical translation.

CHALLENGES AND FUTURE
PERSPECTIVES

The successful clinical translation of stimuli-responsive
hydrogels requires overcoming several key challenges.
Ensuring biocompatibility and mechanical suitability
is essential, as the hydrogel must match the physical
properties of the target tissue while minimizing immune
responses. For instance, brain-targeted hydrogels require
a softness of approximately 0.1-0.3 kPa, and natural
polymers such as chitosan and hyaluronic acid are
preferred due to their low immunogenicity, reducing the
risk of adverse immune activation!®?! Scalability and long-
term stability are also critical; hydrogel production must

be standardized for consistent quality, and formulation
strategies such as lyophilization are necessary to preserve
function during storage, particularly for thermo-responsive
systems.[¥] Regulatory challenges persist, including the
need to demonstrate reproducible drug release profiles and
address delivery-specific barriers such as transport across the
blood-brain barrier for neurological applications. Looking
forward, artificial intelligence, and machine learning
offer powerful tools for the personalized development of
multi-stimuli-responsive hydrogels. In particular, machine
learning models can be trained on polymer chemistry and
environmental variables to predict and optimize hydrogel
degradation rates, enabling more precise control over drug
release kinetics. This predictive capability could accelerate
design iterations, reduce experimental burden, and enhance
therapeutic outcomes. In addition, the integration of
hydrogels with immunotherapeutics, such as anti-PD-1-
loaded systems, may expand their clinical relevance in
cancer therapy.[*¥

Table 5: Comparative analysis of single and dual/multi-stimuli-responsive hydrogels in cancer therapy

Type of hydrogel Advantages Limitations Representative References
example
pH-responsive - Targets acidic tumor - Heterogeneous Alginate hydrogel [57]
microenvironment (pH 6.5-7.2)  intratumoral pH reduces releasing~80%
- Reduces systemic toxicity reliability paclitaxel at pH 5.5
- High biocompatibility with - Risk of off-target release
natural polymers in acidic normal tissues
(e.g., stomach)
Temperature- - Injectable formulations gel at - Sensitive to fluctuating Pluronic F127 hydrogel [58]
responsive body temperature body temperatures with 26-day IL-2 release
- Sustained release over weeks - Risk of inflammation due  in melanoma models
- Suitable for localized therapies  to external heat sources
(e.g., NIR light)
Enzyme- - High specificity to - Variable enzyme MMP-sensitive [56]
responsive tumor-associated enzymes expression among tumor  PEG-peptide hydrogels
(e.g., MMP-2) types for tumor-specific
- Reduces off-target effects - Slow degradation may degradation
delay drug release
pH/temperature - Combines gelation at body - Complex synthesis - Chitosan-g-poly [59]
dual-responsive temperature with pH-sensitive Potential interference (N-vinylcaprolactam)
swelling between stimuli hydrogel for doxorubicin
- Improved localization and drug  responses delivery
targeting
Enzyme/redox - Targets enzyme-rich and - Difficult to tune MMP-2/ [60]
dual-responsive redox-active TME degradation rates for both  glutathione-responsive
- Enhanced control and stimuli simultaneously hydrogel enabling
minimized systemic exposure - Challenging to predict targeted degradation in
tumor-specific redox tumor environments
profiles
Light/magnetic - Enables - Requires external Gold nanorod/iron [61]
dual-responsive photothermal-chemotherapy triggering systems oxide composite
synergy (e.g., NIR, magnetic field) hydrogel for NIR/
- Combines drug targeting with - Safety and depth of magnetic-responsive
hyperthermia penetration concerns cancer treatment

light-based activation

PEG: Poly (ethylene glycol)
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CONCLUSION

Stimuli-responsive hydrogels hold great promise for
improving cancer therapy by enabling precise, localized
drug delivery while minimizing systemic side effects. Their
ability to respond to pH, temperature, and enzymatic triggers
allows for greater treatment control and personalization.
However, translating these innovations into clinical practice
requires more than just scientific progress — it demands
close collaboration between material scientists, clinicians,
and regulatory experts. Such interdisciplinary efforts will be
essential to address challenges related to biocompatibility,
large-scale manufacturing, and regulatory approval. With
continued research and cooperative development, these smart
hydrogels may soon become an integral part of personalized
cancer treatment.

ACKNOWLEDGMENT

The authors extend their appreciation to the Deanship of
Scientific Research at Northern Border University, Arar,
KSA for funding this research work through the project
number “NBU-FFR-2025-3336-04.”

REFERENCES

1. WHO. Cancer Fact Sheet; 2020. Available from: https://
www.who.int/news-room/fact-sheets/detail/cancer [Last
accessed on 2025 Apr 15].

2. Solanki R, Bhatia D. Stimulus-responsive hydrogels for
targeted cancer therapy. Gels 2024;10:440.

3. Gottesman MM. Mechanisms of cancer drug resistance.
Annu Rev Med 2002;53:615-27.

4. Pardoll DM. The blockade of immune checkpoints in
cancer immunotherapy. Nat Rev Cancer 2012;12:252-64.

5. Quail DF, Joyce JA. Microenvironmental regulation
of tumor progression and metastasis. Nat Med
2013;19:1423-37.

6. Kumari A, Yadav S, Yadav S. Biodegradable polymeric
nanoparticles based drug delivery systems. Colloids Surf
B Biointerfaces 2009;75:1-18.

7.  Wichterle O, Lim D. Hydrophilic gels for biological use.
Nature 1960;185:117-8.

8. Hoffman AS. Hydrogels for biomedical applications.
Adv Drug Deliv Rev 2012;64:18-23.

9. Protsak IS, Morozov YM. Fundamentals and advances
in stimuli-responsive hydrogels and their applications:
A review. Gels 2025;11:30.

10. Li J, Mooney DJ. Designing hydrogels for controlled
drug delivery. Nat Rev Mater 2016;1:16071.

11. Andrade F, Roca-Melendres MM, Duran-Lara EF,
Rafael D, Schwartz S Jr. Stimuli-responsive hydrogels
for cancer treatment: The role of ph, light, ionic strength
and magnetic field. Cancers (Basel) 2021;13:1164.

Asian Journal of Pharmaceutics * Apr-Jun 2025 ¢ 19 (2) | 592

12. Kasinski A, Wlaz P, Wyska E, Swierczek A, Kaminski K,
Jakubiec M, et al. Dual-stimuli-sensitive smart hydrogels
containing magnetic nanoparticles as antitumor local
drug delivery systems-synthesis and characterization. Int
J Mol Sci 2023;24:6906.

13. Delgado-Pujol EJ, Martinez G, Casado-Jurado D,
Vazquez J, Ledén-Barberena J, Rodriguez-Lucena D,
et al. Hydrogels and nanogels: Pioneering the future
of advanced drug delivery systems. Pharmaceutics
2025;17:215.

14. LiX, XuX, XuM, Geng Z, Ji P, Liu Y. Hydrogel systems
for targeted cancer therapy. Front Bioeng Biotechnol
2023;11:1140436.

15. Garcia-Garcia A, Muifana-Gonzalez S, Lanceros-
Mendez S, Ruiz-Rubio L, Alvarez LP, Vilas-Vilela JL.
Biodegradable natural hydrogels for tissue engineering,
controlled release, and soil remediation. Polymers
(Basel) 2024;16:2599.

16. Rana MM, De la Hoz Siegler H. Evolution of hybrid
hydrogels: Next-generation biomaterials for drug
delivery and tissue engineering. Gels 2024;10:216.

17. Lu P, Ruan D, Huang M, Tian M, Zhu K, Gan Z, et al.
Harnessing the potential of hydrogels for advanced
therapeutic applications: Current achievements and future
directions. Signal Transduct Target Ther 2024;9:166.

18. Cao H, Duan L, Zhang Y, Cao J, Zhang K. Current
hydrogel advances in physicochemical and biological
response-driven biomedical application diversity. Signal
Transduct Target Ther 2021;6:426.

19. Andrade F, Rafael D, Videira M, Ferreira D, Sosnik A,
Sarmento B. Nanotechnology and pulmonary delivery
to overcome resistance in infectious diseases. Adv Drug
Deliv Rev 2013;65:1816-27.

20. Chao Y, Chen Q, Liu Z. Smart injectable hydrogels
for cancer immunotherapy. Adv Funct Mater
2019;30:1902785.

21. Chatterjee S, Hui PC, Kan CW. Thermoresponsive
hydrogels and their biomedical applications: Special
insight into their applications in textile based transdermal
therapy. Polymers 2018;10:480.

22. Tanga S, Aucamp M, Ramburrun P.
thermoresponsive  hydrogels for cancer
Challenges and prospects. Gels 2023;9:418.

23. Xing Y, Zeng B, Yang W. Light responsive hydrogels
for controlled drug delivery. Front Bioeng Biotechnol
2022;10:1075670.

24. Sobczak M. Enzyme-responsive hydrogels as potential
drug delivery systems-state of knowledge and future
prospects. Int J Mol Sci 2022;23:4421.

25. Jacob S, Nair AB, Shah J, Srecharsha N, Gupta S,
Shinu P. Emerging role of hydrogels in drug delivery
systems, Tissue engineering and wound management.
Pharmaceutics 2021;13:357.

26. Shadab A, Farokhi S, Fakouri A, Mohagheghzadeh N,
Noroozi A, Razavi ZS, et al. Hydrogel-based
nanoparticles: Revolutionizing brain tumor treatment
and paving the way for future innovations. Eur J Med

Injectable
therapy:




27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Res 2025;30:71.

Wul,XueW,YunZ,LiuQ, Sun X. Biomedical applications
of stimuli-responsive “smart” interpenetrating polymer
network hydrogels. Mater Today Bio 2024;25:100998.
Jain N, Kejariwal M, Chowdhury FI, Noor IM,
Savilov S, Yahya MZ, et al. Synthesis, characterization
and application of hydrogel for cancer treatment. Chem
Phys Impact 2024;9:100737.

Godau B, Samimi S, Seyfoori A, Samiei E, Khani T,
Naserzadeh P, et al. A drug-eluting injectable nanoGel
for localized delivery of anticancer drugs to solid tumors.
Pharmaceutics 2023;15:2255.

Mashweu AR, Azov VA. Nanotechnology in drug
delivery: Anatomy and molecular insight into the
self-assembly of peptide-based hydrogels. Molecules
2024;29:5654.

Imtiaz S, Ferdous UT, Nizela A, Hasan A, Shakoor A,
Zia AW, et al. Mechanistic study of cancer drug delivery:
Current techniques, limitations, and future prospects.
Eur J Med Chem 2025;290:117535.

Hosonuma M, Yoshimura K. Association between
pH regulation of the tumor microenvironment and
immunological state. Front Oncol 2023;13:1175563.
Cao Z, Li W, Liu R, Li X, Li H, Liu L, ef al. pH- and
enzyme-triggered drug release as an important process in
the design of anti-tumor drug delivery systems. Biomed
Pharmacother 2019;118:109340.

Chu S, Shi X, Tian Y, Gao F. pH-responsive polymer
nanomaterials for tumor therapy. Front Oncol
2022;12:855019.

Al-Shaeli M, Benkhaya S, Al-Juboori RA, Koyuncu I,
Vatanpour V. pH-responsive membranes: Mechanisms,
fabrications, and applications. Sci Total Environ
2024;946:173865.

Singhal A, Sinha N, Kumari P, Purkayastha M. Synthesis
and applications of hydrogels in cancer therapy. Anti
Cancer Agents Med Chem 2020;20:1431-46.

Chen K, Hu Y, Wang F, Liu M, Li C, Yu Y, et al.
Ultra-stretchable, adhesive, and self-healing MXene/
polyampholytes hydrogel as flexible and wearable
epidermal sensors. Colloids Surf A Physicochem Eng
Aspects 2022;645:128897.

Rubio-Elizalde I, Bernaldez-Sarabia J, Moreno-Ulloa A,
Vilanova C, Juarez P, Licea-Navarro A, et al. Scaffolds
based on alginate-PEG methyl ether methacrylate-
Moringa oleifera-Aloe vera for wound healing
applications. Carbohydr Polym 2019;206:455-67.
Tahneh AN, Dashtipour B, Ghofrani A, Nejad SK.
Crosslinked natural hydrogels for drug delivery systems.
J Compos Compd 2022;4:111-23.

Bordbar-Khiabani A, Gasik M. Smart hydrogels
for advanced drug delivery systems. Int J Mol Sci
2022;23:3665.

Asadi K, Rezazadeh H, Rezazadeh H, Mardaninezhad R,
Tabesh A, Rezazadeh F. Stimuli-responsive hydrogel
based on natural polymers for breast cancer. Front Chem
2024;12:1325204.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Asian Journal of Pharmaceutics « Apr-Jun 2025 < 19 (2) | 593

Tian H, Zhang T, Qin S, Huang Z, Zhou L, Shi J, et al.
Enhancing the therapeutic efficacy of nanoparticles
for cancer treatment using versatile targeted strategies.
J Hematol Oncol 2022;15:132.

Yu Y, Cheng Y, Tong J, Zhang L, Weic Y, Tia M. Recent
advances in thermo-sensitive hydrogels for drug delivery.
J Mater Chem B 2021;9:2979-92.

Nishimura Y, Shibamoto Y, Jo S, Akuta K, Hiraoka M,
Takahashi M, et al. Relationship between heat-induced
vascular damage and thermosensitivity in four mouse
tumors. Cancer Res 1988:;48:7226-30.

Cui G, Wang H, Long S, Zhang T, Guo X, Chen S, et al.
Thermo-and light-responsive polymer-coated magnetic
nanoparticles as potential drug carriers. Front Bioeng
Biotechnol 2022;10:931830.

Ruel-Gariepy E, Leroux JC. In situ-forming hydrogels-
review of temperature-sensitive systems. Eur J Pharm
Biopharm 2004;58:409-26.

Gao D, Li G, Qu X, Li X, Xu X, Ying L, ef al. Thermo-
responsive hydrogel with tunable transition temperature
for effective drug release. Mater Lett 2022;321:132367.
AkbariV,Hejazi E, Minaiyan M, Emami J, Lavasanifar A,
Rezazadeh M. An injectable thermosensitive hydrogel/
nanomicelles composite for local chemo-immunotherapy
in mouse model of melanoma. J Biomater Appl
2022;37:551-62.

Avgoustakis K, Angelopoulou A. Biomaterial-based
responsive nanomedicines for targeting solid tumor
microenvironments. Pharmaceutics 2024;16:179.
Hageneder S, Jungbluth V, Soldo R, Petri C, Pertiller M,
Kreivi M, et al. Responsive hydrogel binding matrix
for dual signal amplification in fluorescence affinity
biosensors and peptide microarrays. ACS Appl Mater
Interfaces 2021;13:27645-55.

Goodrich R, Tai Y, Ye Z, Yin Y, Nam J. A Magneto-
responsive hydrogel system for the dynamic mechano-
modulation of stem cell niche. Adv Funct Mater
2023;33:2211288.

Yousefiasl S, Zare I, Ghovvati M, Ghomi M. Enzyme-
responsive materials: Properties, design, and applications.
In: Stimuli-Responsive Materials for Biomedical
Applications. Washington DC: ACS Publications; 2023.
p. 203-29.

Zang C, Tian Y, Tang Y, Tang M, Yang D, Chen F, ef al.
Hydrogel-based platforms for site-specific doxorubicin
release in cancer therapy. J Transl Med 2024;22:879.
Asadi K, Samiraninezhad N, Akbarizadeh AR, Amini A,
Gholami A. Stimuli-responsive hydrogel based on natural
polymers for breast cancer. Front Chem 2024;12:1325204.
Wang B, Chen J, Caserto JS, Wang X, Ma M. An in situ
hydrogel-mediated chemo-immunometabolic cancer
therapy. Nat Commun 2022;13:3821.

Tian M, Keshavarz M, Demircali AA, Han B, Yang GZ.
Localized microrobotic delivery of enzyme-responsive
hydrogel-immobilized therapeutics to suppress triple-
negative breast cancer. Small 2024;21:¢2408813.

Raza F, Zhu Y, Chen L, You X, Zhang J, Khan A.




58.

59.

60.

61.

Paclitaxel-loaded pH responsive hydrogel based on self-
assembled peptides for tumor targeting. Biomater Sci
2019;7:2023-36.

Lv Q, He C, Quan F, Yu S, Chen X. DOX/IL-2/TFN-y
co-loaded thermo-sensitive polypeptide hydrogel
for efficient melanoma treatment. Bioact Mater
2018;3:118-28.

Buwalda SJ, Vermonden T, Hennink WE. Hydrogels for
therapeutic delivery: Current developments and future
directions. Biomacromolecules 2017;18:316-30.

Lin CY, Battistoni CM, Liu JC. Redox-responsive
hydrogels with decoupled initial stiffness and
degradation. Biomacromolecules 2021;22:5270-80.
Pereira L, Ferreira FC, Pires F, Portugal CA. Magnetic-
responsive liposomal hydrogel membranes for controlled

62.

63.

64.

release of small bioactive molecules-an insight into the
release kinetics. Membranes (Basel) 2023;13:674.

Hong Y, Lin Z, Yang Y, Jiang T, Shang J, Luo Z.
Biocompatible conductive hydrogels: Applications in
the field of biomedicine. Int J Mol Sci 2022;23:4578.
Lee J, Dutta SD, Patil T, Cho SJ, Lim KT. Physical
stimuli-responsive 3D printable hydrogels for scalable
manufacturing of bioengineered meat analogs. Trends
Food Sci Technol 2025;156:104867.

Sadraei A, Naghib SM. 4D printing of physical stimuli-
responsive hydrogels for localized drug delivery and
tissue engineering. Polym Rev 2025;65:104-68.

Source of Support: Nil. Conflicts of Interest: None declared.

Asian Journal of Pharmaceutics * Apr-Jun 2025 « 19 (2) | 594




