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Skin wound healing remains a global healthcare challenge, particularly when
complicated by infections. Traditional wound dressings fail to address the dynamic
physiological environment of infected wounds, where fluctuations in temperature, pH,
and microbial activity interfere with tissue repair. Smart biomaterials such as hydrogels
have emerged as promising candidates due to their ability to mimic extracellular
matrices, maintain moist conditions, and allow controlled drug release. Among them,
stimuli-responsive hydrogels, especially temperature- and pH-sensitive hydrogels, have
attracted considerable attention for infected wound healing applications. These
hydrogels undergo phase transitions in response to environmental cues, enabling on-
demand drug release, antibacterial activity, and promotion of tissue regeneration. This
review provides a comprehensive overview of temperature- and pH-responsive
hydrogels for wound healing, their mechanisms, design strategies, advantages,
limitations, and future prospects. Special emphasis is placed on the role of infection-
induced pH changes and thermal variations as triggers for responsive drug delivery
systems.

INTRODUCTION

Any disruption in these stages, particularly due to
microbial infection, can significantly delay healing

Wound healing is a highly dynamic and complex
physiological process aimed at restoring the
integrity of damaged skin and underlying tissues
[1]. The process involves a series of well-
coordinated  stages including hemostasis,
inflammation, proliferation, and remodeling [2].

and lead to chronic wounds [3]. Infected skin
wounds are a common clinical challenge,
associated with prolonged inflammation, bacterial
colonization, and impaired tissue regeneration [4].
Traditional wound care approaches, including
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gauze dressing and ointments, often fail to provide
effective protection against infection while
maintaining an optimal healing environment
[5].Hydrogels have emerged as a promising class
of biomaterials for wound management due to
their unique physicochemical properties [6]. These
three-dimensional, hydrophilic polymer networks
can absorb large amounts of water or biological
fluids, maintaining a moist environment at the
site that facilitates cell migration,
angiogenesis, and tissue repair [7]. In addition to
their inherent biocompatibility and flexibility,
hydrogels can be engineered to serve as
controlled-release platforms for therapeutic agents
such as antibiotics, growth factors, and anti-
inflammatory drugs, making them highly suitable
for infected wound care [8].The incorporation of
stimuli-responsive features in hydrogels further
enhances their therapeutic potential [9]. Stimuli-
responsive, or “smart,” hydrogels can undergo
physical or chemical changes in response to

wound

environmental cues such as temperature, pH, ionic
strength, or specific enzymes [10]. In the context
of wound healing, temperature and pH are
particularly relevant stimuli because infected
wounds often exhibit elevated local temperature
due to inflammation and altered pH due to
bacterial colonization and tissue damage [11].
Despite these advancements, challenges remain in
optimizing the hydrogel formulation to balance
mechanical properties, swelling behavior, drug
release kinetics, and biodegradability [12].
Similarly, achieving a sol-gel transition close to
human body temperature without compromising
mechanical integrity is critical for practical
applications [13]. Therefore, careful selection of
polymers, crosslinkers, and drug loading strategies
is essential for developing clinically effective
dual-responsive hydrogels [14].

1. Mechanism of Wound Healing
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Wound healing is a complex and dynamic
biological process that
overlapping but separate stages[15]. This highly
monitored process includes intricate relationships
between cytokines, growth factors, coagulation

involves  several

factors, and various components of vascular
networks and connective tissue[16].Figure 2a
illustrates how the hemostasis phase begins as
soon as an injury occurs, during which time
platelets clump together and release clotting
factors to create a fibrin network that stops
excessive bleeding [17]. The inflammatory
response that follows (Figure 2b)involves
neutrophils and macrophages infiltrating the
wound site to eradicate infections and remove
cellular debris[18]. Following this, fibroblasts
deposit extracellular matrix (ECM) components,
keratinocytes aid in re-epithelialization, and
endothelial cells stimulate angiogenesis during the
proliferation phase—all of which are critical for
tissue regeneration|[19].Figure 2¢ Ultimately, the
remodeling phase ensures appropriate wound
closure and functional recovery by strengthening
newly created tissue through collagen production,
crosslinking, and reorganization[20].Figure 2d
illustratespathophysiological ~ processes  and
clinical results, wounds can be categorized as
either acute or chronic[21]. The concentration of
particular  bioactive components and the
biochemical environment at the wound site serve
as the primary differentiators between these
groups[22]. Acute wounds are typically caused by
burns, trauma, or surgical incisions. They typically
heal in a few weeks after undergoing the
appropriate stages of wound healing [23]. The
immune cells in these wounds efficiently eliminate
pathogens and necrotic debris, resulting in a well-
regulated inflammatory response that permits the
ensuing phases of proliferation and remodeling to
proceed without major disruption [24]. Growth
factors that promote fibroblast migration, collagen
synthesis, and angiogenesis include platelet-
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derived growth factor, vascular endothelial growth
factor (VEGF), and transforming growth factor f3
[25].Consequently, acute wounds typically heal
with little scarring and quickly restore the afflicted
tissue's functionality [26]. On the other hand,
persistent wounds like diabetic foot ulcers and
infected wounds frequently do not advance
through the normal wound healing cascade, being
stuck in the inflammatory phase and impairing
tissue regeneration [27].Persistent infection or
compromised immunological control, which
disrupt the equilibrium between inflammation and
tissue regeneration, is a significant contributing
factor [28]. Ultimately, this imbalance hinders
fibroblast activity and angiogenesis by causing a
persistent increase in inflammatory cytokines like
factor-alpha (TNF-a)
interleukin-6 (IL-6), as well as the suppression of
vital growth factors like VEGF and epidermal
growth factor (EGF) [29,30].Tissue regeneration
is further hampered by the excessive breakdown of

tumor necrosis and

extracellular matrix (ECM) components caused by
metalloproteinases (MMPs)
overexpression [31].0ne of the more difficult
subtypes of chronic wounds is diabetic ulcers.
Microvascular dysfunction is exacerbated by
chronic hyperglycemia, which also
angiogenesis and damages endothelial function.It
also changes the behavior of macrophages and

matrix

slows

neutrophils, which impairs immunological
responses.Decreased  keratinocyte = migration,
decreased collagen deposition, and poor

granulation tissue formation are common features
of diabetic wounds, all of which lead to partial or
delayed re-epithelialization[29]. Furthermore,
peripheral neuropathy and ischemia reduce wound
sensibility, perfusion, and repair ability, while the
buildup of advanced glycation end products and
increased oxidative stress accelerate tissue damage
[31].Stimuli-responsive hydrogels for diabetic
wound healing frequently include enzyme-
sensitive degradation pathways and ROS
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scavenging mechanisms to reduce oxidative stress
and facilitate on-demand drug release. For
example,a hexapeptide with methionine residues
in a supramolecular hydrogel system demonstrates
both ROS-responsive degradation and ROS-
scavenging capacity.Met residues are oxidized
when exposed to high ROS levels, which causes
hydrogel disintegration and the consequent release
of bioactive compounds or encapsulated
medications.This breakdown process actively
lowers local oxidative stress in addition to
facilitating regulated release [32].Burn injuries can
be acute at first, but they frequently become
chronic because of the increased risk of infection
and poor healing caused by microbial colonization
and the breakdown of  the
barrier[33].Pathogens can create biofilms, which
are intricate microbial communities covered in an
extracellular matrix that they build on their own to
protect them from clearance and
antimicrobial drugs, when bacteria invade an area

skin

immune

[34].These biofilms release toxins and proteolytic
enzymes that support in tissue deterioration,
increase  oxidative  stress, prolong
inflammation.Biofilm production uses native
extracellular matrix (ECM) components as
collagen, fibronectin, and fibrinogen as attachment
sites [35].Moreover, oxidative damage to cellular
structures 1s caused by elevated reactive oxygen
species (ROS) and sustained neutrophil activity,
which hinders fibroblast and keratinocyte
migration [36].Stimuli-responsive hydrogels that
provide physical antibacterial mechanisms or
controlled antibacterial agent release are
especially beneficial for infected wounds.Alkaline
shifts linked to bacterial infection can be detected
using pH-responsive hydrogels, which can then
release antimicrobial drugs in a site-specific way

and

[37].Additionally, light-responsive or enzyme-
degradable hydrogels with photothermal agents
incorporated have shown strong biofilm-
disrupting action while reducing systemic toxicity
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[38]. In general, excessive proteolysis, bacterial
colonization, and the persistence of inflammatory
mediators all work together to delay wound
closure and raise the risk of tissue necrosis and
systemic infection [40].These pathophysiological
differences among wound typesfrom acute
surgical wounds to long-term diabetic, infected, or

burn woundsemphasize the necessity of

Bleeding and hemostasis
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specialized treatment approaches.To overcome
these obstacles, focused therapies that enhance
cellular control inflammation, and
encourage extracellular matrix remodeling are
needed.  Stimuli-responsive  hydrogel-based

activity,

dressings have enormous potential in these
domains [41].
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Figure 1:Schematic representation of the four main stages of wound healing: (a) Bleeding and hemostasis,
where a clot forms to stop bleeding and bacteria may be present; (b) Inflammation, characterized by the
formation of a scab and the migration of immune cells (macrophages, neutrophils) and fibroblasts to the

wound site; (¢) Proliferation, involving the formation of granulation tissue, new blood vessels, and
proliferating fibroblasts to fill the wound; and (d) Remodeling, where the wound matures and scar tissue
forms.

2. Hydrogels

Hydrogels are three-dimensional networks of
polymers that can absorb a lot of water or
biological fluids without disintegrating.Often
called "water gels," they have a gel-like
consistency and can be made from synthetic
materials like polyacrylamide and polyethylene
glycol or natural polymers like alginate, collagen,
and chitosan[42,43]. Hydrogel dressings are made
up of hydrophilic, and insoluble
materials and come in gel and film forms.Their

swelling,

70-90% water content allows them to efficiently
absorb biological fluids at damage sites, making
them appropriate for wound treatment[44]. They
are widely acknowledged as successful wound
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dressings due to their biocompatibility, adjustable
architectures, potential for functionalization, and
flexible production.Hydrogel-based scaffolds that
interact with biological molecules or cells for
tissue regeneration are the focus of recent
developments in polymer research.By promoting
vital wound-healing processes like angiogenesis,
epidermal restoration, collagen production, and
seamless tissue integration, these scaffolds reduce
scarring[45]. Because they replicate the natural
tissue  environment, effectively  distribute
therapeutic drugs, and react to a variety of stimuli,
hydrogels are essential in the treatment of
wounds.They guarantee skin hydration due to their
hydrophilic nature, which speeds up the healing
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process[46]. Radiation wounds, dry wounds,
minor burns, and chronic diabetic wounds can all
be effectively treated with the wet, antibacterial
environment that cross-linked, three-dimensional
porous hydrogels can create by absorbing water
hundreds of times their dry weight.They are
perfect for advanced wound care because of their

oxygen permeability, ability to load drugs, and
ease of topical application.Furthermore, hydrogel
dressings are usually transparent, making it
possible to monitor wounds without removing
them[47]. The different types and characteristics
of hydrogel dressings used in wound healing are
summarized in Table 1.

Table 1 Exploring Hydrogel-based approaches for wound healing

Polymer Models used Drug Outcome of Study Reference
for study
Polyvinyl alcohol, In vivo study Sodium Sodium fusidate-loaded FFH 48
Polyvinylpyrrolidone on male fusidate provides an efficient and
Sprague— simple way to treat wounds by
Dawley (SD) encouraging the disappearance
rats of granulation tissue and skin
regeneration.
Polyvinyl alcohol, In vivo study | Neomycin By removing granulation 49
Polyvinyl pyrrolidone on male sulfate tissue and replacing it with
and sodium alginate CrlOri: normal tissue, the neomycin
SKHI1-hr sulfate-loaded hydrogel
strain dressing outperformed
hairless commercial treatments in
diabetic mice wound healing, demonstrating
its potential as a successful
wound treatment.
Polylactic acid In vivo study | Hydrogen With less granulation tissue, 50
,polyvinyl alcohol, on male CD1 peroxide surface keratin, edema, and
sodium alginate diabetic mice (H202) inflammatory cells, the
(matrigel) HG_OMs_MG hydrogel
formulation dramatically
improved wound healing.
Within seven days of the
damage, the skin defect was
almost completely closed.
Chitosan, polyvinyl In vivo study Lignin Compared to the chitosan— 51
alcohol on Kunming PVA hydrogel, the lignin—
female mice. chitosan—PVA composite
hydrogel maintained a moist
healing environment and
accelerated wound healing,
suggesting great prospects for
effective skin wound care.
Sodium alginate In vivo study | Naringenin According to the study, 52
on male alginate hydrogel containing
Wistar rat 20% naringenin greatly
increases cell viability (P
<0.05) and promotes wound
healing, indicating that it may

/—af.g;\
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have practical application in
the treatment of skin injuries.

Sodium alginate,
chitosan

In vivo study
on male
Wistar rats

Hesperidin

In vivo, the alginate/chitosan
hydrogel containing 10%
hesperidin outperformed the
gauze-treated control group
and demonstrated the highest
wound closure percentage.

53

Silk fibroin, gelatin

In vivo study
on rat model

Artemisinin

The SF-G-ART composite
hydrogel considerably slowed
the growth of tumors in vivo
while simultaneously
promoting quicker wound
healing with more fibroblasts,
ordered connective tissue, and
smoother epithelium.

54

Agar

In vivo study
on male
Wister albino
rats

Icariin

Compared to the other groups,
the icariin-loaded hydrogel
scaffold demonstrated
substantial hair follicle
development, dense skin
creation with an abundance of
collagen and fibroblasts, and
full epithelial tissue
regeneration by day 12.

55

Dextran, Sodium
hyaluronic acid

In vivo study
on male SD
rat model

Sanguinarine
(SA)
incorporate
in the gelatin
microsphere
(GMs)

In comparison to control
groups, the study discovered
that SA/GMs/Dex-HA
dramatically decreased TNF-a
levels, accelerated
epithelization, collagen

56

deposition, and uniform
distribution, suggesting its
potential for effective
treatment of infected burns and
suppression of scar formation.

pH responsive Hydrogels

The microenvironment of skin wounds is
intimately linked to pH changes. Sweat and sebum
glands secrete fatty and amino acids to protect the
skin from external threats, resulting in a weakly
acidic environment with a pH of 5.0 to 6.0 on
normal and healthy skin. Acute wounds have a
more neutral pH of about 7.4, but chronic wounds
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have an alkaline pH of between 7.4 and 9.0, which
is caused by the buildup of blood and interstitial
blood. It 1is suggested that pH-responsive
hydrogels could be a helpful substance to track the
healing process and aid in medication release[57].
Two types of pH sensitivity have recently been
widely used in the creation of hydrogel-based
wound dressings. In order to obtain a regulated and
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continuous administration of healing substances,
the first method uses polyelectrolyte polymers in
which the charged side groups undergo
protonation or de-protonation to change the
swelling behavior of the hydrogel networks. These
networks then expand or shrink. This mechanism
has also been extensively documented for
hydrogel-based medication delivery in the
treatment of cancer.[58]. Numerous factors, such
as polymer functionalities, medium pH, ionic
strength, and dissociation constants, are crucial in
influencing the hydrogel networks' morphological
and volume changes[59]. Important metrics to
assess the swelling behavior of the polymers in
accordance with the medium Ph are pKa and pKb,
which are the negative logarithm of the acid (Ka)
(Kb) constants,
respectively. The strength of acidity and basicity is
inversely proportional to the values of pKa and
Pkb. Stronger acids and bases, respectively, have
smaller pKa and pKb values. Because pKa + pKb

and Dbasic dissociation

= 14, an acid has a lower pKa than a stronger
base.[60,61].Alginate, hyaluronic acid,
xanthan gum are examples of polyanions that
typically have a pKa value between 3 and 5. In
water or any other media, their hydroxyl and
groups will deprotonate (give the
protons) and form negatively-charged chains when
the pKa < pH of the medium. The medications are
released as the hydrogel network expands due to

and

carboxyl

the internal repulsion created by those negatively
charged chains[59,60].Alginate, hyaluronic acid,
and xanthan gum are examples of polyanions that
typically have pKa values between 3 and 5. In
water or any other media, their hydroxyl and
groups will deprotonate (give the
protons) and form negatively charged chains when
the pKa < pH of the medium. The medications are

carboxyl

released as the hydrogel network expands due to
the internal repulsion created by those negatively
charged chains[62,59]. However, polycations like
chitosan and its derivatives have a significantly
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higher pKa (i.e., lower pKb) and have amine
groups (-NH2) that, when their pKa is greater than
the medium's pH, will be protonated (take a
proton) to produce positively charged groups.
Drug release increases as a result of the positively
charged groups repelling one another and
expanding the hydrogel pore size [63, 64]. Tang et
al. created a multipurpose hydrogel wound
dressing based on a mixture of polyacrylamide
(PAAm) and xanthan gum (XG) by employing the
previously described technique. The PAAM-XG
system showed a much greater swelling ratio from
7.3 to 12 when compared to pure PAAm hydrogel
because of the hydrophilicity of XG and the
electrostatic repulsion caused by the carboxyl
groups from XG molecules. PAAm-XG hydrogels
were able to maintain a moist environment and
effectively absorb wound extrudes to speed up the
healing process thanks to this improvement in
swelling behaviors[65]. In a different instance,
Chen and colleagues tried to create an injectable,
self-healing, anti-microbial wound dressing based
on chitosan, which is known to have anti-bacterial
and anti-fungal qualities because it can attack
intracellular targets and break bacterial cell walls
and membranes[66]. As stated, S-Ag coordination
was used to crosslink the chitosan after it had been
thiolated.A dual-crosslinked chitosan hydrogel
was created by further crosslinking the amine
groups in the resulting hydrogels with genipin.
This hydrogel system showed a significantly
higher swelling ratio in the acidic media (pH = 2)
compared to the neutral medium (pH = 7.0). This
was explained by the amino groups' protonation in
the low pH medium (more accessible H+), which
caused the polymer chain relaxation and network
expansion. As the concentration of crosslinked
amino groups increased in both media, the
hydrogel's swelling ratio dropped (few amino
groups were accessible for protonation), indicating
the significance of cationic amino groups in
chitosan in determining its swelling behavior [67].
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In contrast to polyelectrolytes, another popular
method for creating pH-responsive hydrogel for
wound healing is based on the Schiff base reaction,
which creates dynamic covalent imine bonds (C =
N) by crosslinking an aldehyde (or ketone) with a
primary amine group to create imine, hydrazone,
oxime, benzoic imine, and other compounds. In
moderate conditions, these Schiff base bonds can
form, and in an acidic environment, they can
cleave, improving drug release and causing
hydrogel deterioration.The hydrogel possesses
self-healing qualities because the broken
connections can reassemble after the acid is
removed[68]. For example, hyaluronic acids are
utilized to make hydrogel wound dressings
because of their high water-retaining capacity,
biocompatibility, ability to hydrate tissues, and
ability to modulate inflammation[69]. Easy
oxidation of hyaluronic acid produced aldehyde
side groups, which were subsequently crosslinked
with the lysine residues in an antimicrobial peptide
sequence to generate a Schiff base linkage. In an
in-vivo mouse animal model, this hydrogel was
found to exhibit improved mechanical properties,
injectability, and pH-initiated peptide release. It
was also successful in preventing the colonization
of Escherichia coli and Staphylococcus aureus in
an acidic environment (pH = 5.5) as opposed to pH
= 7.4 [70]. In a related study, Qiu et al. created a
hydrogel wound dressing in which two essential
oils (oregano and eugenol) were complexed with
the hydrogel network to act as antibacterial agents.
The Schiff base bond was created using aldehyde-
modified hyaluronic acid and carboxymethyl
chitosan. The resulting hydrogel showed a notable
increase in eugenol release profile from 37.5% in
neutral environments (pH = 7.2) to 82.1% in a
more acidic environment (pH = 5.5). This
enhancement was attributed to the breakdown of
Schiff base bonds caused by the acid[71].Another
attempt involved the development of a pH-
sensitive hydrogel using reversible imine linkages
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between collagen and polyethylene glycol
modified with aldehyde.Rats with diabetic foot
ulcers were treated by loading hydrogel samples
with umbilical cord stem cell factor. Cellular
response, collagen deposition, and vascularization
all showed signs of healing[72]. Hyaluronic acids
can be altered and photo-crosslinked to increase
their mechanical performance,
important issue for future uses of collagen and
acid[73]. The biocompatibility
problems brought on by chemical changes still
require attention. Apart from hyaluronic acid, self-
healing hydrogels containing Schiff base bonds

which 1s an

hyaluronic

can also be made using cellulose. For instance,
tobramycin, a biocompatible crosslinker, was used
bond in dialdehyde
carboxymethyl  cellulose. = Through  their
electrostatic interaction with the carbonyl groups
in cellulose chains, borneol/B-cyclodextrin

to create the imine

inclusion drug compounds were successfully
distributed throughout the hydrogel network. Due
to the breakdown of imine bonds in response to the
weak acid, the hydrogels were demonstrated to be
able to self-heal and showed a significantly greater
degree of hydrolysis in an acidic environment (pH
= 5.0) than in neutral (pH = 7.0) and basic (pH =
9.0) circumstances, as a result of imine bonds
being broken in response to the weak acid. It is
believed that this kind of slow degradation
characteristic can help accomplish regulated
release of medications that treat wounds[74]. Most
of the research mentioned above concentrates on
Shiff base bond-based acid-responsive hydrogels.
The ability of these hydrogels to release
medications when exposed to an acidic
environment has been demonstrated by clear
results.However, the precise pH variations in the
wound area are quite complicated and can be
affected by a variety of factors, including the type
of wound, bacterial type, microbial infection,
inflammation, diabetes, age, the location of the
damage, moisture and perspiration, and more[75].
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Temperature responsive Hydrogel

The hydrogels employed in wound healing exhibit
a sol-gel transition at about physiological
temperatures, which makes medication mixing and
distribution exceedingly convenient.The liquid
polymer solution is uniformly combined with stem
cells, growth factors, medications, and peptides.In
order to achieve a controlled release and wound
regeneration, the mixes are then injected or
sprayed onto the skin wound. When the
temperature changes, they turn into a gel state[76].
The polymer solutions for the polymers displaying
LCST stay in the sol state and gel at temperatures
above LCST, whereas in the case of UCST, the
polymer solutions are sol at temperatures above
UCST and transition to gel at temperatures below
UCST.1t is stated that two potential mechanisms
for thermoresponsive gelation
hydrophobic associations and conformational
changes of the polymer chains[77]. Poly(N-
isopropylacrylamide), commonly referred to as
polyNIPAAm, is an example of a polymer that
experiences an LCST reversible sol-gel transition
at around 32-34°C. The hydrophilic-hydrophobic
conversion process is one potential mechanism.
Water molecules create a hydration barrier beneath
the LCST, preventing the hydrophobic interactions
between the methyl groups in various
polyNIPAAm chains. Heat causes the hydration
layer to break down as the temperature rises,
enabling the development of hydrophobic
associations that serve as physical crosslinkers to
join the polyNIPAAm chains to gelate. According

include

to thermodynamics, polymer-solvent interactions
are the preferred process below LCST, while
interactions between polymer chains are preferred
above LCST[78].Depending on the temperature,
these polymers self-assemble to create micelles
with hydrophilic shells and hydrophobic cores and
increasing the hydrophobic segment's molar ratio
to the hydrophilic segment facilitates the
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hydrophobic association and gelation
process[76].Due to its LCST being close to
physiological temperature and its high viability of
forming interpenetrating hydrogel networks and
triblock co-polymers, where polyNIPAAm is
integrated with other selected polymers to
optimize the overall properties of the final
hydrogel product, polyNIPAAm is a popular
candidate for hydrogel wound dressing.For
example, a semi-interpenetrating hydrogel
network containing anti-cancer medications, such
as doxorubicin for the treatment of melanoma and
skin regeneration, has been created using
polyNIPAAm and poly (vinyl alcohol) (PVA).
Here, polyNIPAAm was utilized to start the LCST
behavior, which resulted in the controlled release
at skin temperature, while PVA was utilized to
enhance the water-absorbing capacity, porosity,
and adhesion capabilities[78]. Considering many
benefits of PVA, its biodegradability problem may
restrict its use in biomedical applications[79]. As a
material for wound dressings, the PEP triblock
copolymer including segments of polyNIPAAm
and polyethylene glycol was also made to
incorporate reduced graphene oxide nanosheets
embellished with silver nanoparticles.This
hydrogel system showed an irreversible sol-gel
transition at 30°C due to the coordination between
the silver particles and amino groups in
polyNIPAAm chains. This structural stability
made this hydrogel system a promising option for
the wound dressing material to prevent the
infection  caused by  methicillin-resistant
Staphylococcus aureus (MRSA) [80]. Xanthan
gum (XG) is a polysaccharide with a linear -1,4-
D-glucose backbone and a charged trisaccharide
(B-d-mannose-(1,4)-p-d-glucuronic acid-(1,2)-a-
d-mannose) on each alternate glucose unit. In
addition to the synthetic polymers previously
discussed, a number of biopolymers with
temperature responsiveness are also widely
reported to fabricate hydrogel for wound
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healing[81].The conformational change of XG in
aqueous solution, from a random and flexible coil
at high temperatures to a stiff and ordered double
helical strand state at low temperatures, is the
source of its thermosensitivity. This shift occurs at
a temperature of around 40 to 50 °C, below which
the helical strands form a gel-like behaviour and
show shear thinning characteristics, which makes
XG a valuable substance for injectable hydrogel
wound dressings[81]. The methyl cellulose (MC)
on the other hand shows an LCST sol-gel
transition. The hydroxyl groups in MC chains
make hydrogen bonds with the water below the
LCST point, and the resulting hydration layers
filter and stop the methyl groups from forming
hydrophobic associations. When the temperature
rises over LCST, the heat energy causes the
hydration layer to rupture, enabling the
development of hydrophobic associates that gelate
the MC network[82]. An injectable and
temperature-responsive hydrogel was created
using XG and MC together. The researchers
observed that the mixture gelled at 37 °C, with XG
and MC forming a double network. They ascribed
this gelation to XG's double helical strands and
MC's hydrophobic association, respectively[81].
Another study used XG and konjac glucomannan
(KGM) to create a hydrogel-based treatment for
wounds that was subsequently seeded with human
fibroblasts. In addition to improving the weak
mechanical qualities of KGM, a commonly used
thickening in the food business, the presence of
XG made the gel system thermoresponsive
(gelated at or below 37°C)[82].Chitosan and its
derivatives are widely known for being
thermoresponsive since they are a byproduct of
chitin's deacetylation.Anti-cancer drug delivery
that experienced a sol (25°C) to gel (37°C) phase
transition to provide a controlled in vivo release
profile have been prepared using its temperature-
induced gelation activity.The gelation period was
greatly reduced by increasing the chitosan
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concentration because more hydrogen bonds were
accessible for the formation of the gel
network[83]. Finally, agarose and gelatin are
examples of  UCST thermoresponsive
biopolymers. They dissolve in aqueous solution at
temperatures higher than UCST and move to a gel
at lower temperatures.Finally, in contrast to LCST
polymers, agarose and gelatin are UCST thermo-

responsive biopolymers [84].
CONCLUSION

Temperature- and pH-sensitive hydrogels have
emerged as an advanced and promising strategy
for the treatment of infected skin wounds. These
smart biomaterials are designed to respond to
changes in the wound microenvironment,
particularly variations in temperature and pH that
occur during bacterial infection and inflammation.
Such responsiveness allows hydrogels to undergo
structural changes that enable controlled and
targeted release of therapeutic agents directly at
the wound site. As a
antimicrobial

result, antibiotics,
compounds, and  bioactive
molecules can be delivered more effectively,
reducing infection and promoting faster healing.
Temperature-responsive hydrogels are particularly
beneficial because they can undergo sol-gel
transition at body temperature, allowing easy
application and in situ gel formation on the wound
surface. Meanwhile, pH-responsive hydrogels can
selectively release drugs in acidic environments
typical of infected wounds, ensuring precise
therapeutic action. Recent advances in polymer
science and nanotechnology have further
improved the functionality of these hydrogels by
incorporating antibacterial nanoparticles, growth
factors, and self-healing properties. Despite these
promising developments, challenges such as large-
scale production, long-term stability, and clinical
validation still need to be addressed temperature
and pH-sensitive hydrogels represent a highly
effective and innovative approach for infected skin
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wound healing, offering controlled drug delivery,
improved infection management, and enhanced
tissue regeneration.

REFERENCES

1.

10.

11.

Boateng, J. S., et al. (2008). Wound healing
dressings and drug delivery systems: A
review. Journal of Pharmaceutical Sciences,
97(8), 2892-2923.

Gurtner, G. C., et al. (2008). Wound repair
and regeneration. Nature, 453, 314-321.

Guo, S., &DiPietro, L. A. (2010). Factors
affecting wound healing. Journal of Dental
Research, 89(3), 219-229.

Singer, A. J., & Clark, R. A. F. (1999).
Cutaneous wound healing. New England
Journal of Medicine, 341, 738-746.

Dash, M., et al. (2010). Kinetic modeling on
drug release from controlled drug delivery
systems. ActaPoloniaePharmaceutica, 67(3),
217-223.

Ahmed, E. M. (2015). Hydrogel: Preparation,
characterization, and applications: A review.
Journal of Advanced Research, 6(2), 105-
121.

Ryu, J. H., et al. (2018). Thermosensitive
hydrogel for drug delivery in wound healing.
Advanced Healthcare Materials, 7(2),
1700830.

Li, J., & Mooney, D. J. (2016). Designing
hydrogels for controlled drug delivery. Nature
Reviews Materials, 1, 16071.

Roy, D., et al. (2010). Stimuli-responsive
polymers and their applications. Chemical
Society Reviews, 39, 4402-4417.

Peppas, N. A., et al. (2000). Hydrogels in
pharmaceutical ~ formulations.  European
Journal of Pharmaceutics and
Biopharmaceutics, 50, 27—46.

Trengove, N. J., et al. (1996). Biochemical
analysis of chronic wound fluid. Wound
Repair and Regeneration, 4, 337-345.

'\';‘/’ INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Zhao, X., et al. (2020). Smart hydrogels for
wound healing applications. Materials
Science & Engineering C, 110, 110680.
Zhao, X., et al. (2020). Smart hydrogels for
wound healing applications. Materials
Science & Engineering C, 110, 110680.
Zhao, X., et al. (2020). Smart hydrogels for
wound healing applications. Materials
Science & Engineering C, 110, 110680.
Diaz-Garcia D, Filipova A, Garza-Veloz I,
Martinez-Fierro ~ ML. A Dbeginner’s
introduction to skin stem cells and wound
healing. International journal of molecular
sciences. 2021 Oct 13;22(20):11030.
Diaz-Garcia D, Filipova A, Garza-Veloz I,
ML. A  beginner’s
introduction to skin stem cells and wound

Martinez-Fierro

healing. International journal of molecular
sciences. 2021 Oct 13;22(20):11030.

Green EM, Mansfield JC, Bell JS, Winlove
CP. The structure and micromechanics of
elastic tissue. Interface focus. 2014 Apr
6;4(2):20130058.

Wang Y, Xu R, He W, Yao Z, Li H, Zhou J,
Tan J, Yang S, Zhan R, Luo G, Wu J. Three-
dimensional histological structures of the
human dermis. Tissue Engineering Part C:
Methods. 2015 Sep 1;21(9):932-44.

Brown TM, Krishnamurthy K. Histology,
Dermis. StatPearls. Treasure Island, FL:
StatPearls Publishing. 2022 Nov.

Green EM, Mansfield JC, Bell JS, Winlove
CP. The structure and micromechanics of
elastic tissue. Interface focus. 2014 Apr
6;4(2):20130058.

Wang Y, Xu R, He W, Yao Z, Li H, Zhou J,
Tan J, Yang S, Zhan R, Luo G, Wu J. Three-
dimensional histological structures of the
human dermis. Tissue Engineering Part C:
Methods. 2015 Sep 1;21(9):932-44.

Wang Y, Xu R, He W, Yao Z, Li H, Zhou J,
Tan J, Yang S, Zhan R, Luo G, Wu J. Three-

1063 |Page



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Dr. Narahari Palei, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 4, 1053-1067 | Review

dimensional histological structures of the
human dermis. Tissue Engineering Part C:
Methods. 2015 Sep 1;21(9):932-44.

Wang Y, Xu R, He W, Yao Z, Li H, Zhou J,
Tan J, Yang S, Zhan R, Luo G, Wu J. Three-
dimensional histological structures of the
human dermis. Tissue Engineering Part C:
Methods. 2015 Sep 1;21(9):932-44.

Brown TM, Krishnamurthy K. Histology,
dermis.

Kim JY, Dao H. Physiology, integument.
InStatPearls [Internet] 2023 May 1. StatPearls
Publishing.

Montagna W, Kligman AM, Carlisle KS.
Atlas of normal human skin. Springer Science
& Business Media; 2012 Dec 6.
Mathew-Steiner SS, Roy S, Sen CK. Collagen
in wound healing. Bioengineering. 2021 May
11;8(5):63.

Landén NX, Li D, Stahle M. Transition from
inflammation to proliferation: a critical step
during wound healing. Cellular and Molecular
Life Sciences. 2016 Oct;73(20):3861-85.
Arabpour Z, Abedi F, Salehi M, Baharnoori
SM, Soleimani M, Djalilian AR. Hydrogel-
based skin regeneration. International Journal
of  Molecular  Sciences. 2024  Feb
6;25(4):1982.

Ellis S, Lin EJ, Tartar D. Immunology of
wound healing. Current dermatology reports.
2018 Dec;7(4):350-8.

Butzlaff A. Wound assessment fundamentals
for nurses. Nursing made Incredibly Easy.
2023 Nov 1;21(6):41-5.

Gantwerker EA, Hom DB. Skin: histology
and physiology of wound healing. Facial
plastic surgery clinics of North America. 2011
Aug 1;19(3):441.

Han G, Ceilley R. Chronic wound healing: a
review of current management and treatments.
Advances in therapy. 2017 Mar;34(3):599-
610.

'\';‘/’ INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Strodtbeck F. Physiology of wound healing.
Newborn and infant nursing reviews. 2001
Mar 1;1(1):43-52.

Khalid KA, Nawi AF, Zulkifli N, Barkat MA,
Hadi H. Aging and wound healing of the skin:
a review of clinical and pathophysiological
hallmarks. Life. 2022 Dec 19;12(12):2142.
Steed DL. The role of growth factors in
wound healing. Surgical Clinics of North
America. 1997 Jun 1;77(3):575-86.

Penia OA, Martin P. Cellular and molecular
mechanisms of skin wound healing. Nature
Reviews Molecular Cell Biology. 2024
Aug;25(8):599-616.

Gounden V, Singh M. Hydrogels and wound
healing: current and future prospects. Gels.
2024 Jan 5;10(1):43.

Cioce A, Cavani A, Cattani C, Scopelliti F.
Role of the skin immune system in wound
healing. Cells. 2024 Apr 4;13(7):624.

Alfei S, Schito GC, Schito AM, Zuccari G.
Reactive oxygen species (ROS)-mediated
antibacterial oxidative therapies: available
methods to generate ROS and a novel option
proposal. International Journal of Molecular
Sciences. 2024 Jun 29;25(13):7182.

Martin P, Nunan R. Cellular and molecular
mechanisms of repair in acute and chronic
wound  healing.  British  Journal of
Dermatology. 2015 Aug 1;173(2):370-8.
Shukla VK, Ansari MA, Gupta SK. Wound
healing research: a perspective from India.
The International Journal of Lower Extremity
Wounds. 2005 Mar;4(1):7-8.

Sorg H, Sorg CG. Skin wound healing: of
players, patterns, and processes. European
Surgical Research. 2023 Jun 22;64(2):141-57.
Xie X, Chen Y, Wang X, Xu X, Shen Y,
Aldalbahi A, Fetz AE, Bowlin GL, El-
Newehy M, Mo X. Electrospinning nanofiber
scaffolds for soft and hard tissue regeneration.

1064 |Page



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Dr. Narahari Palei, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 4, 1053-1067 | Review

Journal of Materials Science & Technology.
2020 Dec 15;59:243-61.

Sorg H, Sorg CG. Skin wound healing: of
players, patterns, and processes. European
Surgical Research. 2023 Jun 22;64(2):141-57.
Sylvester MA, Amini F, Tan CK. Electrospun
nanofibers in wound healing. Materials
Today: Proceedings. 2020 Jan 1;29:1-6.
Ezhilarasu H, Vishalli D, Dheen ST, Bay BH,
Srinivasan DK. Nanoparticle-based
therapeutic approach for diabetic wound
healing. Nanomaterials. 2020 Jun
25;10(6):1234.

Rieger KA, Birch NP, Schiffman JD.
Designing electrospun nanofiber mats to
promote wound healing—a review. Journal of
Materials Chemistry B. 2013;1(36):4531-41.
Azevedo MM, Lisboa C, Cobrado L, Pina-
Vaz C, Rodrigues A. Hard-to-heal wounds,
biofilm and wound healing: An intricate
interrelationship. British Journal of Nursing.
2020 Mar 12;29(5):S6-13

Evers LH, Bhavsar D, Mailinder P. The
biology of burn injury. Experimental
dermatology. 2010 Sep;19(9):777-83.

Tiwari VK. Burn wound: How it differs from
other wounds?. Indian journal of plastic
surgery. 2012 May;45(02):364-73.

Tiwari VK. Burn wound: How it differs from
other wounds?. Indian journal of plastic
surgery. 2012 May;45(02):364-73.

Zwieretto W, Piorun K, Skérka-Majewicz M,
Maruszewska A, Antoniewski J, Gutowska 1.
Burns: classification, pathophysiology, and
treatment: a review. International journal of
molecular sciences. 2023 Feb 13;24(4):3749.
Jeschke MG, van Baar ME, Choudhry MA,
Chung KK, Gibran NS, Logsetty S. PRIMER.
Lee KC, Joory K, Moiemen NS. History of
burns: the past, present and the future. Burns
& trauma. 2014 Oct;2(4):2321-3868.

'\';‘/’ INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

56.

57.

58.

59.

60.

61.

62.

63.

64.

Akkus G, Sert M. Diabetic foot ulcers: A
devastating complication of diabetes mellitus
continues non-stop in spite of new medical
treatment modalities. World Journal of
diabetes. 2022 Dec 15;13(12):1106.

Guo SA, DiPietro LA. Factors affecting
wound healing. Journal of dental research.
2010 Mar;89(3):219-29.

Okur ME, Karantas ID, Senyigit Z, Okur NU,
Siafaka PI. Recent trends
management: New therapeutic choices based
on polymeric carriers. Asian Journal of
Pharmaceutical 2020  Nov
1;15(6):661-84.

Gouin JP, Kiecolt-Glaser JK. The impact of
psychological

on wound

Sciences.

stress on wound healing:
methods and mechanisms. Immunology and
allergy clinics of North America. 2011
Feb;31(1):81.

Ousey K, Cutting KF, Rogers AA, Rippon
MG. The importance of hydration in wound
healing: the
perspective. Journal of wound care. 2016 Mar
2;25(3):122-30.

Ding X, Kakanj P, Leptin M, Eming SA.
Regulation of the wound healing response
during aging. Journal of Investigative
Dermatology. 2021 Apr 1;141(4):1063-70.
Bhattacharya S, Mishra RK. Pressure ulcers:
current understanding and newer modalities

reinvigorating clinical

of treatment. Indian Journal of plastic surgery.
2015 Jan;48(01):004-16.

Kim DW, Kim KS, Seo YG, Lee BJ, Park YJ,
Youn YS, Kim JO, Yong CS, Jin SG, Choi
HG. Novel sodium fusidate-loaded film-
forming hydrogel with easy application and
excellent wound healing. International journal
of pharmaceutics. 2015 Nov 10;495(1):67-74.
Birca AC, Chircov C, Niculescu AG,
Hildegard H, Baltd C, Rosu M, Mladin B,
Gherasim O, Mihaiescu DE, Vasile BS,
Grumezescu AM. H202-PLA-(Alg) 2Ca

1065 |Page



65.

66.

67.

68.

69.

70.

71.

Dr. Narahari Palei, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 4, 1053-1067 | Review

hydrogel enriched in matrigel® promotes
diabetic wound healing. Pharmaceutics. 2023
Mar 6;15(3):857.

Zhang Y, Jiang M, Zhang Y, Cao Q, Wang X,
Han Y, Sun G, Li Y, Zhou J. Novel lignin—
chitosan—PV A composite hydrogel for wound
dressing. Materials Science and Engineering:
C. 2019 Nov 1;104:110002.

Li X, Li A, Feng F, Jiang Q, Sun H, Chai Y,
Yang R, Wang Z, Hou J, Li R. Effect of the
hyaluronic acid-poloxamer hydrogel on skin-
wound healing: in vitro and in vivo studies.
Animal models and experimental medicine.
2019 Jun;2(2):107-13.

Salehi M, Ehterami A, Farzamfar S, Vaez A,
Ebrahimi-Barough S. Accelerating healing of
excisional wound with alginate hydrogel
containing naringenin in rat model. Drug
Delivery and Translational Research. 2021
Feb;11(1):142-53.

Bao Y, Zhang HQ, Chen L, Cai HH, Liu ZL,
Peng Y, LiZ, Dai FY. Artemisinin-loaded silk
fibroin/gelatin composite hydrogel for wound
healing and tumor therapy. Arabian Journal of
Chemistry. 2023 Jun 1;16(6):104782.
Uppuluri VN, Shanmugarajan TS. Icariin-
loaded polyvinyl alcohol/agar hydrogel:
development, characterization, and in vivo
evaluation in a full-thickness burn model. The
international journal of lower extremity
wounds. 2019 Sep;18(3):323-35.

Wang X, Guan S, Zhang K, Li J. Benlysta-
loaded sodium alginate hydrogel and its
selective functions in promoting skin cell
growth and inhibiting inflammation. ACS
omega. 2020 May 1;5(18):10395-400.
Lokhande G, Carrow JK, Thakur T, Xavier
JR, Parani M, Bayless KJ, Gaharwar AK.
Nanoengineered injectable hydrogels
wound healing application.
biomaterialia. 2018 Apr 1;70:35-47.

for
Acta

'\';‘/’ INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

72.

73.

74.

75.

76.

77.

78.

79.

80.

Sayyar Z, Mahdavinia GR, Khataee A. Dual-
drug (Curcumin/Ciprofloxacin) loading and

release from chitosan-based hydrogels
embedded with magnetic
Montmorillonite/Hyaluronic acid for

Journal of
2023 Oct

enhancing wound healing.
Biological Engineering.
31;17(1):66.

Michalicha A, Belcarz A, Giannakoudakis
DA, Staniszewska M, Barczak M. Designing
composite stimuli-responsive hydrogels for
wound healing applications: The state-of-the-
art and recent discoveries. Materials. 2024 Jan
5;17(2):278.

Xin H, Naficy S. Drug delivery based on
stimuli-responsive injectable hydrogels for
breast cancer therapy: a review. Gels. 2022
Jan 7;8(1):45.

Schmaljohann D. Thermo-and pH-responsive
polymers in drug delivery. Advanced drug
delivery reviews. 2006 Dec 30;58(15):1655-
70.

Aktas DK, Oztekin F. pH-Sensitive poly
(acrylic acid-co-acrylamide) anionic
hydrogels for jejunum targeted drug delivery
systems. Polymer Bulletin. 2023
Mar;80(3):2801-13.

Gupta P, Vermani K, Garg S. Hydrogels: from
controlled release to pH-responsive drug
delivery. Drug discovery today. 2002 May
15;7(10):569-79.

Chen R, Hao Y, Francesco S, Mao X, Huang
WC. A chitosan-based antibacterial hydrogel
with injectable and self-healing capabilities.
Marine Life Science & Technology. 2024
Feb;6(1):115-25.

Sudhakar K, Ji SM, Kummara MR, Han SS.
Recent progress on hyaluronan-based
products for wound healing applications.
Pharmaceutics. 2022 Oct 19;14(10):2235.
Neumann M, di Marco G, Iudin D, Viola M,
van Nostrum CF, van Ravensteijn BG,

1066 |Page



Dr. Narahari Palei, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 4, 1053-1067 | Review

Vermonden T. Stimuli-responsive hydrogels:
the dynamic smart biomaterials of tomorrow.
Macromolecules. 2023 Oct 18;56(21):8377-
92.

81. Sudhakar K, Ji SM, Kummara MR, Han SS.
Recent progress on hyaluronan-based
products for wound healing applications.
Pharmaceutics. 2022 Oct 19;14(10):2235.

82. JiaY, Zhang X, Yang W, Lin C, Tao B, Deng
Z, Gao P, Yang Y, Cai K. A pH-responsive
hyaluronic acid hydrogel for regulating the
inflammation and remodeling of the ECM in
diabetic wounds. Journal of Materials
Chemistry B. 2022;10(15):2875-88.

83. Zheng Y, Pan C, Xu P, Liu K. Hydrogel-
mediated extracellular vesicles for enhanced
wound healing: the latest progress, and their
prospects for 3D bioprinting. Journal of
Nanobiotechnology. 2024 Feb 10;22(1):57.

84. Shi S, Wang L, Song C, Yao L, Xiao J. Recent
progresses of collagen dressings for chronic
skin wound healing. Collagen and Leather.
2023 Dec;5(1):31.

HOW TO CITE: Neha Raj, Abhishek Singh, Narahari Palei,
Temperature and pH Sensitive Hydrogel for Infected Skin
Wound Healing, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 4,
1053-1067 https://doi.org/10.5281/zenodo.19451371

‘(ifiﬁ',\} INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES 1067 |Page

\



