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ABSTRACT

Severe burns result in deep and extensive wounds that are associated with a high mortality rate.
While wound closure is an essential part of the treatment for such injuries, merely providing super-
ficial coverage of the defect is inadequate. Adequate reconstruction requires repairing the dam-
aged area from the innermost layers outward. Hydrogel dressings have become a very popular
choice due to their unique properties: contributing to wound moisture, cooling and soothing, and
autolytic debridement. This type of dressing offers the potential to overcome disadvantages of tra-
ditional treatments and allows partial skin regeneration. This review aims to outline the benefits of
hydrogel dressings, emphasizing their role in wound healing and tissue regeneration, particularly
in the context of chronic burn wounds. The discussion also covers how these dressings may ad-
dress current shortcomings in wound care and provides a focused overview of specific attributes
and potential future improvements in the field. This review enhances the general understanding
of their therapeutic implications by examining the benefits of hydrogel dressings.
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INTRODUCTION

It is estimated that between 7 and 12 million people
(8,955,228 new burns in 2019') with burns require
medical attention each year?. It is one of the leading
causes of morbidity and mortality, especially in un-
derdeveloped countries. Even when skin damage has
healed, it is still profoundly transformed. This has a
negative impact on the patient’s physical, mental, and
emotional well-being.

Burns occur due to exposure to heat sources, which
can come from many different agents: fire, boiling wa-
ter, electricity, chemicals, etc. The extent of the burn
correlates with the severity of illness, causing long-
term disability and death. Based on the severity of the
burn, burns can be classified as follows: Burns that af-
fect only the epidermis (pink or red, dry, without blis-
ters, and moderately painful) are classified as group
1. They do not leave scars and heal relatively quickly,
within 5 to 10 days. An example of this type 1 burn
is a sunburn. Next, burns that spread into the dermis
are classified as group 2; blisters and wet spots appear
on the burn surface, and treatment lasts from 3 to 8
weeks, often leaving scars. This is the most common
type of burn injury in daily life. Third-degree burns
involve the full thickness of the skin and subcutaneous
structures. These burns are complex, with dry, rough
(central) and wet (marginal) areas. When left to heal

naturally, the tissue often shrinks and changes struc-
ture, causing long-term injury. It takes more than
eight weeks for this group to recover. Burns in the
third degree and above typically require the implant
method. Burns with charred (blackened) skin, where
the entire skin structure is severely damaged and may
expose bone, are classified as category 4. This is the
most severe type of burn, with a high likelihood of
death. The burn wound is shown in Figure 1.

Treating burns is a major challenge because systemic
inflammatory response syndrome, sepsis, and multi-
organ dysfunction syndrome—often caused by infec-
tion 3—are still the leading causes of illness and death
in burn patients. Burn injuries are complex and can

easily progress from acute to chronic*

. Complica-
tions of burns include scarring, contractures, and es-

chars, which have long-term negative impacts on a

patient’s physical and mental health [4, 5]. These
complications are the leading cause of death in most
cases®.

Burn wounds disrupt the normal skin barrier and
weaken many host defense mechanisms, the most im-
portant of which is preventing infection. The main
methods for managing burn infections often include
wound care, isolation of the affected area from the
environment, systemic antibiotic treatment, and au-
tologous, allogeneic, or xenogeneic skin grafts to im-
prove wound healing6. However, each of these meth-
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ods has significant drawbacks: excessive and long-
term antibiotic use can lead to bacterial resistance and
changes in the human microbiome, while there is a
limited supply of skin grafts and potential immune
reactions to non-autologous grafts. New approaches
to designing wound dressings have shown consider-
able promise by providing active processes for wound
treatment. The unique three-dimensional network of
hydrogels has a high water affinity compared to tra-
ditional wound dressings—which can cause skin irri-
tation, dryness, and inadequate protection—thereby
creating a moist healing environment with biological
compatibility and biodegradability. Hydrogels pro-
tect the wound by offering ideal conditions for skin
regeneration, thereby supporting effective treatment
of infectious diseases. This is most important for con-
tributing to smaller wound size, restricting the prolif-
eration of infectious agents, and assisting tissue repair
and healing by enhancing the body’s inherent healing
capabilities”.

HYDROGELS IN BURN WOUND
MANAGEMENT

Most hydrogels are highly hydrophilic and have good
biocompatibility. In addition, hydrogels with suitable
pore structures can meet the needs of gas exchange
during the healing process in general and particu-
larly for burns®. They act as a temporary protective
barrier, replacing damaged skin tissue in the wound.
This is important because hydrogels can be designed
to release bioactive agents in ways that enhance their
therapeutic potential. The controlled-release mech-
anism adds another layer of functionality to hydro-
gel dressings and makes them versatile tools in the
handling of wounds—particularly burns—where the
healing process is highly elaborate and warrants spe-
cialized care®. Hydrogels have been widely used and
have played an indispensable role in both research
and clinical practice (Figure 2 ). Several studies have
demonstrated the effectiveness of hydrogels applied in
the treatment of burns based on the following effects
they provide:

COOLS BURN WOUNDS AND
CLOSES THE WOUND

The initial burn wound is not the only problem. The
accumulated energy at the burn wound surface should
also be a concern. This accumulated energy can
be transmitted deeper or spread around the wound,
causing tissue near the damage to be affected”. The
easiest and most common method of eliminating this
energy is running water. Although there is still con-

cern about infection in the water—especially in areas

where living standards are uncertain—it remains the
recommended method because of its prevalence. Hy-
drogel dressings may be a more optimal alternative.
They quickly dissipate heat accumulated in the skin.
The more water-based they are, the more effectively
they can absorb heat, quickly cool the wound, and re-
duce pain, making the patient feel more comfortable.
In addition, they serve as a temporary protective bar-
rier against external infectious agents. The water con-
tent of the hydrogel is essential in cooling, as water
helps stabilize the wound’s temperature, especially in
pediatric patients. The ability to hold large amounts of
water makes them an effective heat-regulating shield
for wounds in particular and the body in general.
Along with that ability, the diffusion of biologically
active substances in the hydrogel sheet and the deliv-
ery of drugs to the wound site are also highly appreci-
ated”.

Fiona M. Wood’s research at the Burn Registry of Aus-
tralia and New Zealand (BRANZ) analyzed data from
2009 to 2012 regarding water first aid after burns.
In total, 68% of the patients performed first aid be-
fore hospital admission. Forty-six percent cooled for
more than 20 minutes, associated with a 13% reduc-
tion in the probability of skin graft surgery (p = 0.014)
and a 48% reduced probability of ICU admission (p <
0.001). The length of hospital stay also decreased by
18% (2.27 days), from 12.9 days (p = 0.001). These
results underscore the significant benefits of timely
first aid in burn treatment®. One study reported that
25 women who were to undergo breast reconstruc-
tion surgery consented to test the burn and cooling
model without developing any side effects. Increased
contact times produced deeper burns: contact for 7.5
seconds at a temperature of 70°C resulted in partial-
thickness burn injuries. However, cooling at 16°C for
20 minutes conserved 25.2% of skin thickness. These
findings, therefore, indicate that cooling as an im-
mediate first-aid treatment for burns exerts a benefi-
cial effect!0. A pig model was used to study partial-
thickness burns. The groups were treated with flow-
ing water at 15°C for varying durations (10, 20, 30
minutes, and 1 hour) and delay times (immediate, 10
minutes, 1 hour, and 3 hours) compared with an un-
treated control group. Subdermal temperature was
monitored, and the wounds were observed weekly
for 6 weeks to assess re-epithelialization, surface area,
and aesthetics. The results showed that immediate
cooling with cold water for 20 minutes improved re-
epithelialization and reduced scar tissue, while other
time intervals also provided benefits!.

The faster the wound closes, the lower the risk of
infection and the formation of hypertrophic scars.
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Figure 1: Burn classification (drawn with Biorender). Burns are classified by the depth and severity of the
injury. First-degree burns show damage only to the epidermis, are pink or red, dry, and do not produce blisters
(though they may peel). They are moderately painful, heal in 5-10 days without scarring, and are exemplified by
a sunburn. Second-degree burns extend into either the papillary or reticular dermis, are blistered and moist due
to destruction of dermal blood vessels, and can be quite painful. Healing time varies depending on burn depth,
from 3-8 weeks; scarring may result. Second-degree burns are the most common type of burninjury. Third-degree
burns involve the complete thickness of the skin, including rough, dry, and wet areas. If left untreated, such burns
result in permanent tissue changes. Category 4 burns are very serious and involve charred skin, possibly exposing

bone.

An example is an ultra-short peptide assembled to
form a super-coiled hydrogel scaffold. These scaf-
folds are non-cytotoxic and do not induce an immune
response. For partial-thickness burns, these nanofi-
brous hydrogels accelerated wound closure and der-
mal and epithelial regeneration with wound closure
rates of 86.2% and 92.9% after 14 days, respectively,
compared with 62.8% of burned areas healed using
Mepitel°—a commercial dressing!?. Another study
in rats showed that gelatin hydrogels also promote
effective wound healing of second-degree burns in
a rat model'3. A hydrogel with quercetin reduced
burn size by 45-50% by day four in a mouse model of
second-degree burns, which was similar to what was
observed in the group treated with silver sulfadiazine.
In the wounds that healed with the treatment, tensile
strength estimates, biochemical markers, connective
tissue signs, and NF-«B levels were restored by day
21 to levels similar to those of normal skin. Silicone
gels were shown to promote rapid epithelialization
in 16 burn wounds at skin surface depth (mean 8.4
days), compared with ointment-impregnated dress-
ings (median 14 days, p < 0.01)!4. Results showed
less pain and exudate by mere observation of the ab-
sorbent materials from both types of dressings. In
nine mixed deep and superficial dermal burns, the sil-
icone gel also provided fast epithelization—an average
of 12 days—compared with control wounds with an

average of 22 days (p < 0.01).

Antibacterial

Much importance must be given to the antimicro-
bial performance of hydrogels when they are used
as wound dressings. In wound treatment, hydrogel
dressings have gained wide acceptance due to their
ability to provide an antimicrobial or bacteriostatic
effect. Their key role is to inhibit the spread of un-
wanted microorganisms and fight against infection in
the wound. Hydrogel dressings offer improved cov-
erage of the wound surface to prevent infection, in-
cluding acting as an effective barrier against exter-
nal pathogens. Functional modifications of hydro-
gels are performed to provide enhanced antimicro-
bial activity by adding antimicrobial agents, including

15 This increases

silver nanoparticles or antibiotics
the hydrogel’s potential to inhibit bacterial growth
at the lesion site. Antibacterial interactions can oc-
cur by mechanisms such as disruption of the bacte-
rial cell wall/membranes, interference with bacterial
replication, or inhibition of bacterial metabolic path-
ways. Hydrogels have a complex structure that plays
a twofold role in protecting against bacterial invasion.
The connections in the hydrogel’s structure act like a
physical barrier, blocking bacteria from reaching the
wound surface.

Conversely, this structure permits the evaporation of
water and the penetration of oxygen into the wound,
thus providing favorable conditions for wound heal-
ing. Importantly, most hydrogel sheets are not intrin-
sically antimicrobial, although their structure pro-
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Table 1: List of antimicrobial hydrogels

Polyvinyl alcohol and maleic acid!7, Ag
Peptide 8

Nanocompozit 1°

Polyethylene glycol (PEG) and poly-

caprolactone (PCL)2°

Gelatin?!, HCZ?? ZnO

Poly(AAm-co-AMPS)-g-CMC?3

Polysaccharide 24 Other
Cellulose Nanocrystals 23, Antibiotic
Hydrogel %6,

N-(2-hydroxypropyl)-3-

trimetylammonium chitosan clorua?’

CL/nHA %8, Glycopeptide
O-Mannosylation?

Chitosan39, Quinolone

Hydroxypropyl methylcellulose and
biodegradable microfibres>!

Titanium Dioxide

Nano-silver interacts with bacterial membranes; thus, it causes membrane damage and
results in cytoplasmic leakage. It ultimately inhibits growth and leads to the death of
bacteria. Moreover, silver nanoparticles have a great binding ability and affinity with most
of the macromolecules, having a great effect on the survival of bacterial species.

Similar to silver nanoparticles, ZnO nanoparticles can sustainably bind to bacterial cell
membranes and destroy cell membranes, including lipids and proteins. Membrane in-
tegrity occurs and this causes the bacteria to die. Besides, Zn?>* can destroy bacterial
cells as a strong oxidant, induce oxidative stress on cytoplasm and induce cytotoxicity.
Acts as a ROS-generating agent. It can lead to oxidative stress, causing damage to various
cellular components and ultimately leading to cell death.

Ditto

Glycopeptides bind to the D-alanyl-D-alanine terminus of the peptidoglycan precur-
sor, preventing its incorporation into the growing cell wall. These antibiotics are effec-
tive against Gram-positive bacteria; Aminoglycosides, including gentamicin and strep-
tomycin, act by blocking protein synthesis. They bind to the bacterial 30S ribosomal
subunit, causing a misreading of the genetic code during translation. This results in the
incorporation of incorrect amino acids into the growing polypeptide chain. Quinolones,
such as ciprofloxacin and levofloxacin, inhibit bacterial DNA synthesis. They target bac-
terial DNA gyrase and topoisomerase IV, essential DNA replication and repair enzymes.
By inhibiting these enzymes, quinolones prevent the relaxation of supercoiled DNA, lead-

ing to DNA strand breakage and inhibition of nucleic acid synthesis.
26

25,26

++

+++

++

Continued on next page
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Table 1 continued

Chitosan
Peptides
Polymers

Axit acrylic (AA), acrylamide (AAm),
and 2-hydroxyethyl acrylate (HEA) 32

Ethylene glycol 33

Natural

Amphibian ionic
antibacterial

Antimicrobial peptides

Chitosan interacts with microbial cell membranes. The positively charged amino groups
in chitosan can bind to the negatively charged microbial cell membranes, leading to dis-
ruption.

Peptides, Polymers: wound dressings and surface coatings

The polymer film exerts a profound influence on bacterial metabolism, leading to the
destabilization and ultimate disruption of the bacterial cell membrane. This mechanism
showcases the specificity and effectiveness of the positively charged polymer in targeting
and compromising bacterial integrity.

The amphiphilic nature of AMP is characterized by a hydrophobic core and a positively
charged polycationic surface. This special structure enhances its ability to interact specifi-
cally with negatively charged membranes of bacteria, enabling it to show its antimicrobial
action more effectively. AMPs act in a manner much similar to that of Glycopeptide.

++

++

vides a suitable framework for incorporating antimi-
crobial agents that can be added to achieve the overall
antibacterial activity of the hydrogel dressing 16. Such
flexibility in action makes hydrogel dressings adapt-
able and powerful tools in medicine, specifically in
wound management, where preventing infection is
one of the most essential aspects.

There are many ways to impart antibacterial ability to
hydrogel bandages, such as using nanoparticles, using
antibiotics, using hydrogels with inherent antibacte-
rial properties, or synergistic approaches, etc. All are
shown in Table 1 . Nanotechnology is particularly in-
teresting due to its broad-spectrum antibacterial abil-
ity and its lack of drug resistance.

£22£-£0TL:(€)ZL ‘§20Z Adpaay | pup y2ipasay [pdipauiolg
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There are several approaches to making hydrogels
containing nanoparticles with antibacterial activity.
One approach is to expose the hydrogel to different
solution conditions that cause it to expand and con-
tract continuously, leading to periodic repackaging
of the silver nanoparticles within the gel. The resis-
tance to E. coli of the nanosilver-loaded gel increased
based on the number of cycles the hydrogel had to

undergo 34

. Another approach is to use NPs dur-
ing gelation3®. Alternatively, silver nitrate can be di-
rectly reduced in the gel network3®. Another effec-
tive method is the incorporation of antibacterial poly-
mers during hydrogel synthesis. Most of these an-
tibacterial polymers have intrinsic antibacterial activ-
ity and hence, when blended into the hydrogel ma-
trix, they enhance the hydrogel’s antibacterial prop-
erties. Several strategies are used for the develop-
ment of antibacterial hydrogels, including the inte-
gration of antibacterial nanoparticles, surface modi-
fication with antibacterial functionalities, encapsula-
tion of antibacterial agents, and incorporation of an-
tibacterial polymers during hydrogel synthesis. Each
of these methods has certain advantages, making the
field of application versatile and effective.

Other than the use of nanoparticles, antibiotics have
long been considered the number-one priority in
fighting infections. Although antibiotic resistance is
a major drawback, the effectiveness of antibiotics is
indisputable. In a rabbit open fracture model, a hy-
drogel containing gentamicin was shown to be ef-
fective in preventing S. aureus infection3”. White
blood cell counts in rabbit plasma, 7-18 days af-
ter surgery, were 12.3 x 10® WBC/ml in the un-
treated group, compared to 8.9 x 10° (Collagen Gen)
WBC/ml in the treated group. A study by Boo et
al. also demonstrated that this hydrogel, in combina-
tion with gentamicin and vancomycin, was effective
against methicillin-resistant S. aureus in a large an-
imal (sheep) model®8. Vancomycin combined with
hydrogel is crucial for treating MRSA infections, with
effective dosing confirmed by a target trough con-
centration of 15-20 pg/ml or a 24-hour AUC of 400
ug-hour/ml.  Silk sericin (SS)/poly (vinyl alcohol)
(PVA) hydrogel containing azithromycin, synthesized
by a freezing/thawing process, has also demonstrated
effective antibacterial activity. This product acceler-
ates healing of infected burns while reducing systemic
effects such as liver and spleen enlargement com-
pared with the control group®®. Agarose containing
minocycline or gentamicin has similar effects; it re-
duces burn depth and bacterial counts as effectively
as silver sulfadiazine cream commonly used in large
animal (pig) models40.

AMPs are among the most important first-line de-
fense molecules, effective against a wide variety of
microorganisms, especially antibiotic-resistant bacte-
ria. Amphiphilic in nature, AMPs generally have a
hydrophobic core and a polycationic surface that in-
teracts with negatively charged bacterial membranes.
AMPs are short chains of cationic amino acids pro-
duced by many organisms, contributing significantly
to the innate immune response and showing promise
in addressing antibiotic-resistant bacteria. In the
work of Ehsan et al., AMP combined with hydro-
gel showed excellent antibacterial activity against Por-
phyromonas gingivalis. Furthermore, it supported
autogenous bone growth following healing of de-

fects in rat calf bones*!.

Incorporating antibacte-
rial peptides into hydrogels is seen as a future trend
because they are safe and avoid unwanted side ef-
fects42.

sess natural antibacterial properties.

In addition, the hydrogel itself may pos-
For example,
chitosan is an antibacterial cationic polymer whose
amino groups in an acidic environment can accept hy-
drogen ions (H™), rendering these groups positively
charged. This positive charge can facilitate binding
to negatively charged molecules such as DNA and
proteins—useful for controlling drug release from
chitosan hydrogels—and may also help repel bacte-
ria in wound dressings due to the negative charge on
bacterial membranes®3. In addition, there are pep-
tides, polymers, efc. 2. The administration of antimi-
crobials alone lacks the inherent capability to directly
facilitate wound healing; their primary function is to
prevent infection, which in turn allows cell prolifera-
tion, differentiation, and migration to proceed. How-
ever, this process can be hampered if immune cells are
preoccupied with fighting bacteria.

Promote wound healing

Wound healing depends largely on the proliferation
and migration of cells at the wound surface. That
is only possible when an extracellular matrix (ECM)
is present to help anchor the cells. Hydrogels can
serve that role. They possess several properties de-
sirable for tissue engineering, and many are struc-
turally similar to the ECM. One investigation showed
that cells from a wound infiltrated the hydrogel ma-
trix up to a depth of 100 um within the first 24
hours#4. Dextran-based hydrogels encouraged sig-
nificant healing of deep burn wounds by facilitating
new blood vessel formation and skin regeneration.
Rapid revascularization was observed in mouse burn
wounds treated with dextran hydrogel over a 3-week
period. By day 7, endothelial cells had settled within
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the hydrogel, enhancing blood flow; by day 21, treated
wounds had developed mature epithelial structures,
including hair follicles and sebaceous glands. Within
5 weeks, skin thickness and morphology were nearly
indistinguishable from normal mouse skin43.

A hydrogel can also act as a carrier for growth fac-
tors, releasing them into regenerating burn or wound
tissue. Consequently, most hydrogels have a notable
This ef-
fect can be further boosted by growth factors or cy-
tokines from recombinant proteins or even by mes-

effect on tissue repair and regeneration.

enchymal stem cells. These induce angiogenesis, skin
cell interactions, extracellular matrix remodeling, and
other related functions, playing a critical role in all
phases of wound healing (inflammation, prolifera-
tion, and cellular migration). Examples include fi-
broblast growth factor, epidermal growth factor, hu-
man growth hormone, platelet-derived growth factor,
insulin-like growth factor, and transforming growth
factor. One recent study reported the preparation of a
new chitosan hydrogel containing EGF-loaded CNCs,
which accelerated wound healing by promoting gran-
ulation tissue formation with significant collagen de-
position?®. EGF (epidermal growth factor) plays a
pivotal role in wound healing, acting as a chemoat-
tractant that guides macrophages and fibroblasts to
the wound site, thereby contributing substantially
to the inflammatory response—an essential phase of
wound healing®”. EGF also exerts anti-inflammatory
effects by inhibiting the inflammatory response and
down-regulating TGF-B1 expression. It is an impor-
tant modulator of collagen synthesis, thereby influ-
encing healed tissue quality and minimizing scar for-
mation. Its proliferative impact extends to endothe-
lial and epithelial cells, stimulating their division and
assisting their migration to the wound surface, ac-
tively contributing to wound contraction 4648, Simi-
lar outcomes are reported with the addition of FGF 39,
PDGF*, PDGF?%31 ¢tc. The mechanism of action of
a hydrogel, meanwhile, involves retaining growth fac-
tors and cytokines at the wound site for an extended
period, due to its slow-release capability. This reten-
tion supports longer-term cell growth and differentia-
tion, thereby augmenting wound healing and creating
highly favorable conditions for native tissue regenera-
tion and recovery. Such benefits help increase perfor-
mance and durability in hydrogel-based medical ap-
plications.

ADVANCES IN THE APPLICATION OF
HYDROGEL DRESSINGS IN THE
TREATMENT OF BURNS

In just 10 years, the number of hydrogel studies re-
lated to burns has increased tenfold (Figure 2). This

demonstrates the potential of hydrogels and their ap-
plication to burn therapy as an area of increasing in-
terest.

Technical and Preclinical Trials

The use of autologous skin in patients with severe
burns for transplantation is limited because of the in-
sufficient amount of healing skin. Moreover, cultur-
ing autologous skin takes several weeks before it can
be used for transplantation. Such waiting times lead
to higher infection rates and increased patient mor-
tality. There are many approaches to wound healing,
and one of them is direct aerosol spraying of a cell sus-
pension onto the wound. A comparative study of di-
rect aerosol delivery of a horn cell suspension with an
in vitro fibrin delivery system showed that the aerosol
approach was 20% more effective than fibrin. After
seven days, aerosol-delivered cells expressed cytoker-
atin K6, indicating that the cells had begun to prolif-
erate>2. The same approach, when using a mixture
of cells cultured on microporous biodegradable carri-
ers distributed over the wound, also has a positive ef-
fect3. This method can be used on a large burn area
without causing an immune response because the cells
are autologous, and the hydrogel is inert. Patients also
do not need anesthesia, and the procedure can be per-
formed directly.

If the burn area is small, skin cells can be applied
directly, and the process is quick—taking less than
one hour—to produce a spray product, with cell sur-
This method can
be performed in local hospitals and does not re-

vival rates of more than 75% 4.

quire highly advanced technical resources compared
to other methods. The cells are evenly distributed over
the wound, and their coverage is 100 times greater
than the area from which they were harvested 3>,
If the burn area is large, the cells are cultured in the
laboratory to increase their number, then mixed with
hydrogel and applied. This process takes about 7-
14 days. Another, more complex method is 3D skin
generation, in which collagen is commonly used to
create scaffolds for cell types. The proportions of
substrates, fillers, and cells are accurately distributed
by specialized software and machines, and the me-
chanical properties of this type of product can closely
mimic human skin®®. However, this approach has
not become widespread because the machinery is ex-
pensive and requires a highly skilled workforce. In ad-
dition, such therapy is currently very costly.

Several preclinical and clinical studies have focused
on the multidimensional roles of MSCs in enhanc-
ing the wound-healing process, suppressing inflam-
mation, and preventing burn-related injuries. MSCs
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Figure 2: Number of studies on hydrogels in burn treatment over time.

have also been shown to reduce scar development
It therefore follows that
MSCs are important for overall improvements in

when burn wounds heal.

wound healing and could offer potential therapeutic
benefits in the management of burn-related compli-
cations>”*8. Consequently, using MSCs in combina-
tion with hydrogels is still gaining interest. Wei Zeng
demonstrated that combining amniotic membranes
with human amniotic membrane-derived mesenchy-
mal stem cells improved corneal epithelium faster and
with significantly less opacity than the control group
in cases of corneal alkaline burns >°. The combination
of the amniotic membrane with bone marrow mes-
enchymal stem cells and keratinocytes has also shown
a positive effect in a radiation burn model in piglets 0.
Because stem cells possess reparative and regenera-
tive properties, they have gained much attention in
skin care and restoration, especially in treating burns.
However, direct stem cell application to injured skin
in burn injuries still encounters major challenges due
to the limited survival and maintained functionality of
the cells in the compromised tissue environment. Im-
portant obstacles include ensuring stem cell survival
and preserving their repair capacity under harsh con-
ditions (e.g., high temperatures in burn injuries and
sunlight exposure).

Advances in technology combined with hydrogel-
based techniques have made cell survival in open
wounds much more feasible. Nowadays, bioprinting
combined with UV irradiation cures the material af-
ter printing, enabling the combination of stem cells,
growth factors, and media in a spray form®!. Using
UV irradiation at 700 mW/cm? did not significantly
affect cell viability compared to the control group

without UV exposure (no statistically significant dif-
ference) 1. This approach represents a promising fu-
ture trend for burn treatment and potentially for other
solid organs, particularly as therapy costs decrease
and adoption becomes more widespread.

Clinical Trials

Clinical trials on treating burns with hydrogels were
introduced in 1991 in Russia and Poland ®%63. These
have been documented in clinical trials (Table 3). Hy-
drogel products are easier to apply practically than
many drugs because of their biocompatibility and in-
ertness. However, this also means that patented re-
search is proprietary and not publicly accessible.
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Table 2: Clinical trials have been applying hydrogel in the treatment of burns to date

Hydrogel
Regencur %2
Hydrogel-type dressing
materials (analysis) a3

Polyvinyl  pyrrolidone-
iodine %4
Hydrosome  polyvinyl-
pyrrolidone (PVP)-
iodine®

Liposome hydrogel with
polyvinyl-pyrrolidone io-
dine %

Hydrosome %’

thGM-CSF hydrogel %8

rhGM-CSF hydrogel *°

SilvaSorb gel7°

Country
Russia (1991)

Polish (1991)
Germany
(2001)

Germany
(2006)

Germany
(2007)

Germany

(2007)

China
(2008)

China
(2009)

USA (2009)

Class

II-1ITA

Diverse

Diverse

Diverse

Diverse

ITa

Diverse

Ila

II

Result
For burn areas from 1.5 to 20% of the body surface, using hydrogel has contributed to
reducing pain, reducing dressing, and facilitating the healing process.
The hygroscopic properties of hydrogel dressings and their covering power allow rapid
wound protection from microorganisms. They can absorb antibiotics and drugs, con-
tributing to the acceleration of the healing process and the growth of the epidermis.
Early epithelialization and better wound healing with hydrogels. Besides, hydrogel
maintains moisture and antiseptic superior to wounds treated with conventional anti-
septic chlorhexidine gauze.
Hydrogel significantly enhanced epithelialization, reduced implant loss, and signifi-
cantly improved healing (n=167, phase 3)

Hydrogel makes wounds heal faster with favorable cosmetic results.(n=43)

Hydrosome wound gel accelerated wound healing by 1.5-2 days compared to sulfadi-
azine cream. Faster epithelialization was observed with hydrosome wound gel treat-
ment in 2/3 of the patients. hydrosome is safe against infection, well tolerated, and easy
to use. (n=47)

Recombinant human granulocyte-macrophage colony-stimulating factor remarkably
quickens wound healing. This novel therapy, in a study with 302 participants, is very
promising. Although effective, there are certain safety issues related to the use of hy-
drogel loaded with thGM-CSE. For sharp acceleration, patient safety again becomes
a matter of concern and thus again is a point that will require further investigation.
(n=302)

The research revealed a statistically significant difference (p<0.01), indicating that the
rhGM-CSF hydrogel significantly accelerated the healing of deep second-degree burn
wounds. Importantly, no side effects were observed during the trial. (n=90)

SilvaSorb Gel is associated with less pain and more satisfied patients.

Note

+

Continued on next page
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Table 2 continued

10

11

12

13

14

15

16

17

18

Procutase”!

thGM-CSF hydrogel 72
Aloe Vera gel 73
FLAMIGEL 74
CEAllo”®

rhGM-CSE76

Silicone hydrogel 77

rhGM-CSE78

Hydrogel collagen with
keratinocytes and fibrob-
lasts 7°

Italy
(2010)

China

(2012)
Pakistan
(2013)
China (2013)
Korea (2014)

China (2015)

Australian
(2015)

China (2016)

Switzerland
(2019)

<II

II

Diverse

Diverse

II

>IT

Diverse

Diverse

Diverse

This study showed that patients treated with Procutase had statistically significantly
less pain and a shorter wound healing time. As a result, they can be used safely and
effectively in patients with minor burns that do not require hospitalization.
rhGM-CSF hydrogel effectively promotes the healing of deep local thickness burns. In
addition, no adverse drug reactions were observed during the study.

Burn wounds healed significantly faster than those treated with 1% silver sulfadiazine.
All patients in the Aloe Vera group experienced earlier pain relief (n=50).
FLAMIGEL can help to speed up the healing of burn wounds that have not yet fully
healed and can also help to reduce the pain felt during dressing changes.(n=60)

In the test region, the re-epithelialization was faster. No significant adverse reactions
in the trial (n=15)

The study’s findings highlight the efficacy of rhGM-CSF hydrogel in facilitating the
healing of residual wounds associated with extensive deep partial-thickness burns.
Notably, the hydrogel exhibited antimicrobial properties, contributing to its overall
therapeutic effectiveness. Furthermore, the study observed only mild local and gen-
eral side reactions associated with the use of the hydrogel, indicating a favorable safety
profile.(n=21)

The first and largest of its kind, provides mid-term insights into the outcomes of autol-
ogous limbal/conjunctival stem cell transplantation using an FDA-approved contact
lens. The approach proved to be a viable, effective, and xeno-free alternative to exist-
ing transplantation methods, showcasing its potential as a promising strategy in the
field.(n=16)

External use of rhGM-CSF gel on deep partial-thickness burn wounds was found to
promote wound healing and was deemed safe for clinical use based on the controlled
and open trials. (n=68).

Achieve safe coverage for skin imperfections. The replacement skin heals steadily, and
the skin quality is near normal. Histology at three months showed a stratified epider-
mis and a dermal cavity comparable to natural skin. The mean follow-up time was 15
months.

++

Continued on next page
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Table 2 continued
19 Hydrogel treprostinil 8 France (2020) Diverse Hydrogel significantly increased blood flow through the skin in the legs (n=5) +
20 Burnaid hydrogel dress-  Australia Diverse The current study was designed to evaluate Burnaid hydrogel dressing as an analgesic +
ing8! (2021) adjunct to first aid in the management of acute pediatric burns. Seventy-two children
were recruited and assigned randomly to either the intervention (n=37) or control
group (n=35), with tabulation indicating no significant differences between the two
groups in nursing or caregiver observational pain scores. No significant differences
in means were found for child self-report of pain, heart rate, temperature, stress, and
re-epithelialization rates. * This study did not determine any significant benefit to us-
ing Burnaid hydrogel dressing as an adjunctive analgesic to first aid in the treatment
of acute burns in children. (n=72)
21 Hydrogel dressing + vase- ~ China (2021) >1I Hydrogel makes wounds heal faster, less painful, more comfortable. (n=168) +
line gauze 82
22 Burnaid hydrogel burn  Turkey (2024) Prospective, Out of 64 participants with second-degree and mixed second-third degree burns, +

dressing (BHD) contain-
ing tea tree oil and silver
sulfadiazine in pediatric
burn patients 83

observational, and
cross-sectional

study

62.5% received BHD, and 37.5% received silver sulfadiazine. BHD demonstrated sig-
nificantly lower post-dressing pain scores compared to silver sulfadiazine, and fewer
patients in the BHD group required additional analgesia. The study suggests that BHD
may offer superior pain relief and reduced need for supplementary analgesics in pedi-
atric burn patients, emphasizing its potential clinical benefits.
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The mentioned studies positively impact the wound
healing process and show statistically significant dif-
ferences compared to the control group. However,
this is just the tip of the iceberg. Most studies on hy-
drogel dressings are commercialized, so their infor-
mation is kept confidential within commercial com-

panies.

DISCUSSION

Current situation and challenges

With the world’s increasing demands, numerous new
hydrogel technologies are emerging. One of the in-
teresting novelties in advanced hydrogel applications
for wound healing is smart hydrogels. These can ad-
here to the wound and, upon stimulation by various
stimuli (such as temperature, humidity, or chemical
agents), they will contract. This property gives them
exceptional suitability for different types of wounds,
including variations in shape and thickness. They are
designed based on materials with unique properties
and specialized technical methods.

It can be envisioned that a smart hydrogel design
would be very flexible, depending on changes in tem-
perature, pH, or the presence of infection in the
wound environment. Due to this responsiveness,
they can adapt their cohesion mechanism accord-
H. Wang’s
research® produced an innovative hydrogel, com-

ing to the conditions and optimize it.

prising pH-sensitive bromothymol blue and a near-
infrared (NIR)-absorbing conjugated polymer inte-
grated into thermosensitive chitosan, which allows for
real-time, visual diagnosis and photothermal therapy
of bacterial infections. It enables in situ detection of
Staphylococcus aureus biofilm and infected wounds
through visible color changes displayed by the hydro-
gel. Further, localized hyperthermia is sequentially
triggered with NIR laser irradiation to ensure effec-
tive therapy. The hybrid hydrogel presents wide-range
antibacterial efficacy with low cytotoxicity, making it
a promising platform for the intelligent and conve-
nient diagnosis and treatment of bacterial infection.
Moreover, the pH-sensitive nature of the hydrogel en-
ables control over the amount of drug released, as the
acidity fluctuates at different stages of wound healing.
Asmaa Ahmed Arafa et al.8% used pH-sensitive nat-
ural dye Curcuma longa extract (CLE) as a color in-
dicator. Hydroxyethyl cellulose loaded with CLE and
combined with itaconic acid produced a neutral and
pH-sensitive dressing. This is highly useful, as the
drug release from the dressing increases significantly
at pH 7.4, suitable for treating many types of wounds.

In the case of increased temperatures—a clear in-
dicator of inflammation—the hydrogel could self-
regulate and deliver anti-inflammatory agents that
would dampen inflammatory responses, facilitating
an environment more conducive to tissue regener-
ation. Min et al.% focus on a thermo-sensitive
methylcellulose (MC) hydrogel containing silver ox-
ide nanoparticles (Ag,O). The drug release from this
hydrogel is temperature-dependent. The silver ox-
ide nanoparticle-loaded MC hydrogel exhibited very
good antimicrobial activity and proved useful for
treating burn wounds. For wounds susceptible to bac-
terial infection, such smart hydrogel bandages con-
tain responsive elements capable of initiating the re-
lease of an antibacterial agent upon detecting the pres-
ence of bacteria. This provides not only a quick phys-
ical barrier to infection but also facilitates the general
healing process by creating an environment less favor-
able to bacterial multiplication.

Hydrogel dressings play an important and promis-
ing role as biomaterials that act as protective barri-
ers to replace damaged skin tissue, especially from
burns. Hydrogel capabilities can also be enhanced by
incorporating growth factors or stem cells they can
carry. This flexibility is a great advantage of hydrogels,
enabling them to be part of most lesion treatments
caused by diseases, external factors, or tissue replace-
ment. However, there are significant limitations when
incorporating tissue engineering into burn treatment.
Hydrogel dressings currently face several challenges,
including high costs, low durability, and the risk of
infection and allergies. Besides, although hydrogel
dressings have proved their effectiveness, their uni-
versal efficacy in treating all categories of wounds has
not been fully established. Moreover, despite their
huge potential, hydrogel dressings are marketed het-
erogeneously and often require rigorous storage mea-
sures, resulting in high medical waste. This is further
compounded by the fact that most hospitals and clin-
ics are not equipped to manufacture hydrogel dress-
ings at a clinical level. Therefore, distribution net-
works should be expanded, and hydrogel develop-
ment must be done in an eco-friendly way to reduce
waste. On the other hand, many studies are needed
to address drawbacks such as drug compatibility is-
sues, biofilm formation, and environmental effects—
important safety and effectiveness concerns regarding
hydrogels used in healthcare (Table 3 ).

The major problem facing hydrogel dressings, which
needs to be surmounted, is cost and availability
through the healthcare system. First, hydrogel dress-
ings are more expensive compared to other more con-

ventional modes of treatment. This adds a finan-
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Table 3: Compare hydrogel dressing with various types of bandages

Feature Hydrogel Traditional Silicone Alginate Hydrocolloid
dressing gauze dressing dressing dressing
Moist environment ++ - + = ++
Cools the wound Yes No No No No
Reduces scar formation ++ = 4k - +
Easy to use ++ + - + +
Safe + + + + +
Cost o et - + +
Easy to peel off ++ ++ + + +
Infection + 4+ ++ 4 4
Allergy + ++ ++ ++ ++

cial burden on health facilities and influences pa-
tients’ choices. Another aspect is that hydrogel dress-
ings must be applied effectively by healthcare service
providers through training at hospitals and clinics.
Third, evaluation related to hydrogel dressings needs
to be considered from the patient’s perspective. Pro-
motion of hydrogel dressings should be widened in
terms of marketing campaigns. Focusing on the pa-
tient’s experience, their quality of life, and pain man-
agement outcomes in light of their satisfaction will as-
sist in an appropriate study related to hydrogel dress-
ings. All modes of treatment need to have the patient
as the prime focus.

FUTURE RESEARCH DIRECTIONS

The Global Hydrogel Dressing Market is anticipated
to achieve a valuation of $1.1 billion by 2028, with a
projected Compound Annual Growth Rate (CAGR)
of 4.2% during the forecast period®”. This informa-
tion demonstrates the increasing prevalence of hy-
drogel, concurrently showing its positive impact in
treating various types of wounds. Overcoming cur-
rent drawbacks—such as high costs, stability issues,
and limited patient accessibility—will contribute to
the growing popularity of hydrogel dressings.

Although hydrogel remains the top choice for main-
taining moisture and causing minimal pain during
dressing changes, it can be uncomfortable for pa-
tients. The development of hydrogel bandage designs
that control drug release and undergo biodegradation
(eliminating the need for frequent bandage changes)
continues to be a trend in wound treatment in gen-
eral, and burn treatment in particular. Personalized
hydrogel therapies, in the form of sheets or injections
containing the patient’s own cells, are also crucial.
This involves developing hydrogel forms in which the

growth and development of these cells are ensured un-
der any given environmental conditions. Above all,
the rise of smart hydrogel dressings is an inevitable
trend. The following are emerging trends for hydro-
gels: (1) identifying bioactive, chemical, and metal
particles that have antibacterial, anti-inflammatory,
hemostatic functions, and accelerate wound healing;
(2) developing or combining flexible materials to pro-
vide physical properties for hydrogels (such as ten-
sile strength and pore size) for not only burn wounds
but also all kinds of wounds; and (3) creating read-
ily available hydrogel dressings for every household’s
medicine cabinet, replacing traditional gauze dress-
ings through competitive pricing.

As research in this field continues, hydrogels are likely
to find even more applications in the future. New hy-
drogel technologies must keep demonstrating efficacy
and safety through multiple clinical trials. The future
of this industry is promising as these technologies ma-
ture and create products that resemble, or even re-
place, human skin. So far, we have witnessed only
the beginning of this era of innovation and creativ-
ity. Researchers and physicians should continue fos-
tering close collaboration between the laboratory and
the clinic. This will speed up technology develop-
ment and make it easier for new products to be im-
plemented. The creation of artificial skin in particular,
and artificial organs in general, depending on hydro-
gels, will soon become a reality.

ABBREVIATIONS

AMPs: Antimicrobial peptides; ECM: Extracellu-
lar matrix; EGF: Epidermal growth factor; rhGM-
CSF: Recombinant human granulocyte-macrophage
colony-stimulating factor; TGF-f: Transforming
growth factor-beta
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