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Burn injuries are prevalent and life-threatening forms that contribute significantly to mortality rates due
to associated wound infections. The management of burn wounds presents substantial challenges.
Hydrogel exhibits tremendous potential as an ideal alternative to traditional wound dressings such as
gauze. This is primarily attributed to its three-dimensional (3D) crosslinked polymer network, which
possesses a high water content, fostering a moist environment that supports effective burn wound
healing. Additionally, hydrogel facilitates the penetration of loaded therapeutic agents throughout the
wound surface, combating burn wound pathogens through the hydration effect and thereby enhancing
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the healing process. However, the presence of eschar formation on burn wounds obstructs the passive
diffusion of therapeutics, impairing the efficacy of hydrogel as a wound dressing, particularly in cases of
severe burns involving deeper tissue damage. This review focuses on exploring the potential of hydrogel
as a carrier for transdermal drug delivery in burn wound treatment. Furthermore, strategies aimed at
enhancing the transdermal delivery of therapeutic agents from hydrogel to optimize burn wound
healing are also discussed.

GRAPHICAL ABSTRACT

1. Introduction resulting in quick recovery without medical attention and
minimal scarring in about a week (Yao et al, 2021).
Second-degree burns, which can be superficial-partial thick-
ness or deep-partial thickness, involve injury to the epidermis
and the superficial or deep layers of the dermis. Recovery
time for second-degree burns is longer than that for
first-degree burns, typically taking 2-3weeks if there is no
wound infection. Deep-partial thickness second-degree burns

take approximately 1-2weeks longer to heal compared to

A burn is defined as an injury to the skin that occurs due to
contact with heat, electricity, radiation, lasers, or chemicals
(Tiwari, 2012). The severity of a burn can be determined by
assessing the depth of the burn wound. Burn wounds are
classified into four degrees: first-degree, superficial or
deep-partial thickness second-degree, third-degree, and
fourth-degree (Jeschke et al., 2020) (Table 1). First-degree
burns only affect the superficial epidermis layer of the skin,
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Table 1. Classification of burn by depth.

Burn degree/thickness Depth

Treatment Healing time

First (superficial) Superficial epidermis

Second superficial-partial Epidermis and superficial of
thickness dermis
deep-partial Epidermis and deep dermis
thickness

- Cool water irrigation
- Application of burn creams or ointment
- Use of topical antimicrobial creams or dressings to

- Use of topical antimicrobial creams or dressings to

With minimal scarring in
about a week

With minimal scarring,
< 3weeks if there is no
wound infection

Possibility of scarring,
3-5weeks

prevent infection

prevent infection

- Surgical intervention may be necessary

Third (full thickness) Epidermis, dermis, and
hypodermis (subcutaneous
tissue)

Beyond the full thickness of the
skin to involve muscles and

bones

Fourth (full thickness)

- Surgical intervention, including excision and skin

Scarring, >8weeks
grafting

- Temporary coverage with dressing /skin substitute
- Surgical intervention, often including excision,

Scarring, >8weeks
debridement, reconstruction, and grafting

superficial-partial thickness burns. Surgery may be necessary
for deep-partial thickness burns, and there is a possibility of
scarring (Markiewicz-Gospodarek et al., 2022). Third-degree
burns affect the epidermis, dermis, and even the hypodermis
(subcutaneous tissue), while fourth-degree burns extend
beyond the full thickness of the skin to involve muscles and
bones. Both third and fourth-degree burns require surgical
intervention. In summary, the severity of burns increases with
the degree of the burn (Bai et al, 2022). Consequently, the
duration of wound healing and the care required for burn
wounds are heavily dependent on the severity of the burns
(Tiwari, 2012; Jeschke et al,, 2020; Bai et al.,, 2022) (Table 1).

Burn injuries are complex and can progress from acute to
chronic conditions (Barrett et al., 2019). The disruption of the
skin’s integrity and innate immune system in burn wounds
makes them susceptible to microbial invasion and growth
leading to infection (Church et al, 2006). Infection is the
most common systemic complication of burn injuries that
contributes to delayed wound healing and chronic inflamma-
tion (Markiewicz-Gospodarek et al., 2022). Severe burns can
even result in sepsis, a life-threatening condition that causes
multi-organ failure (Caraballo & Jaimes, 2019). Additionally,
severe burns can induce hypovolemic shock due to increased
capillary permeability (Arbuthnot & Garcia, 2019). Other com-
mon complications of burn wounds, especially in severe
cases, include eschar formation, scarring, and contractures
(Goel & Shrivastava, 2010; Tiwari, 2012). These complications
not only have long-term negative effects on patients’ physical
and physiological health but also impact their mental
well-being (Barrett et al, 2019). It is worth noting that most
burn injury deaths are caused by complications rather than
burns (Lee et al., 2014). Therefore, the primary goal of burn
wound healing is to prevent or treat infection and other
complications while promoting accelerated wound healing
with minimal scarring (Stone et al., 2018).

Wound dressing is the most commonly used approach to
temporarily cover burn wounds, protecting against further
injury and external infections, while facilitating wound heal-
ing (Madaghiele et al., 2014; Firlar et al, 2022). An online
survey conducted among burn experts worldwide identified
several desirable properties for an ideal burn wound dress-
ing. Wound. It should be non-adhesive to the wound bed,
easy to apply and remove, and allow for pain-free dressing
changes. Moreover, it should possess anti-microbial,

pain-relieving, and high absorbency properties. Additionally,
wound dressings that require fewer changes and are avail-
able in various sizes are advantageous for burn wound man-
agement (Nischwitz et al, 2021). The concept of moist
wound healing is also crucial in designing an optimal burn
wound dressing (Benbow, 2008). The dressings should main-
tain an optimally moist environment to promote wound
healing (Gupta et al, 2019) (Figure 1). Gauze is the widely
used and cost-effective conventional wound dressing that
covers the wound bed and absorbs wound exudates
(Brumberg et al., 2021; Laurano et al., 2022). However, it has
significant drawbacks. Gauze tends to adhere to the wound
bed due to absorbed exudates, causing secondary trauma
and pain during dressing removal (Dhivya et al, 2015;
Farahani & Shafiee, 2021; Mirhaj et al., 2022). Additionally,
gauze is a passive dressing that allows gases and moisture
to pass through, making it challenging to maintain an
appropriate moist environment for optimal wound healing
(Brumberg et al,, 2021). Thus, gauze is not an ideal choice
for burn wound healing.

Over the past decade, various commercially available
advanced wound dressings have been developed based on
the concept of moist wound healing. These dressings are
offered in various forms such as films, foams, hydrogels, and
hydrocolloids (Gupta et al., 2019; Laurano et al., 2022; Mirhaj
et al,, 2022). Hydrogel has gained significant attention in the
field of wound dressing due to its intrinsic hydrophilic 3D
network. This network allows them to absorb wound exu-
dates and create a moist environment that promotes wound
healing. Furthermore, they are biocompatible and usually
non-adhesive, facilitating easy application and removal from
the wound (Yao et al., 2021). The 3D porous structure of
hydrogels allows for the incorporation of antimicrobial and
bioactive agents, which can effectively promote wound heal-
ing. Consequently, hydrogel dressings have the potential to
revolutionize burn wound management and play a vital role
in promoting burn wound healing. This review aims to
emphasize the potential of hydrogels as carriers for transder-
mal delivery of drugs and therapeutic agents, specifically in
the context of burn wound healing. Additionally, the review
discusses the strategies employed to enhance the transder-
mal delivery of drugs and therapeutic agents, focusing on
the utilization of hydrogel as a carrier.



Figure 1. Characteristics of an ideal burn wound dressing.
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Figure 2. Properties of hydrogel as a potential wound dressing for burn wound healing. Reprinted from an open-access source (Negut et al., 2018).

2. Hydrogels as dressing for burn wounds

Hydrogels exhibit 3D, hydrophilic, insoluble structures com-
posed of crosslinked polymer chains that undergo swelling in
aqueous solutions without disintegration (Yao et al, 2021).
Hydrogels can be synthesized from natural or synthetic poly-
mers, or a combination of both (Jiann Chong et al, 2022).
Polymeric hydrogels have garnered significant attention in
wound dressing research due to their hydrophilic, ability to
mimic the extracellular matrix (ECM), biocompatibility, and bio-
degradability (Madaghiele et al, 2014; Pan et al, 2021).
Functioning as a physical barrier, hydrogel effectively protects
the wound bed against external contamination while creating
an ideal moist environment that facilitates wound repair. These
hydrogels are considered inert (Stoica et al., 2020) (Figure 2).

Moreover, the inherent high water content of hydrogels pro-
vides cooling and soothing effects, making them particularly
suitable for burn wound dressings (1) (Stoica et al, 2020).
Extensive literature has discussed the sources of polymers,
crosslinking methods for hydrogel fabrication, and various
types of hydrogels utilized for wound healing purposes (Fan
et al.,, 2021; Pan et al,, 2021; Firlar et al,, 2022),

3. Hydrogels as transdermal drug delivery carriers
for burn wound healing

Burn wound healing is often a complicated infection.
Therefore, the conventional hydrogel dressings based on the
concept of moist wound healing are insufficient in promoting
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Figure 3. Therapeutic agents-incorporated hydrogels that improve their versatility as a burn wound dressing.

burn wound healing when infection is present. The delivery
of drugs and therapeutic agents, such as antimicrobial agents,
growth factors, bioactive compounds, and stem cells, has
demonstrated encouraging results in promoting burn wound
healing (Rowan et al., 2015; Stoica et al., 2020; Shu et al.,
2021; Yao et al., 2021). Given that burns can affect various
body surfaces (Markiewicz-Gospodarek et al., 2022), transder-
mal drug delivery through the skin, the largest and easily
accessible organ of the human body, is preferred for the
localized or systematic administration and absorption of
drugs and therapeutic agents for wound healing. Compared
to the parenteral route, which involves needle-based injec-
tions, transdermal drug delivery is noninvasive, painless, and
supports self-administration without professional assistance,
thereby improving patient compliance (Alkilani et al., 2015).
Moreover, by enabling the controlled release and permeation
of drugs and therapeutic agents through the skin, transder-
mal delivery ensures localized and long-acting drug distribu-
tion at the wound site, while preventing systemic toxic
complications and optimizing bioavailability by bypassing
pre-systemic metabolism (Wang et al., 2021).

Hydrogels possess desirable characteristics, including bio-
compatibility, biodegradability, non-toxicity, lack of allergenic-
ity, ease of application and removal, and high water content
making them suitable as transdermal drug delivery carriers
(Jacob et al,, 2021). The hydration effect exerted by hydrogels
on the skin enhances the penetration of therapeutics across
the skin, facilitating the transdermal delivery of drugs (Kim
et al,, 2020). Additionally, drugs and therapeutic agents can
be incorporated into the porous and crosslinked polymer
network of hydrogels, allowing for controlled release through
modulation of the hydrogel’s porosity, crosslinking degree,
and swelling behavior (Johnson & Wang, 2015) (Figure 2).
Moreover, external environmental stimuli such as tempera-
ture (Chen et al., 2022) and pH (Huang et al,, 2022), can trig-
ger drug release by modifying the chemical properties of the
hydrogels (Firlar et al, 2022). This versatility further expands
the application of hydrogels as wound dressing (Saghazadeh

et al., 2018; Zhong et al., 2020). The drugs and therapeutic
agents incorporated into the hydrogels can be categorized as
follows: (i) antimicrobial agents, (i) antioxidant and
anti-inflammatory agents, (iii) analgesic drugs, and (iv) growth
factors (Figure 3).

3.1. Antimicrobial agents-incorporated hydrogels

Burn wound infection is the most prevalent complication of
burn injuries, often caused by microorganisms such as
Pseudomonas aeruginosa, S. aureus, and methicillin-resistant S.
aureus (Church et al., 2006). This infection impedes wound
healing and can be fatal for burn patients (Jeschke et al.,
2020). Although inert hydrogel could act as a physical barrier
against external microorganisms, it is insufficient to counter-
act microbial invasion and colonization (Yao et al.,, 2021). To
address this issue, researchers have developed a strategy to
incorporate antimicrobial agents into hydrogels.

The most common approach for combating wound infec-
tion is to include antibiotics in hydrogels, which can either
kill or impede the growth of pathogens (Gupta et al., 2020).
Various antibiotics, including tobramycin (Huang et al., 2022),
ciprofloxacin (Dong et al., 2022; Zhu & Chen, 2022), gentam-
ycin (Nuutila et al,, 2020), mupirocin (Chen et al., 2022; Han
et al.,, 2022), and vancomycin (Nuutila et al., 2020), have been
incorporated into hydrogels to combat microbial infection in
burn wounds. For instance, a tobramycin-loaded self-healing
hydrogel was developed for the treatment of P
aeruginosa-infected burn wound healing. The hydrogel was
composed of quaternized chitosan, oxidized dextran, and
polydopamine-coated polypyrrole nanowires, linked together
by Schiff base bonds. The release of tobramycin was sus-
tained and controlled, triggered by the pH changes during
the bacteria growth. When bacteria respire and ferment, they
produce acidic products like carbonic acid and lactic acid.
This results in a slightly acidic environment that promotes
hydrogel degradation and the release of tobramycin. In vitro



experiments showed that the sustained and controlled
release of tobramycin effectively killed P. aeruginosa,
Staphylococcus aureus, and Escherichia coli. It also demon-
strated superior healing of bacterial-infected burn wounds
compared to commercial products (Huang et al, 2022).
However, the extensive use of antibiotics has led to the
development of drug resistance in bacteria (Zhong et al,
2020; Bai et al., 2022). Therefore, in the past decade, antibi-
otic substitutes such as metal ions and naturally derived
agents have emerged as leading candidates in the fight
against wound infections (Zhong et al., 2020).

Inorganic antibacterial agents, including silver (Gupta et al.,
2016; Low et al.,, 2016; Kumar & Ghosh, 2017; Banerjee et al.,
2019), zinc (Li et al., 2017; Zhang et al.,, 2020; Tao et al., 2022),
and copper (Klinkajon & Supaphol, 2014; Qian et al., 2022; Xia
et al, 2022) ions are commonly used in the treatment of
infected wounds. Among them, silver ions have long been rec-
ognized for their broad-spectrum antibacterial activity and lack
of drug resistance, making them a viable alternative to antibi-
otics (Wahid et al,, 2017; Laurano et al., 2022; Liu et al,, 2022).
In one study, an ionically crosslinked chitosan hydrogel was
developed to function as a controlled release delivery system
for silver (Ag) ions (as silver nitrate, AgNO;) and tea tree oil
(TTO). The controlled release was achieved through hydrogel
degradation via erosion, thereby facilitating wound manage-
ment. This hydrogel successfully demonstrated broad-spectrum
antimicrobial activity against representative wound-infecting
organisms, namely P. geruginosa, S. aureus, and Candida albi-
cans (Low et al, 2016). In another study, zinc (Zn) was incor-
porated into a gelatin-based hydrogel using an ionic
crosslinking method. The release of Zn was achieved by the
swelling of hydrogel, which demonstrated potent antibacterial
activity against E. coli and S. aureus. This antibacterial effect
was attributed to the increased levels of intracellular reactive
oxygen species and the alteration of bacterial membrane per-
meability. Furthermore, it also improved the healing process of
S. aureus-infected full-thickness wounds by reducing inflamma-
tion and enhancing re-epithelization and angiogenesis (Tao
et al., 2022). In addition to the previously mentioned com-
monly used metal ion, Qin and colleagues discovered
gallium-incorporated alginate hydrogel as a potential antimi-
crobial dressing. This is due to the release of the gallium ion
(Ga3*) through the replacement of univalent metal cations in
the surrounding environment, leading to gel degradation. This
hydrogel exhibited significant antibacterial activity against E.
coli and S. aureus in vitro and accelerated the healing of S.
aureus infected wounds (Qin et al., 2022). Therefore, including
metal ions in hydrogels holds the potential for burn wound
dressing.

Currently, naturally derived antimicrobial agents extracted
from plants or animals offer a viable approach for fabricating
antibiotics-free hydrogel to treat wound infection (Zhong et al.,
2020; Zhang et al,, 2021; Ryall et al., 2022). Essential oils, which
are bioactive secondary metabolites of plants possessing anti-
bacterial, antifungal, antioxidant, and anti-inflammatory prop-
erties (Seow et al, 2014; De Luca et al, 2021), are excellent
candidates for incorporation into hydrogels (Low et al., 2016;
Jiji et al.,, 2019; Wang et al., 2021). Thymol, a phenol derivative
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of essential oils extracted from various plants, possesses potent
antimicrobial properties. By integrating thymol into bacterial
cellulose (BCT) hydrogel, an excellent antibacterial wound
dressing against burn-specific infections was created. Compared
to pure bacterial cellulose (BC) hydrogel, BCT hydrogel pro-
motes faster burn wound closure in rat models (Jiji et al,
2019). Additionally, rhein, a bioactive anthraquinone extracted
from the traditional Chinese herb rhubarb and possessing
favorable antimicrobial and anti-inflammatory properties, was
incorporated into designated hydrogels using the chemical
crosslinking method (Yin et al, 2022) and the self-assembly
technique (Li et al,, 2022), respectively. Both rhein-incorporated
silk fibroin (Yin et al, 2022) and aramid nanofibers-based (Li
et al, 2022) hydrogels demonstrated satisfactory antibacterial
efficiency.  Furthermore, they promoted healing in
bacteria-associated burn wound healing by reducing inflam-
mation, and stimulating angiogenesis, thereby leading to the
development of advanced antibacterial wound dressings for
burn wounds.

In addition to the previously mentioned antimicrobial
agents, antimicrobial peptides (AMPs) offer an alternative to
antibiotics in fighting drug-resistant bacteria while being less
prone to drug resistance (Bai et al, 2022). These peptides
have been successfully incorporated into hydrogels for burn
wound treatment (Ouyang et al., 2018; Zhou et al, 2023),
enabling sustained and controlled release to maintain their
bioactivity. For instance, in a study, a natural AMP called
Jelleine-1 was physically self-assembled into the hydrogel.
The formed hydrogel displayed excellent biocompatibility in
both in vitro and in vivo settings. Moreover, it exhibited
remarkable antimicrobial activity against S. aureus, MRSA, E.
coli, and C. albicans in vitro. Due to its potent antimicrobial
activity, Jelleine-1 promoted wound healing in a burn wound
infected with MRSA (Zhou et al., 2023).

3.2. Antioxidant and anti-inflammatory agents-
incorporated hydrogels

The healing of burn wounds is often complicated by excessive
inflammation (Almasaudi, 2021; Markiewicz-Gospodarek et al.,
2022). Therefore, the development of anti-inflammatory hydro-
gels is also crucial. Hydrogels loaded with antioxidant and
anti-inflammatory agents, including vitamins (Soriano-Ruiz
et al., 2020; Soriano et al., 2021), curcumin (Dang et al., 2019;
Babaluei et al., 2023), polyphenolic compounds (Wang et al.,
2019; Shao et al., 2022), and natural peptides (Liu et al., 2022),
have shown promise in enhancing burn wound healing. For
instance, tannic acid, a polyphenolic compound derived from
plants known for its antioxidant and anti-inflammatory proper-
ties, was incorporated into a novel adhesive, hemostatic and
biocompatible hydrogel composed of thioctic acid and phytic
acid (TAPA). The presence of tannic acid in this hydrogel,
referred to as TATAPA, exhibited better DPPH radical scaveng-
ing activity compared to the TAPA hydrogel alone. Moreover,
TATAPA  demonstrated  satisfactory  antibacterial  and
anti-inflammatory activities in a methicillin-resistant S.aureus
(MRSA) infected burn wound, surpassing the performance of
the TAPA hydrogel (Shao et al, 2022). Another study
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conducted by Liu et al. utilized the pearl peptides extracted
from pearl powder to construct a hydrogel with strong antiox-
idant and antibacterial properties for burn wound healing. The
inclusion of selenium-containing block-functionalized polyeth-
ylene glycol (PEG)/Polypropylene glycol (PPG) hydrogels with
pearl peptide was found to enhance the viability of skin fibro-
blast by alleviating oxidative stress. Furthermore, the sustained
release of pearl peptide from hydrogel, achieved through the
degradation of the hydrogel via the breakage of the
selenium-containing bond, demonstrated significant enhance-
ment in the healing of deep partial thickness burn in the rat
model. This enhancement was characterized by faster
re-epithelialization, formation of granulation tissue, and angio-
genesis compared to the group treated with pure hydrogel
(Liu et al, 2022).

3.3. Analgesic drugs-incorporated hydrogels

Burn patients may endure more pain than other types due to
frequent dressing changes (Laurano et al.,, 2022) and damage
to the dermis that could touch the nerve endings (Yao et al.,
2021). To address this issue, various strategies have been
explored using hydrogels loaded with analgesic and
anti-inflammatory drugs (Teoh et al.,, 2021). For example, ibu-
profen, a non-steroidal anti-inflammatory and analgesic drug,
is loaded onto alginate hydrogel fabricated via pressurized
gas expanded liquid (PGX) technology. The controlled release
of ibuprofen from the PGX-alginate/calcium hydrogel by
re-dissolution greatly enhanced in vivo burn wound healing
by suppressing inflammation (Johnson et al., 2020). Lidocaine
is an analgesic drug that possesses an antioxidant effect
(Lenfant et al., 2004; Jae et al., 2010; Laurano et al., 2022). In
a recent study, lidocaine was added along with ciprofloxacin,
an antimicrobial compound in a carbomer (CbCipLid) hydro-
gel for the treatment of second-degree burns. The release of
lidocaine by diffusion provides an immediate anesthetic
effect on the wound. Moreover, the combination of lidocaine
release and ciprofloxacin release shortened the wound heal-
ing period by increasing the fibroblast proliferation and
re-epithelialization rate (Sanchez et al., 2018).

3.4. Growth factors-incorporated hydrogels

The wound healing process is a complex and dynamic phys-
iological process involving multiple cell types, growth factors,
chemokines, and cytokines (Gupta et al., 2019). Growth fac-
tors (GFs) are endogenous signaling molecules that play a
crucial role in wound healing by regulating cell growth, pro-
liferation, migration, and differentiation (Barrientos et al.,
2008; Park et al., 2017). However, in chronic and burn wounds,
excessive degradation of endogenous GFs impaired the heal-
ing process (Zhang et al, 2016; Miricescu et al., 2021). To
address this issue, the delivery of exogenous GFs to the
wound site has been explored. Unfortunately, their effective-
ness is limited due to their short half-life, low in vivo stability,
and rapid elimination by wound exudates (Goh et al.,, 2016;
Zhang et al., 2016; Divyashri et al., 2022). Polymeric hydrogels
that provide sustained release of GFs and protect them from

degradation have shown promising results in enhancing
wound healing (Goh et al,, 2016; Fan et al, 2021; Kushibiki
et al, 2021; Wang et al.,, 2022). This approach is not only
effective but also cost-effective, as high doses and frequent
administration of GFs are avoided.

The major GFs involved in acute and chronic wound healing
include epidermal growth factor (EFG), fibroblast growth factor
(FGF), transforming growth factor-3 (TGF- B), vascular endothelial
growth factor (VEGF), and platelet-derived growth factor (PDGF)
(Barrientos et al, 2008; Park et al, 2017; Gupta et al, 2019).
Incorporating EGF (Rezaei et al, 2020; Wang et al, 2021) and
bFGF (Mai et al, 2020; Chakrabarti et al, 2021) into hydrogels
has been explored to promote burn wound healing. bFGF is
well-known for its ability to stimulate angiogenesis, granulation
tissue formation, re-epithelialization, and remodeling by promot-
ing fibroblast and endothelial cell migration and proliferation
(Gupta et al, 2019; Chakrabarti et al, 2021). In one study,
collagen-silver sulfadiazine (AgSD) incorporated hydrogel with
bFGF promoted burn wound healing in a rat model by stimulat-
ing fibroblast proliferation and alleviating burn wound inflamma-
tion. This was achieved through activation of the ERK and TRK
pathway, leading to increased re-epithelization and granulation
tissue formation (Chakrabarti et al, 2021). In another study,
researchers demonstrated that the release of EGF from poly
(N-isopropyl acrylamide) (PNIPAM) hydrogel loaded with vanco-
mycin (VANCO) nanoparticles via hydrogel swelling supported
fibroblast cell proliferation and growth. The EGF-containing
hydrogel also stimulated better re-epithelialization, wound con-
traction rate, neovascular formation, and transforming growth
factor-beta expression in a rat burn wound infected with S.
aureus compared to untreated and pure hydrogel groups (Rezaei
et al, 2020).

4, Strategies to enhance transdermal drug delivery
for burn wound healing

Hydrogels have demonstrated potential as transdermal drug
delivery carriers for burn wound healing due to their inher-
ent high water content, which serves as a natural penetration
enhancer (Karande & Mitragotri, 2009). However, the unique
characteristics of burn wounds pose challenges to the effi-
cacy of transdermal drug delivery. Eschar, a layer of stiff
necrotic tissue that forms on the wound bed, is a local com-
plication of the burn wound (Saghazadeh et al., 2018). The
presence of eschar impedes the effective penetration of
drugs and therapeutic agents incorporated in hydrogels into
the deeper injured tissue (Tiwari, 2012; Cartotto, 2017; Souto
et al., 2020). Additionally, the high exudate levels in burn
wounds can further impact the bioactivity and bioavailability
of penetrated drugs and therapeutic agents (Johnson &
Wang, 2015; Whittam et al, 2016; Yao et al, 2021).
Consequently, various approaches have been investigated to
overcome these barriers and enhance the transdermal deliv-
ery of drugs and therapeutic agents through the eschar into
the deeper wound area, as well as improve their bioavailabil-
ity by utilizing hydrogels as carriers.
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Table 2. Strategies for transdermal therapeutic agents delivery enhancement in burn wound healing by using hydrogel systems as the delivery carrier.

Nanoparticles/
Hydrogel composition

Nanoparticle-based carriers

Particle Size

(nm)

Therapeutic

agents Burn wound model

Findings

Non-polymeric
Silver (Ag)
Reducing agent: Chitosan

Oxidized dextran (ODex), adipic
dihydrazide grafted hyaluronic
acid (HA-ADH), and
quaternized chitosan (HACC)

Carbopol-940 Silver (Ag)
Reducing agent: Mimosa

tenuifora (plant extract)

Carbomer 934P Silver (Ag)

Ulvan (green algae Ulva Lactuca Silver (Ag)
Linn extract) Reducing agent: Ulvan

Sodium alginate and
kappa-carrageenan with a
concentration ratio of 60:40

Silver (Ag)

Reducing agent: Sodium
alginate and
kappa-carrageenan

~50-190

<20

~13-22

- P. aeruginosa
infected burn
wound in rat
model

- Second-degree burn
wound in rat
model

- Acute burn injury in
mouse model

- Second-degree
thermal burn
wound in rat
model

- Second-degree burn
wound in mouse
model

- Enhanced antibacterial effect against E.
coli, S. aureus, and P. aeruginosa
compared to the hydrogel only group in
both in vitro and in vivo experiments.

- Promoted burn wound healing, as
evidenced by minimal scar formation,
nearly complete re-epithelialization,
well-organized collagen deposition, and
significant suppression of inflammatory
factors compared to other groups,
including commercial Ag dressings
containing 1.2% ionic silver (Chen et al,
2021).

- Enhanced antibacterial effect against E.
coli in vitro, surpassing that of the
control gel, gel loaded with Mimosa
tenuifora (MtE), and commercially
available Ag NPs loaded gel.

- Accelerated wound healing in comparison
to the control gel, as well as gels
loaded with MtE and commercially
available Ag NPs (Martinez-Higuera
et al., 2021).

- Enhanced antibacterial activity against
MRSA and P. aeruginosa compared to
both blank gel and commercially
available silver nanoparticles gel.

- Prevented bacterial colonization and
effectively reduced inflammation,
surpassing the effectiveness of both the
blank gel and commercially available
silver nanoparticle gel.

- Accelerated wound healing, characterized
by a faster wound closure rate, a higher
level of re-epithelialization, increased
collagen deposition, and reduced scar
formation, in comparison to both the
blank gel and a commercially available
silver nanoparticles gel (Chen et al.,
2020).

- Enhanced antibacterial effect against S.
epidermidis,

E. coli, S. aureus, and P. aeruginosa
compared to the hydrogel only group in
in vitro experiment.

- Accelerated wound closure during the initial
14days following the burn injury
compared to the hydrogel only group and
negative control.

- Improved re-epithelization compared to the
hydrogel only group and negative control
(Sulastri et al.,, 2023).

- Improved antibacterial effect against
E. coli and S. aureus compared to the
other hydrogels with varying ratios of
sodium alginate and kappa-carrageenan
concentrations.

- Accelerated wound closure during the
initial 14 days following the burn injury
compared to the other hydrogels with
varying ratios of sodium alginate and
kappa-carrageenan concentrations.

- Improved angiogenesis and collagen
deposition at the wound site compared
to the other hydrogels with varying
ratios of sodium alginate and
kappa-carrageenan concentrations (Zia
et al,, 2020).

(Continued)
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Table 2. Continued.

Hydrogel composition

Nanoparticles/

Nanoparticle-based carriers

Particle Size

(nm)

Therapeutic

agents Burn wound model Findings

Gelatin

Methylcellulose

Carbopol

Starch-g-poly (acrylic acid-co-
acrylamide) with 0.3 w/v% of
starch

Poloxamer (P407, P188) and
polyvinyl alcohol (PVA)

Poloxamer (P407) and polyvinyl
alcohol (PVA)

Poly(N-isopropylacrylamide)
(PNIPAM)

Titanium dioxide (TiO,)

Silver oxide (AgO)

Nanoemulsion

Nanoemulsion

Plant lipid droplets(CLD)

Polymeric
Gelatin

Silk fibroin-sodium alginate

15-25

~160-180

175

~133.5

- Third-degree burn - Increased antibacterial activity against S.
wound in mouse aureus and P. aeruginosa compared to
model the gelatin gel only group and SSD 1%

ointment in the in vitro experiment.

- Promoted wound healing by facilitating
wound contraction, stimulating
angiogenesis, and promoting fibroblast
proliferation and granulation tissue
formation compared to only gelatin gel
and silver SSD 1% ointment groups
(Javanmardi et al., 2018).

- Second-degree burn - Enhanced antibacterial effect against
wound in rat E.coli, S. aureus, and K. pneumoniae
model compared to the hydrogel only group in

in vitro experiment.

- Promoted wound healing by suppressing
inflammation, enhancing
re-epithelialization and collagen
deposition compared to control and the
hydrogel only groups (Kim et al., 2018).

Curcumin  Second-degree burn - Improved curcumin and resveratrol skin

and wound in rat penetration and retention.

resveratrol model - Accelerated wound healing in burnt rats
by enhancing antioxidant and
anti-inflammatory potential, while also
increasing collagen and amino acid
levels in the skin compared to the
control group, as well as only
curcumin-loaded nanoemulgel and
resveratrol-loaded nanoemulgel
(Alyoussef et al., 2021).

Myrtus oil ~ Second-degree burn - Improved drug sustained release

wound in rat compared to the hydrogel sample
model containing 1 w/v% of starch.

- Enhanced antibacterial effect against
E.coli, Candida albican, and MRSA
compared to the hydrogel sample with
1 w/v% of starch in in vitro experiment.

- Accelerated wound healing compared to
the control group, as well as the group
treated with myrtus oil
nanoemulsion-loaded hydrogel
containing 1 w/v% starch and silver
sulfadiazine 1% (Moradi et al., 2023).

hFGF2 Deep second-degree - Achieved controlled and sustained release
burn wound in of CLD-hFGF2 from hydrogel to promote
mouse model cell proliferation and migration.

- Accelerated wound healing rate compared
to the control group, CLD-containing
hydrogel group, and CLD-hFGF2 group.

- Accelerated the re-epithelialization,
promoted collagen deposition and
angiogenesis compared to other
treatment groups (Zhang et al., 2022).

Mupirocin  Third-degree burn - Promoted antibacterial activity against S.

wound in rat epidermis, S.aureus, and P. aeruginosa
model compared to mupirocin ointment
(Kamlungmak et al., 2020).

- Enhanced wound healing by lowering
inflammation as well as improving
wound contraction, angiogenesis, and
granulation tissue formation compared
to the hydrogel only group and
mupirocin ointment (Kamlungmak et al.,
2021).

Vancomycin  MRSA-infected - Showed good antibacterial activity

third-degree burn against MRSA.

wound in rat - Promoted wound healing by lowering

model wound inflammation, accelerating
angiogenesis, re-epithelialization, and
collagen deposition with the synergistic
effect of EGF loaded directly into the
hydrogel (Rezaei et al., 2020).

(Continued)



Table 2. Continued.

DRUG DELIVERY 9

Particle Size
(nm)

Nanoparticles/

Hydrogel composition Nanoparticle-based carriers

Therapeutic

agents Burn wound model Findings

Carbopol®934 Polycaprolactone (PCL) ~225

Carboxymethyl chitosan (CMCS) ~420

and sodium alginate (SA)

Poly(lactic-co-glycolic acid)
(PLGA)

Combination of
non-polymeric and
polymeric

Liposome and cyclodextrin
(CD) metal organic
skeleton loaded with
ultrafine silver
nanoparticles

~122 and
~93

Recombinant methacrylated
collagen and glycidyl
methacrylated quaternary
ammonium chitosan

Fusidic acid MRSA-infected burn
(FA) wound in rat
model

- Enhanced antibacterial activity against
S.aureus, and MRSA compared to that
of FA solution and commercially
available FA cream.

- Enhanced FA retention on skin surface
compared to both FA-based hydrogel
and the commercially available FA
cream.

- Accelerated wound contraction and
re-epithelization, decreased the bacterial
colonization in wounds compared to
other treatment groups (Ullah et al.,
2023).

- Promoted wound healing by accelerating
wound closure, enhancing collagen
deposition and re-epithelialization

- Inhibited bacterial growth and controlled
inflammation in both in vitro and in
vivo experiments with the synergistic
effect of porphyrin photosensitizer
sinoporphyrin sodium loaded directly
into the hydrogel (Mai et al., 2020).

bFGF MRSA-infected burn
wound in mouse

model

Asiaticoside E. coli and S.
(AS) aureu-infected
burn wound in

rat model

- Enhanced antibacterial activity against E.
coli and S. aureu in the presence of
ultrafine silver nanoparticles within the
hydrogel.

- Promoted the in vitro cell migration and
tube formation in the presence of
AS-loaded liposomes within the
hydrogel.

- Accelerated the wound healing rate and
lowered the bacteria remaining in the
wound area compared to the control
group, hydrogel only group, ultrafine
silver nanapoarticles-loaded hydrogel
group and commercially available
Aquacel Ag group.

- Enhanced wound healing by lowering
inflammation, improving cell
proliferation, collagen deposition and
angiogenesis compared to the control
group, hydrogel only group, ultrafine
silver nanapoarticles-loaded hydrogel
group and commercially available
Aquacel Ag group (Feng et al., 2023).

4.1. Nanoparticles (NPs)

NPs have been extensively investigated for their potential to
enhance the transdermal delivery of drugs and therapeutic
agents in wound healing applications (Souto et al., 2020;
Huang et al,, 2021; Shalaby et al., 2022). Due to their small
size (1-100nm), NPs significantly enhance the penetration of
drugs and therapeutic agents into the wound (Souto et al.,
2020; Blanco-Fernandez et al., 2021). It is crucial to maintain
the concentration and bioactivity of drugs or therapeutics
agents at the burn wound site for effective wound healing.
While hydrogels provide control over the release rate of
drugs and therapeutic agents, they suffer from the drawback
of burst release (Johnson & Wang, 2015). NPs offer a solution
for achieving controlled and sustained release of drugs and
therapeutic agents, while also increasing the agents’ half-life
by protecting them from intense proteolysis in the burn
wound microenvironment (Blanco-Fernandez et al., 2021;

Huang et al., 2021). All of these factors contribute to improv-
ing the bioactivity and bioavailability of these agents in the
local wound tissues (Hussain et al., 2022). Therefore, NP-loaded
hydrogel is an established strategy aimed at preventing and
treating wound infections, as well as promoting
re-epithelization. The NPs can be either non-polymeric or
polymeric (Table 2).

4.1.1. Non-polymeric NPs

4.1.1.1. Metal and metal oxide NPs. Metal and metal oxide
NPs have been widely researched for their potential in
promoting burn wound healing, thanks to their intrinsic
antimicrobial activity. The incorporation of silver NPs (AgNPs)
into hydrogel overcomes the safety and efficacy issues
associated with silver ions-incorporating hydrogel. By
incorporating AgNPs, the hydrogel can achieve prolonged
and controlled release of AgNPs into the wound tissue (Bai
et al., 2022). Additionally, due to their small size, AgNPs
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have better penetration capability in deeper wounds
compared to silver ions. Moreover, they can increase the
localized release of silver ions following intra-cellular uptake
owing to their large surface area-to-volume ratio (Wilkinson
et al., 2011; Alkilani et al., 2022; Shabatina et al., 2022).
AgNPs incorporated hydrogels have shown promising
outcomes in burn wound healing. In a study, AgNPs were
incorporated into a hydrogel composed of oxidized dextran
(ODex), adipic dihydrazide grafted hyaluronic acid (HA-ADH),
and quaternized chitosan (HACC) (Ag@ODex/HA-ADH/HACC).
The release of AgNPs due to the hydrogel degradation
demonstrated significantly enhanced healing of P
aeruginosa-infected burn wounds compared to commercial
Aquacel Ag dressings. The improved wound healing speed
and well-organized collagen deposition were mainly
attributed to the excellent antibacterial properties of AgNPs
and the synergistic effects of chitosan. However, it should
be noted that Ag@ODex/HA-ADH/HACC exhibited a
significant cytotoxic effect by decreasing cell viability,
possibly due to the toxicity of the AgNPs (Chen et al., 2021).
To address the biocompatibility issue of AgNPs, Higuera and
colleagues utilized Mimosa tenuiflora (MtE) plant extracts as
a bio-reducing agent for AgNPs synthesis. AGNPs synthesized
using MtE extracts (AgMt NPs) showed no cytotoxic effects
on cells while maintaining comparable antibacterial activity
to conventionally synthesized AgNPs. In a rat model of
second-degree burn injuries AgMt NPs loaded gel
demonstrated enhanced wound healing compared to MtE
loaded gel, AgNPs loaded gel, gel only, and control groups
(Martinez-Higuera et al.,, 2021).

Apart from metal NPs, metal oxide NPs with antimicrobial
activity can also be delivered to the wound tissue by incor-
porating them into hydrogels. For example, titanium dioxide
NPs (TiO, NPs) were incorporated into a gelatin gel (TNG) for
third-degree burn wound treatment. TNG exhibited signifi-
cant antibacterial activity against S. aureus and P. aeruginosa,
surpassing that of plain gelatin gel and 1% silver sulfadiazine
(SSD) ointment. Animal healing results from a third-degree
burn wound model confirmed the efficacy of TNG in acceler-
ating burn wound healing by stimulating angiogenesis, fibro-
blast proliferation, and granulation tissue formation, and
preventing wound infection (Javanmardi et al., 2018).

4.1.1.2. Lipid-based NPs. Lipid-based NPs, including
liposomes, nanoemulsion, and lipid droplets, are commonly
nonpolymeric NPs incorporated into hydrogels for the
treatment of burn wounds. Among these, liposomes consist
of unilamellar or multilamellar lipid bilayers that separate an
aqueous phase (Yu et al., 2021; Alkilani et al, 2022). This
unique feature allows liposomes to encapsulate both
hydrophilic and hydrophobic drugs and therapeutic agents
(Jeong et al, 2021). Due to their high absorption and
retention at the lesion site, as well as their controlled drug-
release capability, liposomes are widely used in transdermal
drug delivery to enhance drug stability and bioactivity (Jeong
et al, 2021; Yu et al, 2021). Studies have shown that
liposomes, particularly nanoliposomes with size of around
150nm, can penetrate deeper into the skin layers, which is
beneficial for the treatment of severe burn wounds that
extend beyond the epidermis into the dermis and hypodermis
(El Maghraby et al., 2008). Furthermore, liposomes create a
moist microenvironment at the wound site, promoting

improved wound healing (Hussain et al.,, 2022; Xiong et al,,
2023). In a study, asiaticoside (AS), a triterpenoid saponin
derived from Centella asiatica, known for its anti-inflammatory
and antioxidant properties was encapsulated into liposomes
(LIP) to create asiaticoside-loaded liposomes (LIP@AS) with an
average size of 121.10+2.40nm. This strategy aimed to
improve the cell membrane permeability of the AS, as it has
limited ability to penetrate the skin epidermis, thus restricting
the therapeutic effect of local medications. The integrity and
stability of LIP@AS were enhanced upon incorporation into a
hydrogel formulated with recombinant methacrylated
collagen and glycidyl methacrylated quaternary ammonium
chitosan. This improvement in integrity and stability is
supported by a decrease in the release rate of AS due to the
hydrolysis of the ester bond in the hydrogel compared to
liposomes alone. Furthermore, the inclusion of LIP@AS in the
hydrogel significantly promoted the L929 cell migration and
tube formation of HUVEC during in vitro experiments. To
further enhance the antibacterial ability of the hydrogel,
silver nanoparticles incorporated in a metal-organic framework
were co-loaded into the hydrogel. This approach augmented
the hydrogel’s antibacterial properties. In a rat burn-wound
infection model, the healing efficacy of the hydrogel, with its
synergistic combination of LIP@AS and silver nanoparticle
incorporation, surpassed that of the commercially available
Aquacel Ag dressing (Feng et al., 2023).

Nanoemulsions (NEs) are thermodynamically stable and
heterogeneous colloidal systems consisting of an aqueous
phase and an oil phase, which are further stabilized with sur-
factants and co-surfactants (Jeong et al., 2021). Due to their
small droplet size, excellent skin wettability, and heterogeneity,
NEs serve as ideal nanocarriers for enhancing transdermal
delivery of both hydrophilic and hydrophobic bioactive com-
pounds like nonsteroidal anti-inflammatory drugs (NSAIDs),
anticancer drugs, and antioxidants (Rai et al., 2018; Miastkowska
et al, 2020; Jeong et al., 2021). However, the low viscosity of
NEs poses challenges to their topical application to wounds
(Miastkowska et al, 2020). Therefore, incorporating
bioactive-loaded NEs into a hydrogel system provides an opti-
mal approach to maximize their effectiveness. Therefore, incor-
porating bioactive compounds-loaded NEs into a hydrogel
system offers an optimal approach to maximize their effective-
ness. The combination of NEs and hydrogel systems can create
a moist wound healing environment, facilitate easy application
and removal, and enable controlled and sustained release of
NEs to promote wound healing (Miastkowska et al., 2020;
Moradi et al., 2023). In a study by Alyoussef et al., the efficacy
of a curcumin and resveratrol co-loaded nanoemulsion inte-
grated with carbopol gel (nanoemulgel) was successfully
demonstrated in the treatment of burn-induced wounds.
Curcumin and resveratrol are polyphenolic compounds known
for their antimicrobial and anti-inflammatory properties.
However, challenges such as poor skin penetration, limited
water solubility, and low stability have hindered their applica-
tion in wound healing. To overcome these issues, curcumin
and resveratrol were formulated into a nanoemulgel to
enhance skin penetration. Results from skin deposition experi-
ments revealed significant retention of curcumin and resvera-
trol in the skin after 48 hours, indicating that the integration of
the nanoemulsion into the carbopol gel contributed to pro-
longed residence of the compounds in the skin and increased



deposition over time. The improved skin penetration of the
nanoemulgel enhanced its therapeutic activity in promoting
burn healing (Alyoussef et al.,, 2021).

4.1.2. Polymeric NPs

Polymeric NPs are commonly utilized for drug encapsulation
and as carriers for therapeutic agents. Polymeric NPs can be
synthesized using biocompatible and biodegradable natural
or synthetic polymers. Using polymeric NPs as a transdermal
drug delivery offers several advantages, including the capacity
to encapsulate both hydrophilic and hydrophobic drugs into
NPs enabling controlled release. In a study conducted by
Kamlungmak et al., gelatin, a biocompatible, biodegradable,
and non-immunogenic natural polymer was employed to fab-
ricate mupirocin-loaded NPs. The gelatin-based NPs loaded
with mupirocin, which had a particle size of approximately
11nm, were incorporated into thermoresponsive hydrogels
composed of poloxamer (P407)-polyvinyl alcohol (PVA) hydro-
gels (referred to as MLH) to facilitate burn wound healing. The
mupirocin-gelatin NPs loaded in hydrogel exhibited a more
effective controlled release of mupirocin through diffusion
compared to mupirocin ointment, thereby demonstrating
superior antibacterial activity against S. aureus, S. epidermidis,
P. aeruginosa, and E. coli (Kamlungmak et al., 2020). In addi-
tion, the biocompatible MLH demonstrated superior efficacy
in promoting burn wound healing in a rat model compared
to mupirocin ointment, as evidenced by enhanced wound
contraction, angiogenesis, and granulation tissue formation
(Kamlungmak et al., 2021).

In addition to natural polymer, a study has been con-
ducted on the use of polycaprolactone (PCL), a biocompati-
ble and biodegradable synthetic polymer that can be
degraded by lipase produced by bacteria at the infection site.
PCL was used to fabricate lipase-sensitive NPs loaded with
fusidic acid (FA) (referred to as FA-NPs) to target the delivery
of FA in MRSA-infected burn wounds. FA is a tetracyclic triter-
penoid antibacterial drug derived from Fusidium coccineum, a
naturally occurring fungus. The fabricated FA-NPs had a par-
ticle size of approximately 225nm and exhibited sustained
and on-demand release in the presence of lipase, which is
secreted by pathogens such as MRSA. Upon incorporating
FA-NPs into carbopol hydrogel for drug delivery, it demon-
strated superior antibacterial activity against S. aureus, and
MRSA surpassing that of FA solution and commercially avail-
able FA cream. Although it demonstrated lower permeation
of FA through the skin layers compared to FA-based hydro-
gel, its ability to retain FA on the skin surface was superior to
both FA-based hydrogel and the commercially available FA
cream. In an MRSA-infected burn wound model, the biocom-
patible FA-NPs hydrogel exhibited superior wound treatment,
as evidenced by a higher rate of wound contraction, a signif-
icant decrease in bacterial count, and accelerated
re-epithelialization (Ullah et al., 2023).
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5. Conclusion and perspectives

Herein, we explore the potential of hydrogel as a wound
dressing and transdermal delivery carrier for burn wound heal-
ing. The 3D hydrophilic crosslinked polymer network of hydro-
gels makes them an attractive choice as wound-covering
dressing, creating a moist environment for wound healing and
offering a physical barrier against external harm. Additionally,
the porous nature of hydrogels enables the incorporation of
drugs and therapeutic agents to combat burn wound infec-
tions, which are common in severe burns and poorly managed
wounds. These properties make hydrogels versatile in facilitat-
ing burn wound healing through transdermal delivery.

To enhance the transdermal drug delivery efficacy of
hydrogels, one approach is to incorporate drug-laden nano-
carriers into the hydrogel (passive transdermal delivery tech-
nique). However, effectively delivering hydrophilic and
macromolecular therapeutic agents such as proteins and pep-
tides through passive diffusion remains a challenge. To over-
come this obstacle, a viable solution is to directly deliver
therapeutic agents into the wound tissue below the eschar.
For instance, combining passive and active transdermal deliv-
ery techniques, such as incorporating therapeutic agents
loaded nanocarriers into hydrogel microneedles patches,
could improve the overall efficacy of hydrogels as transdermal
delivery carriers for burn wound healing. Previous studies
have demonstrated that hydrogel microneedle patches loaded
with bioactive agents effectively deliver and control the
release of therapeutics, leading to improved wound healing in
deeper tissues (Chi et al, 2020; Yuan et al.,, 2022). Although
the application of microneedles for burn wound treatment is
less explored, the strategy of hydrogel microneedle patches
holds great potential for further research.

Furthermore, burn wound healing is a complex and
dynamic process, influenced by factors such as the severity of
burns (e.g. depth and percentage of total body surface area)
and the patient’s condition (e.g. age, sex, and comorbidities).
Considering the complexity of the burn wound healing pro-
cess, researchers must design customizable hydrogel wound
dressings tailored to each stage of healing and the specific
needs of individual patients. Recently, 3D printing technology
has been utilized in the development of 3D-printed dressings
for burn wound treatment, taking advantage of their capabil-
ity to create personalized wound dressings (Teoh et al., 2021).
Leu et al. conducted a systematic study on different gelation
ratios of alginate to fabricate and customize hydrogel wound
dressings using 3D printing technology. They discovered that
the optimized 3D-printed alginate-gelatin hydrogels demon-
strated superior wound healing compared to non-printed
hydrogels (Fayyazbakhsh et al., 2022, 2023). These findings
prompted further research into incorporating bioactive borate
glass for continuous hydration and treatment of second-degree
burns. By incorporating borate glass, which regulates water
release to maintain optimal wound moisture, the healing of
second-degree burn wounds in a rat model was significantly
improved in comparison to non-printed hydrogels with the
same composition. Therefore, 3D printing technology holds
immense potential as a versatile approach for fabricating
hydrogels using bioink, which incorporates nanoparticles,
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stem cells, and bioactive agents for burn wound healing. In
conclusion, there is still significant room for improvement in
hydrogels as ideal burn wound dressings and their transla-
tion into clinical applications.
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