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Abstract: Inert hydrogels are of a great importance in burn first aid. Hydrogel dressings may be
an alternative to cooling burn wounds with streaming water, especially in cases of mass casualty
events, lack of clean water, hypothermia, or large extent of burns. Hydrogels that contain mostly
water evacuate the heat cumulating in the skin by evaporation. They not only cool the burn wound,
but also reduce pain and protect the wound area from contamination and further injuries. Hydrogels
are ideally used during the first hours after injury, but as they do not have antimicrobial properties
per se, they might not prevent wound infection. The hydrogel matrix enables incorporating active
substances into the dressing. The active forms may contain ammonium salts, nanocrystal silver,
zinc, growth factor, cytokines, or cells, as well as natural agents, such as honey or herbs. Active
dressings may have antimicrobial activity or stimulate wound healing. Numerous experiments on
animal models proved their safety and efficiency. Hydrogels are a new dressing type that are still
in development.
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1. Introduction

The skin serves as an anatomical barrier against pathogens and protects internal organs
from damage from the external environment, maintains a balance between the system and
the environment by controlling evaporation, and plays a role in thermoregulation. The
definition of a burn wound [1] is an injury to the integrity of the skin and subcutaneous
tissues caused by heat (flames, fluids, solid objects), extreme cold, electricity, chemicals,
or radiation [2—4]. This injury initiates metabolic and molecular lesions that can lead
to tissue necrosis and eschar formation [5]. In the central areas of the burn wound, the
coagulation zone, capillary circulation is blocked, and death of cells is observed. The
stasis zone surrounds the coagulation zone. It is an area of the skin with blood circulation
impairment and risk of conversion to a full-thickness burn. Most peripherally, there is a
zone of inflammation/hyperemia where pro-inflammatory factors induced in response to
trauma cause erythema and oedema [6,7]. Superficial burns involve only the epidermis.
Superficial partial-thickness burns extend into the superficial portion of the dermis. Deep
burns involve a deeper layer of the reticular dermis, or the entire dermis (Figure 1).

Massive thermal damage to the skin leads to hypovolemic shock or multiorgan failure
and increases risk of systemic infections. Proper wound management and systematic
treatment prevent burn wound conversion and burn wound infection. There are many
dressings available on the market that can be used in burns. Hydrogels in various forms
are among the most frequently used types of dressings due to their specific features.
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Figure 1. The depth of the burn wound evaluated at the admission to the burn unit. I—first
degree/superficial; II—second degree, intermediate-depth; III—third degree/deep.

2. Burn Wound Cooling

The skin serves an anatomical barrier for pathogens, protects internal organs from
damage, maintains a balance between the system and the environment, controls water,
and plays role in thermoregulation. Immediately after the thermal injury occurs, the burn
wound is only potential, as the disruption of tissues is not instantaneous. In thermal burns,
heat energy is accumulated in the skin during the first 15 min and can be transferred to
deeper layers or spread by means of different mechanisms, including convection, evapo-
ration, or penetration. Directly after the burn occurs, the heat absorbed by the superficial
layers of the skin is transferred deeper into the muscles and skin, as it is into the surround-
ing air. The skin consists primarily of water, which conducts heat 20 times faster than air.
Burn wound cooling improves removal of heat from tissues and prevents deepening of the
burn wound [8]. Burn wound cooling has been known since Galen and was popularized by
Sorensen in the 1960s. Cooling by means of decreasing the temperature of the skin reduces
the extent of the injury, protects the basal membranes, and reduces scarring [9,10]. Figure 2
presents the effect of burn wound cooling on burn wound temperature. The analysis of the
temperature of the burn wound was performed by Struzyna et al. on an animal model. The
thermal injury was caused by heat at 150 °C for 15 s. There are three factors that should be
considered in terms of wound cooling: the temperature of cooling, the area of cooling, and
the time of cooling. Ice and extreme cold can exacerbate tissue damage and increase the
area of necrosis. According to the rule of 15, often used by emergency services, cooling with
streaming water should be performed with water at 15 °C, from a distance of 15 cm and
for a period of 15 min. During the first 15 min of cooling, the temperature of the wound
stabilizes, there is an analgesic effect, and vascular spasm is irrelevant, especially in small
burn wounds. Further cooling leads to hypothermia and does not affect the depth of the
burn, but might be harmful instead [11]. However, it can also have an anti-inflammatory
effect [12]. In the experimental models, it was proved that cooling a burn at 16 °C for 20 min
was the most favorable within first hour after the burn [13,14]. Most burn associations rec-
ommend burn wound cooling with tap water, however, there are some concerns regarding
the time of cooling. According to WHO recommendations, cooling a burn wound with
tap water should be considered if fewer than 3 h have passed since the injury [15]. One
of the main risks of cooling is hypothermia [16]. Streaming water, especially in ‘low and
middle-income countries’, might not be the best cooling agent, and may be the source of
wound contamination. What is more, in mass events, there might not be access to a source
of streaming water [17].
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Figure 2. Analysis of the temperature of the burn wound (animal model). Thermal injury from heat
at 150 °C for 15 s. (left) Change in the temperature of the burn wound without cooling, assessed
10 min after the burn; (right) decrease in the temperature of the injured tissues after 10 min of cooling
commenced 5 min after burn.

Hydrogel dressings may be an alternative to cooling burn wounds with streaming
water, especially in cases of mass casualty events, lack of clean water, hypothermia, or large
extent of burns. Hydrogels in sheets that contain 96% water are used in first aid. They
evacuate the heat cumulating in the skin by evaporation. The higher the water content,
the better the wound cooling effect the dressing provides. Hydrogels are easy to use and
available in different forms. Inert hydrogel sheets containing 96% water are included in
the equipment of the US Marine Navy, and ambulances around the world. Hydrogels in
masks are very useful in facial burns, whereas sheets can be also used for hand burns. The
capacity of hydrogels to bind water molecules is due to their hydrophilic groups, such as
-NH,, -COOH, -OH, -CONH,, or -SO3H [18].

In burn management, hydrogels are of a great importance as first aid dressings [19,20].
They not only cool the burn wound, but also reduce pain and protect the wound area
from contamination and further injuries [21]. These properties make hydrogels a great
dressing for transportation and evacuation. During cooling with hydrogels, the obtained
temperature is about 20.5 °C on the surface of the wound, whereas at a depth of 1-3 mm
it is about 33 °C [14]. What is more, these products provide an analgesic effect and can
be safely used as a first aid dressing even in pediatric patients [22] (Figure 3). The water
content in hydrogels is important in cooling, as water stabilizes the temperature of the
wound. Hydrogels in sheets can be safely used as a first aid dressing even in a pediatric
group of patients. They reduce pain and cool the burn wound. The sheet can be applied
even on large surfaces without the risk of hypothermia.

Figure 3. Application of hydrogels sheets in pediatric burns.
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3. Hydrogels in Burn Wound Management

First degree burns are superficial and involve only the epidermis. They heal sponta-
neously. Second-degree burns can be superficial or partial thickness and extend into the
superficial portion of the dermis. They manifest as visible blisters filled with clear fluid, are
moist, and very painful. When properly treated, they have a potential to heal spontaneously
within 2-3 weeks. If the thermal damage involves a deeper layer of the dermis, reticular
dermis and deeper, or the entire dermis, a third-degree burn or a full-thickness burn is
recognized. Early excision of deep burns is recommended, as dead skin cells are a source of
wound infection. Fourth-degree burns extend through the entire skin into fat, muscle, and
bone and require surgical excision.

Hydrogels are defined as systems with at least two components, in which one com-
ponent is a hydrophilic polymer, insoluble in water due to its chains being linked in a
spatial network, whereas the other component is water. Hydrogels are a relatively new
group of dressing materials. The first hydrogel, which was intended to be used for the
production of contact lenses, was developed in 1960 by Wichterle and Lim. Hydrogels are
polymers containing up to 96% water [23]. Such high water content affects the properties
of the dressings—they ensure adequate wound hydration, strongly absorb the exudate,
and induce autolysis of the devitalized tissues [23]. They are very pliable and soft, which
makes them atraumatic in use [23]. Importantly, they are immunologically neutral [24].
Hydrogels are available in several forms, including solid sheets or semi-liquid gels [25].

Owing to the use of radiation technology, hydrogel dressings containing as much as
96% water forming a stable and mechanically strong hydrogel patch, with a thickness of
approximately 3 mm. Such high water content (the sheet of the dressing itself is not wet)
affects the properties of the dressings—they ensure adequate wound hydration, strongly
absorb the exudate, and induce autolysis of the devitalized tissues. They are very pliable,
soft, and immunologically inert. Hydrogels accelerate wound healing in various phases,
accelerate autolytic wound cleansing, and reduce pain [26]. Water absorption is the most
important feature of hydrogels and results from on the cross-linking of the dressing’s
structure and presence of hydrophilic or hydrophobic monomers [27]. The features of
hydrogels are also dependent on the crosslinking substance, such as N,N'-methylene-bis-
acrylamide or 1,1,1- trimethylolpropane trimethacrylate (and ethylene glycol dimethacry-
late or poly(ethylene glycol) diacrylate (PEG)) [27]. Their degradation is processed by
hydrolysis [26]. Hydrogel transparency enables constant evaluation of the process of heal-
ing [26]. Hydrogels absorb and retain wound exudate, as well as promoting fibroblasts and
epithelium migration [26,28]. They also stimulate the process of autolysis and wound bed
autodebridement [28]. Injectable hydrogels have an on-demand resorption capacity and
can be easily applied, as the product fills the wound bed and can be dissolved with amino
acids [29]. An injectable hybrid hydrogel crosslinked with iodine-modified 2,5-dihydro-2,5-
dimethoxy-furan and chitosan, improved adhesion, migration, and proliferation of human
keratinocytes and fibroblasts as well as improved neovascularization [30].

Hydrogels accelerate the healing of burn wounds (superficial and moderate-thickness
burns) compared with standard procedures, such as paraffin dressings [25,31]. What is
more, changing hydrogel dressings caused less pain and the need for dressing changes
was reduced [25]. Similar results were achieved for hydrogel fibers. The main drawback of
hydrogel fibers is their high cost. However, they protect against thermal damage, reduce
pain, and eliminate unpleasant smells [32]. Reduction of pH and erythema by transparent
hydrogels allows for better assessment of even minor changes, which can otherwise be
difficult when edema is present [33].

4. Types of Hydrogels

Hydrogels are rapidly developing dressings. Their microporous structure makes them
an attractive vehicle for active substances (Figure 4).
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Figure 4. A microporous structure of the inert hydrogel in which different active substances can be
incorporated. Photo courtesy of KikGEL Poland, Lodz.

Hydrogel dressings can be divided, according to the type of polymer used, into natural
and synthetic ones or, depending on the substances added, to inert and active [34]. Natural
hydrogels are based on chitosan, cellulose, alginate, dextran, or hyaluronic acid [35].
Hydrogels can be synthetized from polymeric chains of polyacrylamide, polyethylene
oxide, or polyvinylpyrrolidone (PVP) [36]. The chemical structure of the polymers is shown
in Figure 5.

| 3 H’!/ O\/\]:OH

Polyacrylamide Polyvinylpyrrolidone (PVP) Polyethylene oxide
Figure 5. Chemical structures of the most commonly used synthetized hydrogels.

Hydrogels are available in various sizes, shapes, and forms (sheets or amorphic/gel) [37].
Adding active substances to hydrogels, however, decreases the water content. Tested on
animal models, available dressings showed low irritation index, low adverse event rates, and
accelerated wound healing at different stages of burn wound healing [38].

Stoica et al. divided hydrogels into inert and active hydrogels [34]. The active forms
may contain ammonium salts [39], nanocrystal silver, zinc, growth factor, cytokines, or
cells, as well as natural agents, such as honey or herbs [34]. Table 1 summarizes active
hydrogels with various substances that can potentially be used in a burn wound treatment.
The connections in the structure of the hydrogel enables incorporating various active
substances in the matrix. Combined hydrogels differ from inert hydrogels, and water acts
as a vector for active substances. The features of active hydrogels also differ from those of
inert water hydrogels.
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Table 1. Possible hydrogel modifications and potential use in burn wound treatment.

Study Study Type Dressing Activity Patients and Methods Outcomes
Structural effects in photopolymerized
sodium AMPS hydrogels crosslinked with E . . Hydrogel §heets were exposed to water A potential for biomedical use as
. xperimental Wound healing binding, swelling and tested - . .
poly(ethylene glycol) diacrylate for use as for cvtotoxicit dressings for partial thickness burn
burn dressings [27] Yy ¥
An injectable hydrogel with
On-Demand Dissolvable Self-Healing carboxymethyl chitosan rigid rod-like The hyd | stimulat 1 th
Hydrogel Based on Carboxymethyl Chitosan Experimental Wound healin dialdehyde-modified cellulose ne iy lr%gle N lt;m ates ce 'dgrowd .
and Cellulose Nanocrystal for Deep Partial P & nanocrystal was administrated in a rat 15 re;g.ss tse t‘(/)ﬂtheavrvrglrl‘g\c?ck:e csl an
Thickness Burn Wound Healing [29] model after burn wound ) ’
surgical debridement.
. . . . An injectable hybrid decellularized The hyd 1 containi toki
Dual Functionalized Injectable Hybrid crosslirllked hydr}c:gel derived from rat ancle rzv;t(;\g?ac‘:tg?sa;rnl:ing/g scilol:;
Extracellular Matrix Hydrogel for Burn Experimental Wound healing 4 1t df f & . .
Wounds [30] ermal tissue was Feste or safety to be non-immunogenic and
and efficiency. nontoxic.
Evaluation of healing activity of 2{1?8; lacfarztsiﬂi;:%v Co}:i;(:is?xr\\ovc\ilzls Hydrogels containing chitosan
PVA/chitosan hydrogels on dgep second Experimental Wound healing Toxicological test, irritation tests and ) accelergted wound healing at
degree burn: pharmacological and histopathological analyses different times of the process. Had
toxicological tests [38] 5] ere pe%forme d y low irritation index.
Hvdrogel containin Silver containing hydrogels inhibited
Antimicrobial efficacy of a novel silver 5 acrylamid}; ) r%\ o thylproparg1e sulfonic growth of MSSA, Pseudomonas
hydrogel dressing compared to two common . - . . ) . i Nt aeruginosa, but did not decrease VRE.
silver burn wound dressings: Acticoat and Experimental Antimicrobial activity ﬁ;fos %ﬁiﬂ;i&gytg?tsg‘g Nanocrystal dressing based on
PolyMem Silver [40]. arﬁimicrobial activi polyethylene showed superior
ty antimicrobial properties.
The material was nontoxic, showed
Biocompatibility evaluation of a new Hydrogel samples (PEG, PVP, agar and good antibacterial and antifungal
hydrogel dressing based on Experimental Wound healing and water) were evaluated for fibroblast actions against Staphylococcus aureus,
polyvinylpyrrolidone/polyethylene P antimicrobial activity cytotoxicity, antifungal and Staphylococcus epidermidis, Escherichia
glycol [41] antibacterial properties. Coli k12 but no effect on Pseudomonas
aeruginosa.
Me:}?:rr;f:;lrg:&f:ffs a;dvlir;vitro PVA-Ag hydrogels were examined for PVA-Ag were not toxic for human
alcohol-nano-silver h C{Dr o yel w};un d Experimental Antimicrobial activity cytotoxicity, antibacterial features, fibroblast, and could be used in burn
ver yarog swelling and drug delivery wound management.
dressings [42].
. . . Microporous chitosan hydrogen/nano
h drflz)l(;l:;na:;:gc;;ﬂoI:))Sliltsecé\;:?ds:nes for zinc oxide composite bandages were Dressing is not cytotoxic, improves
ydarog L P ndag Experimental Antimicrobial activity evaluated for cell cytotoxicity, swelling, wound healing and
wound dressing: in vitro and in vivo d antib ial . larizati
evaluation [43] and antibacterial properties. neovascularization.
Murine model of a burn wound
Development and in vivo evaluation of Murine model of a burn wound.
silver sulfadiazine loaded hydrogel Experimental Wound healin. Hydrogel containing 1% sulfadiazine The dressing is safe and improved
consisting polyvinyl alcohol and chitosan for P g tested for cytotoxicity and burn wound healing.
severe burns [44] healing properties.
Gelam (Melaleuca spp.) honey- based . . A hydrogel with honey incorporated Acceleration of wound healing and
hydrogel as burn wound dressing [45] Experimental Wound healing was tested on a rat model epithelialization was observed
Research on a novel poly (vinyl PVA hydrogels tested for antibacterial . - .
alcohol)/lysine/vanillin wound dressing: Experimental Wound healing, features and environmental scanning Thfi dirtess?dg htlaxf\ alnttl ncxllcroblall
Biocompatibility, bioactivity and perimenta antimicrobial activity electron microscope (ESEM) and activity and stimu ated vesse
L . AR formation and epithelization
antimicrobial activity [46] rat model
P . An agarose hydrogel with minocycline The hydrogel showed 80%
Antlblotlévgs;léa;rsg%iiaé(;ii Ié};ilrogel for Experimental Antimicrobial activity was tested for safety and antimicrobial bioactivity after 7 days with much of
features on a pig model. the drug release within first 25 h.
Polysaccharide- based hydrogel with Adding essential oils to hydrogels
Antibacterial polysaccharide-based hydrogel incorporated essential oils (eucalyptus, improved its antimicrobial activity
dressing containing plant essential oil for Experimental Antimicrobial ginger and cumin) were examined against Staphylococcus aureus and
burn wound healing [48] regarding safety and Escherichia Coli. No indirect nor
antimicrobial activity. direct cytotoxicity was observed.
A Hydrogel-Based Localized Release of A glycol chitosan/DF-PEG hydrogel Colistin was effectively released from
Colistin for Antimicrobial Treatment of Burn Experimental Antimicrobial activity loaded with colistin was tested for its the hydrogel and acted against
Wound Infection [49] safety and antimicrobial action. Pseudomonas aeruginosa.
Dextran hydrogel scaffolds enhance The dressing i d
angiogenic responses and promote complete . . Murine burn model applicated after € dressing Improve
¢ . . Experimental Wound healing . neovascularization and
skin regeneration during burn wound early burn wound excision :
. wound healing
healing [50]
Hydrogel from chemically modified The novel d_ressing was proved to be
. .. hyaluronic acid (HA), dextran (Dex), safe and tg improve wound healing.
In situ formed anti-inflammatory hydrogel and B-cyclodextrin (B-CD) integratin The density of CD31 and «-SMA,
loading plasmid DNA encoding VEGEF for Experimental Wound healin; 4 8 8 haracteristic for new vessel. "
& R g 8 resveratrol (Res) and vascular characteristic for new vessels, were
burn wound healing [51] endothelial growth factor (VEGE) was increased. Levels of IL-1f3 and
f tg f t model TNF-« in the treated wounds were
ested on a rat model. similar to correctly healing wound.
Bilayer hydrogel with autologous stem cells Human ADSCs incorporated in PEG AESCI./ PEG hyd;(f)glelli}imgoved
derived from debrided human burn skin for Experimental Wound healing hydrogel and applicated on full caling even Of IUtl thickness

improved skin regeneration [52]

thickness burn wound rat model

wounds and stimulated
dermis remodeling
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Table 1. Cont.

Study Study Type Dressing Activity Patients and Methods Outcomes
A rabbit model was used to evaluate
Non-stick hemostasis hydrogels as dressings features of potentially hemostatic The hydrogels showed hemostasis,
. - oI5 Nyarog & . Antimicrobial activity, multifunctional hydrogel composed of anti-protein absorption, and bacterial
with bacterial barrier activity for cutaneous Experimental

wound healing [53]

wound healing

poly (vinyl alcohol), human-like
collagen (HLC) and sodium
alginate (SA)

barrier activity. No cytotoxicity
was observed.

Successful prevention of secondary burn

Microcapillary gelatin- alginate
hydrogel with infused anti-TNF o was

The novel dressing reduced depth of
thermal injury and promoted wound

progres510n£i;§elr£31er{1fa%}1ydrogel: A Experimental Wound healing tested for efficiency and safety in a healing by downregulation of
- murine model. proinflammatory cytokines.
s The hydrogel promoted wound
bFGF and collagen matrix hydrogel attenuates }ﬁ:g}llag;n }11 ydroglefl ‘é\’,lth, 1nc0rp0rateci1 healing by NGF, stimulation of
burn wound inflammation through activation Experimental Wound healing and silver sulfadiazine was teste fibroblast proliferation, increasing

of ERK and TRK pathway [55]

in a rat model and evaluated for
efficiency and safety.

neoangiogenesis. No serious

cytotoxicity was observed.

5. Antimicrobial Activity

The skin, the largest organ in the body, provides primary protection against a wide
variety of pathogens, by acting as a physical barrier. If it is damaged, bacteria can directly
infiltrate the body, resulting in infection. Infection is the most common cause of mortality
in burn patients. Management of burn wound infection involves the use of topical an-
timicrobial agents, systemic antibiotics, early debridement of dead tissue, and the use of
appropriate dressings. The latter should be considered an essential infection control tool,
as many are capable of physically preventing the transmission of pathogens [56-59].

Hydrogels are ideally used during the first hours after injury, but as they do not have
antimicrobial properties per se, they might not prevent wound infection. The connections in
the structure of the hydrogel prevent bacteria from reaching the wound surface, while en-
abling water evaporation and oxygen penetration to the wound [60,61]. Most the hydrogel
sheets do not have an antimicrobial agent incorporated. To address infections, betadine of
chlorhexidine dressings can be applied over the hydrogel [36], or the hydrogel structure can
be enriched with active substances. The structure of hydrogels can act as a vector for active
antimicrobial substances. Ionized silver nanoparticles incorporated in hydrogel structures
are used to create even more effective dressings and unfavorable conditions for bacterial
growth [40,62,63]. Studies showed that dressings with this technology effectively inhibit
the growth of pathogens, such as Pseudomonas aeruginosa, Staphylococcus aureus (MSSA and
MRSA), and Enterococcus faecalis (VRE), and they also delay the formation of biofilm on the
wound surface [41,62]. Hydrogels containing silver nanoparticles are not cytotoxic, and as
much as 82% of the silver contained in the dressings is released during the first 72 h after
application [40,42]. However, a 2010 study by Grippaudo showed that hydrogel dressings
did not reduce the incidence of generalized Pseudomonas aeruginosa infections requiring
intravenous antibiotics [25,41,64]. A hydrogel with oxidized dextran (ODex), adipic dihy-
drazide grafted hyaluronic acid (HA-ADH), chitosan (HACC), and silver nanoparticles
potentially prevent E. coli, Staphylococcus aureus and Pseudomonas aeruginosa infections [65].
Hydrogels also have antifungal properties [41]. Microporous chitosan hydrogen/nano zinc
oxide composite bandages showed good antimicrobial activity due to release of reactive
oxygen species (ROS) by zinc [43]. Hydrogels containing 1% sulfadiazine improved wound
healing [44]. Honey can be incorporated in the hydrogel structure, reducing secretion
of proinflammatory cytokines (L-1c, IL-1$3, and IL-6) [45,46]. Colistin can also be incor-
porated in the hydrogel matrix. Such a combination was shown to be effective against
Pseudomonas aeruginosa [45]. Furthermore, minocycline and gentamicin can be incorporated
in the hydrogel matrix [47]. The main drawback of the dressing might be quick release of
the antibiotic.

Porous polysaccharide-based hydrogels can be cross-linked with active substances,
such as oils extracted from aromatic plants, including terpenoids and terpenes. Essential
oils are active against Gram-positive and Gram-negative bacteria and have antioxidative
capacities [48].
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6. Promotion of Wound Healing

Hydrogels containing chitosan promote fibroblast proliferation and secretion of colla-
gen type III, as well as macrophage migration and burn wound autolysis [38]. Hydrogels
can improve neovascularization. Cells from the wound can infiltrate the structure of the
hydrogel even up to 100 pm within the first 24 h [43]. In histopathological specimens, new
vessels were observed, and the dressing accelerated epithelial proliferation [49]. Dextran
hydrogels stimulate neovascularization by increasing detectable VEGFR2 and stimulating
luminal structure formation [50,66]. Hydrogels can also be a vector for plasmid transfer.
Plasmid DNA encoded with vascular endothelial growth factor (pDNA-VEGF) and anti-
inflammatory resveratrol were incorporated into a hydrogel scaffold and tested on a rat
model. The density of CD31 and «-SMA, characteristic of new vessels, was increased.
What is more, the levels of IL-1p and TNF-« in the treated wounds were similar to levels
observed in a healing wound, with upregulation within 7 days and downregulation in the
late stage of wound healing, unlike in the case of untreated wounds, in which presence of
proinflammatory pathways was observed for longer [51].

Adipose derived stem cells can also be incorporated in PEG hydrogel [52]. Such
dressings were used in full-thickness thermal burns in a rat model, and improved wound
closure (95% vs. 79% with a saline gauze). They stimulated granulation and remodeling of
the dermal layer. Adipose derived stem cells (ADSC) are multipotent cells that do not prolif-
erate in vivo but act as regulatory cells [67]. They are characterized by expression of CD34+,
CD44+, CD31—, and CD45— on the surface of cell membranes [68]. They have a high ability
to stimulate regeneration and promote neoangiogenesis in the dermis [68-70]. They secrete
many growth factors, included for fibroblasts (FGF), the endothelium (VEGF), as well as
anti-inflammatory cytokines. ADSCs stimulate tissue regeneration, promoting the secretion
of proteins and glycosaminoglycans of extracellular matrices, such as collagens I, II, III,
and V, elastin, but also metalloproteinases [71,72]. ADSCs activate skin fibroblasts through
various pathways, including Wnt/ 3-catenin, PI3K/Akt, through insulin-like growth factor
(IGF), and IL-1 [71]. ADSCs also have paracrine properties. They secrete exosomes and
microbubbles containing proteins, nucleic acids, lipids, and enzymes [72]. The mechanisms
triggered by ADSC are non-specific pathways of the immune response [67].

Low levels of reactive oxygen species (ROS) promote wound healing by stimulating
cell migration and angiogenesis but excessive ROS can lead to cellular damage and impair
healing processes. Therefore, maintaining the balance of redox in cells is also beneficial in
the treatment of a burn wound. In order to improve wound healing, hydrogel dressings
with antioxidant functions have appeared, creating more favorable conditions for the
wound healing. These types of dressings can remove excess ROS from burn wounds to
reduce oxidative stress and ultimately achieve enhanced wound repair [53,73-76].

Extra cellular matrix hydrogels promote natural healing capacities and may contain
hyaluronic acid and gelatin [77]. Microcapillary gelatin-alginate hydrogel with infused
anti-TNF « decreased the rates of burn wound conversion to full-thickness in a murine
model [54]. Alginate-containing hydrogels present hemostatic properties as well [78]. Fur-
thermore, growth factors can be incorporated in the hydrogel matrix. A collagen hydrogel
with incorporated bFGF and silver sulfadiazine increased wound re-epithelialization. bEGF
stimulated migration of fibroblasts and synthesis of collagen, as well as promoted angio-
genesis. It also promoted wound healing by pathways for nerve growth factor (NGF),
tropomyosin-receptor kinase A (TrkA), p-TrkA, extracellular regulated kinase 1 and 2
(ERK1/2), p-ERK1/2, NF-kf, and p-NF-kj [55].

7. Thermo-Sensitive Hydrogel

Physical properties of resembling living tissues provide unique properties of hydro-
gels. Traditional inert hydrogels cool the burn wound. Thermo-sensitive hydrogels are an
excellent example of smart hydrogels and are the best-studied polymer systems. Thermo-
gels’ gels can be divided into negatively thermo-sensitive and positively thermo-sensitive
hydrogels [79]. Temperature changes can induce solution to gel transition in the case of
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thermo-responsive hydrogels. Thermo-responsive hydrogels can undergo phase transition
or swell/deswell as ambient temperature changes, endow the drug delivery system with en-
hanced local drug penetration, desirable spatial and temporal control, and improved drug
bioavailability. The most commonly used thermogels are poly(N-isoprolylacrylamide), pNi-
PAAm 32, poly(ethylene glycol), PEG 120, poly(propylene glycol), PPG 50, poly(methacrylic
acid), PMAA 75, poly(vinyl alcohol), PVA 125, poly(vinyl pyrrolidone), PVP 160, and
methylcellulose, MC [80]. The phase transition at physiological temperatures, in addition
to injectability and easy drug loading in sol phase, enables thermogels to be widely used in
drug delivery systems [37]. Hydrogel properties led to the development of systems with
controlled drug release, high drug concentration in the tumor site, prolonged topical resi-
dence time, sustained drug release, and reduced systemic side effects because of minimal
invasiveness. To date, thermogel delivery systems were used in transdermal [81-83], ocu-
lar [84-86], nasal [87-89], buccal [90,91] drug delivery systems, as well as anti-tumor [92-94]
drug delivery systems in cancer and chronic diseases treatment.

In recent years thermogels were tested in three-dimensional cell/stem cell culture
in order to regenerate tissues such as cartilage [95-97], bone [98,99] or nerves [100], and
burn wounds [79,101]. Hydrogels with advanced properties have the ability to mimic
the structure and biological properties of the native ECM [102], thus their use is tissue
engineering is a promising direction of future research.

8. Clinical Application

Hydrogels are widely used in tissue engineering and clinical practice for a wide range
of applications, including burn wound care. Hydrogels can be applied on a burn wound in
the form of a solid sheets or semi-liquid gels (amorphic) (Figure 6).

Figure 6. Types of hydrogels. On the left, an inert hydrogel in a sheet. On the right a semi-liquid,
amorphic form.

Amorphic hydrogels containing polyhexanide (PHMB) can be used in burn wound
treatment. A randomized controlled single-center study revealed that such hydrogel was
superior to sulfadiazine ointment in terms of pain management and wound staining [103].
PHMB is recommended as an antiseptic in burn wound management [104]. A hydrogel
scaffold with incorporated PHMB reduced the incidence of wound infection [105]. An
amorphic hydrogel with PHMB can also be applied to stimulate ‘wet” healing after en-
zymatic debridement with bromelain [106]. The hydrogel is applied in the third step of
the procedure, after a wet-to-dry dressing post the procedure. It is usually applied over
a meshed paraffin gauze. Enzymatic debridement of burn wounds using bromelain is
becoming an increasingly appreciated method. Bromelain is derived from pineapple stems
and indicated for the removal of dead tissue in thermal burns. This solution does not
work on dry wounds, which is why a moist environment needs to be ensured. Hydrogels
effectively maintain moisture balance in the wound and can therefore be used at several
stages of the enzymatic debridement procedure. Longer soaking or specialist dressings,
such as hydrogels, need to be applied to improve wound status before the procedure is
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carried out. The key aspect of post-debridement wound care involves preventing the
wound from desiccation. If the wound dries, pseudoeschar will occur, which may neces-
sitate additional surgical procedures and may also result in longer treatment and worse
outcomes. Hydrogels are very effective and useful in maintaining wound moisture after
the procedure is completed [107,108]; Figure 7 shows an example of use of a semi-liquid
hydrogel to maintain adequate moisturization of wound bed after enzymatic debridement.

Figure 7. Application of amorphic hydrogels containing polyhexanide (PHMB) after enzymatic
debridement.

Hydrogels can also be applied in facial burns. Burd et al. reported application of
inert hydrogels later during the first day after the injury and on different types of burn
wounds. Non-exudative partial-thickness facial burns cured under a hydrogel mask within
10 days, whereas exudative partial-thickness burns might require additional interven-
tion [36]. Using a hydrogel mask in second-degree facial burns accelerates healing and
reduces scarring [109]. In full-thickness burns, hydrogels can be applied on a meshed skin-
graft using a ‘sandwich technique’ to improve graft adherence and healing. Hydrogel sheets
can also be used on a donor site after skin is harvested for transplantation. The dressing can
be removed even after 10 days, when it becomes ‘crispy’. The donor site will epithelialize
under the hydrogel [36]. Table 2 summarizes clinical studies regarding hydrogels.

Table 2. Clinical evidence for hydrogel application.

Study

Study Type Patients and Methods Outcomes

Pre-hospital management of burns by
the UK fire service [20]

62 UK fire and rescue services were 76% use hydrogel dressing, while 37%

A questionary

questioned about first aid in burns

would cool the wound with hydrogel

Effectiveness of a hydrogel dressing as
an analgesic adjunct to first aid for the
treatment of acute pediatric burn
injuries: a prospective randomized
controlled trial [22]

A prospective randomised
controlled trial

Children were enrolled into two
groups: intervention with inert
hydrogel or control with
polyvinylchloride film

No significant between-group
differences in pain scores were found
between 17 paediatric burn patients
who received hydrogel dressings and
those who received standard care

Evaluating the use of hydrogel sheet
dressings in comprehensive burn
wound care [36]

A prospective clinical observation

50 burn wounds in 30 patients treated
with hydrogel sheets. Full-thickness
and partial-thickness burn wounds, as
well as the donor areas were treated.

No adverse events were reported. The
hydrogel dressing reduced pain,
improved wound healing

Clinical safety and efficacy of a novel
thermoreversible
polyhexanide-preserved wound
covering gel [104]

A randomized controlled
single-center study

44 patients, test group—hydrogel with
polyhexanide, control
group—ointment with sulfadiazine

There was less pain and wound
staining in the test group. Hydrogels
were safe and effective.

Clinical Performance of
Hydrogel-based Dressing in Facial
Burn Wounds: A Retrospective
Observational Study [109]

A retrospective observational study

21 patients with burn enrolled in the
study, a hydrogel mask was used. Full
epithelialization took 10.86 days

Hydrogel mask improved healing and
reduced scarring in a group of patients
with second-degree facial burns.
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Hydrogels are transparent and an ultrasound examination is feasible through the
dressing [110]; however, different types of hydrogels can reduce transmissivity [111].

9. Conclusions

Hydrogels are safe and efficient in burn wound management. They can be used during
all stages of burn wound treatment. Hydrogels are a dynamically developing group of
dressings. Their structure makes them a good vehicle for active substances, including
antimicrobials, wound healing promoting factors, biological agents, or growth factors.
Most of the available hydrogel dressings have been tested on animal models. Multicenter
clinical observations need to be performed to evaluate the actual clinical efficacy.
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