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Abstract: Although a slight imbalance between oxidative and antioxidative mediators is part of nor-
mal physiology that enables cell aging and the removal of dead cells, burns disturb this equilibrium
locally and systemically. Topical burn dressings may attenuate local and systemic oxidative stress
and positively influence the post-burn clinical course. This review integrated knowledge regarding
the impact of burn dressings on oxidative stress. Using keywords and in-text searches, literature
was identified from PubMed, Google Scholar, and Google articles, and studies on local or topical
applications of wound dressings and associated oxidative stress were selected. As imbalances be-
tween oxidative mediators and antioxidative agents significantly contribute to organ dysfunction
and healing disturbance, we investigated oxidative stress on organs, metabolic changes, clinical re-
sults, and oxidative parameters influenced by applied dressings. We found positive local and sys-
temic effects of external burn dressings in laboratory and animal tests; however, such studies were
rare in humans. Nevertheless, we identified successful cases of semi-occlusive, occlusive, and bio-
logically active dressings that reduce oxidative stress in human burns. In particular, we highlight
promising clinical and laboratory results from lactate-releasing dressings. Our review provides an
invaluable resource for future development and clinical applications of burn dressings.
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1. Introduction

Chemically, reactive oxygen species (ROS) are highly reactive free radical molecules
with an unpaired outer orbital electron. ROS is a collective term for many oxygen-contain-
ing reactive species, including superoxide as the most critical, hydrogen peroxide, nitric
oxide, hydrogen radicals, singlet oxygen, peroxyl radicals, alkoxyl radicals, peroxynitrite,
and others [1]. Ongoing research on the effects of free radicals began in 1900 [2] and has
continued over the years, with nine researchers receiving Nobel prizes for related research
between 1900 and 2020 [3].
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ROS contributes to normal cell metabolism. They are integral to energy provision and
function as signaling molecules. They can cause cell damage and death unless balanced
with antioxidants. ROS and reactive nitrogen species can be derived from the mitochon-
drial respiratory chain in mitochondrial membranes via oxidoreductases, and by the Fen-
ton reaction in peroxisomes, the endoplasmic reticulum, xenobiotic mechanisms in lipo-
philic substrates, unsaturated fatty acid production, protein folding, and arachidonic acid
production in the plasma membrane. In addition, the lysosomes also produce ROS. Mito-
chondrial nitric oxide synthase (MitNOS) may be involved in reversing the inhibition of
cellular respiration to pathological inhibition by ONOO- [4].

In corporal burns that exceed approximately 20% of the total burn surface area
(TBSA), the local inflammatory reaction becomes systemic, and the body produces an
acute phase response [5] and produces ROS to eliminate dead tissue for subsequent re-
placement.

Excess ROS production leads to the synthesis of proinflammatory cytokines, includ-
ing tumor necrosis factor (TNF)-a or interleukins (ILs), such as IL1-b, IL-6, IL-8, and IL-
10. Moreover, excessive ROS levels can negatively affect cell physiology and wound heal-
ing, reducing oxidative stress essential in burn treatment. Oxidative radicals can change
capillary permeability and lead to edema generation with disturbance in organ perfusion
resulting in ileus [6], compartment syndromes, wound healing disturbances [7,8], burn
shock, and imbalance between intra- and extravascular fluid, which leads to organ failures
such as acute kidney injury (AKI) or a deterioration of the heart function with an accom-
panying cytokine storm. Additionally, muscle cell degeneration, hypermetabolism, long-
term neurodegeneration, and liver dysfunction are normal body reactions following oxi-
dative imbalance. Mitochondria, the ATP providers, inflammasomes, and peroxisomes are
essential sources of ROS in this situation.

Diverse methods have been used to reduce the harmful effects of oxidative stress and
its complications. Current treatment standards in burns intend to resolve the burn-imma-
nent oxidative imbalance and the burn shock caused by direct tissue injury, hypovolemia,
and multiple mediators due to an imbalance in oxygen needs and availability by fluid
therapy, pain management, and energy loss reduction. Early necrosectomy, metabolic bal-
ancing, vitamin and trace element supplementation, and systemic and topical treatment
strategies have been proven successful and are standard care practice in many burn units.
Although the systemic use of antioxidants has been explored in a broad range of studies,
little research has been conducted on the influence of specific dressings on oxidative stress
in burn wounds. Dressings, however, have imminent impact on systemic and local burn
wound metabolism and healing.

Dressings reduce temperature, energy, and fluid loss, prevent infection, influence
metabolism positively, and reduce healing time; however, there are limited reports on
burn wound treatment with antioxidative dressings and their effect on clinical parame-
ters. Additionally, reports on measurable oxidative stress parameters demonstrating the
effects of antioxidative dressings and their results in more extensive studies are lacking.

In this review, we examine the impact of occlusive and non-occlusive dressings and
the impact of different dressing types on oxidative stress used during burn therapy. We
focus on clinical parameters such as skin quality, healing time, reduction in areas requir-
ing grafting with split-skin in partial-thickness burns, and the necessity of dressing
changes. Additionally, laboratory parameters such as total oxidant capacity (TOC), total
antioxidant capacity (TAC), GLDH, TBARS, and cytokines, such as TNF-a, IL-6, and trans-
forming growth factor (TGF)-[3, were used to test the hypothesis that antioxidative dress-
ings has positive effects on wound healing.

This review promotes knowledge about burn treatment based on reducing local and
systemic oxidative stress by topical membrane application, using positive side effects,
such as reducing pain and water loss, providing a bacteria-proof barrier, and reducing
workload. In addition, a shorter healing time, reduced local and systematic inflammation,
and improved skin quality suggest that treatment with antioxidative dressings is a feasible
and powerful strategy.
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2. Literature Search

We searched PubMed and ScienceDirect and used Google Scholar and Google to
identify appropriate studies using the keywords: “dressings,” “products,” “inflamma-
tion,” and “oxidative stress in burns.” Specific brands and generic names were also used.
Critical terms included inflamm*, oxid* antioxid*, MDA, catalase, and lipid peroxi*.
Twelve clinical studies were selected from 71 retrieved studies, where only two clinical
trials were unrelated to sunburn, UV irradiation, or NO: pain treatment. We also used
reference lists of retrieved papers in our analysis.

As demonstrated in Figure 1, we performed a structured search of articles using Pub-
Med, Google Scholar, ScienceDirect, and Google, focusing on four main topics: 1) dress-
ings and synonyms, 2) a search for products used as medical dressings, 3) inflammation
and keywords for oxidative stress, and 4) Medical Subject Headings (MESH) burns.

Search strategy for papers dealing with the
Influence of dressings on oxidative stress

in burns
Dressings and Oxidative stre_ss
and Inflammation
Templates:

T Inflamm*[Title/Abstract]) OR
dress™[Title/Abstract] OR antiinflamm*[Title/Abstract]
epiderm*[Title/Abstract] OR OR oxida*[Title/Abstract]
substit*[Title/Abstract] OR antioxid*[Title/Abstraci]
OR (derm*[Title/Abstract] OR MDA[Title/Abstract] OR
OR (templat*[Title/Abstract] malondial[Title/Abstract]
OR (membran*[Title/Abstract OR GLD"[Title/Abstract] OR

- catalase[Title/Abstract] OR
] OR (skin[Title/Abstract] TBAR(Title/Abstract] OR
OR (substitu*[Title/Abstract] lipid peroxi*[Title/Abstract ]
OR (allografts*[Title/Abstract]
OR (autolog*[Title/Abstract]
OR (xeno*[Title/Abstract]

(burns[MeSH Major Topic]) OR (burns[Text
Word])
1847

Filters for all queries: Controlled Clinical
Trial in humans: 71

Excluded: all papers not relevant for the research question
treatment with dressings and measurable impact on oxidative stress

Figure 1. The structured approach to finding relevant literature.

Next, we performed another series of searches using the brand and generic names of
relevant products, where the search terms “agar,” “alginate,” “carrageenan,” “pectin,”
“gelatin,” “hydrogel,” “Poly Lactic-co-Glycolic Acid (PLGA),” “Polyurethane (PU),” “Pol-
ycaprolactone (PCL),” “Kerecis,” OR “fish skin” were used. The synonyms we searched
for are shown in Figure 1.

Finally, the set was completed using the references cited in the retrieved papers. We
retrieved 71 studies directly related to oxidative stress in burns.

3. Effects of Oxidative Stress on Burn Injuries

ROS are integral components of multiple cellular pathways, and excessive ROS dam-
ages cells. Additionally, oxidative stress, trace elements, and vitamin deficiency correlate
with burn injury severity, prognosis, and length of hospital stay [9-13], significantly im-
pacting wound healing, organ function, and patient outcomes. Therefore, a short over-
view of the effects of oxidative stress in burns is given below.
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Shedding the endothelial glycocalyx, which usually protects the vascular endothe-
lium, ROS, and proinflammatory cytokines, can cause capillary leakage and lead to edema
development by activating heparinase and matrix metalloprotease [9,10]. The shedding of
the endothelial glycocalyx decreases endothelial NO synthase activity, producing NO
through a process regulated by mechanotransduction [11]. Reduced endothelial NO syn-
thase activity releases ROS, creating a positive feedback loop and an inflammatory cas-
cade. As a result, levels of the intravascular fluid necessary to maintain organ perfusion
are reduced. Capillary leakage [12] may represent the foundation of organ failure, as it
reduces blood circulation and often leads to compensatory hyperresuscitation, resulting
in "fluid creep" [13].

Additionally, accumulated interstitial fluid can cause pulmonary edema, bowel wall
edema [6], paralytic ileus, malabsorption, anastomotic leakage, and disturbed wound
healing [7,8], which may lead to possible ocular, extremity, and abdominal compartment
syndromes and AKI. Furthermore, upper respiratory tract edema can cause airway ob-
struction and bronchospasms, and chemical substances can damage the lower respiratory
tract, which is aggravated by inhaling irritants such as smoke, resulting in ROS release
and inflammation [14]. The effect of ROS on inflammation was verified in IL-6 knockout
and anti-IL-6-treated mice, in which reduced pulmonary inflammation was observed [15].
In contrast, myeloperoxidase levels in the lung increased after burn injury, and oxandro-
lone could not attenuate it [16].

The heart function immediately after the burn deteriorates in an “ebb phase.” The
patient becomes tachycardic and hyperinflammatory after 48 h [17]. Therefore, it has been
hypothesized that burn-induced cardiac depression is related to the inability of p-adren-
ergic receptors to react to the added stimuli. Calcium metabolism may play a role, and
superoxide influences this [18]. Prolonged depletion of Ca? stores via the leakage of the
sarcoplasmic reticulum leads to reduced myocyte contractility. Mitochondrial Ca? over-
load precedes ventricular contractile dysfunction, suggesting that Ca?* disturbances in-
duce this dysfunction [19].

AKI from burns occurs mainly during the shock phase [20] and leads to the accumu-
lation of toxic nitrogen byproducts and a reduction or cessation of urine excretion.
Hypovolemia, mechanical tissue destruction, and cardiac dysfunction combined with the
elevation of inflammatory mediator levels are components of early AKI [21]. Oxidative
stress may be a mechanism for later AKI after burn injury, predominantly in sepsis [22].
Burn injuries may also cause compartment syndrome-releasing myoglobin by rhabdomy-
olysis and precipitation in the renal tubules generating free oxygen radicals [23]. Utilizing
immune cells and mediators, radicals can cause AKI [24]. Additionally, ROS can depolar-
ize the glucosamine chains of proteoglycans, which may increase the permeability of glo-
merular glycocalyx, causing proteinuria [25].

Hypermetabolism and hypercatabolism are side effects of mitochondrial oxidative
stress injury that cause oxidative stress and affect bone and muscle. Mitochondrial oxida-
tive stress injury depresses muscle cells and muscle mass as a long-term persistent re-
sponse to burn injuries. Based on observations after burning in murine white adipose tis-
sue, the existence of thermogenically functioning mitochondria and proton leakage, with
uncoupling and apoptosis as regulatory mechanisms of oxidative stress, has been pro-
posed [26]. Furthermore, researchers have reported that muscles local to the burn wound
exhibit diminished coupling of the respiratory chain to ATP production and increased
apoptosis under ROS influence, compared to that in distant muscles [26]. Therefore, ROS
forms a part of the hypermetabolic response by muscle mass loss and reduced biosynthe-
sis of muscular proteins.

Furthermore, oxidative stress aggravated by hypermetabolism may exceed the pro-
tein folding capacity of mitochondrial degraded, misfolded, and damaged proteins [27]
and activate mitophagy or apoptosis [28-30]. In addition, intensive care-mediated seda-
tion contributes to muscle loss by inactivation [31,32]

Therefore, the attenuation of hypermetabolism may rely on a decrease in oxidative
stress, potentially by improving mitochondrial function [27].
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Oxidative stress in burn injuries is attributed to long-term neurodegeneration, as mi-
tochondrial dysfunction affects oligodendrocytes, which manage axon myelination.

After acute burn injury, liver dysfunction can increase the mortality risk, as demon-
strated by Gong et al. in young adults with excessive burns [33]. Malondialdehyde levels,
which indicate oxidative stress in the liver, increase after burn injury, and oxandrolone
treatment can reduce these levels [16]. Furthermore, liver weight increases significantly
after burn injury due to hepatic edema formation [34]. In association with hypermetabo-
lism and elevated catecholamine levels, stimulated lipolysis and white adipose tissue
browning after burn injury are accompanied by uncoupling protein accumulation in
white adipocytes [35] and hepatic steatosis.

3.1. Burn Wound Progression

Burn wound progression, or the deepening of a burn wound from superficial to deep,
is linked to oxidative stress and is considered multicausal. Most studies have investigated
apoptosis in the early period after injury when no therapeutic actions can be taken [36].
Shupp et al. claimed that oxidative stress-induced endothelial damage contributes to tis-
sue damage [36]. Lanier et al. [37] found that necrosis, not apoptosis, is the most promi-
nent cause of cell death during burn injury progression; furthermore, showed significant
advancement of necrosis at 1-4 h post-burn and concluded that interventions should be
performed within 4 h after injury to reduce progression. Apoptosis was not identified as
a part of early burn wound progression but was observed at necrotic and viable tissue
borders. Gravante et al. [38] reported reduced autophagy levels and increased apoptosis
and inflammation levels during early wound progression, with elevated myeloperoxidase
activity in the superficial layers. However, elevated levels of autophagy were detected in
the deep layers and interpreted as a protective mechanism.

Reducing oxidative stress via curcumin therapy improved wound healing in the
“mid anaphase" [39,40]. Moreover, the application of lactate polymers [41], which degrade
into lactate and lactic acid [42], may promote healing, as lactate inhibits Transient Recep-
tor Potential Vanilloid 1 (TRPV1) channels [43] and has antioxidative properties [44,45].
However, the beneficial effects of dressings on burn wound progression depend on mov-
ing the balance from the activation to the inactivation of free radicals [46,47]. In addition,
changes in perfusion, temperature, edema formation, and toxic serum species can influ-
ence the degree of necrosis.

3.2. Keloids and Hypertrophic Scarring

Keloids and hypertrophic scarring result from disturbed wound healing. Ogawa sug-
gests viewing both fibroblastic disorders as the consequences of endothelial dysfunction
and inflammation of the dermis of different degrees [48]. Predisposing components delay
wound healing, wound depth, the tension of the scars, hypertension, sex hormones, and
cause a disbalance of oxidant and antioxidant mediators in the dermis.

3.3. ROS Levels are Essential Components of Wound Healing and Hypertrophic Scar
Development

The proliferation of dermal fibroblasts and the ECM is attributed to different path-
ways, such as the TGF-/Smad, PI3k/AKT, or p38/MAPK pathways [49] to matrix metallo-
proteinases, tissue inhibitors of metalloproteinases, and decorin [50]. Higher levels of ROS
in hypertrophic scar fibroblasts were confirmed having a reduced expression of nuclear
factor-erythroid 2-related factor 2 (Nrf2) and a downregulation of ROS-scavenging genes
[50,51]. Endogenous ROS scavenger administration is postulated as prophylaxis or as a
treatment option to balance ROS and antioxidants and attenuate the symptoms of scars
[52]

Adipose-derived stem cells suppress hypertrophic scar fibrosis via the p38/MAPK
pathway [49] or promote apoptosis by inhibiting Nrf2 and decorin expressions in hyper-
trophic scar fibroblasts [53]. In addition, the inhibition of collagen production by the TGEF-
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[B/SMAD pathway-mediated CRIF1 inhibition might be an additional way to negatively
influence hypertrophic scar formation [54].

The effects of adipose-derived stem cells on hypertrophic scar fibrosis were tested
successfully in vitro and in vivo [54]. However, no applications in humans have been doc-
umented to date.

3.4. Oxidative Stress and Post-burn Metabolic Changes

TNF-a and NLRP3-positive inflammasomes are activated by an increase in unsatu-
rated fatty acids, ROS, and mitochondrial dysfunction and can mediate the secretion of
IL-1B and IL-18 and play a critical role in post-burn inflammation-induced protein break-
down and hypermetabolism under oxidative stress [27]. Di Gioia et al. demonstrated that
the endogenous oxidization of lipids promotes hyperinflammation by the hyperproduc-
tion of IL-1f3 in lipopolysaccharide-stimulated macrophages [55]. Metabolic disorders
closely related to oxidative stress [56,57] in burns linked to IL-1-f3 and IL-6 [58] include
insulin resistance, muscle loss, mitochondrial dysfunction, and hyperlactatemia. Addi-
tionally, cytokines downregulate the expression of insulin receptor substrate 1, potentially
contributing to hyperglycemia and elevated metabolic responses upon thermal injury [59].

Catalase is primarily found in peroxisomes and erythrocyte cytosol. It is highly con-
centrated in mitochondria in the liver and is a crucial antioxidant that mediates the con-
version of cellular H20: to water and oxygen. It is a central redox molecule in several bio-
logical processes [60]. Depending on its concentration, the cellular context, and kinetics,
catalase can either activate highly toxic hydroxyl radicals with redox-active metal ions and
physiological levels of H2O: or function as a signaling molecule [61-64]. Catalase defi-
ciency results in insulin resistance, and oxidative damage to p-islets mediates it [64]. Con-
versely, catalase overexpression improves mitochondrial function in insulin-resistant
muscle cells. Insulin resistance reduces glucose uptake in muscular cells, and catechola-
mines, corticosteroids, and inflammatory mediators induce hypermetabolism. Muscular
catabolism triggers a loss of muscle mass as overall protein synthesis is reduced [65]. Be-
cause of the influence of peroxisome proliferator-activated receptor gamma [66], the risk
of metabolic syndrome [67], hypermetabolism, and white adipose tissue browning by ox-
idative uncoupling has been hypothesized. Other suspected activating factors for white
adipose tissue browning include catecholamines [68], glucocorticoids [69], cytokines [70],
glucagon [71], and mitochondrial damage [72].

4. Oxidative Stress: Definitions and Critical Players

Tissue damage by thermal injury releases damage-associated molecular patterns
(DAMPs) that activate High Mobility Group Box 1 (HMBGL1), transmembrane receptors (TLRs),
and intracellular receptors (NLRs), enhancing the inflammatory response, as demonstrated
in Figure 2.
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Pattern recognition and inflammatory pathways in burns

Transmembrane receptor Danger signals rel'eased from damaged Intracellular receptor
or dying cells
TLR HMGB1 NLR
Pathogen recognition Pathogen recognition Pathogen recognition
via PAMPS, via PAMPS via PAMPS and DAMPS
activates NF-kB and IRF, Activates immune system after binding to NOD1 and NOD2 receptors
pro-inflammatory cytokines - TLR4 can enhance TLR Pathways
depending on TLR type
(TNF-q, IL-1B, and IL-6, IFN, Release of proinflammatory cytokines Can induce inflammasomes
CXCL8/IL-8, CCL2/MCP-1CCL2/MCP- (TNF-a, IL 1-B) IL-1p and IL-18

1

and CXCL10/IP-10 Induces endothelialjcell migration and
\ angiog¥nesis
recruit neutrophils, monocytes, and natural
killer cells, macrophages, dendritic cells, B
cells, and some types of T cells. TLRs are
also expressed on non-immune cells such as ‘
epithelial cells and fibroblasts.

Figure 2. Pattern recognition and inflammation pathways in burns. When cells die or are damaged,
they can release High Mobility Group Box 1 (HMGBI), a damage-induced molecular pattern
(DAMP) that activates leukocytes. In its oxidized form, HMGB1 amplifies the cytokine response.
Transmembrane receptors (TLRs) and intracellular receptors (NLRs) work together to defend
against pathogens and regulate the inflammatory response. Macrophages can also release HMGB1
as a pattern recognition receptor.

HMGB1 is an endogenous mediator that increases the affinity of transcription factors
and amplifies the inflammatory response [73]. Dependent on the redox state of the mole-
cule, HMGB1 is a critical factor in triggering chemoattraction and cytokine responses dur-
ing inflammation [74].

Pattern recognition Toll-like receptors (TLRs) react with fragmented-extracellular
and Nod-like receptors (NLRs) in response to the extracellular presence of intracellular
particles [75]. TLRs and NLRs are expressed by polymorphonuclear leukocytes and epi-
thelia and activated simultaneously by alarmins with common precursors of mono-
cytes/macrophages [76-78]. Figure 3 describes the main functions of mitochondria, in-
flammasomes, and peroxisomes.
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Main functions of mitochondria, inflammasomes and
peroxisomes:

» energy metabolism
» fatty acid beta-oxidation
»  part of antiviral innate immune response

Mitochondria; Inflammasomes: Peroxisomes:
»  Production and release of energy-rich phosphates »  Promoticon of secretion and maturation of »  Degradation of hydrogen peroxide (H202) by
from carbohdrates (ATP-synthesis) proinflammatory cytokines (IL 18; IL 1beta) enzymes (oxidases and catalases)
: ge"’t'”a up ;f Ce_‘lsla”d buz’;’ 4 dearadati »  Activation of inflammatory responses » Binding of free radicals
ace for chemical assembly and degradation - ) ) . ) I
pr%cess to Occu'r; Y ¢ »  Activation of secretion, proteolytic cleavage »  Taking part in the detoxification of ROS
»  Oxidative phosphorylation and maturation of pro-inflammatory > Metabolizing amino acids, polyamines and
>  Gluconeogenesis cytokines interleukin-1p (IL-1B) and carbohydrates by transferring electrons to
»  Fatty amino oxidation interleukin-18 (IL-18) oxygen from various metabolites
»  Citric acid cycle »  Cleavage of gasdermin-D with induction of » Regulation of free radicals
¥ Temporary calcium storage pyroptosis »  Generation and elimination of H,0,, HP and
»  Production of ROS even under normal metabolic » . . o-
conditions ROS Detection of pathogen-associated rn_olecular 2
»  Stimulation of NADPH oxidase by mitochondrial pat}emls (PAﬂPS) Gde:G:ge-assouabd » Regulation of fatty acid oxidation and fatty acid
ROS, leading to enormous generation of creative molecular patterns ( s) production
0oXygen species »  Activation of inflammatory caspases
»  Association of respiratory O, with ADP
phosphorylation (adenosine diphosphate) and ATP
generation via a proton gradient across the inner
mitochondrial membrane (IMM)
»  Temporary storage organ for calcium

Figure 3. The cooperation of mitochondria, inflammasomes, and peroxisomes. Mitochondria pro-
vide energy for the cells but are also a critical source of free oxygen radicals with multiple other
regulatory functions, inflammasomes activate inflammatory response, and peroxisomes regulate
metabolic and environmental stress [79].

4.1. Mitochondria

Mitochondria, considered the ATP providers and cellular heat sources [80], produce
energy-rich phosphates from carbohydrates and appropriately release and divide ROS.
Mitochondria, inflammasomes, and peroxisomes are critical sources of ROS.

4.2. Inflammasomes

Inflammasomes are multiprotein complexes comprising NLRs and an adapter pro-
tein, apoptosis-associated speck-like protein containing a CARD (ASC), which contribute
to the formation of the effector molecule, pro-caspase 1 [80].

4.3. Peroxisomes

Peroxisomes, which are single membrane-enclosed cell organelles, and inflam-
masomes produce ROS even under normal metabolic conditions [81]. In addition, mito-
chondrial ROS and protein kinases within the electron transport chain stimulate NADPH
oxidase, which is an extensive trigger for the generation of ROS [82].

Antioxidants, such as superoxide dismutase (SOD), catalase, glutathione peroxidase,
and peroxiredoxins [83], build a complex intracellular defense system [82,84]. Uncoupling
mitochondria from ATP generation for heat production is a metabolic strategy used under
oxidative stress to reduce the efficiency of cellular ATP production and produce heat in-
stead of ATP, which can be interpreted as a protective mechanism against oxidative stress
in muscles and organs [84]. In addition, uncoupling proteins attenuates excessive ROS
production by promoting heat production and uncoupling ATP synthesis in cellular res-
piration via proton leaks [84].

However, burn-induced mitochondrial-increased ROS formation causes an unfolded
protein response in the mitochondria and endoplasmic reticulum [85] with potentially
harmful side effects [86]. Responses to uncoupling may include cell death, autophagy,
inhibition of mitochondrial ATP production, thermogenesis, and a decrease in membrane
potential that will modify ROS production [87].


https://doi.org/10.20944/preprints202306.1065.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2023 d0i:10.20944/preprints202306.1065.v1

Mitochondrial uncoupling increases the metabolic rate in burn victims [88]. Inflam-
masomes are critical to wound healing after burning by linking pathogen identification
and immune response [89]. NLR multiprotein complexes form inflammasomes, activating
caspase-1 activation and inducing pyroptotic cell death.

Activated inflammasomes promote the secretion and maturation of proinflammatory
cytokines, such as IL-18 and IL-1f3 [90], via the proteolytic effect of caspase 1 and the cleav-
age of gasdermin. Additionally, gasdermin D forms pores on cell membranes, leading to
a type of inflammatory cell death called pyroptosis [91]. Gasdermin also regulates the IL-
1 release from macrophages, thereby permitting IL-1 passage across intact lipid bilayers.

Peroxisomes, previously known as microbodies, are ubiquitous cellular organelles
with a single membrane. They are formed from the endoplasmic reticulum and play a role
in detoxifying reactive anion species. Additionally, they metabolize amino acids, polyam-
ines, and carbohydrates [92] by transferring electrons to oxygen from various metabolites
[93]. Peroxisomes are not linked to oxidative phosphorylation, but regulate free radicals
by quickly adapting to a changing environment to generate or eliminate H202and O2[93,
94]. Additionally, they play a central role in ROS metabolism and mitochondria [95].
Moreover, they have been identified as central regulators of immune function and inflam-
mation [95] and are considered an essential source of signaling molecules [94].

5. Antioxidative Treatment with Dressings

Antioxidant therapy may promote wound healing beyond re-epithelialization. Vari-
ous topical antioxidant carrier materials have been studied for their anti-inflammatory
and cytotoxic effects in animals and cell cultures. [96-98]. A few studies have investigated
the impact of dressings on systemic oxidative stress in humans after burn injuries, limited
studies have measured the reduction in oxidative stress induced by wound dressings. Ta-
ble 1 and the following sections present various dressings and their effects on oxidative
stress and burn wound healing.

Table 1. Materials and the effect on oxidative stress - status from literature.

Animal or cell

. line tests on Human Effects on oxidative stress Oxidative stress parameters
Material Morphology - . . . .
oxidative application in wounds measured in human burns
stress
Inorganic
Metal chela- . No No No, not in burns, just in
tors Lotions Yes Alzheimer and poisoning If§)9]
Yes, liver cells
Ceri i- duced, i .
erumn Cream reduce . m Yes None described No
trate sperms in-
creased [100]
Concerns

Silver nano-

Creams and ointments,

about toxicity, “Green” nanoparticles

. wound dressings, coat- Yes . No
particles ings, sprays, gels increase of promising
’ ROS [101,102]
Biological
Slower healing Ferulic acid as radical
Potato peels Peel than with Yes scavenger hypothesized.[103] No
honey
iﬂ?iﬁﬂa;:_e Silk fibroin use as a biosensor
Silk Membrane . Yes for oxidative stress suggested No
mune reaction [105]
[104]
Porcine xeno- Membrane Ant10x1d.ant Yes Not described No
graft properties
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properties in

Not proven in humans, no

Amnioti it d ani-
PO Membrane oo and amt Yes difference in healing time to No
membranes mal studies not .. .
. traditional ointments [107]
in humans
[106]
Acellular dermal matrices
Higher macro-
. hage count in Influence in MMPs hypothe-
Apligraf® Memb g Y N
pigra embrane wounds than s sized but not verified [108] ©
with Mepitel
Reduced NO and H202 com-
Alloderm Membrane Yes pared to LPS activated macro- No
phages [109]
Hypothetical
Matriderm Membrane influence on Yes Effect over i\i/lzl\fjs hypothe- No
MMPs [110]
Promotes
growth of ves-
Is and ti : —
Integra Membrane 5 S an 1ss.ue Yes No results on oxidative stress No
no information
on oxidative
stress [108]
Encapsulated medications in carriers
Research product, insu- .
. . Early recruit-
lin release without hy-
oglycemia, treatment ment of neu-
. POgYY ’ trophils, higher Hypothetical reduction of oxi-
Microspheresreduced number of pro- .. . .
) ) . deposition of dative stress by regulating the
of insulin  inflammatory macro- . . . o
. . collagen fibers, No diabetes, lipid peroxidation No
embedded in phages increased upto . . .
i A insulin de- similar in insulin and placebo
polylactides  day 12, IL10 signifi-
creases the lev- treated wounds [111]
cantly elevated through .
. . els of reactive
healing than in placebo “ween :
[111] oxygen species
Encapsulation of antioxidants
Elect in elect fibers, an-
c¢ ro' Spunt Dopamine, Quercetin, Animal tests in 1r} © ?C rospm"l 1j1ano ers an
nanofibers L . . tioxidant activity of the elec-
Vitamin E, and tannic wound healing No . . No
encapsulat- . trospun nanofibers in polylac-
) acid and burns .
ing tides and polycaprolactone
[112]
Hydrogels as carriers
E lated
neapstate Hydrogel stud-
Curcumin in .
. Fully degradable ther- ied up to seven
thermosensi- I .
. mosensitive polymeric days after ap- None
tive poly- . —
e micelles plication
meric mi-
celles [39]
Polyphenols
Antioxidative
. . short-term ef- Nrf2 regulation mechanism is
. Curcumin Chitosan Hy- . o .
Curcumin fect due to vis- No critical for cell protection None

drogels [113] cosity of hy-

drogels

against oxidative damage
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Puerarin and ferulic
acid incorporated in
polydopamine nano-

Puerarin and particles embedded in Ar.1t1ox1.dat1ve Effect on wound healing and
. . inanimal No ) . None
ferulic acid polyethylene nanoparti- stud infection control
cles and embedded in y
polyethylene glycol
[114]

Hybrid hydrogels

Bett ival
Hydrogel incorporating etter surviva

I"olydopa-' polydopamine/puerarin of §tem c.ells l,n No No No
min/puerarin . animals in oxi-
nanoparticles [115] .
dative stress
Matriderm, Integra, Apligraf
Matriderm, Effect on
Integra, Membranes MMPs hypoth- Yes No No
Apligraf esized
Fish skin
Fish skin gel-
atin hydroly- Hydrolysate No No No No
sate
Nanofibers Collagen pro-
from fish Membranes — Hydrogel moting wound Yes Unclear No
skin [116] healing in rats
Wound healing
Acellullar fish Membrane studies w1.th Yes PUVA [117] No
skin better healing
than with SSD
Fully synthetic membranes
Fully syn- Degradaho? of poly?actl'des
7 . and reduction of oxidative
thetic biode- Antioxidative .
Membrane Yes stress parameters and inflam- Yes
gradable pol- [118,119]
. matory parameters locally
ylactides .
and systematically
Fully syn-
thetic biode-

. Oxidative stress can be re-
gradable pol- Membrane Tissue growth Yes duced by added antioxidants No
yurethane

foam

Materials that have the potential to be used for the treatment of burn wounds, and the documented
effects of these products on oxidative stress from literature. Please note that this is an evolving field
of research, and the information in this table may change over time. A more detailed description of
the products is provided in the written text. ROS, reactive oxygen species; SSD, silver sulfadiazine.

5.1. Inorganic Materials
5.1.1. Metal Chelators as Lotions or Solution

Metals are catalysts for lipid peroxides to generate lipid radicals and ROS [120]. Metal
chelators, such as disodium ethylenediaminetetraacetate and methyl sulfonyl methane,
bind metal ions and have been evaluated as lotions for brass-mediated contact burns in
pigs, namely with repeated application starting at 15 min after the injury and continuing
up to 72 h without a secondary dressing [121]. EDTA disodium, as a metal chelating agent,
and methyl sulfonyl methane, as a permeability enhancer, have effectively decreased hor-
izontal and vertical burn wound progression. In repeated applications, the lotion mark-
edly reduced burn-induced aldehyde dehydrogenase levels, burn-induced elevations of
IL-6, TNF-a, TNF-a converting enzyme, and lipid aldehyde production (protein-HNE)
[122].
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Metal chelators may exert their antioxidative effects in burns by binding to metal ions
during the early stages of oxidative stress activation [123]. They have been tested in ani-
mals but not humans, as significant side effects are expected [124].

Cerium is not known to form chelates with other metal ions or to act as a metal che-
lator to sequester or remove metal ions from the body. Therefore, cerium nitrate is gener-
ally not classified as a metal chelator. However, treatment with a single application of
cerium nitrate solution in a randomized controlled study using a burn comb model in rats
has shown that re-epithelialization was considerably higher in the treated group than in
the control group [125]. This effect has been attributed to the binding of cerium nitrate to
a lipid—protein complex that would otherwise activate the inflammatory response by in-
ducing oxidative stress [126]. Furthermore, cerium nitrate, in combination with silver sul-
fadiazine (S5SD), was effective in delaying the need for excision and grafting in burn pa-
tients [127]. However, although cerium nitrate was found to prevent post-burn immuno-
suppression, human studies investigating the effects of this treatment on antioxidants or
oxidative stress parameters have not been conducted. Additionally, Flammacerium® may
be helpful for patients who cannot receive oral or intravenous antibiotics, such as those
with allergies, intolerance, or contraindications to systemic antibiotics. In such cases, top-
ical antimicrobial therapy with Flammacerium® may be the only feasible option for pre-
venting and treating infections in burn wounds.

5.1.2. Silver Nanoparticles

Silver nanoparticles (AgNPs) have been used in wound healing applications [128].
Their internalization in cells occurs via endosomes and lysosomes, as well as in mitochon-
dria and the nucleus, depending on their size and surface modifications [129,130].

AgNPs have been shown to induce oxidative stress, degrade the endoplasmic reticu-
Ium stress sensor activating transcription factor-6, which activates NLRP-3 inflam-
masomes, and can also result in genotoxicity and apoptosis [129]. Although in vitro results
were the only results identified, it is worth noting that capping silver nanoparticles with
poly(lactic-co-glycolic acid) and ascorbic acid can enhance their antioxidant properties
and reduce their oxidant properties [131]. Furthermore, AgNPs can be incorporated into
membranes, thus, practical applications are to be expected [132].

The wound healing potential of multifunctional chitosan/gelatin@tannic acid cryo-
gels decorated with in situ reduced AgNPs was evaluated in rats. The results demon-
strated an effective elimination of bacteria from the wound exudate compared to chitosan
gel or chitosan gel with tannic acid [133]. Additionally, the composite material was found
to reduce the levels of TNF-a and ROS, suggesting potential anti-inflammatory benefits.
Based on these findings, the authors propose this composite material as a promising treat-
ment method for infected wounds.

AgNPs produced via green synthesis using Cestrum nocturnum extract have demon-
strated their ability to scavenge free radicals and reduce oxidative stress in cells, indicating
their antioxidant activity. It is important to note that although AgNPs can cause oxidative
stress, coating, and green synthesis can reduce this effect, they do not act as antioxidants.
Uncoated AgNP solutions did not significantly affect the healing time of second-degree
burns in rats compared to saline solutions [134]. Additionally, AgNPs have been shown
to effectively inhibit the growth of several bacterial strains, demonstrating their antibac-
terial activity. Therefore, the green synthesis of AgNPs using Cestrum nocturnum extract
holds promise as it can provide dual benefits of both antioxidant and antibacterial activi-
ties, making it a potential candidate for various biomedical applications. Several other
green nanoparticles have also demonstrated antioxidant effects, which are believed to be
due to the preferential sorption of extract components on the surfaces of nanoparticles.
Some nanoparticles have even shown antitumor effects, suggesting their potential use in
cancer treatment. Further research could help identify additional green nanoparticles with
promising antioxidative and therapeutic properties.[135].
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However, it is essential to note that further research is needed to fully understand the
efficacy and safety of these nanoparticles in different contexts [136]. Even though the use
of AgNQO:s nanoparticles may have some potential benefits, concerns exist over potential
issues, such as bacterial resistance, toxicity, and the generation of free radicals [137]. Un-
fortunately, no data from animal studies or human applications on this topic is available,
highlighting the need for additional research to thoroughly understand the potential risks
and benefits of nanoparticles.

5.2. Biological Materials
5.2.1. Potatoes

Boiled potato peels have been suggested as a treatment for minor burns [99]. How-
ever, compared to honey, this treatment showed a longer healing time (16 days versus
10.4 days) [138]. Additionally, ferulic acid (FA) was identified as a radical-scavenging com-
pound in the peel [139]. Although the preparation of boiled potato peels can be laborious,
it is accessible in rural settings, making it a recommended treatment for low-resource ar-
eas [140].

5.2.2. Silk

The antioxidant capacity of silk fibroin and silk sericin, proteins from Bombyx mori,
was evaluated in vitro and compared to ascorbic acid, vitamin E, butylated hydroxytolu-
ene, and linoleic acid. Sericin has a higher antioxidant capacity than vitamins C, E, and
BHT [141]. Various assays confirmed the antioxidant properties of silk fibroin and silk
sericin, including the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, which measures radi-
cal-scavenging activity. Furthermore, silk fibroin and silk sericin have been demonstrated
to prevent cell death in L929 cells and H20:-mediated cell death, as evidenced by a trypan
blue and lactate dehydrogenase assay. A catalase assay has also validated the antioxidant
activity of these silk proteins [142].

Sericin from different sources exhibited varying antioxidant capacities, possibly due
to flavonoids and polyphenols. In addition, treatment with enriched silk extracts has been
found to reduce the number of apoptotic cells in a drug-induced phototoxicity cell model,
compared to chlorpromazine, and significantly attenuated the release of IL-1cx [143].

It should be noted that although silk fibroin hydrogels induced a mild immune reac-
tion [104], silk sericin was found to activate the immune response [104]. Moreover, silk
sericin has been shown to induce pro-oxidative stress and trigger apoptosis in human
cancer cells [144]. However, treatment with enriched silk extracts has been found to re-
duce the number of apoptotic cells, compared to chlorpromazine, in a drug-induced pho-
totoxicity cell model and significantly attenuated IL-1a release [143].

5.2.3. Porcine Xenograft

In assessing the inflammatory response to various dressing methods, the impact of
porcine xenografts on systemic inflammatory reaction (SIRS) was compared with that of
betadine ointment gauzes on burn wounds of varying sizes. CRP (C-reactive protein) lev-
els in the serum were measured at 1, 4, 7, and 14 days following the burn. The pigskin-
grafted group exhibited significantly lower CRP levels than the betadine gauze treatment
control group [145]. In addition, the findings of Miihl et al. suggest a correlation between
oxidative stress and CRP levels in burns, indicating that CRP may indirectly reflect oxida-
tive stress levels [146]. Therefore, herein, the use of porcine xenografts may have helped
reduce oxidative stress based on the modulated immune response, promoting tissue re-
generation and reducing oxidative stress and inflammation. However, no other studies on
this topic could be identified.

5.2.4. Amniotic Membrane

Amniotic membranes possess antioxidative properties. In particular, human amni-
otic epithelial cells reduce the release of reactive oxygen species, superoxide anion, and
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hydrogen peroxide (also known as the oxidative burst) in co-cultured neutrophils [147].
Furthermore, human mesenchymal amniotic stem cell-conditioned medium modulated
oxidative stress and its pathological consequences in mice [148]. Amnion was sliced into
strips and incubated with H202 solutions of varying concentrations, and the uptake of
reactive oxygen species (ROS) was measured within the first hour. It was observed that
the amnion strips could remove ROS at all tested concentrations. However, the percent
removal rate of ROS was negatively correlated with the concentration of the H202 solution.
[149]. The antioxidant properties of amniotic membranes were proven by Alipour et al. in
vitro but have not been confirmed in human studies [107].

Following decellularization, the amniotic membrane comprises collagen and an ex-
tracellular matrix and does not contain cells or DNA [150]. Decellularized amniotic mem-
branes protect retinal pigment epithelia from oxidative stress in cell cultures and reduce
oxidative stress in ocular injuries caused by exposure to mustard gas [106]. These effects
may be attributed to the preserved extracellular matrix that contains components such as
hyaluronic acid [151,152].

These studies suggest that cellular and decellularized amniotic membranes reduce
oxidative stress in burn wounds and be helpful as a dressing. A human study reported a
reduced need for dressing changes with amniotic membranes, but no significant differ-
ences were observed in healing time or scarring compared with traditional ointments
[107].

5.2.5. Acellular Dermal Matrices

Allo Derm® is a decellularized dermal dressing made from cadaver skin, but there
are no human studies on its antioxidant properties. Lab tests on peritoneal macrophages
from Swiss mice showed that Alloderm® did not activate oxidative stress. Based on the
rat model used in the study, it was observed that AlloDerm had higher levels of cell
growth and COX-2 levels compared to decellularized rat muscle. However, the decellu-
larized muscle matrix was more effective in reducing inflammation and fibrosis than Al-
loDerm. These results suggest that the decellularized muscle matrix may be more suitable
for promoting tissue regeneration and reducing inflammation and fibrosis in a rat model.
However, it is essential to note that these findings may not necessarily apply to other an-
imal models or humans, and further research is needed to confirm the effectiveness of
decellularized muscle matrix for tissue regeneration in different contexts. A possible anti-
oxidant effect of Alloderm® in the lab was determined by peritoneal macrophages from
Swiss mice exposed to acellular dermal matrices and compared to Zymosan-Sigma and
LPS-Sigma activated macrophages. The release of NO and H20: as positive control
showed statistically significantly higher values in the LPS group than in the ADM group.
In the study mentioned, it was observed that serum did not show any significant differ-
ence compared with the ADM group, indicating that it did not have a therapeutic effect
in the study context [109].

Regarding the use of ECM scaffolds as carriers for therapeutic agents, a review article
by Da discussed the potential benefits of using an acellular dermal matrix (ADM) loaded
with various agents, such as cerium dioxide nanoparticles (CeO2 NP), carbon-chitosan na-
noparticles (Cn-Cs ADM), and curcumin, which has antioxidant properties.

Oxidative DNA damage may cause the potential genotoxicity of the engineered Ce-
rium nanoparticles, Nanoceria (cerium dioxide nanoparticles). Additionally, a change in
ROS generation under changing pH conditions might determine the pro- or antioxidative
activities of nanoceria [153]. For example, catalase and SOD mimetic activity reduce oxi-
dative stress depending on their size at a neutral pH, whereas oxidase and peroxidase,
activated at an acidic pH, may cause toxic effects and limit their usability [154,155].

Oxidative DNA damage may cause the potential genotoxicity of the engineered Ce-
rium nanoparticles, Nanoceria (cerium dioxide nanoparticles).

5.2.6. Other Products used as Artificial Dermis are Matriderm®, Integra®, and Apligraf®
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Collagen species from human, bovine, or porcine sources may have similar antioxi-
dant effects as some collagen extracts from the skin, and gills of various fish species have
shown such effects [156]. Apligraf®, which merges a dermal layer of human fibroblasts,
bovine type 1 collagen, and allogeneic keratinocytes, and Matriderm®, a bovine collagen-
elastin matrix, are examples of collagen-based products. Integra® also contains cross-
linked collagen from bovine collagen tendons, glycosaminoglycans, and a synthetic pol-
ysiloxane layer. Apligraf® has been evaluated in deep dermal wounds in humans, where
completely excised wounds were treated with Apligraf®, Mepitel®, or a control group
with split-skin. Apligraf® was found to function only as a temporary biological dressing
with higher macrophages, and T-cell counts under the Apligraf® [157]. It has been sug-
gested that matrix metallopeptidase (MMP)-9 may be a marker of oxidative stress in sleep
apnea [158]. However, when tested in reconstructive surgery using Integra®, changes in
MMP-2 and MMP-9 levels were insignificant compared to baseline levels [108].

No reports on the effects of these products on oxidative stress could be found.

6. Encapsulation of Medications in Carriers

In a rat model, insulin was enclosed in microspheres made of polylactide (D, L-lactic-
co-glycolic acid) and embedded in an alginate sponge dressing. This formulation showed
a moderate decrease in wound area compared to a placebo, but it improved the healing
of burn wounds [111]. In the treatment group, earlier recruitment of neutrophils was ob-
served compared with the placebo group, along with sustained lower lipid peroxidation
levels after day 3, indicating enhanced leukocyte clearing function. Angiogenesis was
found to be three times higher than that in the placebo group. Blood glucose levels in both
groups followed the natural daily cycle, and no hypoglycemia (<60 mg/dl) was observed,
although insulin application decreased blood glucose levels 4-6 h after application. Sec-
ond Harmonic Generation (SHG) microscopy revealed that collagen fibers were disman-
tled in the insulin group, whereas the collagen fibers in the placebo group appeared
thicker. SOD activity decreased within the first 3 days of insulin treatment, whereas cata-
lase and glutathione levels increased simultaneously, reducing H20: levels. MDA levels,
an indicator of lipid peroxidation, decreased from day 3 to 8 but returned to placebo levels
on day 9. Additionally, polylactide surface coatings may support their effect on antioxi-
dative activity [159].

6.1. Hydrogels as Carriers

Hydrogels can serve as carriers for bioactive molecules and antioxidants. Polysaccha-
ride-based hydrogels can be cross-linked with essential oils to generate radical-scaveng-
ing and achieve antioxidant effects [114,160,161]. In conclusion, curcumin, N-acetyl cyste-
ine, quercetin, and chitosan have been identified as potential antioxidants for local appli-
cations, and early results suggest that they could be incorporated into carriers with prom-
ising results [162].

Dopamine is known for its antioxidant properties and can be polymerized into cross-
linked hydrogels made from dextran. Additionally, cross-linked hydrogels from dextran
and polydopamine dose-dependently exhibited antioxidant properties [163]. Polyeth-
ylene imine was found not to affect the antioxidant activity. Curcumin was applied as an
antioxidant in a rat model via fully degradable thermosensitive polymeric micelles made
of a polyethylene glycol-polycaprolactone polymer [39]. In the ex-vivo model, curcumin
was used as an antioxidant in fully degradable thermosensitive polymeric micelles made
of a polyethylene glycol-polycaprolactone polymer. This preparation formed a gel at body
temperature, decreasing SOD levels and increasing catalase levels, resulting in improved
wound healing compared to dextran. These findings suggest that using curcumin-loaded
polymeric micelles promotes wound healing by modulating antioxidative activity in the
wound bed. Chitosan hydrogels have been proposed as vehicles for nanocomposites com-
bined with curcumin [164,165]. However, further research is needed to determine the ef-
fectiveness of this approach in clinical settings.
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Puerarin and FA were incorporated into polydopamine nanoparticles, which were
then embedded into polyethylene glycol diacrylate [114]. The hydrogel preparation con-
taining puerarin and FA incorporated in polydopamine nanoparticles and embedded in
polyethylene glycol diacrylate promoted faster wound healing in rats compared to other
hydrogels. In addition, oxidative stress, as measured by DPPH* and *OH scavenging abil-
ity, was significantly reduced after treatment with the hydrogel.

Hybrid hydrogels are hydrogels where the forces of crosslinking between polymeric
chains are chemical and physical [166]. Hybrid hydrogels incorporating polydopa-
mine/puerarin nanoparticles in rats [167] improved the survival of stem cells under oxi-
dative stress due to their antioxidant properties in a model with periodontal ligament
stem cells. In addition, wound healing, assessed in a rat model, was accelerated with pol-
yethylene polydopamine puerarin hydrogel compared to phosphate-buffered saline, in-
dicating the therapeutic potential of the tested material.

No reports on topical applications of hydrogels inducing a reduction in oxidative in
human wounds were found. The blending induced antioxidant properties with antioxi-
dant components, where polyphenols were suggested as a better choice compared to an-
tioxidant enzymes [161,168].

6.2. Fish Skin Gelatin Hydrolysate

The in vitro antioxidant capacity of gelatin derived from Nile tilapia was tested by
determining the reduction of DPPH (2,2-Diphenyl-1-picrylhydrazyl), hydroxyl and super-
oxide radicals, viability determination in cell culture, and the determination of intracellu-
lar ROS, and the determination of radical-mediated DNA damage. Evaluation of the free
radicals scavenging abilities of the gelatin showed the highest scavenging ability for hy-
droxyl radicals, more than for DPPH and superoxide radicals in RAW 264.7 cells. No cy-
totoxicity in RAW 264.7 was found, as determined by cytotoxicity assays. The sequence of
an active protein could be identified, and it was hypothesized that the radical-scavenging
ability might be due to non-aromatic amino acids [169]. Based on their structure, peptides
from different sources may have antioxidant capacities [170].

6.3. Fish Skin and Nanofibers

When testing the industrial relevance of residuals from the fishing industry in vitro
by oxygen absorbance capacity, DPPH scavenging activity, hydroxyl radical-scavenging
activity, and 2,2'-azino-di-3-ethylbenzthiazolin-6-sulfonic acid, the skin of Atlantic cod
showed antioxidative properties, weaker than those of Atlantic salmon [171]. The high
lipid content in salmon can lead to the production of peroxides via autooxidation, which
may have influenced the results by increasing the values of the peroxides neutralized.
Omega-3 polyunsaturated fatty acids, available in fish skin, are suggested to improve
wound healing, although no randomized studies on wounds and poly unsaturated fatty
acids (PUFA) in humans could be identified. In animals, topically applied cross-linked
electrospun tilapia collagen nanofibers exhibited faster wound healing in a rat model by
inducing keratinocyte differentiation and proliferation by upregulating the involucrin, fil-
aggrin, and type 1 transglutaminase gene expression [172]. In another animal study, a
mixture of soybean, olive, and fish oil rich in PUFA was systemically administered and
compared to a placebo group. The results showed significantly different wound sizes on
days 3, 5, 10, and 14, with smaller wound sizes in the PUFA group. Furthermore, the levels
of TNF-a initially decreased in the placebo group but increased again after 72 h and were
significantly higher than in the PUFA group [173].

Fish skin has been used in different ways in burns treatment.

In a pediatric case involving superficial partial-thickness burns covering 18% of the
body surface area, a non-processed allograft sterilized by glycerolizing and irradiation
was tested. The allograft resulted in complete healing within 10 days. It is important to
note that this allograft was not processed with chemicals [174].
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In a pilot study involving 30 children with superficial partial-thickness burns, tilapia
fish skin was compared to silver sulfadiazine as a treatment option. The results showed
no statistically significant difference in the days until complete re-epithelialization [175].
After removing the dressing, the Clinical Global Impression Scale-Improvement (CGI-I)
results showed no significant difference between the tilapia fish skin and silver sulfadia-
zine groups. The Faces Pain Scale-Revised was used to evaluate pain, and the area under
the curve (AUC) did not show any statistically significant difference between the groups
[176].

In a phase 2 randomized controlled trial, treatment with unprocessed fish skin that
had undergone sterilization was compared to treatment with silver sulfadiazine in cases
of partial-thickness burns [175]. The trial included three groups with different types and
severity of second-degree burns: one group with less than 10% burned surface area re-
ceiving outpatient care, one with 10-20% burned surface area receiving inpatient care, and
one with deep second-degree burns covering 5-15% of the body surface area receiving
inpatient care. Each group was randomized into a test group receiving treatment with
tilapia fish skin and a control group receiving treatment with silver sulfadiazine. The re-
sults showed that the healing time with tilapia skin was significantly shorter than with
silver sulfadiazine in each group. Pain intensity, as measured by a Visual Analog Scale,
and analgesic requirements were also lower in the inpatient group. In addition, fish skin
treatment patients required significantly fewer dressing changes. The study did not ex-
plain the difference in results between the previous pilot study and this phase 2 trial.

Acellular fish skin (AFS, marketed as Kerecis®) is prepared by a gentle processing
method that results in sheets of intact fish skin with all cells and antigenic materials re-
moved, leaving only the extracellular matrix. AFS has been tested in different types of
wounds, such as foot ulcers [177,178] and donor areas for burns [178], but rarely in burns.

Yoon et al. compared the healing time of wounds treated with AFS from Kerecis®,
bovine collagen (ProHeal®) after 2 days of treatment, and a non-treatment group. The
results showed a significantly shorter healing time in the AFS group. The authors also
noted delays in covering donor areas due to excessive discharge from acute wounds. Wa-
ter absorption was significantly higher in the collagen group, and the AFS group exhibited
faster degradation when tested by immersion in a collagenase solution. In an in vitro cell
culture, higher cell proliferation was observed under AFS, and the morphology of the pro-
liferating cells (keratinocytes and HUVECs) on AFS was well stretched after 3 days and
even aggregated on day 7, whereas the cells on the other template were spindle-shaped
[178].

Kirsner et al. compared the healing properties of AFS to dehydrated amnion—chorion
membranes. Fish skin treatment exhibited improved wound healing compared to that un-
der amniotic membrane treatment in a randomized study with 4 mm punch biopsies from
the skin of healthy volunteers [179]. Stone et al. [180] compared the re-epithelialization
and contraction rates, hydration, and trans-epidermal water loss of AFS to fetal bovine
dermis [180], where they reapplied fetal splitskin graft (FSG) after 7 days, and the wounds
healed by secondary intention. They found faster epithelialization, a smaller wound size
on day 7, and increased granulation tissue with a higher blood flow than normal tissue;
no differences in the transepidemal water loss (TEWL) could be found. Initially, observed
seroma formation could be avoided by fully expanding the meshed template and securing
it with additional staples. Significant contracture rates were found on day 14, 1 week after
reapplication of FSG but resolved later and equal in the later course during secondary
healing, regardless of the treatment.

A nonrandomized retrospective single-case study was conducted in humans to com-
pare AFS to polylactide (PLM; Suprathel®) in partial-thickness burns after enzymatic deb-
ridement. Superficial partial-thickness burns were treated using PLM, whereas deep par-
tial-thickness wounds were treated using autologous split-thickness skin grafts or AFS
[181]. According to the nonrandomized retrospective single-case study, the results were
superior in patients who received AFS treatment compared to those who received PLM
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regarding the Patent Observer Scar Assessment Scale, pliability, vascularity, pigmenta-
tion, pain relief, and itchiness. However, the study did not evaluate the dressing proce-
dure and removal criteria, and further evaluation is needed in a prospective randomized
study.

Even though fish skin has shown potential for reducing oxidative stress in burns,
oxidative stress parameters have not been evaluated in human studies. Therefore, further
research is needed to fully understand the effects of fish skin on oxidative stress in burns.

Seafood allergies may limit the usage of fish skin dressings. A nationwide survey
found that 5.9% of US households reported allergic reactions to fish or shellfish. Specifi-
cally, 2% of individuals were allergic to shellfish, 0.4% to fish, and 0.2% to both. Therefore,
it is essential to consider potential seafood allergies when using fish skin dressings in clin-
ical practice. Additionally, reactions may include anaphylaxis, particularly in children
[182,183].

Fully synthetic materials such as PLM and polyurethane (PUM) membranes are also
used in wound dressings. PLMs, including Suprathel® and SupraSDRM (Suprathel der-
mal replacement matrix), are fully resorbable dermal and epidermal templates comprising
a copolymer of polylactide, trimethylene carbonate, and e-caprolactone. These mem-
branes have varying porosities, thicknesses, and pore sizes. For example, Suprathel® has
interconnected pores of approximately 5-50 pum in size and is approximately 1 mm thick,
whereas SupraSDRM® is structured with bimodal pores of 80-300 um in size and has a
thickness of approximately 2 mm. In an intravital mouse model, the smaller pores of Su-
prathel® allow for endothelial generation [184], and the bigger pores correlate with new
tissue formation [185]. Furthermore, they might be linked to a higher lactate release.

PLMs are biodegradable materials that degrade in a humid environment into mono-
lactides and lactate. They trigger neoangiogenesis and strengthen the vessel structure by
converting procollagen to collagen. Furthermore, combined with ascorbic acid, they can
initiate the creation of new vessels and promote collagen and ECM deposition, possibly
via the induction and formation of ROS [186].

Higher lactate levels have been linked to multiple effects, including stabilization of
hypoxia-inducible factor (HIF)-1a, induction of VEGF and TGF-f, and increased metallo-
proteinase activity [187]. Lactate release gradually decreases as partial-thickness wounds
heal, and the moist environment decreases. This could explain the decrease in TGF-{ lev-
els after day 10 of treatment [119]. Reducing TGF-f3 levels may decrease myofibroblast
production, resulting in a lower rate of wound contraction and lower formation of hyper-
trophic scars [188].

Lactate has also been shown to inhibit TRPV1 channels, which are relevant for pain
sensation and the development of the burn cytokine cascade [43].

In addition, topical application of PLMs reduces oxidative stress locally and system-
ically in burns [41,118,119]. Moreover, the membranes are resorbed within 4-8 weeks
without triggering a foreign body reaction [189,190].

Lactate is an essential component of polylactides and exhibits radical-scavenging
properties [45,191,192]. The lactate-dependent and oxidative stress-reducing functions in
burns were confirmed in clinical trials. As a result, significant pain relief of up to 60% [191-
193], a low rate of infections [194], fast wound healing [186,191,195,196], good cosmetic
and functional outcomes in superficial and deep burns [197-199], weak inflammatory re-
action [184], and a reduced transplantation rate in partial -thickness burns [144,200]were
described. Furthermore, PLM triggers tissue neogenesis, promotes TGF-3 accumulation,
and reduces TNF-a and IL-6 levels in blood and tissue compared to HF [201]. Addition-
ally, partial-thickness burns treated with PLMs exhibited higher quality and number of
telomeres in healed burn wounds [41] and a shorter healing time in partial-thickness
burns than HF [118]. Hence, recent research demonstrated that Supra SDRM® is a potent
starter of neovascularization and neoangiogenesis. It promotes the generation of ECM and
collagen and resorbs quickly, leaving a newly created tissue with regular vascularization
in the wound [193]
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6.4. Polyurethane Foam

Novosorb™ is a biodegradable, fully synthetic polyurethane foam membrane de-
signed for biological applications. The visible pores on the membrane measure 188 + 84
um and feature a non-degradable polyurethane seal for temporary use. Novosorb™ acts
as a dermal template that promotes faster CD31* cell growth compared to Integra [194].
Vascularization was consistent in the wound bed and margins, and the degree of vascu-
larization correlated with dermal fibroblast ingrowth. Preliminary studies comparing No-
vosorb™ biodegradable temporizing matrix (BTM) and Integra® in athymic mice showed
that Novosorb™ resulted in more extensive vascularization and caused a higher level of
inflammation, as described by Cheshire [195]. After 2 weeks, the levels of most inflamma-
tory markers, including chemokine motive ligands and colony-stimulating factors, IL-1,
IL-4, IL-12, and IL-13, did not differ significantly between Integra and BTM. However,
both products exhibited a higher IL-10 to IL-6 ratio than proinflammatory macrophages,
which promotes the transition of M1 to M2 macrophages, the pro-wound healing pheno-
type [194].

Moreover, flexible polyurethane foams (PUFs) have been found to possess antioxi-
dant properties, which can be further enhanced by isosorbide. This suggests that using
isosorbide-treated PUFs may help to improve wound healing by reducing oxidative stress
in the wound area [196].

The vascularized template can be grafted with skin later [197,198], showing residual
polyurethane even after 18 months. The vitality of adult fibroblasts and keratinocytes was
assessed after 2 weeks in vitro. The BTM group revealed a significantly higher survival of
the human epidermis and keratinocytes [194]. In a clinical retrospective evaluation, 20
patients with different indications, including seven with burns, were treated with BTM
[199]. Wounds were cleaned, and BTM was applied in a dual-step procedure, fixed with
staples or sutures, and covered with autologous split-skin after 23.5 (13—49) days. BIM
was integrated in 15 of 20 patients and evaluated by vascularization and recapillarization.
In a prospective study on severe burns in 30 patients with a TBSA of a median of 44%, the
mean split-skin uptake 7 days after BTM application was 81.9%, and the mean split-skin
uptake relative to the area applied was 95.2%. The mean time for sealing membrane re-
moval was 31.9 days. The contraction was approximately 5% and did not increase signifi-
cantly over 12 months. BTM was fully integrated despite local infections [200].

The successful application of sprayed keratinocytes on BTM usually needs a split-
skin mesh as a supporting structure [197]. However, a human study did not evaluate oxi-
dative stress parameters, and currently, Novosorb® BTM cannot provide long-term re-
sults.

7. Impact of Dressings on Oxidative Stress in Human Burn Injuries

Occlusive dressings with multilayer gauze were shown to adapt heat production in
burn patients for plus 10.5% when they felt comfortable, and 49% above the predicted
normal levels without dressings when they felt cold [201]. In addition, plasma catechola-
mine levels in patients with bandaged burns differed from those with undressed burns.
However, no significance could be calculated due to small numbers and high standard
deviations. Catecholamines might shift the hypothalamic thermoregulatory point up-
wards, but they were not found to be the primary mediators of hypermetabolism.

When comparing non-occluded to semi-occlusive dressings with surgical tape in a
randomized rat incision model, semi-occluded wounds exhibited significantly reduced
epidermal thickness and mitotic activity on days 3, 7, and 10 compared to non-occluded
dressings. However, in non-occluded wounds, dermal cellularity was increased, which
was interpreted as an effect of ongoing inflammation. In addition, IL-1ac and TNF-a levels
were significantly reduced in semi-occlusive wounds, approaching those seen in occluded
wounds on day 10. However, no difference in wound healing time between occluded and
air-exposed wounds was found [202].
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Besides their occlusive specifications, different burn dressings were assessed in PLM
or hydrofiber Ag (HFAg) in children with deep, 20%-50% TBSA partial-thickness burns
or healthy control [118]. Furthermore, determining the TOC, TAC, MDA, and glutathione
(GSH) levels, PLM treatment led to higher total antioxidant capacity and glutathione lev-
els than in the HFAg group. These findings confirmed that different dressings exhibit dif-
ferential healing properties beyond wound closing. TBSA partial-thickness burns or
healthy control [118]. The study demonstrated a significant reduction of oxidative stress
and healing time in the PLM group compared to HFAg. These findings confirmed that
different dressings exhibit differential healing properties beyond wound closing, and
wound occlusion by itself did not reduce oxidative stress.

In a non-randomized study in deep burns, early skin grafting within 7-15 d after
injury (n = 107) compared to patients treated with the granulation method and later skin
grafting in humans (n = 249). Early grafting increased the glutathione levels with other
positive effects on the patient, such as the stabilization of the acid-base mismatch [203].
However, this study had a potential selection bias; early excision, split-skin grafting, and
antioxidative dressings might have influenced the healing qualities of burn wounds. In
addition, no publications on the influence of early grafting on oxidative stress in burn
wounds could be identified.

Branski et al. compared the effects of early grafting with laminated Integra® to ca-
daver skin on post-burn metabolism in extensive burns after early excision [204]. When
measuring acute phase proteins, the Integra group showed highly significant C-3 and hap-
toglobin values compared with cadaver skin on admission and discharge. In addition, the
constitutive proteins, prealbumin and transferrin, were also significantly elevated at these
time points. These findings were interpreted as an improved liver function. In addition,
Apolipoprotein B, another marker of liver function, was higher in the Integra group,
where triglyceride levels were not significantly different in the treatment groups.

The improved liver function after Integra application might be interpreted as a symp-
tom of reducing oxidative stress [47], whereas the elevated acute phase proteins contradict
this.

8. Laboratory and Clinical Effects of Antioxidant Dressings
8.1. Quality of Skin after Antioxidative Dressing

Antioxidative dressings have proven effects on wound healing and resulting skin
quality, telomere length, and cell count in the healed skin after burns compared to other
dressings.

In partial-thickness pediatric burns, the effects of PLM, HFAG, and SSD dressings,
and a control group on telomere length in nucleated blood cells and telomerase expression
in the skin were compared [41]. PLM treatment resulted in the highest telomerase expres-
sion in the skin, resulting in the highest squamous cell counts in the basal layer of the
epidermis.

The effects of PLM and HFAg on serum oxidative stress parameters and healing time
in partial-thickness burns were investigated in 40 children. TAC, TOC, GSH, MDH, and
epithelialization times were evaluated in blood samples [118]. The results showed higher
oxidative stress (TAC minus TOC levels) in the HFAg group. The serum oxidant level
(TOC) in the HFAg group increased significantly on days 3 and 12 compared with PLM
and non-burn control. The TAC levels of PLM were significantly higher in controls from
day 3 to day 21. The effects of PLM and HFAg on serum oxidative stress parameters and
healing time in partial-thickness burns were investigated in 40 children. TAC, TOC, GSH,
MDH, and epithelialization times were evaluated clinically and in blood samples [118].
The results showed higher oxidative stress (TAC minus TOC levels) in the HFAg group.
The serum oxidant level (TOC) in the HFAg group increased significantly on days 3 and
12 compared with PLM and non-burn control. The TAC levels of PLM were significantly
higher in controls from day 3 to day 21.
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Because of reduced oxidative stress, the PLM group had a shorter healing time of 13.5
days compared to 21 days in the HFAg group.

Synoptical, antioxidant dressings showed a differentiated effect on serum oxidative
stress parameters with clinical consequences, such as a shortening of healing time in a
single study.

Cytokine levels of IL-6, TNF-a, and TGF-f3 in tissue and serum were evaluated under
different dressings in 43 partial-thickness burns. Twenty-two children who underwent
standard surgical procedures were included as controls [119].

PLM application reduced the inflammatory reaction in blood and tissue and elevated
TGEF- levels in both burned and normal skin compared with HFAg treatment. Addition-
ally, reduced oxidative stress in the PLM group resulted from increased total antioxidant
capacity and glutathione levels, with decreased total oxidant capacity and malondialde-
hyde levels compared with the HFAg group.

IL-1 levels in the PLM group were reduced compared with those in the HFAg group
after day 3 and were comparable to control levels after day 14. IL-6 levels were comparable
to control levels after 2-3 weeks, and TGF-f3 levels in the PLM group reached three times
those in the HFAg group after 2 weeks.

The authors concluded that PLM quickly regulated local and systemic inflammation
in wound tissues. Additionally, an increased level of TGF-33 was seen in the PLM group
for 14 days before normalizing. The reduced TGF- reduces myofibroblast generation's
stimulus and reduces hypertrophic scar development.

8.2. Cytokine Reaction in Cells

Cells from the stratum basale to the stratum corneum were stained for TNF-«, IL-6,
and TGF-f antibodies, and a ratio of staining in 100 cells was calculated.

TNF-a and IL-6 expression in cells was significantly higher from day 7 to day 21 in
the HFAg group compared to PLM, and the TGF-5 expression was significantly higher
from day 7 to day 21 compared to the other groups.

In conclusion, the authors stated that inflammation in partial-thickness burns could
be reduced by mitigating the proinflammatory effect of TNF-a and IL-6 during burn in-
jury by an antioxidant dressing (PLM) treatment.

Reduced oxidative stress may explain better healing conditions under antioxidative
dressings than other dressings comparable to split-skin grafting in deep, partial-thickness
burns [205]. The authors observed a longer healing time in PLM-treated patients. Alt-
hough after 15 days, 44% of the copolymer-treated patients without grafting and 88.9% in
the split-thickness skin grafted wounds were healed, full epithelialization was found after
30 days in both groups, demonstrating non-inferiority of the PLM to those treated with
split-thickness skin grafts. After 1 year, patients evaluated the cosmetic results of PLM as
superior. They supported the eligibility of PLM for treating deep partial-thickness burns.

Galati et al. [206] evaluated the use of split-thickness skin grafts versus temporary
antioxidative dressings with PLM in deep dermal hand burns, focusing on scar elasticity
and perfusion. In their retrospective follow-up of 80 patients with a minimum post-treat-
ment period of 1 year, they found no statistically significant differences in scores on the
Patient and Observer Scar Assessment Scale, Observer Scar Assessment Scale, Patient Scar
Assessment Scale, or Vancouver Scar Scale. The effects were classified as beneficial, par-
ticularly in the elderly, chronically ill, multimorbid, or severely burned patients lacking
donor sites.

8.3. Reducing Oxidative Stress may Reduce the Rate of Partial-thickness Burns needing Grafting

Blome-Eberwein et al. [207] demonstrated a reduced need for grafting after PLM
treatment compared to traditional treatment in their study on superficial and deep partial-
thickness burns in adults and children. All 229 burn patients treated with PLM healed
conservatively without grafting. They reported a rate of burn wound progression to full-
thickness of 5.2% and an infection rate of 3.8%. In addition, the healing time was faster
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than that with Biobrane®, Mepitel®, and Transcyte® [208], and the rate of hypertrophic
scarring was minimal.

This reasoning may also explain the shift in the therapeutic management of partial-
thickness burns over 14 years described by Schriek et al., where 1184 of 2084 children were
treated with caprolactone dressings or an alternative material [152]. This study demon-
strated a reduction in the frequency of grafting procedures from 23.95% to 8.26% under
PLM treatment, with the number of procedures requiring general anesthesia dropping
from 3.22 per patient to 1.75, with overall reduced treatment costs.

9. Limitations

No prospective randomized clinical studies with large number of patients were
found on this topic, and many commercial products do not have studies on their effects
on oxidative stress or inflammatory response. The scarcity of publications hinders the gen-
eral evaluation of the possible local and systemic effects of topical antioxidative dressings
in humans.

10. Conclusions

ROS and oxidative stress represent parts of the cleaning and healing mechanism in
response to burn wounds, yielding potentially severe side effects on organs and tissues.
Although several wound dressings may reduce oxidative stress, their antioxidative effects
have not been verified in humans, and only a few studies have examined their effects in
detail.

In this review, we examined studies verifying the influence of dressings on oxidative
stress and presented clinical observations of reduced oxidative stress after wound treat-
ment. The topic of antioxidant treatment in wounds recently became the focus of interest
owing to an increased understanding of the influence of free oxygen radicals on wound
healing, with many in vitro studies; however, there are no reports on human trials. Evalu-
ating the effect of antioxidant dressings with fewer dressing changes and other positive
side effects may contribute to further progress.

We found that the antioxidative effect was confirmed in polylactide-containing dress-
ings, which have been shown to attenuate oxidative stress and hypermetabolism in pro-
spective and randomized studies. Studies on curcumin, N-acetyl cystein, quercetin, and
chitosan have recently been published, showing initial evidence of efficacy in accelerating
wound healing [209]. Furthermore, nanofibers as an appropriate system for delivery [47]
and polydopamine nanoparticles with incorporated oxidized dextran/chitosan hybrid hy-
drogels [96] were demonstrated. The effects of these dressings appear to extend beyond
those of occlusive wound healing and early surgery as sources of reduced oxidative stress
and antioxidative effects.

Positive indicators for the effect of antioxidant dressings may be the promotion of
wound healing, a reduced grafting rate in partial-thickness burns, and reduced hyper-
trophic scarring [207,210]. Additionally, antioxidant membranes may even reduce dermal
inflammation after wound closure, preceding hypertrophic scarring.

Findings, such as shorter healing time, improved telomere length, and a reduced
need for split-skin grafting in partial-thickness burns in clinical randomized and cohort
studies, supported enhanced skin quality but still need confirmation in prospective stud-
ies with a higher number of patients. Nevertheless, these clinical effects might motivate
us to proceed, enhance this kind of treatment, and open new research and development
in a hitherto largely neglected aspect. Despite this, the positive outcomes observed in these
studies should motivate further research and development in this area, as it may lead to
improved patient treatments. There are still many challenges to be addressed, such as the
lack of prospective and randomized clinical studies with a sufficient number of partici-
pants to evaluate the effects of wound dressings on oxidative stress, edema reduction,
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clinical stabilization, ventilation time, or the need for analgesics, as well as their applica-
tion in radiation burns. However, case reports and observational studies suggest promise
and should encourage and motivate further research in this area.
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