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Abstract: Burn injuries can have a lasting effect on people’s quality of life, as they negatively impact
their physical and mental health. Then, they are likely to suffer psychological problems as a result.
A serious problem is that deep burns are more challenging to treat due to their slow healing rate
and susceptibility to microbial infection. Conventional topical medications used for burn treatment
are sometimes ineffective because they cannot optimize their ability of transcutaneous absorption
at the targeted site and accelerate healing. However, nanotechnology offers excellent prospects for
developing current medical wound therapies and is capable of addressing issues such as low drug
stability, water solubility, permeability, and bioavailability. The current review focuses on lipid-based
vesicles (vesiculosomes) as an example of advanced delivery systems, showing their potential clinical
applications in burn wound management. Vesiculosomes may help overcome impediments including
the low bioavailability of active agents, offering the controlled release of drugs, increased drug
stability, fewer side effects, and reduced dosing frequency, which will ultimately improve therapeutic
efficacy and patient compliance. We discuss the application of various types of vesiculosomes such as
liposomes, niosomes, ethosomes, cubosomes, transfersomes, and phytosomes in burn healing therapy,
as these demonstrate superior skin penetration compared to conventional burn topical treatment. We
also highlight their noteworthy uses in the formulation of natural products and discuss the current
status as well as future perspectives of these carriers in burn management. Furthermore, the burn
treatment options currently available in the market are also summarized.

Keywords: burn; liposomes; cubosomes; noisomes; phytosomes; ethosomes; transfersomes;
drug delivery systems

1. Introduction
1.1. Burn Degrees

A burn is typically thought to be an injury caused by extreme heat, friction, radiation,
chemicals, electric sources, or hot/cold liquids or solids. Complicated responses to burn
injuries are associated with hypermetabolism, morbidity, and mortality. Additionally, burn
injuries can be one of the most devastating injuries a person can suffer because they have a
long-term influence on people’s quality of life and harm their physical and emotional health.
Sometimes, severely burned patients are likely to have psychological issues. Additionally,
mortality from burn injuries has previously been very high, but advances in treatment have
improved patient survival in the past few decades. This reduction in mortality is due to
burn centers and changes in treatment protocols. Nonetheless, the survival of burn patients
has resulted in a massive economic drain on both government and patients worldwide
due to the very high cost of burn patient care [1]. To classify a burn, the tissue depth
affected is taken into account. Accordingly, burn wounds are classified internationally
into three stages: first-degree burns, which are superficial and only affect the skin surface;
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second-degree burns, which affect the first and second layers of the skin; and third-degree
burns, where all the skin layers are involved. In addition, fat tissue is burned in the third
degree, killing the skin [2]. The features and management of burn degrees are discussed in
Table 1 [3].

Table 1. Burn degrees along with their features and management.

Burn Class Features Symptoms Management
O  Immerse the burned area in
running water for 5-10 min;
O  Mild burn (cover <10% O  Pain; 8 ggﬁiior?grf:;f S;e s such as
. of the total body O Redness of the top layer aloe Vegra }:31' &
First degree surface area); of the skin (epidermis); . & o
DR . O Topical antibiotics, e.g.,
O  Hospitalization is rare. O No blisters. .
bacitracin ointment;
O  Painkillers, e.g.,
acetaminophen and ibuprofen.
. O Same treatment as the
O Redness and pain; .
O  Moderate burn (cover . first-degree burn;
o O Affects the first I
around 10% of the total . . O  Stronger local antibiotics, e.g.,
(epidermis) and second . o
Second degree body surface area); layers (dermis) of silver sulfadiazine 1% cream;
O  Hospitalization may th}elz skin: O  Bandaging and dressing of the
be needed. O Swellin / and blisterin broken open burn;
& & 0 Lifting limbs to reduce swelling.

O  Removing dead tissue and
damaged skin from
the burned area;

O  Excessive fluid replacement
(IV admixture fluids) to avoid
dehydration and
hypovolemic shock;

O  Intravenous and oral
antibiotics to prevent infection
and septicemia;

O All the skin's layers © Igfzii;r;’zplotlc omntments
O Sever burn (cover >10% are involved; ! . .
O A warm, humid environment
of the total body O  Black, brown, yellow, or
. . for the burn;
surface area); white skin; . .
. . . O High-protein diet;
Third degree O  Life-threatening; O  Swelling; O  Nutritional supplements;
O  Hospitalization O  Leathery and dry skin; L ’
. . O Pain killers;
is compulsory; O  Lack of pain because of )
. SO . O Tetanus shot;
O  Patient rehabilitation. nerve ending -
. O Functional and
destruction. . .
cosmetic reconstruction;

O  Skin grafts by replacing
damaged tissue with healthy
skin from other unaffected parts
of the body;

O  If the patient does not have
enough healthy skin for

grafting, a temporary source
of skin graft can be obtained
from donors or using artificial
skin grafts.
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1.2. Skin Substitutes

A skin substitute is a material used to cover burn wounds and replace the function of
the skin either temporarily or permanently. Patients who need extensive post-burn recon-
structions, as well as those who are acutely burned, require skin substitutes. Depending on
the composition of these products, they can be classified into various groups, as presented
in Table 2 [4].

Table 2. Classification of biological and synthetic skin substitutes.

Class Characteristics Types Composition Example
O  Biological naturally O Amniotic )
occurring dressings; membrane;
! O  Potato peel;
(a) Single-layer
substances o Pol heet:
Materials for O  Alternative for 5 Polyﬁz ?o:;f
impermeable synthetic dressing. POIY ’
dressings and © Olymer spray.
short-term dressings.
O  Skin substitutes
Class I include bovine type I
(b) Double-layer collagen and nylon O TransCyte®.
substances mesh embedded
with fibroblasts.
O  Anepidermal sheet
derived from male O Apligraft®;
Durable single-layer Epidermal neonzlatal epidermal O Cullture.d
skin replacements. replacements keratinocytes and a Epithelial
bovine type I Autograft (CEA).
collagen matrix.
O  Sheets are made of
. bovine collagen; O Kollagen®.
Class II Skin ) O  Porcine collagen sheet; O Matriderm®.
substitutes O  Bovine dermal matrix; Alloderm®.
O  Human dermal matrix.
) O  Skin transplantation O  Allograft;
Grafted skin from another person. O  Xenograft.
Class I1I Alternatives to
ass composite skin. ®
o ) ) O  Template for O  Integra™;
Skin tissue engineering dermal regeneration. O  Biobrane®.

1.3. Current Local Treatment of Burns

Burn injury treatment includes disinfection and debridement, in addition to the regular
changing of topical antimicrobial dressings. There is indeed no consensus on the best
antimicrobial agents or dressings to prevent or manage infection or help wound healing.
The main purpose of using topical treatments is to protect the burn wound surface from
contamination and promote wound healing [5]. Additionally, topical treatment is non-
invasive, self-administered, may be removed from the skin after usage, and has high
patient compliance since it allows medicine to be applied directly to the afflicted region,
boosting therapeutic efficacy, decreasing undesired side effects, and limiting burn wound
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complications. Nevertheless, the major concern with current topical treatment is that most
medications only penetrate the skin to a limited extent due to the skin’s barrier function
and should be supported with adequate basic wound care [6].

Burn wounds are treated with topical agents and wound dressings depending on
their stage and extent. To determine the optimal treatment, other factors must be consid-
ered such as wound quality and status, e.g., wound contamination and infection, patient
skin allergies, treatment availability and cost, and the patient’s preference [7]. Local treat-
ments of burn wounds that are currently available in hospitals and pharmacies include:
(a) conventional topical antimicrobial preparations (creams, ointments, dressings, solutions,
and cleansers); (b) biologic grafts; and (c) semibiologic skin substitutes. It is evident that
current antimicrobial therapies are not suitable for treating deep burns due to their poor
skin penetration properties; furthermore, they exhibit many limitations and serious adverse
effects. More details about the current topical antimicrobial therapies for burns are shown

in Table 3 [8].

Table 3. Current topical antimicrobial treatment for burn wounds.

Antimicrobial Agents

Dosage Form

Clinical Indications

Side Effects

Contraindications

Silver sulfadiazine

All types of burns
(small, medium,

Skin allergies,

Pregnancy, lactating,

(1% cream) with or Cream (1%) neutropenia, infants, and allergies
P 2
. . and large wound : .
without cerium and leukopenia. to sulfonamides.
surface areas).
Nanocrystalline z?slllnszle sgi(i:llrmns Systemic silver Burn near eyes,
silver (Acticoat®, Dressings / 4 absorption, and Pregnancy, and allergic
® and large wound ) . .
Aquacel Ag™) skin staining. to silver.
surface areas).
All sizes of burn
wounds, including face, Bacterial resistance,
Bacitracin Ointment perineum, graft sites. Yeast growth, allergic reaction,
50010/g An alternative if skin allergies. and signs of
allergic to reepithelialization.
sulfonamides.
Face, perineum, and
Mupirocin Ointment sui?:ig 2?; rgfii:rin Yeast growth, skin Bacterial resistance,
P Cream (2%) .. " hypersensitivity. allergic reaction.
alternative if allergic
to sulfonamides.
. - Large burn area of burn
. Cream (8.5%) Small wound Pain, epithelial 06" £ih o total BSA);
Mafenide Solution (5%) surface area, ears, regeneration inhibition, allereic to
’ and nose burn. and metabolic acidosis. 8¢
sulfonamides.
Chlorhexidine Skin cleanser Only superficial burns.  Skin hypersensitivity. Deep burns.
Pain, skin Infants, pregnancy,

Povidone-iodine

Liposomal ointment

Small, and medium
surface area burns

hypersensitivity, iodine
toxicity, renal failure.

lactation, and
thyroid diseases.

Acetic acid

Diluted solution

Antiseptic, Pseudomonas
aeruginosa infections

Inhibits
epithelialization at high
concentrations.

Superficial burns.

Bismuth-impregnated

Preferred dressing for

No adverse effects

Dressings skin graft donor sites Allergic reactions.
petroleum gauze - . are reported.
and use in children.
Difficult burn
Sodium hypochlorite Solution (0.025%) wounds and other Pain. Allergic reactions.

Dakin’s solution®

antibiotic-resistant
bacteria.
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1.4. Vesicular Drug Delivery Systems

As discussed earlier, the major concern with current topical treatment is that most
medications only penetrate the skin to a limited extent due to the skin’s barrier function.
Scientists have therefore proposed novel formulation approaches to improve burn therapies’
effectiveness and permeation deep into the skin. The incorporation of drug molecules
into vesicular lipid delivery systems is one of these approaches. Liposomes, niosomes,
ethosomes, transfersomes, and cubosomes are examples of these delivery systems [9]. For
ease of explanation, we call these systems vesiculosomes in our present study. Liposomes
are the parent carrier, were discovered in 1961 by a British scientist named Dr. Alec
Bangham, and are the oldest form of these lipoparticles. Later, a variety of vesiculosome
carriers were prepared for burn and wound therapy based on the structural modification of
liposomes. Additionally, treating a burn with conventional treatments can take a long time.
As a result, studies have been conducted to prove the need for advanced pharmaceutical
preparations that will help treat burns faster and reduce cost. Further explanations of
the advantages and limitations of lipid-based vesicular drug delivery systems (DDSs) are
displayed in Table 4 [10].

Table 4. The main advantages and limitations of lipid-based vesicular DDSs.

Advantages Limitations

O  Can entrap both hydrophilic and
hydrophobic compounds;
Improve drug bioavailability;
Delay the elimination of rapidly
metabolized drugs (drugs of
short half-life);
O  Prolonged drug lifespan in the body;
O  Targeted drug delivery can
be accomplished;
O  Enhance drug stability;
O  Reduce drug toxicity and side effects.

O  Drug leakage leads to burst drug release;
O  Poor loading efficiency for
hydrophilic drugs;
O  Expensive technique;
O  Liposomes possess a short
biological half-life;
O  Unstable chemical properties;
O  Purity problems of the phospholipids.

(ON©)

Thus, based on the previously reported research work, it seems that many drug
formulation problems can be addressed with vesiculosomes to improve drug therapeutic
efficacy and patient compliance. Vesiculosomes also improve the skin penetration of
various medications compared to traditional burn topical treatment.

Accordingly, the current literature review is designed to clarify the use of vesicular
DDSs in the management of burn injuries. A variety of pharmacological targets and
treatment pathways are now being tested in clinical trials with exciting new developments.
Therefore, we hope to provide the reader with brief general information about burn care
services, in addition to a comprehensive overview of advanced lipid-based vesicular DDSs,
their applications for burn wound treatment, and the current status in the pharmaceutical
market, along with prospects for the future of the field. In addition, herbal products loaded
into vesiculosomes are highlighted, as they have proven potential effectiveness in burn
treatment as well.

2. Methodology

In June 2021, numerous meetings were conducted online through the Zoom app, as
well as on-campus, to discuss the article’s topic. There was continuous discussion among
the authors throughout this period until the topic and the outlines of the article were
decided in July 2021.

In September 2021, the study proposal was submitted to the Research Unit of Dubai
Pharmacy College for Girls for approval. The Research Evaluation Committee revised and
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approved the research proposal in October 2021. Once the proposal was approved, we
began seeking references from previous studies and research work to build our article.
Meanwhile, from November 2021 to March 2022, we all worked together to write the
review and prepare illustrations including the figures, tables, graphical summary, and video
abstract. The relevant citations (with content related to burn and vesicular DDSs) were
selected based on their year of publication (between 2010 and 2022), whereas references
published before 2010 were excluded unless the information was required. References were
searched from a variety of databases, including Google Chrome, Google Scholar, Google
Patents, PubMed, Embase, and other related search engines. The selected references were
research articles, review articles, and websites, and all were written in the English language.
Another criterion for selecting a reference was the quality of the journal in which the
research was published. Our main objective was to select articles that had been published
in high-quality, peer-reviewed, indexed, international journals with good impact factors.
Furthermore, several keywords were used in the review, including burn, liposomes,
cubosomes, noisomes, phytosomes, ethosomes, transfersomes, and other related search
terms such as drug delivery systems, wound, and antimicrobials. Finally, in April 2022, the
manuscript preparation was completed and submitted for consideration for publication.

3. Vesiculosomes in Burn Management
3.1. Liposomes

Liposomes are spherical vesicular particles with an aqueous center encased by one or
more concentric phospholipid bilayers (Figure 1). Since the 1970s, liposomes have been
explored as potential DDSs because of their numerous advantages, such as their ability
to incorporate hydrophilic and hydrophobic active pharmaceutical agents (APIs), reduce
the risk of severe adverse effects of toxic drugs such as chemotherapeutics [10], target
drugs to a specific site of action, improve drug bioavailability, control the release pattern of
medication over a long duration, and minimize the frequency of the dose, thus improving
patient compliance [11].

Phospholipid molecule

‘7 Hydrophilic head

+«— Lipophilichead

Hydrophilic drug molecules

Aqueous core

Hydrophobic drug molecules

Figure 1. Sketch of liposome components.

Liposomes have been applied in various pharmacotherapeutic areas to improve thera-
peutic drug performance from different routes of administration including oral, topical,
parenteral, ocular, and nasal [12-15]. However, in burn management, most effort has been
dedicated to local antimicrobial medication due to the increasing rate of antibiotic resistance
upon using conventional topical preparations [16].

Recently, many lipid-based vesicular systems have been intensively searched to en-
hance skin regeneration and overcome infections in burn wounds, with optimistic out-
comes [17]. Scientists have found that liposomal vesicles could penetrate the skin via the
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intracellular pathway and deliver drugs into the outer layer of the skin—to the epidermis
and dermis—and provide the sustained release of the drug [18].

On the other hand, phage therapy has gained considerable popularity as a method for
treating illness and chronic wound infections [19]. For almost a century, phage therapy has
been widely reconsidered as an alternative to antibiotics to treat bacterial infections using
naturally occurring viruses (phages). Later on, bacterial resistance to antibiotics resulted in a
renewed interest in reconsidering this practice. Phage therapy is typically used to infect and
lyse bacteria at the infection site using phages. Additionally, advances in biotechnological
approaches have further enhanced the range of potential phage therapeutics to include
bioengineered phages and their purified lytic proteins that target multidrug-resistant
bacteria [20].

Moreover, the phage is loaded into the liposomes to improve their therapeutic out-
comes. For example, a liposome-entrapped phahomoge cocktail to treat bacterial infections
not responding to antibiotics caused by Staphylococcus aureus-induced diabetic wound
infection was investigated by Chhibber and his assistants [21]. They proved that the phage
cocktail-loaded liposomes showed faster-wound healing and longer persistence than free
phage therapy in mice. The same strategy also served as an efficient tactic for treating burn
wound infections of Klebsiella not responding to conventional antibiotic therapy in mice.
Furthermore, the liposome-loaded phage cocktail protected the test animals from death
even after a 24 h delay in therapy establishment with a higher reduction in bacterial load in
major organs and the blood [22].

Additionally, the treatment is suggested according to the area of the burn as well as skin
permeation properties. For instance, madecassoside has manifested high efficacy in treating
skin diseases such as dermatitis and psoriasis. Nevertheless, the topical wound-healing
effect of madecassoside was hindered by its poor skin permeability. Therefore, in a previous
study, madecassoside liposomal double-emulsion and film dispersion liposomal prepara-
tions were developed to improve its transdermal permeation and wound-curing effect. As a
result, it was found that the liposomal double-emulsion was superior to the madecassoside
film dispersion liposomes, and both approaches had outstanding performance thanks to
polyethylene glycol modification [23]. The development of polysaccharide-coated lipo-
somes loaded with epidermal growth factor was another attempt to treat deep burns. The
modified liposomes were coated with a layer of sodium alginate followed by another layer
of chitosan using the layer-by-layer technique. The prepared biopolymer-coated liposomes
were cationic nano-sized vesicles of high drug entrapment efficiency, and remarkably
prolonged the drug release. Moreover, the liposomes accumulated in the epidermis and
improved the transcutaneous permeation of the epidermal growth factor; hence, this can
be considered a candidate approach for local drug delivery to promote wound healing [24].

Further trials to develop the innovative liposomes were performed to combine the
advantages of the conventional liposomes and the additional benefits of topical admin-
istration. The presence of the surfactant edge activator gives deformable liposomes a lot
of flexibility, allowing them to traverse the compact dead stratum corneum and reach the
viable epidermis. One of these studies was conducted by Choi et al. [25] who linked the
N-termini of the epidermal growth factor, platelet-derived growth factor A, and insulin-like
growth factor I with low-molecular-weight protamine, which was then conjugated with
hyaluronic acid and integrated into the deformable liposomes. They discovered that the
novel liposomes had a reasonably high skin drug absorption, with roughly 11% of the drug
deposited in the entire skin and 8% in the dermis; thus, it was regarded as quite efficient.

Moreover, the continual increase in antibiotic resistance against pathogenic microor-
ganisms with the high susceptibility of burn wounds to infections and the difficulty in
the systematic administration of antibiotics has resulted in the development of advanced
topical antimicrobial preparations for burn infections, and has become a fertile field of
innovation for researchers and pharmaceuticals. Indeed, topical liposome delivery systems
have a large share in this field. Therefore, when antimicrobials are incorporated into lipo-
somes in a hydrogel platform, they synergistically enhance burn wound healing and exert
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immediate and prolonged effects. For example, chitosan hydrogels loaded with mupirocin
antibiotics in liposomes have been proposed as an enhanced burn therapy. Though the
vesicle size significantly impacted the drug release, the liposomes incorporated into hy-
drogels showed a prolonged release of mupirocin [26]. Thus, nano-sized liposome-based
antimicrobial medicines delivered locally in adequate quantities and over a long time could
improve antimicrobial activity and reduce the effective strength required, perhaps via the
putative mechanisms of increased permeation through the microbial cell membrane. For
instance, previous research has suggested fusogenic liposomes carrying fusidic acid as
a potential option for addressing the infectious challenges of severe and resistant cases
such as burns [27,28]. Furthermore, silver sulfadiazine liposomes have been examined as
a feasible treatment strategies that could act as prolonged-release drug depots, and may
merit further consideration in providing localized treatment for infected burns [29].

Several modifications were introduced to the liposome components and structure
to improve their stability and performance as drug carriers. Sterically stabilized, ligand-
targeted, and mucoadhesive liposomes are examples of modified liposomes [30-32] where
various techniques to create sterically stabilized liposomes were used, such as “ethanol-
injection solvent evaporation”.

The fabrication approach of surface-modified mucoadhesive lipid nanovesicles is a
novel trend in the application of liposomes for wound treatment. Among the mucoadhesive
polymers used for liposome coating is chitosan. Chitosan-coated liposomes (chitosomes)
have been fabricated to enhance the bioavailability [33] and stability [34] of drugs and also
to control drug release [35] over a prolonged duration. Chitosomes are formed by ionic
interaction between the positively charged amino groups of chitosan and the negatively
charged phosphate groups on the surface of liposomes. The outcomes of the mentioned
research are supported by other findings where chitosan has been reported to be effectively
utilized in burn wound infections due to its antimicrobial activity, wound-healing support,
and ability for slow drug release into wounds [36]. Zadeh and Zamin [37] successfully
loaded mafenide acetate, one of the most effective antibiotics in treating burn infections, into
the chitosomes. They reported that chitosomes can overcome mafenide acetate drawbacks
by increasing penetration through the burned skin, reducing dose frequency, and reducing
drug toxicity, thereby providing a more concentrated form of the drug in the burned
tissue than aqueous solutions and creams can. Experiments have also evidenced liposome
stability improvement with coatings of chitosan polymer, since traditional liposomes
suffer from stability issues such as aggregation, fusion, degradation, and drug leakage
during storage [38].

On the other hand, anti-infective liposomal preparations were found to be unable to
provide a moist environment to encourage fast wound healing in the local treatment of burn
injuries. Therefore, anti-infective-loaded liposomes were incorporated into a hydrogel base
with a high water-binding capacity. This concept was implemented by Homann et al., who
conducted a randomized controlled trial on forty-three patients with partial-thickness burn
wounds to investigate the efficacy of polyvinyl-pyrrolidone-iodine liposomal hydrogel
compared with conventional silver-sulfadiazine cream on burn healing. The results indi-
cated that the liposomal hydrogel treatment provides fast wound healing and promising
cosmetic improvement [32]. Further examples of liposome-based formulations and their
application in burn therapy are displayed in Table 5.
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Table 5. Examples of liposome-based formulations and their application in burn therapy.

. .. . 1
Drug Therapeutic Activity Prepared Formulation 1\6223 Outcomes Reference
One application of
Prevents and treats wound Topical wound dressing Sacrifice.d rats: colony—forming liposomal.—entrapped an.tibiotics
Silver Sulfadiazine infection in patients with second-  containing liposome-entrapped un 1.ts of P'. AeTuginoSa resulted in a therapeutic effect [39]
and third-degree burns silver sulfadiazine were injected into the muscle that would normally require
' ' tissue of the rats. multiple administrations of
conventional therapy.
According to the data, topical
Antimicrobial, Gelatin-based wound dressing for second-degree
Usnic acid anti-inflammatory antiviral, and dressings containing usnic Male pigs burn treatment promotes [40]
antitumor activities. acid-loaded liposomes. faster-wound healing than silver
sulfadiazine ointment.
Liposomal amphotericin B exhibited
Broad-spectrum antifuneal agent Experimental liposomal superior in vitro antimicrobial
Amphotericin B of Chr(;ice for burn atgien tsg amphotericin B in In vitro activity against Aspergillus [41]
P ' commercial products. fumigatus compared to the free drug
as well as superior physical stability.
An experiment was conducted on
EGF enhances wound healing by rats to investigate the effect of
Epidermal growth stimulating epidermal and EGF-loaded liposomes in Rats secorfglidneu?etéogljrinv:sjﬁgf The [42]
factor (EGF) dermal regeneration and chitosan gel formulations. : & .
romoting cell growth histochemical results showed that
P ’ the EGF-liposomal gel formulations
had the highest epithelialization rate.
The administration on the
Bupivacaine Postoperative analgesia Bupivacaine-loaded liposomes. A clinical study in burn patients. surgical site (autograft harvesting) [43]

produced postsurgical analgesia
in burn patients.
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3.2. Cubosomes

Cubosomes are lipid-based nanosystems. They were discovered in 1980 as analogous
to conventional vesicular systems such as liposomes and niosomes, and are composed
of amphiphilic lipids in specific quantities. In cubosomes, the hydrophobic region of the
amphiphilic molecules can self-assemble in the polar solvent into thermodynamically stable
arrays to form the bicontinuous cubic liquid crystalline phase of lengths on a nanometer
scale (Figure 2) [44].

Non-polar tail of
lipid molecule

Aqueous layer

Lipid layer

© @
@ @
@ (@)
& ]

Amphiphilic lipid bilayer

Polar head of

lipid molecule Cobnsome/dieg

delivery system

@ Hydrophilic Drug & Hydrophobic Drug <= Amphiphilic Drug
Figure 2. Primary structural components of cubosomes.

The novel cubosomal delivery system has become attractive and extensively en-
compassed in pharmaceutical formulations due to its appreciated advantages, including:
(i) cubosomes possessing the ability to target and control drug release; (ii) suitable car-
riers for hydrophilic, hydrophobic, and amphiphilic drugs; (iii) biocompatibility and
biodegradability; and (iv) applicability in both mucosal and topical drug delivery due to
their bioadhesive properties [45]. Moreover, cubosomes are easily formed at almost any
dilution level in the aqueous vehicle, and drug leakage is less concerning than liposome
leakage. Cubosomes are considered great delivery vehicles for a wide range of medicines;
however, their manufacturing on a large scale is problematic because of their unusual phase
behavior and vicious qualities [46].

In the previous research, cubic nano-sized lipid vesicles showed a wide range of
applications, such as improving oral drug bioavailability [47,48], reducing systemic side
effects [49], decreasing ocular irritancy, and increasing local drug bioavailability [50]. In
addition, they showed the site-targeting of radiological and chemotherapeutic agents [51]
and transdermal drug delivery [52]. However, only limited research works have been
published on the use of cubosomes in the treatment of burn wounds. One of these studies
was conducted by Morsi et al. (2014), who developed silver sulfadiazine-loaded cubosome
dispersions with the emulsification method using monoolein as a lipid phase and the
nonionic surfactant of poloxamer 407 with or without polyvinyl alcohol in a mucoadhesive
hydrogel base. Their results demonstrated that the antibiotic-loaded cubogel was non-
irritant to the skin, had minimal cytotoxicity in the dermal cell lines, improved wound
contraction, and could be used in deep second-degree burns compared to the commercial
product Dermazin® cream [53].
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Certainly, the rapid growth of microbial resistance to conventional antibiotics poses
a serious global threat of growing concern in wound treatment. Thus, scientists have ac-
celerated their contributions to discover new antimicrobials with new modes of action
to be less susceptible to bacterial resistance. As a result, massive laboratory and clinical
research efforts are underway to introduce and evaluate next-generation antibiotics. Cur-
rently, several antimicrobial peptides are being evaluated as novel anti-infective drugs and
innovative products to treat complicated skin infections related to burn wounds through
immune-modulating effects, wound healing promotion, and skin scar prevention [54]. For
example, cubosomes loaded with the human cathelicidin antimicrobial peptide LL-37 have
demonstrated a high antibacterial effect against the tested bacteria Escherichia coli, and
function as an antimicrobial unit through their adsorption and destruction of the bacterial
membrane [55]. Additionally, Boge and his group prepared another novel cubosome loaded
with three antimicrobial peptides (AP114, DPK-060, and LL-37), and again the highest asso-
ciation efficacy (>60%) in the cubosomes observed among the three peptides was with LL-37.
Moreover, the cubosomes further protected LL-37 from elastase proteolytic degradation,
resulting in significantly better antibacterial activity than the free peptide [56]. Later on, the
same group of researchers studied three different protocols for preparing the antimicrobial
peptide LL-37 loaded-cubosomes for antimicrobial topical drug delivery. The preparation
protocols were designed based on the step (pre-, post-, and hydrotrope-loading) of the pep-
tide incorporation into the cubosomes. Their results showed that the highest peptide loading
was achieved when the cubosomes were prepared by sonication (pre-loading). Additionally,
the peptide was strongly associated inside the cubosomes and was more stable, since its
bactericidal effect was persistent after incubation with the proteolytic enzyme compared to
the free LL-37 [57].

3.3. Niosomes

Due to the defects of the liposome delivery systems, new non-ionic surfactant vesicles,
known as niosomes, were introduced. L'Oreal created and patented the first niosome
formulations in 1975 [58]. They were biodegradable, relatively safe, more stable, and
inexpensive, hence offering advantages over conventional liposomes. Niosomes improve
medication behavior in three ways: the drug clearance is delayed, the drug is protected
from the biological environment, and the drug’s action is limited to the target site [59].
Furthermore, niosomes are flexible and easily modified due to the functional groups on
their hydrophilic heads, and the storage and handling of the surfactants do not necessitate
special conditions [60]. Additionally, toxic effects on tissues are reduced when the drugs
have a local effect; thus, the use of niosomes for drug administration via transdermal,
parenteral, and ocular pathways has been extensively investigated [61,62].

Regarding niosomes’ transdermal absorption, no particular mechanism can adequately
explain the capacity of niosomes to enhance medication transfer to deep layers of the
skin. Niosome adsorption at the cell surface occurs with little or no internalization of
either aqueous or lipid phases; it can occur due to attracting physical forces or specific
receptors binding to ligands on the vesicle membrane and direct drug transport from
the vesicles to the skin. On the other hand, niosomes can also amalgamate with the cell
membrane, resulting in a thorough mixing of the niosomal content with the cytoplasm.
Another proposal is that niosomes can be absorbed by the cell via endocytosis. Then, the
cytoplasmic lysozyme destroys or digests the niosome membrane structure, releasing the
entrapped substance into the medium [63].

Numerous studies have recently been published that explore the application of nio-
somes for drug delivery in treating burn wounds. Silver sulfadiazine is a powerful antibac-
terial used to treat burns and is available in the market in topical cream dosage form [64].
Several advanced techniques have been investigated to reduce silver sulfadiazine toxicity
and improve its therapeutic effectiveness. For instance, silver sulfadiazine-loaded niosomes
were fabricated by the thin-film hydration technique and then integrated into carbopol
934 gel base. As a result, burn wound healing was more successful with the niosomal gel
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than with the commercial cream. Additionally, the in vitro permeation tests revealed that
the release of the drug from both niosomes and the niosomal gel was significantly delayed,
thus reducing the dosage frequency [65].

In another study, niosomes embedded in chitosan gel were prepared as a novel vehicle
for the topical administration of moxifloxacin. The niosomal gel formulations displayed
pseudo-plastic flow behavior and a prolonged drug release profile. Additionally, the
niosomal formulation was superior against P. aeruginosa, while incorporating moxifloxacin
niosomes into chitosan gel had a more significant antibacterial impact against S. aureus
than free moxifloxacin gel [66]. A positive point is that the chitosan gel base, as shown in
other studies, shows excellent promise for localized microbial infection in treating burns,
providing a synergistic antimicrobial effect in the preparation [67].

In addition, scientists have explored different approaches for burn wound manage-
ment. One of these is the mitochondrial production inhibition of reactive oxygen species
(ROS) during the inflammatory stage of skin injury which can damage the tissue and
delay wound healing. Methylene blue was effective in burn wound treatment, decreasing
mitochondrial ROS production and the antioxidant effects. Farmoudeh et al. formulated
methylene blue-containing niosomes using an ultra-sonication technique and included
them in the gel-based formulation. They reported that the optimized formulation displayed
promising results in rats. After three days of treatment, the level of malondialdehyde
(an end product of lipid peroxidation) was significantly decreased in the niosomal gel-
treated group. In contrast, the superoxide dismutase (an endogenous antioxidant) level
was increased. Moreover, histological observations demonstrated effective and fast burn
treatment with methylene blue niosomal gel [68].

Moreover, pentoxifylline (PTX) in systemic dosing has been shown to promote wound
healing. PTX helps salvage the damage by enhancing the rate of epithelization, reducing
the necrotic area, and preventing burn wounds from deepening [69]. Nevertheless, the
usage of PTX topically appears to increase the clinical efficacy of drugs by concentrating
the drug near the site of infection. According to an in vivo study performed on mice using
PTX-niosomal creams, the wound recovery time was reduced by two days. The size of the
wounds was also considerably smaller than the control group of the mice. The niosomal
creams also increased epithelization and collagen production compared to the PTX cream
conventional dosage form, resulting in quicker wound closure [70].

Notably, advanced research has been conducted to explore the utilization of niosomal
delivery systems in burn therapy. Some examples of niosomal formulations along with
their characteristics and outcomes for burn treatment are displayed in Table 6.



Sci. Pharm. 2022, 90, 39 13 of 32
Table 6. Characteristics and outcomes of niosomal formulations in burn treatment.
Dru Therapeutic Activit Preparation Formulation Study Outcomes Study Design References
& P y Technique Concepts y y 8
The vesicular size increased with
the amount of alcohol. The drue permeation increased Ex vivo permeation
Sulfadiazine sodium Antibiotic Film hydration method Large-sized vesicles were . &P - through rabbit [71]
. . with an alcohol concentration. .
obtained with ethanol, followed ear skin.
by propylene glycol and glycerol.
Antioxidant, antimicrobial, - Anthocyanins-loaded niosomes The b1oa.ct1v1ty of C Oﬁ.cl gznalzs
L Thin-film . . methanolic extract significantly . .
C. officinalis and promotes . were incorporated into a . O In vitro cell lines [72]
. hydration method . . increased after loading into the
wound healing. mucoadhesive gel formulation. . .
phytoniosome formulation.
The niosomes with Span 60 gave A sustained release once-a-day
. . . . . Solvent injection the highest entrapment efficiency niosomal formulation to In vitro
Silver sulfadiazine Topical antibacterial method and exhibited considerable improve patient compliance antimicrobial study [73]
retardation in vitro drug release. was developed.
The AMP niosomal topical gels
were prepared, and the The niosomal gel containing
hBD-1 Antimicrobial Mechanical shaking/ antimicrobial activity was recombinant hBD-1 (1 pg/mL) Animal studies (rats) [74]
and HNP-1 peptides (AMPs) homogenization investigated against increased the healing rate of
Staphylococcus aureus clinical infected wounds in rats.
strains in vitro and in vivo.
Niosomes were found as an ideal
L Antibacterial and Optimized formulation using candidate for designing a new In vitro
Tannic acid e g R . .. . [75]
antibiofilm activities response surface methodology delivery method for the antimicrobial study
antibacterial agent.
In contrast to the vehicle-treated
Solvent The phenytoin-loaded niosomes control group, the Guinea pies with
Phenytoin sodium Wound-healing activity evaporation—film were incorporated in sodium niosome-treated lesions were fully induce dpvgoun ds [76]
hydration method alginate gel. healed by the ninth day of the
in vivo study.
By the seventh day of the
Hypericum Wound-healing and Film hydration Optimized formulation using in vivo study, the niosomal gel
. o . treatment group showed Adult mongrel dogs [77]
perforatum anti-inflammatory activities technique response surface methodology.

increased angiogenesis and
fibroblastic proliferation.
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3.4. Ethosomes

Recent advances in the development of improved and innovative transdermal and
dermal therapies have been made possible by ultra-deformable lipid vesicles such as
ethosomes. Ethosomes are soft and flexible lipid vesicles, developed in 1996 by Elka
Touitou based on the structural modification of the parent vesicles, liposomes. Ethosomes
are composed of phospholipids, a high concentration of ethanol, and water [78]. Because
of their high ethanol content, they can interact with the polar heads of the phospholipids
present in the stratum corneum and permeate into the deep layers of the skin [79].

Lipid nanovesicles can deliver drugs to the target site and improve their stability and
absorption. Nanoethosomes are lipidic vesicles that have become attractive permeation
enhancers for transdermal drug administration in burn treatment. Nanoethosomes are
ultimately included in various topical preparations such as creams, gels, and ointments. For
example, Razavi et al. [80] produced silver sulfadiazine nanoethosomal gel formulations to
reduce the bacterial infection of burn wounds and healing time. As a result, the ethogel
promoted the antibacterial activity of silver sulfadiazine with a faster wound contraction
rate in Wistar rats than the untreated animals.

Moreover, ethosomes have been widely used in the transdermal delivery of non-
steroidal anti-inflammatory drugs (NSAIDs) for pain management in burns [81]. The
anti-inflammatory and analgesic activity of flurbiprofen was significantly increased by
its inclusion in the ethosomes vesicles. The loaded ethosomes were stable at the refriger-
ator temperature and could maintain the sustained release of flurbiprofen for 24 h [82].
Nanoethosomal formulations loaded with other NSAIDs such as naproxen sodium [83],
diclofenac sodium [84], ketoprofen [85], and aceclofenac [86] were also explored.

More findings have been approved that suggest that the incorporation of bioactive
materials inside the lipid core enhances their permeation properties and protects the
active entity from pH and enzymatic degradation [87]. Here is an example for illustration:
thymosin (-4 (T(3-4) is a macromolecular peptide medication that increases the rate of
dermal healing, tissue repair, and skin regeneration; however, its usage is limited due
to poor membrane permeability and unstable physicochemical characteristics. Therefore,
scientists have tried to overcome these obstacles by loading Tf3-4 into the ethosomal
delivery system. The results were promising; hence, the ethosomal gel system loaded
with protein/peptide drugs provoked the percutaneous absorption of the drug, speed up
wound recovery, and improved the therapeutic effect [88]. In another work, tamoxifen
citrate was loaded into ethosomes and compared to conventional liposome formulation.
Tamoxifen citrate is an anti-estrogenic agent that has been utilized in burn wounds and
scar treatment. The prepared lipid vesicles were evaluated in vitro for their permeation
properties in human cadaver skin. The confocal scanning microscopy results indicated a
higher penetrability of the ethosomal vesicles than liposomes, which were restricted only
to the upper epidermal layer [89].

Although recent advances in ethosomal DDSs have shown significant results in re-
ducing the drawbacks of conventional therapies, some limitations are still associated with
ethosomal formulations, such as physical instability and a poor yield of production [90].

3.5. Transfersomes

Since the 1990s, the word transfersomes, a trademark of IDEA AG®, Munich,
Germany, has been the topic of various patents and literary information. It represents
the first generation of ultra-deformable vesicles. Furthermore, IDEA AG has announced the
granting of a new US patent that explicitly covers Diractin® (ketoprofen in transfersome®
gel, formerly known as IDEA-033). Thus, it provides an appreciated foundation for
the future marketing of IDEA’s innovative targeted analgesics in the United States [91].
Transfersomes are analogs of liposome vesicles but contain the “edge activator” surfactant
in their lipid composition, which is responsible for their ultra-deformable and flexible
structure (Figure 3).
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Figure 3. The basic structural components of the deformable transfersome.

Transfersomes have demonstrated potential for delivering both lipophilic and hy-
drophilic APIs via the transdermal route [92]. Furthermore, the elastic structure and
accel properties of the transfersomes allow them to have more significant skin penetration
properties compared to traditional liposomes, even reaching the blood circulation [93].

Transfersomes were developed as a new modern technology in drug transdermal
delivery for systemic drug percutaneous administration [93,94]. On the other hand, trans-
fersomes were among the most effective medication delivery methods for topical use
compared to traditional topical systems. They offer drug penetration to deep skin layers
due to their extraordinarily elastic and malleable structure. For example, lidocaine is a local
anesthetic that reduces pain or discomfort caused by skin irritations such as burns. To avoid
painful local anesthetic injections, Omer et al. developed a topical gel loaded with lidocaine.
The transfersomal gel of lidocaine was fabricated using HPMC K15 as a gelling agent with
permeation enhancers. Their results revealed the enhanced skin permeation effect and
local anesthetic action of lidocaine-loaded transfersomes [95]. Based on transfersomes’
significant penetration characteristics, they have become attractive as drug carriers in burn
wound treatment. In a previous study, Chaudhari and his group attempted to improve
patient compliance by reducing the administration frequency by formulating a transfer-
somal cream of acriflavine. The transfersomes were prepared by the thin-film hydration
method and thoroughly evaluated in vitro. The candidate transfersomal formula showed
high loading efficiency and prolonged drug release over 24 h [96]. Further research is being
undertaken regarding applying transfersome drug delivery systems to burn treatments, as
summarized in Table 7.

Table 7. Examples of transfersome drug delivery systems for burn treatment.

Epidermal Growth Factor

Drug Vesicles Formers Therapeutic Activity Dosage Form References
Human Growth Hormone Lecithin soyb?an Reductlgn in wound Transdermal [93]
phospholipid healing time. suspension
Antioxidant activity and
Soy wound healing properties. A
Tocopherol Acetate phosphatidylcholine simple and low-cost technique Topical suspension [97,98]
(Lipoid S75) for speeding up the healing of
infected tough wounds.
Recombinant Human Phosphatidylcholine Accelerates chronic Transdermal

and sodium wound healing suspension o
deoxycholate ]

Mangiferin

Antioxidant and
anti-inflammatory.

Bioadhesive topical
preparation

Soy lecithin

and mucine [100]
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3.6. Phytosomes

Phospholipid complexation patented technology was developed by INDENA, an
Italian pharmaceutical and nutraceutical company, in 1989 by combining polyphenolic plant
active constituents with phospholipids containing phosphatidylcholine, now known as
phytosomes [101]. One of their marketed products is Oleaselect®, a commercialized product
that is made up of phytosomes and is based on the polyphenols in olive oil. In comparison
to normal oil, antioxidant, antihyperlipidemic, and anti-inflammatory effects, as well as
cardiovascular protection, were reported to be improved when it was administered as a
phytosomal formulation [102].

In comparison with ordinary herbal extracts, phytosome technology is believed to
enhance pharmacological and pharmacokinetic properties and increase drug bioavail-
ability. Phytosomes, also known as photo-phospholipid complexes, are vesicular drug
systems generated by hydrogen bonding between hydrophilic portions of phospholipids
and phytoactive components of plant extract. Moreover, phytosomes appear to increase the
absorption of active constituents from both oral and topical dosage forms and consequently
reduce the dose required. However, phytoconstituents from phytosomes are quickly re-
moved, which is a disadvantage [103,104]. Indeed, soya-lecithin phosphatidylcholine,
phosphatidylserine, and phosphatidylethanolamine are the most often used phospholipids,
and the best phospholipid-to-phytoconstituent ratio is 1:1 [105]. In this field, many studies
are being conducted to develop therapeutically effective phytosomal products. Gingko biloba
extract, loaded into phytosomes, significantly increased the absorption of its flavonoid
and terpene active components, and enhanced brain and vascular protection in human
volunteers [106].

Several herbal extracts have been studied for their ability to relieve burns and other skin
ailments due to their medicinal benefits, including their antibacterial and anti-inflammatory
properties, and capabilities to promote wound healing and blood clotting. Most plant
extracts used in pharmaceutical applications are pharmacologically active due to their
flavonoids or polyphenol rings, which have high molecular weights and are therefore
poorly soluble and imperfectly absorbed through the skin. Therefore, the nano-sized
phytosomal delivery system is needed to enhance the penetration of these compounds across
biological barriers due to their distinctive physicochemical properties, thereby increasing
their bioavailability [107,108]. Table 8 provides examples of phytosomal products prepared
for treating burns and other types of wounds.
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Table 8. Phytosome-based herbal formulations for burn/wound treatment.

Scientific Name

Dosage Form

Model Used

Magnitude of Results

Reference

Aloe vera

Mucilage (98%)

Clinical studies (patients with
second-degree burns)

Aloe therapy proved effective for partial burn injuries
(total burn surface area <25%).

Burn wound healing and pain relief in the tested
patient (who received aloe treatment) were faster than
in the control group patients (who received silver
sulfadiazine cream 1%).

Pain relief was effective by the 5th-12th day of
treatment, and 24 out of 25 total patients healed
completely by the 40th day of treatment.

[109]

Phytosomal gel

Ex vivo permeation study
using rat skin

The formulation was optimized by a factorial

design experiment.

The skin permeation and flux profile of the
phytosomal gel were superior compared to aloe vera
extract mucilage. The phytosomal gel showed stability
for three months.

[110]

1-Carnosine/ Aloe vera-loaded
dual nanophytosomes

In vitro model using
human umbilical vein
endothelial cells (HUVECS)

The nanophytosomal preparation was effective in
protecting the HUVECs against methylglyoxal
(MGO)-induced toxicity for 72 h of incubation.
Moreover, the formula showed efficient free radical
scavenging potency. Thus, it could be used in the
treatment of microvascular dysfunction in diabetics
with uncontrolled hyperglycemia.

[111]

Sinigrin glucosinolate (seeds of
Brassica nigra)

Sinigrin-phytosome complexes

Ex vivo permeation study using the
abdominal skin of Caucasian female
patients after plastic surgery

The phytosomes delivered a statistically significantly
higher concentration of sinigrin into the stratum
corneum-—epidermis

compared to the control (free sinigrin).

[112]

Brassica oleracea

Leaf aqueous
extract-loaded phytosomes

In vitro assessment

HPLC was accurate, fast, and cost-effective for the
estimation of allyl isothiocyanate in black mustard
extract-loaded phytosomes.

[113]

Camellia sinensis

Leaf ethanolic
extract-loaded phytosomes

Male Balb-c mice

Analgesia and the anti-inflammatory activity of green
tea phytosomes that contained diclofenac were
enhanced and prolonged in a dose-dependent manner
when compared to diclofenac alone.

[114]
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Table 8. Cont.

Scientific Name

Dosage Form

Model Used

Magnitude of Results

Reference

Calendula officinalis

Gold nanoparticle-loaded
phytosomes

In vitro cell culture studies

Fluorescence imaging showed that gold
nanoparticle-loaded phytosomes penetrated
deep into the cells and accumulated around the
nucleus. They also exhibited antioxidant and
wound healing properties.

[115]

Moringa oleifera

Leaf aqueous extract-loaded
phytosomes

In vitro normal human dermal
fibroblast cell migration and
cytotoxicity tests

Comparatively to the controls, the phytosomes
exhibited significantly higher cell migration and
proliferation rates. Moreover, the phytosomes
had no cytotoxic effects at concentrations up to
1.5 mg/mL, exhibiting significant potential as a
therapeutic wound dressing.

[116]

Crocetin from Nyctanthes arbor-tristis

Crocetin-loaded phytosomal gel

Incision and excision wounds
inflicted on Wister albino rats

With the phytosome-loaded gel, both wound models
showed good wound healing potential, as the
epithelization period was significantly reduced from
26 to 9 days when compared to the control group.
Additionally, the entrapment of crocetin into
phytosomes increased its stability.

[117]

Onosma echioides
(Root bark)

Naphthoquinone-enriched
extract-loaded phytosomes

Incision and excision wounds
inflicted on Wister albino rats

The formulation-treated animals showed improved
wound healing effects for wounds concerning both
wound contraction and tensile strength compared with
the control group. A reduction in lipid peroxidation
and an increase in catalase activity were also indicative
of reduced oxidative stress in the granulation tissue.

[118]

Woodfordia fruticosa
(Flower extract)

Phytosomal gels

In vitro antioxidant activity assay

The phytosomal gel outperformed crude
extract in terms of solubility, antioxidant activity,
and in vitro drug release.

[119]
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4. Natural Products

The materials employed in wound dressing can significantly impact wound healing
quality and affect the wounded tissue’s occlusion [120]. Some of these materials are attained
from natural resources, such as medicinal plants, and have been used extensively for skin
damage treatment due to burns [121]. Moreover, since ancient times, traditional remedies
have been favored for burn management because they are more effective, less expensive,
have fewer side effects, and are abundantly available. A variety of herbal therapies used in

the treatment of burns are presented in Table 9.

Table 9. Uses of natural herbs in burn treatment.

Administration

Herbs Main Constituents Dosage Forms Routes Clinical Evidence References
It has
anti-inflammatory,
anti-bacterial, and
Soluble sugars, . .
. Solutions, creams, . wound-contracting
polysaccharides, . Topical, .
Aloe vera L . mucilage, gels, and properties, as well as [122-124]
lignin, glycoproteins, d . oral L
0 ressings. contributing to cell
and antiseptic agents. . .
proliferation, collagen
formation, and
angiogenesis.
It has antioxidant and
Flavonoids, tannins, anti-inflammatory
vitamins (C, E, K), properties, as well as
Hippophae organic acids, - Aqueous leaf Topical, the ability to prorpote
. glycerides of palmitic, . wound contraction [125,126]
rhamnoides . . extract, seed oil oral . .
triterpenes, stearic and epithelization and
acid, oleic acid, and increase wound
amino acids. hydroxyproline and
the content of protein.
Feruhf: acid ‘1s the Stimulates the
major active . .
. proliferation of human
component, in skin fibroblasts
Angelica Sinensis addition to the Ethanol extracts In vitro tests 4 [127,128]
1 collagen synthesis,
essential oils, and N
and TGF-b production
water-soluble L
. . in vitro.
ingredients.
Stimulates wound
healing and wound
Catharanthus roseus Alkaloids, Leaf ethanol . cor}trgctlor}, and.hfis
. . Topical antimicrobial activity [129,130]
(Vinca rosea) and tannins. extract .
against Pseudomonas
aeruginosa and
Staphylococcus aureus.
Proliferates and
migrates fibroblasts
L . in vitro; stimulates
Calendula officinalis Triterpenoids, Gels, aqueous and . ’ .
(Marigold) and Flavonoids. alcoholic extracts Topical collagen synthesis and [131,152]

angiogenesis.
Moreover, it has
antimicrobial activity.
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Table 9. Cont.

. . Administrati .. .
Herbs Main Constituents Dosage Forms mI;I;LSt;: ton Clinical Evidence References
Enhances wound
tensile strength,
Sesamolin, Intraperitoneal, wound contraction,
Sesamum indicum Sesaminol, and Solution intramuscular and hydroxyproline [133,134]
antioxidants. injections levels in rats
using various
wound models.
Phenols, esters,
acids, alcohols,
anthraquinones, Reduces wound area
. o ﬂavonmc’ls, Ethanol extract of ar}d eplthe}lallzatlon
Morinda citrifolia triterpenoids, R time and improves
. . plant leaves mixed Oral . [135,136]
(noni) saccharides, . hydroxyproline
. with water .
carotenoid esters, content in rat
ketone and lactone excision wounds.
molecules, lignans,
and nucleosides.
Poly.phenols,. Ethanolic plant InC1§10n wounds in
. . flavonoids, tannins, . . Wistar rats were
Camellia sinensis . extract in pure Topical . . [137,138]
caffeine, and . . reduced in healing
. - Vaseline ointment .
amino acids time and wound area.
In diabetic mice with
Most bioactive full-thickness wounds,
. constituents include . reduces inflammation
Rosmarinus . Aqueous and Topical,
L terpenoids and 1 . . and promotes
officinalis L. essential oil intraperitoneal . [139-141]
polyphenols, e.g., A wound contraction,
(rosemary) extracts injection

carnosol, rosmarinic,
and carnosic acids.

re-epithelialization,
angiogenesis, and
collagen production.

On the other hand, advanced DDSs have been considerably explored for traditional
medications to improve transcutaneous absorption and drug deposition to the deep layers
of the skin. Fruitful research works have been conducted in this field by incorporating
plant extracts and natural remedies inside drug carriers. For example, bee pollen is a male
reproductive organ generated by entomophilous plant blossoms, commonly known as
flower pollen. Flower pollens are an essential part of the bee’s nourishment; they can be
used for immediate needs or saved for later consumption. In one study, the phenolic pollen
extract was loaded into a proliposomal delivery system that enhanced liposomes’ physical
stability and the entrapment ability of poor water-soluble extracts. The proliposomes
were produced by the high-pressure homogenization technique. This new technique
could dramatically enhance the pollens extract’s solubility, in vitro bioaccessibility, and
antioxidant activity [142]. Extrusion and ultrasonication techniques are also used for the
nano/micro-downsizing of vesiculosomes [143], as shown in Figure 4.

Further research on liposomes loaded with propolis, a natural bee product, has been
conducted [144]. Propolis has both antimicrobial /antifungal and antioxidant characteristics,
which is helpful in burn wound infection treatment. The study outcomes showed the
superior effectiveness of the propolis extract-loaded liposomal preparation compared with
the extracted sample.

Honey is another common natural remedy, which has long been used as a traditional
medicine for a variety of medical purposes. It is well-known for its antiparasitic, anti-
inflammatory, and pain-relieving properties. It is also helpful against respiratory tract
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infections. In addition, honey-containing topicals have been prepared and evaluated for
burn wound healing [145].

Nano-liposomes incorporated with royal jelly have been produced by the thin lipid-
film hydration technique. The nano-liposomes, prepared from 10-hydroxy-2-decanoic fatty
acid, significantly enhanced the royal jelly’s transcutaneous absorption and antimicrobial
activity [146]. Further examples of herbal-based vesicular delivery systems established for
burn treatment are given in Table 10.

LUVs
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Ultrasonication Bath

Prob Ultrasonication

Down sized o
- ~ ) vesicles Ultrasonication water Ultrasound convertor
_ A P sample Fluid
‘(\ » u" (emo) Prob
Macro lipid vesicles High Pressure Homogenizer ®0
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Figure 4. Techniques for the vesicle downsizing of nano/micro vesiculosomes.
Table 10. Herbal-loaded vesiculosomes for burn treatment.
Vesicular Carrier Herb Clinical Evidence References
Aloe vera Anti-inflammatory and antimicrobial activities. [147-151]
Hippophae rhamnoides Anti-inflammatory/antioxidant properties.
Li Anoelica Sinensis Stimulates collagen production, and human skin
1posomes 8 fibroblast proliferation.
Cathmﬁanthus rosetts Antimicrobial activity.
(Vinca rosea)
Calendula officinalis (marigold)  Antibacterial and anti-inflammatory properties.
Sesamum indicum Improves wound tensile §trength, [152-154]
and wound contraction.
Morinda citrifolia (Noni) Improves the hydroxyproline content and
. decreases the wound.
Noisomes
Reduces inflammation and enhances wound
Rosmarinus officinalis L. contraction, re-epithelialization, angiogenesis,
(Rosemary) and collagen deposition in diabetic mice with
full-thickness wounds.
Phytochromes Camellia sinensis Reduces the healing duration and wound length. [155]
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5. Current Status and Future Concepts

The application of vesicular DDSs alters the biodistribution and pharmacokinetics of
drug molecules by reducing clearance, metabolism, and distribution volume. This can also
be applied for the drug targeting of diseased tissues via increasing the capillary permeabil-
ity. Liposomes, for example, may carry biological medications made of macromolecules,
such as antisense oligonucleotides, cloned genes, recombinant proteins, etc. [156]. Classic
liposomes, however, have diminutive value because they do not penetrate the skin deeply.
On the other hand, specially designed and modified liposomes are capable of achieving en-
hanced drug delivery from different administration routes [157]. Despite this, the pharma
market is not rich with these types of formulas; liposome-based products are few due to the
obstacles associated with large-scale production. For instance, Liposomal Histx (Quali®-C)
is a food supplement based on vitamin C and quercetin produced by Equisalud in the
form of oral suspension [158]. Previous research has reported that vitamin C is an effective
antioxidant candidate in burn conditions because it shows efficacy in decreasing fluid and
ventilation requirements in the acute phase after the burn wound, as well as improving
wound healing. Quercetin decreases apoptosis and increases autophagy, thereby improv-
ing tissue viability in the stasis area of burn wounds [159]. The main purpose behind
using liposome lipid carriers is to improve these supplements’ bioavailability and effi-
cacy [160]. Another example of innovative nutrition with vitamin C is Nutricology®, Micro
Liposomal C [161]. This product contains vitamin C-loaded sunflower phospholipid-based
liposomes in the form of an oral liquid preparation.

On the other hand, liposome topical preparation has been produced and applied for the
repair of damaged skin, such as burned skin. Decorté® Liposome Advanced Repair Serum
is one of these products. The product is powered by Liposome Technology™ in the form
of topical serum that offers sustained-release skin hydration and support [162]. Moreover,
treatment with tretinoin significantly increases the skin’s distensibility by lowering the
skin’s resistance and elastance; therefore, topical tretinoin has been suggested for post-
burn scarred skin [163]. Furthermore, liposomes are an effective tool for retinol protection
against oxidation by light due to the incorporation of sterols into the liposome components.
Recently, it was reported that a dual-ointment formulation containing retinoic acid-loaded
transfersomes and cationic deformable liposomes loaded with epidermal growth factor
has been fabricated and examined for its skin permeation compared with a control. As a
result, the deformable liposomes significantly enhanced drug penetration into the deep skin
layers, and consequently, the formula was considered to be promising for the treatment of
deep, partial-thickness burn wounds [164].

Finally, to obtain a complete perspective on the future application of vesicular DDSs
in burn management, we used the Google Patents engine https://patents.google.com
(accessed on 5 February 2022) and collected some relevant innovations that have been
proposed for burn therapy, skin scarring reduction, and wound healing, as presented
in Table 11.

Table 11. Examples of patent innovations for the application of vesiculosomes in burn therapies.

Patent Number

Source Patent Title Vesicles Publication Date Reference

Tacrolimus transfersome

CN102949341B China solution and preparation Transferosomes 9 April 2014 [165]
method thereof
High-concentration
US7476400B2 United States lidocaine compositions Liposomes 13 January 2009 [166]

and methods for
their preparation
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Table 11.

Cont.

Patent Number

Source

Patent Title

Vesicles

Publication Date

Reference

EP2915541B1

European
Patent Office

Vesicles which include
epidermal growth factors
and compositions that

Liposomes

9 November 2016

[167]

contain the same

US5716638A

United States

Composition for applying
active substances to or
through the skin

Ethosomes 10 February 1998 [168]

CA2117046C

Canada

Liposomal antibiotic

formulation 3 October 2000 [169]

Liposomes

US20200276231A1

United States

Enhanced antivirulent
for antibiotic-
resistant bacteria

Liposomes 3 September 2020 [170]

WO02012153075A2

WIPO

Topical cosmetic
composition containing
an improved
pro-penetrating system

15 November 2012 [171]

US9468599B2

United States

Composition and method

for compounded therapy 18 October 2016 [172]

Transferosomes

JP2018009026A

Japan Transdermal delivery

Transferosomes 18 January 2018 [173]

WO2019004563A1

WIPO ethosome, ethosome

Method of
preparing bioactive

- 1
substance-encapsulated Ethosomes

Liposomes 3 January 2019 [174]

composition, and cosmetic
composition including
ethosome composition

KR100446832B1

South Korea

Liquid droplets
for the manufacture
of preparation for
the non-invasive
application or
the non-invasive
transport of
active ingredients
through barriers

Liposomes 4 September 2004 [175]

Indeed, although vesiculosomes have tremendous potential for human research, these
systems have also been hampered by the lack of international standards and assessment
methods regarding their biocompatibility, safety, and targeting efficiencies. They are also
limited in their industrial production due to complex fabrication and assessment processes,
as well as their undeniable drawbacks. Despite these technical difficulties, the trend
towards utilizing these systems to their fullest potential is unavoidable and unstoppable,
since vesiculosomes certainly comprise the most promising and cost-effective treatments to
promote burn wound healing and skin regeneration.

6. Discussion and Expert Opinion

As discussed earlier, there are three different stages of burns: first, second, and third,
which are different in terms of extent, depth of the burned skin, and symptoms. Burn
injuries are also treated differently according to the extent and the area of the body affected.
Consequently, burn therapy can range from skin cooling and simple topical antimicrobial
therapy to skin grafting and surgical intervention. A burn of the third degree is considered
the severest burn injury which can cause a wide range of health problems. Preparations
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such as skin grafting and biological and synthetic substituents for treating third-degree
burns are expensive and hard to come by. Additionally, third-degree burns can result in
systemic infections such as bloodstream infections and pneumonia, and eventually death in
many cases [176]. However, superficial burn wounds can heal quickly, without problems,
and with less probability of scar formation, especially when treated with proper wound
dressings and other topical preparations.

Currently, most commercially available burn treatments are conventional and topically
applied. These topical preparations are available in different pharmaceutical dosage forms
such as ointments, creams, gels, and dressings, and are commonly used for the therapy of
mild-to-moderate burn stages.

As a matter of fact, the topical route has drawn considerable attention due to its
advantages over other routes of administration. This is because topical dosage forms are
non-invasive and show good patient compliance, since they are easily applied and removed
by the patient. Moreover, a variety of skin diseases can be treated using topical drug
administration, including psoriasis, microbial infections, and acne. Additionally, topical
treatment allows the drug to be deposited directly onto the affected area, increasing the
therapeutic efficiency and reducing undesirable adverse effects. However, drug penetration
to deep skin layers remains the main obstacle with topical treatment. In addition, most of
these therapies are ointment-based, exposing wounds to cross-contamination when they
come into touch with dust, dirt, moisture, water, liquids, particles, and so on [177]. Topical
solutions of sodium hypochlorite, iodine, H,O,, and other drugs are utilized to treat burn
wound infections, though multiple dosing frequency is required.

Many techniques and formulation aspects have been suggested to improve the tran-
scutaneous absorption of these products, for example, drug loading to lipid-based vesicu-
losomes is one of these attempts. Previous research has proven that loading medications
into these lipid carriers could significantly improve their diffusion and absorption deeply
into the skin, leading to better skin healing activity. Moreover, treating burn injuries with
vesiculosome-based medications via different routes of administration, such as oral, is rare,
and the most valuable products for burn treatments are those that may be used topically.

On the other hand, systemic antibiotics may be used in burn therapy and may be
needed in large doses, which can lead to antibiotic resistance. Topical antibiotics or antisep-
tics are effective but have several side effects, even though they do not cause resistance [178].
Only a few FDA-approved medicines can effectively cure second- and third-degree burn
wounds. The constant growth of antibiotic-resistant pathogen strains, frequently with mul-
tiple drug resistance, and the discovery of novel antibiotics and formulation development
have demanded extensive research and the discovery of superior alternative treatments.
For example, the incorporation of antibiotics (e.g., silver sulfadiazine and bacitracin) into
lipid vesiculosomes has resulted in two achievements, including dramatic improvement in
antimicrobial activity and a significant reduction in bacterial resistance due to increasing
drug bioavailability and targeting.

Several advantages have been obtained beyond drug loading with these lipid carriers;
however, a limited number of vesiculosome-based commercial products are currently
produced and marketed because of the high cost of the ingredients and the complexity
of manufacturing.

We believe that our review article, based on the information we have, may assist
people in improving their knowledge about advanced burn treatment. In recent years, the
expansion of nano/micro-medicine has brought new insight into skin regeneration and
burn management. Thus, the current study provides a good review of the literature on
advanced burn therapies loaded with lipid-based vesicular drug delivery systems, and
their multiple advantages as well as limitations. Moreover, readers will obtain a greater
understanding about the stages of burns, and how to treat each of them. The potential use
of herbal and natural products loaded with vesiculosomes has also been discussed.

Therefore, we have provided a thorough review of potential improvements for topical
formulations/treatments for burn management.
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7. Conclusions

Burn injuries can negatively impact people’s quality of life, as they are detrimental
to their physical and mental health. There are also several challenges related to burn
treatment, especially for burn wounds and scarring from second- and third-degree burns,
which require extensive treatment from a surgical standpoint and reconstruction using
tissue and cell cultures.

Moreover, current treatments for simple burn wounds have also failed to deliver fa-
vorable results. In recent years, nanomedicine has developed, resulting in new approaches
to skin regeneration and burn healing, such as lipid-based nanovesicles, which are favored
over traditional dosage forms due to their ability to control drug release, increase the solu-
bility of poorly soluble drugs, improve drug stability, provide better efficacy and minimal
side effects, and increase patient compliance.

On the other hand, the formulation design of such systems requires a detailed under-
standing of the physical and chemical properties of the active ingredients, excipients, and
production techniques, as well as drug bioavailability. Furthermore, these systems have a
greater ability to load both hydrophilic as well as hydrophobic drugs, and provide multiple
methods of administration. Consequently, it is inevitable that researchers will continue
exploring the potential of these lipid vesicular carriers, overcome the technical challenges,
and develop effective burn treatment systems using these systems.

Our review refers to these lipid vesicles (liposomes, niosomes, ethosomes, transfer-
somes cubosomes, and phytosomes) as vesiculosomes. These vesiculosomes could enhance
drug concentration in the deep layers of the skin and consequently enhance the effective-
ness of wound-healing therapies in the treated burn areas. Most of the vesiculosome-loaded
drugs presented in this article demonstrated an enhancement in wound-healing rate. In
addition, different designs of assessment models for burn/wound therapy were tabulated
in this article. However, in many of the reviewed articles, only in vitro studies were used to
assess drug efficacy. Therefore, efforts should be made to continue studying vesiculosomes
clinically to improve skin permeability and increase drug bioavailability to be able to offer
patients more effective forms of burn management.
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