
Citation: Lopes, A.I.; Pintado, M.M.;

Tavaria, F.K. Plant-Based Films and

Hydrogels for Wound Healing.

Microorganisms 2024, 12, 438.

https://doi.org/10.3390/

microorganisms12030438

Academic Editor: Roberto Di Marco

Received: 17 January 2024

Revised: 9 February 2024

Accepted: 19 February 2024

Published: 21 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

microorganisms

Review

Plant-Based Films and Hydrogels for Wound Healing
Ana I. Lopes , Maria M. Pintado and Freni K. Tavaria *

Centro de Biotecnologia e Química Fina—Laboratório Associado, Escola Superior de Biotecnologia, Universidade
Católica Portuguesa/Porto, Rua Diogo Botelho, 1327, 4169-005 Porto, Portugal; anlopes@ucp.pt (A.I.L.);
mpintado@ucp.pt (M.M.P.)
* Correspondence: ftavaria@ucp.pt; Tel.: +351-226196200

Abstract: Skin is constantly exposed to injury and infectious agents that can compromise its structural
integrity and cause wounds. When this occurs, microorganisms from the skin microbiota and external
bacteria and fungi can penetrate the wound and cause an infection, which complicates the healing
process. Nowadays, there are several types of wound dressings available to treat wounds, some of
which are incorporated with antimicrobial agents. However, the number of microorganisms resistant
to these substances is rising. Therefore, the search for new, natural alternatives such as essential oils
(EOs) and plant extracts (PEs) is on the rise. However, these substances present some limitations
(poor bioavailability and poor target capacity), which limits their efficiency. Their incorporation in
formulations in the form of films and hydrogels (HGs) can help to overcome these issues and may be
a potential alternative to the current treatments. HGs and films incorporated with PEs and EOs have
antimicrobial activity, promote the viability of skin cells and fibroblast migration, and are non-toxic
and biocompatible. This review discusses the use of films and HGs for the topical delivery of EOs
and PEs for wound treatment and their formulations as effective wound dressings, while debating
some mechanisms and biological properties to elucidate their presumptive clinical relevance and
possible applications.
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1. Introduction

Skin, the largest and outermost organ of the human body, acts as a barrier protecting
the muscles, bones, ligaments, and internal organs from biological, chemical, mechanical,
and physical threats [1,2]. The constant exposure of the skin to injury and infectious agents
can result in the disruption of its normal anatomical structure, causing wounds [3].

Wounds are breaks or defects in the skin caused by thermal or physicochemical
damage. They can be classified as acute or chronic, depending on the repair process [4,5].
Acute wounds are injured tissues that usually achieve complete healing within a period
of 8 to 12 weeks. In contrast, chronic wounds appear because of diseases such as cancer,
diabetes, venous or arterial vascular insufficiency, and pressure necrosis. They need an
extended healing time (beyond 12 weeks), often failing to reach a normal healthy state [4,5].
Wounds are also classified based on the affected skin layers and areas. Thus, superficial
wounds are those that only involve the skin surface; partial thickness wounds are injuries
that affect the epidermis, deeper dermal layers, blood vessels, sweat glands, and hair
follicles; and full-thickness wounds are the ones where subcutaneous fat or deeper tissue,
epidermis, and dermis are injured [4]. Chronic wounds, such as venous ulcers, pressure
sores, and diabetic foot ulcers, represent a major health problem affecting millions of people
worldwide and result in billions of dollars of costs for the national health services [6].

Burns are serious injuries (wounds) that can cause extreme pain and possibly death.
These skin lesions are among the most complex to clinically evaluate and manage. In
fact, in addition to pain, they present challenges in restoring patient functionality and
cosmetic repair [7,8]. Acute burns lead to a sudden influx of inflammatory cytokines and
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growth factors. Burns that affect large areas usually result in several complications, such
as hypertrophic scarring, facial disfigurement, and loss of muscle and function. They can
also be responsible for invisible psychological sequelae [7,8]. A serious complication of
acute wounds and burns is sepsis and septic shock. These two phenomena account for
approximately 30 million cases per year worldwide, with approximately 6 million being
fatal [9].

This review will focus on the use of EOs and PEs in the form of films and hydrogels
for the treatment and management of wounds. Due to the lack of recent review papers in
this area, it seems important to analyze the studies on this area and identify the research
gaps. So, this work will also provide a state-of-the-art review on natural and biodegradable
formulations for the delivery of EOs and PEs to injured skin.

2. Injured Skin: Microbiology

Healthy skin has its own microbiota that comprises millions of bacteria, fungi, and
viruses. The main bacterial communities found on the skin belong to phyla Actinobacteria,
Firmicutes, Bacteroidetes, and Proteobacteria [10], specifically to the genera Staphylococcus,
Propionibacterium, Corynebacterium, Streptococcus, and Pseudomonas [10,11]. Skin also has
a community of eukaryotic organisms formed by mites from genus Demodex and yeasts
belonging to the genera Malassezia (main component of the fungal skin microbiome),
Cryptococcus, Rhodotorula, and Candida [12]. Bacteriophages are the predominant viruses
found on the skin; Densovirus, Alphapapillomavirus, Human papillomavirus, Merkel
cell polyomavirus, Molluscum contagiosum virus, Polyomavirus HPyV7, Polyomavirus,
HpyV6 RD114 retrovirus, and Simian virus are also present [13]. Skin microbiota protects
the organism from pathogen invasion and regulates the local pH; these microorganisms
respond rapidly to sudden environmental changes [14].

When the skin is injured, microorganisms of the normal skin flora and exogenous
bacteria and fungi can penetrate it and gain access to the underlying tissues, thus having
optimal conditions to colonize [15]. Based on the state of the infection and the replication
cycle of the microorganisms, a wound is classified as being contaminated, colonized, locally
infected, and/or spreading invasive infection [16]. So, as a result, acute and chronic wounds
have different microbiota that are summarized in Figure 1.
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An infection at a wound site begins with contamination. Contamination occurs due to
the existence of non-replicating bacteria [15] that are part of the resident skin microbiota
and/or come from the environment (transient microbiota). All chronic wounds present
some level of contamination [17]. Colonization alone does not trigger a host response and
thus does not delay the healing process [15,17,18]. The majority of microorganisms present
in this phase are part of the normal skin flora, such as Staphylococcus epidermidis (S. epider-
midis) and other coagulase-negative bacteria like Staphylococcus spp., Corynebacterium spp.,
Brevibacterium spp., Propionibacterium acnes, and Pityrosporum spp. Acute colonization is a
transition state between colonization and invasive infection [18]; this phase is characterized
by a moderate local reaction that is a result of the active bacterial replication [15]. Although
the appearance of the wound in this stage is unhealthy, there is no microbial invasion of
the tissues and most of the clinical signs of infection are absent; the only sign that is present
is delayed healing, which is due to the increased bacterial concentration [15,18].

A wound infection occurs when microorganisms multiply and invade the surface
of the wound and the deeper, healthy viable tissue on the periphery of the wound, trig-
gering an immune response [15,17]. The first bacteria that appear on an infected wound
are Staphylococcus aureus (S. aureus), Beta-hemolytic Streptococcus (Streptococcus pyogenes,
Streptococcus agalactiae), Escherichia coli (E. coli), Proteus, Klebsiella, Pseudomonas, Acineto-
bacter, and Stenotrophomonas (Xanthomonas) [17]. After four or more weeks of infection,
the wound is colonized by Gram-negative rods such as Proteus, E. coli, and Klebsiella [17].
These bacteria can penetrate the deeper layers of the skin and cause significant damage to
the tissues [15,19]. As the infection progresses, anaerobic bacteria outnumber the aerobic
microorganisms. Thus, in long-term chronic wounds, Pseudomonas, Acinetobacter, and
Stenotrophomonas are commonly found [17]. The microbial invasion of the healthy tissues
triggers local and systemic host reactions that manifest as purulent expulsion, spreading
erythema, or symptomatic cellulitis [15].

The occurrence of biofilms is an important characteristic of infected wounds [16].
Bacteria living in a biofilm show changes in their phenotypes that result in alterations in
virulence factors’ production in response to signaling molecules produced by other organ-
isms in the biofilm. They also have more sessile growth and slower metabolic rates [18]. A
mature biofilm confers a protective environment for the microorganisms, increasing the
resistance to conventional antibiotics and shielding bacteria from the phagocytic activity
of the polymorphonuclear neutrophils [16]. The existence of biofilms may explain why
chronic ulcers do not heal easily [16].

3. Wound Healing

The wound healing process can be divided into four stages: hemostasis, inflammation,
proliferation, and remodeling [5,8] (Figure 2).

Hemostasis consists of the organism’s immediate response to an injury and aims to
stop the blood loss. This phase is mediated by platelets that create blood clots [5,8]. The
next stage, inflammation, begins 24 h after the injury and has a duration of 4 to 6 days.
Neutrophils and macrophages are the cells responsible for this step and eliminate foreign
particles and tissue debris from the wound. In this stage, cytokines and enzymes are
released to stimulate fibroblasts and myofibroblasts. The exudate confers the necessary
moisture for recovery to the wound [5,8]. The proliferation phase is characterized by the
re-epithelization and formation of new granulation tissue that begins to fill the wounded
area. This stage has a duration of 4 to 21 days [5,8]. Lastly, in the remodeling phase, a tight
3D network is formed through collagen-based crosslinking, increasing the tensile strength
of the new tissue [5,8]. There are a series of factors that can influence the wound healing
process. They can be divided into local and systemic and are listed in Figure 3.
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Systemic factors such as age, sex hormones/gender, stress, alcohol consumption, smok-
ing, obesity, nutrition, ischemia immunocompromised conditions, and some medications
have an important impact on wound healing [4]. Increased age delays wound healing but
does not affect the quality of the process. The delay of the wound healing process in aged
people is due to the alteration of the inflammatory response, re-epithelization, collagen
synthesis, and angiogenesis [4,16]. Sex hormones also affect wound healing, resulting in
significant differences between males and females. Female estrogen hormones regulate
a variety of genes associated with regeneration, matrix production, protease inhibition,
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epidermal function, and genes related to inflammation [4,16]. Furthermore, estrogen is
known to improve age-related impairment in the healing process, while androgen affects it
negatively [20].

Stress has a huge impact on human health and affects the wound healing process by
delaying it. Stressful conditions lead to an up-regulation of glucocorticoids, reducing the
levels of pro-inflammatory cytokines and chemo-attractants, which are both necessary in the
inflammatory phase. Additionally, glucocorticoids influence immune cells by suppressing
their differentiation and proliferation, reducing the production of cell adhesion molecules
and regulating gene transcription [4].

Several diseases also affect the wound healing process; diabetes, in particular, is a
condition in which the affected individuals show delayed and impaired wound healing.
Furthermore, diabetic individuals can suffer from diabetic foot ulcer, which is followed by
hypoxia, leading to insufficient angiogenesis, enhancing early inflammatory response, and
increasing the levels of oxygen radicals. Additionally, hyperglycemia increases the levels of
reactive oxygen species (ROS), increasing the effect of oxidative stress [4].

Obesity is a well-known risk factor for a series of diseases, such as coronary heart
disease, type 2 diabetes, cancer, hypertension, dyslipidemia, stroke, sleep apnea, and
respiratory problems, and it also affects wound healing [16]. Obese individuals frequently
suffer from wound complications, like infections, dehiscence, hematoma and seroma
formation, pressure ulcers, and venous ulcers [21]. Individuals who undergo bariatric
and non-bariatric surgeries have high infection rates at the surgical site due to relative
hypoperfusion and ischemia that occur in subcutaneous adipose tissue, resulting in a
decreased delivery of antibiotics to the site [4,16].

Alcoholism and smoking are also two risk factors for impaired wound healing. Alcohol
exposure increases the vulnerability of a wound to infection because it interferes with
defense mechanisms [4]. Smoking negatively affects wound healing, too; smokers present
delayed wound healing and increased risk of infection, wound rupture, anastomotic
leakage, flap necrosis, and epidermolysis [16].

Local factors have a direct impact on the wound healing process, and oxygen is a partic-
ularly important one. Oxygen is crucial for cell metabolism, energy production, and is vital
in all steps of the wound healing process. It prevents the infection of wounds, induces an-
giogenesis, increases keratinocyte differentiation, migration and re-epithelization, enhances
fibroblast proliferation and synthesis of collagen, and promotes wound contraction [4].
Additionally, the production of the superoxide anion, for the oxidative killing of pathogens,
is dependent on oxygen levels. The rupture of blood vessels in the wound site decreases the
levels of oxygen, leading to hypoxia. Temporary hypoxia helps the wound healing process
because it induces macrophages, fibroblasts, and keratinocytes to produce cytokines and
growth factors crucial for cell proliferation and migration, chemotaxis, and angiogenesis.
However, chronic hypoxia delays the healing process because this phenomenon leads to
an increase in the concentration of ROS (produced during normal oxygenation), which is
prejudicial for damaged tissues [4,16]. Another important factor that affects the wound
healing process, delaying it, is the existence of infections [22], as discussed in detail in the
previous section.

4. Wound Healing: A Brief History and Current Treatments

Every wound, whether it is acute or chronic, needs to be treated. The process of wound
healing requires dressings and bandages [23]. A dressing is a formulation designed to be
in contact with the wound, whereas a bandage is a structure that holds the dressing in its
right place [23]. Wound dressings function as barriers that shield the wound and prevent
contamination and infection. The use of an appropriate dressing is extremely important to
ensure adequate wound protection and accelerate the healing process [24].

Historically, the ancient-known record of wound healing was found in clay tablets
in Mesopotamia and dates to 2500 BCE. In this medical record, the three steps of wound
healing are described for the first time: washing of the wounds, making of the plasters
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(wound dressings), and bandaging of the wounds [23,25]. Mesopotamians washed wounds
with water or milk and then applied honey or resin as dressings [26].

In ancient Egypt, the wound healing process had a spiritual basis; as an open wound
was considered a possible entry point for malicious creatures, it needed to be treated with a
repellent to safeguard the integrity of the spiritual vessel. Usually, feces from donkeys were
used as they possessed some antibiotic substances and proteins, such as trypsin, which help
the healing process [26]. Other wound healing treatments consisted of the use of adhesive
tape and gauze to close a clean wound and to cover the wound with fresh meat on the first
day, followed by treatment with astringents, herbs, and honey [26].

Ancient Greeks distinguished between acute or “fresh” wounds as well as non-healing
or chronic wounds and used clean boiled water, vinegar, and wine to wash them. Hip-
pocrates (460-370 BCE) washed wounds with wine or vinegar and then treated them with
honey, oil, and wine [25,26]. Boiled wool in water or wine was used as a bandage [23].

Traditional Chinese medicine is similar to other ancient medicines and has not changed
much over the centuries. It uses bronze instruments, green tea, licorice, soaked mushrooms,
anesthetics, soporific drugs, antiseptics, and other herbal powders to promote tissue granu-
lation, aid in debridement, and help to avoid infection. Gauze and silk have been used as
bandages [26,27].

In the 19th century, the discovery of antibiotics allowed us to control infections and
helped to decrease mortality rates. The discovery of the antiseptic technique was a massive
progress in wound healing [23,25]. The advent of modern wound healing occurred in
the 20th century. The production of occlusive dressings that protect and provide a moist
environment to the wounds began. These new dressings enabled a faster re-epithelization
and collagen synthesis, promoted angiogenesis, and decreased wound infection [23]. Nowa-
days, there are more than 5000 wound care products [25]. Table 1 lists the types of wound
dressings available and their advantages and disadvantages.

An ideal dressing must provide a moist environment to reduce the risk of scar forma-
tion, remove excessive exudates, favor the epithelization and cell migration into the wound,
improve autolytic debridement, and act as a barrier against external threats, inhibiting
the growth of pathogenic fungi and bacteria [28]. It may also show mechanical stability
during application, wearing, and removal, while maintaining an elastic texture to adapt
to the wound and some flexibility that allows the patient to move [29,30]. An appropriate
wound dressing may also be easy to use, non-allergic, non-toxic, cost-affordable, and assure
rapid healing [4,30]. The main purpose of wound dressings is their ability to accelerate the
healing process. Therefore, the newest formulations that possess improved biocompatibil-
ity and humidity retention can improve the hypoxic environment, thus speeding up the
process [31].

Chronic wounds pose an additional challenge regarding wound healing because
they produce large volumes of exudates, requiring frequent dressing changes. Thus, the
dressings used in these wounds must present low adherence to protect the newly formed
tissue from destruction during dressing removal [29]. Additionally, these wounds require
an active intervention in the healing process, with dressings that allow the release of drugs
and/or dressings that can to be incorporated in the cells [29].
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Table 1. Types of wound dressings.

Type of
Dressing Formulation Advantages Disadvantages Commercially Available

Products References

Inert/passive Gauzes

• Manufactured in the form of bandages,
sponges, plasters, and stockings.

• Possess high porosity, make thermal isolation
available, and sustain a human environment at
the wound site.

• Sponges can be applied directly to the surface
of suppurating wounds.

• Inexpensive.

• Can stick to wounds and disrupt the wound
bed when removed.

• Suitable mostly for minor wounds.
• Sponges are not ideal for third-degree burns or

wounds with desiccated eschar because of the
lack of mechanical resistance.

Curity, Vaseline Gauze,
Xeroform, Multisorb,
Urgotul SSD/S.Ag

[15,32]

Bioactive

Hydrocolloids

• Semi-permeable formulations that can
comprise hydroactive particles that swell with
exudates or form a gel.

• Can be easily detached from wounds with the
help of saline or sterilized water.

• Painless dressings (highly recommended for
pediatrics wound care management).

• Contraindicated for heavily draining wounds,
infected wounds, arterial ulcers, third-degree
burns, and exposed tendons/fascia.

• Can be cytotoxic.
• Can have a disagreeable odor and an acid pH

at the application site.
• Present a low mechanical strength.

DouDERM, Granuflex,
Comfeel,
Tegasorb

[8,15]

Alginates

• Highly absorbent and hemostatic.
• Appropriate for exudating wounds.
• Useful in the debridement of sloughing

wounds.

• Limited use on low exudating wounds because
they can cause dryness and scabbing.

• Need to be changed daily.

Algisite, Kaltostat, Sorbsan,
Tegagen, SeaSorb, PolyMem [15,32]

Collagens

• Stimulate the formation and setting of newly
formed collagen in wounds.

• Absorb large amounts of exudates and
maintain a humid environment in the wounds.

• Shield the wound against mechanical trauma
and infections.

• Easy to apply, non-immunogenic, and
non-pyrogenic.

• Exist in the form of pads, gels, films,
membranes, and particles.

• Application not recommended in wounds with
necrosis and third-degree burns.

• Needs a secondary dressing.

Puracol Plus, Triple Helix
Collagen, Cutimed Epiona
Sterile, BIOSTEP

[18,33]

Hydrofibers

• Highly absorbent fibers form a gel when in
contact with wound exudates.

• Vertical wicking of the exudate helps to reduce
the wound’s maceration.

• Favors autolytic debridement.
• Only needs to be replaced when the dressing is

saturated.

• Some fluid absorption is required for pH
control, but the absorption of an excessive
amount of fluid can cause undesirable swelling
of the wound dressing, resulting in distension
and loss of adhesion.

• Should not be used on dry wounds because
they can produce a fibrous residue.

• In mildly exudating wounds, the dressing may
need to be soaked in sterile water or saline
solution before removal to avoid trauma.

Aquacel [15,34]
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Table 1. Cont.

Type of
Dressing Formulation Advantages Disadvantages Commercially Available

Products References

Interactive

Hydrogels

• Rehydrates dry wounds.
• Keeps the wound moist whilst absorbing

extensive exudate.
• Easy removal.
• Permeable to metabolites.
• Non-irritant.
• Non-reactive with biological tissues.
• Pain reduction due to cooling and soothing

effects on the skin.
• Favors autolytic debridement without damage

to the epithelial cells or granulation.

• Can cause over-hydration.
• Possess weak mechanical properties thus

needing a secondary dressing.
• Should not be used in highly exudating

wounds.

Carrasyn, Curagel, Nu-Gel,
Purilon, Restore, SAF-gel,
XCell

[15,29,32,34]

Semi-
permeable

films

• Semi-permeable.
• Allow inspection of the wound without

dressing removal due to its transparency.
• Permeable to water vapor, O2, and CO2.
• Highly elastic.
• Adapts easily to the patient’s body.
• Reduce pain.
• Serve as a barrier from external contamination.

• Not appropriate for moderately to highly
exuding wounds.

• May cause maceration of the surrounding skin.
• May damage fragile skin.

Opsite, Tegaderm,
Biooclusive, Polyskin,
Blisterfilm, Cutifilm, Flexigrid

[15,23,32,34]

Semi-
permeable

foams

• Soft.
• Can be hydrophobic or hydrophilic.
• Can absorb large amounts of exudates

depending on the wound thickness.
• Provide thermal insulation.

• Not adequate for the treatment of dry wounds,
necrotic wounds, and eschars because they can
cause dryness and scabbing.

• People with fragile skin may require special
care.

• Can require a retention product.

Allevyn, Lyofoam, Tielle,
Curafoam, Mepilex,
Permafoam, Tegafoam,

[15,23,34]

Skin
substitutes

• Adequate for the treatment of chronic,
non-healing ulcers.

• Provide temporary or permanent wound
closure.

• Reduce healing time and post-operative
contracture.

• Decrease morbidity from invasive treatments.
• Reduced scaring.
• Reduce pain levels and nursing requirements.

• Expensive.
• Reduced shelf life.
• Some skin substitutes possess a risk of

transmission of infectious diseases.
• Some products present a risk of donor

rejection.

Epicel®, Laserskin®,
TransCyte®, Dermagraft®,
AlloDerm®, Strattice®,
Biobrane®, Integra® Dermal
Regeneration Template,
Apligraft®, Graftskin®,
OrCell®, Graftjacket®,
PermaDerm®

[35]



Microorganisms 2024, 12, 438 9 of 23

5. The Role of Essential Oils and Plant Extracts in the Wound Healing Process

Natural compounds of plant origin have been used by humanity for centuries to treat
wounds [26]. Amongst these, essential oils (EOs) and plant extracts (PEs) have recently
attracted the attention of the scientific community [36].

EOs are secondary metabolites synthesized by several plant organs, such as leaves,
seeds, bark, twigs, and roots [15]. They have antioxidant, anti-inflammatory, anti-allergic,
antimicrobial, and regenerative properties [15], which makes them useful in the wound
healing process. PEs are acquired from natural plants and possess antioxidant, antimi-
crobial, and immune response mediator activities [37,38]. Additionally, they are effective
at low concentrations, cost-effective, easy to apply, and their toxicity levels are low [38].
Several solvents can be used for the obtention of PEs (Table 2). Polar solvents (acetone,
ethanol, and methanol), except water, are usually able to extract a wide range of phyto-
chemicals (phenols, flavonoids, etc.) from plants. As such, these extracts present greater
antimicrobial activity when compared to the extracts obtained from non-polar solvents
(hexane, ethyl-acetate, etc.) [39].

Both can be used in the treatment of wounds because they can be involved in all
stages of the wound healing process. These substances can interact at the intracellular
level in the modulation of ROS generation, thus increasing the response of immune cells,
which leads to a decrease in the inflammatory state and acceleration of tissue regeneration.
Moreover, EOs and PEs prevent the deterioration of granulation tissue and help the proper
functioning of growth factors and extracellular matrix components, thus contributing to
the normal progress of the healing process [40].

The occurrence of infections is an important factor that affects the wound healing
process. Infected wounds frequently need the use of antimicrobial agents for their treatment.
However, the increase in antimicrobial-resistant microorganisms requires the use of new
agents, particularly those of natural origin [15]. EOs and PEs display antimicrobial activity
against several microorganisms, including the ones that are more commonly found on
infected wounds (Table 2). The antimicrobial potential of these substances results from the
effect of different molecules on different cell targets [41] (Figure 4).
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effective at low concentrations, cost-effective, easy to apply, and their toxicity levels are 
low [38]. Several solvents can be used for the obtention of PEs (Table 2). Polar solvents 
(acetone, ethanol, and methanol), except water, are usually able to extract a wide range of 
phytochemicals (phenols, flavonoids, etc.) from plants. As such, these extracts present 
greater antimicrobial activity when compared to the extracts obtained from non-polar 
solvents (hexane, ethyl-acetate, etc.) [39].  

Both can be used in the treatment of wounds because they can be involved in all 
stages of the wound healing process. These substances can interact at the intracellular 
level in the modulation of ROS generation, thus increasing the response of immune cells, 
which leads to a decrease in the inflammatory state and acceleration of tissue 
regeneration. Moreover, EOs and PEs prevent the deterioration of granulation tissue and 
help the proper functioning of growth factors and extracellular matrix components, thus 
contributing to the normal progress of the healing process [40].  

The occurrence of infections is an important factor that affects the wound healing 
process. Infected wounds frequently need the use of antimicrobial agents for their 
treatment. However, the increase in antimicrobial-resistant microorganisms requires the 
use of new agents, particularly those of natural origin [15]. EOs and PEs display 
antimicrobial activity against several microorganisms, including the ones that are more 
commonly found on infected wounds (Table 2). The antimicrobial potential of these 
substances results from the effect of different molecules on different cell targets [41] 
(Figure 4). 

 
Figure 4. Mechanisms of action of EOs and PEs on bacterial cells. 

Figure 4. Mechanisms of action of EOs and PEs on bacterial cells.

The cell membrane of bacteria is one of the targets of EOs. They damage the outer
membrane of Gram-negative bacteria, increasing the permeability of the cytoplasmatic
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membrane, which leads to the leakage of ATP, changes the fatty acid composition, disrupts
the enzyme systems, and compromises genetic material [42,43]. However, in some Gram-
negative bacteria, the existence of an external capsule can limit the entry of EOs into the
cell [44]. Gram-positive bacteria are usually more sensitive to EOs than Gram-negative
bacteria, due to the amount of peptidoglycan (90–95%) in their cell wall, which allows for
the EOs to penetrate the cell wall more easily, damaging the cell membrane and causing
alterations in its structure and functionality [44]. One characteristic of EOs that explains
their capacity to affect the membrane of bacterial cells is their hydrophobicity, which
enables easy diffusion through the lipid bilayer and alters the permeability and function of
membrane proteins [44]. Additionally, EOs can cause coagulation of the cytoplasm, leakage
of cytoplasmic components such as ions and metabolites, reduction in the proton motive
force and the intracellular ATP pool by decreasing the ATP synthesis, and denaturation
of several enzymes and other cellular proteins [44,45]. Some studies also suggest that
EOs can inhibit bacterial quorum sensing by interfering with quorum-sensing-responsible
molecules produced by bacteria. This results in the reduction of proteolytic activity, biofilm
formation, and swarming motility [44,46].

The main mechanism of action of PEs in bacterial cells seems to be the rupture of
the cell membrane [39,47–51], which leads to the leakage of cell content [48,51] and sub-
sequent death. PEs also cause the depletion/leakage of intracellular ATP [51,52] and
disrupt cell metabolism by destroying proteins and/or inhibiting their synthesis [50]. In
bacteria that have the ability to form biofilm, such as S. aureus and S. epidermidis, PEs can
suppress its formation because they interfere with the synthesis of biofilm extracellular
polysaccharides [53].
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Table 2. Antibacterial activity of some EOs and PEs for bacterial species commonly found on infected wounds.

Minimum Inhibitory Concentrations (%) References

Essential oils

Acinetobacter sp. E. coli K. pneumoniae P. aeruginosa P. vulgaris S. aureus S. epidermidis

Arborvitae sp. 0.125 0.25 0.125 [54]

Cassia sp. 0.125 0.125 0.125 [54]

Cinnamomum zeylanicum (Cinnamon) 0.8 0.2 0.8 0.05 0.1 [55]

Cymbopogan citratus (Lemongrass) 0.06 0.25 0.25 0.25 [54,55]

Eucalyptus sp. (eucalyptus) 1.25 2.5 1.25 [54]

Lavandula officinalis (Lavender) 0.2 0.1 [55]

Melaleuca alternifolia (Tea tree) 0.125 0.5 0.125 [54]

Pimenta dioica (Jamaica pepper) 0.8 0.4 0.1 0.1 [55]

Piper betle (Betel) 0.8 0.4 0.4 0.05 0.05 [55]

Psiadia arguta 1.6 0.05 0.025 [55]

Psiadia terebinthina 1.6 0.4 0.8 0.05 0.025 [55]

Origanum vulgarae (Oregano) 0.115 0.05 0.125 0.05 0.029 [54,56]

Rosmarinus officinalis (Rosemary) 0.256 [57]

Salvia officinalis (Sage) >0.256 [57]

Satureja montana (Winter savory) 2.33 [55]

Syzygium aromaticum (Clove) 0.125 0.5 0.125 [54]

Thymus vulgaris (Thyme) 0.064 0.05 0.125 0.05 [54,57]

Plant extracts

Acacia nilotica 1 0.312 [47]

Bauhinia kockiana 2 0.00625 [48]

Cistus salviifolius 3 0.00807 [49]

Cytinus hypocistis 1 >0.05 >0.05 0.0125 0.025 [53]

Cytinus ruber 1 >0.05 >0.05 0.0125 0.025 [53]

Phaseolus vulgaris 4 0.0512 0.0512 0.0512 [58]

Punica granatum 3 0.005167 [49]

Quercus variabilis 1 0.0625 [50]

Smilax china 1 0.0195 0.0195 [51]

Theobroma cacao 4 0.0064 0.0064 0.1024 [58]

Triumfetta welwitschii 1 0.01 0.01 [39]

Types of solvents used in the preparation of the extracts: 1—ethanol; 2—ethyl acetate; 3—water; 4—methanol.
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6. Formulations Incorporated with EOs and PEs

Natural products, such as EOs and PEs, present antioxidant, anti-inflammatory, antimi-
crobial, and analgesic properties [59], making them good alternatives to the current drugs
used in the treatment of wounds. However, despite these properties, their therapeutic
potential and use are limited due to their lack of targeting capacity and poor bioavailabil-
ity [28,60]. Therefore, finding new strategies able to deliver these substances to wounds
and to overcome these problems is important. Formulations with drug-releasing capacities
allow us to reduce antimicrobial doses, decrease the risk of systemic toxicity, and deliver
antimicrobial agents to wounds with poor blood circulation [61], thus being a potential
vehicle for the delivery of PEs and EOs to wounds.

6.1. Films

The use of films for wound treatment dates back to 1945, when cellophane was
used to treat burns in World War II prisoners [62]. Nowadays, polymeric films are thin,
flexible, non-toxic, biocompatible, and biodegradable membranes that are adhesive on
one side [62,63] and are usually prepared by solvent casting, which is a low-cost method
with easy manufacturing [63]. This technique requires the preparation of film-forming
solutions, composed of natural or synthetic polymer(s), plasticizing agents, and, in some
cases, crosslinking substances [64]. The solutions are then poured into molds and left to
dry completely until the films are formed [63].

Natural polymers, such as alginate, chitosan, keratin, starch, gelatin, and cellulose,
are biocompatible and biodegradable, have regenerative and adhesive properties, and are
inert [65,66]. However, they are susceptible to microbial contamination and have poor me-
chanical properties [65]. Synthetic polymers, such as polyvinyl alcohol (PVA), polyacrylic
acid (PAA), poly-ε-caprolactone (PCL), polyethylene glycol (PEG), polyvinylpyrrolidone
(PVP), and polylactic acid (PLA), have better mechanical properties (strength, flexibility,
structure, and higher degree of polymerization) than natural polymers. However, they
have low biocompatibility (that may cause immunological reactions, which can result in the
rejection of the film), low adherence to wounds, and lower absorption and permeability [65].

Some characteristics that can be assigned to polymeric films and explain their useful-
ness in the wound healing process are (a) flexibility and elasticity, which allow for an easy
adjustment to the body and can then be used in difficult areas, such as joints; (b) imperme-
ability to water and permeability to gas, allowing for some moisture evaporation; (c) ability
to be a barrier between the wound and the environment, thus avoiding external contami-
nation; (d) transparency, which allows the inspection of the wound without removing the
dressing, therefore avoiding constant dressing changes; (e) ability to be used for direct drug
delivery to the injured skin; and (f) ease of application [24,63]. However, since films are
formulations with low porosity, they cannot be used in high exudate wounds because they
are not able to absorb high quantities of biological fluids [24].

Films can be helpful in all phases of the healing process. During the hemostasis stage,
polymeric films act as a barrier to prevent blood loss and work as a scaffold for immune
cells, cytokines, and growth factors. Because polymeric films are drug carriers, they can
be used in the inflammation stage to deliver antibiotics and anti-inflammatory drugs to
the wound, effectively controlling infections and inflammation and enhancing the body’s
natural defense mechanisms. In the proliferation stage, these formulations can stimulate
the formation of granulation tissue, deposition of collagen, angiogenesis, re-epithelization,
and wound contraction. Finally, in the remodeling stage, polymeric films can help in the
transition from collagen type III to collagen type I and in the reorganization of collagen
fibers [65,67].

EOs and PEs—due to their antimicrobial, antioxidant, and anti-inflammatory potential,
as well as their ability to speed up closure rate and enhance collagen deposition and fibrob-
lasts proliferation [66]—can be added to polymeric films, increasing their healing potential.
The incorporation of EOs and PEs into films is usually performed with emulsification or
homogenization techniques, changing its functionality [68,69], but maintaining the healing
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properties of these substances [66]. Yet, the possibility of using films with EOs and PEs as
wound dressing materials only began to be explored since 2010 [66].

Table 3 lists some studies involving films incorporated with EOs and PEs, emphasiz-
ing their antimicrobial properties. The antimicrobial activity against pathogenic bacteria
commonly found in wounds is normally evaluated via diffusion assays and is usually
higher for Gram-positive bacteria than for Gram-negative bacteria [70,71].

Table 3. Films incorporated with EOs (a) and PEs (b) for wound healing applications.

(a) Films Prepared by Solvent Casting Incorporated with EOs

Film Characteristics Antibacterial Activity

Polymer Plasticizer Essential
Oil

Experimental
Method

Studied
Species

Antibacterial
Activity Values

Intended
Application Reference

Alginate Glycerol

Cinnamon Disc diffusion
assay E. coli 12 mm Wound

dressing [72]

Lavender Disc diffusion
assay E. coli 2 mm Wound

dressing [72]

Tea tree Disc diffusion
assay E. coli 2 mm Wound

dressing [72]

Peppermint Disc diffusion
assay E. coli 2 mm Wound

dressing [72]

Lemongrass Disc diffusion
assay E. coli 3 mm Wound

dressing [72]

Chitosan

Poly-vinyl
alcohol

Cinnamon Time-kill kinetics S. aureus
P. aeruginosa

Inhibition at 6 h
No inhibition -------------- [70]

Clove Time-kill kinetics S. aureus
P. aeruginosa

Inhibition at 24
h
No inhibition

-------------- [70]

Glycerol

Eucalyptus Disc diffusion
assay

E. coli
S. aureus
P. aeruginosa

153.37 mm2

61.35 mm2

118.29 mm2
-------------- [73]

Clove bud Disc diffusion
assay

E. coli
S. aureus

5 mm
20 mm -------------- [74]

Cinnamon Disc diffusion
assay

E. coli
S. aureus

10 mm
30 mm -------------- [74]

Tea tree Turbidimetric
method

E. coli
S. aureus

No inhibition
A significant
difference in
optical density

Wound healing [75]

Thyme Agar diffusion
assay

E. coli
K.
pneumxoniae
S. aureus
P. aeruginosa

17 mm
19 mm
16 mm
16 mm

Wound healing [76]

Clove Disc diffusion
assay

E. coli
S. aureus

8 mm
9 mm

Wound
dressing [77]

Tea tree Disc diffusion
assay

E. coli
S. aureus

9 mm
6 mm

Wound
dressing [77]

Hypericum
perforatum

Agar diffusion
assay

E. coli
S. aureus

2.9 ± 0.1 cm
1.97 ± 0.05 cm

Wound
dressing [71]

Chitosan/collagen Lemongrass

Colony count
method
(inhibition
percentage)

E. coli
S. aureus

99.8%
99.9% -------------- [78]
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Table 3. Cont.

(b) Films Prepared by Solvent Casting Incorporated with PEs

Antibacterial Activity

Polymer(s) Plasticizer Plant
Extract

Experimental
Method

Studied
Species

Antibacterial
Activity Values

Intended
Application Reference

Chitosan Glycerol Mimosa
tenuiflora

Turbidimetry
assay

E. coli
Micrococcus
luteus

24%
95%

Skin
regeneration [79]

O-
carboxymethyl
chitosan

Glycerol Mimosa
tenuiflora

Turbidimetry
assay

E. coli
Micrococcus
luteus

22%
17%

Skin
regeneration [80]

Poly-vinyl
alcohol Aloe vera Disc diffusion

assay
E. coli
P. aeruginosa

16 mm
16 mm

Coating of
surgical
sutures

[81]

Poly-vinyl
alco-
hol/starch/
polyacrylic
acid

Glycerin Punica
granatum

Disc diffusion
assay

S. epidermidis
MRSA

23 mm
20 mm Wound healing [82]

Collagen/fibrin Ethylene
glycol

Macrotyloma
uniflorum

Agar well
diffusion assay

B. subtilis
S. aureus
P. vulgaris
E. coli

Presents
antibacterial
activity against
all studied
species

Burn
Wound
dressing

[83]

Poly (Vinyl
Alcohol)-
Poly
(Ethylene
Oxide)-
Carboxymethyl
Cellulose

Curcuma
longa
(curcumin)

Colony count
method
(inhibition
percentage)

E. coli
S. aureus

74.7%
96%

Wound
dressing [84]

Alginate Hypericum
perforatum Viable cell count E. coli

S. aureus

Presents
antibacterial
activity against
all studied
species.

Wound
dressing [85]

In addition to their antimicrobial capacity, films incorporated with PEs and EOs have
other properties that make them interesting for wound treatment. In a study regarding the
production and characterization of chitosan films with tea tree oil [75], the authors showed
that their formulations had fluid absorption and blood clotting abilities, which are impor-
tant characteristics in a wound dressing. Several studies also report that polymeric films
incorporated with PEs and EOs can promote fibroblast [71,75,82,85] and keratinocyte [86]
proliferation, maintaining their viability. Furthermore, films with PEs and EOs can promote
fibroblast migration [82,85,87], enhancing the wound healing process. The authors in [71]
produced chitosan films with Hypericum perforatum EOs and verified that these formulations
were good surfaces for cell attachment. Moreover, various studies mention that films with
EOs and PEs are biocompatible [78,82,83,86,87], presenting low cytotoxicity [79].

Nonetheless, despite the promising results of antimicrobial films incorporated with
EOs and PEs, their activity in vivo is still poorly understood [80,81].

6.2. Hydrogels

Hydrogels (HGs) are hydrophilic, three-dimensional matrices made of water-insoluble
polymers [29,88]. These formulations have a water content of around 90% and can swell
with water without dissolving [34,89]. The word “hydrogel” was mentioned in the literature
for the first time in 1894, and it referred to a colloidal gel of inorganic salts [88,90]. However,
it was only in 1960 that Wichterle and Lím [91] developed hydrogels with characteristics
that are currently assigned to these formulations. Since then, the number of studies on
hydrogels has grown exponentially, especially after the 1990s [88,90]. The development
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of hydrogels occurred in three phases, as described by Buwalda et al. [92]. In phase 1, the
hydrogels consisted of simple formulations with good mechanical and swelling properties
and were produced with the method proposed by Wichterle and Lím (1960) [91]. The
second phase, initiated in the 1970s, comprised hydrogels that were able to respond to
stimuli, like pH and temperature, inducing a specific response. Phase 3 consisted in the
production of hydrogels with supramolecular complexes, with good biocompatibility and
versatility. “Smart hydrogels”, formulations with a wide number of adaptable properties,
originated at this stage [88,92].

Hydrogels are considered one of the most promising dressings for wound care [29].
Unlike traditional dressings that can only cover wounds, maintain adequate gas exchange,
and adhere strongly to the wound, causing pain and additional lesions when changed [29],
hydrogel-based dressings have excellent biocompatibility, high moisture resistance, and the
ability to activate immune cells, thus fulfilling important requirements for an ideal wound
dressing [93]. Additionally, HGs have many more effects on the wound healing process,
such as enhancement of skin regeneration; development of skin appendages; acceleration
of collagen secretion and deposition; induction of fibroblasts and keratinocytes migration;
formation of capillary vessels; stimulation of wound healing; acceleration of the recruitment
of endothelial cells and cell progenitors into the wound area; acceleration of angiogenesis;
normalization of pro-inflammatory cytokines; progress in wound contraction; stimulation
of early infiltration and degradation of inflammatory cells; promotion of neovascularization;
increase in tissue granulation; reduction of fluid secretion; sustained release of therapeutic
substances; creation of thinner scrabs; facilitation of dressing removal; restoration of skin
function; effect on gene regulation; increase in vessel density; attenuation of scar formation;
acceleration of epidermal differentiation; regulation of protein levels; and development of
hair follicles and sebaceous glands [94].

As wounds are prone to infection via pathogenic microbes, it is necessary to have
a dressing that acts as a barrier against infectious microorganisms, inhibits their growth,
and stimulates skin healing [95]. HGs with antimicrobial activity can be obtained via
two possible methods: (1) the HG itself has antimicrobial activity or (2) the HG is loaded
with antimicrobial substances that are incorporated by physical or chemical reactions into
the gel [96]. Since PEs and EOs possess antimicrobial activity against bacteria present in
infected wounds, their incorporation into HGs gives them the ability to enhance wound
healing. Some studies point to the possibility of using HGs with PEs and EOs for the
management of chronic wounds (Table 4). The selected studies show the antimicrobial
activity of hydrogel formulations against the bacteria responsible for wound infections,
which is normally determined using diffusion assays.
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Table 4. HGs incorporated with EOs (a) and PEs (b) for wound healing applications.

(a) HGs Incorporated with EOs

Hydrogel Constitution Essential Oil Preparation Method
Antibacterial Activity Intended

Application ReferenceExperimental
Method Studied Species Antibacterial

Activity Values

Chitosan/carboner 940 Eucalyptus Simple blending Turbidimetric
analysis

E. coli
S. aureus

46.26%
63.05% Burn wound [97]

Chitosan/carboner 940 Ginger Simple blending Turbidimetric
analysis

E. coli
S. aureus

18.21%
38.41% Burn wound [97]

Chitosan/carboner 940 Cumin Simple blending Turbidimetric
analysis

E. coli
S. aureus

22.90%
53.67% Burn wound [97]

Carbomer 940/chitosan Eucalyptus Simple blending Turbidimetric
analysis S. aureus Greater than 50% Wound healing [98]

Gellan gum/propylene
glycol/calcium chloride Lavender Solvent casting

ionotropic gelation
Agar well diffusion
method

E. coli
S. aureus

20 mm
21 mm Wound healing [95]

Gellan gum/propylene
glycol/calcium chloride Tea tree Solvent casting

ionotropic gelation
Agar well diffusion
method

E. coli
S. aureus

30 mm
31 mm Wound healing [95]

Gelatin/glutaraldehyde Eupatorium
adenophorum

Solvent casting
ionotropic gelation Disc diffusion assay

E. coli
S. aureus
S. epidermidis
B. cereus

23 mm (circa)
29 mm (circa)
26 mm (circa)
26 mm (circa)

Wound healing [99]

Starch/poly-vinyl
alcohol/glycerin Oregano Solution casting Disc diffusion assay E. coli

S. aureus
31 mm
34 mm Wound dressing [100]

Starch/poly-vinyl
alcohol/glycerin Tea tree Solution casting Disc diffusion assay E. coli

S. aureus
32 mm
35 mm Wound dressing [100]

Starch/poly-vinyl
alcohol/glycerin Clove Solution casting Disc diffusion assay E. coli

S. aureus
37 mm
39 mm Wound dressing [100]

κ-Carrageenan/polyethylene
glycol Thyme Solution casting Disc diffusion assay E. coli

S. aureus
13.8 mm
14.9 mm Wound dressing [101]

Gelatin/poly-vinyl alco-
hol/glycerol/glutaraldehyde Zataria multiflora Simple blending Microdilution

method

P. aeruginosa
E. coli
S. aureus
B. subtilis

400 µg/mL
200 µg/mL
200 µg/mL
100 µg/mL

Wound dressing [102]

Polyvinyl alcohol Oregano Freeze-thawing Serial dilutions
method

E. coli
S. aureus

Complete inhibition
of both bacteria Diabetic ulcers [103]



Microorganisms 2024, 12, 438 17 of 23

Table 4. Cont.

(b) HGs Incorporated with PEs

Hydrogel Constitution Plant Extract Preparation Method
Antibacterial Activity Intended

Application ReferenceExperimental
Method Studied Species Antibacterial

Activity Values

Chitosan Hemigraphis alternata Freeze-drying Viable cell method
(after 24 h)

E. coli
S. aureus

0.5 × 1010 CFU
1 × 1010 CFU -------------- [104]

Chitosan/cellulose Calendula offcinalis Simple blending Agar well diffusion
method

S. aureus
E. coli
P. acnes

4 mm
2 mm
2 mm

Chronic wound [105]

Chitosan/EDTA/β-glycerol
phosphate Aloe vera Simple blending Time-kill assay P. aeruginosa

S. aureus
Antibacterial activity
after 24 h

Full-thickness
excisional wound [106]

Chitosan/poly (vinyl
pyrrolidone)/poly
(N-isopropyl acrylamide)

Salix alba Simple blending Disk diffusion
method

S. aureus
E. coli
P. aeruginosa

5 mm
4 mm
4 mm

Wound dressing [107]

Carbopol 980NF/polyethylene
glycol Rosmarini herba Simple blending Disk diffusion

method
S. aureus
P. aeruginosa

10 mm
10 mm Wound dressing [96]

Polyvinyl alcohol/pullulan Calendula officinalis Freeze-thawing Disk diffusion
method

S. aureus
E. coli
P. aeruginosa

13 ± 0.35 mm
12 ± 0.5 mm
15 ± 0.1 mm

Wound healing [108]

Cellulose/propylene
glycol

Epilobium
angustifolium Simple blending Agar well diffusion

method

S. aureus
E. coli
S. epidermidis

7 ± 0.5 mm
15 ± 0.5 mm
8.5 ± 0.5 mm

----------------- [109]
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Another important characteristic of a wound dressing is its biocompatibility. Several
studies [97,98,103,106,108–110] demonstrated that HGs incorporated with PEs and EOs
are biocompatible with minimal or no cytotoxicity. These formulations are also able to
maintain fibroblast viability [101,104,106], while inducing their migration [97,109,110] and
proliferation [101,104,106]. Hemocompatibility is an essential feature of a wound dressing
because it may help in the healing process without causing blood toxicity. Some studies
indicate that hydrogels with PEs and EOs are compatible with blood components and do
not induce significant hemolysis [98,106,110,111].

Due to the proven healing potential of these formulations, several authors proceeded
with in vivo studies [110,112,113]; usually performed on mice models, these works report
that hydrogels incorporated with PEs and EOs—due to the phytochemicals present in these
compounds—accelerate the wound healing process [110,113,114], when compared to tradi-
tional treatments (such as Betadine), with minimal scar formation [112]. These formulations
also contribute to the maintenance of a moist environment in the wound, which enhances
fibroblast and keratinocyte proliferation and promotes the deposition of collagen [110,111].
However, despite the promising results of antimicrobial HGs incorporated with EOs and
PEs, their application on humans is still scarce [115], and more studies are required for
these formulations to become a real alternative to conventional wound dressings.

7. Conclusions

Skin is constantly exposed to external threats, which can cause wounds. Chronic
wounds, in particular, are a major health problem that affects millions of people worldwide
and results in costs comprising billions of dollars for national health services. These wounds
are usually prone to infection, which delays their treatment even further. Nowadays,
various wound dressings can be used to treat them, some of which are incorporated with
antimicrobial agents. However, the number of microbes resistant to these substances is
rising and, as such, there is a surge of new and natural alternatives.

In this work, the use of films and HGs for the delivery of EOs and PEs to the skin
for wound treatment was discussed. The antimicrobial activity of EOs and PEs against
the main bacterial species present in wounds is documented by several works and varies
depending on the essential oil or extract used. Some studies also show that HGs and films
incorporated with PEs and EOs have antimicrobial activity, promote the viability of skin
cells (fibroblasts and keratinocytes), promote fibroblast migration, and are non-toxic and
biocompatible. Moreover, research indicates that HGs with EOs and PEs accelerate the
wound healing process in animal models. So, films and hydrogels incorporated with EOs
and PEs may be considered promising substitutes to the current treatments for wound
healing. However, for these formulations to constitute an alternative to the current wound
dressings, more human trials are required.

Regarding the use of films incorporated with EOs and PEs, their activity in vivo is still
poorly understood and, as such, more studies are needed to further elucidate their action
mechanisms for them to be used as effective wound dressings.
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