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Abstract: Wound healing is a public health concern worldwide, particularly in chronic wounds
due to delayed healing and susceptibility to bacterial infection. Nanomaterials are widely used in
wound healing treatments due to their unique properties associated with their size and very large
surface-area-to-volume ratio compared to the same material in bulk. The properties of nanoma-
terials can be expanded and improved upon with the addition of honey and propolis, due to the
presence of bioactive molecules such as polyphenols, flavonoids, peptides, and enzymes. These
bionanomaterials can act at different stages of wound healing and through different mechanisms,
including anti-inflammatory, antimicrobial, antioxidant, collagen synthesis stimulation, cell prolif-
eration, and angiogenic effects. Biomaterials, at the nanoscale, show new alternatives for wound
therapy, allowing for targeted and continuous delivery of beekeeping products at the injection site,
thus avoiding possible systemic adverse effects. Here, we summarize the most recent therapies for
wound healing based on bionanomaterials assisted by honey and propolis, with a focus on in vitro
and in vivo studies. We highlight the type, composition (honey, propolis, and polymeric scaffolds),
biological, physicochemical /mechanical properties, potential applications and patents related of the
last eight years. Furthermore, we discuss the challenges, advantages, disadvantages and stability of
different bionanomaterials related to their clinical translation and insight into the investigation and
development of new treatments for wound healing.
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1. Introduction

Wound healing (WH) is a complex and dynamic biochemical and cellular process
that takes place in four fundamental stages (hemostasis, inflammation, proliferation, and
remodeling) [1-3]. The complete process takes a few weeks for acute wounds but could
be extended to years for chronic wounds, and they have a significant negative impact on
the wellness of patients and increase in the related healthcare costs [3]. Chronic wounds
are characterized by a large inflammatory stage that blocks healing, increases neutrophil
infiltration, promotes oxidative stress, and facilitates infections [4-6]. To address this health
problem, researchers are making several efforts to develop novel therapeutic approaches to
control infections and accelerate the chronic wound healing process.

Bionanomaterials are materials that have at least one of their dimensions on the nano-
metric scale and are synthesized by biological molecules [7,8]. Bionanomaterials tuned
with natural products have demonstrated many advantages, such as cost-effectiveness,
efficient delivery systems, and prevention of bacterial infections. They are non-toxic and
biocompatible, non-scarring, sterile, biodegradable, and possess excellent mechanical and
physicochemical properties [9-12]. Miguel et al., 2019, described examples of different bioac-
tive molecules that have been loaded onto polymeric nanofibers, where the antibacterial
biomolecules (e.g., antibiotics, silver nanoparticles and natural extract-derived products)
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and other molecules can enhance the healing process (e.g., growth factors, vitamins, and
anti-inflammatory molecules). Among the principal advantages of nanofibers, we found:
structural similarity with the skin extracellular matrix (ECM), high surface-area-to-volume
ratio, porosity, capacity to act as a drug delivery system, support in cell adhesion, pro-
liferation, and differentiation as well as act as a barrier for preventing the occurrence
and establishment of infections. Furthermore, the addition of molecules (e.g., antibiotics,
silver-based materials, molecules from natural extracts (e.g., essential oils, chitosan, Aloe
vera, etc.), GFs, vitamins, and anti-inflammatory molecules) into electrospun membranes,
as well as topical administration at wound sites, have been explored to avoid /impair skin
infections and mediate the different phases of the healing process toward a more effective
skin regeneration [10].

Andreu et al., 2015, analyzed different natural components (essential oils, honey,
cationic peptides, aloe vera, plant extracts) as antimicrobial, anti-inflammatory and regener-
ative compounds to clarify their potential in clinical use as bioactive dressings. This study
concluded that, for those natural occurring materials, more clinical trials are needed to
corroborate their role as therapeutic agents in wound healing [11].

Vilches et al., 2020, reviewed and categorized forty-nine papers related to antioxidants
loaded onto electrospun nanofibers to identify future applications and new trends. They
found that inclusion of active compounds in nanofibers often improved the bioavailability
of these compounds, increasing their stability, changing the mechanical properties of
polymers, enhancing nanofiber biocompatibility, and offering new properties to required
application [12].

Nour et al., 2021, performed a comprehensive overview of current and emerging
angiogenesis induction methods applied in several studies for skin regeneration. Further-
more, Nour classified its methods in cell, growth factor, scaffold, and biological /chemical
compound-based strategies. They concluded that the use of natural compounds that
induced angiogenesis was not only economically appropriate, but due to their biocom-
patibility and presence of active molecules, the wound healing process was significantly
accelerated. However, there might be sensitization and unpredictable side effects, since
the mechanism of action for some of these compounds is still unclear, which is a major
drawback. Currently, studies use a mixture of natural and synthetic materials to enhance
the controllability of the properties of skin tissue-engineered constructs [13].

Adamu et al., 2021, reviewed the addition of bioactive ingredients, antibiotics drugs,
anti-inflammatory agents, and traditional medicines into electrospinning solutions to pro-
duce new bioactive electrospun nanomaterials that might be released to the wound to
enhanced the healing rate and provide antimicrobial properties to reduce infections. This
review strongly argued that natural polymers and natural bioactive ingredients are leading
in electrospun nanofibrous wound dressings, with numerous properties and advantages
such as biocompatible, high swelling, non-toxic, antimicrobial, and cost-effective. In addi-
tion, they concluded that there has been no research conducted concerning comfort-related
properties, and they are limited in their mechanical studies of electrospun nanofibers [14].

Lately, as an alternative to the conventional treatment of wounds, beekeeping prod-
ucts, such as honey and propolis, have emerged as a valuable tool, given their proven anti-
inflammatory, antibacterial, antioxidant and wound healing promoting properties [11,12,15,16].
These properties of honey and propolis favor their addition to different polymers scaffolds
such as chitosan [17], cellulose [18], poly (vinyl alcohol) (PVA) [19], polycaprolactone [20],
gelatin [21] and polyurethane [22].

Hixon et al., 2019, and Bahari et al., 2022, highlighted multiple features (the antibacte-
rial properties, low cost, biocompatibility and swelling index) of honey and honey-based
nanoparticles for potential clinical use. Honey is often used without clinical modifications;
there are also recent advances in wound healing with the use of honey-based nanoparti-
cles [23]. This trend stimulates commercially available products ranging from dressings
to gels. There is currently quite a large clinical application for honey, mainly used for the
treatment of burns and ulcers. Unique nanotechnology and tissue-engineered scaffolds
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provide a novel delivery method for honey to the wound site, and several studies have ex-
plored their in vivo and in vitro uses [24]. Similarly, Bonsignore et al., 2021, and Tashkandi,
2021, agreed with the benefits for wound healing of different types of honey and remarked
that there should be some type of standardization method to ensure equal bioactivity in
every use [25,26].

Stojko et al., 2021, reviewed the potential use of biodegradable polymer nonwovens
that release propolis as wound healing dressings. They concluded that the development of
a biocompatible and biodegradable polymer dressing that releases propolis would signifi-
cantly contribute to the effectiveness of wound treatment, as well as improve the patient’s
quality of life [27]. Salama and El-Sakhawy, 2021, reviewed various composites prepared
from propolis with polysaccharides such as cellulose, chitosan, starch, and alginate, where
the chemistry, synthesis, and application are seriously discussed. This study found that a
polysaccharide composite matrix with propolis may provide an appropriate platform for
different applications such as wound healing. Moreover, enrichment of polysaccharides’
wound dressings with propolis will significantly improve their potential efficacy as wound
dressing material. In addition, electrospun mats produced from cellulose-based composites
can have a prospective application, due to their sustained release of active propolis from
the nanofiber mat in wound healing mats [28].

Despite all these advances made, there are still no commercial bionanomaterials, for
example electrospun gelatin-based nanofibers, available clinically for wound dressings.
Recently, Li, Sun and Wu proposed three reasons. Firstly, the low productivity, poor re-
producibility and a lack of standard operational methods and procedures for electrospun
gelatin-based nanofibers severely hold back their commercialization. Secondly, although
many existing studies have demonstrated that the integration of drug therapy and electro-
spun gelatin-based nanofiber mats are beneficial for wound healing, the best composition,
concentration and release period remain unknown. Furthermore, the mechanism by which
the different bioactive components promote wound healing remains unclear. Thirdly, the
as-reported, improved wound healing efficiency by using drug electrospun gelatin-based
nanofiber dressings was reported in rodent models, which have different regenerative
capacity and mechanisms than humans [29].

Over the past decade, the number of publications associated with key words “nano-
materials for wound healing” in PubMed has increased over the years (Figure 1A).
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Figure 1. (A) Number of publications with the keywords “nanomaterials for wound healing” avail-
able in PubMed from 2004 to 2022 (obtained on 8 November 2022). (B) Number of publications
(articles and reviews) and patents with the keywords “honey or propolis + nano + wound healing +
scaffold” available in scientific publications and patent finders (WIPO and Espacenet) from 2015 to
2022 (obtained on 8 November 2022).
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In order to make an original contribution in the field with this article, we have con-
sidered it relevant to focus on the last eight years of advances in the development of
bionanomaterials, based on a wide variety of polymeric scaffolds available in combination
with honey or propolis, and to focus on in vitro and in vivo studies. Literature on wound
healing and bionanomaterials based on honey or propolis was searched for in the science
databases PubMed, Scopus, and Web of Science and patent finders (WIPO and Espacenet).
The search terms were “honey or propolis + scaffold + nanomaterial + wound healing”
(Figure 1B).

This review focused on gathering the most recent advances in the development of
bionanomaterials based on a wide variety of polymeric scaffolds available in combination
with honey or propolis, focusing on in vitro and in vivo studies. We highlight the type of
bionanomaterial, components composition (honey, propolis, and polymeric scaffolds), and
associated properties assed to support their potential use in wound healing. We expect to
provide new horizons on the potential and challenges related to their clinical translation.
Finally, we discuss the pros and cons of these natural products combined with different
polymeric scaffolds to provide insight into the research and development of new treatments
in wound healing.

2. Wound Healing

Wound healing has four stages, but here, we describe bionanomaterials applications
on three of them: inflammation, proliferation and remodeling, a period that ranges from
the injury or trauma to the closure and complete healing of the wound in a time of days
(acute wounds) or months (chronic wounds) (Figure 2) [30]. In the inflammatory stage, the
action of lymphocytes, neutrophils, macrophages and platelets is highlighted, accompanied
by the secretion of proinflammatory factors; in the proliferation stage, extracellular matrix
synthesis, fibroplasia, angiogenesis, and re-epithelialization take place by fibroblasts, ker-
atinocytes, and endothelial cells [31]. Finally, in the remodeling stage, extracellular matrix
synthesis initiates wound closure and contraction, by the action of myofibroblasts [32].

Chronic wounds are increasing as a result of a rise in the prevalence of chronic diseases
such as diabetes, cancer and cardiovascular alterations [33]. An unhealed wound on a foot
or leg can lead to amputation. Furthermore, chronic wounds have a microenvironmental
imbalance, particularly those that are infected [34].
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Figure 2. Healing stages of chronic wounds. The migration of phagocytic neutrophils and
macrophages to the wound site initiates the inflammatory phase and leads to the release of more
cytokines [35]. Oxidative environment due to the continuous production of reactive oxygen species
(ROS) and prolonged pro-inflammatory phase promotes infections, and hypertrophic scars with
collagen fibers in disorderly arrangement [36,37]. Created with BioRender.com.
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3. Honey and Propolis Properties

Since ancient times, honey and propolis have been used for different purposes in
medicine [38], particularly highlighting their effect as pro-healing, antimicrobial, antioxi-
dant, anti-inflammatory and pro-angiogenic [6,39,40] (Figure 3).

OH
HO. o ‘
O
OH

OH O
Kaempferol

2 Ho 0. .
HOD/\)LOH \qg Pro-healing
HO'

OH O
Caffeic acid Pinocembrin

Phytochemicals o

Wax e

Antimicrobial

Resins
Propolis

LAY
g .

Antioxidant /
Antiinflammatory

Sugars
Proteins e

[

Phytochemicals‘/

Pro-angiogenic

. - (o] OH O
* B H C .
Ellagic acid d W)LH Quercetin

0
Methilglioxal

s

Wounds

Figure 3. Properties of honey and propolis described for wound healing applications [6,39,40].
Created with BioRender.com.

3.1. Honey

Honey is an oversaturated solution of carbohydrates resulting from the digestive
process of nectar collected from flowers and stored in the cells of the hive. It is mainly
composed of monosaccharides such as fructose and glucose as well as disaccharides
such as maltose, sucrose, among others. Furthermore, it has enzymes such as amylase,
peroxide oxidase, catalase, and acid phosphorylase; moreover, it contains amino acids,
vitamins, and antioxidants [41]. However, honey constituents are rather variable and
depend primarily on its floral source; seasonal and environmental factors can also affect
its biological properties [42]. Although not all honey has the same antimicrobial efficacy,
to date, no microbial resistance has been associated with the use of honey, highlighting
their useful potential [43,44]. To obtain improved properties, honey has been blended with
different scaffolds at the nanoscale [45,46]. Furthermore, the commercial use of honey
bionanomaterials is suitable for treatment at any healing phase [44,46].
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3.1.1. Antimicrobial Property

Honey is a natural antibiotic, efficient against resistant microorganisms and bacterial
biofilms [47]. The antibacterial property of honey is due to its high osmolality, acidity, and
content of glucose oxidase [24]. In addition, honey has been found to be effective against
bacteria in biofilm, which is defined as the presence of communities of microorganisms
in the wound bed that threatens the physiological healing process as the bacteria become
1000 times more resistant [43]. In particular, manuka honey has the power to act against
biofilms due to methylglyoxal, which regulates fibrinogen formation and prevents the
formation of biofilm structures in the wound bed [44].

3.1.2. Anti-Inflammatory Property

The use of honey in wound treatments is suitable due to its anti-inflammatory activity
and antioxidant capacity [48]. It eliminates free radicals, thus reducing prostaglandin levels,
and acts as a vasoconstrictor, and therefore, inflammation, edema, and exudate in wounds
decrease [10,49].

3.1.3. Debriding Property

Honey contains several proteases that activate the plasminogen pathway, removing
unhealthy tissue from a wound. These proteases become active due to the presence of
hydrogen peroxidase in honey [50].

3.1.4. Tissue Regenerative Property

Honey promotes epithelial growth, speeding up the healing process and tissue regen-
eration. In this regard, several clinical investigations found that honey can cure chronic
ulcers in a short time [36].

3.2. Propolis

Propolis is a potent adhesive resinous substance, resulting from bee mastication of
natural resins, which are collected from cracks in the bark and leaf shoots [37]. After adding
salivary enzymes during chewing, bees add beeswax to enhance its final composition.
Propolis contains resins (50%), wax (30%), essential aromatic oils (10%), pollen (5%), and
other substances (5%), although its composition varies significantly according to the season
and flower origin [51]. Propolis use for wound healing is due to the following properties:

3.2.1. Antimicrobial Properties

Antimicrobial properties of propolis against Gram(+) and Gram(—) bacteria, protozoa,
fungi, and viruses are due to its flavonoid content (pinocembrin, galangin, and pinobanksin,
among others) [43,52].

Some of the most common constituents found in propolis, mainly quercetin and
naringenin, promote an increase in membrane permeability and decrease in membrane
potential, reducing bacterial resistance to antibacterial agents [53]. Moreover, flavonoids
present in propolis reduce bacterial motility due to RNA polymerase inhibition [49].

3.2.2. Antioxidant and Anti-Inflammatory Properties

Propolis has shown to trap free radicals, a mechanism by which it exerts its antioxidant
potential [34]. Propolis also showed anti-inflammatory effects against chronicle and sharp
models of inflammation. Rossi et al. [54] stated that propolis prevents cyclooxygenase
activity in a concentration-dependent manner due to the presence of carvacrol, a monoter-
penoid that acts as a potent activator of the TRPV3 (Transient Receptor Potential Subtype
V3) and TRPA1 (Transient Receptor Potential Subtype A1) ionic channels. These channels
are capsaicin receptors that play a key role as a mediator of inflammatory pain [54].
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3.2.3. Wound Healing Property

Propolis improves the growth of skin cells and its ability of remodeling and stimulates
re-epithelialization via collagen expression, regulation of ECM components, and expres-
sion of transforming growth factor-3 (TGF-3) [55]. This process involves the migration,
proliferation of epidermal cells and keratinocytes, fibroblasts adherence, and contraction of
ECM [56].

4. Bionanomaterials Based on Honey and Propolis

In recent years, enormous research efforts have been allocated to develop therapeutic
systems for wound treatment. The bionanomaterials have demonstrated great perfor-
mance for the effective treatment of wounds in vitro and in vivo [57-59]. The great surface
area/volume ratio allows it to act as an active or passive carrier for delivering therapeutic
agents [2,60-62]. In this way, the advantages of bionanomaterials based on honey and/or
propolis blended with polymer scaffolds can improve their bactericidal, anti-inflammatory,
and stimulation of healthy granulation tissue without decreasing their mechanical or
physicochemical performance [62-64] (Figure 4).

Bionanomaterial
advantages
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Polymeric Scaffold
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Bio-nanomaterials
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Gradual delivery
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Biocompatibility

Tunable physicochemical e
properties | t ==

Figure 4. Advantages of bionanomaterials for wound healing. Honey and/or propolis blended with
polymer scaffolds at the nanoscale improve the response rate of this therapy by modulating the
wound microenvironment or by improving the penetration of multiple phytochemicals and other
components of honey and propolis in the wound bed. Created with BioRender.com.

Furthermore, bionanomaterials have also been reported to enhance their efficacy and
reduce their negative effects in comparison with their macrosized counterpart or with the
application of honey or propolis alone [28,62,64,65].

4.1. Polymeric Scaffolds

To promote wound healing, different polymeric scaffolds have been engineered to
support cell adhesion, proliferation, differentiation, and orderly collagen deposition [66,67].
To achieve this goal, numerous efforts have been carried out to create dermal and epidermal
substitutes to mimic human skin and controlled drug delivery systems [68]. Many natural
and synthetic materials have been used as alternatives (Figure 5). However, the composition
and architecture of the employed scaffolds affect their mechanical and physicochemical
properties, which in turns affect the success of tissue regeneration [2,68,69]. Three different
methods have been employed for the production of bionanomaterials scaffolds for wound
healing: electrospinning, self-assembly, and phase separation [2].
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In this context, an optimal bionanomaterial should release a specific therapeutic agent
in the wound bed according to the wound healing stages. Drug delivery systems can
be classified into passive, active, and smart systems [70], the addition of phytochemicals
from natural products such as honey or propolis promotes an optimal microenvironment
for wound healing. Passive approaches utilize a continuous release of drugs from the
wound dressing [71]. On the other hand, active systems employ an external stimulus
(e.g., temperature, electrical signal, light, etc.) for on-demand release [72]. Finally, smart
systems detect the need for a specific drug based on diverse biomarkers produced in wound
environments, which trigger the release of drugs when required [64].
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Figure 5. Polymeric scaffolds used in bionanomaterials applications. Natural polymers (chitosan,
hyaluronic acid, cellulose and alginic acid) and synthetic polymers (poly lactic-co-glycolic acid, poly
glycolic acid, poly lactic acid and poly vinyl alcohol) [32]. Both types of polymers are hydrophilic
and absorb excess of wound exudates [73].

One of the main goals of bionanomaterial as a drug delivery system is to control the
release kinetics, based on carrier pore size, hydrophilicity, degradability, and its relative
electrostatic charge compared to the drug. Jiao et al. showed that the mechanical properties
of microfibers with a nanoscale topology hinder the transformation of fibroblasts into
myofibroblasts on both random and aligned fibers, which is expected to prevent fibrosis [62].
Yun Xu et al. constructed an extracellular-matrix-mimicking nanofiber scaffold using silk
fibroin and collagen and demonstrated potential on promoting fibroblast adhesion and
growth [65]. Nanofibers and nanogels are the most widely used materials implemented as
honey and propolis carriers in wound healing application [27,73-76]. Nanoscale of scaffolds
and/or natural products have been utilized to better penetrate the wound bed and offer
larger surface-area-to-volume ratio in comparison to their macroscopic counterparts [77].

4.2. Applications of Bionanomaterial Based on Honey for Wound Healing

Table 1 lists the publications about the use of honey-loaded bionanomaterials for
topical use.

4.3. Bionanomaterial Based on Propolis for Wound Healing Applications

Table 2, lists publications about the use of propolis-loaded bionanomaterials for
topical use.
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Table 1. Bionanomaterials based on honey. Type of bionanomaterial, composition, size, evaluation models, parameters tested (biological, physicochemical and

mechanical), potential applications and references.

Parameters Tested

Type of P . Evaluation of Biological . P
Bionaﬁzmaterial Composition Size (nm) v e ot 8 Biclosical Physicochemical (PCP) Potential Applications Ref.
iologica
& Mechanical (MP)
PCP: Size, shape, swelling,
water vapor permeability,
Female BALB/c mice Wound closure for 10 days thermal degradation,
transparency, and
Honey (10% w/v), PVA (60, honey release Wounds with medi
63.3, 66.7% w/v) dried Inflammation, cell ounds with medium
Nanogel . o <100 nm . . exudate and low [66,69]
egg-white (30, 31, 33.3% Histological observations proliferation, microbial load
w/v), MMT (0.5, 10% w/v) of healed wounds in re-ep 1.thehzat.1on, MP: Tensile strength and
BALB/c mice anglogenesis, elongation at
collagenization and tensile maximum stress
strength in healed skin
Human peripheral blood In vitro cytotoxicity assay
mononuclear cells
PCP: Shape, chemical
Total plate count method Antibacterial (S. aureus) gll_iﬁfg;ﬁ?’ V:Vit:ﬁiﬁap;rf d
Honey (15% w/w), PVA, P honey’ release 5 Wounds with medium
Nanogel (10% w/w), chitosan (2% Undeclared y exudate and medium [67]
w/w), MMT (0-3% w/w) Female Syrian mice Wound closure for 12 days microbial load
Human peripheral blood - MP: Tensile strength
Cytotoxicity
mononuclear cells
. . PCP: Size, shape, swelling,
Viable cell count method Antlbactgrl;lli()s‘ aAuTeus, antibiotic release and
' bic-adhesion Wounds with medium
Nanogel Hozii)gg’é:ﬁ;/xuz)l’(; Z)A;I(UQ;L o <100 nm MP: Tensile strength an exudate and medium [19]
' ’ H fibrobl 11 Proliferation elongation at microbial load
uman fibroblast cells maximum stress
Cytotoxicity
Male albino mice Wound closure for 10 days
Honey (40% v/v), - - - - -
Nanogel Nano-Zinc (20% v/v), <100 nm Histological observations Cell proliferation, NT Third degree Burns [78]

nano-albumin (40% v/v)

of the healed wounds in
albino mice

angiogenesis and
collagen synthesis
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Table 1. Cont.

Parameters Tested

Type of C iti . Evaluation of Biological " n Potential Applicati
Bionanomaterial omposition Size (nm) Parameters Biological Physicochemical (PCP) otenfial Applications Ref.
Mechanical (MP)
FCP: Size, shape, chemical
Honey (~1.5% w/w), PVA Male Wistar rats Wound closure for 21 days. interactions and thermal
o p o degradation
Nanogel (10% w/w), Chitosan (3 /f’ 95-150 nm & Second-degree Burns [79]
w/w), Nepetf dschyparensis Histological observations Cell proliferation,
(~1.5% w/w) of the healed wounds in angiogenesis and MP: NT
Wistar rats collagen synthesis
ZEI/(;I;GY (l? /(l) w/v), lz\iA ((166ﬁ; PCP: Size, shape, chemical Wounds with medium
Nanogel s cortiiose acetate ; 262-695 nm Disc diffusion assay Antibacterial (E. coli) interactions, water vapor exudate and medium [80]
w/v), Curcuma longa extract . . . R
(1% w/v) permeability and wettability microbial load
Disc diffusion assay and Antibacterial (S. aureus and
Honey (0, 5, 10, 15, 20% dynamic contact assay E. coli) PCP: Size, shape, chemical  Wounds with medium
Nanofiber v/v), PVA (7.2% w/v), 95-528 nm DPPH assay Antioxidant capacity interactions, swelling, exudate and medium [81]
Sodium alginate (0.8% w/v) NIH,/3T3 cells Cytotoxicity viscosity and conductivity. microbial load
DPPH assay Antioxidant capacity
Manuka honey (10, 20, 25% . Antibacterial (S. aureus,
w l/ Uf)l an dhLy ophilize g Viable cell count method E. coli) PCP: Size, shape e
multiflora honey powder X and swellin ounds with medium
Nanofiber (10, 20, 25% w/v), Bee 511-879 nm Mouse fibroblast cells Cytotoxicity 8 exudate and medium [44]
venom (0.01% w/v), PVA (L929) microbial load
(9.7,10.5, 12% w/v), extract Female Sprague-Dawley X
of Punica grantun (1,2, rats Wound closure for 14 days. MP: NT
2.5% p/v)
Viable cell count method Antlbac@enal (MRS.A P
aeruginosa, E. coli),
Honegl (30% w/0), Propolis Male mice Wound closure for 12 days. .
(10% w/v), bee venom PCP: Si h d Infected chronic
Nanofiber (0.01% w/v), PVA (7% w/v), 319-997 nm . . . Necrosis, inflammation, s O1Z€, Shape an wounds with low to [82]
. o Histological observations . chemical interactions .
chitosan (3.1% w/v), . collagen synthesis, medium exudate
b - o of the healed wounds in I
acteriophage (10% v/v) . . vascularization and
albino mice T
epithelialization
Human fibroblast cells Cytotoxicity
Honey (33-50% v/v), PVA o . . .
Nanofiber (5-6.7% w/v), Curcuma longa 340 nm Disc diffusion method Antibacterial (S. aureus) PCP: Size, shape, chemical Wounds with medium [83]

extract (0.03-0.06% w/v)

interactions and wetness

exudate
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Parameters Tested
Type of C iti . Evaluation of Biological " n Potential Applicati
Bionanomaterial omposttion Size (nm) Parameters Biological Physicochemical (PCP) otential Applications Ref.
Mechanical (MP)
PCP: Size, shape, chemical
Agar diffusion test, Antibacterial, antibiofilm interactions, swelling,
surface staining (E. coli) stability, conductivity
and viscosity.
DPPH assay Antioxidant capacity MP: Roughness Control infections and
. Honey (0.2, 0.5, 1% w/v), Vero cells (kidney inflammation and
. . 4
Nanofiber PVA (12% w/v) 280-410 nm epithelial cells), promote regeneration of [84]
quantification of the wound bed
bromodeoxyouridine Cytotoxicity, proliferation,
(BrdU), scratch assay and ~ migration and inflammation
expression of
pre-inflammatory
cytokines by Vero cells.
Honey (10, 20, 30, 40% w/v), Viable cell count method AntlbactEerlcaolli()S. aureus, PCP: Size, shape, chemical Wounds with medium
Nanofiber PVA (5,7,10% w/v), ~500 nm i interactions, viscosity exudate and medium [74]
chitosan (1.5, 3.5, 4.5, 5.5% Primary skin fibroblast .. and swelling. microbial load
w/v) cells of neonatal mice Cytotoxicity
Hemocompa’fibility PCP: Size, shape, chemical
(hemolysis) . ;
interactions, thermal
Honey (4% w/v), PU (4% H blood les of degradation, porosity and
i Carica papaya extract 170-210 nm wman b/ood samples o & [on, POTostY Burns [75]
Nanofiber w/v), . 0/17 pay healthy adults pore size distribution,
(4% 0/0) Coagulation (PT and APTT) wettability, swelling,
thermal degradation and
protein absorption
PCP: Size, shape, chemical
Nanofiber Honey (10, 15, 20% w/v), 190-482 nm NT NT interactions, honey release Active wound dressing 76]

PICT (10% w/v)

and wetness

MP: Tensile strength
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Table 1. Cont.
Parameters Tested
Type of . . Evaluation of Biological " n . -
Bionanomaterial Composition Size (nm) Parameters Biological Physicochemical (PCP) Potential Applications Ref.
Mechanical (MP)
L PCP: Size, shape, swelling
Fibrobl (CRL-252) Cell viability and thermal degradation
ibroblasts - . .
Manuka honey (1, 5, 10, 20% Proliferation, infiltration, MP: Elastici Promoting healing and
Nanofiber v/v), PCL (1 5[)/0 ;v /z’;) 500-5000 nm and migration in vitro : Elasticity clearing bacteria from [85]
! PCP: Si o wound environment
A Y Antibacterial (S. agalactiae, : Size, shape, water
gar diffusion test E. coli) vapor permeability and
' honey release
. Honey (30-70% w/w), X Antibacterial (S. aureus, PCP: Size, shape, chemical Antibiotic wound
Nanofiber PDDA (30, 60, 70% w/v) 40-180nm Viable cell count method E. coli, P. aeruginosa) interactions and solubility dressing (861
Manuka honey (10, 20, 30 Zone of inhibition test Antibacterial (S. aureus and PCP: Shape, water vapor
40% v/v), Chitosan (7-35% and colony count method E. coli), permeability, wettability
w/v) loaded on a BALB/c mice Wound closure for 21 days and honey release .
Nanofiber nanocomposite membrane: Undeclared q - — Mli:;gﬁg:sr‘;;o;nd [87]
glycerol (30% v/v), dextran Histological observations In l'?mntl'a tion, m.lgratlor},
(48% v/v), nanosoy protein of the healed wounds in profiieration, ang1ogenests, MP: TS
(22% v/v) albino mice collagen synthesis,
re-epithelialization
BALB/c mice Wound closure for 21 days
i i Control infections and
Manuka honey (10, 30, 50, Measuring the bacterial . . )
Nanofiber 70% w /), silk};ibroin (20% 484-2229 nm growth-inhibition halos Mﬁggblicctzz;agli;(igzulgeizz') PCP: .Slze., shape .and promqte the 88]
w/v), PEO (2% w/v) and bactericidal kinetics L , e chemical interactions regeneration of the
! wound bed
Mouse fibroblast cell Cell viabilit
line (L929) el viabtity
Honey (10, 20 or PCP: Size, shape, porosity,
. 30%)/polyvinyl alcohol 84 +£97,371 £ 110 . Antibacterial (S. aureus, crystallinity, thermal Wound healing and
Nanofiber (7%)/ chitosan (3.5%) or 464 + 185 nm Broth dilution method E. coli) degradation, swelling and tissue engineering [89]
(HPCS) degradation rate.
PCP: shape, composition,
. chemical interaction,
Nanofiber Honey (1-4 mL to Undeclared Mouse fibroblast cell Cytotoxicity swelling, crystallinity, Fabricated Band-Aids [90]

50%)/PVA (8%)

line (L929)

conductivity, in vitro
releasing kinetics analysis
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Table 1. Cont.
Parameters Tested
T f .es . Evaluati f Biological . ..
Bionazr“p;:n (; il Composition Size (nm) va uaplaorr; I;)l etelr(; ogica N Physicochemical (PCP) Potential Applications Ref.
iologica
& Mechanical (MP)
PCP: Size, shape, chemical
interaction, wettability,
o In vitro bacterial Antibacterial swellin.g, water vapor .
Nanofiber PLA (13 %o)/honey 624.92 4+ 137.69 nm adhesion assay (S. aureus, E. coli) transmission rate, NO Wound hea.hng .and [91]
(5,10,15%) and PLA Mouse fibroblast cell Cytotoxicity, cell adhesion, release measurements, tissue engineering
(12%)/honey /SNAP (10%) line (3T3) cell proliferation in vitro honey release,
exudate absorption
MP: Tensile strength
polyamide 6 (16%)/honey Antibacterial PCP: Size, shape, chemical
Nanofiber (20%) nanofiber mats with 953-304 nm Disk diffusion method (A. baumannii, E. coli interaction, thermal analysis, Wound healing [92]
boric acid (0, 5, 10, 15 P S o wettability, in vitro honey applications
A . aeruginosa and S. aureus) .
and 20%) release, exudate absorption.
PVA: polyvinyl alcohol, PDDA: poly dialyldimethylammonium chloride, PCL: poly(e-caprolactone), MMT: montmorillonite (magnesium aluminum hydroxysilicate), PEO: polyethylene
oxide, PU: polyurethane, PICT: poly (1,4-cyclohexanedimethylene isosorbide terephthalate), DPPH: 2,2-Diphenyl-1-picrylhydrazyl, MRSA: methicillin-resistant staphylococcus aureus,
NIH/3T3: fibroblast cell line that was isolated from a mouse NIH/Swiss embryo. HPCS: honey/polyvinyl alcohol/chitosan. SNAP: S-nitroso-N-acetyl-penicillamine.
Table 2. Bionanomaterials based on propolis. Type of bionanomaterial, composition, size, evaluation models, parameters tested (biological, physicochemical and
mechanical), potential applications and references.
Parameters Tested
Type of .o . Evaluation of . . . e .
Bionanomaterial Composition Size (nm) Biological Parameters Biological Physicochemical (PCP) Potential Applications Ref.
Mechanical (MP)
Propolis (0.15% w/v), CléPl P tla te anchlla r(c;th Antibacterial (S. aureus) P}C1 P: SIZT’. s?ape ?nd .
Nanogel Carbapol 934 (0.5% w/v), 10.6-52.7 nm riution metho chemucal mteraction Secondk-)degree skin [93]
il 0.05% , urns
nag:lic\izfer ((0.1% wz;é)v ) Wistar rats Wound closure for 18 days MP: NT
P lis (0.01, 0.02% w/) PCP: Size, shape and
ropolis (0.01, 0.02% w/v), chemical interaction.
Nanogel collagen (2% w/v), chitosan 120 nm Agar diffusion method  Antibacterial (S. aureus, E. coli) Cutaneous wound [94]
(0.01, 0.02% w/v)

MP: Elongation at
maximum stress

healing applications
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Table 2. Cont.

Parameters Tested

. Type of . Composition Size (nm) . Ev.a luation of Physicochemical (PCP) Potential Applications Ref.
Bionanomaterial Biological Parameters Biological
Mechanical (MP)
PCP: Size, shape, chemical
. interaction, thermal
Female Wistar rats Wound closure for 21 days degradation, wettability and
propolis release
Propolis (0.5, 1, 2 w/v %), PU Disc-diffusion method Antibacterial (S. aureus, E. coli) Wounds with medium
Nanofiber (10 w/v %), HA (10 w/v %), 294, 325, 718 nm . - exudate and low [95]
DTA (7 w/o %) Histological MP: Tensile strength and icrobial load
Wi o observations of the Inflammation and : e?SI € st.reng an microbiat foa
healed wounds in collagen synthesis elongation at
Wistar rats maximuin stress
1929 mouse fibroblast In vitro cytotoxicity assa
cells (ATCC) y Y assay
Antibacterial (S. aureus, S. PCP: Size, shape, chemical
Propolis (40% v/v), PVP (6, 8% A iffusi h epidermidis, E. faecalis, E. coli, P. interaction, AgNP release Wound healing
Nanofiber w/v), glycerol (40% v/v), ~450 nm gar diffusion method aeruginosa, Proteus vulgaris, and propolis release stimulation with low [96]
nanosilver (10, 20% w/v) Bacillus subtilis, Bacillus cereus), microbial load
Antifungal (C. albicans) MP: NT
PCP: Size, shape, chemical
. Propolis (10, 20, 30, 40% v/v), L Antibacterial (S. aureus and interactions, propolis release Wound healing and 9
Nanofiber Cellulose acetate (12% w/v) 150-200 nm Inhibition zone method E. coli) and thermal degradation antibacterial action [97]
MP: NT
Culture in biphasic Antimicrobial (Leishmania PCP: Size, shape, chemical
) Brazilian red propolis (10-60% medium of n 1m12ro 1la sis) interactions and Chroni d [98]
Nanofiber w/v), PCL (27-60% w/v), 200-400 nm Leishmania chagasi raziien thermal degradation ronic wounds
Poloxamer (13-46% w/2) DPPH assay Antioxidant capacity MP: NT
Male Swiss mice
induced to diabetes
. Propolis (1.25% w/v), PVA (10, with a single dose (150 Wound closure for 7 days. PCP: Size and shape .
Nanofiber 15, 20, 30% w/v), PEG (1, 282-984 nm mg/kg) of Chronic wounds [99]
2% w/v) streptozotocin
Murine NIH/3T3

fibroblast cells

Cytotoxicity

MP: NT
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Table 2. Cont.
Parameters Tested
Type of o, . Evaluation of . . . A
Bionanomaterial Composition Size (nm) Biological Parameters Biological Physicochemical (PCP) Potential Applications Ref.
Mechanical (MP)
Minimum inhibitory Antibacterial (S. aureus, S.
. Propolis (undeclared), . epidermidis, P. aeruginosa, PCP: Size, shape, chemical .
Nanofiber cellulose acetate (8, 10, 12, 14% 50-400 nm concentration assay E. coli) interactions, and wettability Wound healing system [100]
, PCL (14%
w/w) ( w/o) DPPH assay Antioxidant capacity
Female Wistar rats Wound closure for 21 days
R R PCP: Size, shape, chemical
Histological . . . . .
. Cell proliferation, interactions, swelling,
observations of the . . o1
. angiogenesis and collagen wettability, thermal
healed wounds in 8108 &
. o . synthesis decomposition and Effective wound
. Propolis (0.5, 1, 2% w/v), PU Wistar rats . . . .
Nanofiber (10% w/w), HA (10% w/0) ~718 nm propolis release dressing for biomedical [101]
? ! ¢ Disc-diffusion method ~ Antibacterial (S. aureus, E. coli) applications
DPPH assay Antioxidant capacity MP: Tensile strength
L929 fibroblast cells (;ytotf)x1c1ty, Prohferahqn,
migration and inflammation
Broth m1c;0c(li11ut10n Antibacterial (S. aureus, E. coliy ~ PCP: Size, shape, chemical
Nanofiber Propolis (5, 10, 20, 40, 60% 85-329 nm metho interactions, swelling, High exudate wounds [102]
w/w), PVA (8% w/v) Primary skin fibroblast c . viscosity, and and infection
cells of neonatal mice ytotoxicity propolis release.
. .. PCP: Shape and
Propolis (undeclared %), Murine NIH/3T3 Cytotoxicity thermal degpradation Antibacterial
Nanofiber nonabsorbable 4.0 silk sutures, Undeclared fibroblast cells - —— biomaterial for [103]
nanosilver (undeclared %) Migration in vitro MP: NT wound healing
Agar diffusion test Antibacterial (S. aureus, E. coli)
HA: hyaluronic acid, DTA: dodecyltrimethylammonium salt, PVP: polyvinylpyrrolidone, PEG: poly-ethylene glycol.
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4.4. Stability of Bionanomaterial Based on Honey or Propolis for Wound Healing

The stability of bionanomaterials is essential for their application in wound healing,
for the different physicochemical, mechanical or biological parameters must be tested to
ensure correct performance at the action site.

Swelling and dehydration are physicochemical features that can be used to determine
the ability of wound dressings to absorb wound exudates, and this way can compare their
behavior with and without the hive derivative. In regard to honey, several publications
agreed that dissolution of nanofibers increases with higher honey concentration, due
to an increase in solubility of the components present in honey [79-83,90]. The weight
loss of bionanomaterials can be explained by the dual effect of leaching and increased
hydrolysis [84]. For example, the presence of hydrophilic honey and Carica papaya in
poliuretane (PU) enhanced the water absorption ability of the nanofiber samples to 761.67%
from 285.13% in PU [75]. Bionanomaterials of PVA, chitosan, and honey enhance water
uptake, but the swelling capability is moderate compared to spun chitosan and PVA fibers
lacking honey. Honey increases the water uptake, leading to an increase in the degradation
rate of fibers [74] M. A. Shahid et al. reported that enhancing the absorption rate of the
PVA fiber in the presence of honey and turmeric extract decreases their intrinsic adhesive
properties [83]. Additionally, S. Noori et al. demonstrated that the presence of honey affects
the swelling of hydrogel nanocomposites, due to the presence of carboxylic acid groups in
honey, which cause electrostatic repulsive forces and enhance swelling at pH 7 [67].

Regarding the thermal stability of the dressing, the results suggest that thermal degra-
dation is susceptible to the addition of honey, regardless of the material in which it is
incorporated. Honey acted as a good char insulator in the polymeric matrix. The presence
of a crystalline structure and great compactness between the honey and Nepeta dschuparen-
sis plant and PVA /Chit matrix led to high thermal stability of this bionanocomposite [79].
HPCS nanofibers with different honey concentrations exhibit good thermal stability below
120 °C [92] followed by a medium loss of 17% at 165-275 °C. Furthermore, the PU-HN-PA
dressing also demonstrated a minor variation in degradation range, and at 500 °C, it lost
~86% of its total weight [75].

In relation to the thermal stability of propolis dressings, results agreed that the incorpo-
ration into PU matrices decreases orientation of the polymer chains and crystallinity [94,100].
However, the thermal stability of the as-formed cellulose acetate (CA)/propolis marginally
increases when compared with CA nanofibers [97]. Similar results have been obtained in
the bioAgNP—propolis-coated sutures, showing increased thermal stability compared with
the noncoated silk sutures (control), with a mass change of around 51.16% from 250 to
465 °C [103].

Other physicochemical parameters have also been analyzed. For example, colloidal
stabilization of nanoparticles/propolis for 30 days was analyzed by particle size, pH and
Zeta potential. This study showed that nanoparticles remain stable, dispersed and with
no aggregates [98]. PEG content increased solubility of propolis extract and provided
greater stability in the formation of electrospinning fiber [99]. The chemical stability of the
HPCS nanofibrous matrix with the apitherapeutics on the FTIR spectra did not show new
chemical entities as a result of loading [82].

Tensile strength and elongation at maximum stress are two important mechanical
properties that determine the stretchability of a wound dressing [66]. In general, results
show an improvement in dressing elasticity due to the addition of honey [66,67,75,94] Z.
Rafati et al. reported that tensile strength and elongation at maximum stress in groups
treated with honey-loaded bionanocomposite hydrogel wound dressings were comparable,
and in most cases higher, than the control group due to better collagenization [66]. The elas-
tic behavior of poly(1,4-cyclohexane dimethylene isosorbide terephthalate (PICT)/honey
nanofibers was improved by increasing the concentration of honey in the polymer solution,
but this increase in concentration also caused a decrease in the Young’s modulus [76].
However, the presence of honey or S-nitroso-N-acetyl-penicillamine (SNAP) did not affect
the stress/strain profiles or mechanical properties, suggesting that in this study, nanofibers
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have suitable elastic and tensile characteristics [91]. Furthermore, honey scaffolds of poly-
caprolactone had lower elastic moduli than the control without honey [85].

Finally, assessment of biological stability has been addressed to a lesser extent. R.
Sarkar reported the in vitro stability profile of the PVA membranes and showed that
membrane degradation was greater in PVA /honey nanofiber membranes [84]. On the other
hand, A. Eskandarinia et al. demonstrated that a PU/propolis membrane was significantly
resistant to both hydrolytic and enzymatic degradation [95].

4.5. Advantages and Disadvantages of Different Types of Bionanomaterials (Nanofibers
and Nanogels)

Numerous investigations have established the advantages and disadvantages of
bionanomaterials based on honey or propolis for wound healing
(Figure 6) [2,16,19,32,71-73,79,104-106].

Advantages and disadvantages of bionanomaterials for wound healing

Nanofiber Nanogel
e
/
L r
i,
e
Advantages Advantages
+ Biomimetic to the extracellular matrix * Large specific surface area
« Promater of proliferation and migration of + Porous structure for exudate absorbtion
cells. # Ability to prepare optimal humidity at the
+ Allows high concentration loading of wound bed
natural products + Reduce the patient’s pain due 1o the low
+ Allows controlled/sustained release temperature of the nanogel
» Allows oxygen and water permeability and
nutrients exchange and also the removal Disadvantages
of metabolic waste preventing fluid » The application with pressure affects its
accurnulation at the wound site mechanical performance
Disadvantages » The release rate can be too fast as it is
« The properties of nanofibers depend on diffusion-basad and temperature
the method used to make them affected
+ High costs

Figure 6. Advantages and disadvantages of the main bionanomaterials (nanofiber and nanogel) based
on honey and propolis for wound healing [2,16,19,32,71-73,79,104-106]. Created by Biorender.com.

4.6. Patents Related to Bionanomaterials Based on Honey or Propolis for Wound Healing

A search was performed in the international Patent Offices, “http://www.espacenet.
com (accessed on 8 November 2022)”; “http:/ /patentscope.wipo.int (accessed on 8 Novem-
ber 2022)”, for patents published from 2015 to 2022 using the terms “honey or propolis +
nano + wound healing + scaffold”. This search yielded 14 patents, of which 13 used honey
and 1 used propolis (Table 3).
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Table 3. Patents, publication date, applicant and description of bionanomaterial based on honey

or propolis.

Patent N° Publication Date Applicant Name
IN202241032202 10.06.2022 DR. K KULATHURAAN. Antibacterial nanomembrane for wound
dressing and healing
TAIZHOU ROOSIN MEDICAL .
CN211485249 15.09.2020 PRODUCT Co., Ltd. Novel honey dressing
A combination of a novel topical gel and
SMART PRODUCTS & SERVICES . . .
IN202014043490 21.05.2021 INC. (DBA ALOEVIVE) oral supplements for healing diabetic
foot and other wounds
US20150030688 29.01.2015 SAINT LOUIS UNIVERSITY ~ |loney and growth factor eluting scaffold
for wound healing and tissue engineering
GUANGDONG UNIVERSITY OF Nano-fiber dressing and preparation
CN1082837271 17.07.2018 TECHNOLOGY method thereof
YANCHENG POLYTECHNIC Preparation method of biomedical
CN112442278 05.03.2021 COLLEGE multifunctional nanofiber membrane
SHAANXI YANGLING Honey-containing nanosilver
SHAANXI SPECIALTY . 1L .
CN108359140 03.08.2018 AGRICULTURAL antlbacterlaltﬁlrg ta}?d prfeparatlon
DEVELOPMENT CO., LTD method thereo
Method for preparing composite
nanofiber membrane with honey and
CN104342775 11.02.2015 NATIONAL DONG HWA natural materials on basis of
UNIVERSITY . . .
environmentally friendly electrospinning
technology
GUANGDONG UNIVERSITY OF Nanofiber dressing and preparation
CN108283727 17.07.2018 TECHNOLOGY method thereof
Preparation method of dialdehyde
TIANJIN UNIVERSITY OF
CN111333918 26.06.2020 SCIENCE & TECHNOLOGY nangcellulgse / manuk.a hgney
antibacterial composite film
Nano-ion antibacterial tissue
CN106620652 10.05.2017 PAN WEIFANG regeneration promoting care solution and
preparation method thereof
WO/2015/183228 03.12.2015 DUYMUS, Ethem Nanofiber cover for wounds with an
additive containing natural antiseptic
YANCHENG POLYTECHNIC Preparation method of biomedical
CN112442278 05.03.2021 COLLEGE multifunctional nanofiber membrane
BEIJING ZHONGMI Preparation method of emulsion
CN110664725 10.01.2020 TECHNOLOGY DEVELOPMENT containing nanopropolis extract and
CO., LTD. prepared emulsion

5. Challenges, Future Directions, and Conclusions

Despite efforts made by researchers, there is limited success in the approval therapeutic

use for bionanomaterials based on honey and propolis. This is due to the following
reasons: (1) the complexity of the wound healing process, (2) unknown stability of new
bionanomaterials, (3) limitations in the study models, mainly models of chronic wounds,
(4) poor understanding of toxicity due to chronic exposure to new treatments, and (5) impact
of these new treatments in the development of microbial resistance.

The new technologies act synergistically, stimulating the development, preparation,
characterization, and in vitro/in vivo evaluation of bionanomaterials with a marked ten-
dency toward using natural products such as honey and propolis. These bionanomaterials
based on honey and propolis pursue ideal characteristics that act in each stage of both
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acute and chronic wounds. In the inflammatory phase, hive products act as free radical
scavengers, inhibiting the production of proinflammatory factors and blocking the NFk-
B pathway. In the angiogenesis stage, hive components contribute to revascularization,
maintaining a favorable microenvironment for TGF-f3 synthesis and eventually modu-
lating type II MMP synthesis to enhance collagen synthesis, which is a crucial step for
re-epithelialization and final remodeling of the wound. Therefore, it is difficult to develop
a bionanomaterial that is optimal for all stages or types of wounds.

The in vitro/in vivo models are dermal fibroblasts (murine/human), and the genera-
tion of wounds in a murine model. The limitations of these models generate barriers to a
better clinical approach. For example, there have been different investigations that showed
promising effects in vivo (animal models), but did not succeed in a clinical setting, probably
due to the differences between wound microenvironments in humans and animal models.
In this regard, more studies are required more complex models that resemble human skin.
An ideal model of study to assess antimicrobial activity should consider a polymicrobial
biofilm. To evaluate cytotoxicity, primary culture of fibroblasts derived from wounds or
donor skin with chronic pathologies should ideally be used.

According to our findings in recently published studies, the most used polymeric
scaffolds are polyvinyl alcohol, chitosan, and glycerol due to their high biocompatibility,
low toxicity, and chemical characteristics that allow for the formation of non-covalent
bonds with components derived from the hive. However, achieving a balance between
physicochemical-mechanical-biological properties remain one of the first and big chal-
lenges in developing new biomaterials at the nanometric scale. Optimizing the rate be-
tween the bee products and the polymers affects the performance of the bionanomaterial
for wound healing. For example, increasing the exudate absorption capacity of the bionano-
material (by modulating the porosity or by changing the 3D structure of the scaffold) can
affect the release kinetics of bioactive compounds loaded on the bionanomaterial, decrease
the time of action around the wound bed, or module fibroblast signaling pathways. In the
same way, a higher concentration of honey or propolis is expected to increase the antimi-
crobial and anti-inflammatory capabilities of the bionanomaterial. However, a non-optimal
proportion of the scaffold and honey or propolis decrease the mechanical properties, such
as their tensile strength, roughness or elasticity.

In this context, comprehensive studies are required to better understand the molecular
mechanisms of new multilayer, biocompatible, biodegradable and biomimetic bionanomate-
rials loaded with natural products that enhance strategies with complementary mechanisms
and that are ideally easy to apply in a real context. It is expected that these efforts using
new technologies and evaluating effective models or tools pave the way for wound healing
bionanomaterial therapy in the clinic.

Author Contributions: Conceptualization, ].M., N.S. and L.J.-C.; methodology, ] M., N.S. and L.].-C.;
validation, ].M. and N.S.; formal analysis, ].M., N.S. and L.J.-C.; investigation, L.J.-C., N.S. and ].M.;
resources, ].M.; data curation, L.J.-C.; writing—original draft preparation, L.J.-C.; writing—review
and editing, ]. M., L]J.-C. and N.S,; supervision, ]. M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the Ph.D. program in Science and Innovation in Medicine
from the Institute of Science and Innovation in Medicine (ICIM) of Clinica Alemana-Universidad del
Desarrollo, Santiago-Chile.

Conflicts of Interest: The authors declare no conflict of interest.



Nanomaterials 2022, 12, 4409 20 of 23

References

1.  Frykberg, R.G,; Banks, J. Challenges in the Treatment of Chronic Wounds. Adv. Wound Care 2015, 4, 560-582. [CrossRef] [PubMed]

2. Stoica, A.E.; Chircov, C.; Grumezescu, A.M. Nanomaterials for Wound Dressings: An Up-to-Date Overview. Molecules 2020,
25,2699. [CrossRef]

3. Guimaraes, I.; Baptista-Silva, S.; Pintado, M.; Oliveira, A.L. Polyphenols: A promising avenue in therapeutic solutions for wound
care. Appl. Sci. 2021, 11, 1230. [CrossRef]

4. Zhao, R; Liang, H; Clarke, E.; Jackson, C.; Xue, M. Inflammation in Chronic Wounds. Int. . Mol. Sci. 2016, 17, 2085. [CrossRef]

5. Yilmaz, A.C.; Aygin, D. Honey Dressing in Wound Treatment: A Systematic Review. Complement. Ther. Med. 2020, 51, 102388.
[CrossRef]

6. Singh, K.R; Nayak, V,; Singh, R.P. Introduction to bionanomaterials: An overview. In Bionanomaterials; IOP Publishing: Bristol,
UK, 2021; p. 1. ISBN 978-0-7503-3767-0.

7.  Jeevanandam, J.; Ling, ]. K.U.; Barhoum, A.; Chan, Y.S.; Danquah, M.K. Bionanomaterials: Definitions, sources, types, properties,
toxicity, and regulations. In Fundamentals of Bionanomaterials; Barhoum, A., Jeevanandam, J., Danquah, M.K,, Eds.; Micro and
Nano Technologies; Elsevier: Amsterdam, The Netherlands, 2022; pp. 1-29. ISBN 978-0-12-824147-9.

8.  Hoang, TPN.; Ghori, M.U.; Conway, B.R. Topical Antiseptic Formulations for Skin and Soft Tissue Infections. Pharmaceutics 2021,
13, 558. [CrossRef]

9.  Boyaca, D.; Kavur, P.B.; Gulec, S.; Yemenicioglu, A. Physicochemical and Active Properties of Gelatine-Based Composite Gels
Loaded with Lysozyme and Green Tea Polyphenols. Food Technol. Biotechnol. 2021, 59, 337-348. [CrossRef]

10. Miguel, S.P; Sequeira, R.S.; Moreira, A.F,; Cabral, C.S.D.; Mendonga, A.G.; Ferreira, P.; Correia, I.]. An overview of electrospun
membranes loaded with bioactive molecules for improving the wound healing process. Eur. |. Pharm. Biopharm. 2019, 139, 1-22.
[CrossRef]

11. Andreu, V.; Mendoza, G.; Arruebo, M.; Irusta, S. Smart Dressings Based on Nanostructured Fibers Containing Natural Origin
Antimicrobial, Anti-Inflammatory, and Regenerative Compounds. Materials 2015, 8, 5154-5193. [CrossRef]

12.  Vilchez, A.; Acevedo, F.; Cea, M.; Seeger, M.; Navia, R. Applications of Electrospun Nanofibers with Antioxidant Properties: A
Review. Nanomaterials 2020, 10, 175. [CrossRef] [PubMed]

13.  Nour, S.; Imani, R.; Chaudhry, G.R.; Sharifi, A.M. Skin wound healing assisted by angiogenic targeted tissue engineering: A
comprehensive review of bioengineered approaches. . Biomed. Mater. Res. Part A 2021, 109, 453—478. [CrossRef]

14. Adamu, B.F; Gao, J.; Jhatial, A.K.; Kumelachew, D.M. A review of medicinal plant-based bioactive electrospun nano fibrous
wound dressings. Mater. Des. 2021, 209, 109942. [CrossRef]

15. Miinstedt, K.; Bogdanov, S. Bee products and their potential use in modern medicine. J. ApiProduct ApiMedical Sci. 2009, 1, 57-63.
[CrossRef]

16. Nezhad-Mokhtari, P.; Javanbakht, S.; Asadi, N.; Ghorbani, M.; Milani, M.; Hanifehpour, Y.; Gholizadeh, P.; Akbarzadeh, A. Recent
advances in honey-based hydrogels for wound healing applications: Towards natural therapeutics. J. Drug Deliv. Sci. Technol.
2021, 66, 102789. [CrossRef]

17.  Kumaran, P; Gupta, A.; Sharma, S. Synthesis of wound-healing keratin hydrogels using chiken feathers proteins and its properties.
Int. J. Pharm. Pharm. Sci. 2017, 9, 171. [CrossRef]

18. Ullah, A,; Ullah, S.; Qamar, M.; Hashmi, M.; Duy, P.; Kato, Y. International Journal of Biological Macromolecules Manuka honey
incorporated cellulose acetate nano fi brous mats: Fabrication and in vitro evaluation as a potential wound dressing. Int. . Biol.
Macromol. 2020, 155, 479-489. [CrossRef]

19. Tavakoli, J.; Tang, Y. Honey/PVA hybrid wound dressings with controlled release of antibiotics: Structural, physico-mechanical
and in-vitro biomedical studies. Mater. Sci. Eng. C 2017, 77, 318-325. [CrossRef]

20. Aslan, E. Electrospun PCL-Surgihoney meshes for skin wound healing applications. MATEC Web Conf. 2020, 318, 01029.
[CrossRef]

21. Kosimaningrum, W.E.; Barleany, D.R.; Sako, V.N.; Ristiyanti, R. Preparation of Gelatin-Chitosan-Honey-Based Hydrogel for
Potential Active Material of Wound Care Dressing Application. Mater. Sci. Forum 2020, 988, 162-168. [CrossRef]

22.  Chao, C.Y;; Mani, M.P; Jaganathan, S.K. Engineering electrospun multicomponent polyurethane scaffolding platform comprising
grapeseed oil and honey /propolis for bone tissue regeneration. PLoS ONE 2018, 13, e0205699. [CrossRef]

23. Bahari, N.; Hashim, N.; Md Akim, A.; Maringgal, B. Recent Advances in Honey-Based Nanoparticles for Wound Dressing: A
Review. Nanomaterials 2022, 12, 2560. [CrossRef]

24. Hixon, K.R; Klein, R.C.; Eberlin, C.T,; Linder, H.R.; Ona, W.J.; Gonzalez, H.; Sell, S.A. A Critical Review and Perspective of Honey
in Tissue Engineering and Clinical Wound Healing. Adv. Wound Care 2019, 8, 403—415. [CrossRef]

25. Bonsignore, G.; Patrone, M.; Martinotti, S.; Ranzato, E. “Green” Biomaterials: The Promising Role of Honey. J. Funct. Biomater.
2021, 12, 72. [CrossRef]

26. Tashkandi, H. Honey in wound healing: An updated review. Open Life Sci. 2021, 16, 1091-1100. [CrossRef] [PubMed]

27.  Stojko, M.; Wolny, D.; Wlodarczyk, J. Nonwoven Releasing Propolis as a Potential New Wound Healing Method—A Review.
Molecules 2021, 26, 5701. [CrossRef]

28. Salama, A.; El-Sakhawy, M. Polysaccharides/propolis composite as promising materials with biomedical and packaging applica-

tions: A review. Biomass Convers. Biorefinery 2022, 1-11. [CrossRef]


http://doi.org/10.1089/wound.2015.0635
http://www.ncbi.nlm.nih.gov/pubmed/26339534
http://doi.org/10.3390/molecules25112699
http://doi.org/10.3390/app11031230
http://doi.org/10.3390/ijms17122085
http://doi.org/10.1016/j.ctim.2020.102388
http://doi.org/10.3390/pharmaceutics13040558
http://doi.org/10.17113/ftb.59.03.21.7029
http://doi.org/10.1016/j.ejpb.2019.03.010
http://doi.org/10.3390/ma8085154
http://doi.org/10.3390/nano10010175
http://www.ncbi.nlm.nih.gov/pubmed/31968539
http://doi.org/10.1002/jbm.a.37105
http://doi.org/10.1016/j.matdes.2021.109942
http://doi.org/10.3896/IBRA.4.01.3.01
http://doi.org/10.1016/j.jddst.2021.102789
http://doi.org/10.22159/ijpps.2017v9i2.15620
http://doi.org/10.1016/j.ijbiomac.2020.03.237
http://doi.org/10.1016/j.msec.2017.03.272
http://doi.org/10.1051/matecconf/202031801029
http://doi.org/10.4028/www.scientific.net/MSF.988.162
http://doi.org/10.1371/journal.pone.0205699
http://doi.org/10.3390/nano12152560
http://doi.org/10.1089/wound.2018.0848
http://doi.org/10.3390/jfb12040072
http://doi.org/10.1515/biol-2021-0084
http://www.ncbi.nlm.nih.gov/pubmed/34708153
http://doi.org/10.3390/molecules26185701
http://doi.org/10.1007/s13399-022-02814-5

Nanomaterials 2022, 12, 4409 21 of 23

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Li, T.; Sun, M.; Wu, S. State-of-the-Art Review of Electrospun Gelatin-Based Nanofiber Dressings for Wound Healing Applications.
Nanomaterials 2022, 12, 784. [CrossRef] [PubMed]

Valencia-Gomez, L.E.; Martel-Estrada, S.A.; Vargas-Requena, C.L.; Rodriguez-Gonzalez, C.A.; Olivas-Armendariz, I. Apdsitos de
polimeros naturales para regeneracion de piel. Rev. Mex. Ing. Bioméd. 2016, 37, 235-249.

Guo, S.; DiPietro, L.A. Critical review in oral biology & medicine: Factors affecting wound healing. J. Dent. Res. 2010, 89, 219-229.
[CrossRef]

Martinotti, S.; Ranzato, E. Honey, Wound Repair and Regenerative Medicine. J. Funct. Biomater. 2018, 9, 34. [CrossRef]

Naskar, A.; Kim, K. Recent Advances in Nanomaterial-Based Wound-Healing Therapeutics. Pharmaceutics 2020, 12, 499. [CrossRef]
Eriksson, E.; Liu, PY.; Schultz, G.S.; Martins-Green, M.M.; Tanaka, R.; Weir, D.; Gould, L.J.; Armstrong, D.G.; Gibbons, G.W.;
Wolcott, R.; et al. Chronic wounds: Treatment consensus. Wound Repair Regen. 2022, 30, 156-171. [CrossRef] [PubMed]

Zou, M,; Teng, Y.; Wu, J.; Liu, S.; Tang, X,; Jia, Y.; Chen, Z.-H.; Zhang, K.-W.; Sun, Z.-L.; Li, X,; et al. Fibroblasts: Heterogeneous
Cells With Potential in Regenerative Therapy for Scarless Wound Healing. Front. Cell Dev. Biol. 2021, 9, 1-9. [CrossRef] [PubMed]
Jull, A.B.; Walker, N.; Deshpande, S. Honey as a topical treatment for wounds. Cochrane Database Syst. Rev. 2013, 2013, CD005083.
[CrossRef]

Martinotti, S.; Ranzato, E. Propolis: A new frontier for wound healing? Burn. Trauma 2015, 3, 1-7. [CrossRef]

Viuda-Martos, M.; Ruiz-Navajas, Y.; Ferndndez-Lépez, J.; Pérez-Alvarez, J.A. Functional Properties of Honey, Propolis, and Royal
Jelly. J. Food Sci. 2008, 73, R117-R124. [CrossRef] [PubMed]

Alvarez-Suarez, ] M.; Gasparrini, M.; Forbes-Hernandez, T.Y.; Mazzoni, L.; Giampieri, F. The composition and biological activity
of honey: A focus on Manuka honey. Foods 2014, 3, 420-432. [CrossRef] [PubMed]

Balasooriya, E.R.; Jayasinghe, C.D.; Jayawardena, U.A.; Ruwanthika, R W.D.; Mendis de Silva, R.; Udagama, P.V. Honey Mediated
Green Synthesis of Nanoparticles: New Era of Safe Nanotechnology. J. Nanomater. 2017, 2017, 5919836. [CrossRef]

Maruhashi, E. Honey in Wound Healing. In Therapeutic Dressings and Wound Healing Applications; Wiley Online Library: New
York, NY, USA, 2020; pp. 235-254.

Samarghandian, S.; Farkhondeh, T.; Samini, F. Honey and Health: A Review of Recent Clinical Research. Pharmacogn. Res. 2017, 9,
121-127. [CrossRef]

Majtan, J.; Sojka, M.; Palenikova, H.; Bucekova, M.; Majtan, V. Vitamin C Enhances the Antibacterial Activity of Honey against
Planktonic and Biofilm-Embedded Bacteria. Molecules 2020, 25, 992. [CrossRef]

Abou Zekry, S.S.; Abdellatif, A.; Azzazy, H.M.E. Fabrication of pomegranate/honey nanofibers for use as antibacterial wound
dressings. Wound Med. 2020, 28, 100181. [CrossRef]

Mayba, ].N.; Gooderham, M.J. A Guide to Topical Vehicle Formulations. J. Cutan. Med. Surg. 2018, 22, 207-212. [CrossRef]
[PubMed]

Karthik, T.; Rathinamoorthy, R. Sustainable biopolymers in textiles: An overview. Handb. Ecomater. 2019, 3, 1435-1460. [CrossRef]
Minden-Birkenmaier, B.A.; Bowlin, G.L. Honey-Based Templates in Wound Healing and Tissue Engineering. Bioengineering 2018,
5, 46. [CrossRef]

lacopetti, I.; Perazzi, A.; Martinello, T.; Gemignani, F.; Patruno, M. Hyaluronic acid, Manuka honey and Acemannan gel:
Wound-specific applications for skin lesions. Res. Vet. Sci. 2020, 129, 82-89. [CrossRef]

Cushnie, T.P.T.; Lamb, A.J. Detection of galangin-induced cytoplasmic membrane damage in Staphylococcus aureus by measuring
potassium loss. J. Ethnopharmacol. 2005, 101, 243-248. [CrossRef]

Cazander, G.; Ottelander, B.K.; Kamga, S.; Doomen, M.C.H.A.; Damen, T.H.C.; Well, A M.E. Importance of Debriding and Wound
Cleansing Agents in Wound Healing. In Therapeutic Dressings and Wound Healing Applications; Wiley: New York, NY, USA, 2020;
pp- 59-89.

Nina, N.; Quispe, C.; Jiménez-Aspee, F.; Theoduloz, C.; Feresin, G.E.; Lima, B.; Leiva, E.; Schmeda-Hirschmann, G. Antibacterial
activity, antioxidant effect and chemical composition of propolis from the Region del Maule, central Chile. Molecules 2015, 20,
18144-18167. [CrossRef]

Velazquez, C.; Navarro, M.; Acosta, A.; Angulo, A.; Dominguez, Z.; Robles, R.; Robles-Zepeda, R.; Lugo, E.; Goycoolea, EM.;
Velazquez, E.F,; et al. Antibacterial and free-radical scavenging activities of Sonoran propolis. J. Appl. Microbiol. 2007, 103,
1747-1756. [CrossRef]

Ibrahim, M.E.E.-D.; Alqurashi, R.M. Anti-fungal and antioxidant properties of propolis (Bbee glue) extracts. Int. ]. Food Microbiol.
2022, 361, 109463. [CrossRef] [PubMed]

Rossi, A.; Longo, R.; Russo, A.; Borrelli, F.; Sautebin, L. The role of the phenethyl ester of caffeic acid (CAPE) in the inhibition of
rat lung cyclooxygenase activity by propolis. Fitoterapia 2002, 73, S30-S37. [CrossRef]

Toreti, V.C.; Sato, H.H.; Pastore, G.M.; Park, Y.K. Recent progress of propolis for its biological and chemical compositions and its
botanical origin. Evid. Based. Complement. Alternat. Med. 2013, 2013, 697390. [CrossRef]

Olczyk, P.; Komosinska-Vassev, K.; Wisowski, G.; Mencner, L.; Stojko, J.; Kozma, E.M. Propolis modulates fibronectin expression
in the matrix of thermal injury. Biomed Res. Int. 2014, 2014, 748101. [CrossRef]

Okur, M.E.; Biilbiil, E.O.; Mutlu, G.; Eleftheriadou, K.; Karantas, I.D.; Okur, N.U.; Siafaka, PI. An Updated Review for the Diabetic
Wound Healing Systems. Curr. Drug Targets 2022, 23, 393—419. [CrossRef]


http://doi.org/10.3390/nano12050784
http://www.ncbi.nlm.nih.gov/pubmed/35269272
http://doi.org/10.1177/0022034509359125
http://doi.org/10.3390/jfb9020034
http://doi.org/10.3390/pharmaceutics12060499
http://doi.org/10.1111/wrr.12994
http://www.ncbi.nlm.nih.gov/pubmed/35130362
http://doi.org/10.3389/fcell.2021.713605
http://www.ncbi.nlm.nih.gov/pubmed/34354997
http://doi.org/10.1002/14651858.CD005083.pub3
http://doi.org/10.1186/s41038-015-0010-z
http://doi.org/10.1111/j.1750-3841.2008.00966.x
http://www.ncbi.nlm.nih.gov/pubmed/19021816
http://doi.org/10.3390/foods3030420
http://www.ncbi.nlm.nih.gov/pubmed/28234328
http://doi.org/10.1155/2017/5919836
http://doi.org/10.4103/0974-8490.204647
http://doi.org/10.3390/molecules25040992
http://doi.org/10.1016/j.wndm.2020.100181
http://doi.org/10.1177/1203475417743234
http://www.ncbi.nlm.nih.gov/pubmed/29137492
http://doi.org/10.1007/978-3-319-68255-6_53
http://doi.org/10.3390/bioengineering5020046
http://doi.org/10.1016/j.rvsc.2020.01.009
http://doi.org/10.1016/j.jep.2005.04.014
http://doi.org/10.3390/molecules201018144
http://doi.org/10.1111/j.1365-2672.2007.03409.x
http://doi.org/10.1016/j.ijfoodmicro.2021.109463
http://www.ncbi.nlm.nih.gov/pubmed/34742143
http://doi.org/10.1016/S0367-326X(02)00188-0
http://doi.org/10.1155/2013/697390
http://doi.org/10.1155/2014/748101
http://doi.org/10.2174/1389450122666210914104428

Nanomaterials 2022, 12, 4409 22 of 23

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Kim, K.; Luu, Y.K,; Chang, C.; Fang, D.; Hsiao, B.S.; Chu, B.; Hadjiargyrou, M. Incorporation and controlled release of a
hydrophilic antibiotic using poly (lactide-co-glycolide)-based electrospun nanofibrous scaffolds. J. Control. Release 2004, 98, 47-56.
[CrossRef] [PubMed]

Bianchera, A.; Catanzano, O.; Boateng, J.; Elviri, L. The Place of Biomaterials in Wound Healing. In Therapeutic Dressings and
Wound Healing Applications; Wiley: New York, NY, USA, 2020; pp. 337-366.

Preem, L.; Kogermann, K. Electrospun Antimicrobial Wound Dressings: Novel Strategies to Fight Against Wound Infections. In
Chronic Wounds, Wound Dressings and Wound Healing; Springer: Berlin/Heidelberg, Germany, 2018; pp. 213-253.

Rajendran, N.K.; Kumar, S.5.D.; Houreld, N.N.; Abrahamse, H. A review on nanoparticle based treatment for wound healing. J.
Drug Deliv. Sci. Technol. 2018, 44, 421-430. [CrossRef]

Jiao, Y,; Li, X.; Chen, J.; Li, C,; Liu, L.; Liu, X.; Wang, F.; Chen, G.; Wang, L. Constructing Nanoscale Topology on the Surface of
Microfibers Inhibits Fibroblast Fibrosis. Adv. Fiber Mater. 2022, 4, 1219-1232. [CrossRef]

Sutjarittangtham, K; Tragoolpua, Y.; Tunkasiri, T.; Chantawannakul, P; Intatha, U.; Eitssayeam, S. The Preparation of Electrospun
Fiber Mats Containing Propolis Extract/CL-CMS for Wound Dressing and Cytotoxicity, Antimicrobial, Anti-Herpes Simplex
Virus. J. Comput. Theor. Nanosci. 2015, 12, 804-808. [CrossRef]

Farahani, M.; Shafiee, A. Wound Healing: From Passive to Smart Dressings. Adv. Healthc. Mater. 2021, 10, 2100477. [CrossRef]
Xu, Y,; Shi, G.; Tang, J.; Cheng, R.; Shen, X.; Gu, Y,; Wu, L,; Xi, K.; Zhao, Y.; Cui, W.; et al. ECM-inspired micro/nanofibers for
modulating cell function and tissue generation. Sci. Adv. 2020, 6, 1-17. [CrossRef] [PubMed]

Rafati, Z.; Sirousazar, M.; Muhammad, Z.; Farshad, H. Honey-Loaded Egg White/Poly (vinyl alcohol)/Clay Bionanocomposite
Hydrogel Wound Dressings: In Vitro and In Vivo Evaluations. J. Polym. Environ. 2020, 28, 32—46. [CrossRef]

Noori, S.; Kokabi, M.; Hassan, Z.M. Poly(vinyl alcohol)/chitosan/honey/clay responsive nanocomposite hydrogel wound
dressing. J. Appl. Polym. Sci. 2018, 135, 46311. [CrossRef]

Smith, I.O.; Liu, X.H.; Smith, L.A.; Ma, P.X. Nanostructured polymer scaffolds for tissue engineering and regenerative medicine.
WIREs Nanomed. Nanobiotechnology 2009, 1, 226-236. [CrossRef]

Jahani-Javanmardi, A.; Sirousazar, M.; Shaabani, Y.; Kheiri, F. Egg white/poly (vinyl alcohol)/MMT nanocomposite hydrogels for
wound dressing. J. Biomater. Sci. Polym. Ed. 2016, 27, 1262-1276. [CrossRef]

Derakhshandeh, H.; Kashaf, S.S.; Aghabaglou, F.; Ghanavati, I.O.; Tamayol, A. Smart Bandages: The Future of Wound Care.
Trends Biotechnol. 2018, 36, 1259-1274. [CrossRef]

Feketshane, Z.; Alven, S.; Aderibigbe, B.A. Gellan Gum in Wound Dressing Scaffolds. Polymers 2022, 14, 4098. [CrossRef]
Holloway, S.; Harding, K.G. Wound dressings. Surgery 2022, 40, 25-32. [CrossRef]

Tyliszczak, B.; Drabczyk, A.; Kudtacik-Kramarczyk, S.; Rudnicka, K.; Gatkowska, J.; Sobczak-Kupiec, A.; Jampilek, J. In vitro
biosafety of pro-ecological chitosan-based hydrogels modified with natural substances. J. Biomed. Mater. Res.-Part A 2019, 107,
2501-2511. [CrossRef] [PubMed]

Sarhan, W.A.; Azzazy, H.M. High concentration honey chitosan electrospun nanofibers: Biocompatibility and antibacterial effects.
Carbohydr. Polym. 2015, 122, 135-143. [CrossRef] [PubMed]

Jaganathan, S.; Balaji, A.; Ismail, A.F; Rajasekar, R. Fabrication and hemocompatibility assessment of novel polyurethane-based
bio-nanofibrous dressing loaded with honey and Carica papaya extract for the management of burn injuries. Int. |. Nanomed.
2016, 11, 4339-4355. [CrossRef] [PubMed]

Qamar, M.; Lee, H.; Khatri, Z.; Kharaghani, D.; Khatri, M.; Ishikawa, T.; Im, S.; Soo, I. Fabrication and characterization of
nanofibers of honey/poly(1,4-cyclohexane dimethylene isosorbide trephthalate) by electrospinning. Mater. Sci. Eng. C 2017, 81,
247-251. [CrossRef]

Behere, I; Ingavle, G. In vitro and in vivo advancement of multifunctional electrospun nanofiber scaffolds in wound healing
applications: Innovative nanofiber designs, stem cell approaches, and future perspectives. J. Biomed. Mater. Res. Part A 2022, 110,
443-461. [CrossRef] [PubMed]

Saremi, Z.; Yari, R.; Khodadadi, I.; Tabatabaei, S.M. The Combined Effects of Nano-Zinc, Nano-Albumin and Honey in Healing
Wounds Caused by Third-Degree Burn in Male Mice. J. Ski. Stem Cell 2016, 3, 1-6. [CrossRef]

Naeimi, A.; Payandeh, M.; Ghara, A.R.; Ghadi, FE. In vivo evaluation of the wound healing properties of bio-nanofiber chitosan/
polyvinyl alcohol incorporating honey and Nepeta dschuparensis. Carbohydr. Polym. 2020, 240, 116315. [CrossRef]

Gaydhane, M.K,; Kanuganti, J.S.; Sharma, C.S. Honey and curcumin loaded multilayered polyvinylalcohol/cellulose acetate
electrospun nanofibrous mat for wound healing. J. Mater. Res. 2020, 35, 600-609. [CrossRef]

Tang, Y; Lan, X,; Liang, C.; Zhong, Z.; Xie, R.; Zhou, Y.; Miao, X.; Wang, H.; Wang, W. Honey loaded alginate/PVA nano fi brous
membrane as potential bioactive wound dressing. Carbohydr. Polym. 2019, 219, 113-120. [CrossRef]

Hassan, W.A.S.; Azzazy, M. Apitherapeutics and phage-loaded nanofibers as wound dressings with enhanced wound healing
and antibacterial activity. Nanomedicine 2017, 35, 600—-609. [CrossRef]

Shahid, M.A.; Ali, A.; Uddin, M.N.; Miah, S.; Islam, S.M.; Mohebbullah, M.; Jamal, M.S.I. Antibacterial wound dressing
electrospun nanofibrous material from polyvinyl alcohol, honey and Curcumin longa extract. J. Ind. Text. 2021, 51, 455-469.
[CrossRef]

Sarkar, R.; Ghosh, A ; Barui, A.; Datta, P. Repositing honey incorporated electrospun nanofiber membranes to provide anti-oxidant,
anti-bacterial and anti-inflammatory microenvironment for wound regeneration. J. Mater. Sci. Mater. Med. 2018, 29, 31. [CrossRef]


http://doi.org/10.1016/j.jconrel.2004.04.009
http://www.ncbi.nlm.nih.gov/pubmed/15245888
http://doi.org/10.1016/j.jddst.2018.01.009
http://doi.org/10.1007/s42765-022-00165-4
http://doi.org/10.1166/jctn.2015.3807
http://doi.org/10.1002/adhm.202100477
http://doi.org/10.1126/sciadv.abc2036
http://www.ncbi.nlm.nih.gov/pubmed/33239291
http://doi.org/10.1007/s10924-019-01586-w
http://doi.org/10.1002/app.46311
http://doi.org/10.1002/wnan.26
http://doi.org/10.1080/09205063.2016.1191825
http://doi.org/10.1016/j.tibtech.2018.07.007
http://doi.org/10.3390/polym14194098
http://doi.org/10.1016/j.mpsur.2021.11.002
http://doi.org/10.1002/jbm.a.36756
http://www.ncbi.nlm.nih.gov/pubmed/31298778
http://doi.org/10.1016/j.carbpol.2014.12.051
http://www.ncbi.nlm.nih.gov/pubmed/25817652
http://doi.org/10.2147/IJN.S112265
http://www.ncbi.nlm.nih.gov/pubmed/27621626
http://doi.org/10.1016/j.msec.2017.08.011
http://doi.org/10.1002/jbm.a.37290
http://www.ncbi.nlm.nih.gov/pubmed/34390324
http://doi.org/10.5812/jssc.66329
http://doi.org/10.1016/j.carbpol.2020.116315
http://doi.org/10.1557/jmr.2020.52
http://doi.org/10.1016/j.carbpol.2019.05.004
http://doi.org/10.2217/nnm-2017-0151
http://doi.org/10.1177/1528083720904379
http://doi.org/10.1007/s10856-018-6038-4

Nanomaterials 2022, 12, 4409 23 of 23

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Minden-Birkenmaier, B.A.; Neuhalfen, RM.; Janowiak, B.E.; Sell, S.A. Preliminary Investigation and Characterization of
Electrospun Polycaprolactone and Manuka Honey Scaffolds for Dermal Repair. J. Eng. Fiber. Fabr. 2015, 10, 15. [CrossRef]

Fard, G.C.; Maleknia, L.; Giahi, M.; Almasian, A.; Shabani, M.; Dehdast, S.A. Synthesis and characterization of novel antibacterial
PdDA / honey nanofiber against Gram-positive and Gram-negative bacteria. Nanomedicine Res. J. 2020, 5, 75-89. [CrossRef]
Singh, S.; Gupta, A.; Gupta, B. Scar free healing mediated by the release of aloe vera and manuka honey from dextran
bionanocomposite wound dressings. Int. J. Biol. Macromol. 2018, 120, 1581-1590. [CrossRef] [PubMed]

Yang, X.; Fan, L.; Ma, L.; Wang, Y.; Lin, S.; Yu, F; Pan, X,; Luo, G.; Zhang, D.; Wang, H. Green electrospun Manuka honey/silk
fibroin fibrous matrices as potential wound dressing. Mater. Des. 2017, 119, 76-84. [CrossRef]

Sarhan, W.A.; Azzazy, HM.E.; El-Sherbiny, LM. The effect of increasing honey concentration on the properties of the
honey/polyvinyl alcohol/chitosan nanofibers. Mater. Sci. Eng. C 2016, 67, 276-284. [CrossRef] [PubMed]

Kanimozhi, S.; Kathiresan, G.; Kathalingam, A.; Kim, H.-S.; Doss, M.N.R. Organic nanocomposite Band-Aid for chronic wound
healing: A novel honey-based nanofibrous scaffold. Appl. Nanosci. 2020, 10, 1639-1652. [CrossRef]

Ghalei, S.; Li, J.; Douglass, M.; Garren, M.; Handa, H. Synergistic Approach to Develop Antibacterial Electrospun Scaffolds Using
Honey and S-Nitroso-N-acetyl Penicillamine. ACS Biomater. Sci. Eng. 2021, 7, 517-526. [CrossRef]

Fatma Nur, P; Pmar, T.; Ugur, P; Aysenur, Y.; Murat, E.; Kenan, Y. Fabrication of polyamide 6/honey/boric acid mats by
electrohydrodynamic processes for wound healing applications. Mater. Today Commun. 2021, 29, 102921. [CrossRef]

Patil, S.; Desai, N.; Mahadik, K.; Paradkar, A. Can green synthesized propolis loaded silver nanoparticulate gel enhance wound
healing caused by burns? Eur. J. Integr. Med. 2015, 7, 243-250. [CrossRef]

Cavalu, S.; Pasca, PM.; Brocks, M. Natural Polymeric Film Encapsulating Propolis Nano-Formulation for Cutaneous Wound
Healing. Mater. Plast. 2019, 56, 479-483. [CrossRef]

Eskandarinia, A.; Kefayat, A.; Agheb, M.; Rafienia, M.; Amini Baghbadorani, M.; Navid, S.; Ebrahimpour, K.; Khodabakhshi, D.;
Ghahremani, F. A Novel Bilayer Wound Dressing Composed of a Dense Polyurethane/Propolis Membrane and a Biodegradable
Polycaprolactone/Gelatin Nanofibrous Scaffold. Sci. Rep. 2020, 10, 3063. [CrossRef]

Adomavicitite, E.; Stanys, S.; Zilius, M.; Juskaité, V.; Pavilonis, A.; Briedis, V. Formation and Biopharmaceutical Characterization
of Electrospun PVP Mats with Propolis and Silver Nanoparticles for Fast Releasing Wound Dressing. Biomed Res. Int. 2016, 1-11.
[CrossRef]

Sharaf, S.; El-Naggar, M.E. Eco-friendly technology for preparation, characterization and promotion of honey bee propolis extract
loaded cellulose acetate nanofibers in medical domains. Cellulose 2018, 25, 5195-5204. [CrossRef]

do Nascimento, T.G.; da Silva, P.F,; Azevedo, L.E.; da Rocha, L.G.; de Moraes Porto, I.C.C.; Lima e Moura, T.F.A.; Basilio-Junior, 1.D.;
Grillo, L.A.M.; Dornelas, C.B.; da Silva Fonseca, E.J.; et al. Polymeric Nanoparticles of Brazilian Red Propolis Extract: Preparation,
Characterization, Antioxidant and Leishmanicidal Activity. Nanoscale Res. Lett. 2016, 11, 1-16. [CrossRef]

Alberti, T.B.; Coelho, D.S.; de Pra, M.; Maraschin, M.; Veleirinho, B. Electrospun PVA nanoscaffolds associated with propolis
nanoparticles with wound healing activity. J. Mater. Sci. 2020, 55, 9712-9727. [CrossRef]

Khoshnevisan, K.; Maleki, H.; Samadian, H.; Doostan, M.; Khorramizadeh, M.R. Antibacterial and antioxidant assessment of
cellulose acetate/polycaprolactone nanofibrous mats impregnated with propolis. Int. J. Biol. Macromol. 2019, 140, 1260-1268.
[CrossRef] [PubMed]

Eskandarinia, A.; Kefayat, A.; Gharakhloo, M.; Agheb, M.; Khodabakhshi, D.; Khorshidi, M.; Sheikhmoradi, V.; Rafienia, M.;
Salehi, H. A propolis enriched polyurethane-hyaluronic acid nanofibrous wound dressing with remarkable antibacterial and
wound healing activities. Int. ]. Biol. Macromol. 2020, 149, 467-476. [CrossRef] [PubMed]

Zeighampour, F,; Alihosseini, F; Morshed, M.; Rahimi, A.A. Comparison of prolonged antibacterial activity and release profile of
propolis-incorporated PVA nanofibrous mat, microfibrous mat, and film. J. Appl. Polym. Sci. 2018, 135, 45794. [CrossRef]
Baygar, T. Characterization of silk sutures coated with propolis and biogenic silver nanoparticles (AgNPs); an eco-friendly
solution with wound healing potential against surgical site infections (SSIs). Turkish J. Med. 2019, 50, 258-266. [CrossRef]

Md Abu, T.; Zahan, K.A.; Rajaie, M.A_; Leong, C.R.; Ab Rashid, S.; Mohd Nor Hamin, N.S.; Tan, W.N.; Tong, W.Y. Nanocellulose
as drug delivery system for honey as antimicrobial wound dressing. Mater. Today Proc. 2020, 31, 14-17. [CrossRef]

Andleeb, A.; Dikici, S.; Waris, T.S.; Bashir, M.M.; Akhter, S.; Chaudhry, A.A.; MacNeil, S.; Yar, M. Developing affordable and
accessible pro-angiogenic wound dressings; incorporation of 2 deoxy D-ribose (2dDR) into cotton fibres and wax-coated cotton
fibres. J. Tissue Eng. Regener. Med. 2020, 14, 973-988. [CrossRef]

Blanco-Fernandez, B.; Castario, O.; Mateos-Timoneda, M.A.; Engel, E.; Pérez-Amodio, S. Nanotechnology Approaches in Chronic
Wound Healing. Adv. Wound Care 2021, 10, 234-256. [CrossRef]


http://doi.org/10.1177/155892501501000406
http://doi.org/10.22034/NMRJ.2020.01.009
http://doi.org/10.1016/j.ijbiomac.2018.09.124
http://www.ncbi.nlm.nih.gov/pubmed/30248422
http://doi.org/10.1016/j.matdes.2017.01.023
http://doi.org/10.1016/j.msec.2016.05.006
http://www.ncbi.nlm.nih.gov/pubmed/27287123
http://doi.org/10.1007/s13204-019-01247-3
http://doi.org/10.1021/acsbiomaterials.0c01411
http://doi.org/10.1016/j.mtcomm.2021.102921
http://doi.org/10.1016/j.eujim.2015.03.002
http://doi.org/10.37358/MP.19.3.5213
http://doi.org/10.1038/s41598-020-59931-2
http://doi.org/10.1155/2016/4648287
http://doi.org/10.1007/s10570-018-1921-1
http://doi.org/10.1186/s11671-016-1517-3
http://doi.org/10.1007/s10853-020-04502-z
http://doi.org/10.1016/j.ijbiomac.2019.08.207
http://www.ncbi.nlm.nih.gov/pubmed/31472212
http://doi.org/10.1016/j.ijbiomac.2020.01.255
http://www.ncbi.nlm.nih.gov/pubmed/32001284
http://doi.org/10.1002/app.45794
http://doi.org/10.3906/sag-1906-48
http://doi.org/10.1016/j.matpr.2020.01.076
http://doi.org/10.1002/term.3072
http://doi.org/10.1089/wound.2019.1094

	Introduction 
	Wound Healing 
	Honey and Propolis Properties 
	Honey 
	Antimicrobial Property 
	Anti-Inflammatory Property 
	Debriding Property 
	Tissue Regenerative Property 

	Propolis 
	Antimicrobial Properties 
	Antioxidant and Anti-Inflammatory Properties 
	Wound Healing Property 


	Bionanomaterials Based on Honey and Propolis 
	Polymeric Scaffolds 
	Applications of Bionanomaterial Based on Honey for Wound Healing 
	Bionanomaterial Based on Propolis for Wound Healing Applications 
	Stability of Bionanomaterial Based on Honey or Propolis for Wound Healing 
	Advantages and Disadvantages of Different Types of Bionanomaterials (Nanofibers and Nanogels) 
	Patents Related to Bionanomaterials Based on Honey or Propolis for Wound Healing 

	Challenges, Future Directions, and Conclusions 
	References

