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Abstract: The development of biomaterials required continuous improvements in their properties
for new tissue engineering applications. Implants based on biocompatible materials and biomaterial-
based dressings are susceptible to infection threat; moreover, target tissues can suffer injuring
inflammation. The inclusion of nature-derived bioactive compounds usually offers a suitable strategy
to expand or increase the functional properties of biomaterial scaffolds and can even promote tissue
healing. Honey is traditionally known for its healing property and is a mixture of phytochemicals that
have a proven reputation as antimicrobial, anti-inflammatory, and antioxidant agents. This review
discusses on the potential of honey and other honeybee products for biomaterial improvements. Our
study illustrates the available and most recent literature reporting the use of these natural products
combined with different polymeric scaffolds, to provide original insights in wound healing and other
tissue regenerative approaches.
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1. From the Hive to the Bench
1.1. The Beehive Product Profile

The story of honey and other bee products has a very old origin. Honey has been used
for thousands of years as a healing treatment around the world. Historic studies revealed
that the ancient Egyptians, Greeks, and Romans treated wounds with honey [1]. In recent
years, bee products, such as honey, bee bread, bee venom, bee pollen, propolis, and royal
jelly, have found new applications both in traditional and modern medicine.

Honey is a by-product of flower nectar and the upper aero-digestive tract of the bee,
and is a mixture of a complex chemical composition that varies on botanical source basis [2].
Honey is concentrated through a dehydration process inside the beehive and it is mainly
a supersaturated sugar solution. It is composed of 82.4% carbohydrates, 38.5% fructose,
31% glucose, 12.9% other sugars, 17.1% water, 0.5% protein, organic acids, minerals, amino
acids, vitamins, phenols, and other minor compounds [3]. The bioactive constituents
in honey are phenolic acids, flavonoids, carotenoids, ascorbic acid, α-tocopherol, and
proteins, including enzymes (e.g., glucose oxidase and catalase) [3]. Tannins and pigments
are also included. A particular, very noteworthy honey is Manuka Honey (MH). MH is
produced by honeybees collecting nectar from the Leptospermum scoparium shrub, which
is indigenous to New Zealand [4–6]. The second most principal component produced
by honeybees is propolis, which is also generally known as “bee glue.” It is a resinous
substance [7]. Its function is that of sealing cracks and holes for the reconstruction of the
beehive. It is composed mainly of resin (50%), wax (30%), essential oils (10%), pollen
(5%), and other organic compounds (5%), in particular phenolic compounds, flavonoids,
terpenes, ascorbic acid, α-tocopherol, beta-steroids, aromatic aldehydes, alcohols, several B
vitamins, and minerals [8–10]. A few enzymes are also present in propolis [8]. In addition,
royal jelly, a white and viscous jelly-like substance, is a form of hypopharyngeal and
mandibular gland secretion from worker bees. It is also known as a “superfood” that is
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solely consumed by the queen bee. It is mainly composed of water (50–60%), proteins (18%),
carbohydrates (15%), lipids (3–6%), mineral salts (1.5%), and vitamins [11,12]. In royal jelly,
many organic compounds, such as polyphenols, have been detected. Additionally, royal
jelly has interesting compounds, such as 10-hydroxy-2-decenoic acid (HAD), which has
immunomodulatory properties, royalactin, which is an important functional protein, and
hormones such as testosterone, progesterone, prolactin, and estradiol.

1.2. The Properties of Honeybee Products: An Ancient Source of Repair

Honey lost popularity after the advent of antibiotics, but it is now experiencing a
popular resurgence as a multifactorial antibacterial agent [13], after the venue of antibiotic
resistance strains in human pathogenesis. Wound healing application has become the
primary field of investigation focusing on this natural product [14]. Intriguingly, honey
is produced from the nectar of flowers, which is collected by bees and mixed with insect-
secreted enzymes. In fact, honey contains both antioxidant and oxidant molecules. In
contrast to the larger potential and in relation to the cost of plant-based antioxidant sub-
stances, other natural products and biomaterials can be produced starting from sources
external to both the plant and mammalian world. Some of them can complement the
human and mammalian native or synthetic extracellular matrix (ECM) panel choice. In
this context, “ancient healers,” such as honey, are becoming an attractive natural material
for developing biomaterials and may revolutionize tissue engineering [15]. Following this
tendency, a new role in regenerative medicine [16] is emerging for honey as biomaterial
implementation.

The water activity and the osmotic gradient that can be generated by honey is thanks
to its high sugar content; the same typical chemical elements are also involved in desirable
cellular adhesion points, which then boost proliferation. The glucose in honey is metabo-
lized by glucose oxidase into hydrogen peroxide and gluconic acid; then, honey modifies
the pH, which can contribute to its antimicrobial and immunomodulatory effects.

The wide popularity regarding the healing effect of honey and beehive products
most likely derives from its antimicrobial properties. In particular, it is known that the
antibacterial activity derives from water deprivation, lowering of pH, reactive oxygen
species (ROS), and immunostimulatory molecules; modifying these variables, by changing
the floral source, can make a difference in the antimicrobial impact. Firstly, the pH of honey
is below 4.5, and thus, is low enough to inhibit the growth of many microorganisms [17]
and to increase oxygen release [18]. Secondly, having high osmotic properties, honey can
remove water from bacterial cells, and consequently, can prevent the growth of bacteria [18]
or kill them [19]. The microbial susceptibility and the experimental inhibition rate can
change between Gram-positive and Gram-negative bacteria, because of the presence or
absence of an outer membrane that can offer protection against antimicrobial agents, thus
making it difficult to penetrate and then damage them [20]. The antimicrobial peptides
(AMP) are part of the innate immune system of invertebrates; they are important for the
defense against pathogens [21]. The role of Defensin-1, an antimicrobial peptide that
can be secreted by honeybee glands, seems to have a synergistic antibacterial effect [22]
with other antimicrobial molecules (H2O2), but is not able to counteract some bacteria
alone, for example Staphylococcus aureus. Honeybee-derived Defensin-1, able to stimulate
secretion of metalloproteinase 9 (MMP-9) from keratinocytes, is effective in wound re-
epithelialization in vitro and in vivo [23]. The Major Royal Jelly Proteins (MRJPs) play an
essential nutritional role in the diet of the queen bee, some of them are major allergens
in royal jelly [22]. MRJP-1 also known as apalbumin-1 is one member of this family.
The glycoproteins with high-mannose structure contributed to honey antibacterial effects
as well as MRJP-1 precursor in royal jelly; indeed, they share peptide homology. The
jelleines [24] that are in royal jelly demonstrated an antibacterial effect in vitro [25]. Jellein
1 and 2 are particularly effective as antimicrobials, while the Royalisin, a defensin-like
protein, is active against Gram-positive bacteria [26].
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Specifically, Manuka Honey (MH) has been shown to exhibit additional properties
against infection, which are attributed to the presence of methylglyoxal (MGO), a glycation
inducer. MGO is derived by nonenzymatic conversion of dihydroxyacetone, which is
present at high levels in the L. scoparium flower’s nectar. Together with the antiseptic
effect of hydrogen peroxide, MGO increased the antibacterial effect in MH [27] expressed
by the Unique Manuka Factor (UMF). A lot of wound care products are based on MH
and are commercially available [1], for example clinical alginate film containing MH, or
paste and dressings for topical application. The geometry factor and scaffold formulation
can influence the setup of a specific release of MH [28]. In healthy individuals, UMF 20+
has been evaluated as safe [29]. However, it should be not excluded that other honey
varieties may be preferable in respect to MH for wide regenerative applications, avoiding
any cytotoxicity in mucosae and specific tissues such as neural and muscle ones.

In parallel, the ability to modulate the activity of inflammatory cells could increase
the use of honey as a scaffold additive for wound healing and bone infection [30]. Honey
possesses stimulatory activity targeting pro-inflammatory cytokines, thus moving wound
healing past an extended chronic inflammatory phase [31]. The anti-inflammatory activities
by honey flavonoids and proteins were also reported. Honey inhibited the release of
Tumor Necrosis Factor-alpha (TNF-α) and Interleukin 1-beta (IL1-β) by microglia cell line
stimulated with lipolysaccharide (LPS) [32], the production of TNF-α by human monocytic
cells, and the release of ROS from murine macrophages and human neutrophils activated
with zymosan [33]. The propolis restored the proliferation capacity and chemotaxis of B
and T lymphocytes in diabetic mice model [34]. In propolis, caffeic acid phenethyl ester
(CAPE) is a powerful agent that influences the relative antimicrobial and anti-inflammatory
activity. Furthermore, MRJP-1 can inhibit phagocytic cells activity by blocking the mannose
receptor while MRJP-3 suppressed IL-2, IL-4, and IFN-γ expression by antigen-stimulated T
cells [35] and induced TNF-α and MMP-9 levels in keratinocytes [36]. The carboxylic acids
from royal jelly, identified as being capable of antimicrobial activity, can reduce Nuclear
Factor kappa-B (NF-κB) activation induced by LPS in the macrophage cell line [37].

An abnormal levels of radicals can trigger long-lasting inflammation; indeed, oxidative
stress and inflammation are closely related [38]. With regards to oxidative stress protection,
the phenolic content of honey can quench oxidative harmful action [39]. Because of the
complex nature of similar animal-derived products, after the introduction in a biomaterial
it is, unfortunately, hard to distinguish single or combined antioxidant activity realized
by specific honey components. Additionally, the propolis has reparative functions [34]
and antioxidant activity; the latter is possible thanks to the occurrence of flavonoid and
phenolic compounds [40]. Different propolis extract volumes were used to fabricate silver
nanoparticles, which retained antioxidant activity and interfered with bacterial biofilm
formation according to increasing volumes of the natural compound [41]. In future research,
it will be significant to intensify the effort in an almost neglected antiviral capacity [42] of
honeybee products in parallel with the most known antibacterial one [13].

2. Scaffold Design and Experimental Studies

Instead of a customary fibrotic healing, an optimal repair could be obtained if dermal
reconstruction, proper re-epithelialization, and the formation of granulation tissue will
occur. To achieve these mandatory steps, researchers can choose between different types of
scaffolds, by selecting suitable geometries and physico-chemical properties. By changing
proper parameters during the fabrication, the chosen type will be appropriate for enabling
the scaffold to be applied in specific or wide tissue engineering strategies. Gels or fibers
made by electrospinning are the most studied and are the currently available options for
the construction of beehive product-infused or -impregnated biomaterials. While hydrogel-
and cryogel-based scaffolds have been used more for muscle, bone, and cartilage tissue
applications, electrospun scaffolds are more often applied to skin-related healing [28].
Silk fibroin (SF) is a structural fibrous protein obtained from the cocoon of Bombyx mori.
The increasing use of SF for electrospinning [43] is promising for the design of porous
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scaffold and nanofibers [44] for bone [45] and cartilage [46] tissue engineering. Derived
from deacetylated chitin, chitosan (CH) has been frequently employed because of its
intrinsic antibacterial properties and has been shown to enhance the production of the
extracellular matrix, owing to high hydrophilicity. Moreover, CH degradation products
(e.g., N-acetyl-D-glucosamine) promote fibroblast growth.

The direct addition of pure honey (or other beehive products) may be toxic to cells
and tissues, but the use of a substantial vehicle, such as the mentioned scaffolds, can be
effective to deliver a controlled, safe and bioactive release of honey bioactive compounds.
Part of the investigation is often directed to find the optimal concentration to incorporate
such bioactive compounds into a specific scaffold, depending on the used polymer and
with the aim to realize the most beneficial effects (i.e., cell infiltration and proliferation,
modulation of inflammation and ROS, infection prevention, and tissue regeneration), while
maintaining ideal biomechanical properties. For example, as honey is a sugar solution
that includes both hydrophilic and hydrophobic properties, the charge of the raw material
can influence the hydrophilic part modulating the swelling behavior of the final honey-
including scaffold. The swelling ability of honey scaffolds will, however, depend on a
sum of factors, including the cross-linking agent and the nature of the materials used
and mixed together with honey components. A controlled release over time represents a
characteristic that encourages the development of honey-incorporated grafts for clinical
use. Indeed, slow and prolonged concentrations of honey will be requested in situ for grafts
in organs with an environmental risk exposure (bacterial pathogen and oxygen levels)
different from the skin one. Lastly, the opportunity to associate honeybee products with a
3D physiological environment for cell culture, such as into a cellular scaffold, may also be
useful to model human in vitro infections [47], which enables more relevant tests of their
preventive and therapeutic effects.

Table 1 summarizes the studies reporting the combined use of honeybee products and
different types of fabricated scaffolds; the same studies are detailed below in this review.
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Table 1. Experimental studies on biomaterials functionalized with honeybee products analyzed in this review.

Incorporate Product Scaffold Type Building Blocks (e.g.,
Polymers, Blends, etc.)

Antibacterial
Effect

Biocompatibility and
Cell Proliferation

In Vivo
Healing Effect Reference

Honey

Electrospun PICT NA NA NA Khan et al., 2017 [48]
Hydrogel Chitosan, PVA, Gelatin Yes NA NA Lahooti et al., 2016 [49]
Hydrogel Alginate Yes Fibroblasts Yes Mukhopadhyay et al., 2020 [50]
Hydrogel Chitosan, gelatin, PVA Yes Fibroblasts Yes Shamloo et al., 2020 [18]
Hydrogel Chitosan gelatin Yes NA Yes Wang et al., 2012 [51]
Hydrogel Carbopol 934 and Chitosan Yes NA Yes El-Kased et al., 2017 [52]
Hydrogel Carboxymethyl cellulose Yes No Yes Park et al., 2017 [53]
Hydrogel PVA Yes Fibroblasts NA Tavakoli et al., 2017 [54]
Scaffold Silk Fibroin NA Fibroblasts Yes Rajput et al. 2020 [55]
Bioink Alginate NA Fibroblasts NA Datta et al., 2018 [56]

Manuka Honey

Electrospun PCL Yes Fibroblasts and
endothelial cells NA Mancuso et al., 2019 [20]

Electrospun PCL, MC, BG Yes Fibroblasts NA Schuhlanden et al., 2020 [57]
Electrospun Silk fibroin Poloxamer 407 NA Fibroblasts NA Kadakia et al. 2017 [58]
Electrospun PCL Yes Fibroblasts NA Minden-Birkenmaier et al., 2018 [59]

Electrospun and Cryogel Silk fibroin Yes Fibroblasts NA Hixon et al., 2017 [31]
Hydrogel, Cryogel

and Electrospun Silk Fibroin Yes NA NA Hixon et al., 2019 [28]

Cryogel Gelatin, Silk Fibroin Yes MG-63 NA Hixon et al., 2018 [30]
Hydrogel Pectin Yes L292 NA Giusto et al., 2018 [60]
Hydrogel Pectin NA NA Yes Giusto et al., 2017 [61]
Hydrogel Gellam gum Yes hMSCs NA Bonifacio et al., 2020 [62]
Hydrogel Gellam gum DE/RESV Yes hMSCs NA Bonifacio et al., 2020 [63]

Foam bioactive glass
methylcellulose Yes Fibroblasts NA Schuhladen et al., 2020 [64]

Propolis

Electrospun PU Yes Fibroblasts NA Kim et al., 2014 [65]
Hydrogel PEGDA Yes NA NA Zhang et al., 2020 [66]

Hydrogel (cotton fabric treated with)
carrageenan/cyclodextrin Yes NA NA Sharaf et al., 2019 [67]

Other Collagen NA Fibroblasts NA Gonzales-Masis et al., 2020 [68]
Other shell clam NA hMSCs NA Simu et al., 2018 [69]
Foam PU Yes L292 Yes Khodabakhshi et al., 2019 [70]
Film PLA and PCL Yes NA NA Ahi et al., 2019 [71]

Royal Jelly Hydrogel Collagen I Yes Fibroblasts NA Ramirez et al., 2020 [72]

NA (not available), PEGDA (Poly(ethylene glycol) diacrylate), PICT (poly(1,4-cyclohexane dimethylene isosorbide terephthalate), PVA (poly(vinyl alcohol)), PCL (poly(ε-caprolactone)), PLA (Poly(L-lactide)),
MC (Methylcellulose), BG (Bioactive glasses), PU (polyurethane).
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2.1. Gel Scaffolds

Hydrogels are crosslinked polymer networks that store large amounts of water [73]
and result in nanoporous gel-like structures [14]. On the basis of the cross-linking methods,
polymeric gels can be classified into: physical gels and covalently cross-linked gels [74].
The cryogels are produced similarly to the hydrogel, but the cross-linked polymer solu-
tion is quickly frozen and the gelation happens at subzero temperature [74]. During the
fabrication, the ice crystals formed throughout and after thawing melt out of the scaffold,
thus generating a macroporous spongy-like structure [31]. The result is a highly porous
scaffold [30], which allows cell migration inside it, usually more easily than into a hydrogel.
Natural polysaccharide-based matrices, such as gums, alginate, and chitosan, exhibit a low
immunogenic profile [75] and can be easily manipulated.

In 2016 [49], in search of novel antimicrobial strategies for wound healing, a study
focused on modeling and optimizing the antibacterial activity provided by honey and
gelatin included in hydrogel films composed of chitosan and poly(vinyl alcohol) (PVA).
Thyme honey has been added in range of 0–0.04 g/mL. It showed a significant effect
on the antibacterial properties of the hydrogel films against both Pseudomonas aeruginosa
and S. aureus, investigated by agar inhibition zone. For both bacteria, the antibacterial
effect of chitosan, PVA, and honey changed according to their concentration, while gelatin
concentration did not show an antibacterial effect. The swelling property, analyzed during
optimization and measured in films with constant amount of PVA and gelatin, could be
related to changes of chitosan or honey. An experimental increase in honey concentration
led to a major mechanical strength as well as reduction in water absorption, while chitosan
was the main controller of the swelling extent.

In order to enhance mechanical properties and prevent infections, fabrication of
scaffold based on gellan gum and MH was explored to support cartilage healing. Human
Mesenchymal Stem Cells (hMSCs) can adhere to the scaffold surface and, after 21 days of
culture, differentiate in chondroblast; in addition, the biomaterial did not show cytotoxicity
even without direct cell contacts. The antibacterial activity of the hydrogels in terms
of reduced biofilm S. aureus and Staphylococcus epidermidis viability was proven. The
release of MGO could be modulated by calcium or magnesium cross-linking of the same
scaffolds [75].

Aiming to the optimization of a scaffold improved for cartilage tissue engineering,
the authors of the same study described the preparation of composite scaffolds, based on
gellam gum and MH, including three different inorganic clays [62]. The mesoporous silica
scaffold offered, together with MH, an antibacterial effect and protected hMSCs co-cultured
with staphylococcal strains. The clay did not alter the degradation rate of the MH-loaded
scaffold, which allowed growth and chondrogenic differentiation of the stem cells in vitro.
When these scaffolds were introduced subcutaneously in mice, they did not cause severe
immunological reaction and were effective in enhancing the antibacterial response.

MH (2% w/v) can be used for the preparation of a porous composite scaffold based on
gellan gum and resveratrol, a polyphenolic compound, loaded in diatom silica shells [63].
In vitro tests confirmed the antioxidant activity and the antibacterial properties of the com-
posite scaffolds that demonstrated mechanical properties suitable for cartilage regeneration.

Manuka Honey (MH) silk fibroin cryogels were analyzed in comparison to MH gelatin
cryogels [30]. The incorporation of MH (at 1%, 5%, and 10%) had a significant negative
impact on gelatin cryogels, at the level of the swelling potential, and caused a decrease
of mechanical properties. The addition of MH within the single material maintained
the macroporous structure suitable for cell compatibility. The MH silk fibroin scaffolds
had highest porosity and released more MH than gelatin scaffolds. In summary, 5% MH
cryogel promoted bacterial clearance (also in liquid cultures) of E. coli, S. agalactiae (or group
B. streptococcus), and S. aureus, which are bacteria shown to cause chronic bone infection,
thanks to a sustained release of antimicrobial products. To evaluate the osteoconduction
properties that are advantageous in bone defect applications, the cellular proliferation,
infiltration, and cryogel mineralization by osteosarcoma derived-cell line was studied.



Biomimetics 2021, 6, 6 7 of 14

Overall, the MH did not impair mineralization, and silk fibroin was superior for cell
proliferation.

In 2017, a composite hydrogel sheet was designed to make a dressing, showing de-
sirable properties for wound healing, with chitosan as the primary functional material,
suggesting to promote ordered dermal regeneration. For enhancing antibacterial and heal-
ing properties chitosan was combined with sunflower honey (20 wt%), and, additionally,
with bovin gelatin owing to its filmogenic activity and absorbing capacity [51]. The sheet
capacity of retaining water decreased with increasing honey concentrations that were tested.
The data related to the swelling degree in phosphate buffered saline (PBS) agreed with
Young’s modulus measurements; indeed, the moduli in samples with honey decreased
in comparison to control sheet without honey. E. coli and S. aureus were investigated as
in vitro infection models, and the inhibition rates to bacteria demonstrated a synergistic
effect between chitosan and honey. The healing time of rabbit skin burns treated with the
hydrogel sheet was faster if compared with a commercially available ointment or untreated
controls. The authors of the study also reported good wound contraction and hair follicles
proliferation by the hydrogel sheet. However, together with water uptake, there was a
limit in the novel application, i.e., the remaining quantity of inflammatory cells. This might
be associated with the solvent used for chitosan in the biofabrication.

In a recent study, chicory honey (0–20% v/v) was added to polymer solution to make
a final freeze-dried hydrogel composed of chitosan, PVA, and gelatin (2:1:1) [18]. In this
study, the elastic modulus and tensile strength of the gels were reduced by increasing
the concentrations of honey—the pore size was increased and the degradation rate was
faster than in controls with absence or lower concentrations of honey. The antibacterial
activity against S. aureus and P. aeruginosa was higher in honey-loaded samples than
controls. The proliferation of fibroblasts in vitro was supported in a dose-dependent
manner until a honey concentration of 10%, in comparison to the pristine scaffold. In a
rat wound model, honey-containing hydrogels showed accelerated wound closure, re-
epithelialization, transition from inflammation to proliferation during healing, and mature
collagen expression.

In another study, a sodium alginate-based hydrogel was coupled with honey (2–10%).
For improving the stability of this hydrogel, both ionic and covalent cross-linking were
performed. The stiffness of the honey-blended hydrogels decreased with the increase
in honey concentration, as well as its surface hydrophilicity, analyzed by contact angle
measurements. The swelling index was correlated with increased honey concentration;
however, a specific honey embedded concentration was shown to be the best for controlled
degradation. The investigators commented that amylase and α-glucosidase from honey
might be responsible for weakening covalent cross-linking resulting into the decreased
stiffness. The addition of 4% honey provided the best results among all experimental groups
in antimicrobial activity against S. aureus methicillin-resistant strains and E. coli, suggesting
the roles played by glucose oxidase and myeloperoxidase, enzymes included in honey.
Here, honey-stimulated cell metabolic activity of both keratinocytes and fibroblasts with
spindle-like morphology. The in vivo analysis of changes in wound closure kinetics in a rat
wound healing model, granulation tissue formation, collagen fibers, and fibroblast density
finally suggested that 4% honey concentrations were able to favor a healing environment,
because the honey-treated group resembled more closely the normal skin epithelium,
matrix, and even hair follicles [50].

Topical hydrogels were prepared using honey and CH or carbopol 934. In particular,
the CH honey gel with respect to single honey or blank CH was a better healer at the end
of the antimicrobial assay against burn infection bacterial strains and in histopathological
analyses of burn wounds in vivo [52].

Carboxymethyl cellulose was successfully used as a chestnut honey carrier to be
evaluated as a competitive candidate for the treatment of diabetic ulcer wounds [53]. Water
uptake by these hydrogels and their ability to inhibit and kill bacteria was correlated with
honey percentages, and a methylglyoxal relation was hypothesized because of its abundance
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in the used chestnut honey. In vivo acceleration of dermal repair and modulation of timely
behavior in granulation tissues was shown to be significantly different in honey samples.

Pectin, a heterosaccharide present in the plant cell wall, has recently been investigated
for use in different biomedical applications, such as drug delivery, skin protection, and
scaffolding. In this study, pectin-MH hydrogel showed good fluid uptake and were not
cytotoxic for fibroblasts. They were found to be effective against bacterial common human
pathogens [60], and in vivo, no histological changes were observed after rat subcutaneous
implantation. The combination was superior to a pectin-only scaffold or fluid honey-alone
application [61].

A biodegradable hydrogel was fabricated by using β-cyclodextrin (β-CD) and κ-
carrageenan for delivery encapsulated propolis extract. The great antibacterial (P. aeruginosa
and S. aureus) and antifungal activity provided to the hydrogel increased by increasing the
concentration of the encapsulated propolis [67].

The concurrent use of royal jelly with hydroxyapatite for bone healing has been
reported; however, relevant literature is lacking in the combined use of royal jelly with
biomaterials [76]. Very recently, extracellular vesicles of royal jelly were incorporated in a
type I collagen matrix [72]. The released vesicles modulated the capacity of fibroblasts to
migrate in vitro and were effective against S. aureus biofilm formation, thus demonstrating
a potential delivery system for wound healing therapies.

Initially intended for industrial application, a hydrogel of poly(ethylene glycol) diacry-
late (PEGDA) was developed introducing a honey-inspired peroxide-producing enzyme:
glucose oxidase. Not only does the enzyme have long-lasting activity into the gel net-
work, but the antimicrobial activity against S. epidermidis of the loaded hydrogel increased
considerably [66].

2.2. Electrospun Scaffolds

We noticed that the incorporation into electrospun fibers is the most emerging method
for utilizing honey in tissue-engineered scaffolds, at least for wound healing applications.
The final nonwoven mesh structure, the flat geometry, the mechanical properties, and the
capacity to absorb the exudate (watery consistency) encourage the choice of this scaffold
type. Briefly, in the electrospinning technique, the polymer solution is pushed through a
syringe after a high-intensity electric field is applied to a conductive needle [31]. When the
voltage is applied at the needle tip, the solvent evaporates during the time of flight toward
the grounded target, where the polymeric scaffold is collected [57]. Sometimes, the bad
side of the coin could be the requirement of a toxic solvent.

Poly(1,4-cyclohexane dimethylene isosorbide treph- thalate) (PICT) is a synthetic and
biodegradable polymer [48]. Three blend ratios of PICT/Honey were used 90:10, 85:15,
and 80:20 to develop antimicrobial electrospun nanofibers. The second ratio has been
suggested to be the most suitable option, because of elastic behavior and tensile strength, in
comparison to others. In particular, larger diameters were detected with increasing honey
quantity; furthermore, the hydrophobicity was decreased.

MH was used as a cross-linking agent to fabricate fiber mats of only poly(ε-caprolactone)
(PCL) or blend fibers of PCL and methylcellulose (MC) by electrospinning [57]. These
fibers were considered useful as biodegradable platform to potentially deliver bioactive
glass particles (BG). The PCL fibers containing both MH and BG enhanced the release rate
of MH, while the corresponding blend fibers showed a lower release rate of MH compared
to the fibers without BG. The addition of MH caused an increase in fiber diameter and a
reduction of tensile strength for both types of fibers. MH did not significantly change cell
viability of dermal fibroblasts in blend fibers, but improved migration of keratinocyte-like
cells in scratch assay. No antibacterial effect was demonstrated by such fabricated samples
against E. coli and S. aureus in liquid cultures.

Scaffolds based on SF were evaluated merely in vitro after the incorporation of
MH [31]. In general, UMF variation in fixed 5% MH concentration did not cause a dif-
ference in the antibacterial effect between its use in cryogel or in electrospun fibers that
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were based on an identical material [31]. In that case, fibroblast cytotoxicity was only
detected when cell medium was supplemented with MH instead of cell media conditioned
by honey-loaded scaffolds.

Recently, in a comparative study [28], Hixon et al. mainly focused on the relationship
between the geometry of silk fibroin- based scaffolds and the antibacterial effects induced
by MH. Electrospun scaffolds in respect to hydrogels and cryogels faster released the MH,
thus leading to a superior S. aureus clearance and adhesion.

Several human fibroblast and endothelial primary cells were cultured on PCL biomimetic
nanofibers coated with MH [20]. Their viability depended on the concentration of honey,
and some concentrations increased cell proliferation in comparison to clean PCL mesh.
Beware of his double-faced nature; further research will be needed to understand the
inflammatory and in vivo response to MH-loaded biomaterial. The antimicrobial effect
induced by MH was dependent on its concentration and bacterial strains.

SF nanofibers were fabricated with poloxamer 407 or with MH. When compared to
each other, the density of human dermal fibroblasts was shown to be higher in the honey
scaffold [58].

Studies about the incorporation of MH (1–20% v/v) in a PCL nanofiber scaffold
showed that it could increase the fibroblast infiltration into the scaffold and prolifera-
tion [59] and suggested honey functionalization for wound healing application. Honey
incorporation did not increase the degradation rate of the scaffolds, and some of them were
effective against E. coli growth.

2.3. Other Scaffolds

Foams are other scaffolds that can be utilized in tissue engineering. Freeze-dried foams
based on methylcellulose were cross-linked with MH [64]. The MH reduced the contact
angle, leading to high hydrophilicity and improved wettability. The viability of normal or
cell line-derived fibroblasts cultured on top of the scaffold with MH was comparable to
controls. The results of a scratch assay showed that the migration ratio of keratinocytes-like
cells and antibacterial activity against E. coli and S. aureus was enhanced for both wound
healing-relevant bacteria. For wound healing applications, not only mechanical properties
can be improved by the functional addition of borate bioactive glass. Indeed, the release of
MH and the killing of bacteria was enhanced after the inclusion of specific bioactive glass;
however, further investigation will be needed for finding optimal non-toxic concentrations.

Within its self-assembly, the properties of a collagen scaffold, in particular collagen de-
naturation and tensile strength, can be reduced by impregnation and following deposition
on fibrils of propolis nanoparticles [68]. At 100 µg/mL, the propolis obtained from Apis
mellifera maintained the fibril structure of collagen extracted from rat tail and enabled the
culture of fibroblast cell line, by providing cells a metabolic stimulus, likely activating their
proliferation.

A recent study comprising pre-clinical results analyzed polyurethane (PU) foams
that improved in vitro L929 fibroblast compatibility and in vivo wound healing, together
with showing broad antibacterial properties; all the effects were associated with the water
propolis extract [70].

A study characterizing a scaffold of PU incorporating propolis into its fibers showed
that the mat increased its hydrophilicity and its fibroblast compatibility and carried out an
effective antibacterial activity [65]. A biomaterial based on shell propolis helped human
dental stem cells in vitro osteogenic differentiation [69]; future in vivo studies possibly
will define it as a suitable material for bioactive cements and for orthopedic material
development.

Furthermore, PLA-PCL-propolis composite films were proposed as a possible material
for periodontal-guided tissue regeneration [71].

Very recently, using freeze-drying technique, the incorporation of honey in silk fibroin
3D scaffolds was analyzed for the development of a wound healing substrate that can act
as a dermal substitute [55]. Honey was added with the hypothesis of enhancing water
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retention and facilitating cell migration. Stable foam scaffolds were obtained with a honey
concentration from 1% to 6% (v/v). With the increase of honey, the pore size, the swelling
ratio, and the degradation rate increased, while pore density decreased. Honey stimulated
the proliferation of primary fibroblasts. In vitro, the 4% honey concentration was the best
in enhancing the synthesis of ECM proteins by the cells infiltrated within the scaffolds,
e.g., producing collagen I, collagen III, α-smooth muscle actin (α-SMA), and fibronectin.
When the 4% honey scaffold was implanted subcutaneously in a rat model, it fastened
the wound healing process. Minimal scarring, physiological epithelialization, and the
presence of hair follicles and blood vessels defined this scaffold as the best candidate for
skin repair. Interestingly, hypoxia-inducible factor-1α (Hif-1α) protein expression in such
in vivo-treated sample was lower than normal skin control or sham; this suggests that
Hif-1α could be involved in the oxygen-dependent collagen synthesis and angiogenesis
stimulation.

An MH-PVA-based dressing enabled a sustained release of honey and worked as
an antibacterial and fibroblast proliferator. Furthermore, erythromycin loading into the
dressing was allowed, and the antibiotic release was not affected by honey [54]. An
antibacterial effect was also detected against S. aureus.

Bioprinting is a promising technique to fabricate blended scaffolds, and many poly-
mers are printable as bioinks. The loading with honey into printed scaffolds improved 3T3
fibroblast proliferation in the presence of blended alginate scaffold in comparison to pure
alginate [56].

3. Concluding Remarks

Products of natural origin, such as honey, propolis, and royal jelly, should be taken into
consideration for new therapeutic applications in regenerative medicine. One main reason
is their availability, based on geographical areas, and, especially in developing countries, its
low cost in comparison to synthetic similar products [34]. In the last decade, the number of
studies describing biomaterials enriched by the honeybee products that have demonstrated
antimicrobial, regenerative, and immunomodulatory effects has gradually increased. The
variable quality and quantity of phenolics are significant contributors to a wide range of
biological effects and antioxidant capacity in honey of different origins [77]. This antioxi-
dant potential may be useful for developing tunable systems that sense and regulate the
oxidative stress level after the implantation of tissue-engineered constructs [78]. However,
honey variation is great and depends on many factors, such as the seasonal collection time
and botanical source. Currently, hydrogel and electrospun scaffolds are very popular in
the field of tissue engineering, but relative few studies have investigated the potential of
honey, propolis, or royal jelly as bioactive functionalization agents, perhaps because of the
variability mentioned above. Standardization of the levels of the antimicrobial compounds,
which are usually antioxidants, is demanded for the confident applicability of honeybee
products for bioengineering purposes. Indeed, the use of standardized preparation or
isolated components would positively contribute to the level of control of biophysical and
biological modifications of the scaffolds, requested by different tissues.

The pro-healing stimuli delivered by the honey-loaded scaffolds can soon revolution-
ize the therapeutic vision of honey and other honeybee products (Figure 1).

Some examples of clinical applications of honey-loaded materials already exist in
dermatology. Spongy pads of type I collagen impregnated with medical-grade honey,
namely Collagen Revamil®, or dressing based on calcium alginate, such as Melginate® or
Algivon®, exploit the healing potential of honey [1]. In future research, it will be important
to intensify the effort in researching the antiviral capacity [42] of honeybee products in
parallel with the most known antibacterial one [13].
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