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Abstract: The extensive and sometimes unregulated use of synthetic chemicals, such as drugs,
preservatives, and pesticides, is posing big threats to global health, the environment, and food security.
This has stimulated the research of new strategies to deal with bacterial infections in animals and
humans and to eradicate pests. Plant extracts, particularly essential oils, have recently emerged as
valid alternatives to synthetic drugs, due to their properties which include antibacterial, antifungal,
anti-inflammatory, antioxidant, and insecticidal activity. This review discusses the current research
on the use of electrospinning to encapsulate essential oils into polymeric nanofibres and achieve
controlled release of these bioactive compounds, while protecting them from degradation. The works
here analysed demonstrate that the electrospinning process is an effective strategy to preserve the
properties of essential oils and create bioactive membranes for biomedical, pharmaceutical, and food
packaging applications.
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1. Introduction

Synthetic drugs, preservatives and pesticides used in pharmaceutics, cosmetics, medicine,
the food industry and agriculture are a source of health and environmental concerns worldwide [1,2].
The unregulated and extensive consumption of antibiotics to treat human and animal infections and
stimulate the growth of food-producing animals (cattle, pigs, and poultry) has resulted in the emergence
of antibiotic resistance in pathogens. The rate of hospitalisation and mortality of patients infected
with drug-resistant microorganisms has increased, posing major health threats. Lipophilic pesticides,
such as organochlorines (OCs), although banned in many countries, are still being applied to eradicate
pests [3–5]. They are hazardous organic pollutants that persist in the environment, bioaccumulate in
terrestrial and aquatic ecosystems, and enter the food chain. The exposure to OCs has been linked to
acute and chronic diseases in humans, such as type-2 diabetes, Parkinson, and cancer. The potentially
disastrous consequences of synthetic chemicals on the global population and the environment have
motivated the search for less toxic and more environmentally friendly alternatives. This has seen a
renewed interest toward natural products and especially essential oils (EOs) for their antibacterial,
antifungal, antiviral, antioxidant, anti-inflammatory, and insecticidal activity [6–9].

Essential oils are complex mixtures of volatile compounds that are synthesised by plants for
defence and signalling purposes [10–13]. EOs protect plants against herbivores and harmful insects by
inhibiting their appetite and attracting their natural opponents. They repel pathogenic microorganisms
by targeting their nervous, digestive or endocrine systems, and reducing their growth. EOs promote
plant adaptation to abiotic stresses, such as temperature, draught, light, carbon dioxide, and ozone
levels, by protecting the photo synthetic apparatus and increasing thermal tolerance of photosynthesis.
In addition, they play a crucial role in attracting beneficial animals, such as species-specific pollinators
and seed dispersers, to facilitate plant reproduction.

The functionality and scent of EOs derive from their main chemical components that belong to
the class of isoprenoids and phenylpropanoids [10,12,14,15]. Isoprenoids, also known as terpenoids,
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are the predominant constituents of EOs and derive from 5-carbon precursors (Figure 1a): isopentenyl
pyrophosphate (IPP) and its isomer dimethylallyl pyrophosphate (DMAPP). Higher plants synthesise
IPP and DMAPP via two independent pathways: the mevalonic acid (MVA) pathway in the cytosol,
and the methylerythritol phosphate (MEP) pathway in the chloroplasts (organelles used for the
photosynthesis) [16,17]. Prenyltransferase enzymes catalyse the condensation (head-to-tail) of one
IPP molecule with one DMAPP molecule to yield geranyl diphosphate (GPP, C10), which further
condensates with another IPP molecule to form farnesyl diphosphate (FPP, C15). The addition of
another IPP molecule to FPP gives geranylgeranyl diphosphate (GGPP, C20). Then, monoterpene
synthases, sesquiterpene synthases, and diterpene synthases convert GPP to monoterpenes (C10),
FPP to sesquiterpenes (C15), and GGPP to diterpenes (C20), respectively. Well-known representatives
of terpenes are: limonene (found in citrus oils), thymol (found in thyme oil), and menthol (found in
mint oil) for monoterpenes; β-caryophyllene (found in clove oil), chamazulene (found in chamomile
oil), and β-nerolidol (found in jasmine oil) for sesquiterpenes [18].

Phenylpropanoids are secondary plant metabolites synthetized by the amino acid phenylalanine
(primary metabolite) via the general phenylpropanoid pathway (Figure 1b) [19–22]. Their biosynthesis
starts with the formation of cinnamic acid from phenylalanine by the action of phenylalanine
ammonia-lyase (PAL). In the second enzymatic step, cinnamate 4-hydroxylase (C4H) catalyses the
hydroxylation of cinnamic acid to p-coumaric acid, which is converted into coumaroyl-coenzyme
A (coumaroyl-CoA) by 4-coumaroyl CoA ligase (4CL). Coumaroyl-CoA is the intermediate for the
generation of various phenylpropanoid compounds, such as eugenol, myristicin, methyl cinnamate,
chavicol, methyl chavicol, and estragole [11,23].

The chemical components of essential oils are volatile and susceptible to easy degradation
due to temperature, light, oxygen, and moisture. Hence, encapsulating systems, such as micro-
and nano-particles, capsules, droplets, cyclodextrin complexes, and fibres, are required to deliver
still-functional EOs to a specific target and in a controlled fashion [24–26]. This review analyses the
current state of the art on the release of EOs from polymeric fibres produced by electrospinning. After
giving an overview of the electrospinning process, the review discusses in detail the research conducted
so far on the incorporation of essential oils of cinnamon, oregano, peppermint, clove, thyme, and
lavender in polymeric electrospun fibres. These EOs have been selected because the properties of the
resulting fibres have been widely discussed in the literature.

2. Production of Polymeric Fibres by Solution Electrospinning

Electrospinning is a nanofabrication technique that operates at high electric voltages to extrude
polymeric fibres with a diameter down to the nanometre [27–30]. Two main electrospinning approaches
are available: solution electrospinning when the starting polymer is in solution with an appropriate
solvent or solvent mixture; melt electrospinning when the polymer is processed in the molten state
and no solvents are utilised. This review focuses on solution electrospinning, hereinafter referred to
simply as electrospinning.

A typical electrospinning apparatus takes the form of a high-voltage power supply, a spinneret
(usually a metallic needle) attached to a syringe, a syringe pump, and a conductive collector (usually
copper or aluminium) [27,31]. The first step of the electrospinning process consists in generating a
pendant droplet of the polymer solution at the tip of the spinneret by pumping the liquid at a constant
flow rate using the syringe pump. Then, an electric potential difference is generated between the
spinneret, which is connected to the high voltage power supply, and the collector (usually grounded).
With voltage increase, electric charges accumulate on the surface of the droplet till a critical voltage
is reached (more than tens of kV). At this point, the electrostatic repulsion overcomes the surface
tension and the viscoelastic forces of the polymer solution, and the droplet deforms into a conical
shape, known as a Taylor cone. An electrified liquid jet is ejected from the apex of the Taylor cone and
it is accelerated toward the collector. The jet moves in a nearly straight line in a region close to the
spinneret tip (near-field region); it stretches, gradually decreases in diameter, and experiences bending
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or whipping instabilities away from the spinneret and in close proximity to the collector (far-field
region). The instabilities, due to electrostatic repulsion of charges, determine further jet thinning
and solvent evaporation with consequent jet solidification. Finally, solid fibres are deposited on the
collector to form a non-woven mat.
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The fabrication of defect-free electrospun fibres with the desired size and structure is achievable
by a fine optimisation of all process parameters [32,33]. This includes control over the properties of the



Polymers 2020, 12, 908 4 of 16

polymer solution (viscosity, molecular weight of the polymer, conductivity and boiling point of the
solvent system, presence of additives), the applied voltage, the flow rate, the spinneret-collector distance,
the environmental conditions (temperature and humidity), and the collector geometry. For example,
solvent volatility is instrumental to engineer in-fibre porosity and generate fibres with high specific
surface area [2,34–36]. Binary and ternary polymer solutions prepared with an appropriate selection
of solvents and non-solvents (low boiling point solvents) have been investigated to induce phase
separation events prior or during the electrospinning process and hence generate pores. In addition,
the porosity of the overall electrospun mat (fibre packing density) can be adjusted by acting on the
collector geometry, which in turn affects the external electric field and, consequently, the orientation
and alignment of the fibres [27,37,38]. While deposition of randomly oriented fibres occurs on a
planar, static collector, the uniaxial alignment of fibres can be obtained by a rotating mandrel, a pair of
electrodes separated by air gap, or two parallel permanent magnets.

3. Electrospun Fibres Containing EOs and Their Applications

So far a wide variety of essential oils have been electrospun, including cinnamon [39–44],
oregano [45–48], peppermint [44,49–52], clove [41,53–57], thyme [58–61], lavender [62–64],
eucalyptus [65], ginger [66], tea tree [67,68], Manuka [68], black pepper [69], and sage [69]. This review
focuses on works that report the addition of EOs to polymeric solutions before conducting the
electrospinning process. Although studies on the electrospinning of specific chemical constituents of
essential oils are available in the literature, these are not reported in this review.

3.1. Cinnamon Essential Oil

Cinnamon EO is extracted from the leaves and bark of ever green aromatic trees of the
Cinnamomum genus and Lauraceae family, and distributed in China, India, America, and Australia [70].
Its main chemical component is cinnamaldehyde, which is active against pathogens such as
Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), Porphyromonas gingivalis (P. gingivalis),
Listeria monocytogenes (L. monocytogenes), and Bacillus cereus (B. cereus) [71–74]. It has been demonstrated
that cinnamon EO induces permanent damages to the morphology and permeability of the cytoplasmic
membrane of E. coli and S. aureus, when the bacteria are exposed to EO doses in the range of
1–4 mg/mL [71,72]. The disruption of the membrane integrity causes leakage of nucleic acids and
proteins, with consequent bacteria death. This phenomenon is more evident for S. aureus (Gram-positive
bacterium), whose membrane is less resistant to hydrophobic molecules (such as EOs), than for E. coli
(Gram-negative bacterium). Increased cell membrane permeability, loss of DNA, RNA and proteins,
deformation and rupture of cells have been recorded also for P. gingivalis (a Gram-negative anaerobic
bacterium responsible for chronic periodontitis) treated with cinnamon EO (dose of 6.25 µg/mL) [73].

Cinnamon EO has been electrospun in combination with a range of polymers, including polyvinyl
alcohol (PVA) [39,40], alginate/PVA [41], polylactic acid (PLA) [42], poly(ethylene oxide) (PEO) [43],
and cellulose acetate [44], and the resulting fibres have been applied to food and biomedical sectors.
In most works, complexes of cinnamon EO and cyclodextrins were processed. Cyclodextrins are
natural cyclic oligosaccharides with a truncated cone shape characterised by a hydrophilic external
surface and a hydrophobic interior cavity (Figure 2a) [26,75,76]. They are extensively used to form
inclusion complexes with essential oils, which are trapped in the hydrophobic cavity, in order to
improve EOs bioavailability and stability.

Antimicrobial and biodegradable packaging materials have been produced by incorporating
cinnamon EO and β-cyclodextrin (β-CD) into PVA [39], PLA [42], and PEO [43] nanofibers. P. Wen
and collaborators reported on PVA solutions prepared by dissolving PVA in water at a 6% w/w
concentration and adding 2% w/w of cinnamon EO and 2% w/w of β-CD [39]. The electrospinning
process was conducted with a voltage of 15 kV, a flow rate of 0.5 mL/h and a needle-collector
distance of 15 cm to achieve an average fibre diameter of (300 ± 60) nm. The antimicrobial activity
of cinnamon EO was tested against E. coli and S. aureus. The electrospun PVA/EO/β-CD mats
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generated inhibition zones of (28.9 ± 0.3) mm for E. coli and (30.5 ± 0.4) mm for S. aureus, and were
slightly more effective than 50 µg/disk of the antibiotic kanamycin sulphate [(28.2 ± 0.2) mm for
E. coli and (24.1 ± 0.5) mm for S. aureus]. MIC values (minimum concentration of fibres to inhibit
the microorganisms growth) of 1.0 mg/mL for E. coli and 0.9 mg/mL for S. aureus were recorded,
corresponding to 9–10 µg/mL of cinnamon EO (4–5 µg/mL of kanamycin sulphate were needed
to achieve the same effect); whereas, MBC values (lowest concentration of fibres to kill 99.99% of
microorganisms after 24 h of incubation) were of 8.0 mg/mL for E. coli and 7.0 mg/mL for S. aureus,
corresponding to 70–80 µg/mL of cinnamon EO (effective as 15–20 µg/mL of kanamycin sulphate).
Cinnamon EO not only stopped the growth of microorganisms but also increased the shelf-life of
packed strawberries. When the electrospun PVA/EO/β-CD mats were applied as food packaging
material (at 4 ◦C), the firmness of the fruit (one indicators of freshness) decreased by only 14% after
18 days of storage; while a decrease of 35% was recorded when a commercial fresh-keeping film
was used instead of the electrospun mat. The efficacy of cinnamon EO, released from electrospun
fibres, was demonstrated also for meat preservation, by the same group of authors [42]. In this case,
PLA fibres containing cinnamon EO and β-CD inclusion complex (β-CD-IC) were electrospun from a
solvent mixture of dichloromethane (DCM) and dimethylformamide (DMF, 3:1 DCM:DMF v/v ratio).
PLA and EO/β-CD-IC concentrations were both of 10% w/v; while the EO:β-CD ratio was fixed at
1:9 to achieve an EO loading content of 10.8% w/w after complexation. The PLA/EO/β-CD-IC fibres
produced had an average diameter of (850 ± 120) nm (voltage of 15 kV, flow rate of 2.5 mL/h and
needle-collector distance of 15 cm) and exhibited MIC and MBC values of 1 mg/mL and 7 mg/mL for
E. coli and S. aureus, respectively. The antimicrobial fibres prolonged the shelf-life of pork meat stored
at 25 ◦C up to 8 days; while pork packed with fresh-keeping films decayed after 3 days. The results of
these two works show that electrospun fibres are promising systems for the encapsulation and delivery
of cinnamon EO to create active food packaging materials that are biodegradable and can delay food
spoilage by inhibiting both Gram-positive and Gram-negative bacteria.

Innovation in the food packaging industry has recently seen the emergence of intelligent
technologies based on compounds that not only prolong the shelf-life of food but more importantly
respond, in a controlled and specialised fashion, to the presence of microorganisms [77]. In this scenario,
L. Lin and collaborators have developed active PEO electrospun fibres that release cinnamon EO in the
presence of B. cereus, which is one of the most frequent causes of food poisoning outbreaks [43,78].
Cinnamon EO was encapsulated in proteoliposomes, which are lipid nanovesicles incorporating
membrane proteins and able to release the contained antibacterial agent only when they enter in contact
with the target bacterium. Cinnamon EO was first complexed with β-CDs to enhance its stability and
increase the encapsulation efficiency in proteoliposomes (Figure 2b). Solutions of PEO in water (5%
w/v concentration) were prepared and mixed with cinnamon EO/β-CD proteoliposomes having an
average size of (349 ± 36) nm. The electrospinning process (voltage of 25 kV, flow rate of 0.6 mL/hour
and needle-collector distance of 12 cm) resulted in fibres with a diameter between 500 and 650 nm.
When the fibres were exposed to culture medium containing B. cereus colonies, 80% of cinnamon EO
was releases after 48 h at 37 ◦C, due to the activation of the proteoliposomes by the protease secreted by
the bacteria (Figure 2b). A release of only 30% was instead detected without B. cereus under the same
in vitro conditions. The suitability of the fibres as packing material was demonstrated on fresh beef
samples that were inoculated with B. cereus and stored for 4 days at 25 and 37 ◦C. The fibres induced
99.99% reduction in B. cereus population and had a negligible impact on the sensorial quality of beef
(limited variations in beef colour and texture). The outcomes of this work highlight the potential of
electrospun fibres as engineered systems for the controlled release of natural antimicrobial compounds
in the field of food preservation.

3.2. Oregano Essential Oil

Recent studies have reported on electrospun fibres containing oregano essential oils, extracted from
Origanum vulgare [45–47] and Origanum minutiflorum [48], which are plants belonging to the Lamiaceae
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family and predominantly distributed in the Mediterranean, Euro-Siberian and Iran-Siberian areas.
The major constituents of oregano EO are carvacrol and thymol, which have inhibitory effect on diverse
microorganisms, including Methicillin-resistant S. aureus (MRSA), E. coli, Bacillus subtilis (B. subtilis),
and Saccharomyces cerevisiae [79–81]. As other EOs, oregano EO acts on the bacteria cell membrane by
disrupting its functions, inducing loss of cytosolic material and leakage of potassium ions, with eventual
cell necrosis. Oregano EO has been proposed to inactivate biofilms, which are sessile colonies of bacterial
cells strongly adherent to surfaces and poorly permeable to antibacterial agents and antibiotics [82].
Concentrations of this EO in the range of 0.3–1.0 mg/mL have been proved effective in completely
eradicating 24-h old biofilms of Acinetobacter baumannii, Pseudomonas aeruginosa (P. aeruginosa) and
MRSA within 1 h. Oregano EO permeated the biofilms and led to physical and morphological damages
to the bacteria organisation. Oregano EO has been embedded in biodegradable fibres of chitosan
and poly(caprolactone) (PCL) that have been electrospun from formic acid/acetic acid (1:1 volume
ratio) solutions, using a voltage of 18 kV, a flow rate of 0.1 mL/h and a needle-collector distance of
15 cm [46]. The resulting mats (210–320 nm average fibre diameter), containing 1%, 3%, and 5% w/w of
EO, induced a decrease of bacteria population in the range of 40–53% after 3 h of incubation. They were
tested against four pathogens relevant to food packaging: S. aureus, L. monocytogenes, E. coli and
Salmonella enteritidis (S. enteritidis). The release of the EO was investigated in-vitro in a buffer solution
at 37 ◦C and pH 7.4. A burst release was recorded in the first 12 h, with values of ~10% for the lowest
EO concentration, and ~32% for the highest concentration. This was attributed to oil present on the
surface of the chitosan/PCL fibres. Then, the release gradually increased till reaching a plateau after
48 h, with values of 15–45% after 96 h, due to oil entrapped within the fibre volume. A similar biphasic
release profile has been reported for poly (L-lactic acid-co-caprolactone)/silk fibroin (PLCL/SF) fibres
that were electrospun from 1,1,1,3,3,3-hexafluoro-2-isopropanol (HFIP) solutions containing 2.5%,
5.0%, and 7.5% v/v of oregano EO [47]. The fibrous mats had an average fibre diameter of ~500 nm
obtained by electrospinning at a voltage of 12–15 kV, a flow rate of 1 mL/hour and a needle-collector
distance of 12–14 cm. They showed an initial burst release in vitro in the first 3 h (77% oil released
from fibres with 5% v/v EO) and a steady release after 48 h (89% oil released from fibres with 5%
v/v EO). The antioxidant and antitumor activity of the encapsulated oregano EO was investigated,
instead of the antibacterial properties. The electrospun samples with 5.0% and 7.5% v/v of oregano EO
exhibited the ability of scavenging 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) free radicals in
30 min, with values (~90%) comparable to those of pure ascorbic acid (standard antioxidant agent)
and higher than those of pure, non-encapsulated oregano EO (~65%). The excellent DPPH radical
scavenging activity indicates that the high surface-to-volume ratio of the nanofibres facilitates the
release of the antioxidant agent and enhances its therapeutic potential. In addition, the fibres with 5.0%
and 7.5% v/v of oregano EO dramatically decreased the proliferation of 4T1 mammary carcinoma cells,
achieving a complete antiproliferative activity at 72 h. Other studies have reported on the cytotoxicity
of oregano extracts on tumour cell lines, and attributed it to some of its chemical constituents, such as
rosmarinic acid and 4-terpineol, and their synergistic interaction [80].

The current literature on the electrospinning of oregano EO demonstrates that a sustained release
of the bioactive agent can be achieved from polymeric nanofibres, and systems with a prolonged
antibacterial, antioxidant, and antitumor activity can be developed.
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Figure 2. (a) Schematic representation of the structure of a cyclodextrin molecule, with indication of
the hydrophilic external surface and hydrophobic cavity. Adapted from Ref. [76]. (b) Illustration of the
formation of cinnamon EO/β-CD proteoliposomes contained in poly(ethylene oxide) (PEO) nanofibers,
and release of the essential oil (EO) when the fibres are in contact with B. cereus. Reproduced from
Ref. [43] with permission from Elsevier.

3.3. Peppermint Essential Oil

Mentha piperita is a Lamiaceae herb native of the Mediterranean region but cultivated worldwide
for its uses in cookery and pharmaceutics [48]. Its essential oil, peppermint EO, is rich in menthol and
menthone, and possesses antibacterial, antiviral, fungicidal and anti-inflammatory properties [48,83–85].
The efficiency of peppermint EO against microorganisms has been evaluated in both liquid and vapour
phase, concluding that the concentration of monoterpenes in the oil vapours, such as α-pinene,
β-pinene, and limonene, plays a role in inhibiting bacteria growth by inducing extensive damages to
the cell membrane [48].

Peppermint EO has been electrospun from PCL [49], cellulose acetate [44], gelatine [50],
polyurethane [51], and PEO [52] matrices, and in combination with other bioactive compounds,
such as chamomile EO [50], copper sulphate [51], and cerium oxide [52]. Gelatine fibres with an
average diameter of ~500 nm were electrospun from acetic acid/water solutions containing 0%, 3%, 6%,
and 9% v/v of peppermint EO and 1:1 blends of peppermint and chamomile EOs [50]. The following
experimental parameters were used: voltage of 15 kV, flow rate of 0.3 mL/hour and working distance
of 10 cm. The fibres containing only peppermint EO (9% v/v) showed the highest inhibitory effect
against E. coli and S. aureus, whereas the addition of chamomile EO enhanced their antioxidant
properties. Gelatine fibres with 9% v/v of peppermint EO exhibited a DPPH radical scavenging activity
of 50%; while values higher than 60% were collected for fibres with 9% v/v of peppermint/chamomile
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EOs (Figure 3a), due to the combined action of the two EOs (chamazulen and bisabolene are the
main components of chamomile EO) [86]. In another study, the synergistic effect of peppermint EO
and copper sulphate was investigated for wound healing applications [51]. Fibres of thermoplastic
polyurethane (TPU, medical grade Tecoflex EG 80A) were electrospun from DMF solutions at 8:1 v/v
ratio of TPU:peppermint EO, and 8.0:0.5:0.5 v/v ratio of TPU:peppermint EO:CuSO4, using a voltage of
11 kV, a flow rate of 0.3 mL/hour and a working distance of 20 cm. Fibres with peppermint EO were
characterised by an average diameter of (99 7± 134) nm, while the presence of copper sulphate reduced
the size of the fibres to (359 ± 166) nm, possibly due to changes of the electrical conductivity of the
polymer solution. Blood coagulation assays were conducted with thromboplastin and prothrombin
to assess the anti-coagulant properties of the fibres. The release of the EO determined a 1.2-fold
increase of the time needed for blood clot formation, and reduced toxicity toward red blood cells,
while no significant effect was reported for copper sulphate. On the other hand, the combined action
of peppermint EO and CuSO4 increased the viability of Human Dermal Fibroblasts (HDFs), giving cell
viability of 144%, compared with 133% and 130% for TPU/peppermint EO and TPU fibres, respectively.
The high cytocompatibility was attributed to the small diameter and low hydrophobicity (water contact
angle of 82◦) of the composite fibres that promoted cell proliferation, while the phenolic components of
peppermint EO protected HDFs against oxidative stresses.

Nowadays, electrospinning is regarded as a key technology for the production of biomimetic
membranes for tissue engineering and particularly for the treatment of skin wounds [87].
Electrospun mats can be engineered to promote wound healing, while protecting the wound site
against bacteria colonisation, releasing drugs at a controlled rate, facilitating the exchange of water
and gases, and being mechanically flexible to adapt to the wound region. As in the papers discussed in
this section, these features usually result from the combination of organic and inorganic compounds
that enhance each other’s bioactivity and, therefore, allow the creation of multifunctional fibres for
advanced wound care therapies.

3.4. Clove Essential Oil

Clove EO is extracted from the buds, leaves or stems of Syzygium aromaticum (synonym: Eugenia
caryophyllata), a plant of the Myrtaceae family that is cultivated in Tanzania, Indonesia, Sri Lanka,
and Madagascar [88,89]. This essential oil and its main component, eugenol, are traditionally used
as analgesics and antiseptics to treat dental caries and periodontal diseases, being active against
cariogenic bacteria, such as S. mutans and S. sobrinus, and periodontal pathogens, such as P. gingivalis
and P. intermedia [90,91]. They detrimentally impact on the metabolic pathways of other strains of
Gram-positive (such as S. aureus, B. cereus, B. subtili) and Gram-negative bacteria (such as E. coli,
P. aeruginosa) by disrupting cell membrane integrity, enhancing membrane wall permeability and
therefore leading to bacteria death [92,93].

Clove EO has been encapsulated in electrospun fibres of PCL [53], gelatine [54], PCL/gelatine [55],
polyacrylonitrile [56], alginate/PVA [41] and polyvinylpyrrolidone [57], and its efficacy has been
investigated against S. aureus, E. coli, B. subtilis, Klebsiella pneumonia, Candida tropicalis, and Candida
albicans. PCL/gelatine fibres (with a 7:3 PCL:gelatine ratio) containing different concentrations of
clove EO (1.5%, 3.0% and 6.0% v/v) have been produced for wound care applications [55]. The fibres
were characterised by an average diameter of 250–300 nm, obtained by electrospinning at a voltage
of 20 kV, flow rate of 0.6 mL/hour and working distance of 12 cm. The composite fibres inhibited
the growth of S. aureus after 6 h of in vitro antibacterial tests, with a reduction of 30–40% of cell
viability. However, they were less effective after 24 h, when the bacteria viability returned to values
higher than 90%. A similar trend was observed for E. coli colonies exposed to electrospun mats
containing the lowest concentration of EO: a decrease in cell viability at 6 h, followed by an increase at
24 h. Instead, fibres with 3% and 6% v/v of clove EO induced a gradual decrease of E. coli viability,
reaching values of 35–40% after 24 h of exposure. Cytotoxicity tests on human dermal fibroblasts
demonstrated that PCL-gelatine fibres containing clove EO were biocompatible and did not induce
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changes in the morphology of the cells, after 48 h. In vitro wound healing (scratch) assays revealed that
migration and proliferation of fibroblasts were inhibited in a dose-dependent way, when the cells were
exposed to the composite fibres. After 24 h, wound closure rates of ~80% and ~65% were measured
for cells exposed to PCL-gelatine fibres with the lowest and highest concentration of EO, respectively.
Complete wound closure was instead observed for the control samples (24-well plate) at the same
time point.

Previous studies have reported on the dose-dependent cytotoxicity of clove EO [94,95].
When endothelial cells and fibroblasts were incubated in growth media containing different
concentrations of clove EO (from 0.002 to 0.250% v/v), it was observed that a concentration as
low as 0.03% v/v reduced cell viability to levels lower than 20% after 1 h of exposure [94]. The toxicity
was attributed to eugenol, which is expected to induce cell apoptosis (programmed cell death) [95].
It was also demonstrated that eugenol diluted in the cell culture media at concentrations lower
than 600 µM caused strong genotoxic effects (DNA damages) on human fibroblasts after 24 h of
exposure, because these cells lack metabolic enzymes involved in activation/detoxification processes.
The encapsulation of clove EO in electrospun fibres can be a valid strategy to limit the harmful effects
of eugenol on cells [96]. By controlling the diffusion rate of eugenol out from the polymeric fibres, it is
possible to ensure that the dose released stays within safe limits.

3.5. Thyme Essential Oil

Herbaceous perennials and subshrubs of the genus Thymus L. (Lamiaceae family) grow in the
Mediterranean region, northern Europe, Asia, South America and Australia [97]. Among the Thymus
species, Thymus vulgaris L. (commonly known as thyme) is widely used as aromatic and medicinal plant
in food, agriculture, pharmaceutical, and cosmetic industries. Thyme EO possesses strong antibacterial
and fungicidal activities, being rich in oxygenated monoterpenes and hydrocarbon monoterpenes:
thymol, carvacrol, p-cymene and γ-terpinene [11,98–100].

Recently, thyme EO has been encapsulated into fibres of poly(vinylpyrrolidone (PVP) and gelatine
(average diameter between 200 and 400 nm) by performing the electrospinning process at a voltage
of 25 kV, a flow rate of 0.5 mL/hour and electrodes distance of 17 cm [61]. PVP/gelatine fibrous mats
containing 3% w/w of thyme EO were tested against S. aureus, E. coli, P. aeruginosa, and E. faecalis,
and inhibition zones of 16 mm were recorded for both S. aureus and E. coli; smaller zones (11–12 cm)
were instead measured for the other microorganisms. The encapsulated EO maintained the antibacterial
activity even when the electrospun mats were stored at 24 and 37 ◦C, and inhibition activity against
S. aureus and E. coli was visible after 8 days of incubation. In another study, zein/PEO fibres (average
diameter of 6 µm) containing thyme EO (6% w/v) were electrospun from aqueous solutions using a
portable and hand-held electrospinning device operating at 15 kV, feeding rate of 30 µL/minute and
working distance of 12 cm [58]. The resulting zein/PEO/thyme EO fibres showed antibacterial activity
against E. coli and S. aureus, with inhibition zones in the range of 4–6 cm; whereas fibres without EO
were ineffective. Animal tests were performed to assess the healing properties of the zein/PEO/thyme
EO fibres when they were deposited in situ on skin wounds. The healing process was accelerated
when the animals were treated with zein/PEO/thyme EO dressings, achieving almost complete wound
closure after 11 days; differently from wounded animals without dressings that experienced a longer
healing time. One of the main advantages of miniaturised and portable electrospinning apparatuses is
the deposition of networks of bioactive fibres directly at the wound site to ensure excellent coverage of
the injured area [31]. In-situ electrospinning of polymeric solutions containing EOs can better preserve
the chemical composition of the therapeutic oils by avoiding the storage of the composite fibres before
use. This would limit the evaporation of the most volatile components of the EOs.

3.6. Lavender Essential Oil

Lavandula species are native to the Mediterranean region but largely distributed and cultivated
worldwide as aromatic and medicinal plants [101,102]. The essential oils extracted from Lavandula
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angustifolia and Lavandula latifolia are the most appreciated in pharmaceutical, perfume, and cosmetics
industries, aromatherapy and phytotherapy, for their anxiolytic, sedative, anti-inflammatory,
antioxidant, and antimicrobial activity [103]. It has been demonstrated that these essential oils
and their components impact on the central nervous system and can be used to treat anxiety and
reduce stress [102,103]. The main components of L. angustifolia and L. latifolia EOs are oxygenated
monoterpenes: linalool (25–38%), linalyl acetate (25–45%) and lavandulyl acetate (3.4–6.2%) for
L. angustifolia EO; linalool (34–50%), 1,8-cineole (16–39%) and camphor (10–20%) for L. latifolia
EO [101]. So far, lavender EOs have been encapsulated in electrospun fibres of sodium alginate [62],
polyurethane [63], and polyacrylonitrile [64], to promote wound healing and skin regeneration.
Polyurethane (Tecoflex) fibres containing different concentrations of silver nanoparticles (1–7% w/w)
and lavender EO (5–20% w/w) have been electrospun at a voltage of 15 kV, flow rate of 0.5 mL/h and
needle-to-collector distance of 15 cm [63]. The resulting nanocomposite fibres had a diameter in the
range of 0.6–1.0 µm. The fibres containing 15% and 5% w/w of lavender EO and Ag nanoparticles,
respectively, were effective against E. coli (zone of inhibition of ~16 mm) and S. aureus (zone of
inhibition of ~6 mm), as shown in Figure 3b,c. Moreover, biocompatibility tests on chicken embryo
fibroblasts suggested that these concentrations of lavender EO and silver nanoparticles enhanced cell
proliferation, with a 2.4-fold increase in cell viability (6-day incubation) with respect to the control
samples (polyurethane fibres without lavender EO and silver nanoparticles). However, cytotoxic effects
were recorded for higher concentrations of lavender EO and silver. Previous studies have reported on
the toxicity of lavender EO on human foetal lung fibroblasts (MRC-5) [104], human fibroblasts [105],
and L929 fibroblasts [106], when the essential oil has been added to the cell culture medium. IC50

values of 75 µg/mL have been reported for MRC-5 cells after 48 h of exposure (IC50 is the concentration
that produces 50% inhibition of cell survival) [104]; while toxic effects have been observed for EO
concentrations higher than 12.5µg/mL administered to L929 fibroblasts for 48 h [106]. The encapsulation
of lavender EO into electrospun fibres limits the potential toxicity of the oil that is released at a slow
rate, and therefore allows the use of initial EO concentrations up to 200 µg/mL [63,64].
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fibres containing different concentrations (0%, 3%, 6% and 9% v/v) of peppermint EO (PO), chamomile EO
(CO) and their blends (PO/CO). (∗) p < 0.05 versus the control group. Inset: Photographs of DPPH
solutions containing the different types of mats. Reproduced from Ref. [50], with permission from the
American Chemical Society. (b) Zones of inhibition of polyurethane (PU) fibres containing different
concentrations of lavender EO (LO) and silver nanoparticles (Ag NPs): sample O: pristine PU fibres;
sample A: 5% LO and 1% Ag NPs; sample B: 10% LO and 3% Ag NPs; sample C: 15% LO and 5% Ag
NPs; sample D: 20% LO and 7% Ag NPs. Reproduced from Ref. [63] with permission from Elsevier.
(c,d) Photographs of agar plates during disk diffusion assays for E. coli and S. aureus, respectively.
Reproduced from Ref. [63] with permission from Elsevier.

4. Conclusions

This review discusses the research conducted so far on the encapsulation of therapeutic essential
oils in polymeric electrospun fibres to create functional membranes for biomedical and food packaging
applications. The studies in the literature show that the bioactivity of the essential oils is maintained after
they are mixed with different polymeric systems and processed by electrospinning. The EOs still possess
antimicrobial, anti-inflammatory and antioxidant activity when released from the electrospun mats.

When compared with polymer films, electrospun membranes are characterised by a higher specific
surface area (high surface-to-volume ratio of the nanofibres) and microscale porosity (interstitial space
between nanofibres). This allows control over the amount and release profile of EOs contained in the
electrospun fibres, and therefore limits the cytotoxic effects that some components of EOs have on
human cells. One aspect to consider, however, is the possible alteration of the EO chemical composition
during fibre formation because of evaporation. For example, chemical analyses have recorded the
disappearance of some characteristic bands of peppermint EO when encapsulated in PCL fibres [49],
but not in gelatin [50] and cellulose acetate [44] fibres. Similarly, the main components of Manuka EO
are retained in electrospun PLA fibres, but this is not the case for tea tree EO in PLA fibres, possibly
due to the different evaporation rates of the constituents of the two oils [68].

Future research could investigate the long-term effect of EOs on the physicochemical properties of
the polymeric fibres. EOs can work as plasticisers for some polymers, for example PLA, and induce
a concentration-dependent reduction of the glass transition temperature of the composite fibres.
However, it has not been elucidated yet if EOs can affect the aging of the electrospun mats and induce
changes in the fibre’s morphology, mechanical stability, and degradation rate, over time. This could
impact on the performances of electrospun fibres containing EOs that are used for biomedical devices
and food packaging systems.
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