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Abstract: Fresh and processed meat products are staple foods worldwide. However, these products
are considered perishable foods and their deterioration depends partly on the inner and external
properties of meat. Beyond conventional meat preservation approaches, electrospinning has
emerged as a novel effective alternative to develop active and intelligent packaging. Thus, this re-
view aims to discuss the advantages and shortcomings of electrospinning application for quality
and safety preservation of meat and processed meat products. Electrospun fibres are very versatile,
and their features can be modulated to deliver functional properties such as antioxidant and anti-
microbial effects resulting in shelf-life extension and in some cases product quality improvement.
Compared to conventional processes, electrospun fibres provide advantages such as casting and
coating in the fabrication of active systems, indicators, and sensors. The approaches for improving,
stabilizing, and controlling the release of active compounds and highly sensitive, rapid, and reliable
responsiveness, under changes in real-time are still challenging for innovative packaging develop-
ment. Despite their advantages, the active and intelligent electrospun fibres for meat packaging are
still restricted to research and not yet widely used for commercial products. Industrial validation of
lab-scale achievements of electrospinning might boost their commercialisation. Safety must be ad-
dressed by evaluating the impact of electrospun fibres migration from package to foods on human
health. This information will contribute into filling knowledge gaps and sustain clear regulations.

Keywords: meat safety; meat preservation; meat quality and stability; active and intelligent pack-
aging; innovative packaging

1. Introduction

Fresh meat and processed meat products are of high quality for human nutrition, but
they are perishable foods that need to be properly processed and handled to preserve
their sensory and safety qualities and extend their shelf life to avoid wastage [1-4]. The
oxidation of lipids and proteins of muscle foods (fresh and processed meat products) is a
major issue, also related to chemical degradation. For example, oxidation alters colour,
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odour, and texture of meat products, as well as decreases the nutritional quality [5,6].
Meat quality deterioration is the consequence of a multitude of factors and depends partly
on the inner properties of meat products such as composition and ingredients and external
properties such as oxygen, light exposure, and temperature [7]. Phospholipids and tri-
glycerides as major components of muscle foods contain high amounts of polyunsatu-
rated fatty acids, which are highly susceptible to oxidation in the presence of pro-oxidant
components such as oxygen, enzymes, or metals [6]. The primary products of lipid oxida-
tion, hydroperoxides, do not have odour or aroma, but they are unstable and can result in
aldehydes, ketones, alcohols, esters, and acids, as secondary by-products, which are re-
sponsible for the development of off-odours and off-flavours [6]. Aldehydes also react
with proteins resulting in changes in the sensory and nutritional features of meat [8,9].

Meat and meat products are further susceptible to microbial contamination due to
their high-water activity/content favouring physical, chemical, and sensorial changes
along the production chain (processing, storage, and distribution). As such, the growth
and proliferation of harmful microorganisms result in product spoilage and quality loss
[5]. Listeria monocytogenes, Escherichia coli, Salmonella typhimurium, Bacillus cereus, Salmo-
nella enteritidis, Staphylococcus aureus, and Yersinia enterocolitica are among the frequent mi-
croorganisms involved with foodborne illnesses and, in extreme cases, death [2,10]. Due
to cross-contamination caused by spoilage food microorganisms, much emphasis has
been placed on the safety aspect of foods in recent years. Consequently, innovative tech-
nologies and strategies continuously seek solutions to ensure fresh meat and meat prod-
ucts safety [11].

Meat packaging plays different and important roles where its primary functions are
to prevent product spoilage and quality loss resulting in increasing the shelf life, reducing
wastage, increasing consumer acceptability, ensuring information transmission, and facil-
itating storage and transport. Changes in dietary habits and lifestyles boosted packaging
to put more emphasis on convenience and sustainability besides safety. Innovative pack-
aging emerged as solutions not only to extend product quality and shelf life but also to
monitor its quality during transportation and storage. Active and intelligent packaging
are technologies adopted in recent years to ensure product traceability, safety, and quality
[12]. The active packaging is designed to protect and preserve packed food through inter-
acting and/or modifying the package headspace, hence extending the shelf life of foods,
and consequently improving its safety [13]. Intelligent packaging is designed to provide
consumers feedback after interacting and/or monitoring the packed product quality dur-
ing storage and transport up to consumption [1,14,15].

Among the innovative packaging approaches, electrospinning has gained a lot of in-
terest in the biomedical sector and food industry including meat packaging [14-17]. The
incorporation of electrospun nanofibres as nanocarriers demonstrated vast advantages in
drugs formulation and delivery due to their stability and improved bioavailability [18].
For instance, electrospinning enabled the formation of nano-drug delivery systems for the
treatment of different diseases such as cancer [18]. These nanofibres have also been ap-
plied in bone tissue engineering to enhance encapsulated bone mineral release due to the
resemblance between electrospun fibres and the native tissues [19,20]. In food packaging,
electrospun nanofibres can improve the barrier and antimicrobial properties of materials
due to their functional properties. These nanofibres may also be used as nanosensors for
the detection and monitoring of food conditions during transport and storage [21]. This
opens doors to their use for the packaging of dried foods such as wheat flour, rice, grains,
and dried fruits, and fresh products such as fruits, vegetables, meats, and ready-to-eat
meals [22].

Electrospinning technology is designed to develop fibres between 100 nm and a few
microns in size, each with its own set of unique features using an eletrohydrodinamic
approach [23]. It has been reported that nano-sized materials are more effective at low
concentrations in a wide range of applications due to their high surface area to volume
ratio [24,25]. A variety of natural and synthetic materials, such as polymers and their
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blends can be used in electrospinning processing. Some non-polymer structures (phos-
pholipids, cyclodextrins, peptides, and oligosaccharides) can also be electrospun into nan-
ofibres, but it is still at limited extent [26].

Natural polymers, particularly polysaccharides and proteins, are frequently used to
produce nanofibres, owing to their biocompatibility, non-toxic, food-grade, and biodeg-
radability [27]. Additionally, their functional group diversity enables the binding or en-
trapping of a wide range of active ingredients through molecular interactions [28]. A va-
riety of polysaccharides are being used to manufacture nanofibres deriving from plant-
based (starch, cellulose derivates, and pectin), animal-based (chitosan), and algae-based
(alginate or carrageenan) sources [27-30]. The molecular configurations and degree of
chain entanglements in these polymers have an impact on the self-assembly of nanofibres
[31], and sometimes electrospun fibres production is difficult or not possible to achieve.
Plant-based (soy proteins and zein), animal-based (egg white proteins, whey proteins, gel-
atin, collagen, and casein) or insect-based (silk) proteins are electrospun into fibres, show-
ing different degrees of success to achieve acceptable results due to their secondary and
tertiary folds. However, functionalization, appropriate solvents, and rearranging of poly-
saccharides and protein conformation can improve their potential fibres production, as
well as using a carrier polymer to enable the processing [32]. Microbial-based and biomass
fermentation derivate polymers such pullulan, xanthan gum, and polyhydroxyalkanoates
(PHAS) and its derivates (especially the poly(3-hydroxybutyrate) (PHB), and the synthetic
bio-based monomer polylactic acid (PLA) are also reported for electrospun applications
[33]. Other synthetic biopolymers such as polycaprolactone (PCL) and polyglycolic acid
(PGA), both petroleum-based materials, and polyvinyl alcohol (PVA) and polyethylene
oxide (PEO) are among the most used synthetic biopolymers as they have features for
electrospun fibres [22,34]. These fibres have a high capacity for loading active agents, and
their large surface area allows a fast response to intrinsic and/or extrinsic factors by re-
leasing/activating the entrapped compounds at the appropriate timing [23]. Thus, electro-
spinning as a novel technology can contribute in the improvement of the overall quality
and increase the shelf life of fresh or packaged meat products [27], including i) the preser-
vation of products against microbial contamination [16,35], ii) preventing lipids and pro-
teins oxidation [6,36], iii) the development of sensory properties [15,37], and iv) the im-
provement of nutritional and functional features of meat products [14,38].

The commercial benefit of implementing electrospinning in the meat processing sec-
tor is highly dependent on its economic relevance, accuracy, customer acceptance, and
consideration of particular legislation governing the implementation of this technology as
recently discussed for nanotechnology [27]. In this light, the present review intends to
discuss the application of electrospinning process in the meat industry by i) providing a
comprehensive overview on processing, formulation, characterization, and types of elec-
trospun fibres currently developed, ii) critically discussing the role of electrospun fibres
in meat processing, preservation and safety, and iii) addressing research gaps and chal-
lenges that could result in a new paradigm for the meat industry.

2. Strategies of Electrospinning Process

Electrospinning is a low-cost and high-efficiency electrohydrodynamic processing
for producing micron, submicron, or ultrathin and nanoscale electrospun polymers [28].
Electrospun fibres have a low density, large porosity, and variable pore size as mats
[17,39]. Furthermore, the flexibility to change their thickness, length, area-to-volume ratio,
surface chemistry, and composition allows us to tailor their properties to fit specific pur-
poses. Electrospinning has been utilized for a range of food applications through playing
different roles such as i) food processing; ii) transport and controlled release of bioactive
substances; iii) detecting pathogens and increasing food safety; and iv) the development
of packaging systems able to increase the shelf life and improve food safety and quality.
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An electrospinning process consists of a grounded collector (to collect the electro-
spun fibres) positioned at 10 to 30 cm of a spinneret tip, such as a metallic needle or capil-
lary tube (to withdraw the polymer solution), connected to a high-voltage power supply
(5-30 kV), which generates a high electric field (typically 1-5 kV cm™) between the needle
and collector. The polymer solution is infused through the tip by an infusion pump press-
ing a syringe piston or tubing to hold the solubilized or melted polymer [28]. Electrospun
fibres are formed by the high-voltage electric field on the surface of polymer solution
droplets, causing a liquid jet to be ejected through a spinneret [40]. A high voltage induces
free charges in the polymer solution in the capillary distorting the hemispherical surface
of the droplet into a conical shape (i.e.,, Taylor cone) near the tip of the capillary. This
occurs mainly thanks to two significant electrostatic forces (the electrostatic repulsion of
similar charges and the Coulombic force of the external electric field) [41]. A charged pol-
ymer jet is released from the tip of the Taylor cone once the electrostatic force has coun-
teracted the surface tension. The unevenly distributed charges generate whipping or
bending motion of the jet as it is propelled towards the collector. As a result of the elon-
gation of the jet and the quick evaporation of the solvent, solid polymer fibres are collected
as a randomly or oriented electrospun mat on the grounded collector [42,43].

Different approaches of electrospinning, such as single (uniaxial) and coaxial spin-
nerets are used to produce nanofibres (Figure 1). In the uniaxial output (Figure 1A), a
simple spinneret is used to eject the solution toward the electric field [44]. Solubilized pol-
ymer can be blended or mixed with a compound of interest that has active activity. This
device enables the optimization of the functional performance of antioxidant or antimi-
crobial electrospun mats by combining natural or synthetic polymers with active com-
pounds [44—46]. In this setup, sensitive bioactive compounds and enzymes are preserved
by a non-thermal process, whereas they might show low solubility or be inactive due to
their denaturation by some organic solvents [28,47].
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Figure 1. Schematic illustration of different electrospinning approaches and resulting fibres. (A)
Uniaxial, (B) coaxial.

Coaxial electrospinning (Figure 1B) was developed by modifying the classic axial
setup through the arrangement of multiple solution feed systems to simultaneously elec-
trospun two or more polymer solutions from coaxial spinnerets [48,49]. The coaxial elec-
trospun fibres can load bioactive ingredients in the inner capillary offering versatile en-
capsulation process [42]. The concentric or dual needle spinneret allows the fabrication of
core-shell fibres for probiotics, enzymes, vitamins, polyphenols, and peptides, among
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other sensitive active compounds, due to a greater ability to control the flow system [24].
The core-shell structure of coaxial electrospinning nanofibres can be used to offer sus-
tained release profiles of encapsulated compounds without diminishing their bioavaila-
bility and bioaccessibility properties [39,40]. Furthermore, two or more immiscible or with
desired degradation rate polymers can be blended in the same fibre structure by core—
shell assembly [50]. Coaxial electrospinning also provides functionality of electrospun fi-
bres that is mainly improved by producing tubular nanofibres using both the inner sol-
vent (or vapor gas) and outer polymer solution [51]. These methods depend on the pre-
setting of a series of parameters to define the morphology, diameter, and surface charac-
teristic of electrospun fibres, which are summarized in Figure 2.

Solution
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*Degree of
polymerization

* Apropriate
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Electrospinnin Ambient

Collector types procgss J conditions
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electrode spinneret and

collector the collector

Figure 2. A summary of key parameters affecting the electrospinning process based on the
knowledge described in the following references [25,28,37,39,47,52,53].

Key parameters such as polymer concentration, molecular weight, and solvent type
have a significant influence on fibre production and morphology, partly due to the vis-
cosity relationship [54,55]. Droplet formation and non-homogeneous and beaded fibres
are formed when the solution viscosity is low, whereas high-viscosity solutions increase
the diameter of fibres and prevent fibre formation due to aggregation at the spinneret tip
[56]. Higher molecular weight of polymer increases viscosity and results in uniform fibres,
while low molecular weight results in the formation of beaded fibres or an unstable jet
[57]. Very low molecular weight polymers might struggle to be electrospun into fibres,
but some researchers are looking for polymer-free electrospun fibres. Certain polymer-
free electrospinning fibres are successfully produced by phospholipids, cyclodextrins,
peptides, oligosaccharides under specific concentrations, solvents, and processing [26]. To
produce smooth fibres, the viscosity and concentration of the polymer should be set at
optimum conditions [30,35,57,58]. Furthermore, it has been established that polymer so-
lutions with reduced surface tension are able to promote the formation of beaded fibres
[17]. Additionally, appropriate solvent selection considering its evaporation rate is quite
challenging during the electrospinning process and bead-free fibres recovery [55].

The electrical conductivity is one of the most important properties of a solution, in-
fluenced by the nature of the polymer, other solutes, and different solvents [58]. The
charges migration in the solution surface is responsible for the charge repulsion sur-
mounting the surface tension and establishing a stable jet. Absence or low electrical con-
ductivity results in reducing charges in the solution surface; the increased solution con-
ductivity typically results in greater elongation of the polymer jet, and thus in the for-
mation of beads and homogeneous and fine diameter fibres. Excessive electrical conduc-
tivity reduces the surface charge density and the electrostatic force by a quick charge
transfer [59]; therefore, the formation of nanofibres from the solution prepared from dif-
ferent polymers relates to its electrical conductivity [53,60].

It is notable that each polymer material requires different voltage for fibre formation,
usually >10 kV (Table 1). Increasing the applied voltage causes the diameter of the fibres
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to shrink until it reaches the optimum point, which varies depending on the polymer so-
lution [23]. This is due to the stretching of the polymer solution caused by the repulsive
electrostatic forces in the jet. Non-uniform fibres with beads can be formed at low voltages
[61]. However, high voltages (above the critical voltage) reduce the length of the single jet
and increase the apex angle of the Taylor cone, resulting in thick and non-homogeneous
fibres. Additionally, greater amounts of charge at high voltage result in a faster and larger
volume of solution being drawn from the spinneret, due to a smaller and less stable Taylor
cone [35,59,60].

Table 1. Summary of electrospinning process for food processing and preservation.

F i Dis-
eeding 18 Electrical Po-Fibres Diam- Refer-

Polymers Solvent Active Agent Rate (mL  tance tential (V) eter (nm/um)  ences
h™) (cm)
Polysaccharides
Starch Formic acid 75%  Carvacrol 0.6 20 25 73-95 nm [62]

2:1 v/v acetone .
ol / Lemon myrtle essential

Cellulose acetate DMF and 2:1 v/v ac- _, ~0.5 15 17.5-25  440-515nm [63]
oil
etone/DMAc
HFIP/acetic acid
i A . 17 12 202.10+9.52
Chitosan mixture (80:20, v/2) N/ 0.3 02.10+9.5 [64]
Proteins
Ethanol 70%
Zei Fish oil i 1 2 2 200-
ein Isopropanol 70% ish oil preservation 0 0 00-500 nm [65]
I jensis poly-
Zein Ethanol 70% lex paraguariensis poly 1 20 23 106-158 nm  [66]
phenols
Zein Ethanol 70% Ilj;ds cabbage anthocya- 1 16 16 444-510nm  [67]
Zein Lecithin loaded Cin- 03 12 1315  166-198nm  [68]
namaldehyde
Zein + glycerol Ethanol 80% Resveratrol 0.5 8 14 378-510 nm [69]
Zein/gelatin blend Bittergoard phenol 0.25-0.75 17 15-20 160 + 25 nm [70]
Water, acetic
Gelatin from cold water- acid/water (50:50,
fish ofo), and 2, 2, 2- tri- N/A 0.1-0.5 15 15 91-200 nm [71]
fluoroethanol (TFE)
ish Gela- 2.19+0.07
240 bloom type Fish Gela Citric acid 0.1 15 23 9007 17
tin um
Leather trimmings N/A 1 20 20 229 +49 nm [73]
] jtri 342.8-458.7
Hypophthaliﬁzchths r.nolltrzx chitosan 0.8 14 20 [74]
sarcoplasmic protein nm

Biomass-Derivates and Synthetic Biopolymers

1-1.75 kV
PHB Chloroform/DME 5-20 - > 13102010 nm  [75]
(3/7, vlv) cm’!
PLA Tea phenol 20 15 20 493 + 46 nm [76]
PLA o tocopherol/y-CD in- 1 10 15 430+170nm  [77]
clusion complex
Aqueous acetic acid Eugenol microemul-
PVA . 1.2 10 20 57-126 nm [78]
(1%, w/w) sions
C.D/Cmnamon éssentlal 500 1-751.1
PVA Water at 80 °C oil (80% trans-cin- 0.6-0.9 15 12-15 nm [79]
namaldehyde)
PEO Ethanol 80% Aloe vera skin extract 0.5 15 16 185250 nm  [80]
PCL NMP, acetone N/A 3 15 20 100-500 nm [81]

Polymer Blends
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Ethyl cellulose/Soy protein"* 2/ ethanol/aceticg,, o onge peel ex-
isolztecg HOSEr=0Y POt id with volume trac’i orange pect e 1 10 14-16  177.6-204nm [82,83]
ratio of 2/2/6 (v/v/v)

Polyhydroxyalkanoate
PHA or PHB/fish scale N/A 0.8 24 25 100-500 nm [84]
blend
Gelatin/chitosan/PLA i acid 80%  N/A 05 10 20 5070nm  [85]
blends
Chicken feather Kera- e
in/PVA blend Citric acid 0.3 15 20 353 nm [86]
Pullulan- hyl-

ullulan-carboxymethyl- Tea polyphenols 036-0.6 15 19-21  100-300nm  [87]
cellulose sodium
Keratin, PVA & PEO AgNPs 06 15 20 249.76 + 38.02 [88]
blend nm
PCL & gelatin blend bevacizumab 4.2 15.5 25 175-248 nm [89]

DMF= N,N-dimethylformamide; DMAc= dimethylacetamide; HFIP = 1,1,1,3,3,3-Hexafluoro-2-pro-
panol; PHA = Polyhydroxyalkanoate; CD= cyclodextrin; PLA=Poly(lactic acid), 3-phenylacetic acid;
PVA = Polyvinyl alcohol; PEO= Polyethylene oxide; PCL=Poly(e-caprolactone); NMP = 1-methyl-2-
pyrrolidone; AgNPs = Silver nanoparticles; and PHB = Poly(3-hydroxybutyrate).

The polymer flow rate is also an important process variable because it affects the jet
velocity and mass transfer performance (Table 1). Low flow rate is preferable, as it allows
the solvent to have sufficient time to evaporate. The spinning solution should always have
a minimum flow rate because a high rate increases the fibres” diameter which might alter
the morphological structure and the surface area [17,60,90]. The diameter and morphol-
ogy of the fibres are also affected by the electric field between the spinneret and the col-
lector, where a short distance might result in a high electrical field and moist, thick, and
non-uniform fibres [91]. The fibre formation requires time to stretch and elongate before
the solvent evaporates and its aggregating in the collector in ultrafine and nanosized di-
ameters [53]. On the other hand, low viscosity solutions require short distances to be spun
into fibres, or even beads or nanocapsules [42,92,93].

Despite the various potential uses of uniaxial and coaxial electrospinning, they are
still used on a lab-scale due to their low production rates [94]. The “multi-jet electrospin-
ning” was introduced by increased number of needles. As needles are used as spinnerets,
a large working surface, needle spacing control, and a frequent cleaning system for each
needle are required [95]. Free-surface or needle-less electrospinning has recently received
attention, showing the ability of large-scale manufacturing by erupting large numbers of
jets from an open solution surface. Needle-less setup can address some syringe blockage
and remove solvents from the free surface under the influence of an electrical field
[37,96,97].

The type of collector is important for the electrospun process as it serves as a
grounded target which allows electric field formation and the gathering of nanofibres [98].
A static plate results in unwoven and randomly oriented nanofibre formation [99]. On the
other hand, the use of advanced collectors such as a rotating drum, a rotating wheel-like
bobbin, or a metal frame result in aligned electrospun fibre mats [60,100].

The morphology of fibres and the productivity of the electrospinning process can be
influenced by environmental factors such as relative humidity and temperature, which
have rarely been examined. Indeed, solvent evaporation and temperature, as well as the
conductivity of the solvent, are closely related to environmental conditions and might af-
fect the electrospinnability of the polymer solution [101]. Temperature influences the sol-
vent evaporation rate, viscosity, and surface tension of the polymer solution [102]. Rela-
tive humidity has an effect on the average fibres diameter of electrospun fibres [103], and
in some cases, at high relative humidity, the solution electrospinnability is compromised
[97]. This behaviour is partly related to the electrostatic charges dissipating under high
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relative humidity, and the water on the solvent system cannot evaporate into the humid
air, which results in a wet and fused material in the collector surface [97].

3. Overview of the Biopolymers Used for Electrospun Fibres

To reduce the toxicity issues with packaging materials, researchers used a multitude
of biopolymers, likely polysaccharides and their derivatives such as cellulose acetate, dex-
troses, and proteins, such as gelatin and zein. These have often been electrospun into fi-
bres due to their high safety and biodegradability. However, few natural polymers are
electrospinnable, as shown in Table 1. In fact, each polymer material requires specific sol-
vent and processing parameters to result in micro, submicron, and nanosized fibres. Ad-
ditionally, different polymers blends are often used to widen the fibres’ characteristics
and properties and, in some cases, synthetic polymers are used as a starting carrier, or to
aid polymers for fibre assembly. It is worth mentioning that biomass-derivates and syn-
thetic biopolymers are easily electrospun into nanofibres.

Polysaccharide electrospun feasibility depends on their molecular weight, degree of
ramification, functional groups, charges, type, and degree of modification. These chemical
properties orient the selection of the appropriate solvent and its evaporation rate for the
spinning solution. Some solutions’ properties, such as polymer concentration, viscosity,
electrical conductivity, surface tension, and vapor pressure, determines if it can be elec-
trospun into nanofibres and plays an important role in the fibres” morphology [30,44].
Some successful electrospun fibres from polysaccharides are given in Table 1. The main
uses of polysaccharides are to encapsulate bioactive compounds for food and packaging
incorporation. For example, it is known that material size and quantity play a major role
in protecting highly perishable fish and fish products. In fact, rancidity and generation of
free fatty acids are usually common drawbacks of fish oil and other fish products [104].
Thus, to overcome such problems, microencapsulation using marine polysaccharides
played an important part. It was also observed that microencapsulated materials had a
larger contact area than macroscale materials, affecting oil properties [105]. Accordingly,
nanotechnologies gained interest in developing lab or pilot-scale material in the form of
surface coatings to better preserve the quality of food products, including those from mus-
cle foods [1,27].

Starch electrospun fibres are dependent of amylose and amylopectin ratios, with
high-amylose starches (>50% of amylose content) being recommended for fibre produc-
tion. Starch fibres are made from dimethyl sulfoxide (DMF) as a solvent-modified electro-
spinning setup using anethanol coagulation bath [106]. This solvent has a high boiling
point and does not evaporate at room temperature. On other hand, ultrafine fibres from
soluble potato starch (32.5% of amylose content) were achieved using formic acid as a
solvent in a regular setup (Table 1), via low solution viscosity after the solution aging,
which improves the spinning processing and fibres morphology. The starch nanofibres
retained up to 50% of the phenolic compounds from thyme essential oil, after exposure to
thermal treatment [107]. Both processes allow starch-guest inclusion complexes formation
and fibres use on active packaging development. Several other polymers, that are not all
described in this report, can be used, and some examples are given in Table 1.

Chitosan is a versatile biopolymer, generally of marine crustaceans origin, obtained
through chemical or enzymatic deacetylation of chitin and exhibiting powerful antimicro-
bial potential against many microorganisms [108,109]. Despite the extensive range of ap-
plications of chitosan nanofibres, the pure chitosan has low spinnability and is deemed a
challenge [110], with few reports about its use. To achieve such a challenge, coaxial steps
are required, as well as the use of cross-linkers and neutralization processes to stabilize
the nanofibres [64]. Chitosan starter polymer blends with PEO (chitosan/PEO) (1:4), PLA
(chitosan/PLA), (1:6), and PVA (chitosan/PVA) (3:7 to 7:3) were successfully used to elec-
trospin chitosan into fibres and nanofibres [111-113]. Further details and examples are
given in Table 1.
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In the objective of successfully electrospinning carbohydrate gums into fibres, several
electrospinning process parameters should be considered depending on gum features, in-
cluding molecular structure and solubility in water or organic solvents, polymer—polymer
conjugation, supramolecular polymer, and other small molecules [114]. There is a well-
established knowledge about the use of polymer chain entanglement, high conductivity,
adequate viscosity, and surface tension in spinning solutions. Therefore, to meet these
requirements, blends, crosslinking, and carrier materials to help in electrospinning are the
main strategies for successful gum-derived electrospunfibre production through weaken-
ing shear-thinning to favour the liquid jet elongation when propelled towards the collec-
tor by the electrical field [115]. Xanthan and pullulan are two microbial-based polysaccha-
rides very often used as biomaterials for electrospun fibres. Xanthan gum is an extracel-
lular heteropolysaccharide produced by the bacterium Xanthomonas campestris; using wa-
ter as solvent, it was not possible to electrospin into fibres. Moreover, using formic acid as
a solvent, few reports describe the concentration effect of xanthan alone in nanofibres'
morphology and size distribution [115].

Pullulan is an extracellular microbial water-soluble polysaccharide produced by the
fungus Aureobasidium pullulans and insoluble in organic solvents and reported as efficient
in reducing meat perishability [116]. Additionally, pullulan-carboxymethylcellulose so-
dium-tea polyphenols nanofibres decreased weight loss and maintained the firmness of
strawberries, and improved the fruit quality during storage [87,117]. Blending pullulan
with hydroxypropyl-f3-cyclodextrin was efficient to produce electrospun fibres and uses
in encapsulation applications [87,117]. Pullulan-tetraethoxysilane (TEOS) hybrids were
used on poly(ethylene terephthalate) (PET) films as a coating for the oxygen barrier. The
hybrid coatings deposition decreased the oxygen transmission rate of the PET substrate
by up to 2 orders of magnitude under dry conditions with low concentration of silica [118].

Zein and alcohol solution is a challenge overcome by using ethanol 70-80% (w/w)
and widely used for zein nano- and submicron fibre production. It has been used to avoid
fish oil oxidation in comparison to non-encapsulated solutions and polyphenols from
plant-extract preservation and controlled releasing [66,119]. Electrospun zein nanofibres
ensure the stable release of compounds such as cinnamaldehyde (CD) essential oils. They
also inhibited the growth of microorganisms and extended the shelf life of mushrooms,
proving that these fibres can be used in an active antibacterial package [68]. Zein/IC-3-CD
electrospun ultrafine fibres were used to encapsulate eucalyptus essential oils and re-
sulted in 28.5% of L. monocytogenes and 24.3% of S. aureus growth reduction by volatile
micro-atmosphere releasing [120].

To overcome the unstable morphology, even with adjustment by post-electrospun
process, of gelatin nanofibrous mats in aqueous solutions, physical (e.g., irradiation), bio-
logical (e.g., transglutaminase) and chemical (e.g., genipin, diisocyanate, glutaraldehyde,
and carbodiimide) crosslinking approaches have been proposed in several reports [121-
123]. For example, some chemical treatments on gelatin might cause fibre flattening and
cytotoxicity. Citric acid is a natural acid that showed crosslinking ability to electrospun
fish gelatin nanofibres, resulting in morphological stability under heat treatment [72]. Sev-
eral biodegradable nanocomposite electrospun fibres are emerging, such as fish scales ex-
tract [84] and fish sarcoplasmic protein [74], which are showing great potential for the
food and biomedical fields (Table 1).

Gelatin from cold-water fish nanofibres in different concentrations (23.7 to 35.5%
(w/v)) resulted in fibre diameter from 91.42 nm to 200.48 nm, while at 4.8 and 9.1% (w/v),
spherical beads with some fibres and from 12.9 to 20.5% (w/v) beaded fibres were ob-
served. Different solvent systems (acetic acid/water, 2, 2, 2- trifluoroethanol) also result in
fibres with average diameter of ~200 nm [71]. Furthermore, when compared to their non-
encapsulated counterparts, the shelf stability of the encapsulated extract, in the case of
zein/gelatin shell core fibres via coaxial electrospinning, at both refrigerated and ambient
conditions was significantly extended [70].
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PLA is one of the most important synthetic biocompatible, bioavailable, and biode-
gradable polymers that is also considered “generally recognised as safe (GRAS)” by the
United States Food and Drug Administration (FDA) [22,27,124]. There are several reports
using PLA for nanofibres production. The PLA electrospun fibres have a continuous and
smooth surface. In some cases, porous fibres can be achieved by a binary solvent system,
therefore enabling the encapsulation of bioactive compounds and their slow release
[77,97]. For example, multi-coated electrospun PLA nanohybrids mats incorporated by a-
tocopherol (a-TC) and a-TC/cyclodextrin (CD)-inclusion complex (IC) resulted in better
solubility and antioxidant activity, which are expected to be sufficient to inhibit lipid oxi-
dation in meat products [77]. With PLA/tea polyphenols composite nanofibres, the tea
polyphenols improved the antioxidant and antimicrobial activities against E. coli and S.
aureus [76]. These suggest great potential for these multicoated fibres in active packaging
applications to increase food shelf life.

Polyvinyl alcohol (PVA) is biocompatible, nontoxic, water soluble, biodegradable,
and easy to transform into electrospun fibres. Cross-linked PVA/B-CD electrospun nano-
fibres were, for example, reported to release cinnamon essential oil in a sustained manner
to retard peroxidation to pertain the freshness of mushrooms, as well as improving the
antibacterial properties against S. aureus and E. coli [79]. There are also reports of novel
approaches to preserve fresh rainbow trout fish fillets with sodium alginate electrospun
mats of 60.09-522.1 nm loaded with Lactobacillus rhamnosus in PVA [125]. The results in-
dicated retention stability of polyunsaturated fatty acids such as eicosapentaenoic acid,
and docosahexaenoic acid. The inhibition in predominant change of monounsaturated
acid, such as oleic acid, was further observed. Consistently, electrospun nanofibres with
dimension of 200-288 nm developed from blend of PVA with chitosan loaded with anti-
bacterial agent nisin resulted in the retardation of total viable bacteria, psychrophilic bac-
teria, yeast, and mould growth in the flesh, thereby retaining freshness in fish and fish
products [126].

4. Characterization of Electrospun Structures

The fundamental characterisation of morphological, structural, physicochemical,
thermal, and mechanical properties are of high relevance for determining the suitable ap-
plication of electrospun fibres [110,127]. Figure 3 illustrates the most used methods for the
characterization of electrospun fibre mats. The morphological and structural properties of
nanofibres that are characterized are mainly the fibres” diameter, diameter distribution,
fibres’ orientation, porosity, and morphology [128,129]. Fibre membrane or mat porosity
are also often characterized. Scanning electron microscopy (SEM), field emission scanning
electron microscopy (FE-SEM), transmission electron microscopy (TEM), light microscopy
(LM), confocal fluorescence microscopy (CFM), and atomic force microscopy (AFM) are
among the widely used techniques. SEM, in particular, was reported as an efficient tool
to obtain a quite complete characterisation of dry nanofibers [11,52,110,130]. For sample
preparation, a sputtering coating with gold or carbon is used to improve the electrical
conductivity and allows visualization at high magnification [131,132]. If the sample is not
dry, TEM can be used to determine fibre diameter below 300 nm, after spreading the sam-
ple into a coated grid support and dyeing it when required [133]. On the other hand, AFM
gives an exact image of fibre topography and description, as well as the roughness [133].
LM is often used as a preliminary assay of the fibres formation, as well as surface charac-
terization, orientation, and diameter; while CFM is based on emission signal of fluores-
cence from some polymer structure or active compound, or even from an external dye
bind with fluorescence signal [134,135]. To determine the average fibres diameter from
SEM, LM, or TEM, the open source software for analysis mainly used to analyse the
graphs is Image] [130].



Coatings 2022, 12, 644

11 of 32

Morphological and
structural

Physico-chemica

Therma

Mechanica

Encapsulation
efficiency

* Optical microscopy

* Transmission Electron Microscopy (TEM)

*Scanning Electron Microscopy (SEM)

*Field Emission Scanning Electron Microscopy (FESEM)
+ Atomic Force Microscopy (AFM)

*Fourier Transform Infrared Spectroscopy (FTIR)
*Confocal Raman Spectroscopy (Raman)

« X-ray Diffraction (XRD)

*Energy Dispersive Spectroscopy X-ray (EDS or EDX)

* Thermogravimetric Analysis (TGA)
+Differential Scanning Calorimetry (DSC)
«Differential Thermal Analysis (DTA)

*Tensile testing
*Bend testing

*High-Performance Liquid Chromatography (HPLC)
*Uv-Vis Spectroscopy

A AL A

Figure 3. A summary of the main techniques used to characterize electrospun fibres and mats.

Attenuated total reflectance-Fourier transform spectroscopy (ATR-FTIR), Raman
spectroscopy, X-ray diffraction (XRD) and energy dispersive spectroscopy X-ray (EDX or
EDS) are techniques used for chemical characterization of electrospinning structures and
their interaction with bioactive agents [34,127,136].

FTIR analysis was found efficient in accessing the stabilization of the encapsulated
bioactive agent and understanding the interaction between polymers and bioactive
agents, such as oil and essential oils oxidation [119,133,137]. For ATR-FTIR, minimal or no
sample preparation is required prior to spectral measurements because the penetration
depth of infrared light is independent of sample thickness. Raman spectroscopy allows
the determination of molecular and crystal symmetry and the strength of chemical bonds,
while it also detects structural abnormalities and defects [110]. XRD is another method
able to access structural changes related to a crystalline structure [130]. These same post-
electrospun treatments may change the fibres’” molecular organization and result in an
improvement of the fibres’ crystallinity accessed by XRD and FTIR [138,139]. EDX is a
surface analytical method enabling the elemental composition owing to the interaction
between X-ray and samples components [140]. This elemental composition analysis is con-
ventionally used in SEM to give a qualitative microanalytical technique SEM-EDS for all
SEM-suitable samples.

Thermal properties can be determined using various methods aiming to establish a
connection between the temperature of a target material and its physical features [34]. The
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and differen-
tial thermal analysis (DTA) are the most prominent techniques for analysing electrospun
fibres. DSC provides melting (Tm), glass transition (Tg), crystallisation (Tc), and dissoci-
ation temperatures, and process enthalpy (H). This method enables us to effectively un-
derstand and measure the melting and crystallization behaviours, polymorphism, and
purity of the materials [141]. Thermal degradation and mass loss of electrospun fibres may
be measured by TGA, and complement DTA (measuring the temperatures of reactions
and identifying if the reaction is endothermic or exothermic); both are extremely useful to
see and check the biodegradability of packaging materials [142]. DSC and TGA enable
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complementary information about the polymer and electrospun fibres to assess the ther-
mal characteristics of the carrier and the encapsulated compounds, as well as its stability,
to predict its structure’s behaviour and characteristics if used as packaging materials
[130,143].

Tensile testing is used to analyse some mechanical properties of electrospun fibres
and membranes using a texture machine or an universal testing tool [144]. It is achieved
by applying loads to specimens prepared from the electrospun mats [145], which results
in a stress x strain curve where tensile strength and strain at break are set [133]. Young's
modulus or elastic modulus (¢) is computed by the slope of the straight-line from two
points from the stress x strain curve. It is important to note the difficulty to achieve me-
chanical properties from a single electrospun fibre by tensile testing. Usually, single fibre
approach tensile test is provided by AFM cantilever assisted protocols; additionally, a
bending test can be achieved by the same AFM [138]. On other hand, encapsulation effi-
ciency is defined by the concentration of the incorporated material over the initial concen-
tration used to prepare the spinning solution for determining if the bioactive agent has
been effectively loaded into the electrospun fibres [146]. UV—vis spectroscopy and high-
performance liquid chromatography (HPLC or LC-MS) are mostly used to identify and
quantify the active compounds and allows encapsulation efficiency computing [34]. Each
individual active compound or some group of compounds need a specific standard and
analytic method for proper quantification, with standardized and accurate LC and UV-
vis protocols.

5. Active Compounds for Meat Processing and Preservation

Electrospun fibres have a high capacity for loading active agents, and their large sur-
face area allows a fast response to intrinsic and/or extrinsic factors by releasing/activating
the entrapped compounds at the appropriate timing [23,27,147]. Furthermore, the narrow
gaps between the fibres can be considered a barrier against viruses and microorganisms
[148]. Unlike intelligent casting film versions, electrospun mats have several structural
and functional advantages [149,150]. Beyond their high surface-to-volume ratio structural
advantage, entangled fibrous formation porosity, customized surface roughness, and
other adjustable physical properties are also reported [148]. The functional benefits in-
clude a high loading capacity, improved stability of sensitive bioactive compounds, sus-
tained and targeted delivery of the embedded compounds, and the availability of food-
grade polymers and solvents [47]. In addition, the fillers and active components for pro-
cessing and preservation can improve the overall quality and increase the shelf life of fresh
meat or packaged meat via electrospinning as recently discussed for nanotechnology [27].

Antioxidant and antimicrobial compounds used for food and packaging can be nat-
ural, such as essential oils, nisin, curcumin, a tocopherol and vitamins, phenolic-rich ex-
tracts from plants and pomaces, allyl isothiocyanate, and chitosan, among others; or syn-
thetic antioxidants, such as BHT (butyl-hydroxytoluene) and its analogues, BHA (butyl-
hydroxyanisol) and TBHQ (t-butyl-hydroxyquinone); or antimicrobial, such as organic
acids (acetic, sorbic and ascorbic, benzoic, and propanoic), nitrites and nitrates, and others
[150-152]. Additionally, nanofillers such as nanometals and nanoclays are often reported
as alternatives for food packaging development [153]. Thus, researchers are continuously
exploring ways to arrest its microbial activity on food matrices leading to adverse effects.
In recent years, the development of antimicrobial agents from various natural products
such as essential oils and plant extracts proved to be the most promising [154]. Natural
compounds are preferable for new packaging approaches, due to consumers concerns
over the safety of additives and synthetics material and their potential effect on health
[155,156]. Natural bioactive compounds can be added to the electrospun nanomats to im-
prove their bioavailability and solubility as they are effective antibacterial agents and
promising preservatives for meat and meat products [157]. Zein/gelatin nano electrospun
composites were efficiently used against S. aureus and S. enteritidis [158]. An antioxidant
activity, reduced drip/purge loss, better colour stability, and antibacterial activity against
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the aerobic mesophilic and psychrophilic bacteria in pork chops were noticed when they
were wrapped with electrospun mats of blended chitosan and low density polyethylene
incorporated with propolis extract [159]. Similar antibacterial effects were observed when
thyme and Chrysanthemum essential oils were loaded in the electrospun fibres to preserve
chicken [160] and beef [161], respectively.

Essential oils have a wide spectrum of usage as antimicrobial agents. Nevertheless,
their poor water solubility and chemical instability restricts their uses. Thus, advanced
nanotechnology such as nano liposomes were implemented to enhance their physic chem-
ical properties [162]. Nevertheless, their encapsulation efficacy percentage is still a chal-
lenge due to their high hydrophobicity rate. To overcome such drawback, the role of in-
troducing (-cyclodextrin moieties play an important role in developing the aqueous sta-
bility of essential oils [163]. Still, research gaps exist as the complex moiety consisting of
essential oil, nanoliposomes, and cyclodextrin would agglomerate on the food surface
leading to reduced bioavailability [164]. Avoiding such difficulties, electrospinning comes
into action to provide a support to proteoliposomes for a better encapsulation efficacy,
hence enhancing the mechanical strength of packaging material.

Polyphenol-rich plant extracts are a mix of complex bioactive compounds, such as
phenolic acids, flavonoids, and other polar compounds. Phlorotannin is a type of highly
hydrophilic tannin from brown algae formed by the polymerization of phloroglucinol
monomer units and biosynthesized through the acetate—-malonate pathway, also known
as the polyketide pathway [165]. For example, Ilex paraguariensis extract chlorogenic acids-
rich entrapped into zein nanofibres improved the thermal stability of biocompounds and
moderated the antioxidants release [66]. Tea polyphenols are bioactive catechins and may
interact with carbohydrates polymers, likely pullulan and carboxymethylcellulose so-
dium. Hydrogen bonds are formed between hydroxyl groups of polyphenols and oxygen
atoms of the glycosidic linkages of polysaccharides, and it has been shown that these in-
teractions have a significant influence on fibres’ structure and morphology [87] (Table 1).

Anthocyanin-rich extract is often used as a pH indicator due to its acid-alkali struc-
ture changing, being flavylium cation (red) and quinoidal anhydrase (purple) in acid con-
ditions and to quinoidal (green) and chalcone (yellow) structures in alkaline solutions
[67,166]. pH indication using red cabbage anthocyanin-rich extract into zein ultrafine elec-
trospun fibres resulted in colour changes in a board pH range. Purple sweet potato antho-
cyanin-based pH indicator had high colorimetric response sensitivity for pork freshness
monitoring and preservation [167]. Anthocyanin from blueberries is able to detect total
volatile basic nitrogen (TVB-N) in package headspace for food [168]

Nisin is a bacteriocin produced by Lactococcus lactis ssp. Lactis is often anchored in
polymer membranes, which display good antimicrobial activity. An extruded composite
film of pectin/PLA blend and nisin was efficient to inhibit Listeria monocytogenes in an in
vitro assay and in food samples [169]. Additionally, a biodegradable membrane from ox-
idised cellulose incorporated with nisin showed a long-term antimicrobial activity against
Alicyclobacillus acidoterrestris DSM 3922T [170]. Curcumin is a polyphenol compound from
turmeric spice, with antioxidant, antimicrobial, and anti-inflammatory activity, and is
highly sensitive to acid-base reactions [171,172]. Antibacterial activity of curcumin/nisin
loaded nanoliposomes incorporated in PVA electrospun nanomats were actively used as
packaging material of trout fillets [173] and fish (Oncorhynchus mykiss) flesh [174]. For ex-
ample, real-time shrimp spoilage monitoring was developed with a curcumin-based sen-
sor visible to the naked eye, to detect volatile amines (TVB-N) in packaging headspace by
increasing basic pH. The sensor response had a correlation with bacterial growth patterns
in shrimp samples, useful for monitoring shrimp spoilage in ambient and chilling condi-
tions [172]. The tara gum/PVA blended films containing curcumin, a safe biosensor, ex-
hibited a visible colour change in an NHz environment to monitor shrimp spoilage, being
high in relative humidity favourable for this colour response [171]. Electrospun fibre can
be used to improve these sensors sensibility and response speeding against food spoilage
microorganisms due to its high surface area.
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Despite the fact that the antimicrobial properties of chitosan solutions have been
widely reported, the antibacterial activity of chitosan has, to date, received less attention
and has only been investigated superficially [175]. There is considerable controversy
about mechanism actions of Gram-positive and Gram-negative bacteria with chitosan,
and thus the aspect of antimicrobial efficacy of chitosan is a streamline. Chitosan/PEO
nanofibres (40.6-75.5 nm in diameter) were developed as packaging material for shelf life
enhancement of meat cubes [176]. When the microorganisms (E. coli, S. Typhymurium, L.
innocua, S. aureus) were grown in presence of chitosan nanofibres, a bactericidal effect on
E. coli was detected (the growth arrested completely), whereas S. Typhimurium growth
was significantly affected due to the inhibitory effect of free amino acids of chitosan. No
significant changes were observed in L. innocua and S. aureus. Thus, it can be concluded
that Gram-positive bacteria are more susceptible than Gram-negative bacteria to chitosan
nanofibre activity, which can be a component of active food packaging for meat industry
to enhance shelf life.

Silver nanoparticles (AgNPs) are an inorganic nanofiller with antibacterial properties
[27,177]. AgNPs have been widely used in the preparation of antimicrobial nanofibres for
food and non-food applications. Electrospun nanofibres from chicken feather keratin and
polyvinyl alcohol (PVA) blend embedded with AgNPs resulted in improved antimicro-
bial properties and thermal stability. It can be efficiently used as a promising material for
active packaging [88]. AgNPs were also incorporated in the PVA, and the nanocomposite
electrospun mats resulted with a stable porosity and nanofibrous structure as well anti-
bacterial activity against S. aureus [178]. Coating polycaprolactone (PCL) nanofibre mem-
branes using AgNPs embedded in gelatin showed an improved antibacterial effect in
comparison with single coating nanofibre against S. aureus and P. aeruginosa [179].

6. Role of Electrospun Fibres in Meat Processing and Preservation

Food poisoning and wastage are two major issues in the food industry, both caused
by microbial contamination and lipids/proteins oxidation. Among all food goods, meat
products are highly perishable with short shelf life where quality and safety are highly
dependent on the processing, storage, and packaging [1,2,36,180,181]. Accordingly, con-
sumers are becoming more concerned about pursing health with diversification of diets
such as fresh foods, fruits, and vegetables and their products as living standards improve.
Fresh foods tend to deteriorate fast by microbial deterioration and enzyme degradation
in the farm to fork chain process, resulting in shorter shelf life [2,182]. Therefore, the use
of active and intelligent packaging to prevent microbial contamination, spoilage of meat
products, and oxidative degradation, all avoiding food waste, is of great interest to both
the food industry and consumers. These packaging systems allow food products to extend
shelf life, maintaining quality and safety. The electrospinning process has been reported
as an efficient meat packaging approach [105]. This is further highlighted in Tables 2 and
3 which summarize, respectively, the active electrospun fibres roles in meat processing
and preservation through active (Figure 4) and intelligent (Figure 5) packaging systems.

Table 2. Brief summary of the applications of active electrospun fibres in meat processing and
preservation.

Fibres Diame- Muscle Food

Polymers Active Agent Role of Nanofibres References
ter (nm) types
Synthetic

PLA Naringin 206243 Salmon pH-.momtormg and antibacterial activity [183]
against P. fluorescens

PLA Acid-propyl gallate <100 Salmon slices Antibacterial activity against P. fluorescens P07 [184]
Psvehronhili al inhibi

PVA Chitosan 200-2500 Fish Balls . oychrophilic bacterial count was inhibited [174]
thereby retaining freshness in fish balls

PVA Nisin & curcumin 288 + 63 Fish (Oncorhyn- Retarded total viable bacteria, psychrophilic [126]

chus mykiss) fleshbacteria, yeast, and mould growth in the flesh
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Essential oil from Laurus

hi
PVA nobilis & Rosmarinus of- - c ICIf(:ﬁ; tl;reast Antibacterial activity Listeria monocytogenes [14]
ficinalis
Poly(hexamethylene bi- Japanese sea [.)ela}.led.tc?tal Volatile. basic nitrogen produc-
. . bass tion, inhibited total viable count, Pseudomonas
PVA guanide) hydrochloride <1000 , . . [185]
Lateolabrax japon-spp. and hydrogen sulphide producing bacte-
(PHMB) . X
icus ria
PVA Curcumin, Nisin from 17 Rainbow Trout Antibacterial activity against total mesophilic [173]
Lactococcus lactis fish fillet  aerobic bacteria and lactic acid bacteria
i i ivit inst E. coli, S. typhy-
PEO Chitosan 40.6-755  Freshmeat - miibacterialactivity against E. coli, 5. fyphy [176]
imurium, S. aureus, L. inocua
In vitro antibacterial activity against E. coli, S.
PEO Chitosan - Fresh red meat typhyimurium, S. aureus, L. inocua; in situ bioac-  [186]
tivity against E. coli
PEO (;hry.santhemum essen- 50-250 Beof Antibacterial activity against L. monocytogenes; [161]
tial oil no effect on red colour and texture of meat
Antibacterial activity against mesophilic, psy-
. . Rainbow trout chrophilic, and lactic acid bacteria as well as
PCL Urtica dioica L..) extract ) fillets Enterobacteriaceae, low TVB-N, and TBA con- [187]
centrations
Antioxidant activity; delayed drip/purge loss;
PCL ColombiaIT Propolis ex- <5000 Bon.eless pork bett.er colour .stability; a.n.tibacterial activity . [159]
tract & Chitosan loin chops  against aerobic mesophilic and psychrophilic
bacteria
Cross linked Cinnamon essential oil 66.48 Shrimp A.ntibacterial acti.vity against S. aureus, P. aeru- [188]
PVA nanophytosomes ginosa, and E. coli
Natural
Gilthead sea Proximate analysis of Vitamin B complex (Ri-
Chitosan Thymol 135.94 +£35.43  bream fillets boflavin, thiamin Nictonimadie, pyridoxal, [189]
(Sparus aurata) pyridoxine, and pyridoxamine)
Chitosan Sodium carbonate 446 + 13 Beef M. Zonglssz— An'tlbacte.rlal .act1V1ty a'gamst total aerobic bac- [190]
mus dorsi muscle teria, lactic acid bacteria, yeast, and mould
Cinnamon essential oil/ Antimicrobial activity against B. cereus, better
PEO BCD loaded proteolipo- ~ 317-364 Beef colour stability, no impact on texture during [191]
somes storage
Zein + glyc- Carvacrol <5000 Pork Antibacteriall ac.tivities a.g;.ii.nst E. coliand S. au- [167]
erol reus and antioxidant activities
Th ial oil B-
Gelatin yme ess.entla ot 150-195 Chicken  Antibacterial activity against C. jejuni [160]
cyclodextrin
Gelatin Glycerine-Poly lysine 154 Beef Antibacterial activity against L. monocytogens [192]
ide thiamine stability and i the bio-
Gelatin Thiamine (vitamin Bi) ~ 41511864 e meatand Provide thiamine stability and improve the bio- 1y 59,
salmon accessibility of raw and cooked meats
i tibacterial activi inst S. ds.
Gelatin/zein Perlllalde.hyde, thymol, 5030-7854  Chilled chicken An 1l.aa?c‘er1a activity against S. aureus and S [158]
e-polylysine enteritidis
Fish Eel skin 1125 European eel oil Ecof.riendly encapsulation material for syn- [193]
gelatin thetic polymer replacement
Zein ) 190 Fish oil Oxidétive stal?ility of fish oil was enhanced af- [119]
ter zein nanofibres encapsulation
i ial activit inst S. put ] d
Zein Methy! ferulate 185-342 Seabass ~ ntibacterial activity against 5. pulrefaciens and ;)
antioxidant activity
Fish
Retai ielectri ties, delayed both mi-
Zein Gold Nanoparticles 161-530 Dicentrarchus eta.me.d die ec.trlc properties, cerayed bom i [195]
labrax crobial infestation and sensory deterioration
Antibactericidal against E. coli O157:H7 and S.
Zein Cinnamic aldehyde 334.2-383  Meat sausages aureus PTCC 1337, no effect on colour, texture ~ [37,96]

profile, or sensory properties of sausages
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Alginate

JPEO Phlorotannin 282 Chicken  Antibacterial activity against S. enteritidis [16]

Stability of polyunsaturated fatty acids such as
Sodium algi- Lactobacillus thammnosas 60.09-522.1 Fresh ra.inbow eico§apentaenoic .acid docosa hexaenoic acid
nate/PVA trout fillets  retained. Predominant change of Monounsatu-
rated acid such as oleic acid is inhibited
PLA = Poly(lactic acid); PVA = Poly(vinyl alcohol); PEO = Poly(ethylene oxide); and PCL = Poly(e-
caprolactone).

[125]

Table 3. The application and mechanisms of electrospun fibres in meat processing and preservation.

Supporting Ma Fibres Di-
terfali 8 ameter Intelligent Mechanism Muscle Foods Role of Nanofibres References
(nm)
. Recovery tetracycline antibiotics and vola-
PANCMA fibres SPE adsorbent membrane . o . L
. 200-1000 . Chicken muscletile nitrogen to analytical determination [196]
graphene oxide-doped
by LC
PSSA fibres * 407-469 SPE adsorbent membrane Pork meat Recov?ring 13 sullpho.namide residues to [197]
plasma treated surface analytical determination by LC
PHB porous fi- Portable biosensor of immo- Detecting the blqlumlnesc?nt pro tein
bres 2780 bilized bacteriophage - Nanoluc expression upon infection of E. [198]
phag coli O157:H7
Chitosan/PEO fi Halochromic curcumin col Quality indicator by monitoring surface
283-383 Chicken breast pH changes based on total volatile basic [199]
bres our changes . . . . .
nitrogen formation by microbial spoilage
Freshness indication by TVB-N content
Bl h in col- hangi 1 istinguish
PLLA fibres 250-500 ueberry anthocyanin co Mutton meat 12n8ing colours dlstmgu.ls ed by .naked [168]
our changes eyes from pink to a pale pink and finally
colourless
Pullulan Purple swget Potato extract Pork Naked eyes visible pH-sensing reversible [167]
anthocyanin-rich changes from purple and blue to green
Methylene blue oxidation .
PVOH nano- Intelligent response of oxygen leakage by

(MBox, blue)-reduction
(MB:4, colorless) reaction ac-
tivated by UV

fibres and PS mi- 713- 1259
crofibres layers

Meatballs  colour changing of colourless (no oxygen) [200]
to blue (oxygen in package headspace)

TVB-N detect by pH varying and conse-

Alizarin halochromic dye  Rainbow trout quent visual colour change from yellow to [201]

Zein fibres 79-619.37

colour changes fillets magenta monitoring freshness of fillets
TVB-N detect by pH varying and conse-
Cellulose acetate Alizarin halochromic dye = Rainbow trout quent visual colour change from yellow to
. 210-304 . . . [202]
nanofibres colour changes fillets magenta monitoring freshness of fillets
spoilage
. Fish (Plec-
.. 176.81- Curcumin and anthocya- . Colour changes from pink (pH of 6-7) to
Pullulan/ch -
ullulan/chitin 379.07  nins dyes colour changes torhy n::st;s cme powder blue (pale blue) [203]

PEO = Poly (ethylene oxide); PANCMA = Poly(acrylonitrile-co-maleic acid); PSSA = surface-modi-
fied hydrophilic polystyrene sulfonic acid; PHB = oly-3-hydroxybutyrate; PLLA = Poly-L-Lactic
acid; SPE = Solid-phase extraction; LC = Liquid chromatography; PVOH = hydrolyzed PVA; and PS
= Polystyrene. * Solid-phase extraction (SPE) systems for sample preparation.
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Figure 4. Benefits of active electrospun fibres in processing and preservation of meat and meat prod-
ucts.
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Figure 5. Main indicators of intelligent electrospun fibres for the preservation and processing of
meat and products.

6.1. Active Packaging
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Active packaging interacts and/or modifies the packaging headspace, hence extend-
ing the shelf life of foods and consequently improving its safety [13]. These systems are
embedded by active compounds, which will remove gases and vapours (Oz, CO», water,
humidity, and microbial metabolites) by absorbing and adsorbing or via chemical reac-
tions. On the other hand, the active compounds may be released from the package matrix
as vapor or target compounds (essential oils, antimicrobial and antioxidant agents, vola-
tile and fumigant agents, or metal nanoparticles). This enhances food protection and
preservation against oxidation, microbial proliferation, and other mechanisms that
shorten the products shelf life [152,204].

Electrospun nanofibres from polymers containing fCD and loaded cinnamon essen-
tial oil with (317-364 nm) were used for beef packaging [191]. The results indicate antimi-
crobial activity against B. cereus, preservation of the beef colour, with no impact on texture
during storage. The electrospun fibres increased the essential oil water solubility and ad-
dressed sensitivity towards enzymes, temperature, light, and oxygen. Antibacterial activ-
ity against P. fluorescens P07 was observed when electrospun fibres from blend of propyl
gallate and PLA were wrapped around salmon slices [184]. Poor insolubility of natural
antimicrobial agent nanofibre derived from oranges was achieved by loading them in the
core of PLA electrospun nanofibres. These electrospun packaging materials were used to
maintain the freshness of salmon slices. The electrospun nanofibres (206-243 nm) were
effective to retard the growth of P. fluorescens [183]. Novel electrospun nanofibres based
packaging material were used to store raw shrimp for 7 days [188]. It was reported that
PVA electrospun nanofibres embedded with cinnamon essential oils, nanophytosomes,
enhanced the antimicrobial activity of cinnamon essential oil against S. aureus, P. aeru-
ginosa, and E. coli. Poly(hexamethylene biguanide) hydrochloride (PHMB) loaded PVA
electrospun nanomats were found effective as active packaging material in preserving
Japanese Sea Bass [185]. The results indicated a delay in TVB-N production, inhibition of
total viable count, Pseudomonas spp. and hydrogen sulphide producing bacteria. Electro-
spun fibres of European eel gelatin and European eel oil resulted in an eco-friendly en-
capsulation material for synthetic polymer replacement which can have a promising ap-
plication in the food, nutraceuticals, and medical fields [193]. Zein nanofibres were also
efficient to achieve oxidative stability of fish oil by encapsulation [119].

To delay food spoilage, continuous efforts are being made in exploring advanced
techniques leading to rapid detection of quality deterioration changes by introducing
smart nanoparticles as packaging materials [27]. Nanotechnology already plays relevant
roles in microbiological infestation control, sensory deterioration, and chemical alteration
in food matrices during the storage period. Currently, the implantation of biogenic tech-
niques is gaining interest to reduce metal nanoparticles such as silver nanoparticles and
gold nanoparticles. Recently, it was reported that zein/gold electrospun nanomats with
zein nanoparticles (161 + 45 nm) embedded with gold nanoparticles limited the total mi-
crobial amount in Japanese sea bass (to 1 log CFU/g) with improvements in the sensory
quality of the meat for an extended period of storage [195].

Silk fibroin nanofibres (SF-nanofibres) were fabricated and embedded by cinnamal-
dehyde (CA)/hyaluronic acid (HA)/carboxymethyl chitosan nanoparticles
(CA/HA/CMCS-NPs). When concentration of CA/HA/CMCS-NPs was set at 5 mg/mL, the
mechanical characteristics of the nanofibres showed a double effect in the controlled re-
lease of CA from CA/HA/CMCS-NPs SF-nanofibres. CA/HA/CMCS-NPs SF-nanofibres
were used to store beef for 5 days at 4 °C and 25 °C, and this decreased E. coli O157:H7 in
beef samples up to ~99.9%. In addition, the CA/HA/CMCS-NPs SF-nanofibres demon-
strated a moderated effect on the sensory quality of beef and delay the spoilage [205].

Novel bioactive coatings were prepared to extend the quality and shelf life of fresh
fish fillets of rainbow trout (Oncorhynchus mykiss). For this, whey protein isolate (WPI,
96% of protein) was used as the coating-forming with 50 and 70 g 100 g of poly(e-capro-
lactone) (PCL) electrospun nanofibres containing extract of stinging nettle (Urtica dioica
L.) at 60:40 (g:g). Fish fillets protected by means of the functionalized coatings were stored
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for 15 days at 4 °C. Active coating protected the fish fillets against mesophilic, psychro-
philic, and lactic acid bacteria as well as Enterobacteriaceae with higher antimicrobial effi-
ciency than equivalent coatings containing Urtica dioica L. water extract. In particular, the
incorporation of 70 g 100 g PCL nanofibres exhibited the lowest counts in bacterial
growth, TVB-N, and thiobarbituric acid concentrations during storage. Additionally, the
coatings successfully provided an antioxidant activity that could help to increase fish fil-
lets” quality and favour their preservation [187].

Electrospun chitosan/PEO-based nanofibres (CNF) was developed to keep the shelf
life and safety of red meat, and it extended the shelf life of fresh meat up to a week. The
CNF had antibacterial activity against E. coli, S. typhyimurium, S. aureus, and L. inocua [176].
Additionally, in both in vitro and in situ studies, the efficiency of CNF as inner part of a
multilayer packaging in maintaining the quality of fresh red meat was reported [186]. Ac-
tivated CNF-based packaging (CNFP) was obtained by direct electrospinning chi-
tosan/PEO solutions on top of a conventional multilayer food packaging. The in vitro an-
tibacterial activity of CNF was achieved against E. coli, S. enterica serovar Typhimurium, S.
aureus, and L. innocua, bacteria commonly incriminated in the alteration of food products.
The in situ bioactivity against E. coli showed the potential of CNFP as bioactive nano-
material barriers to meat contamination by extending the shelf life of fresh meat by up to
one week.

6.2. Intelligent Packaging

Intelligent packaging is continuously exploring mechanisms of various advanced
techniques leading to rapid detection and warning of quality deterioration and changes
of food goods. Thus, there are two basic approaches of quality indicators: direct (moisture,
temperature, freshness and leakage, and biosensor) and indirect (monitoring and track-
ing) devices [206]. Both systems ensure food security [47,207] and offer visual feedback
and information about the spoilage or food quality to be judged by the consumers [53,208],
with no misleading.

These systems entail integrating packaging material with improved functional qual-
ities and sensors for including monitoring, detecting, sensing, recording, tracing, and
communicating the status of food in both internal and external environments during
transport and storage (Figure 5). It assists customers or manufacturers in showing and
reporting the packaged food’s quality [30,53]. Various intelligent tools, such as time-tem-
perature, freshness, leakage, pH and gas indicators, and biosensors have been investi-
gated to accomplish real-time tracking of food throughout the supply chain [53,209]. Food
safety is a greatest concern, where consumers may face adverse effects on their health such
as hemopoiesis or allergy if antimicrobial agent drug residues are accidentally ingested.

Over the past few years, the electrospinning process has been used for designing and
producing colorimetric pH indicator packaging materials by incorporating pH-sensitive
dyes in a variety of combinations to polymer formulations, allowing for the detection of a
wide range of pH values [30,199]. Depending on the indicator’s purpose, a number of
electrospun polymers with various morphologies can be conceived, including normal,
helical, porous, and coaxial[47]. Table 3 summarizes the electrospun fibres in intelligent
packaging mechanisms of meat processing and preservation.

Solid-phase extraction (SPE) is a sample preparation for analytical archiving which
can be used for different types of samples. This is not an intelligent packaging; however,
it can contribute into new intelligent system development. An SPE adsorbent membrane
was developed based on graphene oxide-doped poly(acrylonitrile-co-maleic acid)
(PANCMA) nanofibres to further access tetracycline antibiotics and volatile nitrogen on
chicken breast by liquid chromatography (LC) [196]. Furthermore, to identify the presence
of harmful sulphonamide residues in pork, an intelligent recovery SPE system was devel-
oped using poly styrene sulfonic acid (PSSA) electrospun fibres (407469 nm) for LC quan-
tification [197].



Coatings 2022, 12, 644

20 of 32

To date, electrospun fibres achieved valuable findings on meat freshness/spoilage
monitoring, yet it is still restricted to the developing area [5,24,203]. Ammonia and amine
molecules are generated as a result of meat and meat product deterioration due to micro-
biological and enzyme degradation [12]. The increase in total volatile base nitrogen (TVB-
N) during storage is an indirect explanation of the colour change of the indicator, because
it causes the pH of the meat to rise. In non-fermented foodstuffs, TVB-N is a collection of
biogenic amines such as ammonia, dimethylamine (DMA), and trimethylamine (TMA)
that form during storage. This indicator is commonly used as a measure for the freshness
of meat products and the overall quality of meat products. TVB-N production is mostly
caused by the proliferation of microorganisms, more specifically by bacteria decarboxyla-
tion of proteins. The major stage in this process is the microbiological breakdown of tri-
methylamine N-oxide (TMAO) to trimethylamine and ammonia, which is carried out by
bacteria. All of this volatile base nitrogen contributes to the formation of alkaline environ-
ments [53], which can be used to trigger some dye sensitivity in the sensor.

A porous structure is preferred as the principle for freshness indicator manufacturing
because the migration of volatile chemicals occurs readily and fast, and the interaction
between the volatile substances proceeds more effectively and quickly. Food freshness
can be monitored by employing colour-based pH indicators, which are easy to use and
inexpensive indicators [5,22]. Moreover, the porosity structure of the electrospun nano-
fibres that have indicator dyes added boosts the number of active sites for interacting with
chemically reactive compounds. The high sensitivity and rapid responsiveness of nano-
fibre-based fibres can therefore be envisaged [209].

Intelligent packaging systems for food deterioration were developed by blending chi-
tosan/PEO loaded with halochromic curcumin to ascertain surface pH changes, TVB-N
release, and an active antibacterial action against Enterobacteriaceae sp. [199]. Curcumin-
loaded electrospun mats were efficient to indicate packaged chicken breast freshness
stored at 4 °C for eight days. During deterioration, the colour of the freshness indicator
changed from a bright yellow to reddish colour, according to the results of colorimetric
analysis. The pH values and TVB-N concentration of the meat increased from 6.2 and 7.01
mg N 100 g in the fresh samples to 6.53 and 23.45 mg N 100 g, respectively, at the end
of day 5, showing that the samples had reached the marginal acceptability threshold. On
the eighth day of storage, the pH values reached 6.75, the TVB-N concentration reached
50 mg 100 g, and the intensity of the colour of the pH sensing indicator decreased at the
same time [199].

Halochromic nanofibres based on Poly-L-Lactic acid (PLLA) integrated with blue-
berry anthocyanins was developed to detect the freshness of mutton during storage time
at 4-25 °C. SEM images of nanofibres revealed that the net PLLA fibres had more beads,
but that introducing anthocyanin into fibres changed their structure and resulted in more
uniform and thick fibres. The colour of the electrospun polymers changed from the origi-
nal pink to a pale pink after the first day of storage and became colourless after three days
of storage, and the TVB-N content of fresh mutton (7.2 mg 100 g) increased to 11.6 mg
100 g' and 34 mg 100 g! due to the deterioration of the meat [168].

An active-intelligent device was designed using pullulan nanofibres mat with purple
sweet potato extract as a colorimetric layer and an antibacterial layer by zein-glycerol-
carvacrol to monitor pork pH changes and improve pork shelf life. The distinctive colour
changes of the package system at pH values ranging from 2 to 12 provided the mats a
broad pH-sensing range. Initially, the colour of electrospun fibres was purple and blue,
changed to green, and subsequently was reversed. The fibres demonstrated good antibac-
terial and antioxidant activities in addition to highly sensitive colour change, allowing
shelf life extension of pork by one day at 25 °C [167].

An intelligent oxygen leakage indicator was designed by electrospun hydrolysed
PVA (PVOH) carrier nanofibres of the colour changing system-based on methylene blue
(MB) oxidation-reduction reaction (MBox is blue, MB:4 is colourless) catalysed by TiO2 and
using glycerol as a sacrificial electron donor. A polystyrene (PS) microfibre coating layer
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was applied to address the indicator shortcomings. Both PS coated and uncoated oxygen
indicators might be UV activated in a short period of time as an innovative design. The
oxygen indicators were tested on packaged meatball samples and exhibited substantial
colour changes in the presence or absence of oxygen. Colour changes can deliver direct
information to the customers about the quality of the food prior to making their purchase
decision [200].

Zein electrospun nanofibres were designed by incorporating alizarin as a halo-
chromic indicator based on TVB-N to control the freshness of rainbow trout fillets during
storage time. The average diameter of the fibres produced ranged from 79 to 619 nm. Ini-
tially, the mats were yellow in colour, indicating that the TVB-N concentration was nearly
17 mg 100 g-'. On day 6, the mats were light purple in colour and finally magenta in colour
on day 12 (TVB-N concentration approximately 33 mg 100 g™'). These colour changes from
light to darker suggested that the newly constructed system was capable of successfully
monitoring the freshness of fillets through evaluating TVB-N concentrations [201].

A halochromic sensor of cellulose acetate nanofibres incorporated with alizarin as a
fish spoilage indicator was produced. Rainbow trout fillets were maintained at 4 °C in the
refrigerator for a total of 12 days. Colorimetric and TVB-N were determined, as well as
pH and total viable count (TVC) analyses. The pH, the TVB-N, and the TVC all increased
with time, according to the results. Within 48 h, no colour changes were seen on the elec-
trospun sensor; nevertheless, by the fourth day, a very light brick colour was observed on
the mat. On the sixth day, the colour turned darker, indicating that the pH of the fillet had
changed. During the 12th day, the colour of the sensor began to shift towards violet; the
colorimetric results confirmed that the electrospun fibres had undergone the expected vis-
ual colour change as a result of the use of alizarin as a halochromic dye [202].

Active-intelligent food packaging systems were produced by electrospun nanofibres
based on pullulan/chitin (PCN) that contained curcumin (CR) and anthocyanins (ATH) as
natural dyes. The average diameters of the nanofibres were range 176.81 to 379.07 nm.
The antioxidant and antibacterial activity of the nanofibres combining ATH and CR
(PCN/CR/ATH) were significantly higher than those of the nanofibres having only CR
(PCN/CR) or only ATH (PCN/ATH). The pH-sensitive colour of the PCN/ATH and
PCN/CR/ATH nanofibres did alter dramatically with the change in pH, indicating that
they were highly sensitive. Furthermore, at ambient temperature, the colour of the
PCN/CR/ATH nanofibres was altered in response to the increasing Plectorhinchus cinctus
spoilage. The electrospun PCN/CR/ATH was found with great potential in active—intelli-
gent food packaging applications [203].

7. Packaging Safety and Risk Assessment

The safety of electrospun nanofibres in the formation of food packaging films is still
not fully clarified. Information about their potential risks is still limited and lacking in the
literature. Therefore, the safety risk assessment is one research gap that should be exam-
ined in new future studies about electrospun food contact fibres and for some gase-
ous/volatile compounds realising into food packaging systems. Not very much attention
was dispensed on electrospun fibres; however, there are a lot of studies about the safety
of the most used materials and solvents, which can be a source of information on some
consequent safety in their use in food packaging development, regardless of the used tech-
nology. Industrial validation of lab-scale achievements of electrospinning might boost
their commercialisation. Furthermore, the evaluation of the toxicity of each substance/ad-
ditive used is necessary to ensure customer safety. Due to their extremely small size, nan-
ofibres can easily migrate by digestion, skin, and inhalation from packaging to the human
body [210]. Even though silver and copper nanoparticles are found to be efficient in meat
product packaging due to their antibacterial effects, their potential migration to food can
be an issue [27]. It was reported that small-sized nanoparticles (e.g., silver) may easily
migrate from packaging, enter the blood stream, and cause considerable harm to liver
cells, brain tissue, and the immune system [211,212]. Copper was reported to induce liver
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injury, oxidative stress, and inflammatory reactions [213]. Nevertheless, it seems that their
migration amounts are lower than the actual dietary intake level and thus may be consid-
ered as potential safe antimicrobial agents [27]. To overcome this bottleneck, laws and
clear strategies for the risk assessment of nanoparticles must be implemented to assist
decision making for regulatory authorities [22].

For now, there are no specific strategies to safely create packaging containing elec-
trospun fibres. In Europe, migration assays of substances in contact with food are per-
formed according to the Commission Regulation (EU) No 10/2011. This regulation focuses
on the safety and risk assessment of plastic materials and articles intended to come into
contact with food. Accordingly, the risk assessment of a substance should cover the sub-
stance itself, relevant impurities, and foreseeable reaction and degradation products in the
intended use. Efficient and accurate methods of quantification of low amounts of nano-
particles are crucial to facilitate the risk assessment evaluation and enable future standard
methods. The risk assessment also takes into consideration the potential migration of sub-
stances under worst foreseeable conditions of use and the toxicity. The European Union
Reference Laboratory for Food Contact Materials (EURL-FCM) have agreed on a set of
test conditions (technical guidance) to ensure the comparability of measurement results
according to the Regulation (EU) 2017/625.

8. Conclusions

The electrohydrodynamic processing is a cost-effective technology to produce mi-
cron, submicron, ultrathin, and nanoscale continuous fibres. As a result of unique prop-
erties such as high surface area to volume ratio, high porosity, small size, uniformity, and
homogenous distribution of functional chemicals, electrospun fibres provide advantages
over conventional processes, such as casting and coating in the fabrication of active sys-
tems, indicators, and sensors [47,214] for food packaging, including meat and meat pro-
cessing.

This paper summarized the electrospinning process and its applications with a focus
on meat and meat products processing and preservation. There are many advantages of
electrospun fibres boosting their use for different objectives. Electrospinning can be con-
sidered a promising and efficient meat packaging approach where the properties of elec-
trospun fibres might induce antioxidant and antimicrobial effects among other function-
alities depending on their features. Thus, their application in packaging systems of meat
products can result in extending their shelf life, preserving their quality and safety. To
date, electrospinning has already been applied to real food systems and achieved valuable
findings on meat freshness/spoilage monitoring; however, the number of published pa-
pers is limited, probably due to limited funding in this research area. All the reviewed
papers focused on the electrospinning process and characterization of electrospun fibres
made at lab level, and none considered commercial products. The electrospinning process
scale up is still in progress, and the best use for the industries are the free-surface setups
which achieve the production of high-throughput fibres [37,96]. The first commercially
electrospun products were reported in 2017, which are the encapsulation of DHA en-
riched fish oils and probiotics [96].

When upscaling the production of electrospun active and intelligent fibres, the meat
freshness needs to be carefully considered to ensure colour and taste stability by avoiding
fat and protein oxidation, and to limit microbial growth during storage. Fibre develop-
ment by natural or GRAS solvents, polymers, and active agents, highly sensitive, trig-
gered, and controlled release systems or new functional properties are also mandatory
[215]. The key parameters affecting the electrospinning process, as well as the characteri-
zation techniques discussed in this review, should be kept in mind to face the challenges
of each individual packaging device and meat product features.

To achieve multi-functionality for nanofibre-based food packaging materials, various
additives have been incorporated into polymer substance. Nevertheless, additive manu-
facturers still have a challenging task to produce non-toxic and efficient material at low
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cost and with limited impact on the environment to be used in food packaging. Among
the commercially available polymers used in packaging industry, some of them can only
be dissolved in toxic solvents. Therefore, it is required to find non-toxic solvents to replace
the conventional toxic solvents with non-toxic or low-toxic solvents, such as the emulsion
electrospinning method [24].

Natural active compounds are a hot topic of interest due to their non-toxic effects on
health. However, they are often inaccurate and sensitive to spoilage or to trigger com-
pounds in low concentrations. The sensing, stable, and non-toxic dyes and packaging sys-
tems must be efficient to detect target changes in meat products. Various approaches for
improving, stabilizing, and controlling the release of active compounds were designed to
develop active packaging, including polymer blends and structure modifications, pro-
cessing conditions optimization, encapsulation, and immobilization [22]. To achieve reli-
able naked eye detection changes, a food packaging sensor must be highly sensitive with
rapid responsiveness, therefore with the ability to disclose a uniform and clear response
and the ability to detect any changes in real-time [17].

The considerable obstacles that hamper the marketing of active and intelligent food
packaging, not only for meat products, are the legislative and regulative aspects. There
are only a few compounds certified and approved for use in food by the U.S. Food and
Drug Administration and European Food Safety Authority. The non-food grade active
agents can migrate to the food as intentionally and non-intentionally added substances,
which can be present in a food contact material or food contact product. Thus, a careful
examination is required for each particular material and nanostructure, especially when
nanosilver, nanocopper, nanoclays, zinc oxide nanopowders, and recently titanium diox-
ide are used in the packaging development. The discovery, identification, and risk assess-
ment of these nanomaterials must be elucidated and regulated. A new advanced packag-
ing function seems to be emerging based on electrospun fibres for meat products. A wrap-
ping system was developed using vitamin B1 immobilized into nanofibres to enhance the
bioaccessibility of refrigerated raw and cooked salmon and red meat [38]. This approach
can be a new view to develop personalized diets through the modulation of food compo-
nents using conventional ingredients and no extra processing steps.
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