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Among the large number of methods to fabricate nanofibers, electrospinning stands out because
of its simplicity and versatility. The formation of nanoscaled fibers via electrospinning is based
on the application of high voltage (usually ranging from 1 to 30 kV) to generate an electrostatic
field that induces the formation and stretching of a jet from a viscoelastic polymer solution or melt.
The nanofibers are finally formed by either evaporation of solvent or freezing of the melt. Regarding
the setup, one of the electrodes can be placed either directly in this solution, or onto the metal needle
attached to the tip of the syringe feeding the solution at a constant and controllable flux by means of an
infusion pump. The other electrode is connected to a metal object that can work as collector (that can
be covered by a fabric), usually a static plane surface that is located perpendicular and at a certain
distance from the spinneret. As a result of the forces involved, a highly electrified continuous jet is
ejected from the pendent drop of solution at the top of the spinneret and deposited on the collector as
randomly distributed nanofibers. In addition, by modifying the basic setup of electrospinning and/or
the composition of the electrospinnable solution, the morphology (including porosity), diameter and
functionality of the final outcome can be controlled. For instance, nanofibers can even be aligned by
adapting the collector to a rotary cylinder or disposed in a core/shell structure by using a spinneret
with two coaxial capillaries supplying two solutions separately [1–4].

The origin of this method, which allows the efficient obtention of long, uniform nanofibers with
either solid or hollow interiors, dates back to the beginning of the 20th century, when some essential
technical milestones for its development, such as the generation and manipulation of electricity, were
reached. However, a series of other preceding scientific advances paved the way towards this invention,
which can be considered as a variant of the electrospraying process (i.e., the collapse of liquid jets
into droplets by the effect) [3–5]. Among them, the distortion and attraction of liquid droplets when
applying electrostatic forces, reported by William Gilbert in 1600, could be considered as the oldest
one. In the middle of the 18th century, George Mathias Bose described the generation of aerosols by
the application of high electric potentials to fluids, and Giovanni Battista Beccaria observed that when
fluids were charged, they evaporated faster. Such discoveries might be considered as the basis for the
development of electrospraying. It was not until the verge of 19th century that John William Strutt
(Lord Rayleigh) first observed the electrospinning phenomena, and Charles Vernon Boys first designed
and constructed an electrospinning device and drew fibers from a number of melts, mostly molten
waxes. It was in 1900 and 1902 when John Francis Cooley and William James Morton, respectively,
filed the first electrospinning patents on industrial applications, and a bit later when John Zeleny
studied in detail the mechanisms underlying the process (mostly electrospraying). The origin of
electrospinning was established with broad consensus in 1934, when Anton Formhals started patenting
several inventions on the technology associated to this process. After up to 22 patents in about 10 years,
Formhals greatly improved the process and made electrospinning an efficient and viable technique.

Later, the work of Sir Geoffrey Ingram Taylor in the 1960s, whose fundamental studies on the jet
forming process laid the theory groundwork for electrospinning, is of note. Since then, the conical shape
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of the jet occurring as a consequence of the distortion of the spinneret droplet when the electrostatic
forces exceed its surface tension has been referenced as the “Taylor cone” in later literature [6].
More recently, Larrondo and Manley in the early 1980s, and the Reneker’s group in the early 1990s,
notably revitalized this technology by demonstrating the possibility of electrospinning a range of
molten polymers [7] and organic polymer solutions [8,9], respectively. Reneker also popularized the
term “electrospinning”, which derives from the former “electrostatic spinning” used until then. In the
last decades, the advances in the fabrication, processing, and characterization of electrospun nanofibers
have contributed to the wide expansion of this technique across laboratories and industry. This growth
is mainly promoted by the surging interest in nanotechnology and the great expectations placed on
the unique properties of nanomaterials, with notable support from the outstanding progress of the
materials and polymer sciences in recent times [4].

As for the raw materials used for electrospun nanofibers, polymers comprise an unlimited number
of molecules with different properties that can even be endowed with extra specific features by means
of feasible functionalization protocols. In addition, electrospun nanofibers can be prepared from not
only single/pure polymer sources, but also compatible polymer blends to combine the properties of
their moieties [10]. Altogether, this family of compounds guarantee an extraordinary diversity of
nanofiber compositions and thus properties, which explains the broad application potential of these
nanomaterials. Indeed, depending on their specific composition/properties, electrospun nanofibers
can be exploited in multiple applications covering areas as different as nanoelectronics, energy storage,
catalyst substrates, sensors, nanofilters, protective and smart clothing, and adsorbent and biomedical
materials [11–15].

At this point, and regardless of the application, it is worth mentioning that the assessment of
the environmental impact of the nanomaterials used, as well as their fabrication and degradation
by-products, is critical to avoid possible harmful effects on ecosystems by allowing, for instance,
the design of appropriate disposal protocols for these compounds and to preferentially opt for
those that are eco-friendly. In this sense, polymers also offer a large collection of both natural,
but also synthetic, electrospinnable compounds that are non-toxic and biodegradable, as well as
biocompatible [4,10]. Electrospun nanofibers made of such biomaterials are thus suitable for applications
involving direct (and indirect) contact with biological systems, which mostly comprise applications
within the biomedical [1,4,11,13,16–19], but also the environmental protection [11,16] and the food
packaging fields [11,20,21].

The present book compiles the Special Issue “Electrospun Nanomaterials: Applications in
Food, Environmental Remediation, and Bioengineering” from the journal “Nanomaterials”, and,
therefore, it comprises several review and research articles addressing several applications of
electrospun nanofibers in these areas. In regard to the application of these nanomaterials to the
food field, the implementation of electrospinning in food packaging is thoroughly revised in Zhao et al.
(2020) [22], which also includes a summary of the additional characteristics provided by functional
food packaging materials, degradability, superhydrophobicity, edibility, antibacterial activity and
high barrier protection, as well as the contribution of electrospun nanofibers to their development.
In terms of environmental remediation, this topic is tackled by two research articles that converge on
the green/sustainable generation of energy by improving two different applications (i.e., microbial fuel
cells [23] and solar thermal techniques [24]) using electrospun nanofibers.

The current research and utilization of nanofibers mainly for biomedical applications is
proportionally covered in this compilation. In this sense, the biomedical applications of electrospun
nanofibers included here can be classified into two broad types: drug delivery systems and tissue
scaffolds. Regarding drug delivery, polymers comprise a large number of biocompatible materials
with an extraordinary versatility to be structured as different nanomaterials with drug-loading
capacity. Thus, compounds with different solubility properties can be encapsulated into polymeric
nanomaterials by either changing the polymer source or the nanomaterial type. Here, this is shown by
Mira et al. (2020) [25] for the encapsulation of different classes of antibiotics by using two separate
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derivatives of poly(methyl vinyl ether-alt-maleic anhydride) (PMVE/MA) that can be used (alone or
in combination with other polymers such as fluorescent polyfluorenes [26–28]) for the fabrication
of both nanoparticles [29] and electrospun nanofibers [30,31]. Polymeric nanofibers also protect
loaded compounds from degradation, as described by Cruz-Salas et al. (2019) [32] for electrospun
nanofibers made from agave fructans, which thermoprotect and photoprotect encapsulated β-carotene.
Another advantage of polymeric nanofibers is their modifiable drug-release kinetics by means of
feasible design changes to adjust their degradability or porosity for providing optimal therapeutic
drug concentrations. As reported here [33,34], this property is being intensively investigated at present
for the development of improved dressings, bandages or coatings with, for example, antibacterial
activity. In this sense, the use of functional polymers such as chitosan (with reported protective
immunomodulatory properties) is also attracting great interest, as widely reviewed by Maevskaia et al.
(2020) [35].

Finally, the current great effort made by the scientific community in the development of tissue
scaffolds based on electrospun nanofibers is also addressed here. The work of Miroshnichenko et al.
(2019) [36] provides a representative example of the research lines in this area by reporting the
cell interaction improvements when coating polycaprolactone nanofibers with covalently bonded
platelet-rich plasma. Likewise, Li et al. (2019) [37] broadly review the progress in the particular area of
electrospun polyvinylidene fluoride-based materials used for bone and neural tissue engineering.

In summary, the papers collected in this Special Issue entitled “Electrospun Nanomaterials:
Applications in Food, Environmental Remediation, and Bioengineering” illustrate the high diversity
and potential for implementation of electrospun nanofibers in these fields, including the covering
of a wide number of subtopics. Undoubtably, such pieces of fundamental research will contribute
to the promotion of electrospinning as the focal point in the future development of technological
applications at the interface of biological systems, which promise long-term benefits for both health
and the environment.
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Abstract: Electrospinning is an effective and versatile method to prepare continuous polymer
nanofibers and nonwovens that exhibit excellent properties such as high molecular orientation,
high porosity and large specific surface area. Benefitting from these outstanding and intriguing
features, electrospun nanofibers have been employed as a promising candidate for the fabrication
of food packaging materials. Actually, the electrospun nanofibers used in food packaging must
possess biocompatibility and low toxicity. In addition, in order to maintain the quality of food
and extend its shelf life, food packaging materials also need to have certain functionality. Herein,
in this timely review, functional materials produced from electrospinning toward food packaging
are highlighted. At first, various strategies for the preparation of polymer electrospun fiber are
introduced, then the characteristics of different packaging films and their successful applications
in food packaging are summarized, including degradable materials, superhydrophobic materials,
edible materials, antibacterial materials and high barrier materials. Finally, the future perspective and
key challenges of polymer electrospun nanofibers for food packaging are also discussed. Hopefully,
this review would provide a fundamental insight into the development of electrospun functional
materials with high performance for food packaging.

Keywords: electrospinning; food packaging; functional membrane; nanofibers

1. Introduction

Electrospinning is a versatile technique for continuously producing nanofibers with a fiber diameter
range from sub-nanometers to micrometers. The electrospun fibers have been broadly applied in nearly
all the fields, such as composites [1–5], tissue engineering [6–9], biomaterials [10,11], energy storage
and conversion [12–16], food packaging [17–19], drug deliver and release [20,21], catalysts [22–25],
sensors [26–29], flexible electronics [30–32], reactors [33,34], environmental protection [35–37], etc.
During the fiber preparation process, the polymer solution or melt is induced by a high-voltage power
supply device to accelerate injection onto a collecting plate with opposite polarity to form nanofiber
membrane. Basically, there are three key components to fulfill the process: a high voltage supplier,
a pipette or needle with small diameter, and a metal collector [38]. In details, during the electrospinning
process, the polymer solution is extruded from the capillary tube by the electric field force, and a Taylor
cone can be formed at the tip of the capillary. As the strength of electric field increases, positive charges
could accumulate on the surface of the Taylor cone, which further overcomes the surface tension and
cause fluid ejection. When the spinning process proceeds, the injected fluid could be stretched several
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times longer than the original length, and the solvent evaporates simultaneously to form a continuous
ultrafine polymer fiber.

The electrospinning process is a simple and effective strategy for fabricating nanofibers, which can
prepare polymer nanofibers directly, continuously and even in a large scale. It has the advantages of
mild experimental conditions, low cost, easy operation and function, wide range of raw materials, etc.
The spinning process is controllable, and the parameters can be adjusted according to the different
requirements in various research fields. For example, electrospun nanofibers can be prepared with
custom shapes and various orientations to quantitatively investigate the relationship of mechanical
properties and molecular orientation [39]. Generally, the nanofibers obtained by electrospinning would
have the characteristics of fine size, large specific surface area, high porosity, large aspect ratio and
superior mechanical properties.

Functional packaging materials are gradually evolving into the public eyes, which have the
functions of moisture absorbing [40,41], antioxidant releasing [42,43] and flavor or odor absorbing [44].
However, for the functional packaging materials applied in the food field, some additional features
must be considered, such as degradable, superhydrophobic, edible, antibacterial and high barrier.
By virtue of their submicron to nano-scale diameter and very large surface area, electrospun fibers
may offer numerous advantages compared to conventional film and sheet packages, such as being
more responsive to changes (e.g., relative humidity and temperature) in the surrounding atmosphere.
Furthermore, because the electrospinning process takes place at ambient conditions, electrospun fibers
are more suitable for encapsulating thermally labile active agents as compared to the fibers made by
conventional melt spinning process. Given these advantages mentioned above, electrospun fiber not
only could incorporate into bioactive substances, but also could satisfy the requirements of designers
and consumers for packaging materials. Therefore, the development of functional packaging materials
based on electrospinning technology has become a hot spot in the food packaging field. In the following
sections, different approaches for the preparation of functional electrospun fiber will be introduced
and their applications on functional package materials will be described (Figure 1). Furthermore,
a conclusion including future perspective and key challenges for electrospun functional packaging
materials are also discussed. In a word, we believe electrospun materials are good candidates for
food packaging materials, and this review would significantly promote the research on application of
electrospun fibrous materials for food packaging materials.

Figure 1. Overview of functional electrospun and food packaging materials diagram.
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2. Strategies for the Preparation of Functional Electrospun Materials

In 1934, Formalas invented an experimental device for preparing polymer fibers by electrostatic
force and applied for a patent that discloses how a polymer solution forms a jet between two
electrodes. The above device could successfully produce a fiber by using high voltage static electricity,
which is consequently recognized as the beginning of electrospinning technology [45]. Unfortunately,
electrospinning technology did not attract numerous attentions until the middle of the 20th century.
With the rapid development of nanomaterials and nanotechnology, electrospinning method has
gradually received the attention of scholars from various areas.

So far, the preparation method for nanofibers based on electrospinning technology has
been well developed. According to the electrospinning raw materials, it can be divided into
melt electrospinning [46–48], solution electrospinning [49,50] and mixed electrospinning [51–53].
According to the design of the spray head, it can be classified as needleless electrospinning [54–56],
coaxial or triaxial electrospinning [57–62], multi-jet electrospinning [63–65], etc. The application of
electrospinning technology will be described below according to different situations.

2.1. Direct Electrospun Packaging Membrane

Direct electrospinning is defined here as single-component melt electrospinning or
single-component solution electrospinning using one jet head. The functional electrospun materials
commonly used in packaging field are chitosan (antibacterial), corn protein (edible), polyvinyl alcohol
(transparent), etc.

Chitosan (CS) is obtained by deacetylation of chitin, which could form a transparent, elastic and
oxygen resistant film. CS film can not only prevent fungi from contaminating and corroding
food, but also effectively regulate the composition of oxygen and carbon dioxide around fruits
and vegetables, inhibiting the aerobic respiration to a certain extent, so as to improve the shelf life.
CS has a huge application potential in the food industry attribute to its advantages of short-time
biodegradation, biocompatibility with human tissues, anti-microbial and antifungal activities and
non-toxicity. Therefore, chitosan-based nanofiber membrane/film has attracted great attention in food
preservation and packaging technology [66,67].

Ohkawa et al. [68] successfully prepared pure CS electrospun nanofibers with trifluoroacetic
acid (TFA) as spinning solvent for the first time, because TFA can form salt with amino group in
chitosan, effectively reducing the interaction between CS molecules, making electrospinning easier.
In addition, the high volatility of TFA is beneficial to the rapid solidification of CS-TFA electrostatic jet.
The concentration of CS also affects the morphology of fibers. When the mass fraction of chitosan is
6% or lower, beads and fibers coexist. When the mass fraction of CS is 7%, beads obviously decrease.
When the mass fraction of CS is 8%, the spinning effect is better. The diameter of obtained fibers
ranges from 390 to 610 nm, with an average diameter of 490 nm, but there still are small beads
and interconnected fibers can be seen. To avoid the above phenomena of beads and interconnected
fibers and improve the uniformity of electrospun fibers, dichloromethane (DCM) was added into
chitosan-TFA solution. Under the optimum conditions, uniform CS nanofibers with an average
diameter of 330 nm can be obtained.

In addition to the TFA as solvent, another effective solvent for chitosan is concentrated acetic acid.
Geng et al. [69] studied the electrospinning of CS with concentrated acetic acid as solvent. The results
show that with the increase of acetic acid concentration, the surface tension of chitosan-acetic acid
solution decreases, while the viscosity does not change significantly. At the same time, the charge
density of the jet increases. When the mass fraction of acetic acid is 30%, nanofibers begin to appear,
accompanied with a large number of beads; when the mass fraction is 90%, uniform fibers with
an average diameter of 130 nm can be obtained, and no beads appear. The molecular weight and
concentration of CS also affect the formation of fibers. Only when the molecular weight of CS is about
1.06 × 105 g/mol and the mass fraction is 7–7.5%, the beadless nanofibers can be produced. However,
high content of CS (more than 90%) cannot be well dissolved in solvent, which is difficult to meet the
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requirements of spinning viscosity. In addition, the electric field strength also affects the formation of
fibers. When the electric field strength is 1 kV/cm, spindle beads and coarse fibers appear. When the
electric field strength is 3–4.5 kV/cm, uniform and regular fibers can be formed. However, when the
electric field strength is greater than 4.5 kV/cm, a great number of beads could exist in the obtained
fine fibers due to the tensile force increases and the charged jet is unstable.

Besides the solvent composition and concentrate, the fiber morphology is also influenced by other
parameters, such as applied voltage, needle diameter, receiving distance and feed rate. For instance,
Sencadasa et al. [70] investigated the effects of electrospinning parameters on the average diameter and
width distribution of CS nanofibers. By controlling the solution parameters and process parameters,
the spinning process gets more stable, and the target fiber size could be customized. However,
the parameters of the needle tube diameter and feeding speed have no effect on the fiber diameter.
When the applied voltage is increased, the diameter of the fibers would decrease. Furthermore, with the
reduction of receiving distance, the fibers diameter at the tip of the needle decreases due to the decrease
of electrostatic field intensity.

Zein, a kind of storage protein in corn, has a good film-forming property owing to its rich
sulfur-containing amino acids that could connect the disulfide bond and water release bond. As a
renewable polymer protein, zein has good biocompatibility, which can be used not only as fresh-keeping
film, but also as film coating for food preservation [71]. Moreover, it can also be used as edible packaging
films in food packaging.

Takanori et al. [72] investigated the parameters such as electric field and polymer solution
concentration in the electrospinning process to prepare zein nanofiber membranes. They choose 15 kV
and 30 kV as the field strength and 80 wt.% ethanol aqueous solution as solvent. It is found that
when the electric field strength is 15 kV, the polymer concentration is mainly 21 wt.%. However,
the electric field strength is increased to 30 KV, fibers could be generated at 18 wt.% of polymer
concentration. Neo et al. [73] also prepared the electrospun zein membranes with the 80% ethanol as
solvent, and further studied the fiber morphology affected by three processing parameters including
solution concentration, electric field strength and solution parameters. That is, with the increase of zein
concentration, the viscosity of solution would increase, which promotes the formation of bead-free
fiber, and the average fiber diameter become larger. They also found that there is an interaction effect
between the electric field and feed rate of the solution. At a high voltage, changes of the fiber diameter
have a more sensitive response to the feed rate of the solution. Similarly, changes in fiber diameter
were also found to be more responsive to the applied voltage at a high feed rate. However, at a low
applied voltage, the effect for the feed rate on average fiber diameter will not be significant since the
amount of charges are not enough to accelerate the solution.

Polyvinyl alcohol (PVA) film is a kind of antistatic film with good performance, which is widely
used in the sales and packaging of textiles and clothing. Compared with polyethylene, polypropylene
and other general-purpose films, polyvinyl alcohol film exhibits the advantages of high transparency,
good antistatic property, which can significantly reduce the dust absorption effect [74–76]. Furthermore,
polyvinyl alcohol is often used in water-soluble packaging.

Tao et al. [77] studied the effects of molecular weight and concentration in a PVA-water system on
the morphology and structure of PVA electrospun nanofibers (Figure 2). They found that with the
increase of molecular weight, the morphology of PVA fibers can be changed from bead to beaded
fibers, then to smooth fibers and finally to flat ribbons at the same concentration. Supaphol et al. [78]
further explored the effects of solution concentration and parameters change during electrospinning
process (applied voltage and collection distance) on the morphology and fiber diameter of as-spun
PVA fiber mats and individual fibers. In the range of solution concentration (6–14%), the average fiber
diameter for as-spun PVA fiber mats decreases with the increase of solution concentration and applied
voltage, which ranges from 12.5 to 25 kV. At a fixed applied potential of 15 kV, when the receiving
distance was changed within a certain range (5–20 cm), the average fiber diameter would become
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smaller as the receiving distance increased. In addition, there is a decrease of the viscosity that can be
observed after sonication, which could result in a decrease of average fiber diameter.

 

Figure 2. Photographs showing the range of structures that can be produced as the concentration
(wt.%) is increased at Mw = 18,000 g/mol [77]. © 2006 Elsevier B.V. All rights reserved.

In another study, Yang et al. [79] employed bubble electrospinning, a special electrospinning
method, to prepare PVA nanofibers, and studied the effects of solution concentration and viscosity on
the morphology and fiber diameter. They concluded that the higher PVA concentration in solution,
the smoother surfaces and larger diameters in the obtained nanofibers. There is an allometric scaling
relation between the diameter and PVA aqueous solution concentration: d∝Cˆ5. Niu et al. [80] fabricated
PVA nanofibers via a needless method, which utilized a cone-shaped metal wire coil as a spinneret
instead of needle. This method would increase the fiber production efficiency and achieve a finer
average fiber diameter than that of traditional electrospinning. In the same year, this group [81]
reported a needleless electrospinning method including a rotating disk and cylinder to prepare PVA
nanofibers, and discussed the effect of nozzle shape on spinning process and fiber morphology. On one
side, this needleless electrospinning method could improve the productivity, which overcomes the
shortcomings of the traditional multi-needle electrospinning method such as large operating space and
careful design. On the other side, needleless electrospinning avoids strong charge repulsion between
the spinneret and adjacent needles, resulting in an even fiber deposition.

Apart from three polymers mentioned above, some degradable polymers have also been applied
in food packaging field, such as polycaprolactone (PCL), poly (propylene carbonate) (PPC), polylactic
acid (PLA) and natural cellulose, starch. Moreover, electrospinning plastic materials, such as polyvinyl
chloride (PVC), polyethylene (PE), polypropylene (PP), polystyrene (PS), polyethylene terephthalate
(PET) and nylon, are commonly used in the field of packaging as well.
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2.2. Mixed Electrospun Packaging Membrane

Electrospinning of polymer blends enables the produced nanofibers possess multi-function from
each constituent. Up to now, there are many ways for solution mixing, such as electrospinning of
multi-components mixed solutions, and design of jet device to obtain multi-components mixed fiber
membranes. In the food packaging industry, electrostatic spinning technology is usually employed to
prepare composite mats of two or more components.

2.2.1. Blending with Different Polymer Solutions

Before electrospinning, by mixing two or three polymers in spinning solutions, the fiber membranes
with better performance could be obtained. Recently, some natural and natural-derived polymers
have been used to prepare electrospun fibers through blending with other functional polymers in
spinning solutions.

Feng et al. [82] blended gelatin (GT) and PCL (50:50) in trifluoroethanol (TFE) cosolvent, and
found a phase-separation behavior of the GT/PCL polymers, which leads to inferior morphology
of fibers during the electrospinning. In order to solve this problem, they added a tiny amount of
acetic acid to the mixed solution. As a result, the opaque solution became transparent immediately
without any obvious precipitation for over one week, and the obtained nanofibers demonstrated a thin,
smooth and homogeneous morphology.

Chitosan is soluble in many solvents. It is soluble in organic acids, such as dilute acetic acid,
formic acid and lactic acid, and also soluble in the mixture of water and methanol, ethanol or acetone,
and its physical and chemical properties can be used for electrospinning, so it is often mixed with
other polymers to prepare electrospinning fibers. González et al. [83] studied the thermophysical
properties of CS + starch + PET fibers via a blending electrospinning, which could have excellent
mechanical properties, thermal stability and biodegradability due to the strong intermolecular force
among three components verified by Infrared spectra. Sajeev et al. [84] electrospun PVA and CS
in a mixed homogeneous solution to prepare nanofibers and fiber mats. The effects of parameters
(such as flow rate, receiving distance and voltage) on the morphology and fibers diameter were also
investigated. It was found that the effects of parameters on fibers accorded with a simple extensional
creep model. In addition, there is a negative correlation between the content of CS and fibers diameter,
which is because the CS is an ionic polyelectrolyte that could enhance the charge density of the surface
of jet stream and the received electric field force, causing a decrease of fiber diameter.

2.2.2. Blending by Multiple-Jet Electrospinning

Traditional single-nozzle electrospinning method has restricted its industrial application because
of its low output. After years of research and design, the combination of multiple nozzles with different
specifications and quantities has been developed.Different nozzles are injected with various solutions,
which are mixed and entangled into fibers, then deposited into mats during the electrospinning (as
shown in Figure 3, [85]). For example, Ding et al. [86] prepared a series of biodegradable PVA/cellulose
acetate (CA) nanofibrous mats via a multi-jet electrospinning method. The weight ratio of the PVA
and CA in fiber mats can be controlled by changing the number ratio of PVA/CA jets. Moreover,
this multiple-jet electrospinning process ensures a good dispersion of two polymers in the PVA/CA
hybrid felts.

The method described below can also be used to prepare hybrid electrospun fibers. Wang et al. [87]
utilized a special multi-jet electrospinning method to spin the melted polyethylene and PCL, which
actually was an unconfined spinning geometry instead of a needle as performed in Figure 4. In this
process, due to the influence of the applied electric field, numerous parallel jets of molten polymer
are formed at the plate edge, and finally polymer films are obtained on the collector. Compared
with traditional needle electrospinning, unconfined geometries [88–91] rely on electric-field induced
spontaneous fluid perturbations to form jet sites, rather than mechanically pumping fluid through a
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confining nozzle. As the nozzle blockage does not occur in this device, and nanofibers from parallel
jets could be prepared synchronously in such an open configuration, so that the production rate has
been greatly improved. It is a convenient and high-throughput method for industrial production of
microfibers and nanofibers with thermoplastic or other high-viscosity fluids.

 

Figure 3. A schematic of the experimental setup used in the multi-jet electrospinning process [85].
© American Chemical Society 2014.

 

Figure 4. (a) Sequential images of the polymer-melt coated plate edge showing the progression of
the fluid with time (in minutes, right side) at 180 ◦C at an applied voltage of −45 kV. The plate is
oriented horizontally and being viewed from above. (b) Image of electrospinning from a polymer melt
coated source plate (PE at 170 ◦C, −45 kV) in steady state (i.e., after 30 min). The black arrows indicate
non-jetting perturbations. This figure is adapted from [87]. © 2014 IOP Publishing Ltd.

2.2.3. Blending by Coaxial Electrospinning

Coaxial electrospinning could produce a new type of nanofibers with a core-shell structure. In the
coaxial electrospinning [57], the syringe is designed as two chambers, the outside chamber is generally
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filled with the polymer solution, and another polymer solution or powders in the inside chamber.
During the electrospinning, a core-shell droplet firstly appears at the outlet of the core-shell needle,
and then forms the core-shell structure fibers under the force of electric field.

Yao et al. utilized coaxial electrospinning technology to successfully prepare a novel antibacterial
composite through encapsulating orange essential oil (OEO) in zein prolamine. The obtained fine
fibers ranging in diameter from 0.7 to 2.3 μm depending on the zein prolamine solution concentration
and process parameters. Fiber composites exhibit an antibacterial activity against Escherichia coli and
can be used as food packaging materials for bioactive food preservation, such as extending the shelf
life of fruits [92].

It is common that the shell and core are different polymers. Komur et al. [93] fabricated starch and
PCL composite nanofibers by coaxial needle electrospinning technique as shown in Figure 5. In this
paper, the PCL solution was fed through the inner needle, and the starch solution was located at the
outer medium. It was found that processing parameters have a significant influence on the fibers
diameter, including polymer concentration, flow rate and voltage. The effect of starch ratio on the
physical properties and morphological structures of fiber was also studied. That is, the higher the
proportion of starch, the greater of the electrical conductivity, viscosity and density, while the beads
would more likely appear in the fibers due to the starch tends to prefer to form beads rather than
fibers. When the ratio of the starch increases, the volume of beads would become larger, which will
cause the average fibers diameter becomes larger and the fibers strength gets higher. Park et al. [94]
prepared levofloxacin-loaded CS and PCL nanofibers by coaxial electrospinning to control the release
of antibiotics. They employed CS containing levofloxacin as a core, and PCL as a shell. PCL with
different concentrations (8, 12, 16 and 20 wt.%) were set up to explore the effects of nozzle shapes on
the sustained release of levofloxacin. As expected, the CS-PCL nanofiber scaffolds with coaxial nozzles
had better performance on the sustained release of levofloxacin. Alharbi et al. [95] prepared PLA/PVA
and PVA/PLA nanofibers with core/shell-structure to study the mechanical properties of PLA and
PVA composite. According to the mechanical test results under static loading, the tensile strength and
plasticity of core/shell PLA/PVA nanofibers increased by nearly 233% and 150% respectively compared
with the original value. Dynamic loading and creep loading experiments show that there is a strong
physical interaction between PLA layer and PVA layer, which could improve the mechanical properties.

 

Figure 5. Schematic representation of the coaxial needle electrospinning set-up [94]. © The Korean
Society of Pharmaceutical Sciences and Technology 2012.
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Sometimes, functional substances such as antibacterial substances are loaded into the core of
the coaxial electrospun fiber, which would release later so as to be effective. Korehei et al. [96]
directly incorporated the T4 bacteriophage into the fiber core to prepare a core/shell fiber structure
via a coaxial electrospinning method. The electrospun fibers were produced using a PEO/chloroform
solution as the shell and a T4 bacteriophage/buffer suspension as the core. Coaxial electrospinning
could produce continuous core/shell fibers with bead-free morphology, and the T4 bacteriophage was
uniformly incorporated in the core of fibers. The core/shell fiber encapsulated bacteriophage exhibits
full bacteriophage viability after storing for several weeks at +4 ◦C, which can be applied in meat
packaging. He et al. [97] employed coaxial electrospinning technology to prepare anti-infective drug
delivery carriers (Figure 6), i.e., poly (e-caprolactone)/zein uniform beadless core/shell nanofibers
loaded with metronidazole (MNA). The prepared fiber membranes were hydrophobic and could
inhibit the growth of anaerobic bacteria by releasing MNA.

 
Figure 6. Structure diagram of coaxial fiber [97]. © Elsevier Inc. All rights reserved 2016.

2.3. Addition of Inorganic Fillers

In order to achieve multi-function for nanofiber-based food packaging materials, various fillers
have been added into polymer substance, especially inorganic fillers that possess conductivity,
magnetism, antibacterial property, etc. [98–101]. Then, a nanofiber-based food packaging material
could be prepared through the electrospinning technique.

2.3.1. Conductive Fillers

Electrostatic hazard is a common problem in the packaging industry. Some severe accidents and
impacts, such as fire, explosion and dust absorption are related to the electrostatic effect. Generally
speaking, the insulating material is easy to produce static electricity. Adding conductive fillers is an
efficient way to solve the problem and enhance the antistatic performance. Moreover, conductive
packaging materials have a great potential for application in smart packaging due to their combination
with some electronic devices.

Carbon-based conductive materials are often used as conductive additives to prepare
conductive/anti-static packaging materials with wide application and large usage [102]. Carbon black
has been widely adopted, but it has a huge loss of mechanical properties for the composites.
By comparison, carbon nanotubes (CNTs) exhibit the advantages of less filling amount and negligible
mechanical properties effects, which are emerged as a new generation of carbon-based conductive
materials. Yang et al. [103] prepared electrospun biodegradable PLA composites which using CNTs
as conductive fillers. They found that the morphology of the fibers is related to the loading of
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CNTs. At a low loading level, the CNTs can be well embedded in the PLA matrix to form a fiber
axis-oriented nanowire structure. At a high loading level, the CNTs are mainly dispersed in the form of
bundles along with the fiber axis, and the resulting fibers are tortuous or misshaped. Meng et al. [104]
studied the effects of different multiwalled CNTs (MWCNTs) content (0.1%, 0.5%, 1%, 2% and 5%)
on the properties of non-bead PCL-MWCNTs nanofiber membranes, which found that the diameter
distribution, average diameter, crystallinity and tensile strength are increased with the addition of
MWCNTs. Moreover, the electrospun PCL–MWCNTs nanofiber membranes also exhibited a good
degradability. Giner et al. [105] obtained electrospun nanocomposite fibers mats by embedding
graphene nanoplatelets (GNPs) in poly (ethylene-co-vinyl alcohol) (EVOH) fibers. The heat-treated
fibers mats at 158 ◦C could produce continuous, contact and transparent films, which have a great
potential to be applied in the intelligent packaging field. For instance, smart labels or tags can
be anticipated.

2.3.2. Magnetic Fillers

For various electronic components, such as electronic precision instruments, medical devices,
computers, automatic office equipment and other products, are sensitive to electromagnetic radiation,
therefore, the anti-electromagnetic radiation packaging is urgently needed. Adding magnetic filler
is an effective way to endow materials with anti-electromagnetic radiation performance. Recently,
Iron oxides or compounds have been often employed as the magnetic fillers for electrospun nanofibers.

Song et al. [106] encapsulated self-assembled iron-platinum (FePt) magnetic nanoparticles in PCL
nanofibers by coaxial electrospinning. The discrete FePt nanoparticles array can be arranged in a
long-range order along the fiber axis at 3000 nm. Wang et al. [107] prepared Fe3O4/PVA composite
nanofibers by combining in-situ polymerization and electrospinning technology. The Fe3O4 magnetic
fluids were synthesized through chemical co-precipitation method in the presence of 6 wt% PVA
aqueous solution, which avoids the agglomeration of magnetic nanoparticles due to the stabilizing effect
of PVA. Wei et al. [108] prepared a porous magnetic biodegradable Fe3O4/CS/PVA nanofiber membranes,
and explored the influence of electrospinning parameters (polymer concentration, Fe3O4 content
and magnitude of applied voltage) on the morphology of fibers. When the polymer concentration
was 4.5 wt.%, the applied voltage was 20 kV and the loading of Fe3O4 nanoparticles was less than
5 wt.%, the uniform, smooth and continuous Fe3O4/CS/PVA nanofiber membrane can be obtained.
Stylios [109] reported the effect of processing parameters on the morphology of PVA/FeCl3 magnetic
composite fibers, such as applied voltage, receiving distance, flow rate and solution concentration.
This research provides guidance for the subsequent manufacture of flexible magnetic composite
membranes. Kumar et al. [110] electrospun the PLA, PEG and magnetic nanoparticles (Fe3O4@SiO2

core-shell NPs) mixed solution at room temperature to prepare a series of fibers. With other parameters
remaining unchanged, the fiber diameter was reduced from 6 to 3 micrometers after the PLA solution
was added to PEG. When the PLA solution mixed with PEG +MNPs (magnetic nanoparticles), the
fiber diameter was decreased from 3 to 1 μm.

2.3.3. Photocatalytic Fillers

Photocatalytic fillers have the ability to impart the self-cleaning properties to functional packaging
materials. Many scholars demonstrate the self-cleaning ability of materials by testing the rate of dyes
degradation with different colors.

TiO2 is a non-toxic, low-cost and good photocatalytic filler, which is often used to treat pollutants.
Bedford et al. [111] prepared a photocatalytic self-cleaning fiber membrane through a coaxial
electrospinning device, which employed a CA solution as a core and the TiO2 dispersion as a
shell. The obtained self-cleaning fiber membrane had been tested to completely degrade the blue
dye within 7–8 h when exposed to a halogen lamp (Figure 7). Nasikhudin et al. [112] prepared
PVA/TiO2 composite nanofibers by electrospinning method, and studied the photocatalytic activity for
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the degradation of methylene blue under ultraviolet light. It was found that the PVA/TiO2 composite
nanofibers suspended in dye solution could degrade 70% of the dye within 5 h.

ZnO is often doped as the filler into photocatalytic composite fibers because of its simple synthesis,
non-toxic and pollution-free. Liu et al. [113] electrospun precursor solution of zinc acetate (ZnAc)/CA
in mixed-solvent of N, N-dimethylformamide/acetone, then calcined that to obtain photo-catalytically
active ZnO nanofibers. According to experiments, they found that ZnO nanofiber mats could degrade
nearly 60% of Rhodamine B within 2 h under visible light irradiation. Khan et al. [114] successfully
manufactured ZnO/poly (1,4-cyclohexanedimethylene isosorbide terephthalate) (PICT) nanofibers by
electrospinning technique. When the load concentration of ZnO is 9% and the concentration of PICT is
10%, the composite fiber can achieve 99% self-cleaning efficiency within three hours exposed to UV light
(Figure 7a). Apart from endowing the composite electrospun fiber membrane with self-cleaning ability,
some photocatalytic fillers can also remove some organic compounds in the package. For example,
Zhu et al. [115] prepared the electrospun PP films, which can be potentially be used as packaging
material for bananas, because TiO2 loaded in the fiber membrane would catalyze the degradation of
ethylene and delay the excessive ripeness and deterioration of banana fruits (Figure 7b).

 
Figure 7. (a) Comparison of photocatalytic activity of fibers with and without ZnO [114],© 2018 SAGE
Publications. (b) photographs of bananas stored for 10 days covered with PP film (control) or PP film
and nanofiber containing 5 wt% TiO2 [115]. © Springer Science+Business Media, LLC, part of Springer
Nature 2018.

2.3.4. Antibacterial Fillers

Antimicrobial packaging materials has played a majority role in the field of food packaging,
which could limit or prevent the growth of food spoilage bacteria or pathogens by prolonging the
stagnation period of microorganisms, slowing down the growth rate or reducing the survival number
of microorganisms, so as to ensure the quality and extend the shelf life of food. So far, there are three
kinds of common antibacterial agents, which are the inorganic antibacterial agent, organic chemical
antibacterial agent and natural biological antibacterial agent, respectively. Inorganic antibacterial agents
mainly refer to some metal ions (such as Ag+, Cu2+, Zn2+, etc.) or their compounds that would have
antibacterial activity, and also the atomic oxygen sterilization, which is produced by a photochemical
reaction. Among them, zinc oxide and titanium dioxide are the most investigated in previous reports.
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The main characteristics of inorganic antibacterial agents are good heat resistance, wide antibacterial
range, long effective antibacterial period and not easy to produce drug resistance [116].

Amna et al. [117] reported for the first time the fabrication of olive oil/polyurethane (PU) composite
nanofibrous packaging mats decorated with ZnO nanoparticles by electrospinning. PU is thermoplastic
polymer that demonstrates outstanding mechanical properties and water insolubility. Meanwhile,
PU possesses good barrier properties, oxygen permeability and more like to the FDA (Food and
Drug Administration) point. Olive oil, a natural material, is often loaded with various antibacterial
ingredients, flavonoids and antioxidants. Likewise, zinc oxide nanoparticles (ZnO) possess antibacterial
activity, which is low toxicity and biodegradability. These kinds of biodegradable packaging materials
have displayed a potential antimicrobial activity against S. aureus and S. typhimurium. Therefore, it can
be used for packaging fresh or processed meat and meat-based products (Figure 8). The synthesized
nanofibers have the opportunity to replace non-degradable films and overcome the complexity
of recycling.

 
Figure 8. Electrospun hybrid mats; its antimicrobial concept and projected future applications as
packaging material for meat and meat-based products [117]. © Association of Food Scientists &
Technologists (India) 2014.

2.4. Post-Treatments of Electrospinning Membrane

Post-treatments, such as hot working, surface modification, dip coating, etc., could greatly enhance
the performance of electrospun membranes, even expand the application range to meet the high
requirements of designers.

2.4.1. Thermal Treatments

By heating the electrospun membrane, the nanofibers in the electrospun membrane can be
crosslinked, and the properties such as mechanical properties can be further improved. For example,
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Lee et al. [118] fabricated PVA nanofibers crosslinked with blocked isocyanate prepolymer (BIP) by the
electrospinning process and subsequent thermal treatment. Their experiment showed that a chemical
cross-linking reaction occurs between the hydroxyl group of PVA and the isocyanate group of BIP
during the thermal treatment. After the chemical cross-linking finished, PVA/BIP nanofibers not
only have a significant improvement in mechanical properties and water resistance, but also have an
increased thermal stability. In addition, the fibers membrane has the general advantages of electrospun
nanofibers, which is owing to a large surface area and high porosity, resulting in a wider application
potential. Lee et al. [119] employed an electrospinning technology to prepare PCL fibers. In order to
improve the mechanical properties, the fibers were placed in Pluronic F127 solution and heated at a
various temperature ranging from 54 to 60 ◦C for 30 min. After the heat treatment, bonding occurs
between fibers, and the biomechanical properties are improved significantly. Thus, these fibers possess
adequate tensile properties, suture retention strength and burst pressure strength.

Theoretically, the solvent needs to volatilize in the electrospinning process, but there is always
a little solvent remains in the fiber. As an effective strategy, thermal treatments could promote the
volatilization of residual solvent. D’Amato et al. [120] have developed a new method for removing
residual solvents to prolong the release time of small molecules in electrospun fibers (Figure 9).
Firstly, degradable poly(L-lactic acid) (PLLA) composite nanofibers containing hydrophobic drug
6-aminonicotinamide (6AN) were prepared by using electrospinning technology. Then the composite
nanofibers were placed in laboratory environment for 28 days, and heat-treated at fixed temperature
and environment in incubator that was maintained at 37 ◦C, 5% CO2, and 90–95% relative humidity.
Compared with the untreated blank sample releasing 6AN over 9 days, the drug release time of PLLA
composite nanofibers with heat-treatment can be extended to over 44 days.

 

Figure 9. Schematic of the effects of solvent removal on the 6AN distribution inside of an individual
electrospun nanofiber. (A) A single PLLA fiber immediately after electrospinning with uniformly
distributed 6AN. (B) A single PLLA fiber after solvent removal shuttled 6AN from inaccessible fiber
core towards the fiber surface [120]. © Elsevier Ltd. All rights reserved 2017.

2.4.2. Surface Modifications

The surface properties of nanofibers play an important role in packaging materials. Although
electrospinning technology can produce fiber membranes with special internal structure, the surface
properties of fiber membranes still cannot meet the application in food packaging fields, such as
wettability, adsorption, etc. Thus, the subsequent modification is needed to change or modify surface
of electrospun nanofibers in order to meet the packaging field characteristics and special application
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requirements [121]. There are two usual strategies to modify the surface of electrospun film, one is
grafting on the surface and the other is plasma treatment on the surface.

In the field of food packaging, the surface modifications for electrospun fiber membrane are often
used to endow the membrane with antibacterial properties. For example, Li et al. [122] prepared the
surface of electrospun poly(D,L-lactide) (PDLLA) membrane by plasma pretreatment, UV initiated
graft copolymerization of 4-vinylpyridine (4VP) and quaternization of the grafted pyridine groups
with hexylbromide. The antibacterial rate of the surface modified electrospun fiber membrane against
gram-positive Staphylococcus aureus and gram-negative Staphylococcus was 99.999%.

Additionally, surface modifications can also improve the physical properties of electrospun fiber
membrane, such as mechanical properties. Surucu et al. [123] reported a dielectric barrier discharge
(DBD) Ar +O2 and Ar +N2 method to modify the surface of PCL/chitosan/PCL nanofibers. The plasma
modifications based on Ar + O2 had improved the mechanical properties and oxygen functionality.

2.4.3. Dip-Coating of Electrospinning Membrane

The dip coating method is to immerse the electrospun fiber membrane in a container for a period
of time and take it out, so that the coating is attached to the electrospun fiber. The advantages of dip
coating are high production efficiency and simple operation.

Some researchers coated electrospun fibers by the solution or suspension of antibacterial substances
to make the composite fibers antibacterial properties. Ignatova et al. [124] combined electrospinning and
impregnation techniques to prepare new materials of caffeic acid phenethyl ester (CAPE)/PVP-n-poly
(3-hydroxybutyrate) (PHB). The prepared new CAPE-containing material has good antioxidant
activity, suggesting that addition or coating of CAPE to the fiber can completely kill Gram-positive
S. aureus and inhibit the growth of Gram-negative E. coli, which is expected to be used in the field of
antimicrobial packaging.

Goha et al. [125] prepared beadless, smooth surface PLA/CS nanofibers by electrospinning,
and then coated PLA nanofibers with cerium-doped bioactive glass (CeBG), copper-doped bioactive
glass (CuBG) and silver-doped bioactive glass (AgBG). Then they tested the bacteriostatic activity
against Escherichia coli (ATCC 25,922 strains) by the disk diffusion method, and found that the CeBG and
CuBG modified PLA/CS nanofibers did not produce bacteriostatic areas against E. coli in three samples.

Yakub et al. [126] also combined electrospinning technology with the impregnation method to
prepare PCL/CS composite nanofiber by using the natural phenolic acid ferulic acid (FA) as raw
materials. The experimental results showed that a combination of FA and CS in the fibers is more
effective for killing Staphylococcus aureus than FA-containing mats or CS-coated mats, and all the
composite fibers containing CS and FA have a good antimicrobial activity.

This method can also modify the electrospun fiber membranes from hydrophobicity to
hydrophilicity. Hu et al. [127] fabricated PLA/beta-tricalcium phosphate (b-TCP) composite fiber
membranes, after that, the membrane was immersed in 5.0% (w/v) polyethylene oxide solution at
room temperature for 5 minutes. After the dried, hot pressed and other steps, the surface modified
composite fiber membranes were obtained, which exhibited an enhanced degradation rate, and a
change of surface characteristic from hydrophobic to hydrophilic.

3. Functional Materials for Food Packaging Applications

The purpose of food packaging is to ensure the quality and safety of food, provide convenience
for users, highlight the appearance and mark of commodity packaging and improve the value of
merchandise. Most importantly, food packaging can prevent food deterioration and ensure food
quality. With the progress of science and technology and the improvement of people’s consumption
level, functional food packaging is more and more crucial in people’s daily life.

Fresh keeping, environmental protection and convenience are the new development direction of
food packaging. Choosing proper packaging materials should not only consider the requirements of
consumers and the needs of producers, but also consider the coordination and influence with
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the environment. In principle, the electrospun nanofibers used in food packaging must have
biocompatibility and low toxicity, even non-toxic. Based on these above considerations, functional food
packaging materials gradually require some special characteristics like degradable, super-hydrophobic,
self-cleaning, edible, antibacterial and high barrier.

3.1. Degradable Electrospun Packaging Membrane

At present, most of the packaging materials are polymers, such as polyethylene, polypropylene,
polystyrene, polyvinyl chloride and so on, which are very stable in nature and difficult to degrade.
The employment of these materials in packaging industry has caused a serious white pollution due to
numerous consumptions of disposable goods, such as disposable tableware and plastic bags. Therefore,
in the field of functional packaging, many scholars began to study polymers that could be able to
degrade in the natural environment.

The degradable packaging materials generally refer to degradable plastics. According to the
traditional classification, degradable plastics can be divided into two categories: photodegradable
plastics and biodegradable plastics. So far, biodegradable polymers are very popular in the functional
packaging field. Some chemically synthesized polymers, such as PCL, PPC, PLA and PVA are often
used in food packaging materials through electrospinning. The presence of these polymers with good
biocompatibility can provide a basic comprehension for functional modifications of packaging materials.

Biodegradable polymer materials synthesized by chemical method are similar to natural polymers
or polymers with easily degradable functional groups, which can be designed and adjusted to meet
the actual needs.

PCL possesses high biocompatibility and biodegradability, which always is applied as degradable
packaging. Katsube et al. [128] prepared electrospun PCL nanofibers by using a solution of
12 wt. % PCL in acetone with a capillary flow rate of 24 mL/h, and an electric field of 1.005 kV/cm.
Furthermore, the mechanical behavior of electrospun PCL under tensile loading was investigated.
Subramanian et al. [129] studied the formation of nanofibers during electrospinning process by using
melting PCL as spinning solution, and explored the effects of process parameters such as applied voltage,
electrode spacing and molecular weight on fibers diameter. In this work, the diameter distribution was
5–20 microns. By controlling process parameters, the proportion of fine fibers in melt-electrospun PCL
mesh was increased. Gaudio et al. [130] used 14% w/v solutions in mixture 1:1 of tetrahydrofuran and
N, N-dimethylformamide and chloroform to fabricate micrometric and submicrometric fibrous
PCL. The experiments have proved that PCL was nontoxic. Additionally, Bhullar et al. [131]
used environmentally friendly and non-toxic melt spinning to obtain PCL micro-fibrous structure,
followed by impregnation of bioactive rosemary extract. As expected, the rosemary extract was
uniformly dispersed in the PCL microfiber structure. Finally, the bioactive packaging materials with
satisfactory antimicrobial, structural and thermal properties can be obtained. The active bio-composite
is biodegradable and biocompatible, which is able to replace traditional packaging materials.

CO2 can be copolymerized with epoxy monomers to obtain a series of biodegradable
polycarbonates, among which PPC is an alternating copolymer of carbon dioxide and propylene oxide
(PO). Using CO2 as monomer to synthesize PPC can not only overcome the shortage of petroleum
resources, but also help to reduce carbon dioxide pollution. Generally speaking, PPC has good
tensile toughness, transparency, biocompatibility and biodegradability. Park et al. [132] used sol–gel
electrospinning to prepare pure PPC nanofibers, and found that the mechanical properties of pure PPC
were significantly improved after the heat treatment at 60 ◦C due to the highly bonded structure of
nanofibers, which was further interpreted by SEM diagram. Nagiah et al. [133] obtained PPC ultrathin
fibers with 10% w/v polymer solution, which have good thermal stability, mechanical properties and
high porosity.

PLA is defined as the most promising new packaging material in the new century by the industry,
which has a series of advantages such as complete biodegradation, environmental friendliness and
recyclability. PLA can be made into film products with high transparency, excellent processability and
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mechanical properties, which are often used in food packaging. Li et al. [134] studied the morphology,
structure and tensile properties of electrospun PLA porous nanofibers with different crystallinity. It was
reported that rigid porous PLA nanofibers with high tensile modulus, high strength and small strain
can be obtained by the denser structure and enhanced molecular orientation during electrospinning.
The study from Casasola et al. [135] demonstrated that the effects of solution properties on the
morphology and diameter of PLA nanofibers. It was found that there was the highest fiber productivity
in the solvent system of acetone/dimethylformamide, which could prepare the defect-free nanofibers.
In this system, the effect of polymer concentration on the formation of PLA nanofibers was also studied.
The structure of PLA nanofibers obtained from the critical chain entanglement concentration (CE) was
beaded and the defect-free nanofibers were obtained by increasing the concentration about twice higher
than that of the entanglement concentration. Critical chain entanglement concentration has positive
correlation with its elastic modulus and plastic modulus. In addition, the higher the conductivity of
the solvent, the finer the diameter of the fiber.

Tang et al. [136] obtained a kind of electrospun PLA nanofibers with remarkable nano-porous
surface and super high specific surface area. The formation mechanism of nanopores on the surface of
fibers is solvent phase separation. Huang et al. [137] further studied the effect of different solvents on
the surface morphology and internal porous structure of electrospun PLA fibers. Both surface and
internal pore can be achieved through different mechanisms. It could be clearly found in Figure 10
that by choosing different solvent systems, electrospun PLA nanofibers with porous surface or inner
surface and their combination can be obtained under suitable humidity and environment conditions.

 

Figure 10. (a) Schematic diagram of surface pore formation induced by breath figures mechanism.
(b) Schematic diagram of porosity induced by a vapor induced phase separation (VIPS) mechanism [137].
© Elsevier Ltd. All rights reserved 2018.

Tomaszewski et al. [138] studied the effects of molecular weight of PLA and spinning solution
viscosity on the thickness and quality of fiber felt. In addition, the thermal and tensile properties of
fiber felt were also studied. Li et al. [139] came to a similar but more detailed conclusion, which are

22



Nanomaterials 2020, 10, 150

the uniform fibers that can only be obtained when the concentration of low molecular weight PLA
solution is above the entanglement concentration. On the contrary, when the concentration of high
molecular weight PLA solution is below entanglement concentration, uniform fibers cannot be obtained.
Meanwhile, due to the low viscosity and deformation resistance of precursor solution, the PLA nanofiber
has remarkable molecular alignment, which also leads to a rapid cold crystallization and high modulus
in the nanofibers.

In the field of food packaging, biodegradable PVA is often combined with other substances to
achieve the target functionality owing to some simple electrospinning conditions. Kayaci et al. [140]
successfully produced PVA nanowebs incorporating vanillin/cyclodextrin inclusion complex
(vanillin/CD–IC) via an electrospinning technique with the goal to obtain functional nanowebs
containing flavor/fragrance molecules with enhanced thermal stability and durability. Therefore,
PVA/vanillin/CD–IC nanowebs can be quite applicable in active food packaging. Wen et al. [141]
fabricated electrospun PVA/cinnamon essential oil/b-cyclodextrin (PVA/CEO/b-CD) antimicrobial
nanofibrous film, which can effectively prolong the shelf-life of strawberry, indicating it is potential for
the application in active food packaging (Figure 11).

 

Figure 11. Appearance changes of strawberries stored at 21 ◦C. (a) Control; (b) packed with
fresh-keeping film and (c) packed with PVA/cinnamon essential oil /b-CD nanofilm [141]. © Elsevier
Ltd. All rights reserved 2015.

3.2. Superhydrophobic Electrospun Packaging Membrane

The superhydrophobic surface has the advantages of self-cleaning and anti-adhesion, which could
delay the deterioration of food and prevent the propagation of microorganisms in food packaging,
so the superhydrophobic packaging membrane is very popular in this field.

Ding et al. [142] obtained superhydrophobic fibrous PVA/ZnO composite films by electrospinning
and surface treatment with fluoroalkylsilane (FAS). First, ZnO with nanostructured surface was formed
by calcining the electrospun composite nanofiber membranes, and then the surface was modified by
fluoroalkylsilane coating to obtain the superhydrophobic surface, and the contact angle of the rest
with water has changed from 0 to 165 degrees, which means that the surface of composite was also
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changed from superhydrophilic to superhydrophobic. The comparative experiments showed that the
superhydrophobic surface of the composite fiber membrane is the result of combination of high surface
roughness and hydrophobic FAS modification.

Actually, the rough surface has played an important role on the superhydrophobic surface, which
involves a principle denoted as lotus leaf effect that is an important part for the superhydrophobic
surface because there are many micron scale protrusions on the lotus leaf surface. The rough structure
increases the air fraction in the space–time contact between the surface and water, and greatly reduces
the actual contact area between water and lotus leaf [143]. Therefore, many research groups use the
so-called nano plate making technology to prepare the surface with artificial lotus leaf. For instance,
Kang et al. [144] utilized the volatility of solvent during electrospinning to prepare PS films with
unique protuberances, which the structure is similar to the surface of the lotus leaf, so the electrospun
fiber membrane has a superhydrophobic property, the water contact angle is 154.2 ± 0.7◦ (Figure 12).

 

Figure 12. (a) FESEM images of electrospun PS fibers from 35 wt.% solution in DMF, (b) water droplet
on electrospun PS fibers from 35 wt.% solution in DMF and (c) variation of water contact angles
depending on surface structures (1: PS film; 2: electrospun PS fibers using THF; 3: electrospun PS fibers
from DMF) [144]. © Elsevier B.V. All rights reserved 2007.

3.3. Edible Electrospun Packaging Membrane

The application of edible packaging in food packaging has a long history. For decades, the familiar
glutinous rice paper used in candy packaging and the corn baking packaging cup used in ice cream
packaging were typical edible packaging. With the improvement of people’s requirements for food
quality and preservation period, as well as the enhancement of people’s awareness of environmental
protection, edible films consisted of natural biological materials are becoming a research hotspot in the
field of food packaging. Generally, edible packaging membranes have different kinds of ingredients
according to their compositions. The first one is polysaccharide membranes, such as starch, cellulose
derivative, pectin, chitosan, etc. the second one is protein membranes, such as collagen, gel, and the
third one is lipid membranes, such as beeswax, paraffin, the fourth kinds is compound membranes,
which are obtained through the combination of three above substances.

Tang et al. [145] prepared edible gelatin based composite fibers by electrospinning. The combination
of gelatin nanofibers with peppermint essential oil (PO) and chamomile essential oil (CO) could enhance
the hydrophobicity of membrane surface, and all the gelatin nanofibers containing PO, CO or PO/CO
had better antibacterial properties against Escherichia coli and Staphylococcus aureus, and had certain
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antioxidant properties (Figure 13). In particular, the addition of PO leads to a better antibacterial
activity of the fiber membrane, while the oxidation resistance of fiber membrane containing CO is better.

 

Figure 13. (a,b) The results of dynamic contact assays against Escherichia coli and Staphylococcus aureus.
(c) The antioxidant performance of gelatin/EOs nanofibers was determined using the DPPH radical
scavenging method, (∗) p (in Tukey’s post hoc test) < 0.05 versus the control group [145]. © American
Chemical Society 2019.

Based on one-step electrospinning technology, Mascheronia et al. [146] proposed an edible
polysaccharide system that can be applied to food packaging. In this system, the cyclodextrin crystal
is surrounded by aromatic compounds and fixed on the Prussian nanofiber mesh. The composite,
combined with the membrane’s pullulan nanofibers, is stable for several months without loss of
volatiles when it was stored in ambient relative humidity and at different temperatures. Due to the
ability of encapsulation and release of antibacterial aromatic compounds, the system has potential
applicability for improving microbial safety, especially for fresh food.

3.4. Antibacterial Electrospun Packaging Membrane

According to the previous description, there are three kinds of antibacterial substances, including
natural biological antibacterial agents (essential oil, etc.), organic chemical antibacterial agents (organic
acid, etc.) and inorganic antibacterial agents.

Cristina et al. [147] successfully encapsulated a naturally occurring antimicrobial compound,
allyl isothiocyanate (AITC) into soy protein isolate (SPI) and PLA fibers by electrospinning technology,
and studied its effect on the fiber properties. By elaborately manipulating the formulation of solution,
the morphology of composite nanofibers can be adjusted. Most of all, it was found that AITC released
from SPI and PLA electrospun fibers could be controlled by changing relative humidity, and the
increase of relative humidity of air can triggers the release of AITC in fibers.

Neo et al. [148] evaluated the applicability of gallic acid loaded zein (Ze-GA) electrospun fiber
mats towards potential active food packaging. As expected, the Ze-GA fiber mats demonstrated
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outstanding antibacterial activity and properties consistent with those considered desirable for active
packaging material in the food industry.

As a natural mineral, montmorillonite (MMT) can also be applied in food packaging industry.
Agarwal et al. [149] coated PP membranes with MMT and nylon 6 nanofibers by electrospinning.
The effect of these membranes in the packaging of popular foods such as crisps and bread were
investigated (Figure 14). When the membranes were used in the packaging of potato chips, the oxygen
barrier property was significantly reduced, which was attributed to the MMT-N6 coating that slightly
improves the water vapor barrier. The reason for decrease in microbial spoilage of bread was similar.
Therefore, the coated MMT composite membranes can be applied in the packaging industry due to its
non-toxic, which can realize the extension of shelf life of packed food.

Figure 14. Effect of MMT-N6 nanofibrous membrane coating on PP packets on the natural flora of
bread [149]. © Elsevier Ltd. All rights reserved 2014.

As mentioned above, chitosan is a natural antibacterial polymer, so it has attracted numerous
attentions for the food packaging industry. Arkoun et al. [150] firstly studied the antibacterial
potential of electrospun chitosan-based nanofibers (CNF) by storing with the actual foods, and further
investigated its ability to reduce spoilage and food loss. They successfully obtained highly antibacterial
CNF-based packaging (CNFP) materials by direct electrospinning. It was found that an advantageous
potential for antimicrobial packaging materials is that the quality and freshness of unprocessed or
minimally processed and perishable foods could be perfectly preserved along with the extension of
meat shelf life to 1 week (Figure 15).
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Figure 15. (a) In situ antibacterial activity of CNFP against E. coli after 7-day storage at 4 ◦C.
(b) Appearance of packed red meat with and without CNFP, before and after grinding [150]. © John
Wiley & Sons, Ltd 2018.

3.5. Barrier Electrospun Packaging Membrane

The barrier property of packaging materials refers to polymer materials with certain shielding
ability for small molecule gas, liquid, water vapor, fragrance and drug taste. It can effectively prevent
oxygen and water vapor from seeping into the environment, keep the specific gas composition in the
package, and significantly improve the shelf life. At present, in order to meet the market demands,
many countries have developed multi-functional high barrier packaging materials and multi-functional
packaging materials in recent years.

Fabra et al. [151] developed a fully biodegradable multi-layer system based on a high barrier
adhesive sandwich of electrospun zein nanofibers between poly hydroxybutyrate-co-valerate 5%
(PHBV5) and poly-(3-hydroxybutyrate) (PHB) homopolymers with low valerate content. By adding
zein nanofibers, the water and oxygen barrier in the multi-layer system of PHA was improved, and the
flexibility was also enhanced. After that, electrospinning technology was employed to improve the
barrier performance of packaging materials [152]. The effects of PCL, PHA and PLA on the oxygen
and water resistance of TPCS membrane were compared. The result revealed that the PHB was the
most effective in reducing the water and oxygen permeability.

The previous chapter has shown that zein can be prepared as an edible packaging film. In recent
years, many scholars have also used electrospun zein film as the interlayer to enhance the barrier
properties of food packaging. Fabra et al. [153] employed the electrospun zein as the middle layer
and cast PHBV12 as the outer layer to prepare a multilayer structure food packaging films, which can
significantly improve the oxygen barrier performance. They also compared the enhancement of the
oxygen and water barrier properties of multi-layer packaging films with PHBV3 as the outer layers
and different electrospun hydrocolloid films as the interlayers [153]. The result showed that oxygen
and water vapor permeability values were significantly improved by employing electrospun zein film
as the interlayer.
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4. Conclusions and Challenges

In summary, the electrospinning technology is an effective method to prepare nanofibers with
various nanostructure and surface characteristics, which can meet the functional requirements for
packaging materials in the food fields depends on the different design of device and wide range of raw
materials for selection, especially polymers. This article reviews the potential use of electrospinning
technology in the food packaging field, not only to prepare pure degradable polymer packaging
membranes, but also to obtain mixed polymer mats by designing the spinneret, such as multiple-jet
and coaxial electrospinning. In addition, different inorganic fillers and other bioactive particles
can be incorporated into the fibers to enhance the functionality and intend to be used in broader
applications. The properties of common polymers and fillers mentioned above are summarized in
Table 1. Alternatively, the resulting electrospun films are post-treated by the thermal treatments, surface
modifications or dip-coating to obtain superior satisfactory performance. In the field of food packaging,
based on some special requirements, it is possible to prepare packaging materials that own functions
of degradable, superhydrophobic, edible, antibacterial and high barrier by electrospinning technology.

Table 1. Summary of promising properties related to packaging using electrospinning.

Categories Materials Properties or Function

Polymer

Chitosan (CS) biodegradation, biocompatibility, anti-microbial,
antifungal activities, and non-toxicity.

Zein good film-forming property, biocompatibility,
biodegradation, renewable, edible

Polyvinyl alcohol (PVA) transparency, gantistatic property, biodegradation,
biocompatibility

Gelatin (GT) biodegradation, biocompatibility, edible, good toughness

Polycaprolactone (PCL) biocompatibility, biodegradability, good mechanical
properties, better solvent solubility

Polyethylene terephthalate (PET) non-toxic, good mechanical properties, high
transparency, good toughness

Cellulose acetate (CA) non-toxic, biodegradable, low price, good transparency,
high impact resistance

Polylactic acid (PLA) biodegradation, biocompatibility, easy to process, good
mechanical properties and transparency

Poly (propylene carbonate) (PPC) good tensile toughness, transparency, biocompatibility
and biodegradability

Polystyrene (PS) High transparency, non-toxic, easy to process

Inorganic fillers

Metronidazole (MNA) hydrophobic, antibacterial

Carbon nanotubes (CNTs) conductive, antistatic, smart packaging

FePt, Fe3O4, FeCl3 nanoparticles radiation protection

TiO2
photocatalytic, self-cleaning, photocatalytic degradation

of ethylene

ZnO photocatalytic, self-cleaning, antibacterial

Cerium-doped bioactive glass (CeBG),
copper-doped bioactive glass (CuBG),
silver-doped bioactive glass (AgBG)

antibacterial

Montmorillonite (MMT) antibacterial

Active substance

Orange essential oil (OEO) antibacterial

Metronidazole (MNA) antibacterial

Peppermint essential oil (PO), chamomile
essential oil (CO) antibacterial

Vanillin/cyclodextrin inclusion complex
(vanillin/CD-IC)

containing flavor/fragrance, enhancing thermal stability
and durability

Cinnamon essential oil/b-cyclodextrin
(PVA/CEO/b-CD) prolonging the shelf-life
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Although the application of electrospinning technology in functional packaging has a wide
range of development prospects, there are still some challenges that need to be faced and require
more attention and studies. The biggest challenge is the choice of solvent. Some polymers are
insoluble in non-toxic solvents, which would cause environmental damage and pollution. Furthermore,
some organic solvents are harmful to human beings. Therefore, it is necessary to find more suitable
and non-toxic solvents to prepare electrospun fibers, especially green electrospinning, a novel and
aqueous strategy to overcome the disadvantages of organic solvents. Up to now, some commercially
available polymers in packaging industry can only be dissolved in toxic solvents. Therefore, water
or other non-toxic solvents with environment friendly property would be applied to prepare food
packaging films in the future. In fact, during the electrospinning process, the solvents are mostly
evaporated. Unfortunately, the above organic solvents are toxic and harmful to the environment,
so it is crucial to replace the conventional toxic solvents with non-toxic or low-toxic solvents, such as
emulsion electrospinning method [154,155], that will minimize the presence of toxic solvents in the
final packaging material. Another challenge is some natural polymers cannot be directly electrospun
into nanofibers, so it is crucial to select a suitable polymer, which is also a problem of electrospun
material in food packaging. Most of all, the majority of research is still in the laboratories. So, as for the
real food packaging industry, it is important to produce electrospun fibers on a large scale, and the
subsequent development must be focused on high yields and industrialization. Ordinary multi-nozzle
electrospinning or needless electrospinning is suitable for industrial production. There are already
some manufacturers that can provide large-scale devices for producing electrospinning fibers or
membranes. For example, Elmarco has developed needleless electrospinning device, which they claim
is suitable for industrial applications (https://www.elmarco.com). Some factories already have begun
large-scale production of nanofiber membranes, such as Jiangxi Xiancai Nanofibers Technology Co.,
Ltd. in China for the large scale production of electrospun polyimide fibrous membranes, yarns and
short nanofibers (http://www.hinanofiber.com/english/). All of these have laid some foundation for the
future electrospinning production of food packaging materials, and the focus of electrospinning food
packaging materials also need to be transferred from laboratory research to industrial production in
the future.
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Abstract: Microbial fuel cells (MFCs) are bio-electrochemical devices able to directly transduce
chemical energy, entrapped in an organic mass named fuel, into electrical energy through the
metabolic activity of specific bacteria. During the last years, the employment of bio-electrochemical
devices to study the wastewater derived from the food industry has attracted great interest from the
scientific community. In the present work, we demonstrate the capability of exoelectrogenic bacteria
used in MFCs to catalyze the oxidation reaction of honey, employed as a fuel. With the main aim
to increase the proliferation of microorganisms onto the anode, engineered electrodes are proposed.
Polymeric nanofibers, based on polyethylene oxide (PEO-NFs), were directly electrospun onto
carbon-based material (carbon paper, CP) to obtain an optimized composite anode. The crucial role
played by the CP/PEO-NFs anodes was confirmed by the increased proliferation of microorganisms
compared to that reached on bare CP anodes, used as a reference material. A parameter named
recovered energy (Erec) was introduced to determine the capability of bacteria to oxidize honey and
was compared with the Erec obtained when sodium acetate was used as a fuel. CP/PEO-NFs anodes
allowed achieving an Erec three times higher than the one reached with a bare carbon-based anode.

Keywords: electrospun nanofibers; polyethylene oxide nanofibers PEO-NFs; microbial fuel cells;
honey; food industry; recovered energy (Erec)

1. Introduction

Microbial fuel cells (MFCs) are bio-electrochemical devices that directly convert the chemical
energy embedded in an organic compound (i.e., the fuel) into electrical energy by the metabolic action
of a particular class of microorganisms, named exo-electrogens.

Basically, the process is based on the ability of exo-electrogens to oxidize organic matter,
acting as carbon energy sources [1], and to directly transfer the produced electrons outside their cells
exogenously [2]. In an MFC, electrons are firstly released to the anode by the microorganisms arranged
in a biofilm in intimate contact with the anode surface and successively they flow through an external
circuit to reach the cathode side, where the terminal electron acceptor (TEA), usually oxygen, is finally
reduced. Potential applications of MFCs have been foreseen in several areas [3,4], ranging from energy
harvesting [5,6] to wastewater treatment [7] and sensing [8–12]. Since MFCs can operate their energy
recovery and conversion processes starting from a wide range of molecules, even quite complex,
during the last decades, they have attracted an ever-increasing interest for application in the food
industry [13]. In this perspective, MFCs can contribute to the overall energetic efficiency of the process
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by combining the treatment of wastewater streams to energy production. Interesting examples exist,
concerning applications in the treatment of brewery wastewater [14,15], olive mill wastewater [16],
winery wastes [17,18], and dairy wastewater [19].

The use of MFC for wastewater treatment plays a crucial role as an alternative to traditional
treatment processes, such as anaerobic digestion with methane fermentation, which include indirect
energy recovery from wastes [20]. Knowledge in this area has grown significantly, and information
about the amount of energy than can be recovered from many substrates, such as urban wastewaters [21],
short-chain volatile fatty acid [22], as well as fermentable and non-fermentable reference substrates,
such as sodium acetate and glucose, respectively, is now available [23].

Nonetheless, further improvements are necessary to increase power production [24], which is
currently hindering the marketability of MFCs. In this view, the anodic electrode and its interface
with the bacteria biofilm play a crucial role, since they are responsible for energy conversion and the
electron transfer process.

In the present work, a new nanofiber-based interface between a carbon paper (CP) anode and
a bacterial biofilm is investigated with the aim to optimize the adhesion of the biofilm to the anode.
Furthermore, optimized adhesion of the biofilm to the anode plays a crucial role in improving the
biofilm–anode electrochemical interaction, thus effectively ameliorating the overall MFC performance
in terms of energy production. The idea is based on the hypothesis that the larger is the number
of bacteria on the anode, the higher is the resulting electron transfer rate, which is true only if
the interface is designed in such a way to keep electrical resistance low. Therefore, in the present
work, new nanostructured polymeric mats with high specific area were designed to modify the
surface of carbon-based materials in order to improve their ability to create effective interfaces with
bacterial biofilms.

During the last decades, some works in the literature [25–27] investigated the modification of
carbon-based electrodes by the application of a polymeric matrix on their surfaces to increase the
contact between bacteria and anodes in MFCs. Several polymeric matrices have been developed,
using both natural polymers, such as agar, alginate, or agarose, and synthetic polymers [28–30].
Despite being interesting because of their sustainable origin and biocompatibility, natural polymers
suffer from poor mechanical strength and durability, while synthetic polymers show an opposite
behavior, since they combine higher mechanical strength and durability with a higher risk of toxicity for
bacteria proliferation. Among the synthetic polymers proposed up to now in the literature, a promising
one is poly(vinyl) alcohol (PVA) [25–27]. It has been investigated in different arrangements, as foams,
nanofibers, and film, with the aim to reach a high density of immobilized microorganisms while
ensuring good mass transfer properties. Currently, the best performing PVA anode-to-biofilm interface
system is the one proposed by Bai et al. [27]. They developed a highly porous foam that showed
good results in terms of immobilization of microorganisms, but the fabrication process required the
use of boric acid, which caused side problems, such as agglomeration of PVA beads and residuals
of toxic boric acid and enhanced swelling of the polymer foam. In order to overcome the limits of
such technological approach, in the present work, polyethylene oxide nanofibers mats (PEO-NFs) are
proposed as a biomass carrier. Electrospinning is selected as the process to obtain the highly porous
matrix, and PEO works as the reference polymer. PEO shows a wide range of intriguing properties:
(1) it is not cytotoxic, therefore it allows bacteria proliferation, (2) it is a sustainable and environmentally
friendly material that can be processed using water as the only solvent, and (3) it is an important solid
polymer electrolyte in electrochemical applications [28,29].

PEO-NFs were directly deposited onto CP-based electrodes, according to the electrospinning-on-
electrode process, a binder-free method for nanofiber assembly onto an electrode that we introduced in
our previous work [30].

The resulting anodes, named CP/PEO-NFs, were investigated in single-chamber MFCs (SCMFCs)
and compared with reference devices using pure CP as anodes [30].
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We demonstrate a huge improvement of microorganisms’ proliferation toward the desired optical
density (OD), thus confirming the possibility to use CP/PEO-NFs as a biomass carrier for bacteria
entrapment. CP decorated by PEO-NFs interfaces were then tested in SCMFCs. A mixed bacterial
consortium extracted from a marine sediment sample was used as the inoculum source [31]. A current
density as high as 12 mA m−2 was reached when CP/PEO-NFs was used as the anode electrode.
This value is higher than the one reached with CP anodes, indicating how the presence of PEO-NFs
interfaces does not affect the electron transfer process, simultaneously inducing the proliferation
of microorganisms.

Finally, we tested the potential of the newly designed anodic electrode to be used in MFCs for
energy recovery in the agro-food industry. To demonstrate the robustness of our nanofiber-based
interface, we selected honey as a new and more complex electron donor than those tested up to now
in MFCs. The use of honey by humans traces back to ancient times, and today honey is a crucial
ingredient in several products ranging from foods to beverages, as well as in medical products and
cosmetics [32,33]. Honey can be classified as a natural sweetener with a complex composition [34].
In particular, honey is a saturated-sugar solution, where the carbohydrates amount to 95% of its
chemical components. Moreover, other important compounds are naturally contained into honey,
such as proteins, amino acids, enzymes, organic acids, minerals, and vitamins [34–36].

Given both its complex composition, that makes it a complete food from a nutritional point of
view, and its natural antibiotic behavior, it is quite interesting to analyze the behavior of MFCs fed
with water streams containing a limited amount of honey. Indeed, since MFCs’ power production is
based on the metabolic activity of exo-electrogenic microorganisms, all substances able to alter and/or
modify the biofilm metabolism could alter the power output. Therefore, we tested the newly designed
CP/PEO-NFs anodes in SCMFCs in which a honey-in-water solution at 0.02 wt % was used as the
electrolyte. Given the aforementioned antibiotic behavior of honey, the first goal of this study was to
demonstrate that MFCs can convert the organic matter of honey into electricity without damaging the
biofilms, and the second goal was to demonstrate that new nanofiber-based anodes are more efficient
than the commonly used CP references.

Results are analyzed in terms of recovered energy (Erec) per unit volume [18,21,37]. Erec was
obtained by the integration of the measured power output over the batch treatment time. In particular,
Erec obtained for honey was compared with Erec obtained when sodium acetate was used as a fuel
in SCMFCs, demonstrating the microorganisms’ capability to oxidize honey. A further comparison
is then proposed to appreciate the different behavior of CP/PEO-NFs anodes in comparison to CP
reference anodes.

Finally, we demonstrate that the SCMFCs’ response, in terms of power output, changes with
honey concentration. Different concentrations of honey (from 0.83 to 2 gL−1) were tested and correlated
with the corresponding energy recovery parameter.

2. Materials and Methods

2.1. Materials and Nanofibers Synthesis

A new nanofiber-based interface between a carbon paper-based anode and a bacteria biofilm
was investigated. In particular, new nanostructured polymeric mats with high specific area were
designed to modify the surface of carbon-based materials. Nanofibers mats based on PEO, were directly
electrospun on a carbon-based material (named CP, Fuel Cell Earth, Woburn, Massachusetts, USA),
used as reference material since it is the most employed anode in MFCs. As already demonstrated in
our previous work [30], the morphology of CP, characterized by several conductive micro-protrusions,
plays a crucial role in tuning a selective patterned deposition of PEO nanofibers (CP/PEO-NFs),
thus leading to ensure a binder-free deposition of nanofibers. In particular, CP/PEO-NFs were obtained
by electrospinning, starting from a polymeric solution containing PEO (purchased from Sigma Aldrich,
with an average molecular weight Mw = 600 kDa) dissolved in deionized water. Electrospinning was
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performed by the NANON 01A machine from MECC Co. Ltd. The polymeric solution was loaded into
a syringe, and nanofiber were obtained by applying a high positive voltage equal to 20 kV and a flow
rate of 0.5 mL h−1 at a working distance of 12 cm. The duration of the electrospinning process was
close to 10 min to ensure at the same time an ordered distribution of nanofibers, which were directly
collected onto CP without a binder, and a high surface area-to-volume ratio. As demonstrated in our
previous work [30], the ordered distribution is mainly due to the conductive protrusions of CP that
induce electric field enhancement. This ordered distribution can be optimized when the thickness
of the nanofibers is close to few micrometers. Indeed, a higher thickness of nanofiber mats could
induce an insulator effect onto a carbon-based surface, minimizing the electric field variations that rule
the nanofibers’ distribution onto a CP surface. Moreover, in the present work, the surface area was
defined by implementing Brunauer–Emmett–Tell (BET) measurements. In order to establish the lack
of cytotoxicity of PEO for microorganisms, optical density (OD) measurements were carried out by
means of a LAMBDA 850+ UV/Vis spectrophotometer.

In particular, OD measurement estimated the growth and metabolic activity of bacteria.
Both CP/PEO-NFs and bare CP pieces were put into a tube containing the inoculum source and
the electrolyte solution. The electrolyte solution was based on sodium acetate (C2H3NaO2), ammonium
chloride (0.31 gL−1 of NH4Cl) used as a nitrogen source to aid bacteria growth, and phosphate-buffered
solution (PBS) that maintained a neutral pH. Every day, total cell density (dead and alive cells) was
established by measuring OD at 600 nm using the spectrophotometer.

2.2. MFC Architecture and Configuration

The MFCs used in the present work were squared single-chamber microbial fuel cells (SCMFCs)
with an open-air cathode, fabricated by micro milling (Al.Tip srl). [38]. In particular, our devices
were composed of 3 compartments: the anodic part, the intermediate compartment, and the cathodic
compartment. The internal volume of SCMFCs was 12.5 mL, and both anode and cathode had
a geometric area equal to 5.76 cm2. Furthermore, in the present work, two different anodes
were investigated and compared: (1) CP/PEO-NFs obtained by direct deposition of PEO nanofiber
mats on a carbon-based electrode, employed as a carbon backbone to ensure the electron transfer
generated and released by the microorganisms; (2) a carbon-based material (CP) used as a control.
The cathode was based on CP, properly modified in order to present gas diffusion layers (DLs) based on
polytetrafluoroethylene (PTFE) on its outer side and a catalyst layer based on Platinum (Pt/C 0.5 mg/cm2,
from Sigma Aldrich, St.Louis, Missouri, USA) and Nafion (5 wt % Nafion, from Sigma Aldrich) on its
inner side. Titanium wires (Goodfellow Cambridge Limited) were fixed onto the anode and cathode
through a conductive paste made of carbon cement (Leit-C Cement). Two different electrolyte solutions
were used. The first was an electrolyte solution based on sodium acetate (C2H3NaO2), used as a
carbon energy source at a concentration of 2 gL−1 together with other compounds able to ensure
the optimal operation of the SCMFCs. All these compounds were based on ammonium chloride
(0.31 gL−1 of NH4Cl), used as a nitrogen source to support bacterial growth, and PBS, able to maintain
a neutral pH (containing 0.13 gL−1 of potassium chloride, 4.28 gL−1 of sodium phosphate dibasic,
and 2.45 gL−1 of sodium phosphate monobasic monohydrate). The second electrolyte contained
honey in the same amount defined for sodium acetate, close to 2 gL−1, dissolved in deionized water
and PBS. In the second electrolyte, PBS was added to ensure a neutral pH of the solution; due to
the complexity of honey, the second electrolyte did not require any further addition of nutritional
compounds for the microorganisms. Both solutions were autoclaved prior to use. All experiments were
conducted in duplicate for each tested electrolyte: 2 SCMFCs with CP/PEO-NFs anode and 2 SCMFCs
with CP anodes were studied. All SCMFCs were inoculated with a mixed culture of bacteria from a
seawater sediment. All SCMFCs worked under batch mode, meaning that all devices are filled with
“new electrolyte” when the drop of power output reached its minimum value. Anodes and cathodes
of the SCMFCs were connected to a multichannel data acquisition unit (Agilent 34972A), and two
different values of external resistance were applied. At the beginning of the experiments, to ensure
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the formation of biofilm on both anodes, i.e., CP/PEO-NFs and CP, an external load equal to 47 Ω
was applied, and the electrolyte containing sodium acetate was used. Successively, to evaluate the
overall SCMFCs’ performance and to demonstrate that SCMFCs can convert honey organic matter
into electricity without damaging the biofilms, an external load of 1000 Ω was applied. Furthermore,
to establish and confirm the possibility to employ honey as a fuel in SCMFCs and demonstrate that its
natural antibiotic behavior does not affect the overall SCMFCs’ performance, we introduced a physical
parameter, i.e., energy recovery (Erec), calculated for both honey and sodium acetate [18,21,37]. The Erec

was defined according to Equation (1):

Erec =

∫
Pdt

Vint
(1)

where Erec (J m−3) is energy recovery, Vint(m3) is the internal volume of SCMFCs, and
∫

Pdt (J) is the
integral of the generated power over time. We were able to demonstrate the possibility of using honey
as a fuel in SCMFCs. In order to simultaneously verify the SCMFCs’ response in terms of power output
as honey concentration changed, different honey concentrations (from 0.83gL−1 to 2 gL−1) were tested
and correlated with the values of power output.

Internal resistance of the SCMFCs was evaluated through Nyquist plots, using electrochemical
impedance spectroscopy (EIS). EIS was performed in open-circuit voltage (OCV) over the range of
frequency between 150 and 200 mHz, with a sinusoidal signal with an amplitude of 25 mV.

3. Results and Discussion

3.1. Electrospun Nanofibers Onto Carbon-Based Materials and Their Role as a Biomass Carrier

As already demonstrated in our previous work [30] and in order to optimize the deposition
of nanofiber mats onto carbon-based materials, we selected CP as a carbon-based material.
The morphology of bare CP is reported in Figure 1a. In particular, it is possible to appreciate
that the morphology of CP shows many naturally occurring conductive protrusions, based on carbon
fibers, whose diameter was over 10 μm. All these protrusions, as also demonstrated in our previous
work [30], play a crucial role in modulating the electric field during the electrospinning process,
inducing an intensity enhancement and granting an ordered distribution of PEO-NFs. As represented
in the Figure 1b, CP/PEO-NFs nanofibers preferentially arranged themselves on top of the conductive
protrusions of CP, thus optimizing the interface between the nanofibers mats and the carbon-based
electrode without the presence of a binder, commonly used to fix the nanostructures onto the electrode.

Figure 1a,b shows that PEO-NFs were mostly deposited onto the CP surface in correspondence
of the interconnections between the conductive protrusions, covering completely the CP surface.
Moreover, the final CP/PEO-NFs anode resulted to be an engineered electrode with a high surface
area-to-volume ratio. As indicated by the BET results, PEO-NFs showed a surface area close to
40 m2 g−1.

As presented in Figure 1c, the OD measurements confirmed the capability of CP/PEO-NFs to create
an effective interface with bacterial biofilms, thus ensuring bacterial proliferation onto the CP-based
anode. This result also confirmed the possibility to apply CP/PEO-NFs as a biomass carrier. The high
bacterial proliferation is due to the capability exhibited by CP/PEO-NFs to entrap the microorganisms
into its nanostructures.

3.2. SCMFCs Performance

Thanks to CP/PEO-NFs biocompatibility, in terms of microorganisms’ proliferation and their
morphological properties, CP/PEO-NFs mats were produced and directly deposited onto the
carbon-based material. During the first phase of the experiment, known as the acclimation phase, we
applied an external resistance close to 47 Ω with the main aim to ensure biofilm formation onto the
electrodes. The duration of this acclimation phase was 1 month. As shown in Figure 2, the overall
performance reached by the CP/PEO-NFs composite anode was three times higher than the one
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obtained with the bare carbon-based material. Since all the other features, i.e., the cathode, SCMFCs’
configuration, and the electrolyte, were the same, it was possible to establish that the enhancement of
the current density was related to the proliferation extent of the microorganisms, being higher onto
PEO–NFs composite anodes. Moreover, by analyzing all peaks reported in Figure 2, it was possible to
demonstrate a good electrical output produced by SCMFCs and, consequently, a stable and sustained
bacteria proliferation on the anodes.

Figure 1. (a) FESEM images representing the bare carbon-based material (CP); (b) FESEM images
representing the ordered distribution of CP/polyethylene oxide nanofibers (PEO-NFs) onto the
carbon-based material. In the red box, the preferential distribution of CP/PEO-NFs onto the conductive
protrusions of CP is highlighted; (c) logarithmic representation of OD measurements performed for all
samples: bare inoculum (green), carbon-based material (CP, red), and CP/PEO-NFs (blue).

Figure 2. Current density produced in the acclimation phase, during which the biofilm formed onto
the anodes: CP/PEO-NFs (green line) and carbon-based material used as a reference electrode (purple
line). In this phase, the electrolyte contained sodium acetate; an external load of 47 Ω was applied.

The overall performance obtained with CP/PEO-NFS was compared with that of a reference
material consisting of bare carbon-based anodes (CP). Moreover, given the complex composition of
honey and its natural antibiotic behavior, a second experiment was implemented to demonstrate that
SCMFCs can convert honey organic matter into electricity without damage to a biofilm and to confirm
that the new nanofiber-based anodes (CP/PEO-NFs) perform better than the CP reference anodes.
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In this experiment, an external load of 1kΩ was applied, and the overall performance, when both
electrolytes were used, was analyzed. In this case, the concentration of sodium acetate and honey was
2 gL−1. The current density trends, obtained from all tests in SCMFCs, were defined by normalizing
with respect to the anode geometric area (5.76 cm2) and are reported in Figure 3a,b. It is possible to
appreciate that the maximum current densities reached when sodium acetate and honey were used as
electrolytes were comparable, demonstrating the capability of bacteria to catalyze the oxidation reaction
of honey. These results also suggest the possibility to apply SCMFCs to convert honey organic matter
into electricity without damaging the biofilms. Moreover, since all these devices exploited formally
identical cathodes and architectures, the current density trends were univocally correlated with the
anodic reaction. Furthermore, as presented in Figure 3a,b, the maximum current density of total
SCMFCs, reached when CP/PEO-NFs were used as the anode, was equal to (23.2± 0.1) mA m−2 and was
comparable to the one obtained when CP was used as the reference anode. The presence of PEO-NFs,
which basically showed insulating properties from an electrical point of view, not only did not affect
the electron transfer rate but also simultaneously sustained the proliferation of microorganisms onto
the anode. Moreover, all results are analyzed in terms of recovered energy (Erec, mJ m−3). Erec is
calculated by integrating the electric power density over the batch treatment time and normalizing with
respect to the electrolyte volume. Figure 3c shows that Erec (equal to 100 mJ m−3) obtained when using
honey and CP material was close to Erec reached when sodium acetate was employed as the electrolyte.
Moreover, for both fuels, Erec achieved when using CP/PEO-NFs was three times higher than the one
reached when using the carbon-based material, confirming the crucial role of nanofibers, which ensure
a better interface between the anode and the bacteria and enhance the overall performance of SCMFC.
This latter result demonstrates that PEO-NFs can act as a biomass carrier. The interface between biofilm
and CP/PEO-NFs anode was enhanced, as also confirmed by the OD measurements, underlying a
more extensive bacterial proliferation onto CP/PEO-NFs anodes. Both features, the optimized interface
between anode and biofilm and the role of PEO as a polymeric electrolyte in electrochemical devices,
allowed reaching a higher Erec in comparison with the one reached when using a bare carbon-based
material (CP).

Figure 3. (a) Current density obtained when honey was used as a fuel and comparison of the current
density values obtained for CP/PEO-NFs and CP; (b) current density reached using sodium acetate
as a fuel and comparison of the values obtained for CP/PEO-NFs and CP; (c) recovered energy (Erec)
determined for CP/PEO-NFs and CP, using two different fuels.
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Figure 4a,b show that the performance of all devices increased with increasing honey concentrations
from 0.83 gL−1 to 2 gL−1. The maximum value of recovered energy Erec was reached at the highest honey
concentration employed (2 gL−1) for both CP/PEO-NFs and CP anodes. At all honey concentrations,
CP/PEO-NFs showed a better performance in terms of Erec than the CP anodes.

Figure 4. (a) Recovered energy defined for CP/PEO-NFs correlated with honey concentration;
(b) Recovered energy defined for CP correlated with honey concentration.

3.3. Electrochemical Impedance Spectroscopy Results

EIS was performed to investigate the impedance behavior and, in particular, the internal
resistance [39] when honey was employed as a fuel. By analyzing the Nyquist plot represented
in Figure 5, it can be observed that MFCs exploiting CP/PEO-NFs as the anode were characterized by
similar total impedance values with respect to carbon-based devices (982.2 Ω and 916.5 Ω, respectively).
Moreover, the results allowed analyzing the resistance related to the charge transfer (Rct) of both
CP/PEO-NFs and CP anodes. The obtained results confirmed that SCMFCs exploiting CP/PEO-NFs as
the anode presented impedance values close to those reached with a CP-based anode. The value of
Rct for CP/PEO-NFs, close to 761 Ω, was quite similar to that obtained for CP, equal to about 808 Ω.
These results demonstrated that the presence of PEO-NFs, which basically has insulating properties
from an electrical point of view, not only did not affect the electron transfer rate but also simultaneously
sustained the proliferation of microorganisms onto the anode

Figure 5. Impedance spectra of CP/PEO NFs (black dots and line, representing the experimental data
and their fitting) and CP anode (green dots and line).
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This result suggests the possibility to apply CP/PEO-NFs to achieve a large nanofiber-based
interface between a CP anode and a bacterial biofilm, thus optimizing the adhesion of the biofilm to
the anode.

4. Conclusions

In the present work, a CP/PEO-NFs composite anode, based on PEO-NFs directly electrospun
onto a carbon-based material, was designed and optimized. CP/PEO-NFs showed a final ordered
arrangement of PEO-NFs, able to grant a large surface area-to-volume ratio. We demonstrated that the
resulting structure of PEO/NFs greatly promoted microorganisms’ proliferation, thus suggesting the
possibility to employ PEO-NFs as a biomass carrier for bacteria entrapment. Therefore, we investigated
the behavior of a CP/PEO-NFs anode in SCMFCs, using a mixed bacterial consortium extracted from a
marine sediment sample as the biofilm source. In particular, a high current density, close to 20 mA m−2,
was reached when CP/PEO-NFs were used as the anode. This value, higher than the one reached when
bare CP was used as the anode, allowed us to demonstrate that the presence of PEO-NFs, with their
insulating properties from an electrical point of view, did not affect the electron transfer rate and
simultaneously sustained the proliferation of the microorganisms. Finally, the results concerning the
evaluation of energy recovery confirmed the possibility to use a more complex substrate, such as honey,
as a fuel in MFCs. Moreover, we evidenced that the new designed CP/PEO-NFs anodes are able to
ensure a three-time higher recovered energy (i.e., 300 mJ m−3) than that obtained when using a bare
carbon-based anode.

The results show that nanostructured interfaces made of PEO-based nanofibers are advantageous
for the fabrication of robust and efficient electrodes to be used in MFCs as energy conversion tools for
the valorization of waste in the food industry.
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Abstract: Solar thermal techniques provide a promising method for the direct conversion of solar
energy to thermal energy for applications, such as water desalination. To effectively realize the optimal
potential of solar thermal conversion, it is desirable to construct an assembly with localized heating.
Specifically, photoactive semiconducting nanoparticles, when utilized as independent light absorbers,
have successfully demonstrated the ability to increase solar vapor efficiency. Additionally, bio-based
fibers have shown low thermal conductive photocorrosion. In this work, cellulose acetate (CA) fibers
were loaded with cadmium selenide (CdSe) nanoparticles to be employed for solar thermal conversion
and then subsequently evaluated for both their resulting morphology and conversion potential and
efficiency. Electrospinning was employed to fabricate the CdSe-loaded CA fibers by adjusting the
CA/CdSe ratio for increased solar conversion efficiency. The microstructural and chemical composition
of the CdSe-loaded CA fibers were characterized. Additionally, the optical sunlight absorption
performance was evaluated, and it was demonstrated that the CdSe nanoparticles-loaded CA fibers
have the potential to significantly improve solar energy absorption. The photothermal conversion
under 1 sun (100 mW/cm2) demonstrated that the CdSe nanoparticles could increase the temperature
up to 43 ◦C. The CdSe-loaded CA fibers were shown as a feasible and promising hybrid material for
achieving efficient solar thermal conversion.

Keywords: photoactive nanoparticles; cadmium selenide; cellulose acetate; electrospun fibers;
solar thermal

1. Introduction

Currently, clean freshwater scarcity is a significant issue that is closely linked with social and
economic development [1–3]. Already, billions of people worldwide lack access to safe drinking water,
and millions die annually due to diseases relating to water-borne illnesses [2,4]. Some proposed
solutions for addressing water scarcity work at the expense of aggravating present energy problems,
while others suggest the implementation of large-scale infrastructure [1,4]. Therefore, developing
a method to address water scarcity in a clean, affordable, and sustainable manner is of increasing
importance. Solar thermal techniques provide an affordable way to convert solar energy to thermal
energy; for instance, solar vapor generation for water desalination has been demonstrated as a potential
technique to provide a sustainable solution to water scarcity [1,3,5,6].
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One of the main drawbacks of this technique is low solar thermal conversion efficiency [1]. Both the
low solar absorption of the water as well as heat loss due to the use of conventional water heating
systems have significantly contributed to this low efficiency [1]. Therefore, shifting from a bulk water
heating system to a nanoscaled solar absorber system with localized heating capability, specifically
through the implementation of photosensitive nanoparticles (NPs), has demonstrated a noticeable
increase in conversion efficiency [1,5,6]. To form a localized heating structure, it is desirable to couple
high thermal conductive, photoactive NPs with a low thermal conductive polymer matrix (such as a
bio-based polymer). The thermal energy generated from the photoexcited carriers in the NPs become
localized heat that has difficulty diffusing into the surrounding polymer substrate; thus, the localized
heating of water is enabled [7]. This advantage of localized heating can overcome the remarkable
heat dissipation that occurs during bulk water heating via conventional semiconductor abosrbers.
Beneficially, this process does not require the total surrounding liquid volume to reach its boiling point
for successful vapor generation [6].

In this study, we investigate the implementation of electrospun cellulose acetate (CA) fibers
carrying photosensitive cadmium selenide (CdSe) NPs as a nanoscaled solar conversion device for
solar thermal conversion. CdSe, a Group II-VI compound semiconductor, exhibits extraordinary
electronic and optoelectronic properties [8,9]. CdSe displays optimal sunlight absorption with a
bandgap of 1.74 eV [10] and a high thermal conductivity (−0.53 W/cmK) [11]. Cellulose acetate is
a low-cost cellulose derivative produced via the acetylation of cellulose [12,13] with low thermal
conductivity (−0.10 W/cmK) [14]. It was chosen as the fiber material in this study due to its
advantageous mechanical properties, excellent fiber-forming ability, biodegradability, stability in water,
and cost-effectiveness [13,15]. Electrospinning has become a popular method for the synthesis of
micro- and nanofibrous materials due to the use of relatively simple manufacturing equipment, low
spinning cost, variety of spinnable materials, and highly controllable processes [16,17]. Moreover,
micro- to nanoscale fibers display a high surface-area-to-volume ratio, good flexibility, high porosity,
and superior stiffness and tensile strength than when compared to other forms of the spun material [15].
Note that, for the seawater desalination application, the heavy toxic metal element, i.e., Cd, may diffuse
into the water via photocorrosion and lead to water contamination. Here, we use the CdSe as a model
semiconductor with a suitable sunlight absorption band edge to explore the potential to load into CA
fibers through electrospinning technique. Other low-toxic and nontoxic semiconductor particles with
desired light absorption capability, such as Sb2S3, Fe2O3, and Fe3O4, will be explored in future studies.
In particular, the diffusion behavior of the metal elements during the water desalination will also be
investigated later.

2. Materials and Methods

2.1. Materials

Cellulose acetate (MW ∼100,000 Da; acetyl content ~39.7 wt%) and acetone were purchased from
VWR International (Radnor, PA, USA).

Based on the slow reaction between Cd2+ and Se2− ions in an aqueous basic bath with pH > 10,
the CdSe nanoparticles were synthesized using a chemical bath deposition process. Cadmium sulfate
(CdSO4) and sodium selenosulfite (Na2SSeO3) were used as the sources for Cd2+ and Se2−, respectively.
Na2SSeO3 was prepared by dissolving elemental Se in the form of fine powder in an aqueous solution
of sodium sulfite heated to 60 ◦C. The solution was stirred well until the Se was completely dissolved.
The pH of the solution was adjusted by adding excess NaOH. CdSe was formed in 2 h at a temperature
of 70 ◦C. The obtained CdSe powder was washed using deionized water, centrifuged repeatedly,
and subsequentially dried in a vacuum oven.

Because CdSe is considered toxic to human cells, it was handled with the utmost care during
this study [18]. CdSe toxicity has been mainly attributed to the release of Cd2+ ions from the CdSe
to surrounding cells [18]. The method of exposure by which this diffusion occurs highly alters how
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significantly the affected cells react to CdSe [18]. Consequently, equipment in contact with CdSe was
cleaned thoroughly, waste was properly disposed of, and the CdSe NPs were properly labeled and
stored before and after use.

2.2. Methods

2.2.1. Electrospinning

In this study, the CA concentration in the spinning dope was held constant at 12% (w/v).
To prepare the spinning solutions, CA and CdSe were mixed in pure acetone via magnetic stirring at
room temperature (20 ◦C) and then ultrasonicated (VWR International, Radnor, PA, USA). The spinning
dope was then loaded into a 10-mL syringe (Becton, Dickinson and Company, Franklin Lakes, NJ,
USA) with a 22-gauge blunt needle (Hamilton Company, Reno, NV, USA) as the spinneret.

The electrospinning setup was comprised of a high voltage generator (ES30P, Gamma High
Voltage Research, Inc., Ormond Beach, FL, USA), a syringe pump (NE-300, New Era Pump Systems,
Inc., Farmingdale, NY, USA), and a grounded aluminum foil as the collector. In the present study,
the optimal spinning parameters to spin CA fibers were determined from our previous study [15].
Specifically, the spinning distance was held at 8 cm, the feed rate at 3 mL/h, and the voltage at 12 kV.
Electrospinning was conducted in a fume hood at 20 ◦C without airflow. Airflow was removed due
to the high evaporation rate of acetone. Eliminating airflow helped to slow the buildup of viscous
fluid at the spinneret tip that could directly cause the destabilization of the spinning jet. Periodically,
fiber formation can be halted because the spinneret can become clogged and the jet will no longer be
considered continuous. Consequently, despite the lack of airflow in this study, the spinneret required
constant cleaning during the spinning process to successfully fabricate fibers [19]. After the spinning
process, the formed fibers, which had deposited on the aluminum foil directly beneath the spinneret
tip, were collected and stored away from light and moisture for further analysis.

2.2.2. Scanning Electron Microscopy (SEM)

The morphology of the electrospun fibers was studied using an Apreo field emission SEM (FE-SEM,
Thermo Fisher Scientific, Waltham, MA, USA), equipped with energy-dispersive X-ray spectroscopy
(EDS), at an accelerating voltage of 20 kV. Images were subsequently analyzed using ImageJ software
(National Institute of Health, Bethesda, MD, USA). Three images were used for each fiber sample.
Ten random segments on each image were taken and used to measure the fiber diameters. Through
visual inspection, fiber morphology was evaluated as either good, fair, or poor [20]. Good fibers were
defined as continuous, uniform, smooth, and defect-free. Fair fibers exhibited a fibrous shape with
moderate defects. Poor fibers had significant defects, such as beads or sprayed particles. Notably,
the CdSe NPs altered how smooth the fibers appeared, but were not considered to be fiber defects.

2.2.3. Wide-Angle X-ray Diffraction (XRD)

The wide-angle X-ray diffraction (XRD) patterns of the fibers were obtained using a Philips X’Pert
Materials Research Diffractometer (Malvern Panalytical, Westborough, MA, USA) operated at 45 kV
under 40 mA Cu Kα radiation (λ = 0.15405 nm).

2.2.4. Ultraviolet-Visible (UV-vis) Spectroscopy

The light absorbance of the fiber samples were measured using EnliTech QE measurement system
(Kaohsiung City, Taiwan). The incident wavelength was swept from 300 to 1100 nm, and the absorbance
of the fibers were recorded. The optical direct bandgap (Eg) of the fibers was determined by using Tauc
plot relation to the plot (αhν)1/r versus the energy of the photons, where α is the absorption coefficient
of the materials, and r represents the nature of the transition of the charge carriers, and r = 1/2 for direct
bandgap materials.
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2.2.5. Solar Energy Conversion

Using a compact infrared (IR) camera (FLIR C2, FLIR Systems, Inc., Wilsonville, OR, USA),
the fibers were tested for solar vapor generation under 1 sun (100 mW/cm2) illumination. The thermal
images were recorded after the nanofibers were exposed to the simulated sunlight for 30 min to stabilize
in the air between heating and cooling.

3. Results and Discussion

3.1. Electrospinnability and Fiber Morphology

The CA fibers were fabricated by electrospinning, a simple, scalable, and versatile technique for
nanofiber production [21]. Given the potential applications of this study, the ability for our resulting
solar vapor generator to be mass scaled is of utmost importance. The basic lab-scale electrospinning
setup only requires a high voltage source, a syringe with a blunt needle tip (i.e. the spinneret), and a
grounded collector [15,21]. High voltage is applied to the spinneret where the spinning dope is pumped
via a syringe pump at a constant rate. Once the applied voltage reaches the critical point, a Taylor cone
will form at the spinneret tip. A continuous jet flows from the Taylor cone to the grounded collector.
During this process, the electric field causes the jet to stretch and elongate as the solvent evaporates.
Fibers form on the grounded collector, e.g. the aluminum foil, as used in this study [15].

The CA fibers were loaded with varying CdSe concentrations (CdSe:CA ratio of 1:4 and 1:1, w/w)
to analyze the successful uptake of CdSe into the CA fibers and to observe the resulting photosensitive
properties of the fibers as provided by the CdSe NPs. The overall electrospinnability of the CdSe-CA
compositions was analyzed through both visual inspection during spinning and the obtained fiber
images (Figure 1). All three CdSe-CA dispersions were able to successfully produce fibers in a relatively
short amount of time. The time needed for the collector to become completely covered in fibers
was about the same for all three runs, suggesting that CdSe did not have a drastic effect on the
electrospinnability of CA in the single solvent acetone. The overall quality of the electrospun fibers was
also independent of the addition of CdSe. As seen in Figure 1, the CdSe-CA fibers remain continuous
and smooth, discounting the CdSe NPs, and display approximately the same amount of beading as the
pure CA fibers. These fibers were thus rated as good fibers, albeit their size was on the microscale
rather than the nanoscale.

 

Figure 1. (a–f) Field emission scanning electron micrographs (FE-SEM) images and (g–i) fiber diameter
distributions of CA, CdSe-CA (1:4), and CdSe-CA (1:1) fibers, respectively.
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3.2. CdSe Incorporation

As shown in Figure 2, CdSe was successfully incorporated into the CA fibers. The white
particles embedded in the fibers were confirmed to be comprised of elements Cd and Se, respectively
(Figure 2c–f). As expected, CdSe-CA (1:1) fibers demonstrated a higher quantity of successful CdSe
incorporation as compared with CdSe-CA (1:4) fibers. However, in both the (1:1) and (1:4) fibers,
the CdSe particles were segregated in clusters rather than being evenly dispersed. This could be a
result of the difficulty in achieving a homogeneous distribution and stable suspension of CdSe in the
spinning dope. Additionally, during electrospinning, the CdSe particles may be charged and easily
segregated together.

 

Figure 2. (a) FESEM, (b) overall elemental distribution, and (c–f) C, O, Cd, and Se elemental distribution
of CdSe-CA (1:1) fibers obtained using energy dispersive X-ray spectrometry (EDS) mapping.

The structure of the CdSe loaded CA fibers was characterized using X-ray diffraction (XRD),
as shown in Figure 3. The XRD peaks of CdSe at 2θ = 25.3◦, 42◦, and 50◦ were observed in the
CdSe-loaded fibers, whereas these peaks did not exist in the pattern of the pure CA fibers. The (002),
(110), and (201) peaks of CdSe, corresponding to 2θ ~ 25◦, 41◦, and 50◦, respectively, can be indexed to
the wurtzite phase. Similar to most other biopolymers, CA is semi-crystalline yet largely amorphous.
The diffraction peaks around 10◦ and 20◦, corresponding to the (101) and (020) planes, respectively,
confirm the semi-crystalline nature of CA [22]. When the CdSe/CA ratio increased, the intensity of the
CdSe peaks increased.

55



Nanomaterials 2020, 10, 1329

θ
Figure 3. X-ray diffraction patterns of CA, CdSe-CA (1:4), and CdSe-CA (1:1) fibers.

3.3. Optical Properties

As shown in Figure 4a, the absorbance of the CA fibers increased as the CdSe content increased,
with the light absorption edge around 700 nm for the CdSe-loaded CA fibers. These fibers have superior
sunlight absorption than pure CA fibers which indicates increased solar thermal conversion [23].
From the extrapolation of the Tauc plot, as shown in Figure 4b, CA was determined to have a wide
bandgap of ~3.4 eV which corresponds to the ultraviolet light range in the solar spectrum. When CdSe
was introduced into CA fibers with varying concentrations, the CdSe-CA (1:4) fibers were found to
have a bandgap of ~1.7 eV. When more CdSe was incorporated into CA in the CdSe-CA (1:1) fibers,
the bandgap remained constant. Note that pure CdSe is estimated to have a bandgap of 1.74 eV
according to previous works [10]. The fact that the bandwidth of the CdSe-loaded fibers is close to that
of pure CdSe demonstrates that loading CdSe into CA fibers can significantly increase the sunlight
absorption of CA fibers. Therefore, CA fibers show great potential in their ability to act as a supporting
matrix for CdSe NPs-based solar thermal conversion for improved localized heating.

Figure 4. (a) UV-vis absorbance spectra (normalized at 1100 nm) and (b) Tauc plot of CA, CdSe-CA
(1:4), and CdSe-CA (1:1) fibers.

56



Nanomaterials 2020, 10, 1329

3.4. Photothermal Conversion

To investigate the solar thermal properties of the CA and CA-CdSe fibers, both optical and IR
thermal images were captured (Figure 5). As seen in the optical image, the CdSe-CA (1:4) fibers were
dark due to the light absorption by CdSe, while the pure CA fibers were white, which is in agreement
with the UV-Vis absorbance test above. The maximum temperature in the CdSe-CA (1:4) fibers can
be over 40 ◦C under the 1 sun (100 mW/cm2) illumination, while the pure CA fibers maintained a
low temperature without photothermal conversion. This solar thermal conversion performance is
similar to the carbonaceous membrane assisted by localized heating design [24]. It is suggested that
the CA-CdSe fibers could effectively absorb sunlight and convert it into thermal energy.

Figure 5. (a) Optical picture and (b) infrared thermal image of the CA and CA-CdSe fiber mats.

4. Conclusions

In conclusion, the loading of highly thermal conductive CdSe NPs into CA fibers of low thermal
conductivity was successfully demonstrated in this study. Overall, fiber morphology, including quality
and diameter, was relatively independent of the addition of CdSe. The solar energy absorption of CdSe
NPs were virtually unaffected while in the fibers. Specifically, the bandwidth of CdSe NPs remained
the same while in the CA fibers, and the final assemblies were highly absorbent in the visible light
spectrum. It was demonstrated that electrospinning can effectively introduce photosensitive NPs
into the bio-based CA fibers. This low-cost and scalable technique can be used to facilitate water
desalination through solar thermal evaporation with localized heating that has the potential to help
address the current concerns regarding water scarcity encountered across the globe.
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Abstract: Recent advances in the field of nanotechnology such as nanoencapsulation offer new
biomedical applications, potentially increasing the scope and efficacy of therapeutic drug delivery. In
addition, the discovery and development of novel biocompatible polymers increases the versatility
of these encapsulating nanostructures, enabling chemical properties of the cargo and vehicle to be
adapted to specific physiological requirements. Here, we evaluate the capacity of various polymeric
nanostructures to encapsulate various antibiotics of different classes, with differing chemical structure.
Polymers were sourced from two separate derivatives of poly(methyl vinyl ether-alt-maleic anhydride)
(PMVE/MA): an acid (PMVE/MA-Ac) and a monoethyl ester (PMVE/MA-Es). Nanoencapsulation
of antibiotics was attempted through electrospinning, and nanoparticle synthesis through solvent
displacement, for both polymers. Solvent incompatibilities prevented the nanoencapsulation of
amikacin, neomycin and ciprofloxacin in PMVE/MA-Es nanofibers. However, all compounds
were successfully loaded into PMVE/MA-Es nanoparticles. Encapsulation efficiencies in nanofibers
reached approximately 100% in all compatible systems; however, efficiencies varied substantially in
nanoparticles systems, depending on the tested compound (14%–69%). Finally, it was confirmed that
both these encapsulation processes did not alter the antimicrobial activity of any tested antibiotic
against Staphylococcus aureus and Escherichia coli, supporting the viability of these approaches for
nanoscale delivery of antibiotics.

Keywords: biomaterials; polymers; PMVE/MA; electrospinning; nanofibers; nanoparticles;
nanoencapsulation; antibiotics

1. Introduction

So far, antibiotics are the most reliable weapon against infectious diseases of bacterial origin.
However, the dramatic diminishment in the rate of discovery of new antibiotics limits our response
to pathogens resistant to conventional antibiotics and to new emerging diseases. In response, the
scientific community is developing alternative strategies to increase the effectiveness, and/or to
overcome the limitations, of existing antibiotics [1,2]. In this context, recent advances in the field of
nanotechnology offer new tools such as nanoencapsulation: the loading of pharmaceutical agents
within nanomaterials [3,4].
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From a commercial and clinical point of view, nanoencapsulation can protect pharmaceutical
products, extending both shelf-life and biological half-life (e.g., in circulation). In addition, with the
corresponding modifications, these nanostructured systems can facilitate targeted drug delivery and/or
specific controlled-release kinetics, thereby increasing the effectiveness of the treatment and, thus,
reducing necessary dosage and side effects [3,4].

In line with this, the continuing development of novel biocompatible polymers contributes to the
potential versatility of these nanostructures, by enabling the delivery of compounds with solubility
limitations. In addition, manipulation of synthesis or layering protocols can generate nanostructures
with properties tailored to highly specific applications, for example injectable nanoparticles, or
nanofibers for wound dressings [5–8].

Examples of such highly versatile materials include derivates of poly(methyl vinyl ether-alt-maleic
anhydride) (PMVE/MA), an alternating copolymer of methyl-ether-vinyl and maleic anhydride. This
material is marketed by Ashland Inc. as Gantrez® and presents suitable properties for biomedical
applications (low toxicity, high biocompatibility, high mucoadhesivity and low cost). In particular, it is
reported that PMVE/MA can be structured as loadable nanoparticles [9] and its derivates poly(methyl
vinyl ether-alt-maleic acid) (PMVE/MA-Ac) and poly(methyl vinyl ether-alt-maleic monoethyl ester)
(PMVE/MA-Es) as nanofibers [10,11]. In addition, these polymers have shown utility as matrix elements,
allowing the combination with other materials to generate novel mixtures of chemical properties
in the final nanostructures [11–13], such as with homemade fluorescent cationic fluorene-based
polyelectrolytes [11,14–16].

In this work, both nanoparticles and nanofibers were synthesized using these polymers, and
their relative capacities for encapsulation were compared. There are several possible procedures
for the synthesis of each of these nanomaterials. For instance, solvent displacement, emulsion
solvent diffusion, interfacial deposition and nanoprecipitation synthesis for nanoparticles [17] and
electrospinning, self-assembly, phase separation and template synthesis for nanofibers [18]. The two
nanostructuring methodologies utilized here (solvent displacement and electrospinning, for particle
and fiber synthesis, respectively), although differing markedly in terms of the processes involved,
were selected because of the high degree of uniformity in their products, as well as being scalable
processes for industrial production. The range of compounds tested as cargo encompassed four
antibiotics of three different classes, differing in their molecular weights, structures and modes of action,
i.e., two aminoglycosides (amikacin and neomycin), a cephalosporin (cefotaxime) and a quinolone
(ciprofloxacin). Finally, the antimicrobial activity of the encapsulated compounds, as well as their
structural stability, were also assessed, to confirm that nanoencapsulation was not an impairment to
their antimicrobial potency.

2. Materials and Methods

2.1. Materials

The polymers PMVE/MA-Es (CAS number: 25087-06-3; MW: 130 kg/mol), provided as 50% w/w
solution in ethanol, and PMVE/MA-Ac (CAS number: 25153-40-6; MW: 216 kg/mol), in powder format,
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Amikacin (Mw: 585.6 g/mol; 250 mg/mL)
and cefotaxime (MW: 455.5 g/mol; powder) were acquired from Laboratorios Normon (Tres Cantos,
Spain). Neomycin (MW: 614.6 g/mol; 10 mg/mL) was obtained from Sigma-Aldrich and ciprofloxacin
(MW: 331.3 g/mol; 2 mg/mL) from Genéricos Españoles laboratorios S.A. (Las Rozas, Spain). The
chemical structure inputs of all these compounds are shown in Figure 1.
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Figure 1. Structures of the principal compounds used. All structures were drawn using ChemBioDraw
Ultra v14.0 (CambridgeSoft, Cambridge, MA, USA).

Phosphate buffered saline (PBS; pH 7.4), Mueller-Hinton broth (MHB; powder format), methanol,
acetone, phosphoric acid and trifluoroacetic acid with HPLC grade purity, and dimethylsulfoxide
(DMSO) and ethanol with purity >95%, were all from Sigma-Aldrich. The water used was double
distilled and deionized (DDW) from a Milli-Q Synthesis A10 system (Millipore, Madrid, Spain).

2.2. Preparation of Nanofibers by Electrospinning

From our previous studies, either 20% w/w PMVE/MA-Ac in H2O or 25% w/w PMVE/MA-Es in
ethanol were selected as optimal polymeric solutions for the creation of electrospun nanofibers [10,11].
Antibiotics were added to the polymeric solutions to reach a final concentration of 1% w/w with respect
to both PMVE/MA-Ac and PMVE/MA-Es. All solutions were stirred for 1 h and then bath-sonicated
for 10 min prior to electrospinning.
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As for the electrospinning system, the polymer solutions inside a 2-mL Discardit II syringe (Becton
Dickinson, Franklin Lakes, NJ, USA) were pumped through a 20-Gauge blunt-end stainless steel
hypodermic needle 316 (Sigma-Aldrich) at a constant flow rate by using a KDS 100 infusion pump
(KD Scientific, Holliston, MA, USA). A Series FC high voltage supplier (Glassman High Voltage Inc.,
Whitehouse Station, NJ, USA) was responsible for the generation of the electrostatic field, which
focused the jet onto a collector, made of aluminum foil and located in front of the syringe tip (vertical
orientation). Any surface intended to be covered with a mat of electrospun nanofibers would be
placed on the collector, for instance common glass slides for fluorescence/optical microscopy analysis
or copper grids (diameter 3 mm) for transmission electron microscopy (TEM; Electron Microscopy
Sciences, Hatfield, PA, USA). Operational parameters: 15 kV, flow rate 0.5 mL/h, needle-collector
distance 15 cm, room temperature (RT) and relative humidity 40%–60%. Finally, in order to evaporate
solvent excess, the obtained mats were kept in a fume hood overnight. Synthesized nanofibers were
then stored protected from light at RT and dry atmosphere until used.

2.3. Preparation of Nanoparticles by Solvent Displacement

The PMVE/MA-Es nanoparticles were created using the solvent displacement procedure previously
described by Arbós et al. (2002) [19] with some modifications. Briefly, different amounts of
PMVE/MA-Es (12.5–200 mg) were dissolved in up to 5 g of ethanol by means of magnetic agitation
for 10 min at RT. Subsequently, 2 μg of antibiotic in DDW were added (control nanoparticles were
prepared only with DDW). After 10 min further magnetic stirring, gradual addition of DDW brought
the final volume to 15 g. Then, the ethanol was evaporated under reduced pressure (BUCHI Rotavapor
R-230, Flawil, Switzerland). Finally, obtained nanoparticles were purified twice by centrifugation
(Sigma 3K30, Sigma Instruments, Osterode, Germany) at 20,000 g for 20 min at 4 ◦C. The pellet was
then resuspended in up to 10 g of DDW and thus the final concentrations were 0.125%–2% w/w (or
1.25–20 mg/g) of PMVE/MA-Es and 200 ng/g of antibiotic. The supernatants were further centrifuged
at 30,000 g for 30 min at 4 ◦C and collected again to quantify the amount of unloaded antibiotics. The
purified nanoparticles and supernatants from all batches were stored at −20 ◦C until use.

2.4. Average Size and Zeta Potential Determination of Nanoparticles

Photon correlation spectroscopy (PCS), also known as dynamic light scattering (DLS), was used
to determine the average hydrodynamic diameter (HDD) and polydispersity index (PDI) of each
batch of nanoparticles (90 Plus Nanoparticle Size Analyzer; 35 mV red diode laser source, = 640 nm;
Brookhaven Instruments Corporations, Holtsville, NY, USA). Each suspension sample was diluted with
DDW to yield an appropriate scattering intensity of 100–400 kcps. All measurements were performed
three times at 25 ◦C with angle detection fixed at 90◦ on 2 mL samples.

The zeta potential (ZP) of the synthesized nanoparticles was determined by electrophoretic laser
Doppler anemometry with the 90 Plus Particle Size Analyzer (Brookhaven Instruments Corporation).
Suspension samples were prepared as described before and analyzed in triplicate. All results are
shown as the mean and standard deviation (s.d.) of the values obtained from three different batches.

2.5. Microscopy

For optical microscopy initial screenings, the nanofibers were electrospun on microscope slides
(Deltalab, Barcelona, Spain) and observed by means of a Mycrosystems DMI3000B inverted fluorescence
microscope equipped with an EL6000 compact light source and a DFC 3000G digital camera, all from
Leica (Bensheim, Germany). All images were taken with a 63× objective in phase contrast and image
processing performed manually using the software Leica Application SuiteAF6000 Module Systems.

Detailed observations of selected nanofiber samples were carried out by scanning electron
microscopy (SEM), without metal coating, in a JSM-6360 LV device (Jeol, Tokyo, Japan). For size
analysis, diameter measurements were performed on 100 nanofibers (minimum three micrographs)
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per nanofiber synthesis condition using ImageJ software (National Institutes of Health, NIH, Bethesda,
MD, USA).

Transmission electron microscopy (TEM) was used to confirm the size and describe the morphology
of the synthesized nanoparticles (Jeol 1011 apparatus, at 120 kV). Samples were placed onto
Formvar/carbon 300-Mesh, copper grids (Electron Microscopy Science, Hatfield, PA, USA) and
then incubated with citrate lead solution (0.03% p/v) to generate contrast in images. Diameter
measurements were performed on 50 nanoparticles (minimum three micrographs) per nanoparticle
synthesis condition using ImageJ software (National Institutes of Health).

2.6. HPLC Analysis

The quantitation of antibiotics was performed by HPLC in order to determine their encapsulation
efficiency (EE, percentage of encapsulated compound relative to the theoretically maximum one) in
both nanostructures. For nanoparticles, non-loaded compound, i.e., free in supernatants obtained
during synthesis prior to purification, was quantitated then subtracted from the total added antibiotics
to determine the amount of loaded compound. Nanoparticle supernatants or 0.1% w/w nanofiber
solutions in DDW were filtered through a 0.4 μm PTFE membrane (Chmlab group, Barcelona, Spain)
prior to volume injections (10 μL for amikacin and neomycin, 20 μL for ciprofloxacin and 5 μL
for cefotaxime).

A Merck-Hitachi D-7000 HPLC system (Hitachi Instruments, Tokyo, Japan) equipped with an
Alltech 3300 evaporative light scattering detector (ELSD; Alltech Associates Inc., Lokeren, Belgium)
was used to analyze amikacin and neomycin. Cefotaxime and ciprofloxacin were analyzed by means
of an Agilent LC 214 1100 series HPLC system controlled by ChemStation software and equipped with
a G1311A quaternary pump, a G1329A ALS automated sample injector, a G1316A thermostat column
compartment and a G1316A diode array detector (Agilent Technologies, Inc., Palo Alto, CA, USA).

All methods used were isocratic and their particularities for each antibiotic were as follows. For
amikacin and neomycin, the mobile phase was acetone:DDW with 0.15% v/v TFA at a 1:1 ratio, a flow
rate at 1.0 mL/min. ELSD conditions were nitrogen pressure at 3.5 bar and temperature at 45 ◦C. For
cefotaxime, the mobile phase was methanol:DDW at 30:70 v/v (adjusted to pH 4 with acetic acid), a flow
rate at 0.8 mL/min and detection at 235 nm. For ciprofloxacin, the mobile phase was 0.25 M phosphoric
acid:acetonitrile at 75:25 v/v, a flow rate at 0.8 mL/min and detection at 280 nm. Standard curves
for each antibiotic were generated using the same concentration range (6.25–300 μg/mL). Within this
range, a linear correlation was found between concentration and detected peak area with regression
coefficient values (R2) greater than 0.99 (Figure S1).

2.7. Antibacterial Assays

The antimicrobial activity of the experimental formulations was tested on antibiotic-sensitive
strains of Gram-positive Staphylococcus aureus (CECT 59) and Gram-negative Escherichia coli (CECT
515) obtained from the Spanish Type Culture Collection (Colección Española de Cultivos Tipo, CECT,
Universitat de Valencia, Spain). Prior to each assay, a colony of bacteria previously grown in MHB-agar
plates was isolated and incubated in MHB for 12 h at 37 ◦C to prepare bacteria inocula.

Minimal inhibitory concentration (MIC) was determined by the two-fold broth microdilution
method according to the Clinical and Laboratory Standards Institute (CLSI) guidelines [20], with some
modifications. Briefly, two-fold dilutions in MHB of the experimental formulations and the control
antibiotics at twice the final concentration were prepared and 50 μL/well were dispensed in each
column (1 column per concentration) of round-bottom 96-well polystyrene plates (Deltalab S.L., Rubí,
Spain). Then, bacteria suspension, after adjustment to 0.5 McFarland and then further diluted by 1:100
in MHB, was added to all wells (50 μL/well), except for sterile controls. Plates were then incubated
for 24 h at 37 ◦C and finally MIC was defined as the lowest concentration of antibiotic that visibly
inhibited the growth of the bacterium being investigated. All assays were performed in triplicate and
results are shown as the mean and s.d.
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2.8. Data Analysis and Graphics

Data were analyzed and graphs produced using GraphPad Prism v6 and Microsoft Excel software.
Statistical analysis was performed with GraphPad Prism v6.

3. Results

3.1. Electrospinnability of Formulations and Characterization of Obtained Nanofibers

In our previous works [10,11], the optimal conditions for the electrospinning of the polymer
solutions for both of these PMVE/MA derivates were determined, and hence taken as starting points
for the present study (briefly, 15 kV, flow rate of 0.5 mL/h, needle-collector distance of 15 cm and
polymer concentrations of 20% w/w PMVE/MA-Ac in H2O or 25% w/w PMVE/MA-Es in ethanol). In this
study, such conditions proved suitable for generating morphologically uniform nanofibers when initial
polymeric solutions were homogenous. However, amikacin, neomycin and ciprofloxacin were found
to be insoluble in ethanol, and therefore insoluble in PMVE/MA-Es solutions. Therefore, nanofibers
were obtained from PMVE/MA-Ac solutions in combination with all antibiotics, but PMVE/MA-Es
solution was only used with cefotaxime.

From both optical microscopy (data not shown) and SEM images (Figure 2), the morphology of
all nanofibers was observed to be uniform (no shape anomalies), continuous (appropriate length, no
breaks) and with a smooth surface appearance (no visible pores).

Figure 2. SEM analysis of antibiotic-loaded electrospun nanofibers. Representative SEM micrographs
and corresponding diameter frequency histograms for PMVE/MA-Ac, PMVE/MA-Ac/amikacin,
PMVE/MA-Ac/neomycin, PMVE/MA-Ac/cefotaxime, PMVE/MA-Ac/ciprofloxacin, PMVE/MA-Es and
PMVE/MA-Es/cefotaxime. Histogram data were obtained from multiple micrographs (100 individual
measurements). Best-fit adjustments (and their R2) to a Gaussian distribution are indicated in blue.
Average diameter (Ø) ± s.d. is also stated. Scale bar: 5 μm.

As SEM offers higher resolution and contrast imaging, as well as broader depth of field, these images
were used for size analysis (Figure 2). All nanofiber types showed average diameter values < 1000 nm,
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except PMVE/MA-Es/cefotaxime (1414 ± 200 nm). PMVE/MA-Ac nanofibers with no encapsulated
compound were the narrowest in diameter (126 ± 28 nm), which contrasts starkly with non-loaded
PMVE/MA-Es fibers (871 ± 159 nm). The encapsulation of compounds increased the diameter of both
PMVE/MA-Es and PMVE/MA-Ac nanofibers by a minimum of 1.6-fold (PMVE/MA-Es/cefotaxime)
and a maximum of 5.0-fold (PMVE/MA-Ac/amikacin). Among PMVE/MA-Ac nanofibers, the smallest
diameter increase was found when loading neomycin (2.4-fold), then ciprofloxacin (3.5-fold), with
cefotaxime increasing the most (4.5-fold). In terms of size variability, PMVE/MA-Ac/amikacin,
PMVE/MA-Ac/cefotaxime, PMVE/MA-Ac/ciprofloxacin and PMVE/MA-Es/cefotaxime nanofibers most
closely fitted a Gaussian distribution (R2 > 0.95), although all formulations showed R2 values higher
than 0.9. Of note, EEs reached maximum levels (≥97%) with relatively low s.d. (±2%) in all cases.

3.2. Optimization of the Preparation of PMVE/MA-Es Nanoparticles and Their Characterization

The low solubility in ethanol of most of the antibiotics tested, and the low solubility in DDW of
PMVE/MA-Es, severely limited their compatibility for encapsulation in electrospun PMVE/MA-Es
nanofibers. In contrast, encapsulation of these antibiotics in PMVE/MA-Es nanoparticles would appear
feasible, since their preparation by the solvent displacement method requires, initially, both much
lower polymer and ethanol concentrations (32.33% w/w). This method continues with the selective
evaporation of ethanol to reach final nanoparticle suspensions in just DDW.

Preliminarily, the process of preparation of PMVE/MA-Es nanoparticles was optimized. For
this purpose, several concentrations of PMVE/MA-Es were tested, ranging from 0.125% to 2% w/w
(thus, 1.25–20 mg/g) in the final formulation. The physico-chemical parameters analyzed for these
nanoparticles are summarized in Table 1. Overall, within the concentration range tested, greater polymer
concentration was associated with larger nanoparticle diameter. No associations were noted between
polymer concentration and either PDI or ZP parameters. PDI values ranged 0.06-0.20, indicating
suspensions with high quality dispersion in general. In contrast, ZP values were more variable (from
−5 to −35 mV), but only nanoparticles made of 10 and 20 mg/g PMVE/MA-Es displayed values yielding
fairly good physical stability (≥30 mV approximately). Given these results, nanoparticles made of
10 mg/g PMVE/MA-Es were selected for further studies.

Table 1. Physico-chemical characteristics of nanoparticles made with different PMVE/MA-Es concentrations.

Conc. (mg/g) HDD (nm) PDI (a.u.) ZP (mV)

1.25 84 ± 5 0.11 ± 0.04 −26 ± 10
2.5 139 ± 26 0.19 ± 0.03 −5 ± 4
5 106 ± 4 0.10 ± 0.04 −5 ± 6

10 202 ± 11 0.20 ± 0.06 −35 ± 9
20 230 ± 1 0.06 ± 0.01 −32 ± 1

Conc., concentration in the final formulation. a.u., arbitrary units. Results shown as the mean ± s.d. (n = 3).

Such nanoparticle formulations were then analyzed by TEM (Figure 3), which revealed consistent
spherical shapes and, in contrast to PCS results, not only a lower average size (114 ± 24 nm), but also a
less homogeneous population, as can be observed from the frequency histogram of their diameters.
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Figure 3. TEM analysis of optimized PMVE/MA-Es nanoparticles. Representative TEM image and
diameter frequency histogram of PMVE/MA-Es nanoparticles synthesized by the solvent displacement
method. The histogram was generated from data obtained from multiple images, until reaching 50
individual measurements. The best-fit adjustment (and R2) to a Gaussian distribution is indicated in
blue. Average diameter (Ø) and s.d. are also included in the inset. Scale bar: 200 nm.

3.3. Characterization of PMVE/MA-Es Nanoparticles Loaded with Antibiotics

By following the methodology described above, antibiotic-loaded PMVE/MA-Es nanoparticles
were prepared containing 10 mg/g PMVE/MA-Es and 200 ng/g antibiotic (if 100% EE). The
physico-chemical characteristics and EE displayed by these formulations are summarized in Table 2.
Control (non-loaded) nanoparticles showed similar physico-chemical values as observed before
(previous section), confirming the high reproducibility of the technique. As for loaded nanoparticles,
there were significant compound-dependent variations in these parameters. For instance, both
amikacin- and ciprofloxacin-loading was associated with greater particle size, but only the latter
showed a notably change in ZP value (−16 ± 3 mV). Nanoparticles loaded with cefotaxime showed
lower diameter (156 ± 6 nm) in comparison to control, and only neomycin-loaded particles showed no
substantial differences compared to controls. Regarding their EE, only amikacin showed relatively low
values (14% ± 4%), with the other antibiotics ranging from 40% to 69%.

Table 2. Physico-chemical characteristics and encapsulation efficiency (EE) of PMVE/MA-Es
nanoparticles loaded with antibiotics.

Antibiotic HDD (nm) PDI (a.u.) ZP (mV) EE (%)

None 195 ± 7 0.15 ± 0.04 −38 ± 13 -
Amikacin 253 ± 5 0.17 ± 0.07 −39 ± 2 14 ± 4
Neomycin 209 ± 4 0.20 ± 0.07 −29 ± 7 40 ± 3
Cefotaxime 156 ± 6 0.29 ± 0.03 −31 ± 8 69 ± 7

Ciprofloxacin 256 ± 8 0.17 ± 0.01 −16 ± 3 59 ± 8

a.u., arbitrary units. Results shown as the mean and s.d. (n = 3).

3.4. Analysis of the Antibacterial Activity

The antibacterial activity of encapsulated antibiotics was assessed against Gram-positive (S. aureus)
and Gram-negative (E. coli) bacteria by determining their MIC values and comparing to those obtained
for the free drug. The MIC values displayed by the encapsulated and free antibiotics were not
significantly different (data not shown). As free compounds, MIC values for amikacin, neomycin,
ciprofloxacin and cefotaxime were 1.25, 0.31, 2.5 and 0.16 μg/mL against S. aureus and 2.5, 1.25, 0.06
and 0.004 μg/mL against E. coli, respectively.
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4. Discussion

The present work provides evidence of the versatility of polymers for generating nanostructures
adapted to the solubility properties of the compounds of interest, for successful encapsulation of these
compounds. Our previous studies provided the first demonstration of electrospinning procedures
optimized for creating nanofibers of the two PMVE/MA derivates used here [10,11]. These were
used to encapsulate 5-aminolevulinic acid (5-ALA) into nanofibers made of each polymer [11], and
a combination of salicylic acid, methyl salicylate and capsaicin into PMVE/MA-Es nanofibers [10].
Here, we demonstrated the encapsulation of four structurally different molecules (with a common
application: antibiotics) into electrospun nanofibers of either PMVE/MA-Ac or PMVE/MA-Es. All the
antibiotics tested were soluble in water, and thus encapsulate into PMVE/MA-Ac nanofibers, but only
cefotaxime was also soluble in ethanol, and consequently the only one loadable into PMVE/MA-Es
nanofibers. In this regard, as many drugs are hydrophobic, the description of electrospinnable polymers
with properties compatible for encapsulating hydrophobic compounds, is of great importance in
order to incorporate such molecules into electrospun nanofibers while maintaining their biological
functionality. This issue has been revisited by several authors recently [21,22]. Furthermore, these
polymers might also work as a shell phase in both co-axial and layer-by-layer electrospinning in
order to either manipulate the delivery dynamics of high hydrophilic molecules to the particular
requirements or to adapt the delivery system to the needs of the biological context [23,24].

Although the morphology of the nanofibers was not affected by the encapsulation of molecules,
their diameter did undergo considerable changes in comparison to non-loaded fibers. The extent of
these increases in diameter was related to the compound used (1.6-fold for PMVE/MA-Es/cefotaxime
nanofibers and 2.4–5.0-fold for loaded PMVE/MA-Ac nanofibers). These increases were larger than
expected, as only 1% w/w antibiotic was used in all cases and loading percentages for relatively similar
compounds are usually much higher with no, or even reduced, diameter [10,25,26]. In general, within
moderate encapsulation levels, the diameter of electrospun nanofibers commonly increases with
viscosity and decreases with conductivity [25–29], and since the compounds used here are not salts or
polyelectrolytes, they might be increasing the viscosity of the electrospinnable solution [25,26]. In any
case, the current study employs the same synthesis parameters for all formulations in order to reliably
determine any possible morphological or size changes between the different antibiotics incorporated,
and if it is desirable to strictly limit any increase in size, it might be achievable by optimizing such
parameters for each particular formulation, as shown in our previous studies [10,11].

This work has shown the flexibility of nanostructuration of some polymers and offers
alternative encapsulating nanomaterials for compounds whose solubility limitations hinder their
biological/therapeutic applications. Although amikacin, neomycin and ciprofloxacin could not be
loaded into PMVE/MA-Es nanofibers by electrospinning, the solubility of all integrating molecules
with water:ethanol solutions allowed their encapsulation into PMVE/MA-Es nanoparticles, synthesized
by the solvent displacement method. This methodology has been widely reported to create PMVE/MA
nanoparticles for drug delivery purposes because of the interesting mucoadhesive properties of this
polymer [19,30]; however, to our knowledge, there are no publications describing nanoparticles made
of PMVE/MA-Es apart from the patent with reference number US20140161892A1 [31].

The optimized methodology for encapsulating particles (10 mg/g PMVE/MA-Es) produced
polymeric nanoparticles with size (200 nm), PDI (0.2) and ZP (−35 mV). Briefly, at the concentrations
tested, the greater the polymer concentration used, the larger the nanoparticle diameter produced,
while formulations with smaller nanoparticles showed less adequate PDI and ZP values than the
selected one. The PDI, which ranges from 0 to 1, reflects the width of the particle size distribution
and values lower than 0.3 are commonly considered as optimum [32]. Regarding the ZP, which
reflects the level of surface electrostatic potential, values of approximately −30 mV are associated with
physical stability and are considered at the limit for colloidal organizations (theoretically, about −60 mV
minimum is considered optimal) [33,34]. Comparing to these results, loaded nanoparticles did not
differ much in the PDI, ZP and size values obtained, which is in accordance with some studies [35–39].
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In contrast, the size of PMVE/MA-Es nanoparticles did change notably (increased by about 25%)
for some antibiotics, although not as dramatically as in loaded PMVE/MA-Ac nanofibers. Interestingly,
the greatest size increases were found when encapsulating amikacin into both types of nanostructures;
however, no further correlations could be established for the remaining antibiotics. These size changes
do not appear to be related to their MWs, nor to their EEs. For instance, despite the two aminoglycosides
tested, amikacin and neomycin, presenting similar MWs (585.6 and 614.6 g/mol, respectively) and
chemical structures (see Figure 1), the size change of their encapsulating nanostructures (625 vs. 304 nm
in nanofibers and 253 vs. 209 nm in nanoparticles) and their EEs (14% vs. 40%) are very different. In
this regard, the scarcity of nanoencapsulation studies for amikacin, neomycin cefotaxime and, to a
lesser extent, ciprofloxacin [40–43], hampers any meaningful assessment or comparison.

Nevertheless, all tested antibiotics, when encapsulated into either nanomaterial, showed similar
antibacterial activity as their free forms, indicating that none of the synthesis methodologies used
substantially modified their chemical structures. This observation encourages the performance of
follow-up experiments focused on assessing any potential advantages conferred by the described
encapsulating nanomaterials in terms of controlled release, targeted delivery or other therapeutic
impact. Any such advantages may help to overcome the drawbacks restricting the clinical use of some
therapeutics (such as toxicity, poor penetration of biological barriers and short circulating half-life) [44].

5. Conclusions

The compatibility in solubility of both the polymer source and the compound of interest is a
critical factor limiting the production of loaded polymeric electrospun nanofibers. However, it has
been demonstrated here that the high versatility with which some polymers can be assembled into
nanomaterials, in this work PMVE/MA-Ac and PMVE/MA-Es, offers novel encapsulating strategies to
overcome such constraints. In this context, it has also been shown that the encapsulation efficiency,
nanostructuration settings and/or the morphology/size of the final nanostructures are highly dependent
upon the chemical properties, rather than the molecular weight, of the compounds to be encapsulated.
In contrast, it is confirmed that none of the nanostructuring procedures employed alters the activity of
a set molecules with different chemical structures.
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Abstract: This study focuses on the use of high degree of polymerization agave fructans (HDPAF) as a
polymer matrix to encapsulate compounds of high biological value within micro- and nanostructures
by electrohydrodynamic processing. In this work, β-carotene was selected as a model compound,
due to its high sensitivity to temperature, light and oxygen. Ultrafine fibers from HDPAF were obtained
via this technology. These fibers showed an increase in fiber diameter when containing β-carotene,
an encapsulation efficiency (EE) of 95% and a loading efficiency (LE) of 85%. The thermogravimetric
analysis (TGA) showed a 90 ◦C shift in the β-carotene decomposition temperature with respect to
its independent analysis, evidencing the HDPAF thermoprotective effect. Concerning the HDPAF
photoprotector effect, only 21% of encapsulated β-carotene was lost after 48 h, while non-encapsulated
β-carotene oxidized completely after 24 h. Consequently, fructans could be a feasible alternative to
replace synthetic polymers in the encapsulation of compounds of high biological value.

Keywords: HDPAF; electrospinning; micro-nanofibers; β-carotene; thermoprotection;
photoprotection

1. Introduction

Obtaining micro- and nanostructures in the food industry represents a viable option for the
incorporation and stabilization of compounds of high biological value (CHBV). The production of
these structures containing CHBV is based on the encapsulation processes in which the bioactive is
surrounded by polymeric materials that act as matrices and help to preserve their properties. Currently,
there is a huge interest in the use of biopolymers that replace synthetic polymers in the encapsulation
and transport processes of compounds of high biological value, as well as expanding their use
in biomedical and pharmaceutical technologies [1,2]. Fructans are a new class of heterodispersed
biopolymers that are found in various plants, such as the Agave tequilana from the Agavaceae family,
and serve as an important source of reserve carbohydrates in the plant. Five types of fructans have been
identified in nature so far, which are classified into inulins, neo-inulins, levans, neo-levans and mixed
fructans, depending on the type of bond [3,4]. Agave fructans are characterized by the presence of
fructose units with a terminal glucose connected by bonds β (2-1) and β (2-6) and can present different
degrees of polymerization, which are determined by the species [5–7] as well as the environmental
conditions in which the agave is produced, stored and processed [8,9].

Toriz et al. (2007) [10] propose a chemical structure for the fructans of Agave tequilana Weber var.
Azul, based on the combination of permethylation and reductive rupture techniques for identification.
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They mainly propose the distribution of two monomers, the β-D fructofuranose terminal type (22%),
1-linked (30.8%), 6-linked (21.2%), 1-6 linked (19.8%) and the α-D terminal glucopiranose (7.3%).

The use of high degree of polymerization agave fructans (HDPAF) has been implemented in
recent years as a wall material in encapsulation processes such as spray drying, obtaining remarkable
results. Ortiz-Basurto et al. (2017) [11] microencapsulated pitanga juice (Eugenia uniflora L.) by spray
drying with HDPAF and maltodextrin as encapsulants. These authors reported similar behaviors
between both materials. Alternatively, Farías Cervantes et al. (2016) [12] used 50% agave fructans,
as an encapsulant to obtain blackberry powder by spray drying, mentioning that agave fructans,
in addition to increasing the encapsulation efficiency, could add prebiotic properties and improve the
physico-chemical characteristics of the powder.

However, conventional encapsulation processes, such as spray drying, require the use of high
temperatures or toxic reactives that could affect the CHBV or compromise its application in a food or
pharmaceutical product. The electrohydrodynamic processing, electrospinning or electrospraying,
has demonstrated to be a promising alternative to encapsulate and stabilize compounds of high
biological value, since it does not require severe conditions of temperature, pressure or aggressive
chemicals [13]. This technology allows obtaining structures called fibers or particles at the micron,
submicron or nano scale [14]. This technique uses a potential difference for the electro-stretching of a
drop of polymer solution from a charged electrode (capillary or free surface) to a collector. Once the
drop has gained enough electrical charge to overcome the surface tension and viscosity of the polymer,
the drop is stretched, causing ultra-fine fibers to emerge from the polymer drop, forming the so-called
Taylor cone [15]. The extent of each phase, whether direct or in drag motion, depends on the operating
parameters as well as the physical properties of the polymer, such as surface tension, conductivity
and viscosity [16]. The difference between electrospinning and electrospraying (electrohydrodynamic
spraying) is based on the degree of molecular cohesion, which can be easily controlled by variation
in the concentration of the polymer solution [17]. Ramos-Hernández et al. (2018) [18] managed to
obtain spherical structures with a size distribution of 440 to 880 nm, as well as the thermostability and
photostability of β-carotene encapsulated by electrospraying, using solutions with concentrations from
10% to 50% of HDPAF.

Electro-spun nanofibers have also been used in CHBV encapsulation processes, such as the
encapsulation of bioactive compounds in zein fibers with application in food and pharmaceutical
products [19]; however, up to our knowledge, the production of electro-spun micro-nanofibers of
HDPAF has not been reported yet. This material could be a feasible alternative to replace synthetic
polymers in the encapsulation of compounds of high biological value, as well as expanding their use
in biomedical and pharmaceutical products.

Antioxidants are a good example of CHBV due to the high number of health benefits attributed to
them and their high sensitivity to physico-chemical factors [20]. Carotenoids are an important member
of the antioxidant family, being natural organic pigments present in plants and some photosynthetic
organisms. Their consumption is associated with health benefits by reducing the incidence of cancer
and heart disease, as well as improving ocular health [21]. β-carotene is one of the most common
carotenoids in the functionality of food, supplements and pharmaceuticals due to its high, pro-vitamin
A activity and antioxidant capacity. However, its use is sometimes limited due to its sensitivity to
oxidation, especially when exposed to high temperatures, light, oxygen, acidic conditions, etc. [19,22].

The aim of this study was to evaluate the feasibility of agave fructans to obtain micro-nanofibers
through the electrospinning process, using β-carotene as a model compound, with properties and
characteristics, as a first approach, and to provide stability to compounds of high biological value for
further applications in the food and pharmaceutical areas.
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2. Materials and Methods

2.1. Materials

High degree of polymerization agave fructans (HDPAF) were obtained in the Laboratorio Integral
de Investigación en Alimentos (LIIA) of Tecnológico Nacional de México/Instituto Tecnológico de Tepic,
Nayarit, México, from native fructans provided by the company Campos Azules Co. (Mexico City,
Mexico); β-carotene (>97.0% UV, C40H56) (Sigma Aldrich, Steinheim, Germany), 96% ethyl alcohol
(CTR Scientific, Monterrey N.L, Mexico), Chloroform (trichloromethane) HPLC grade (Fermon Episolv,
Monterrey N.L, Mexico), Tego® SML (Evonik Industries AG, Essen, Germany).

2.2. Preparation and Characterization of Polymer Solutions

Polymeric solutions were prepared with 70% (w/w) of HDPAF in hydroalcoholic solution
(ethanol-water, at 10% w/w) and 1% (w/w) of Tego® SML as surfactant was added. The solution was
homogenized under magnetic stirring for 45 min at room temperature. In the alcoholic fraction of the
solution, β-carotene was added (1% w/w), protecting the mixture from light during the homogenization
period with dark paper.

The characterization of the solutions consisted in determining the electrical conductivity, viscosity
and surface tension. The electrical conductivity was analyzed with a multiparameter potentiometer
Hanna Instruments HI-4521 (Melrose, MA, USA). The viscosity (η) was determined with a Discovery
HR-1 Hybrid rheometer (TA Instruments, New Castle, DE, USA), equipped with geometry Smart Swap
™ with automatic detection. The cone and plate geometry option was selected (2◦, 60 mm of diameter,
64 μm of gap) and the Peltier system for temperature stabilization was used. The surface tension was
measured with the equipment Force tensiometer model K20 EasyDyne (KRÜSS GmbH, Hamburg,
Germany), with the Wilhelmy Plate method.

2.3. Obtaining Fibers by Electrospinning

The electrospinning process was performed in a machine LE-10 brand Fluidnatek® from
BIOINICIA company (Valencia, Spain), which has a voltage power supply of 19 kV. The injector is
based on a syringe pump with a flow from 200 μL/h, and has a distance from the injector to the collector
of 20 cm, the collector is cylindrical stainless steel and it has a variable rotation speed from 500 rpm.
The process parameters such as voltage, flow, distance and rotation speed of the collector were adjusted
in preliminary tests according to the characterization and stability of the solutions.

2.4. Morphology Analysis through SEM

The morphology and size of the fibers obtained were both determined with the scanning electron
microscopy (SEM) technique with a Hitachi-S-4800 device (Hitachi High-Technologies Corporation,
Tokyo, Japan). Approximately 1.5 mg of sample was fixed with double-sided tape on the sample holder,
coated with gold-palladium for 2 min, and an acceleration voltage of 10 kV was used. The determination
of the size distribution based on the diameters of the structures was made with the SEM system
software (Hitachi High-Technologies Corporation, Tokyo, Japan) with at least 100 measurements
per sample.

2.5. Loading and Encapsulation Efficiency

The loading efficiency (LE) of β-carotene in the fibers was determined considering the amount of
total extract and final extract by weight difference, obtained with thermogravimetry analysis (TGA)
using the TRIOS software (TA Instruments, New Castle, DE, USA) and applying Equation (1). Where
the total extract corresponds to the amount of extract added to the fibers, the final extract represents
the amount of extract determined by TGA. Regarding the encapsulation efficiency (EE), initially the
amount of extract loaded was determined with the application of Equation (2).
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Subsequently, the amount of surface was calculated, performing a superficial washing of the
fibers with a solvent related to β-carotene and not to the polymer, in order to determine the content
of compounds of high biological value (CHBV) on the fiber surface. To this end, 1 mg of fibers was
taken and suspended in 1 mL of trichloromethane, centrifuging at 10,000 rpm for 1 min, analyzing the
supernatant obtained absorbance at 466 nm in a Varian brand Cary® 50 UV-Vis spectrophotometer
(Sydney, Australia). The β-carotene content is calculated according to the calibration curve performed,
y = 3.6298x + 0.0059 (R2 = 0.9998). Finally, knowing the values of loading and surface extract, Equation
(3) was applied to determine the encapsulation efficiency (EE).

Loading efficiency (LE)

%LE =

(
1−
(

total extract− f inal extract
total extract

))
× 100 (1)

Loading extract

Loading extract =
%EC ∗ total extract

100
(2)

Encapsulation efficiency (EE)

%EE =
loading extract− sur f ace extract

loading
× 100 (3)

2.6. Thermogravimetric Analysis (TGA)

The thermogravimetric analysis to determine the decomposition temperature of each component
of the fiber, as well as to determine the LE and to demonstrate the thermoprotective effect of the
materials on β-carotene, was performed on a TGA 550 (TA Instruments, New Castle, DE, USA) in a
nitrogen atmosphere (N2), with a heating ramp of 25 to 600 ◦C at a speed of 5 ◦C/min. The results were
analyzed with the TRIOS software (TA Instruments, New Castle, DE, USA).

2.7. UV Photostability

In order to analyze the oxidation kinetics of β-carotene, the fibers obtained were exposed to a
simulator of sunlight. An Osram Ultra-vitalux lamp (300 W) (OSRAM, Munich, Germany) was utilized,
which generates a mixture of radiation, using a quartz discharge tube and a tungsten filament [19].
It was placed in a sample holder 1 mg of standard β-carotene, and samples of the fibers with and
without β-carotene, which were exposed to ultraviolet (UV) radiation for 48 h at 37 ◦C. Samples were
taken every 6 h. A central segment of the exposed material was cut and dissolved in distilled water at
a ratio of 1 mg/mL with magnetic stirring for 1 min. Subsequently, 1 mL of chloroform was added and
centrifuged (10,000 rpm, 1 min). The absorbance of the organic phase at 466 nm was measured with
the Varian brand Cary® 50 UV-Vis spectrophotometer (Sydney, Australia). Chloroform was used as
the target. The results, obtained in relation to oxidation, are reported based on the relative content of
β-carotene (% absorbance).

2.8. Statistic Analysis

Data analysis was performed using the least significant digit (LSD) test for comparison of means
with STATISTICA version 10 (StatSoft, Inc. (2011), (Tulsa, OK, USA)). All tests were performed
in triplicate.

3. Results and Discussion

3.1. Physicochemical Characterization of Polymer Solutions

First, the physicochemical properties of the polymer solutions were evaluated, since the stability
of the electrohydrodynamic process and the morphology obtained are highly related to them.
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The solutions presented viscosity values of 3.69 ± 0.05 and 3.36 ± 0.03 Pa·s without and with
β-carotene, respectively, as shown is Table 1. These results are in the same order of magnitude as
those obtained by Kutzli et al. (2019) [23], at high concentrations of maltodextrin combined with whey
protein isolated (WPI) or soy protein isolated (SPI). They obtained values of apparent viscosity of
4.85 ± 0.14 Pa·s (WPI 80:5), 5.88 ± 0.18 Pa·s (WPI 80:10), 5.14 ± 0.09 Pa·s (SPI 80:5) and 7.77 ± 0.12 Pa·s
(SPI 80:10), respectively. The similarity of fructans with maltodextrin with respect to this property
is mainly due to their structural conformation. Concerning the surface tension, similar values in the
solutions with and without β-carotene were obtained (29.6 ± 0.2 and 30.1 ± 0.1 mN/m), showing that
the β-carotene incorporation does not modify the penetration resistance of the solution (p ≤ 0.05).
Ramos-Hernández et al. (2018) [18] analyzed the surface tension of HDPAF solutions at different
concentrations, obtaining a value of 23.46 mN/m for a 50% solution of the polymer, which differs
from those obtained in this study. The difference could be associated with the type of surfactant
used, but mainly at the concentration of the biopolymer (70%). In contrast, the addition of β-carotene
to the polymer solution caused a significant increase in electrical conductivity from 5.54 ± 0.01 to
7.30 ± 0.03 mS/cm, and this can be attributed to the functional group loads of β-carotene (Table 1).

Table 1. Physicochemical characterization of the 70% high degree of polymerization agave fructans
(HDPAF) polymer solution with and without β-carotene.

Parameter 70% HDPAF without β-Carotene 70% HDPAF with β-Carotene

Viscosity 1 (Pa·s) 3.69 ± 0.05 a 3.36 ± 0.03 a

Surface tension (mN/m) 30.1 ± 0.1 b 29.6 ± 0.2 b

Electrical conductivity (mS/cm) 5.54 ± 0.01 c 7.30 ± 0.03 d

Different letters within the same row indicate significant differences among samples (α = 0.05). The average values
were obtained from the analysis of three replicas. 1 Viscosity values were read at a shear rate of 39.8 s−1.

In the electrospinning process, the high concentrations of HDPAF allowed the increase of
intermolecular interactions of the polymer with the solvent, and in the same way, the polymer–polymer
crosslinking, favoring the stability of the flow [17]. In addition, polymer chain interactions have a close
relationship with concentration and viscosity [24]. However, a high viscosity can cause clogging of the
injector partially or totally, but it can also affect the morphology of the fibers due to the presence of
artifacts in the structures.

3.2. Micro-Nanofiber Formation Process

The stabilization of the electrospinning process was achieved with a voltage of 19 kV, 200 μL/h feed
flow of the polymer solution, 20 cm distance from the injector to the collector with 500 rpm rotation.
A concentration of the polymer of 70% (w/w) was used, which allowed the formation of a network of
polymer chains and enough entanglement to electro-stretch the solution, obtaining continuous fibers
(Figure 1).

In preliminary studies, the electrospinning process was carried out with a 60% solution (w/w) of
HDPAF concentration. The presence of structures, with artifacts that cannot be considered as spheres or
fibers, was observed (Figure 1a). On the contrary, for a concentration of 70% of HDPAF, it was possible
to obtain a homogeneous film on the collector. This is directly related to the increase in concentration,
the structure of high-polymerization fructans and the molecular arrangement of the terminal chains
and interactions that occur during the electrospinning process.

Despite not finding references in literature about fiber formation with HDPAF, some authors such
as Lee et al. (2009) [25]; Kai et al. (2015) [26] reported the use of polysaccharides such as alginate,
cellulose, chitosan, starch in the formation of fibers by electrospinning, which could be used as natural
encapsulants in the area of medicine. HDPAFs have just been used so far for the production of
spherical nanocapsules ([18]), which were obtained using a HDPAF concentration of 30% through the
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electrospraying process to encapsulate β-carotene. The possibility of obtaining fibers could increase
the application field of agave fructans to medicine or biomaterials.

 

Figure 1. Scanning electron microscopy (SEM) micrographs show structures obtained with (a) 60%
HDPAF, (b,c) fibers obtained with 70% HDPAF without β-carotene at different magnification, (d,e) fibers
obtained with 70% HDPAF loaded with β-carotene at different magnification, (f) distribution of
micro-nanofiber diameters obtained with the 70% HDPAF formulation (�) without and (�) with
β-carotene. The average values and standard deviation (SD) were obtained from the analysis of
three replicas.
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3.3. Morphology Analysis

Fibers obtained with solutions without β-carotene presented a smooth and continuous surface
(Figure 1d) with a larger distribution of diameters, in the range of 750 to 1000 nm (Figure 1f). Structures
obtained with β-carotene showed smooth, continuous surface fibers, with a slight fragmentation of
some structures. This is possibly associated with the applied voltage and its effect on the breaking of
the cross-links of the polymer chains. An increase in the diameter size distribution was observed, being
in the range between 1250 and 1500 nm. The presence of pores and widenings in some segments was
observed, which could be due to the lipophilic nature of β-carotene that limits cross-linking with the
polymer or the relative humidity and vapor pressure of the solvent used. The high hygroscopicity of the
HDPAF could also affect the diameter of the fibers. Bak et al. (2016) [27] analyzed the effect of relative
humidity (30% and 60%) in the manufacture of collagen nanofibers. These authors reported that the
quantity of humidity affects the morphological characteristics of the fibers obtained, and therefore
concluded that at lower humidity the diameter of the fibers decreases.

3.4. Loading and Encapsulation Efficiency (LE and EE)

The encapsulation efficiency of the β-carotene inside the ultrathin fibers of HDPAF was 95%.
This indicates that almost all the loaded compound was encapsulated in the center of the fibers.
This value differs with the encapsulation efficiencies obtained with other polysaccharides, such as
chitosan, where an encapsulation efficiency of β-carotene of 36% was obtained in the encapsulation by
nanomicelles. However, it is similar to the encapsulation efficiency reported for the encapsulation
of anthocyanins in xanthan gum in combination with starch (96%) by spray drying [28,29]. HDPAFs
show similarities in their entrapment capacity compared to some proteins. In this sense, López-Rubio
and Lagaron (2012) [30] report a 90% of encapsulation efficiency for the encapsulation of β-carotene
in whey protein. Gomez-Estaca et al. (2012) [31] obtain an encapsulation efficiency between 85 and
90% in encapsules of curcumin into zein by electrospraying. The branched structure of the HDPAF
favors the entrapment of the bioactive compound due to its available functional groups, forming bonds
such as hydrogen bonds that stabilize the nucleus and maintain the compound of interest in the fiber.
The loading efficiency was of 85% in the fibers based on thermogravimetric analysis.

3.5. Thermogravimetric Analysis

A thermogravimetric analysis was performed to the fibers as well as to each of the materials
used to make the fibers, in order to study the thermal stability of the β-carotene inside the
polymeric wall of HDPAF. The β-carotene displayed an initial decomposition temperature of
138 ◦C and a final temperature of 367 ◦C (Figure 2b), similar to the temperatures reported
by Peinado et al. (2016) [32] when analyzing this powder compound with a maximum peak of
decomposition at approximately 120 ◦C. In addition, there were two important variations in mass,
which are related to the breakdown of the basic structure due to thermal energy, generating the
formation of volatile organic compounds including 2-methyl-2-hepten-6-yne, 2-methyl-2-hepten-4-yne
and β cyclocitral.

The thermal stability of the fibers in the absence of β-carotene (Figure 2b) was characterized
by presenting a first weight loss of 5.0% at 100 ◦C, which is associated with the humidity content.
The second variation occurred between 167 to 307 ◦C, attributed to HDPAF (57.91%), reaching the
maximum decomposition temperature at 209 ◦C. This temperature is similar to that presented by the
individually analyzed HDPAFs, which explains that the surfactant used does not modify the thermal
properties of the polymer. Espinosa-Andrews and Urias-Silvas (2012) [33] reported decomposition
temperatures of 200 to 222 ◦C for commercial agave fructans, with a similar thermal behavior to that
reported in this study. Regarding the fibers with β-carotene, the thermogram showed three mass
variations (Figure 2b).
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The first corresponds to humidity (4.0%), the second, between 174 to 232 ◦C, is attributed to the
breakdown of HDPAF according to Figure 2a, the third was in the temperature range of 232 to 288 ◦C,
which was related with the breakdown of β-carotene, a higher degree of polymerization fructans
and surfactant according to Figure 2b. This can be explained due to the nature of the compounds
and their affinity between β-carotene and HDPAF. Likewise, the fibers with β-carotene showed a
displacement of 90 ◦C in the initial decomposition temperature of this compound, demonstrating the
thermoprotective effect of HDPAF.

Figure 2. Thermograms of (a) HDPAF and (b) comparative (�) β-carotene (�) fibers with β-carotene.
(t, indicates thermograms and d, the derivatives of the thermograms).

3.6. Photostability Analysis

The need to evaluate the protection capacity of polymers used in encapsulation processes arises
due to the susceptibility of photosensitive compounds to structural modification, such as β-carotene.
The photostability of the fibers was evaluated under exposure of the fibers to ultraviolet A (UVA)
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light. According to the results, the photooxidation of uncapsulated β-carotene was presented from the
beginning of the exposure, becoming total at 24 h.

On the contrary, when β-carotene was encapsulated within the fibers, the loss of its
relative content was only 21% until 48 h (Figure 3). This behavior shows the ability of
HDPAFs to reduce the photooxidation process, thus, prolonging the stability of β-carotene.
Ramos-Hernández et al. (2018) [18] prepared capsules with HDPAF using a polymer concentration
of 30% and 0.1% of β-carotene, and the results in the oxidation of β-carotene encapsulated with the
electrospraying method showed a loss of 10% in capsules within 48 h. If the protective effect of both
morphologies is compared, it is possible to observe that the fibers show twice the oxidation than the
capsules, although the β-carotene content is 10 times higher in the fibers. The loss of photostability
could be attributed to a reduced biopolymer-bioactive ratio, as well as to an effect of morphology, since
the fibers have a larger surface exposed to light. For this reason, taking into account the amount of
encapsulated β-carotene and the encapsulation efficiency obtained, the photostabilizing effect of the
fiber could be considered very adequate.

In comparison with synthetic polymers, the behavior of the fibers with β-carotene is similar to that
presented with the use of HDPAF. Peinado et al. (2016) [32] report a 20% loss of the relative content of
the bioactive compound when exposed to UVA fibers made with polyethylene oxide (PEO) attributed
to the stability of β-carotene once encapsulated, reflecting the polymer ability to limit oxygen diffusion
and reduce exposure to light. On the other hand, de Freitas Zômpero et al. (2015) [34] obtain a 20%
reduction after 6 h of exposure to UV light in fibers made with polyvinyl alcohol (PVOH) loaded with
nanoliposomes, with the aim of analyzing the stability of the β-carotene. Whereas, the fibers in the
present study show a reduction of 7% in the same period of time, which proves that HDPAFs have the
ability to protect photosensitive compounds.

Figure 3. Photostability kinetics of the β-carotene (�) and 70% HDPAF micro-nanofibers loaded with
β-carotene (�).

4. Conclusions

To the best of our knowledge, this paper reports for the very first time the possibility of generating
continuous micro- and nanometric scale fibers from agave fructans of high degree of polymerization
in 70% (w/w) solutions. This document also reports the possibility to encapsulate a bioactive model
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compound, such as β-carotene inside the fibers, obtaining a high encapsulation efficiency as well as
providing stability to both temperature and UVA radiation.

The good results provided by fructans could suppose the expansion of its use and exploitations,
since they could be a feasible alternative to replace synthetic polymers in the encapsulation of
compounds of high biological value, as well as expanding their use in biomedical and pharmaceutical
products. In this spirit, it is of important interest to consider the study of possible complexes with
other polymers that help enhance their characteristics and properties, such as its high hygroscopicity,
and structures more homogeneous, as well as their incursion into new applications.
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Abstract: Polylactide/polyethylene glycol/curcumin (PLA/PEG/Cur) composite nanofibers (CNFs)
with varying ratios of PEG were successfully fabricated by electrospinning. Characterizations of
the samples, such as the porous structure, crystalline structure, pore size, wetting property and
Cur release property were investigated by a combination of scanning electron microscopy (SEM),
Fourier-transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD) and UV spectrophotometer.
The antibacterial properties of the prepared porous CNFs against Escherichia coli bacteria were studied.
The results showed that with the decrease of PEG in the CNFs, there appeared an evident porous
structure on the CNF surface, and the porous structure could enhance the release properties of Cur
from the CNFs. When the weight ratio (PEG:PLA) was 1:9, the pore structure of the nanofiber surface
became most evident and the amount of Cur released was highest. However, the antibacterial effect of
nonporous CNFs was better due to burst release over a short period of time. That meant that the porous
structure of the CNFs could reduce the burst release and provide better control over the drug release.

Keywords: electrospinning; curcumin; PLA/PEG/curcumin nanofiber; drug release; porous nanofiber

1. Introduction

Electrospinning has been recognized as a simple and efficient technique for the fabrication of
composite nanofibers (CNFs). The application of electrospun nanofibers can be improved by increasing
the specific surface area and porosity of the nanofibers. Because of high porosity, high specific surface
area and high surface activity, porous nanofibers have many existing and potential applications in
drug delivery, tissue engineering, electronic engineering, and so on [1–5].

Curcumin (Cur) is a polyphenol compound extracted from the rhizome of the plant Curcuma
longa. Recently, it was reported that Cur has a wide range of pharmacologic activities, such as
anti-inflammation, anti-human immunodeficiency virus (HIV), anti-microbial, anti-oxidant, anti-parasitic,
anti-mutagenic and anti-cancer, with low or no intrinsic toxicity [6–8]. Polylactic acid (PLA) has
been widely used in biomedical and tissue engineering because of its excellent biocompatibility and
biodegradability [9]. Lu et al. [10] investigated the effects of electrospraying a solution system and
concentration of polyethylene oxide (PEO) on the morphologies of the single-drug and dual-drug loaded
nanocomposites. Zhang et al. [11] reported that the polyethylene glycolation (PEGylation) modification
could afford a faster release profile of the encapsulated drug than pure poly(lactic-co-glycolic acid)
(PLGA) nanofibers, and the drug-loaded PLGA-PEG nanofibers were able to inhibit the growth of a
model bacterium, Staphylococcus aureus. Ramírez-Agudelo et al. [12] found that composite nanofibers
were easier to obtain an antibacterial property compared to a single polymer system. And the antibacterial
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composite with bacterial cellulose could prolong the antimicrobial activity against both E. coli and
S. aureus [13]. Phan et al. [14] prepared and characterized a series of polymeric micellar formulations of
Cur for targeted cancer therapy. Aytac et al. [15] designed core-shell nanofibers via coaxial-electrospinning
using an inclusion complex of curcumin with cyclodextrin in the core and polylactide (PLA) in the shell.
Zhong et al. [16] prepared PLA and a PLA-b-PEG composite porous scaffold loaded with a high dose of
aspirin, using the solvent casting/particulate leaching technique, and found that the amphiphilic block
polymer could efficiently enhance the dispersion property and stabilize the release of hydrophilic drugs.
Shaik et al. [17] investigated the preventive role of orally administered Aloe vera supplemented probiotic
lassi (APL) on Shigella dysenteriae infection in mice, and found that the immunoprotective effects of APL
against Shigella dysenteriae induced infection in mice. Feng et al. [18] used tea polyphenol (TP) as an
additive to develop to inhibit the spoilage of fish fillet during cold storage.

In this paper, electrospun PLA/PEG/Cur porous CNFs were fabricated by controlling the weight
ratio of PEG:PLA. The effects of this ratio on the morphology and porous structure of CNFs were
studied by scanning electron microscopy (SEM) and capillary flow porometry. Successful entrapments
of Cur in the PEG/PLA CNFs were validated by Fourier-transform infrared (FTIR) spectroscopy
and X-ray diffraction (XRD). Then, the properties of these CNFs with various PEG:PLA ratios were
investigated by a contact angle (CA) measurement apparatus, UV spectrophotometer and shaking
incubator. The results showed the CA and the cumulative release of Cur increased with the decrease of
PEG, due to the appearance of a porous structure on the nanofiber surface. However, the antibacterial
effect of the nonporous composite nanofiber membranes (CNFMs) was better due to burst release over
a short period of time. The initial burst release of Cur was prevented by the porous structure of the
porous CNFs compared to nonporous CNFs. That meant that the porous structure of CNFs could
reduce the burst release and allow better control of the drug release.

2. Experimental

2.1. Materials

Polylactic acid (PLA), with an average molecular weight of 22,000 g/mol, was purchased
from Anqing chemical Co. Ltd. (Anhui, China). The polyethylene glycol (PEG) with an average
molecular weight of 400 g/mol was supplied by Sangon Biotech Co. Ltd. (Shanghai, China).
The N,N-Dimethylformamide (DMF) (Analytical Reagent), chloroform (CF) (Analytical Reagent)
and phosphate buffered saline (PBS) (Analytical Reagent, pH 7.4) were purchased from Shanghai
Chemical Reagent Co. Ltd. (Shanghai, China). The curcumin (Cur) (≥95.0% purity) was purchased
from Shanghai Yuanye Biotechnology Co. Ltd. (Shanghai, China). E. coli for antibacterial tests were
obtained from Soochow University (Suzhou, China). The nutrient broth medium and nutrient agar
medium were purchased from SCAS Ecoscience Technology Inc. (Shanghai, China). All chemicals
were used without further purification.

2.2. Preparation of PLA/PEG/Cur CNFs

The concentration was measured by weight. PEG and PLA with various weight ratios of 1:1,
1:3, 1:5, 1:7 and 1:9 were respectively dissolved in a solvent mixture of DMF and CF, with a weight
ratio of 1:9. The concentrations of mixed solutions (PEG and PLA weight ratio to solution) were all
8 wt%. Then, a certain amount of Cur was added into the PEG/PLA solutions and the weight ratio
of Cur to PEG/PLA was 3:100. The prepared solutions were magnetically stirred for 3 h to ensure
homogeneous mixing.

The obtained spinning solution was dropped into a 10 mL syringe. According to our previous
work [1,5], the electrospinning parameters were set as follows: The flow rate was 0.6 mL/h, the applied
voltage was 15 kV, and the working distance from the needle tip to the collector was 14 cm.
All electrospinning experiments were carried out at room temperature (20 ◦C) and a humidity of 60%.
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2.3. Characterizations and Measurements

The electrical conductivity and viscosity of spinning solutions were determined respectively by a
conductivity meter (DDS-307, Shanghai instrument & electric Scientific Instrument Co., Ltd., Shanghai,
China) and a viscometer (NDJ-5S, Shanghai Nirun Intelligent Technology Co., Ltd., Shanghai, China).
The measurement was repeated three times.

The surface morphologies of PLA/PEG/Cur CNFs were carried out using a scanning electron
microscopy (SEM, Hitachi S-4800, Tokyo, Japan) at an acceleration voltage of 3 KV. The diameter
distribution of the nanofibers was characterized by Image J software (National Institute of Mental
Health, Bethesda, MD, USA). Twenty SEM images of 50 nanofibers in each SEM image were chosen at
random for diameter distribution analysis.

The mixture, consisting of 1 mg of shredded PLA/PEG/Cur CNFMs and 200 mg of KBr powder,
was pressed into a flaky sample, which was used in the Fourier-transform infrared (FTIR) analysis.
The sample was characterized using FTIR spectroscopy (Nicolet 5700, Thermo Fisher Scientific,
Waltham, WA, USA). The FTIR spectrum of the sample was obtained by the performance of 32 scans
with the wavenumber range of 400–4000 cm−1 and a resolution of 4 cm−1.

X-ray diffraction (XRD) analyses were performed to illustrate the crystalline structures of Cur
powders and PLA/PEG/Cur CNFs using a Philips X’Pert-Pro MPD with a 3 KW ceramic tube as the
X-ray source (Cu-Kα) and an X’Celerator detector. Cu-Kα radiation was used with a diffraction angle
range of 10–60◦ at 40 kV and 200 mA at a scanning rate of 10◦/min.

The pore size distributions of PLA/PEG/Cur CNFMs were determined using capillary flow
porometry (Porometer 3G, Quantachrome Instruments, Boynton, FL, USA), which employed the
technique of expelling a wetting liquid, Porofil, from through-pores in the sample. All samples were
circular membranes with a diameter of 25 mm and a thickness of 10 μm.

The wettability of the PLA/PEG/Cur CNFMs was characterized using an optical contact angle
(CA) measurement instrument (Krüss DSA100, Krüss Company, Hamburg, Germany). The volume of
the deionized water droplet used for static CA measurement was 6 μL. The CAs were measured by
the sessile drop method [19]. Moreover, the average CAs were determined by measuring six different
positions of the same sample.

2.4. In Vitro Release of Cur

Electrospun PLA/PEG/Cur CNFs (10 mg) were dispersed in 3 mL of PBS (PH 7.4) as a release
medium and then placed in 25 mL centrifuge tubes (Shanghai Hongsheng Biotech Co. Ltd., Shanghai,
China). These centrifuge tubes were incubated in a shaking incubator (FLY-100/200, Shanghai Shenxian
Thermostatic Equipment Factory, Shanghai, China) at 37.4 ◦C with a shaking speed of 60 rpm. At desired
intervals, 1 mL of the release medium was withdrawn for Cur release rate analysis, and an equal volume
of fresh PBS was replenished for sustaining the incubation. The released amounts of Cur were measured
by UV spectrophotometer (Cary 5000, Agilent Technologies, Santa Clara, CA, USA).

2.5. Antimicrobial Tests

The PLA/PEG/Cur CNFMs were cut into 5 mm × 5 mm shreds and were sterilized for 30 min, at
a temperature of 125 ◦C and a pressure of 103 KPa. The antibacterial effects of these PLA/PEG/Cur
CNFMs on a bacterial strain, E. coli, were investigated. Overnight cultures of E. coli derived from a
single colony and cultivated in nutrient broth medium were used in the study. Each culture solution
(1 mL) was inoculated into 9 mL of PBS, resulting in a concentration of 3 × 105–5 × 105 colony forming
units (CFUs/mL). These bacterial solutions with a concentration of 3 × 105–5 × 105 CFUs/mL were
used for the antibacterial tests, and bacterial solutions incubated in pure PBS only served as controls.

In a conical flask, 375 mg of shredded PLA/PEG/Cur CNFMs were dispersed in 35 mL of PBS,
and then 5 mL of bacterial solutions with a concentration of prepared 3 × 105–5 × 105 CFUs/mL
were added. The conical flask was shaken in a constant temperature incubator shaker (IS-RDV1,
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Crystal Technology & Industries, Inc., Dallas, TX, USA) at 25 ◦C with a shaking speed of 300 rpm
for 20 h. Aliquots (1 mL) of the obtained samples were placed on nutrient agar plates in multiple
replicates. Each sample was prepared separately in a triplicate. The growth of the E. coli was evaluated
by counting CFUs after incubation for 24 h at 37 ◦C. The inhibition rate was calculated according to
the following equation [20]:

Inhibition rate (%) =
CFUcontrol group − CFUexperimental group

CFUcontrol group
× 100%

3. Results and Discussion

3.1. Properties Characterization of Spinning Solutions

The electrical conductivity and viscosity of the spinning solutions with the different weight ratios
(PEG:PLA) are shown in Table 1. It was obvious that as the content of the PLA increased, the viscosity
of solutions increased due to increased average molecular weight [21], which resulted in a decrease of
the electrical conductivity of the solutions [22]. The viscosity played an important role in determining
the diameter of the electrospun nanofibers [1].

Table 1. Properties characterization of spinning solutions with the different weight ratio (polyethylene
glycol:polylactide, or PEG:PLA).

PEG:PLA Electrical Conductivity (μs/cm) Viscosity (mPa·s)

1:1 0.455 ± 0.045 33 ± 2
1:3 0.432 ± 0.038 77 ± 4
1:5 0.421 ± 0.035 112 ± 3
1:7 0.267 ± 0.052 137 ± 3
1:9 0.249 ± 0.048 157 ± 4

3.2. Morphological Characterization of PLA/PEG/Cur CNFs (SEM)

The surface morphologies of the electrospun PLA/PEG/Cur CNFs with different weight ratios
(PEG:PLA) were investigated by SEM. Figure 1 shows SEM images of the CNFs and the respective
nanofiber diameter distributions. It could be seen that with the decrease in the weight ratio (PEG:PLA),
the surface morphology of the CNFs changed from smooth to porous. A further decrease of PEG in the
mixtures, with the weight ratio 1:5, resulted in the appearance of evident pores on the CNF surfaces.
When the weight ratio (PEG:PLA) was 1:7 and 1:9, the pore structure of the nanofiber surfaces became
very noticeable, and the diameters of the porous nanofibers increased due to an increased pore number.
This could be explained by the plastic deformation of PLA in water, which led to the formation of the
pore structure, due to the solvent volatilization at a suitable humidity in the electrospinning process.
Therefore, as the PLA content increased to a certain proportion, evident pore structures appeared on
the nanofiber surfaces.

 
(a) 

Figure 1. Cont.
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Figure 1. SEM pictures of the electrospun polylactide/polyethylene glycol/curcumin (PLA/PEG/Cur)
carbon nanofibers (CNFs) with different weight ratios (PEG:PLA). The right figures were the according
diameter distribution: (a) 1:1, (b) 1:3, (c) 1:5, (d) 1:7, (e) 1:9.
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In addition, the relationship between the weight ratio (PEG:PLA) and the average diameters
of the electrospun CNFs is shown in Table 2, with the confidence intervals calculated according to
Reference [1]. Table 2 illustrates that with the decrease of the weight ratio (PEG:PLA), the average
diameters of the CNFs decreased. This was firstly due to better spinnability of the spinning solution,
which increased rapidly with a weight ratio of 1:7, due to the formation of pores [21]. When the
contents of PEG were too much, such as 1:1 and 1:3 (mass ratios to PLA), the viscosity of the spinning
solution was too low, which resulted in poor spinnability of the solution.

Table 2. The relationship between the weight ratio (PEG:PLA) and the average diameters of CNFs.

PEG:PLA
Average Diameter

(
-

D) (nm)

Standard Deviation
(σ) (nm)

Confidence Interval
(nm)

1:1 290.60 64.08 ±12.56
1:3 287.70 74.39 ±16.91
1:5 205.16 59.43 ±11.64
1:7 308.73 91.25 ±17.89
1:9 552.81 195.53 ±38.32

3.3. Fourier-Transform Infrared (FTIR) and Raman Spectrum Analysis

The presences of Cur in the PEG/PLA CNFs with the different weight ratios (PEG:PLA) were
confirmed by Fourier-transform infrared (FTIR) spectroscopy, as shown in Figure 2. The FTIR spectra
of these PLA/PEG/Cur CNFs displayed characteristic absorption bands at 1754 cm−1 and 1087 cm−1,
which represented the backbone ester group of PLA [4], and also showed a CH3 asymmetric bending
peak at 1454 cm−1, a C-O stretching peak at 1182 cm−1 and a O-H bending peak at 1047 cm−1 of PLA.
In addition, the absorption peak at 1128 cm−1 could be attributed to C-O-C characteristic vibration of
PEG [23]. Moreover, it was obvious that a sharp peak appeared at 1272 cm−1 due to the C-O stretching
vibration in -C-OCH3 of the phenyl ring of Cur [24]. As seen in Figure 2, Cur was encapsulated in the
CNFs, and the intensity of the peaks corresponding to PLA in FTIR spectra of samples increased as the
PLA contents increased.

Figure 2. Fourier-transform infrared (FTIR) spectra of PLA/PEG/Cur CNFs with different weight
ratios (PEG:PLA): (a) 1:1; (b) 1:3; (c) 1:5; (d) 1:7; (e) 1:9.

3.4. X-ray Diffraction (XRD) Spectrum Analysis

XRD patterns with distinctive crystalline peaks of Cur and PLA/PEG/Cur CNFs with different
weight ratios (PEG:PLA) are shown in Figure 3. As seen in Figure 3A, the XRD spectrum of Cur
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displayed sharp and intense peaks of crystallinity, which suggested a highly crystalline nature.
Figure 3B shows the XRD spectra of the CNFs with different weight ratios (PEG:PLA). It could
be observed that the peaks at 2θ = 16.88◦ and 22.58◦ could be assigned as (010) crystal planes of PEG
and (015) crystal planes of PLA, respectively. With the decrease of PEG, the XRD spectra of the CNFs
showed a reduction of peak intensity, as compared to the Cur, which indicated decreased crystallinity
or changes into an amorphous phase of the drug [6]. The principal peak of Cur at 2θ = 17.08◦ did not
appear due to the low ratio of Cur with respect to the polymer composite.
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Figure 3. XRD spectra of Cur (A). XRD spectra of PLA/PEG/Cur CNFs with the different weight ratio
(PEG:PLA): (a) 1:1; (b) 1:3; (c) 1:5; (d) 1:7; (e) 1:9 (B).

3.5. Measuring Pore Size Distribution Composite Membranes

Figure 4 illustrates the pore size distributions of the PLA/PEG/Cur CNFMs with varying PEG
weight ratios, measured by a capillary flow porometry, and Table 3 shows the size and number of
pores. It could be seen that as the PEG weight ratio decreased, the pore size of the CNFMs increased,
and the respective pore number of the CNFMs decreased. Moreover, the pore distributions of the
CNFMs with the weight ratios 1:7 and 1:9 (PEG:PLA) demonstrated more uniformity. These results
were in agreement with the SEM images, as illustrated in Figure 1.
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Figure 4. The pore size distributions of PLA/PEG/Cur nonporous composite nanofiber membranes
(CNFMs) with different weight ratios (PEG:PLA): (a) 1:1; (b) 1:3; (c) 1:5; (d) 1:7; (e) 1:9.

Table 3. The analysis of pore size distributions of the CNFMs with different weight ratios (PEG:PLA).

PEG:PLA
Pore Size

(μm)
Maximum Pore Number (/cm2)
/The According Pore Size (μm)

Pore Number
(/cm2)

1:1 1.39–2.11 4.3 × 107/1.769 1.68 × 108

1:3 1.41–2.18 4.13 × 107/1.861 1.15 × 108

1:5 1.55–2.39 2.2 × 107/1.879 7.4 × 107

1:7 2.35–3.93 5.6 × 106/2.668 5.1 × 107

1:9 2.44–4.04 5.5 × 106/2.848 4.5 × 107

3.6. Wetting Properties

The CA values of the PLA/PEG/Cur CNFMs with different weight ratios (PEG:PLA) were
obtained by an optical (CA) measurement instrument (Table 4). It was obvious that the CNFMs with
the weight ratio 1:1 (PEG:PLA) were hydrophilic due to the hydrophilicity of PEG, and with the
increase of the PLA weight ratio, the CA increased gradually due to the hydrophobicity of PLA. When
the weight ratio was up to 1:3, the CA of the CNFMs increased to 125.4◦. With the continuous increase
of the PLA weight ratio, the CNFMs were highly hydrophilic. This might be due to the increase of
hydrophobic PLA and pores of the CNFs. The pore structure could further enlarge the surface area
and enhance the hydrophobicity of the CNFMs [25].
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Table 4. Contact angles of PLA/PEG/Cur CNFMs with different weight ratios (PEG:PLA).

Ratio 1:1 1:3 1:5 1:7 1:9

Contact angles 47.1 ± 1.1◦ 125.4 ± 2.6◦ 130.2 ± 1.1◦ 134.6 ± 2.0◦ 139.0 ± 1.7◦

3.7. In Vitro Cur Release

The released amounts of Cur in PBS from the electrospun CNFs were determined
spectrophotometrically at 425 nm by a UV spectrophotometer. The standard curve of Cur concentration
was calculated according to y = 14.26087x − 0.06634 (R = 0.997), where x is the Cur concentration
(μg/mL), y is the optical density (OD) value measured. Based on the standard curve, the cumulative
release of Cur was calculated. Figure 5 illustrates the cumulative release of Cur from the porous and
nonporous CNFs with the different Cur contents, which were prepared with a weight ratio of 1:7
(PEG:PLA), at a humidity of 60% (porous) and 30% (nonporous), respectively. It could be seen that
after 240 h the cumulative release rates of Cur from the porous CNFs with varying Cur percentages
from 1% to 5%, were 92.17%, 81.23%, 82.89%, 58.36%, and 57.62%, respectively, were higher than
those from the according nonporous CNFs, which were 88.51%, 63.83%, 58.10%, 58.35% and 56.66%.
This may have been due to the higher specific surface area of the porous nanofibers and the porous
structure could promote the release of the drug [4]. In addition, the cumulative release rate of Cur from
the CNFs with 1% Cur was highest, and when the Cur percentage was higher than 3%, the cumulative
release rate of Cur was at a low level. This may have been due to the fact that Cur could be dissolved
less in the spinning solution when the Cur percentage was at a higher level. Therefore, 3% Cur was
selected as the experimental parameter in the following study.
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Figure 5. Cumulative release of Cur from porous and nonporous PLA/PEG/Cur CNFs with the
different Cur contents: (a) Nonporous CNFs; (b) Porous CNFs.

Figure 6 shows the cumulative release of Cur from the PLA/PEG/Cur CNFs with 3% Cur and
different weight ratios (PEG:PLA). It was evident that after 80 h, the Cur release of CNFs with different
weight ratios (PEG:PLA), such as 1:1, 1:3, 1:5, 1:7 and 1:9, reached 48.40%, 53.58%, 55.75%, 66.08% and
69.41%, respectively. That meant the Cur release increased as the PLA weight ratio increased, due to the
appearance and increase of pores on the CNFs. The results also demonstrated that the porous structure
of the CNFs could absorb more Cur and promote the release of Cur. Therefore, the PLA/PEG/Cur
porous CNFs exhibited an improved drug release property.
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Figure 6. Cumulative release of Cur from PLA/PEG/Cur CNFs with the different weight ratio
(PEG:PLA).

3.8. Effects of Porous Structure on Antibacterial Properties

Figure 7 and Table 5 present the antibacterial properties of the PLA/PEG/Cur CNFMs with 3%
Cur and different weight ratios (PEG:PLA), and the PEG/PLA CNFMs with a weight ratio (PEG:PLA)
of 1:7 used as a comparative sample. It could be seen that the antibacterial effect of the PEG/PLA
CNFMs with a weight ratio of 1:7 was poor, and the inhibition rates of the PLA/PEG/Cur CNFMs
were all beyond 97%. The antibacterial effect of the PLA/PEG/Cur CNFMs was as good as that of
other antibacterial materials in Reference [26]. However, the inhibition rates decreased as the PLA
weight ratio increased. To illustrate the results of the antibacterial tests, the initial burst releases of
Cur from the PLA/PEG/Cur CNFMs with 3% Cur and different weight ratios (PEG:PLA) for about
20 h were investigated. The standard curve of the Cur concentration was calculated according to
y = 186.428x − 3.3719 (R = 0.997). According to the standard curve, the cumulative releases of Cur
were calculated, as displayed in Figure 8.
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Figure 7. Effects of different composite ratio on antibacterial properties of PLA/PEG/Cur nanofibers
membranes: (a) PEG:PLA = 1:7 (0% Cur); (b) PEG:PLA = 1:1 (3% Cur); (c) PEG:PLA = 1:3 (3% Cur);
(d) PEG:PLA = 1:5 (3% Cur); (e) PEG:PLA = 1:7 (3% Cur); (f) PEG/PLA = 1:9 (3% Cur); (g) cotton.

Table 5. Effects of different composite ratio on antibacterial properties of PLA/PEG/Cur
nanofiber membranes.

PEG/PLA Inhibition Rates (%)

1:1 99.97
1:3 99.96
1:5 99.93
1:7 98.77
1:9 97.61
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Figure 8. Initial burst release of Cur from PLA/PEG/Cur CNFMs with different weight ratios
(PEG:PLA).

As seen in Figure 8, as the PLA weight ratio increased, the initial burst release rate of Cur
decreased due to the appearance and increase of pores on the CNFs, which resulted in the decrease of
the inhibition rates of the CNFMs. The results showed that the antibacterial effect of the nonporous
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CNFs was better due to burst release over a short period of time. This meant that the porous structure
of the CNFs could reduce the initial burst release and better control drug release. This could be
explained using a modified Fickian diffusion equation, which is presented in our previous work [4].
According to the equation, the porous nanofibers had a longer diffusion path than the nonporous
nanofibers, and as the diffusion path increased, the concentration gradient of the drug would become
smaller. As a result, the diffusion flux would decrease and lead to the slow release of the drug [4].

4. Conclusions

In the present study, electrospun PLA/PEG/Cur porous CNFs with different weight ratios
(PEG:PLA) were successfully prepared by controlling the electrospinning parameters. The electrical
conductivity and viscosity of the spinning solutions with different weight ratios (PEG:PLA) were
investigated. The results indicated that with the decrease in the weight ratio, the electrical conductivity
of spinning solutions decreased, and accordingly, the viscosity of the solutions increased.

The effects of the weight ratio (PEG:PLA) on the morphology and structure of the CNFs were
studied systematically. SEM images displayed that as the weight ratio decreased, the morphology
of the CNFs changed from smooth to porous. And when the weight ratio increased to 1:7, the pore
structure of the nanofiber surfaces became very evident. FTIR and XRD data indicated that Cur was
encapsulated successfully in the CNFs. Pore size analysis displayed that with the decrease of the weight
ratio, the pore size of the CNFMs increased, and the respective pore number of the CNFMs decreased.
CA measurements illustrated that the CA of the CNFMs increased as the weight ratio decreased.

Property characterizations—such as the wetting property, drug release property and antibacterial
property—of the PLA/PEG/Cur CNFMs showed that with the decrease of the weight ratio, the CA
and the Cur cumulative release of the CNFMs increased due to the appearance of pores on the
CNFs. In addition, the antibacterial effect of the CNFMs decreased, as the initial burst release of Cur
was prevented by the porous structure of the CNFs. Therefore, the porous structure of the CNFs
could improve the drug release property, and the PLA/PEG/Cur porous CNFMs could have great
potential for biomedical applications, such as drug delivery, biological scaffold, medical dressing and
antibacterial materials.
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