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Electrospinning is a versatile technique used to produce fibrous mats. The high surface area of the electrospun mats
makes them suitable for applications in fields using nanoparticles. Electrospun mats are used for tissue engineering,
wound dressing, water-treatment filters, biosensors, nanocomposites, medical implants, protective clothing materials,
cosmetics, and drug delivery systems.

Keywords: drug delivery ; nanoparticles ; nanofibers ; hybrid system ; nanomedicine ; electrospinning

| 1. Introduction

Nanoparticles have been essential as an innovative technology in drug delivery systems. With chemotherapeutic drugs,
for example, greater specificity is needed to reduce adverse reactions during cancer treatments. These nanometric
systems are able to deliver more concentrated doses in close proximity to tumor tissue due to the effects of improved
permeability and retention. This, in turn, reduces the exposure of the drug to healthy tissues, and limits the distribution of
chemotherapeutics to the targeted tumor tissue. This results in a more precise and less toxic dosage during treatment.
Nanoparticles can also be used as carriers to penetrate the blood-brain barrier (BBB) and deliver antineoplastic drugs to
treat brain tumors . Another property offered by nanoparticles is to improve the bioavailability of bioactive molecules
prone to enzymatic and hydrolytic degradation. Nanoparticles can be used in this capacity as oral administration vehicles
for the encapsulation of peptides and proteins, which protects them from gastrointestinal barriers. They can also be used
for gene delivery, improving absorption by increasing the cellular permeability of macromolecules. Nanoparticles can be
targeted with specific ligands to provide better strategies for therapeutics 22!,

Electrospun mats, on the other hand, are being studied for different purposes, such as tissue engineering, wound
dressing, water treatment filters, biosensors, nanocomposites, medical implants, protective clothing materials, cosmetics,
and drug delivery systems . The nanofiber mats formed by electrospinning have different qualities, such as improving
the dissolution of hydrophobic drugs and presenting greater release than other systems (e.g., hydrogels, films). The high
surface area to volume ratio and many inter-/intra fibrous pores contribute to drug deposition and accumulation 2!,

Independently, nanoparticles and polymeric nanofibers present some limitations and disadvantages. They are prone to
degradation when used as implantable devices, affecting the device’'s sensitivity and useful life expectancy .
Nanoparticles can present difficulties during their physical handling, either in liquid or dry forms, due to their small size
and large surface area, which make them prone to aggregation. These properties also limit the drug load to a very small
amount 4. As for nanofibers, they present morphological characteristics that must be adjusted for the desired application.
Nanofibers must meet specific requirements regarding their mechanical properties and wettability for use as biomedical
membranes. Hydrophobic nanofiber mats have been shown to cause plugging and decreased flow due to air pockets
trapped within the mats. The addition of nanoparticles can assist in developing a system with more suitable characteristics

by modifying properties such as the tensile strength of the compound, its roughness, and the wettability of the system [
(81,

| 2. The Electrohydrodynamic Method

The electrodynamic methods consist of electrospinning for the creation of nanofibers and electrospray for the
development of nanoparticles. These are similar techniques that take into account some experimental conditions but with
different parameters and produce different material shapes, sizes, and characteristics 2. The electrohydrodynamic
method can make different types, kinds, and sizes of particles, mats, and a blend of both structure types L9l The
general setup for the electrodynamic method, either to form fibers (Figure 1a) or particles (Figure 1b), consists of



applying high voltage to the tip of a needle of a syringe containing a polymer or biopolymer solution to a conductive
metallic collector. First, the plunger is pushed by a syringe-pump, which produces the output of the solution at controlled
parameters. Through the tip of the syringe, a cone is formed, called “Taylor’'s cone”. The collector must be made of a
conductive material that serves as a support for the material that is deposited in it, and the collector must be connected to
the electric ground of the high-voltage system.
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Figure 1. Basic setup for the electrodynamic method to produce either nanoparticles or nanofibers. (a) Electrospinning
and (b) electrospray.

These particles and fibers have qualities that put them at an advantage against other types of materials. One of the most
commonly mentioned are the small sizes, which range from micrometers to nanometers and qualifies them as
nanotechnology; they also have very desirable characteristics, such as high porosity and small pore size. In addition, they
have a high surface area to volume ratio, which means greater exposure to the environment 12, The products of
electrodynamic processes have a huge variety of applications in different areas, such as the food industry and the
biomedical industry. Its applications include the encapsulation of substances, filtration, packaging development, and
enzyme fixation, among others (131,

Electrospray follows the same principles as electrospinning. A charged solution passes through a needle, leading to the
ionization and atomization of the solution, and produces microscopic, charged droplets. The solvent evaporates when
nano- and micro-sized droplets are produced and collected on a grounded plate. Electrospray has great encapsulation
capacity, especially for hydrophilic particles in hydrophobic carriers 415l Nanoparticles formed by electrospray are
suitable for drug-carrying applications. Different morphologies can be obtained in the nanoparticles, such as solid
spheres, ellipses, or hollow spheres. In addition to morphology, size can also be controlled 8. Another use for

electrospray is the formation of membranes in conjunction with nanofibers, a useful configuration for filtering technologies
[17][18]

2.1. Electrospinning

One of the products of the electrodynamic process is nanofibers. The electrospun nanofibers made from polymeric
materials can be biocompatible, biodegradable, have a high load capacity, and encapsulation efficiency. Another
advantage is that they can be produced cost-effectively. Additional features can be added to these electrospinning mats
by using copolymers or functionalizing the solution with bioactive molecules. Coating the nanofiber’s surface with layers of
polymeric materials, for example, which have desired physicochemical properties such as pH sensitivity. This can help to
control the degradation of the nanofibers at different pH levels and provide stability in the cellular environment [&. The
electrospinning technique is easy to use, simple, unique, and versatile. With it, nanofibers of different polymeric materials
can be created; about 100 different electrospun systems have already been reported, including organic and inorganic
polymers. With the electrospinning technique, different strategies can be used to form nanostructures with the necessary
qualities to be used as targeted delivery systems. These delivery systems can provide advantages such as increasing the



therapeutic efficacy and reducing the toxicity of a drug 2. Electrospinning nanofibers are networks capable of guiding
and promoting cell migration. The properties of the nanofibers allow for cell proliferation in cellular microenvironments,
which promotes angiogenesis, aids in healing, and reduces the inflammation response 29,

Nanofibers from the electrodynamic method can be used in cancer treatments, especially in solid tumors, where the
implantation of these devices aids in the elimination of remaining cancer cells after the removal of a tumor as well as the
regeneration of tissue in the cavity resulting from the tumor removal process. Since they have a nanostructure similar to
the cellular matrix, the surface morphology can be modified for the desired properties to solve these needs [,

Through the electrospinning method, hydrophobic and hydrophilic polymers can be mixed to modulate the rate of drug
release according to the pharmacotherapeutic requirements. It is well known that prolonged release of hydrophilic drugs is
difficult to maintain since they tend to dissolve very quickly in aqueous media. Through electrospinning, a hydrophilic drug
can be loaded onto the nanofibers, and release can be controlled with the help of polymers with hydrophobic
characteristics. Combined with the nanofibers, they minimize the drug delivery in the initial stage and keep it continuous,
avoiding the typical explosive release of hydrophilic drugs (“burst release”). Another electrodynamic method that can be
used when this approach does not work is coaxial electrospinning. In this method, a coaxial syringe is used for the mixture
of two concentric fluids, which results in coaxial mats, obtaining nanofibers with a core-shell structure 221 This method is
applied to obtain encapsulated drugs within the nanofiber. These nanofibers, called core-sheath types, can be developed
precisely. The interior of the nanofiber (core) is composed of the drug and a hydrophilic polymer, while the exterior (shell)
consists of a hydrophobic polymer and controls the rate of release [221(23124],

Electrospinning can also be used to prepare multilayer systems inspired by the treatment of skin wounds. The systems
consist of layers with different physicochemical characteristics (Janus systems). The exterior layer is superhydrophobic to
avoid bacterial proliferation, while the internal layer is superhydrophilic to release antibiotics and wound healing drugs,
with a middle layer that delays exudate loss (23],

Reactive electrospinning is one of the varieties of electrospinning used to obtain nanofiber mats that resemble and share
structural characteristics with biological tissue. Modified electrospinning techniques are used to copy or approximate
biological qualities, obtaining anisotropy of the fibers, rigidity, mechanical properties, and porosity similar to living tissue.
Functionalized joints are created for the interconnection of the fibers by combining electrospinning with a crosslinking
process, either during electrospinning or after the formation of the nanofibers 281271,

Electrospinning can be photoreactive if the fluid jet of the polymer solution is exposed to radiation, UV light, or laser, giving
rise to photocrosslinking. When the use of chemical crosslinkers is necessary in the process, it is referred to as chemical
reactive electrospinning 28!,

Li-Li Wu et al., developed a nanocomposite of polyaniline and polyacrylonitrile that was electrospun with polymeric
materials based on L-lysine due to their large number of amino groups and is used as an ammonium sensor. The
nanocomposite is prepared by electrospinning a homogeneous solution of poly(L-Lysine) with base polymers to form
uniform nanofibers as compared to fibers prepared with nanogels based on L-lysine. The nanocomposite with nanogels
showed a better response to ammonia because the nanostructure of the nanogels resulted in a rougher surface that
increases the surface area of the membrane [28],

2.2. Limitations in the Electrohydrodynamic Processes

The synthetic polymers used in electrospinning meet the necessary specifications to be electrospun, such as forming
stable solutions in different solvents or having an adequate molecular weight. In contrast, natural polymers that are more
focused on meeting needs in the field of biomedicine have more complications to meet qualities that facilitate the
electrospinning process. Natural polymers show difficulties in being electrospun. Among these polymers are chitosan,
collagen, gelatin, silk fibroins, and fibrinogen. They present instability in their mechanical qualities, low solubility, and high
viscosity. This limits their ability to be electrospun [22BYE1 The mechanical structure of electrospun fibers is of great
importance as it influences the expected performance of devices and systems made from these nanofibers. Since these
mechanical properties have an effect, for example, on cell growth and migration 22,

Systems and devices are developed for different purposes as required by different needs and individual characteristics.
When the design of the nanofibers is projected to be a drug delivery system, another limitation that arises is the
incompatibility of drugs and hydrophilic polymers, where the drug can concentrate on the surface of the nanofibers. The
uneven distribution can cause an undesired quick release.



Regarding the mechanical properties, they must not only comply with a series of fixed qualities because they are

generally developed in dry atmospheres. It is necessary to adjust and test their mechanical changes in environments

similar to where they will be used, (generally humid environments). If they are exposed to fluids, for instance, the

mechanical properties must be flexible, soft, and resistant at their working conditions [231341[35],
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